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ECMTB 2018 at a glance

Monday — July 23th, 2018
08:15:
09:00:
09:50:
10:10:

Registration
Opening Session . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium
Tribute to Karl Peter Hadeler, by Odo Diekmann . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium
Plenary Speaker: Samuel Kou . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium (Page 57)
Big data, Google and disease detection: a statistical adventure (BS-EMS Lecture)

11:10: Coffee Break
11:40: Mini-Symposia and Parallel Sessions
A Multiscale approach to ‘Growth and Form’ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.02 (Page 278)
Organized by Chandrasekhar Venkataraman and Mariya Ptashnyk
Hybrid modelling in biology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .C8.2.03 (Page 163)
Organized by Francesco Giannino and Christian E. Vincenot
Mathematical neuroscience . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.06 (Page 81)
Organized by Daniele Avitabile and Reuben O’Dea
Dynamics and oscillations of reaction networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.10 (Page 176)
Organized by Josef Hofbauer
Topics in structured population dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.11 (Page 110)
Organized by Sı́lvia Cuadrado and Jordi Ripoll
Quantifying genetic and non-genetic heterogeneity in cancer evolution . C8.2.13 (Page 248)
Organized by Ryan Schenk and Mohit Kumar Jolly
Cancer I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.15 (Page 298)
Evolutionary Dynamics I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.17 (Page 484)
Mathematical Methods in Biology I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.19 (Page 564)
Physiology I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.23 (Page 639)
Mathematical Methods in Biology II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.38 (Page 569)
Epidemiology I. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .C8.2.39 (Page 414)
13:00: Lunch Break
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14:20: Mini-Symposia and Parallel Sessions
Cross-talk between cells and extracellular matrix in plant and animal development
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.02 (Page 116)
Organized by Eva Deinum
Reduction and structure of reaction networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.03 (Page 290)
Organized by Carsten Wiuf
Plant models (A): plant development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.06 (Page 236)
Organized by Mariya Ptashnyk and Lionel Dupuy
Multi-scale mathematical models in endocrinology . . . . . . . . . . . . . . . . . . . . . . . . C8.2.10 (Page 284)
Organized by Margaritis Voliotis and Eder Zavala
Ecology I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.11 (Page 375)
Cell and Intra-Cell Dynamics I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.13 (Page 333)
Population Biology I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.15 (Page 676)
Physiology II. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.17 (Page 644)
Immunology I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.19 (Page 550)
Genetics and Genomics I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.23 (Page 526)
Evolutionary Dynamics II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.38 (Page 488)
Mathematical Methods in Biology III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.39 (Page 574)
16:10: Plenary Speaker: Eva Löcherbach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium (Page 60)
Modeling interacting networks of neurons as processes with variable length
17:20: Poster Session I
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Tuesday — July 24th, 2018
9:00: Plenary Speaker: Eörs Szathmaáry . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium (Page 62)
Models of learning and evolution: what do they have in common?
10:00: Coffee Break
10:30: Mini-Symposia and Parallel Sessions
Exploring the tissue regeneration processes through mathematical modelling
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.02 (Page 231)
Organized by Diane Peurichard and Dirk Drasdo
Mathematical modeling of leukemia and myeloproliferative neoplasms . . . C8.2.03 (Page 75)
Organized by Morten Andersen and Thomas Stiehl
Epidemic models: from individual decision to collective dynamics . . . . . . . C8.2.06 (Page 267)
Organized by Gabriel Turinici
Cell and Intra-Cell Dynamics II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.10 (Page 341)
Cancer II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.11 (Page 302)
Evolutionary Dynamics III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.13 (Page 494)
Ecology II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.15 (Page 381)
Epidemiology II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.17 (Page 420)
Genetics and Genomics II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.19 (Page 534)
Epidemiology III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.23 (Page 427)
Population Biology II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.38 (Page 683)
Mathematical Methods in Biology IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.39 (Page 580)
12:30: Lunch Break
14:00: Mini-Symposia and Parallel Sessions
Current directions in host-parasite coevolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.02 (Page 94)
Organized by Alex Best
Hematopoiesis and its diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.03 (Page 182)
Organized by Tony Humphries and Laurent Pujo-Menjouet
Multi-scale models of cell behaviour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .C8.2.06 (Page 157)
Organized by Enrico Gavagnin and Christian A. Yates
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Free boundary problems in mathematical biology. . . . . . . . . . . . . . . . . . . . . . . . . . .C8.2.10 (Page 88)
Organized by Raquel Barreira and Chandrasekhar Venkataraman
Partial differential equation models in ecology and evolution . . . . . . . . . . . . . C8.2.11 (Page 254)
Organized by Max Souza and Reinhard Bürger
Spatial patterns across ecology: differences and similarities . . . . . . . . . . . . . . C8.2.13 (Page 273)
Organized by Frits Veerman and Koen Siteur
Evolutionary Dynamics IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.15 (Page 502)
Physiology III. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .C8.2.17 (Page 651)
Immunology II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.19 (Page 557)
Cell and Intra-Cell Dynamics III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.23 (Page 349)
Epidemiology IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.38 (Page 433)
Evolutionary Dynamics V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.39 (Page 509)
15:50: Plenary Speaker: Éva Kisdi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium (Page 56)
Adaptive dynamics and the evolution of diversity
17:00: Poster Session II
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Wednesday — July 25th, 2018
9:00: Plenary Speaker: Andrea Pugliese . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium (Page 61)
Epidemic models structured by parasite load and immune level
10:00: Coffee Break
10:30: Mini-Symposia and Parallel Sessions
Brain networks: a window on brain function and dysfunction . . . . . . . . . . . . C8.2.02 (Page 207)
Organized by Marinho A. Lopes
Mathematics at the interface of collective behavior and emergent phenomena in biology
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.03 (Page 169)
Organized by Jason M. Graham and Simon Garnier
Plant models (B): modelling life in soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.06 (Page 135)
Organized by Lionel Dupuy and Mariya Ptashnyk
Algebraic, analytic, and algorithmic approaches to steady states of reaction networks
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.10 (Page 141)
Organized by Elisenda Feliu
Multi-scale modeling and simulations of stochastic systems in biology . . C8.2.11 (Page 194)
Organized by Jae Kyoung Kim
Mathematical modeling in physiology: one main road towards personalized medicine
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.13 (Page 148)
Organized by Andrea de Gaetano and Jerry Batzel
Cell and Intra-Cell Dynamics IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.15 (Page 356)
Epidemiology V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.17 (Page 440)
Ecology III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.19 (Page 390)
Cancer III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.23 (Page 310)
Mathematical Methods in Biology V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.38 (Page 588)
Epidemiology VI. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .C8.2.39 (Page 447)
12:30: Lunch Break
14:00: Optional Social Program
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Thursday — July 26th, 2018
9:00: Plenary Speaker: Mirjam Kretzschmar . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium (Page 58)
Modelling the waning and boosting of immunity
10:00: Coffee Break
10:30: Mini-Symposia and Parallel Sessions
Mathematical Methods in Biology VI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.02 (Page 596)
Population Biology III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.03 (Page 691)
Cancer IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.06 (Page 319)
Cell and Intra-Cell Dynamics V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.10 (Page 364)
Evolutionary Dynamics VI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.11 (Page 514)
Epidemiology VII . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.13 (Page 455)
Genetics and Genomics III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.15 (Page 541)
Physiology IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.17 (Page 657)
Mathematical Methods in Biology VII . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.19 (Page 604)
Ecology IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.23 (Page 399)
Epidemiology VIII . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.38 (Page 461)
Population Biology IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.39 (Page 698)
12:30: Lunch Break
14:00: Mini-Symposia and Parallel Sessions
Physiology V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.02 (Page 664)
Mathematical models for pest control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.03 (Page 243)
Organized by Andrea Pugliese and Bedreddine Ainseba
The interplay between short- and long-range interactions in biology . . . . . C8.2.06 (Page 99)
Organized by José Antonio Carrillo and Maria Bruna
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Topics on drug resistance in cancer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .C8.2.10 (Page 104)
Organized by Jean Clairambault and Luis Almeida
New trends in modelling cardiovascular diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.11 (Page 188)
Organized by Nader El Khatib and Adélia Sequeira
How to design evolution-proof public health interventions? . . . . . . . . . . . . . . . . C8.2.13 (Page 70)
Organized by Samuel Alizon and Carmen Lı́a Murall
Computational statistics and Bayesian inference for stochastic biological models
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.15 (Page 259)
Organized by Massimiliano Tamborrino and Evelyn Buckwar
Migration and invasion of eukaryotic cells: from experiments to models C8.2.17 (Page 123)
Organized by Christophe Deroulers
Epidemiology IX. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .C8.2.19 (Page 468)
Neuroscience I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.23 (Page 627)
Collective migration in interacting cell systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.38 (Page 129)
Organized by Andreas Deutsch and Luigi Preziosi
Mathematical Methods in Biology VIII . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.39 (Page 612)
15:30: Plenary Speaker: Helen Byrne . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium (Page 54)
Mathematical approaches to modelling and remodelling biological tissues
16:40: ESMTB GENERAL ASSEMBLY 2018
17:30: Coffee Break and ESMTB GA Wine Tasting
19:30: ECMTB 2018 CONFERENCE DINNER
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Friday — July 27th, 2018
9:00: Plenary Speaker: Antonio DeSimone . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium (Page 55)
Biological and bio-inspired motility at microscopic scales: locomotion by shape control
10:00: RH Best Thesis Award Talk: Jochen Kursawe . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium (Page 66)
Quantitative approaches to investigating epithelial morphogenesis
10:30: Coffee Break
11:00: Mini-Symposia and Parallel Sessions
Epidemiology XI. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .C8.2.02 (Page 478)
Logical modelling of (multi)cellular networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.03 (Page 214)
Organized by Pedro T. Monteiro and Claudine Chaouiya
Recent trends in the modeling and control of the glucose-insulin system
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.06 (Page 220)
Organized by Pasquale Palumbo and Alessandro Borri
Cancer V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.10 (Page 326)
Physiology VI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.11 (Page 670)
Ecology V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.13 (Page 408)
Cell and Intra-Cell Dynamics VI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.15 (Page 370)
Evolutionary Dynamics VII . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.17 (Page 521)
Neuroscience II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.19 (Page 633)
Mathematical Methods in Biology IX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.23 (Page 618)
Epidemiology X. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .C8.2.38 (Page 473)
Assuming compartmental models in infectious disease dynamics. Does it hurt?
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8.2.39 (Page 201)
Organized by Ka Yin Leung
12:40: Lunch Break
14:00: Plenary Speaker: Cornelis J. Weijer . . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium (Page 63)
Analysis of collective cell behaviours underlying primitive streak formation in the chick embryo
15:10: Poster Prizes — ECMTB 2020 Announcement — Conference Closing . . . . . . . . . C3 - Main Auditorium
16:00: Coffee Break
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Detailed Program
Monday — July 23th, 2018
08:15:
09:00:
09:50:
10:10:

Registration
Opening Session . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium
Tribute to Karl Peter Hadeler, by Odo Diekmann . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3 - Main Auditorium
Plenary Speaker

Samuel Kou

C3 - Main Auditorium

Big data, Google and disease detection: a statistical adventure (BS-EMS Lecture)
See page 57

11:10: Coffee Break
11:40: Mini-Symposia and Parallel Sessions
Mini-symposium: A Multiscale approach to ‘Growth and Form’

C8.2.02

Organized by Chandrasekhar Venkataraman and Mariya Ptashnyk
11:40:
12:00:
12:20:
12:40:

John King. Multiphase approaches to tissue growth.
Harsha Hutridurga. Evolution by competition-diffusion in heterogeneous environments.
Dagmar Iber. How to shape an organ? - computational models of organogenesis.
Fred Vermolen. Cell-based and continuum scale models for the contraction of burns.
See page 278

Mini-symposium: Hybrid modelling in biology

C8.2.03

Organized by Francesco Giannino and Christian E. Vincenot
11:40: Francesco Giannino. Vegetation pattern formation: system dynamics, individual-based
hybrid modelling exercises.
12:00: Gudrun Wallentin. Dynamic coupling of individual-based with system-dynamics
models to represent multi-scale systems.
12:20: Constantinos Siettos. Bridging scales: from the atomistic simulations to the systematic
numerical analysis of the emergent behaviour.
12:40: Dimitris Goussis. Valid reduced Michaelis-Menten models.
See page 163
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Mini-symposium: Mathematical neuroscience

C8.2.06

Organized by Daniele Avitabile and Reuben O’Dea
11:40: Susanne Ditlevsen. Inferring visual processing in the brain.
12:00: Krasimira Tsaneva-Atanasova. Individual motor signatures and socio-motor biomarkers in schizophrenia.
12:20: Elif Köksal Ersöz. Canard mediated mixed-mode bursting oscillations in a rate model.
12:40: Michael Forrester. TMS-induced synchronisation in human brain networks.
See page 81

Mini-symposium: Dynamics and oscillations of reaction networks

C8.2.10

Organized by Josef Hofbauer
11:40: Josef Hofbauer. Dynamics of generalized mass–action systems.
12:00: Alan D. Rendall. Bounded and unbounded oscillations in the Selkov model of glycolysis.
12:20: Anne Shiu. Multisite phosphorylation systems: bistability, oscillations, and a rational
parametrization of steady states.
12:40: Maya Mincheva. Parametric sensitivity analysis of a gene regulation delay model.
See page 176

Mini-symposium: Topics in structured population dynamics

C8.2.11

Organized by Sı́lvia Cuadrado and Jordi Ripoll
11:40: Carles Barril. From individuals to populations: densities versus histories.
12:00: Raluca Eftimie. A kinetic modelling approach for tumour-macrophages interactions in
heterogeneous cell populations.
12:20: Jordi Ripoll. Limit procedure for the computation of R0 in structured population
models.
12:40: Laurent Pujo-Menjouet. Language competition: analysis and qualitative simulations
of a deterministic age-structured mathematical model.
See page 110
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Mini-symposium: Quantifying genetic and non-genetic heterogeneity in cancer evolution
C8.2.13
Organized by Ryan Schenk and Mohit Kumar Jolly
11:40: Benjamin Werner. Measuring single cell divisions in human cancers from multi-region
sequencing data.
12:00: Mingyang Lu. Understanding the robustness and plasticity of gene regulatory circuits.
12:20: Gregory Kimmel. Dynamics of non-Hodgkin lymphoma CAR-T cell therapy.
12:40: Lorand Gabriel Parajdi. Mathematical modeling of cell dynamics and optimization
problems in chronic myeloid leukemia therapy.
See page 248

Parallel Sesson: Cancer I

C8.2.15

11:40: Martina Conte. Kinetic-based models for tumor-immune system competition.
12:00: Agnieszka Bartlomiejczyk. Travelling waves in modelling chemotherapy for low grade
gliomas.
12:20: Stefano Avanzini. Probabilistic models of cancer: an estimate for the time to relapse.
12:40: Qi Ma. Genome wide study of Glucocorticoid receptors’ role in estrogen receptors
regulated enhancers in breast cancer.
See page 298

Parallel Sesson: Evolutionary Dynamics I

C8.2.17

11:40: David Cheek. Mutation frequencies in a birth-death branching process.
12:00: George W. A. Constable. The effect of adult sex ratio on transitions between male
and female heterogamety.
12:20: Omri Tal. Bet hedging models: a reappraisal.
12:40: Alexandre Blanckaert. In search of the Goldilocks zone for hybrid speciation.
See page 484
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Parallel Sesson: Mathematical Methods in Biology I

C8.2.19

11:40: Paulo Amorim. Reaction-diffusion and individual-based models for ant movement.
12:00: Timothy Whiteley. An integro-differential equation model for urban population
dynamics predicting emergent pattern formation.
12:20: Kenta Ishimoto. Hydrodynamic modelling of human sperm clustering.
12:40: Masakazu Akiyama. A mathematical model of collective cell migrations based on cell
polarity.
See page 564

Parallel Sesson: Physiology I

C8.2.23

11:40: Valeriia Kaneva. Particle-based model of microvascular thrombus formation demonstrates the role of the interplay between platelet adhesive receptors.
12:00: Christopher D. Marcotte. Tuning critical excitations in stiff cardiac models.
12:20: Aleksey V. Belyaev. Computer simulations of cell adhesion to surfaces with microrelief.
12:40: Hisao Honda. Appearance of a chiral structure in cardiac looping of the embryonic heart.
See page 639

Parallel Sesson: Mathematical Methods in Biology II

C8.2.38

11:40: Katharina Franziska Becker. Modelling hierarchical pattern formation in epidermal
appendage development.
12:00: Thomas E. Woolley. Pattern production through a chiral chasing mechanism.
12:20: Sungrim Seirin-Lee. Pattern formation induced by dynamic deformation of domain.
12:40: Ricardo Martinez-Garcia. Cell adhesion and fluid flow jointly initiate biofilm spatial
structure.
See page 569

Parallel Sesson: Epidemiology I

C8.2.39

11:40: Gisele H. B. Miranda. Towards the prediction of influenza-like illness cases in Belgium.
12:00: Edward Hill. Assessing intervention responses against H5N1 avian influenza outbreaks
in Bangladesh.
12:20: David Haw. Should we expect attack rates for infectious disease to vary across small
spatial scales?.
12:40: Silvério Rosa. Optimal control of a fractional epidemic model with application to HRSV
disease.
See page 414
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13:00: Lunch Break
14:20: Mini-Symposia and Parallel Sessions
Mini-symposium: Cross-talk between cells and extracellular matrix in plant and animal development
C8.2.02
Organized by Eva Deinum
14:20: Eva Deinum. On growth and form in plants and animals: crosstalk between cytoskeleton
and extracellular matrix.
14:40: Julio Belmonte. A theory that predicts behaviors of disordered cytoskeletal networks.
15:00: Adam Runions. Why plants make puzzle-shaped cells.
15:20: Louis Daniel Weise. Mechanical model to study plant development .
15:40: Diego A. Vargas. Discrete element model of the cell to explore how HUVECs respond
to mechanical properties of the substrate.
See page 116

Mini-symposium: Reduction and structure of reaction networks

C8.2.03

Organized by Carsten Wiuf
14:20:
14:40:
15:00:
15:20:
15:40:

Carsten Wiuf. Model reduction and the QSSA.
Murad Banaji. Inheritance of oscillation in chemical reaction networks.
Casian Pantea. Bistability in mass action: inheritance from small subnetworks.
AmirHosein Sadeghimanesh. Intermediates, binomiality and multistationarity.
János Tóth. Further inverse problems.
See page 290
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Mini-symposium: Plant models (A): plant development

C8.2.06

Organized by Mariya Ptashnyk and Lionel Dupuy
14:20: Leah R Band. Modelling auxin dynamics in the plant root: cell-based and continuum
approaches.
14:40: Arezki Boudaoud. Understanding the robustness of morphogenesis using stochastic
mechanical models of organ growth.
15:00: George Bassel. The interplay between global and local rules regulates multicellular
morphogenesis.
15:20: Yann Guédon. Identifying developmental patterns in plant phenotyping data.
15:40: Henry R. Allen. Mathematical modelling and analysis of the interplay between auxin
and brassinosteroid in plant tissues .
See page 236

Mini-symposium: Multi-scale mathematical models in endocrinology

C8.2.10

Organized by Margaritis Voliotis and Eder Zavala
14:20: David Rand. Stochastic transcriptional dynamics and spatial signalling for the prolactin
gene in single cells and tissue..
14:40: Frédérique Clément. Middle-out multi-scale modelling of the development of ovarian
follicles.
15:00: Eder Zavala. Developing a multiscale mathematical understanding of the HPA axis.
15:20: Duncan J. MacGregor. Population-based signal processing and stimulus-response in
oxytocin neurones.
15:40: Benoit Huard. Multiple scale analysis and periodic solutions in a model of ultradian
glucose regulation.
See page 284

Parallel Sesson: Ecology I

C8.2.11

14:20: Aisling J. Daly. An individual-based model of coexistence and competition between
cryptic nematode species.
14:40: Anna Poskrobko. On mathematical model for fission-fusion bats population.
15:00: Danish Ali Ahmed. Analysing the impact of trap geometry on pitfall trap counts.
15:20: Dmitrii O. Logofet. Averaging the population projection matrices overestimates the
stochastic growth rate.
15:40: Andrew Dean. Toxin-mediated competition in bacterial communities.
See page 375
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Parallel Sesson: Cell and Intra-Cell Dynamics I

C8.2.13

14:20: Nikolaos Sfakianakis. The FBLM-FEM: from cell-cell adhesion to the cluster of cells
and cell monolayers.
14:40: Mauricio Moreira-Soares. Modelling cell shape and migration: a phase-field approach.
15:00: Alexander Leonard. The evolution of symmetric and asymmetric protein binding
interfaces.
15:20: Haru Negami. Topological analysis of penicillin-binding proteins.
15:40: Anastasia A. Anashkina. Scoring, analysis and ranking of protein-protein docking
models by QASDOM Server on the example of Nef-calnexin interaction.
See page 333

Parallel Sesson: Population Biology I

C8.2.15

14:20: Atheeta Ching. The carrying simplex in non-competitive Lotka-Volterra systems.
14:40: Cecilia Berardo. Analysis of a functional response with prey-density dependent
handling time under an evolutionary perspective.
15:00: John R. Ellis. Formation of population clusters in density dependent random walks.
15:20: Nurdan Cabukoglu. Reaction-diffusion models for populations with kinesis.
15:40: Peter Jagers. How might a population have started?.
See page 676

Parallel Sesson: Physiology II

C8.2.17

14:20: Anahita Bayani. Modelling anti-inflammatory systems – spatial considerations in the
resolution of inflammation.
14:40: Eleni Moraki. Modelling corneal epithelium maintenance and recovery.
15:00: Johanne Gudmand-Hoeyer. The influence of transport proteins and competing
steroids on the plasma cortisol dynamics.
15:20: Mariia Dvoriashyna. Mathematical model of fluid and CO2 transport across the retinal
pigment epithelium.
15:40: Zuzanna Szymańska. Mathematical modelling of the tendon healing process: blow-ups
mean healing.
See page 644
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Parallel Sesson: Immunology I

C8.2.19

14:20: Akane Hara. Theoretical study of interaction between allergy and intestinal microbiome.
14:40: Arran Hodgkinson. Both high and low affinity interferons necessary for effective immune response: A mathematical modelling approach.
15:00: Sophie Ip. Kinetics of innate immunity within the cell: mathematical parallels with
prions.
15:20: Sahamoddin Khailaie. Characterization of CTLA4 trafficking: a combined in silico
and in vitro approach.
See page 550

Parallel Sesson: Genetics and Genomics I

C8.2.23

14:20: Andre S. Ribeiro. Stochastic modeling and inference of temperature-dependent
transcription supercoiling dynamics.
14:40: Monika Kurpas. A simulation study of the relationship between DNA damage detection
pathways and the cell cycle.
15:00: Jonathan Harrison. Experimental verification of a coarse-grained model predicts
production rate limits mRNA localization.
15:20: Eva Stadler. Eigensolutions for a model of vertical gene transfer of plasmids.
15:40: Alexey V. Doroshkov. Molecular evolution and meta-transcriptomic approaches to
access the plant oxidative stress resistance enzymes.
See page 526

Parallel Sesson: Evolutionary Dynamics II

C8.2.38

14:20: Mario E. Veruete. Evolutionary branching via replicator-mutator equations.
14:40: Pietro Landi. Variability in life-history switch points across and within populations
explained by adaptive dynamics.
15:00: Frédéric M. Hamelin. Gene-for-gene epidemic models, systemic acquired resistance,
and the evolution of plant parasites.
15:20: Coralie Fritsch. Food web models with evolution of two traits.
15:40: Kalle Parvinen. The effect of spatial heterogeneity on evolution in spatial models.
See page 488
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Parallel Sesson: Mathematical Methods in Biology III

C8.2.39

14:20: Simon Syga. A new lattice-gas cellular automaton model for cell aggregation.
14:40: Alexander Tam. The effect of nutrient-limited growth on floral pattern formation in
yeast biofilms.
15:00: Ulrich Dobramysl. Determining the probability flux from a Brownian source to small
absorbing windows via a mixed analytical-stochastic simulation method.
15:20: Clemens Kreutz. An intuitive and efficient approach for testing parameter identifiability.
15:40: Jean-Luc Gouze. Reduction of metabolic networks keeping core dynamics.
See page 574

16:10: Plenary Speaker
Eva Löcherbach

C3 - Main Auditorium

Modeling interacting networks of neurons as processes with variable length
See page 60

17:20: Poster Session I
Adamer, Michael: Coloured noise in stochastic Turing systems, pg. 709
Alessia, Andò: Collocation methods for complex delay models of structured populations, pg. 710
Ausmees, Kristiina: Investigating the effects of low coverage and reference set bias on phasing and imputation - applications in the field of ancient DNA , pg. 715
Azevedo, Sofia: The advantage of being flexible: comparison of survival regression models for fruit flies
interacting with the bacteria Wolbachia and viruses , pg. 717
Bakshi, Suruchi: Systems pharmacology modelling of the alternative pathway to study target suitability,
pg. 719
Berezovskaya, Faina: On “replicators-genetic parasites” models , pg. 724
Brown, Sarah K.: An in silico study of altered airway smooth muscle and extracellular matrix structure
in the remodelled asthmatic airway., pg. 731
Buckingham-Jeffery, Elizabeth: Calculating normal tissue complication probabilities from microscopic
models, pg. 734
Buder, Thomas: CellTrans: An R package to quantify stochastic cell state transitions, pg. 735
Carlos, Clara: Effects of Allee effects on extinction times of populations in random environments, pg. 738
Carvalho, Ana R.M.: Analysis of a non-integer order model for the coinfection of HIV and HSV-2, pg. 740
Chae, Min-Kyung: Super-helical filaments at surfaces: dynamics and elastic responses, pg. 741
Coelho, Isabel: A prescribed curvature model for the corneal shape, pg. 743
d’Onofrio, Alberto: Non-spatial first-order phase transitions in the self-activation transcriptional network
motif, pg. 746
Duarte, Jorge: Analytical solutions of a cancer model with Shilnikov’s chaos, pg. 749
Duchesne, Ronan: Toward a mixed effects model of the in vitro erythroid differentiation, pg. 750
Endo, Akira: Reservoir of avian influenza: a multi-site multi-species model, pg. 752
Gandarias, Marı́a Luz: Conservation laws and exact solutions of a time-delayed Burgers-Fisher equation,
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pg. 756
Gjini, Erida: Inferring bacterial heterogeneity from time-kill in-vitro dynamics under antibiotics, pg. 760
Gong, Chen Chris: Forbidden yet observed clustering in ensembles of repulsively coupled phase oscillators
subject to common noise, pg. 761
Graham, Jason M.: Optimization properties in the construction of living bridges by army ants, pg. 762
Guo, Dianjing: Computational model for prediction of human branch point sequence with TNA structure,
pg. 763
Hamis, Sara: What does not kill a tumour may make it stronger: an in silico investigation into drug
resistance in cancer, pg. 764
Kettle, Helen: Modelling stage-structured populations (R-package stagePop), pg. 773
Kim, Jae Kyoung: Two types of transcriptional repression leads fundamentally different biological oscillators, pg. 774
Kim, Yunha: Free energy estimation from non-equilibrium pulling experiments of model biopolymers,
pg. 776
Lack, Cameron: Modelling the interactions between macrophages and bacteria in Mycobacterium tuberculosis infections, pg. 782
Leocata, Marta: Deciphering the effect of phenotypic and intrinsic heterogeneity in tumor development,
pg. 785
Mailleret, Ludovic: An individual based model to optimize natural enemies deployment in augmentative
biological control, pg. 790
Marini, Giovanni: Modelling West Nile virus transmission and human infection risk in Veneto (Italy),
pg. 794
Montaseri, Ghazal: Impulsive control-based rule to tailor radiation doses in cancer radiotherapy, pg. 798
Monteiro, Pedro Tiago: Reconstruction and analysis of the global transcriptional regulatory network in
yeast, pg. 799
Móréh, Ágnes: The additivity of multi-species perturbations in food webs, pg. 801
Moreno-Zambrano, Mauricio: Development of a mathematical model of cocoa bean fermentation, pg. 802
Mota, Manuel: Approximate Bayesian Computation in branching processes: application to Black Vulture
colonies, pg. 804
Mykowiecka, Agnieszka: Metagenomics: inferring gene-species assignments via tree reconciliation, pg. 806
Nekka, Fahima: Dose and timing individualization strategy to adapt ADHD treatment to children daily
activities, pg. 808
Odagiri, Kenta: Mathematical model for wound healing caused by exogeneous mechanical forces, pg. 811
olde Scheper, Tjeerd V.: Criticality control of glucose-insulin release, pg. 812
Omari, Mohamed: The impact of nutritional glucose on the bovine estrous cycle investigated with a
mathematical model, pg. 814
Ormerod, Carl: Application of mixed boundary, polar diffusion to controlled release drug delivery models.,
pg. 817
Pájaro, Manuel: Effective stochastic approach to gene regulatory networks and the role of intrinsic noise,
pg. 820
Park, Jeong-Man: Demographic-noise-induced fixation in subdivided populations with migration, pg. 822
Paupério, Francisco F.S.: How antibiotics and host immune responses interact in the clearance of intracellular infections, pg. 825
Pedersen, Rasmus K.: Modelling of quiescent stem cells in relation to myeloproliferative neoplasms,
pg. 826
Pereira, Luis: Modeling heterogeneity in cell death dynamics at the receptor level, pg. 828
Ramos, Alfonso: The bisexual Galton-Watson branching process with population-size-dependent mating,
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pg. 833
Rodrigues, Luiz Alberto D.: A metapopulation model for the dynamics of the howler monkeys (Alouatta
guariba clamitans) affected by sylvatic yellow fever, pg. 834
Rörich, Anna: Data reconstruction from electromyographic signals in biomechanics, pg. 835
Sajid, Zamra: Modelling the myeloproliferative neoplasms(mpns): stability analysis & sensitivity analysis,
pg. 840
Schenck, Ryan O.: Clonal architecture of the epidermis: homeostasis limits keratinocyte evolution, pg. 842
Selvaggio, Gianluca: Modelling approach to relate epithelial-to-mesenchymal transition and cancer stem
cells, pg. 843
Seymenoglu, Belgin: Invariant manifolds of the selection-recombination model from population genetics,
pg. 845
Summers, Kim: Evolutionary strategies of Bdellovibrio bacteriovorus predators and prey, pg. 850
Varela, Pedro L.: Logical modelling to explore communication network features influencing pattern formation, pg. 855
Volkening, Alexandria: A hybrid model of mechanical stress-induced varicosity formation in axons,
pg. 859
Widmann, David: Quorum sensing of Pseudomonas putida in continuous cultures, pg. 860
Wieteska, Malgorzata J.: Comparison of two techniques describing mRNA and hormone levels in bovine
granulosa cells of dominant follicles, pg. 862
Yang, Hyun Mo: The transovarial transmission in the dynamics of dengue infection: epidemiological implications and thresholds, pg. 866
Zhang, Enpei: Evolution of maturation time in a delay Gause model , pg. 871
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Tuesday — July 24th, 2018
9:00: Plenary Speaker
Eörs Szathmaáry

C3 - Main Auditorium

Models of learning and evolution: what do they have in common?
See page 62

10:00: Coffee Break
10:30: Mini-Symposia and Parallel Sessions
Mini-symposium: Exploring the tissue regeneration processes through mathematical modelling
C8.2.02
Organized by Diane Peurichard and Dirk Drasdo
10:30:
10:50:
11:10:
11:30:

Osvaldo Chara. Data-driven multi-scale model of tissue regeneration in axolotl.
Aurélie Carlier. In silico clinical trials for pediatric orphan diseases: a case study..
Yanlan Mao. Wound edge fluidity promotes epithelial wound healing.
Anotida Madzvamuse. Recent advances in mathematical modelling of cell migration.
See page 231

Mini-symposium: Mathematical modeling of leukemia and myeloproliferative neoplasms
C8.2.03
Organized by Morten Andersen and Thomas Stiehl
10:30: Thomas Stiehl. Modeling feedback signals in acute leukemias: biological insights and
clinical applications.
10:50: David Dingli. Hematopoietic stem cell dynamics and paroxysmal nocturnal hemoglobinuria.
11:10: Johnny T. Ottesen. The Cancitis model: a coupled leukemic-inflammatory response..
11:30: Doron Levy. The role of the autologous immune response in chronic myelogenous
leukemia.
See page 75
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Mini-symposium: Epidemic models: from individual decision to collective dynamics C8.2.06
Organized by Gabriel Turinici
10:30: Bruno Buonomo. Public health intervention in behavioral vaccination models: analysis
and control.
10:50: Alberto d’Onofrio. Vaccine opinion dynamics: imitation game reloaded.
11:10: Tim Reluga. Social distancing epidemic games, diagnosis, and incomplete information.
11:30: Francesco Salvarani. A mean field games approach to imperfect vaccination.
See page 267

Parallel Sesson: Cell and Intra-Cell Dynamics II

C8.2.10

10:30: Reuben O’Dea. Multiphase and morpho-poro-elastic multiscale models of biological
tissue growth.
10:50: Martin Lercher. Accurate prediction of intracellular concentrations in E. coli from a
simple optimality principle.
11:10: Julian Rode. Proliferation rate inference with continuous labelling assays.
11:30: Daniel Sanchez-Taltavull. Architectures of differentiation cascades with asymmetric
and symmetric stem cell division.
11:50: Abhyudai Singh. Exact lower and upper bounds on moments of biochemical systems.
12:10: Simon P. Pearce. Curvature-sensitive kinesin binding can induce rings and chaotic
dynamics in microtubules.
See page 341

Parallel Sesson: Cancer II

C8.2.11

10:30: Pietro Mascheroni. Modeling the influence of compressive stresses on the efficacy of
anticancer treatments.
10:50: Léolo Gonay. Structure and dynamics of a gene regulatory network driving hepatocellular carcinoma.
11:10: Dumitru Trucu. Multiscale modelling of cancer growth and spread: a multiscale moving
boundary approach .
11:30: Alvaro Köhn-Luque. Personalized cancer treatment simulation: a multi-scale model
informed by multi-source clinical data.
11:50: Bertin Hoffmann. Radiotherapy and chemotherapy change vessel tree geometry and
metastatic spread.
12:10: Mark Robertson-Tessi. Evolution of competing diversities: tumor vs. immune.
See page 302
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Parallel Sesson: Evolutionary Dynamics III

C8.2.13

10:30: Georgiy Karev. Evolutionary games: natural selection of strategies.
10:50: Jacek Miȩkisz. Social dilemmas in simple evolutionary games.
11:10: Frédéric Grognard. Uninvadable strategies for biotrophic pathogens, from dynamic
games to adaptive dynamics.
11:30: Piret Avila. Sex-ratio conflict disrupts colony growth in annual haplodiploid social
insects.
11:50: Yuhua Cai. Resident-invader dynamics of similar strategies in noisy environments.
12:10: Barbara Boldin. An extension of the classification of evolutionarily singular strategies
in Adaptive dynamics.
See page 494

Parallel Sesson: Ecology II

C8.2.15

10:30: Alexander Medvinsky. Direct and indirect effects of temperature on the dynamics of
lake plankton.
10:50: Giancarlo Consolo. Secondary seed dispersal in the Klausmeier vegetation model for
sloped semi-arid environments.
11:10: Simona Panunzi. A novel advection-diffusion-reaction model of the spatio-temporal
mercury dynamics in water and sediments.
11:30: Arnina Goodlad. Collective movement of marine animals: the effect of anthropogenic
noise on pattern formation.
11:50: Aleksandra Z. Plochocka. Homing of green sea turtles across various geographical
locations.
12:10: Vincent Calcagno. Foraging under predation risk: a marginal value approach.
See page 381

Parallel Sesson: Epidemiology II

C8.2.17

10:30: Ryosuke Omori. Predictability of prevalence of sexually transmitted infection on
complex network.
10:50: Max von Kleist. Hybrid stochastic framework predicts the prophylactic efficacy of
antivirals against HIV-infection.
11:10: Hee-Dae Kwon. Feedback control of an HBV model based on a nonlinear kalman filter.
11:30: Ganna Rozhnova. Impact of pre-exposure prophylaxis on the Dutch HIV epidemic
among men who have sex with men.
11:50: Cristiana J. Silva. Hopf bifurcation and optimal control of a delayed HIV model.
See page 420
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Parallel Sesson: Genetics and Genomics II

C8.2.19

10:30: Krzysztof Puszynski. The influence of the stochastic gene switching on effectiveness of
the metronomic therapies.
10:50: Alessandra Micheletti. A comparison of singular values decomposition and functional
statistics for the analysis of omics data.
11:10: Frits Veerman. A hybrid analytical-numerical method for parameter inference in
stochastic gene expression models.
11:30: Núria Folguera-Blasco. Unlocking the stem cell phenotype: a multi-scale model of the
epigenetic regulation of cell fate and plasticity.
11:50: Abhishek Gupta. Extrinsic noise leads to phenotypic transitions in stochastic gene
expression.
12:10: Nikos Kavallaris. Data driven model selection and parameter estimation for DNA
methylation.
See page 534

Parallel Sesson: Epidemiology III

C8.2.23

10:30: Alberto Pinto. Evolutionary vaccination dynamics.
10:50: José Martins. Learning strategies in a rumor spreading model based on the SIR
epidemic model.
11:10: Paulo Doutor. Rational behavior and social cost for vaccination in childhood diseases.
11:30: Ka Yin Leung. Epidemics on networks with social distancing.
11:50: Joe Hilton. Household models for endemic diseases.
12:10: Ana P. Lemos-Paião. Optimal control of a SIQRB cholera delayed model.
See page 427

Parallel Sesson: Population Biology II

C8.2.38

10:30: Benoit Sarels. Interactions of traveling waves in the context of population genetics.
10:50: Reinhard Bürger. Two-locus clines maintained by diffusion and recombination in a
heterogeneous environment.
11:10: Ilya Timofeyev. Large deviations theory with application to rare events in bacterial
populations.
11:30: Carlos A. Braumann. Constant effort harvesting models with Allee effects in randomly
varying environments.
11:50: Nuno M. Brites. Performance of fishing policies for populations with weak Allee effects
in a random environment.
12:10: Tim Rogers. Strength in numbers: how demographic noise can reverse the direction of
selection.
See page 683
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Parallel Sesson: Mathematical Methods in Biology IV

C8.2.39

10:30: Burcu Gürbüz. Laguerre polynomial solutions of a class of nonlinear reaction diffusion
equation and its applications in biology.
10:50: Chengming Huang. An efficient numerical algorithm for auto-convolution Volterra
integral equations.
11:10: Rossana Vermiglio. Polynomial Chaos expansions for stability, uncertain quantification
and sensitivity analysis of equilibria of uncertain delay differential equations.
11:30: Luı́s Mateus. Prediction and predictability in population biology.
11:50: Carlos Correia Ramos. Animal movement: symbolic dynamics and topological
classification.
12:10: Claus Haetinger. Sustainability indicator system for assessment of dairy farms at Vale
do Taquari-RS (Brazil).
See page 580

12:30: Lunch Break
14:00: Mini-Symposia and Parallel Sessions
Mini-symposium: Current directions in host-parasite coevolution

C8.2.02

Organized by Alex Best
14:00: Chaitanya Gokhale. Antagonistic coevolution, population dynamics, and implications
for the Red Queen.
14:20: Sona John. From coevolutionary dynamics to genomics and back: inferring the speed of
the Red Queen..
14:40: Michael Sieber. Evolution of parasite host ranges - going beyond trade-offs.
15:00: Alex Best. Host-parasite coevolution within communities.
See page 94
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Mini-symposium: Hematopoiesis and its diseases

C8.2.03

Organized by Tony Humphries and Laurent Pujo-Menjouet
14:00: Tony Humphries. Modelling granulopoiesis with state-dependent delays.
14:20: Mostafa Adimy. Age-structured and delay differential-difference model of hematopoietic
stem cell dynamics.
14:40: Anna Marciniak-Czochra. Clonal evolution and emergence of resistance in acute
leukemias: Insights from mathematical modeling.
15:00: Adélia Sequeira. Modeling and Simulations of the Blood Coagulation Process.
See page 182

Mini-symposium: Multi-scale models of cell behaviour

C8.2.06

Organized by Enrico Gavagnin and Christian A. Yates
14:00: Enrico Gavagnin. Modelling persistence in motion of interacting cells at multiple scales.
14:20: Andreas Deutsch. Biological lattice-gas cellular automaton models for the analysis of
collective behaviour in interacting cell populations.
14:40: Linus J. Schumacher. Semblance of heterogeneity in collective cell migration.
15:00: Christian A. Yates. Incorporating a multistage representation of the cell cycle into
models of cell migration.
See page 157

Mini-symposium: Free boundary problems in mathematical biology

C8.2.10

Organized by Raquel Barreira and Chandrasekhar Venkataraman
14:00: José Carrillo. Attractive-repulsive models in collective behavior models and applications.
14:20: Tobias Kies. Numerical simulation of membrane mediated particle clustering in an
elastic model.
14:40: Chandrasekhar Venkataraman. Free and moving boundary problems in cell biology.
15:00: Euripides J. Sellountos. Boundary domain integral methods for the solution of the
Navier - Stokes equations..
See page 88
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Mini-symposium: Partial differential equation models in ecology and evolution

C8.2.11

Organized by Max Souza and Reinhard Bürger
14:00: Max Souza. Continuous approximations of finite-population stochastic models: the
PDE viewpoint.
14:20: Gaël Raoul. Dynamics of an asexual population facing climate change.
14:40: Linlin Su. Clines with partial panmixia across a geographical barrier in an unbounded
unidimensional habitat.
15:00: Silvia Cuadrado. Asymptotic behavior of some selection-mutation equations.
See page 254

Mini-symposium: Spatial patterns across ecology: differences and similarities

C8.2.13

Organized by Frits Veerman and Koen Siteur
14:00: Johan van de Koppel. Multi-scale patterns in self-organized ecosystems: A new hype
or something really important?.
14:20: Annalisa Iuorio. Interplay of water and toxicity in vegetation pattern formation.
14:40: Lukas Eigentler. How does long-range dispersal affect pattern formation in semi-arid
vegetation?.
15:00: Koen Siteur. Vegetation patterns and ecosystem degradation: towards a complete
indicator framework.
See page 273

Parallel Sesson: Evolutionary Dynamics IV

C8.2.15

14:00: Dániel Czégel. Major evolutionary transitions as structure learning of Bayesian belief
networks.
14:20: Nathalie Gontier. Can we define life by how it evolves?.
14:40: Nicole Fortuna. Modelling the evolution of generalist vs. specialist pathogens spreading
on a clade of host species.
15:00: Tadeas Priklopil. When does an invasion of a novel trait imply fixation?.
15:20: Inês Fragata. Predictability of long-term, but not short-term phenotypic evolution of
Drosophila.
See page 502
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Parallel Sesson: Physiology III

C8.2.17

14:00: Claudiu-Cristi Antonovici. Dynamic model of stomatal development and patterning
with auxin regulation.
14:20: Isabella Marinelli. Analysis of different bursting modes in the integrated oscillator
model for pancreatic β-cells.
14:40: Yannis Kalaidzidis. Bile flux quantification by intra-vital microscopy.
15:00: Linda Irons. Effect of deep inspirations on airway smooth muscle cell-matrix adhesions.
15:20: Leo Creedon. A mathematical model of bovine progesterone based on corpus luteum
measurement.
See page 651

Parallel Sesson: Immunology II

C8.2.19

14:00: Connor White. The protectiveness of HLA alleles against infection in the presence of
multiple pathogen strains.
14:20: James Preston. Exploring the dynamics of an Enterpathogenic Escherichia Coli
infection via a computational model.
14:40: Lito A. Papaxenopoulou. Model-driven experiments induce elimination of Staphylococcus aureus chronic infection.
15:00: Suzanne Touzeau. Investigating viremia rebounds using a PRSS data-supported model
of immune response.
15:20: Bruno M. P. M. Oliveira. Concentration of T cells and antigenic stimulation.
See page 557

Parallel Sesson: Cell and Intra-Cell Dynamics III

C8.2.23

14:00: Aldo E. Encarnacion Segura. Cellular decision making models in microorganisms.
14:20: J. Krishnan. Temporal and spatial information processing in cell signalling networks.
14:40: Anne-Sophie Giacobbi. Modelling of the ERK pathway in hepatocellular carcinoma
cells exposed to sorafenib.
15:00: Carla White. Cooperativity across dimers and the effect on ligand binding: linear and
nonlinear models.
15:20: Mariya Ptashnyk. Multiscale modelling and analysis of intercellular signalling processes
in biological tissues.
See page 349
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Parallel Sesson: Epidemiology IV

C8.2.38

14:00: Thi Mui Pham. Mathematical modelling of P. aeruginosa transmission routes in
intensive-care units.
14:20: Sara Jabbari. Exploiting the antibiotic-induced morphological transition of Pseudomonas aeruginosa.
14:40: Martı́n López-Garcı́a. A unified stochastic modelling framework for the spread of
nosocomial infections.
15:00: Paul A. Roberts. Using predictive models to optimise the treatment of bacterial
infections: combining a novel anti-virulence therapy with antibiotics.
15:20: Mı́riam R. Garcı́a. Modeling the dynamics of antimicrobial resistance in a Morbidostat.
See page 433

Parallel Sesson: Evolutionary Dynamics V

C8.2.39

14:00: Peter Czuppon. Disentangling ecological noise and evolutionary dynamics during trait
fixation.
14:20: Celia Garcı́a-Pareja. Exact simulation of coupled Wright Fisher diffusions.
14:40: Hye Jin Park. Fate of populations in a stochastic system with mutations.
15:00: Meike Wittmann. Stable polymorphisms due to seasonally fluctuating selection and
their genetic footprint.
15:20: Tatiana Yakushkina. Near-neutrality in evolutionary models: the first arrival time
problem.
See page 509

15:50: Plenary Speaker
Éva Kisdi

C3 - Main Auditorium

Adaptive dynamics and the evolution of diversity
See page 56

17:00: Poster Session II
Abedi, Majid: Cooperativity of ligand-receptor binding/unbinding on cell migration, pg. 708
Ardas̆eva, Aleksandra: Tumours: bet-hedging as a survival strategy in temporally varying environments,
pg. 711
Asllani, Malbor: New perspectives of pattern formation in real networks, pg. 713
Atkins, Benjamin: Bridging the gap between research and policy in epidemic control: An adaptive management approach, pg. 714
Belmonte-Beitia, Juan: Nonlinear dynamics and optimal protocols of a model of tumor resistance to
chemotherapy, pg. 721
Bento, Francielly S.: The left ventricular volume by two mathematical methods: a comparison with the
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real volume, pg. 722
Bobrovskikh, Alexander V.: Using a mathematical modeling to access the abiotic stress response of
plant antioxidant system, pg. 725
Bose, Thomas: Oscillations in nutritional decision making, pg. 727
Bridge, Lloyd: Mathematical modelling of biased agonism dynamics at G protein-coupled receptors, pg. 729
Bruzón, Marı́a Santos: Solitary wave solutions for time-delayed nonlinear evolution equations, pg. 733
Buttenschön, Andreas: Non-Local cell adhesion models: steady states and bifurcations, pg. 736
Cao, Yong: An accurate in silico identification of protein nitrotyrosine sites using sequence evolutionary
information and Wilcoxon-based feature selection approach, pg. 737
Chowdhury, Nabeeha Z.: An axiomatic framework for the description of circadian rhythms, pg. 742
Danciu, Diana-Patricia: Stem cell numbers and functional heterogeneities during post-embryonic organ
growth, pg. 744
Dondè, Tobia: Periodic solutions of ecological models via uniform persistence, pg. 745
Drusko, Armin: Cell migration analysis using 3D particle image velocimetry, pg. 747
Fischer, Lisa: An in silico model on inflamed arthritic joints, pg. 753
Franco, Eugenia: From a PDEs model for droplets dynamics to a renewal and delay differential equations
model, pg. 755
Giniunaite, Rasa: Modelling the collective migration of neural crest cells, pg. 758
Hautphenne, Sophie: Populations with a carrying capacity: stochastic modelling and parameter estimation, pg. 765
Henriques, David: Genome-scale modeling of wine production, pg. 766
Hiraga, Takahiro: A mathematical model of realtime flight path planning for echolocating bats, pg. 768
Iwanami, Shoya: Data analysis of single-HSC transplantation, pg. 770
Jonak, Katarzyna: Protein network that drives the divisions – first mathematical model of meiosis, pg. 771
Kimmel, Gregory: Neighborhood size effects in nonlinear public goods games, pg. 775
Konstantinov, Dmitry: Applying of bioinformatics approaches to the analysis for enzymatic systems of
hematophagous, pg. 777
Kozlowska, Emilia: Mathematical modeling predicts effect of combination therapy in ovarian cancer,
pg. 779
Labarthe, Simon: Predicting the impact of bacterial swimmers on the diffusion of a soluble compound
into a biofilm, pg. 781
Laroche, Beatrice: A spatially structured model to investigate key drivers of the gut microbiota biogeography in humans, pg. 783
Lehtinen, Sami: Understanding the Venus flytrap through mathematical modelling, pg. 784
Lope, Jose Ernie C.: Constructing a phylogenetic tree of languages using a feature-sensitive weighted
Levenshtein metric, pg. 786
López-Garcı́a, Martı́n: Role of genetic heterogeneity in determining the epidemiological severity of H1N1
influenza, pg. 787
Lou, Yuting: Multicellular aging as a nonequilibrium phase transition, pg. 789
Malysheva, Nadezhda: Reaction-diffusion modelling of local c-di-GMP signaling controlling the synthesis
of E. coli biofilm, pg. 792
Menon, Govind: Bridging the gap between modules in isolation and as part of biochemical networks,
pg. 795
Mistro, Diomar C.: Cellular automata models for the impact of yellow fever on the howler monkeys in
Southern Brasil, pg. 797
Morais, Marina Lima: Mathematical modelling for cholera: an outbreak case study in Yemen, pg. 800
Morishita, Yoshihiro: Quantitative analysis and mechanical modeling for epithelial tissue morphogenesis,
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pg. 803
Müller, Rebekka: Morphological conversion of Pseudomonas aeruginosa in response to beta-lactam antibiotics, pg. 805
Nakahara, Tomohiro: The role of cytoplasmic proteins on cell polarity formation of asymmetric cell division, pg. 807
Nomata, Masaaki: Modeling and optimal policy for decreasing Japanese empty homes - Akiya - due to
an aging society, pg. 810
Omori, Ryosuke: Heterogeneity in susceptibility induces unpredictable outbreak, pg. 816
Otero-Muras, Irene: Epigenetic switches: optimization-based forward and reverse design, pg. 818
Patrı́cio, Paula: From HIV infection modeling to Portuguese infected population dynamics, pg. 823
Pessoa, Delphine: Strict number control in the cell, pg. 830
Pybus, Hannah J.: Multi-scale models of pro-remodelling growth factor activation in asthmatic airways,
pg. 831
Rossini, Luca: The use of Von Foerster equation to forecast insects life cycle in crop protection, pg. 836
Sabir, Soukaina: Analysis of tumor / effector cell dynamics and decision support in therapy., pg. 838
Sikorski, Alexander: Objective priors in an empirical Bayes framework, pg. 846
Sovrano, Elisa: High multiplicity of positive solutions to indefinite problems arising in population genetics,
pg. 847
Stana, Remus: Analytic expressions of the mean first-passage times and hitting density for diffusing particles in eccentric annular regions, pg. 848
Strobl, Maximilian A. R.: The clone’s dilemma: cooperation of subpopulations in a mathematical model
of tumour invasion, pg. 849
Tanida, Sakurako: The effect of volume exclusion on collective motion of microtubules gliding on kinesincoated surface, pg. 852
van Steijn, Leonie: Autochemotaxis enhances and inhibits cell motility, pg. 854
Vinga, Susana: Survival analysis of high-dimensional cancer gene expression data, pg. 857
Xiao, Aiguo: IMEX finite element methods for delay predator-prey competition reaction-diffusion system,
pg. 865
Zaborowski, Rafal: BPscore: an effective metric for meaningful comparisons of structural chromosome
segmentations, pg. 867
Zagkos, Loukas: Novel mathematical models of DNA methylation and their association with health and
ageing, pg. 869
Zamora-López, Gorka: Dynamic communicability and flow: a framework to study weighted biological
networks, pg. 870
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Wednesday — July 25th, 2018
9:00: Plenary Speaker
Andrea Pugliese

C3 - Main Auditorium

Epidemic models structured by parasite load and immune level
See page 61

10:00: Coffee Break
10:30: Mini-Symposia and Parallel Sessions
Mini-symposium: Brain networks: a window on brain function and dysfunction

C8.2.02

Organized by Marinho A. Lopes
10:30: Joana Cabral. Whole-brain network dynamics: mathematical models and mechanistic
scenarios.
10:50: Ernesto Pereda. Multiplex network fingerprints of the risk of evolution from early
stages of Alzheimer’s disease.
11:10: Timothée Proix. Spatiotemporal modeling of seizure propagation and termination in
human focal epilepsy.
11:30: Gorka Zamora-López. Understanding the relation between structural and functional
brain connectomes.
See page 207

Mini-symposium: Mathematics at the interface of collective behavior and emergent phenomena in biology
C8.2.03
Organized by Jason M. Graham and Simon Garnier
10:30: Gonzalo Polavieja. Models of collective behavior .
10:50: Richard P. Mann. Rational collective decision making, in the lab and in the wild.
11:10: Violet Mwaffo. Determining cause-and-effect relationships from raw trajectory data of
collective behavior .
11:30: James A.R. Marshall. When Condorcet is wrong (almost always) and what to do
about it.
11:50: Daniel Strömbom. A comparison of polarization inducing mechanisms for modeling
collective motion.
See page 169
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Mini-symposium: Plant models (B): modelling life in soil

C8.2.06

Organized by Lionel Dupuy and Mariya Ptashnyk
10:30: Dani Or. Microbial life in soil aggregates – from hotspots to soil biogeochemical fluxes.
10:50: Matthias Mimault. A SPH model for growth of plant roots.
11:10: Siul Ruiz. Mechanical and biophysical constraints affecting soil bioturbation by earthworms and plant roots.
11:30: Lionel X. Dupuy. The random walks of roots in a granular media.
See page 135

Mini-symposium: Algebraic, analytic, and algorithmic approaches to steady states of reaction
networks
C8.2.10
Organized by Elisenda Feliu
10:30: Elisenda Feliu. Node balanced steady states: unifying and generalizing complex and
detailed balanced steady states.
10:50: Stefan Müller. Characterizing generalized mass-action systems with a unique complexbalancing equilibrium.
11:10: Georg Regensburger. Computing sign-vector conditions for bounding the number of
complex-balancing equilibria.
11:30: Balázs Boros. Weak reversibility implies existence of a positive steady state.
11:50: Gheorghe Craciun. Polynomial dynamical systems and reaction networks: persistence,
permanence and global stability.
See page 141

Mini-symposium: Multi-scale modeling and simulations of stochastic systems in biology
C8.2.11
Organized by Jae Kyoung Kim
10:30: Jae Kyoung Kim. Reduction of multiscale stochastic biochemical reaction networks.
10:50: Ankit Gupta. Adaptive hybrid simulation and sensitivity estimation for multiscale
stochastic reaction networks.
11:10: Stefan Hellander. Mesoscopic-microscopic spatial stochastic simulation with automatic
system partitioning.
11:30: Christopher Lester. Robustly simulating biochemical reaction kinetics using multi-level
Monte Carlo approaches.
11:50: Stephen Smith. The effect of cell-cell coupling on single-cell noise.
See page 194
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Mini-symposium: Mathematical modeling in physiology: one main road towards personalized
medicine
C8.2.13
Organized by Andrea de Gaetano and Jerry Batzel
10:30: Franz Kappel. Challenges for mathematical modelling in view of personalized medicine.
10:50: Thomas Heldt. Model-based estimation for noninvasive intracranial pressure monitoring.
11:10: Andrea de Gaetano. Modeling of ventilator-patient interaction.
11:30: Luciano Curcio. A simple cardiovascular model for the study of haemorrhagic shock.
11:50: Irina Pashchenko. Personalized mathematical modeling of whole body glucose
metabolism for insulin therapy adjustment.
See page 148

Parallel Sesson: Cell and Intra-Cell Dynamics IV

C8.2.15

10:30: Tomasz Lipniacki. Limits on information transmission through biochemical networks
in response to the pulsed stimuli.
10:50: Valentina Baldazzi. Unravelling the contribution of cell cycle and cell expansion in an
integrated model of tomato fruit development.
11:10: Abhishek Pal Majumder. Long term behavior of some non-regular stochastic reaction
networks.
11:30: Robert Schwieger. Investigation of Boolean monotonic model pools.
11:50: Philipp Thomas. Stochastic gene expression in growing cell populations.
See page 356

Parallel Sesson: Epidemiology V

C8.2.17

10:30: Antoni Leon Dawidowicz. Mathematical model of Lyme disease caused by the
bacterium Borrelia burgdorferri.
10:50: Winfried Just. Should I get a flu shot? How well did this go last year?.
11:10: Christopher N. Davis. Village-scale persistence and elimination of HAT (gambiense
human African trypanosomiasis).
11:30: Joseph Páez Chávez. An impulsive model for Dengue transmission dynamics with
seasonal effects and pesticide control.
11:50: Theresa Stocks. Dynamic modelling of hepatitis C transmission among IDUs: Revealing
the undiagnosed and impact of interventions.
12:10: Maı́ra Aguiar. Modeling the implementation of dengue vaccine.
See page 440
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Parallel Sesson: Ecology III

C8.2.19

10:30: Candy J. Abboud. Using post-introduction data and a mechanistic-statistical approach
to date and localize an invasion.
10:50: Samuel Fischer. Optimal strategies to prevent invasive species transport.
11:10: Christelle Suppo. Range expansion of the yellow-legged hornet in Europe and the role
of human-mediated dispersal .
11:30: Andy White. Conservation management in the face of disease-mediated invasion.
11:50: Sonja Radosavljevic. Poverty traps as a social-ecological phenomena: dynamical
system approach.
12:10: Joe Yuichiro Wakano. Ecocultural range-expansion model of modern humans in
Paleolithic.
See page 390

Parallel Sesson: Cancer III

C8.2.23

10:30: Jeffrey West. Neoadjuvant trade-offs in ER+ breast cancer: a game theoretic approach.
10:50: Jean Clairambault. Cancer as a default of evolutionary coherence between tissues in
metazoa.
11:10: Sara Hamis. Hypoxia-activated prodrugs and radiation: An in silico investigation to
study the synergetic effects of bystander responses in tumour spheroids.
11:30: Marek Bodnar. Mathematical model describing low grade gliomas and its reaction to
chemotherapy.
11:50: Sarah C. Brüningk. A multiscale model for predicting the response of 3D spheroids to
combinations of radiation and hyperthermia.
12:10: Arturo Álvarez-Arenas. An integro-differential equations model to study the development of multidrug resistance in cancer.
See page 310

Parallel Sesson: Mathematical Methods in Biology V

C8.2.38

10:30: George A.K. van Voorn. Quantifying adaptive capacity of socioecological systems.
10:50: Guus ten Broeke. Using simulation models to assess resilience.
11:10: Torbjörn Lundh. Position prediction of neighbours can generate milling flocks.
11:30: Andreagiovanni Reina. Studying psychophysical laws in the superorganism through a
novel automated analysis tool.
11:50: Cinzia Soresina. Cross-diffusion predator-prey models arising by time-scale arguments.
See page 588

37

Parallel Sesson: Epidemiology VI

C8.2.39

10:30: Shingo Iwami. Quantifying antiviral activity optimizes drug combinations against
hepatitis C virus infection.
10:50: Trystan Leng. Concurrency of partnerships, consistency with data, and control of
sexually transmitted infections.
11:10: Christine Bürli. Population-based and individual-based modelling of Opisthorchis
viverrini.
11:30: Yusuke Kakizoe. Evaluating the drug combination therapy against hepatitis C virus.
11:50: Geisel Alpı́zar Brenes. Mathematical modeling of the interaction between wilds and
Wolbachia-infected mosquitoes.
12:10: Urszula Skwara. Stochastic modelling of vector-borne diseases .
See page 447

12:30: Lunch Break
14:00: Optional Social Program
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Thursday — July 26th, 2018
9:00: Plenary Speaker
Mirjam Kretzschmar

C3 - Main Auditorium

Modelling the waning and boosting of immunity
See page 58

10:00: Coffee Break
10:30: Mini-Symposia and Parallel Sessions
Parallel Sesson: Mathematical Methods in Biology VI

C8.2.02

10:30: Jake Alan Pitt. Parameter estimation in models of biological oscillators: dealing with
multimodality and overfitting.
10:50: Attila Csikász-Nagy. Single molecule switches and oscillators .
11:10: Ilona Kosiuk. Geometric singular perturbation analysis of spiky oscillations in a minimal
N F − κB signaling model.
11:30: Tomislav Plesa. Noise control and mixing in designing reaction networks.
11:50: Ruben Perez-Carrasco. Success of oscillations in negative feedback gene regulatory
networks is determined by degradation rate uniformity .
12:10: Daniele Cappelletti. Designing reaction networks with a given stationary distribution.
See page 596

Parallel Sesson: Population Biology III

C8.2.03

10:30: Bob W. Kooi. Sensitivity and bifurcation analysis using predator-prey models as case
studies.
10:50: Vitalii Akimenko. An age-structured model with Allee effect and time delay.
11:10: Robert Planqué. Maximising microbial growth rate in changing environments: the
µORAC framework.
11:30: Carmen Lia Murall. The challenges of modelling the vaginal microbiome.
11:50: J. Leonel Rocha. Stability analysis of Gompertz’s logistic growth equation under
strong, weak and no allee effects.
12:10: Lucia Russo. From gradual changes to catastrophic shifts in ecosystems with human
interaction.
See page 691
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Parallel Sesson: Cancer IV

C8.2.06

10:30: Marina D.M. Oliveira. Growth of tumor microtube betworks in a glioblastoma.
10:50: Isabel M. Narra de Figueiredo. Space-time Model for the understanding of aberrant
crypt foci morphogenesis.
11:10: Gerhard A. Burger. Cell density influences clustering and migratory behaviour of
triple-negative breast cancer cells.
11:30: Krzysztof Gogolewski. Pitfalls in clustering metabolic landscapes.
See page 319

Parallel Sesson: Cell and Intra-Cell Dynamics V

C8.2.10

10:30: Sophie Hecht. Incompressible limit of a continuum model of tissue growth with
segregation for two cell populations.
10:50: Haralampos Hatzikirou. On a theory of cell decision-making in multicellular systems:
the least microenvironmental uncertainty principle.
11:10: Alf Gerisch. Insight into a nonlocal PDE model of cellular adhesion by microscale
space-jump process modelling.
11:30: Dirk Alexander Kulawiak. Poroelastic two-phase model for moving droplets of
Physarum polycephalum with free boundaries.
11:50: Franziska Matthäus. On a mechanochemical model for cell polarization.
12:10: Frédérique Robin. Structured cell population dynamics: application to the morphogenesis of ovarian follicles.
See page 364

Parallel Sesson: Evolutionary Dynamics VI

C8.2.11

10:30: Christopher E. Overton. Deterministic approximations of stochastic dynamics in
evolutionary graph theory.
10:50: Laura Hindersin. The effect of graph structure on fixation probability and time.
11:10: Yuriy Pichugin. Reproduction costs can drive the evolution of groups.
11:30: Ilhem Bouderbala. A spatially explicit individual based model to study the motilephytoplankton aggregation process.
11:50: Daniah Tahir. Modeling a two-type, asymmetric, trait-dependent diversification process,
on a random species tree.
12:10: Caterina Vitale. Evolution of tolerance under selective predation.
See page 514
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Parallel Sesson: Epidemiology VII

C8.2.13

10:30: Lee Benson. Direct transmission models for indirectly transmitted environmental
pathogens.
10:50: Viggo Andreasen. Coexistence in a seasonal epidemic model.
11:10: Ruili Fan. Virulence management in a model with explicit within- and between-host
dynamics.
11:30: Maria Vittoria Barbarossa. An in-host perspective on disease dynamics.
11:50: Eleanor Tanner. Culling causes compensatory population growth due to release from
disease-induced mortality.
See page 455

Parallel Sesson: Genetics and Genomics III

C8.2.15

10:30: Qi Zheng. Shedding new light on random chromosome segregation.
10:50: Nicolas Privault. Modeling and estimation of substitution rates along phylogenetic
trees by stochastic bridges.
11:10: Yun Jun Zhang. Revealing individual-level heterogeneity in infectivity from pathogen
phylogeny.
11:30: Joanna Tyrcha. Stochastic activation in a genetic switch.
11:50: Kseniia Nikitina. Probabilistic graphical models for loss-of-function genomic screens
analysis.
12:10: Christel Kamp. The right word in the right place: optimizing codon usage for protein
translation.
See page 541

Parallel Sesson: Physiology IV

C8.2.17

10:30: Gabriel F. Calvo. Modelling the interplay of two glycemic biomarkers for patientspecific monitoring of diabetes.
10:50: Claudio Gaz. Design of a control law for insulin resistant patients by means of a simple
glucose/insulin system model.
11:10: Adam C. Bridgewater. Perturbation analysis of a delayed model of glucose-insulin
regulation.
11:30: Alessandro Borri. Structured models as a mathematical tool to describe diabetes
evolution.
See page 657
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Parallel Sesson: Mathematical Methods in Biology VII

C8.2.19

10:30: Jan Rombouts. Traveling pulses in a time-delayed Fitzhugh-Nagumo model.
10:50: Dominique Joubert. Determining the minimal output sets that ensure the structural
identifiability of a model.
11:10: Maria Pia Saccomani. New perspectives and practical tools for local identifiability
analysis of biomathematical models.
11:30: András Telcs. Inference of causal relations via dimensions.
11:50: Matthew Adamson. Anticipating nonlocal critical transitions in nearly-1D systems.
12:10: Stefan Schuster. Use of Fibonacci numbers in lipidomics - enumerating various classes
of fatty acids.
See page 604

Parallel Sesson: Ecology IV

C8.2.23

10:30: Elisabeta Vergu. Analysis of the cattle trade network in France to inform epidemiological risk.
10:50: Pierre Montagnon. A stochastic SIR model for cattle diseases on a population graph.
11:10: Patrick Hoscheit. Using TempoRank to identify central nodes in cattle trade networks.
11:30: Gaël Beaunée. Inference in a metapopulation model via a composite-likelihood approximation.
11:50: Mathieu Andraud. Using field and experimental data to estimate key epidemiological
parameters to decipher PRRSv epidemiology .
See page 399

Parallel Sesson: Epidemiology VIII

C8.2.38

10:30: Carlene P. C. Pilar-Arceo. An edge-based SEIR model on a static random network.
10:50: Mariajesus Lopez-Herrero. Maximum epidemic size for a nonlinear SEIR model with
limited resources.
11:10: Raquel Filipe. The SHAR model and its effective infection rate: analytical results on
severe vs asymptomatic infection.
11:30: Sophie R. Meakin. Correlations between stochastic epidemics in multiple interacting
subpopulations.
11:50: Antonio Gómez-Corral. Dynamics of epidemic models with two strains and cross
immunity.
12:10: Nico Stollenwerk. Chaos via torus destruction in population biology: implications for
data analysis.
See page 461
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Parallel Sesson: Population Biology IV

C8.2.39

10:30: Ezio Venturino. How does herd gathering influence interacting population dynamics?.
10:50: Yuuya Tachiki. The evolution of rhizome system in bamboos under spatial heterogeneities.
11:10: Shigehide Iwata. Reconsideration about an optimal management for the migrated
species.
11:30: Stefania Ragni. Optimal effort control for the harvesting of a population modeled by a
parabolic PDE.
11:50: Rafael Bravo de la Parra. Discrete time multiregional stochastic models with fast
migration: re-scaling survival to the fast scale.
12:10: Volkmar Liebscher. Deriving simple predator-prey models from individual based
models via singular perturbation theory.
See page 698

12:30: Lunch Break
14:00: Mini-Symposia and Parallel Sessions
Parallel Sesson: Physiology V

C8.2.02

14:00: Alberto Otero-Cacho. Experimental and CFD numerical simulations of stenosis and
atherosclerosis occurring in vessel branches.
14:20: Juan Calvo. Long time behavior for some continuous polymerization models.
14:40: Marcos Gouveia. Simulating vessel growth with extracellular matrix remodeling.
15:00: Telma Guerra. Flow control with applications to hemodynamics.
See page 664

Mini-symposium: Mathematical models for pest control

C8.2.03

Organized by Andrea Pugliese and Bedreddine Ainseba
14:00: Bedreddine Ainseba. Are we able to predict pest dynamics?.
14:20: Sara Pasquali. A population dynamics model as tool for pest control in vineyards.
14:40: Rachel Norman. A mathematical model of armyworm dynamics and control using a
biological control agent.
15:00: Claudia Pio Ferreira. The influence of landscape diversity on insect-pest dispersal and
establishment.
See page 243
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Mini-symposium: The interplay between short- and long-range interactions in biologyC8.2.06
Organized by José Antonio Carrillo and Maria Bruna
14:00: Alexandria Volkening. Agent-based models of pattern formation on the skin of
zebrafish.
14:20: Markus Schmidtchen. Pattern formation in non-local systems with cross-diffusion.
14:40: Marco Scianna. Adhesion and volume constraints via nonlocal interactions determine
cell organisation and migration profiles.
15:00: Tommaso Lorenzi. Continuum and discrete nonlocal models of spatial evolutionary
games.
See page 99

Mini-symposium: Topics on drug resistance in cancer

C8.2.10

Organized by Jean Clairambault and Luis Almeida
14:00: Cécile Carrère. Growth speed of heterogeneous tumours : a competition-diffusion
spreading result.
14:20: Denis Horváth. Ecological context of coevolutionary dynamics between cancer and
therapeutic intervention.
14:40: Shensi Shen. Anti-cancer therapy: blazing the trail with melanoma.
15:00: Marc Sturrock. Mathematical modelling of emergent gene expression.
See page 104

Mini-symposium: New trends in modelling cardiovascular diseases

C8.2.11

Organized by Nader El Khatib and Adélia Sequeira
14:00: Vitaly Volpert. Reaction-diffusion waves of blood coagulation in quiescent plasma and
in flow.
14:20: Jorge Tiago. Towards patient specific blood flow simulations: a velocity tracking
approach.
14:40: Nader El Khatib. Patient specific 3D numerical fluid-structure interaction model for
blood flow in an atherosclerotic artery.
15:00: Oualid Kafi. Mathematical modeling of the hydrodynamics of a free-flowing leukocyte
toward the endothelial wall.
See page 188
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Mini-symposium: How to design evolution-proof public health interventions?

C8.2.13

Organized by Samuel Alizon and Carmen Lı́a Murall
14:00: Erida Gjini. Mathematical perspectives on host immunity and antibiotic treatment.
14:20: David A Kennedy. Why does drug resistance readily evolve but vaccine resistance does
not?.
14:40: Christian Selinger. Multiple infections on networks.
15:00: Monika J. Piotrowska. Towards simulation of inter-hospital spread of multidrugresistant Enterobacteriaceae based on real healthcare system data.
See page 70

Mini-symposium: Computational statistics and Bayesian inference for stochastic biological
models
C8.2.15
Organized by Massimiliano Tamborrino and Evelyn Buckwar
14:00: Massimiliano Tamborrino. Likelihood-free methods for the inference of non-renewal
point processes arising from neuroscience.
14:20: Irene Tubikanec. Structural preserving numerical method and Bayesian inference for
stochastic neuronal mass models.
14:40: Annalisa Cadonna. Bayesian spectral estimation methods for multiple time series and
application to multichannel EEG.
15:00: Moritz Schauer. Bayesian estimation of diffusions applied to compartment models.
See page 259

Mini-symposium: Migration and invasion of eukaryotic cells: from experiments to models
C8.2.17
Organized by Christophe Deroulers
14:00: Roeland Merks. Modeling of mechanical and chemical cell-matrix interactions driving
cell migration and invasion.
14:20: Yi Jiang. Leading the Pack: Leader and follower in collective cancer invasion.
14:40: Anja Voß-Böhme. Impact of cell migration plasticity on tumor growth and invasion: A
cell-based approach.
15:00: Christophe Deroulers. Fronts in populations of self-regulating cells.
See page 123
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Parallel Sesson: Epidemiology IX

C8.2.19

14:00: Esteban A. Hernandez-Vargas. Advances in multiscale modeling of infectious
diseases.
14:20: David Gerberry. An exact approach to calibrating infectious disease models to
surveillance data.
14:40: Chakib Jerry. Economical epidemic model as controlled switched system.
15:00: Yibeltal A. Terefe. Mathematics of a sex-structured model for Trichomoniasis transmission dynamics.
See page 468

Parallel Sesson: Neuroscience I

C8.2.23

14:00: Voliotis Margaritis. Understanding the hypothalamic network that controls the
pulsatile secretion of reproductive hormones: from theory to experiments.
14:20: Gabriela Capo Rangel. A computational model integrating brain electrophysiology
and metabolism.
14:40: Lucı́a Pérez. The Hindmarsh-Rose neuron model: global homoclinic structure of
square-wave bursters.
15:00: Marinho A. Lopes. Elevated ictal brain network ictogenicity enables optimal epilepsy
surgery prediction.
See page 627

Mini-symposium: Collective migration in interacting cell systems

C8.2.38

Organized by Andreas Deutsch and Luigi Preziosi
14:00: Josué Manik Nava-Sedeño. The role of persistency in single and collective cell
migration.
14:20: Medhavi Vishwakarma. Influence of group decisions on collective cell migration.
14:40: Andras Czirok. Collective effects of cell motility within stratified epithelia.
15:00: Annachiara Colombi. Non-local hybrid model for collective cell migration during
zebrafish posterior lateral line development.
See page 129
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Parallel Sesson: Mathematical Methods in Biology VIII

C8.2.39

14:00: Gissell Estrada-Rodriguez. Space-time fractional diffusion equations in chemotaxis
and immunology.
14:20: Maria Rosaria Mattei. A modeling and simulation study of the invasion phenomenon
in biofilm reactors.
14:40: Cameron A. Smith. The auxiliary region method for coupling PDE and Brownianbased dynamics for reaction-diffusion systems.
15:00: Cordula Reisch. Gaining information from submodels: Modeling liver infections with
reaction-diffusion equations.
See page 612

15:30: Plenary Speaker
Helen Byrne

C3 - Main Auditorium

Mathematical approaches to modelling and remodelling biological tissues
See page 54

16:40: ESMTB GENERAL ASSEMBLY 2018
17:30: Coffee Break and ESMTB GA Wine Tasting
19:30: ECMTB 2018 CONFERENCE DINNER
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Friday — July 27th, 2018
9:00: Plenary Speaker
Antonio DeSimone

C3 - Main Auditorium

Biological and bio-inspired motility at microscopic scales: locomotion by shape control
See page 55

10:00: RH Best Thesis Award Talk
Jochen Kursawe

C3 - Main Auditorium

Quantitative approaches to investigating epithelial morphogenesis
See page 66

10:30: Coffee Break
11:00: Mini-Symposia and Parallel Sessions
Parallel Sesson: Epidemiology XI

C8.2.02

11:00: Egberanmwen Barry Sunday Iyare. Mathematical modeling and analysis of the
transmission dynamics of tuberculosis and lymphatic Filariasis co-infection.
11:20: Eunok Jung. Dynamical models of tuberculosis transmission and optimal treatment
strategies in the Republic of Korea and Philippines.
11:40: Tatiana E. Sannikova. Mathematical modeling of sex differences in TB epidemiology.
12:00: Delfim F. M. Torres. Stability of a fractional tuberculosis model.
12:20: Carla Pinto. Non-integer order analysis of the impact of diabetes and resistant strains
in a model for TB infection.
See page 478
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Mini-symposium: Logical modelling of (multi)cellular networks

C8.2.03

Organized by Pedro T. Monteiro and Claudine Chaouiya
11:00: Claudine Chaouiya. Logical modelling of cellular networks, introduction and methodological challenges.
11:20: Elisa Tonello. Local negative circuits and cyclic attractors: a Boolean satisfiability
approach.
11:40: Elisabeth Remy. Boolean dynamics of compound regulatory circuits.
12:00: Heike Siebert. Approximating the behavior of Boolean networks.
12:20: Denis Thieffry. Logical modelling of the regulatory network governing dorsal-ventral
axis specification in the sea urchin P. lividus.
See page 214

Mini-symposium: Recent trends in the modeling and control of the glucose-insulin system
C8.2.06
Organized by Pasquale Palumbo and Alessandro Borri
11:00: György Eigner. Blood glucose regulation possibilities by modern robust control
methodologies.
11:20: Claude Moog. Clinical assessment of a new biomathematical model for decision making
in functional insulin therapy.
11:40: Jiaxu Li. An integrated system towards artificial pancreas and its numerical trials.
12:00: Jorge Bondia. Physiological modelling of counterregulatory response to hypoglycaemia
in type 1 diabetes.
12:20: Gunnar Cedersund. Multi-level modelling of diabetes for improved treatments and
understanding.
See page 220

Parallel Sesson: Cancer V

C8.2.10

11:00: Morten Andersen. Mathematical modeling of blood cancer evolution.
11:20: Andrey V. Kolobov. Investigation of reasons for transient alleviation of tumor hypoxia
during antiangiogenic therapy.
11:40: Liam V. Brown. Predicting observed patient responses to a short-peptide cancer
vaccine via clinical trial simulations.
12:00: Maxim B. Kuznetsov. Investigation of metastatic cell dominance phenomenon via
modeling of tumor progression.
See page 326
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Parallel Sesson: Physiology VI

C8.2.11

11:00: Jakub Köry. The impact of geometry on effective models of nutrient uptake by root
hairs.
11:20: Govind Menon. Engineering compartmentalisation in biochemical pathways - analysis
and design.
11:40: Yuting Lou. Multicellular aging as a nonequilibrium phase transition.
12:00: Doris Schittenhelm. Mathematical modelling of cellular response pathways for oxidative stress.
12:20: Ana M. Portillo. Mathematical model to relate Telomerase activity and telomere length
with the human follicular aging.
See page 670

Parallel Sesson: Ecology V

C8.2.13

11:00: Yves Fotso Fotso. Modelling and control of coffee berry borer infestation.
11:20: Israël Tankam. An agricultural control of Radopholus similis in banana plantations.
11:40: Ana P. D. Marques. Spatial dispersal patterns of citrus disease (HLB) and its vector.
12:00: Ruairi Donnelly. Viruses that modify plants: manipulation of vector density and
transmission at several scales.
12:20: Samuel Nilusmas. Sustainable management of root-knot nematodes by modelling and
optimizing resistance deployment .
See page 408

Parallel Sesson: Cell and Intra-Cell Dynamics VI

C8.2.15

11:00: Ulyana S. Zubairova. Computational modelling of wheat leaf epidermal morphogenesis
based on large-scale LSM data.
11:20: Lucie Chambon. Qualitative control for a genetic negative feedback loop.
11:40: Lyubov Chumakova. Cytoskeleton self-organization is robust and depends on cell
geometry alone.
12:00: Shaon Chakrabarti. Why cousins are more similar than mother-daughters: implications
for circadian-controlled cell fate.
See page 370
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Parallel Sesson: Evolutionary Dynamics VII

C8.2.17

11:00: Karan Pattni. Evolutionary dynamics and the evolution of multiplayer cooperation in
a subdivided population.
11:20: Martin Pontz. Evolutionary dynamics in the two-locus two-allele model with weak
selection.
11:40: Peter Nabutanyi. The Wright-Fisher model for exponentially growing populations.
12:00: Mark Roberts. Genetic diversity in rapidly growing populations.
12:20: Tat Dat Tran. Information geometry and its application to the Wright-Fisher population
with recombination.
See page 521

Parallel Sesson: Neuroscience II

C8.2.19

11:00: Julia M. Kroos. Patient-specific modeling of Cortical Spreading Depression.
11:20: Noemi Picco. Modelling transient traits of cortex formation: the importance of evolving
cell division strategies.
11:40: Roberto Barrio. Synchronization patterns, bifurcations and control strategies in Central
Pattern Generators.
12:00: Beatriz Costa-Gomes. ALFRED: automated image analysis of microtubule networks
in nerve cells.
See page 633

Parallel Sesson: Mathematical Methods in Biology IX

C8.2.23

11:00: Patrı́cia A. Filipe. A nonparametric estimation method for SDE models: an application
to cattle growth.
11:20: Carlos Toscano-Ochoa. On the feasibility of complex synthetic biological circuits.
11:40: Hernan Morales-Navarrete. 3D geometrical models of liver tissue uncover unknown
features of non-alcoholic Fatty Liver Disease.
12:00: Yumino Hayase. A 3D mathematical model of centipede locomotion on rough terrain.
12:20: Hiroshi Fujisaki. Weighted ensemble simulations of biomolecules.
See page 618
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Parallel Sesson: Epidemiology X

C8.2.38

11:00: Hyun Mo Yang. Modelling the role between antibody-dependent enhancement and
heterologous secondary infection in severe dengue.
11:20: Fabio Sanchez. Comparative analysis of dengue versus chikungunya outbreaks in Costa
Rica.
11:40: Helio Schechtman. A first glimpse on insecticide resistance development.
12:00: Adrian E. Denz. Mathematical modelling of mosquito movement for malaria vector
control.
12:20: David Greenhalgh. Estimation of the expected number of cases of microcephaly in
Brazil as a result of Zika.
See page 473

Mini-symposium: Assuming compartmental models in infectious disease dynamics. Does it
hurt?
C8.2.39
Organized by Ka Yin Leung
11:00: Odo Diekmann. Renewal equations should be ubiquitous in the world of epidemic
models.
11:20: Gergely Röst. Pairwise approximations of non-Markovian network epidemics.
11:40: Tom Britton. Epidemic models with symptomatic and asymptomatic cases: who causes
most infections?.
12:00: Venetia Karamitsou. The importance of within-host dynamics for the population level
evolution of influenza in a non-Markovian model.
12:20: Lorenzo Pellis. Modelling the individual-level transmission process: do the details
matter?.
See page 201

12:40: Lunch Break
14:00: Plenary Speaker
Cornelis J. Weijer

C3 - Main Auditorium

Analysis of collective cell behaviours underlying primitive streak formation in the chick embryo
See page 63

15:10: Poster Prizes — ECMTB 2020 Announcement — Conference Closing . . . . . . . . . C3 - Main Auditorium
16:00: Coffee Break
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Plenary
Speakers
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Thursday, July 26th, 15:30

Room: C3 - Main Auditorium

PLENARY SPEAKER
MATHEMATICAL APPROACHES TO MODELLING AND
REMODELLING BIOLOGICAL TISSUES
Helen Byrne
helen.byrne@maths.ox.ac.uk
Wolfson Centre for Mathematical Biology, Mathematical Institute, University of Oxford,
Oxford OX2 6GG, United Kingdom
Keywords: Mathematical Modelling, Wound healing, Tissue engineering, Cancer.
ABSTRACT
As the field of mathematical biology has matured, closer collaboration with experimentalists and
clinicians has become more wide common, these changes bringing multiple benefits to both communities. For example, the mathematical models can increase our understanding of biological
systems while the biological questions can stimulate new theoretical challenges. This symbiotic
relationship can be exemplified by studies of biological tissues.
Biological tissues are complex, evolving structures, characterised by multiple interactions that act
across diverse space and time scales. In this talk I aim to illustrate how theoretical studies of
biological tissues can provide new mechanistic insight into their behaviours while also acting as
a source of mathematically challenging problems. I will take my inspiration from recent studies
of cancer, wound healing, tissue engineering and retinitis pigmentosa, a degenerative disease that
causes blindness.
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Friday, July 27th, 9:00

Room: C3 - Main Auditorium

PLENARY SPEAKER
BIOLOGICAL AND BIO-INSPIRED MOTILITY AT
MICROSCOPIC SCALES: LOCOMOTION BY SHAPE
CONTROL
Antonio DeSimone
desimone@sissa.it
MathLab@SISSA-International School for Advanced Studies
Keywords: cell motility, shape control, mechano-biology, active matter.
ABSTRACT
Cell motility is key to many biological functions, and it is accomplished by coordinated shape
changes. Locomotion strategies employed by unicellular organisms are particularly interesting
because they are invisible to the naked eye, and offer surprising new solutions to the question of
how shape can be programmed.
In recent years, we have studied locomotion by shape control using a variety of methods: modeling,
theory, and numerical simulation, observations at the microscope, manufacturing of prototypes. A
concrete case study is provided by our results on Euglena gracilis, a unicellular protist that is able
to move both by flagellar propulsion and by highly coordinated changes of the shape of the whole
cell body [1, 2]. We will survey the most recent findings within this stream of research, and point
out to current directions and challenges for the future.
Acknowledgements: This work has been supported by the ERC Advanced Grant 340685MicroMotility.

References
[1] M. Rossi, G. Cicconofri, A. Beran, G. Noselli, A. DeSimone (2017). Kinematics of flagellar swimming
in Euglena gracilis: Helical trajectories and flagellar shapes, Proc Nat Acad Sci USA 114,13085–
13090
[2] G. Noselli, A. Beran, M. Arroyo, A. DeSimone (2018). Experimental and theoretical study of metaboly
in Euglena gracilis. Preprint.
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Tuesday, July 24th, 15:50

Room: C3 - Main Auditorium

PLENARY SPEAKER
ADAPTIVE DYNAMICS AND THE EVOLUTION OF
DIVERSITY
Éva Kisdi
eva.kisdi@helsinki.fi
Department of Mathematics and Statistics, University of Helsinki
Keywords: adaptive dynamics, evolutionary branching, evolutionary suicide, speciation.
ABSTRACT
Natural selection is usually paraphrased as the survival of the fittest - or the demise of all others.
How can natural selection explain the enormous diversity of variants living together in Nature?
Adaptive dynamics finds the answer in deriving fitness explicitly from models of population dynamics. This leads to an ever-changing fitness landscape, which facilitates not only the coexistence
of multiple species but also the formation of new lineages through a process called evolutionary
branching. After a brief introduction to the mathematical framework of adaptive dynamics, I
consider three questions relating to diversity. First, is there an upper bound to the number of
species, and if so, how does a “saturated” community evolve? Second, can natural selection lead
to extinction? Third, when diversity evolves, it may be just variation but not speciation. Will
natural selection lead to the origin of new species?
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Monday, July 23, 10:10

Room: C3 - Main Auditorium

PLENARY SPEAKER
BIG DATA, GOOGLE AND DISEASE DETECTION: A
STATISTICAL ADVENTURE
Samuel Kou
kou@stat.harvard.edu
Department of Statistics, Harvard University, USA
Keywords: influenza, dengue fever, Internet search, forecasting.
ABSTRACT
Big data collected from the Internet have generated significant interest in not only the academic
community but also industry and government agencies. They bring great potential in tracking
and predicting massive social activities. We focus on tracking disease epidemics in this talk.
We will discuss the applications, in particular, Google Flu Trends, some of the fallacy and the
statistical implications. We will propose a new model that utilizes publicly available online data
to estimate disease epidemics. Our model outperforms all previous real-time tracking models for
influenza epidemics at the national level of the US. An extended version of the model gives accurate
tracking of Dengue fever in Asian and South American countries. We will also draw some lessons
for big data applications.
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Thursday, July 26th, 9:00

Room: C3 - Main Auditorium

PLENARY SPEAKER
MODELLING THE WANING AND BOOSTING OF
IMMUNITY
Mirjam Kretzschmar
m.e.e.kretzschmar@umcutrecht.nl
Julius Center for Health Sciences and Primary Care, University Medical Center Utrecht,
Heidelberglaan 100, 3584CX Utrecht, The Netherlands
Joint work with Odo Diekmann (Utrecht University), Wilfred de Graaf (Utrecht University) and
Peter Teunis (RIVM).
Keywords: Mathematical model, Waning immunity.
ABSTRACT
The immune status of an individual host is determined by the increase of immunity during infection,
waning of immunity after clearing the infection, and boosting by renewed exposure to the pathogen.
The process of boosting, the rate at which immunity wanes, and the level of protection it confers,
all influence the transmission dynamics of the pathogen. Information about the immune status of
a population is often available from serological studies, but it may be unclear what this means for
the level of protection against infection or symptomatic disease. We would like to understand how
an intervention changes a population’s immune status and the incidence of symptomatic infection
for an infectious disease with waning immunity.
In this talk I will introduce a mathematical model for the waning and boosting of immunity. The
model is defined on two levels. On the within-host level we defined a model that distinguishes
between episodes of infection and time periods of waning of immunity (De Graaf et al. 2014).
During infection, a simple 2-dimensional system of ODE’s describes the time evolution of pathogens
and immunity within the host. Between infection episodes immunity wanes until a new exposure
triggers the next infection episode. We then lift the model to the population level by studying
the distribution of immune states in a population under the assumption of a constant force of
infection. The events of exposure and infection are described by a time-homogeneous Poisson
process, between exposures immune status wanes deterministically. This model can be formulated
in terms of a renewal equation, for which a stable stationary distribution can be derived.
The modelling framework will be illustrated with applications to pertussis epidemiology. For
pertussis, longitudinal and cross-sectional serological data are available, which can be used to
parameterize the model. We were interested in obtaining estimates for the incidence of symptomatic infections, the ratio of symptomatic to asymptomatic infections, and the immune level
at which protection from symptomatic infection occurs. We found remarkable correspondence between predictions of the within-host model with observations reported in the literature concerning
the serological correlate of protection. The modelling framework has strong links with a statistical
model used for estimating incidence from serological data.
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References
[1] de Graaf WF, Kretzschmar ME, Teunis PF, Diekmann O. (2014). A two-phase within-host model
for immune response and its application to serological profiles of pertussis, Epidemics 9:1-7.
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Monday, July 23rd, 16:10

Room: C3 - Main Auditorium

PLENARY SPEAKER
MODELING INTERACTING NETWORKS OF NEURONS
AS PROCESSES WITH VARIABLE LENGTH
Eva Löcherbach
eva.loecherbach@u-cergy.fr
Laboratoire AGM UMR CNRS 8088 Université de Cergy-Pontoise, France
Keywords: Multivariate nonlinear Hawkes processes, Mean-field approximations, Piecewise deterministic
Markov processes, Multi-class systems, Oscillations.

ABSTRACT
A class of recently introduced models to describe networks of neurons as stochastic processes with
memory of variable length will be presented. These are non-Markovian processes in high or infinite
dimension in which the past dependence of transition probabilities or intensities has a range that
is finite but depends on the particular history.
Starting from existence results, we study related mean-field models in continuous time and their
large population limits, and discuss the relation with associated Piecewise Deterministic Markov
Processes (PDMP’s) and state results concerning their longtime behavior.
Finally, two important problems of statistical inference in such models will be considered : estimation of the spiking rate function and estimation of the neuronal interaction graph.
The talk is based on joint work with Susanne Ditlevsen, Aline Duarte, Antonio Galves and Guilherme Ost.
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Wednesday, July 25th, 9:00

Room: C3 - Main Auditorium

PLENARY SPEAKER
EPIDEMIC MODELS STRUCTURED BY PARASITE
LOAD AND IMMUNE LEVEL
Andrea Pugliese
andrea.pugliese@unitn.it
Dept. of Mathematics, University of Trento
Keywords: immunoepidemiology, evolutionary epidemiology, immunity boosting and waning.
ABSTRACT
A growing number of researchers are developing models that link within-host infection dynamics
to population-level epidemic dynamics [2].
Multiscale immunoepidemiological are relevant, for instance, in evolutionary epidemiology [4]
where they also naturally allow for host heterogeneity [5], or for describing the dynamics of infections with temporary immunity [1] more accurately than SIRS models. Another area of likely
interest are infections, such as varicella/zoster [3] where severe disease depends on immunological
status.
The development of useful multiscale immunoepidemiological models poses strong mathematical
and numerical challenges. Within this broad area, I will present some simple models whose analysis
have led to interesting biological insights, and discuss some instances where a feedback arises from
epidemic to within-host processes resulting into new dynamical features.

References
[1] W.F. de Graaf, M.E.E. Kretzschmar, P.F.M. Teunis, P. F. M., O. Diekmann. A two-phase withinhost model for immune response and its application to serological profiles of pertussis. Epidemics
9, 1–7.
[2] J. R. Gog et al. (2015). Seven challenges in modeling pathogen dynamics within-host and across
scales, Epidemics 10, 45–48.
[3] G. Guzzetta et al. (2013). Hope-Simpson’s progressive immunity hypothesis as a possible explanation
for Herpes Zoster incidence data. Am. J. Epidemiol. 177, 1134–1142.
[4] N. Mideo, S. Alizon, S., T. Day. (2008). Linking within- and between-host dynamics in the evolutionary epidemiology of infectious diseases. TREE 23, 511–517.
[5] A. Pugliese (2011). The role of host population heterogeneity in the evolution of virulence. J. Biol.
Dyn. 5, 104–119.
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Tuesday, July 24th, 9:00

Room: C3 - Main Auditorium

PLENARY SPEAKER
MODELS OF LEARNING AND EVOLUTION: WHAT DO
THEY HAVE IN COMMON?
Eörs Szathmaáry
szathmary.eors@gmail.com
Evolutionary Systems Research Group, MTA Ecologogical Research Center, Tihany, Hungary, and
Parmenides Centerfor the Conceptual Foundations of Science, Pullach, Germany
Keywords: replicator equation, Bayesian models, Hebb synapse, reinforcement, adaptation.
ABSTRACT
In the past several scholars have noted some relationship between learning and evolution and
various levels of abstraction. William James was wondering about the possible role of a process
analogous to evolution of natural selection in the brain, whereby adaptive answers to complex
problems might arise. Changeux and Edelman were considering selectionist approaches to brain
dynamics during its development: while their approach has been experimentally validated, replicator dynamics has not been entertained by them. The first question is then whether true evolutionary dynamics can unfold in the brain (evolution in learning). On the flip side of the coin
Richard Watson has raised the idea whether associative, reinforcement and deep learning dynamics could play a role in the evolution of ecosystems, developmental genetic regulatory networks
and evolutionary transitions in individuality (learning in evolution). A third, potentially unifying
theme is the analogy between Bayesian inference and the discrete-time replicator equation: here
the question is whether similar algorithms could realize either of them in some natural systems.
I shall review the relevant concepts and mathematical formulations behind these ideas. Open
questions will be raised that, if answered positively, could entail that there will ultimately be only
one unified theory including evolution and learning as subcases.
Acknowledgements: This project is supported by the Templeton World Charity Foundation
(Learning in evolution, evolution in learning) and by funded by National Research, Development,
and Innovation Office Grants NKFI-K119347 and GINOP-2.3.2-15-2016-00057.
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Friday, July 27th, 14:00

Room: C3 - Main Auditorium

PLENARY SPEAKER
ANALYSIS OF COLLECTIVE CELL BEHAVIOURS
UNDERLYING PRIMITIVE STREAK FORMATION IN
THE CHICK EMBRYO
Cornelis J. Weijer
c.j.weijer@dundee.ac.uk
School of Life Sciences, University of Dundee, Dundee, DD1 5EH, UK
Joint work with Silke Henkes (ICSMB, University of Aberdeen, Aberdeen, UK), Rastko Sknepnek
(School of Science and Engineering, University of Dundee, Dundee, UK) and Ping Lin (School of
Science and Engineering, University of Dundee, Dundee, UK).
Keywords: Gastrulation, Collective Cell behaviours, Cell-based Modelling.
ABSTRACT
How dynamic cell behaviours such as differentiation, division, cell shape change and movement are
integrated at the tissue, organ and organism level is a key question in biology. This is particularly
important during gastrulation, a key process during the early embryonic development of all higher
organisms involving large scale tissue deformations and cell movements. During gastrulation the
three germlayers, the ectoderm, mesoderm and endoderm take up their correct topological positions
in the embryo. In amniotes including humans the mesendoderm precursors are formed from a
single layered epithelial sheet of cells, the epiblast. During gastrulation these mesoderm and
endoderm precursors ingress through a structure known as the primitive streak to form the inner
layers of the embryo [1]. The mesendoderm precursor cells in the epiblast move in two large
scale vortex flows towards and along the midline of the embryo to form the primitive streak
[2]. We investigate the cellular mechanisms that drive these large scale tissue flows in the chick
embryo, as well as the mechanisms that integrate these cell behaviours during streak formation
on an embryo wide scale. Using a dedicated lightsheet microscope we are able to follow detailed
cell behaviours such as cell division, ingression, cell-shape change and cell-cell intercalations of
over 200.000 cells in the chick embryo epiblast. Our experiment have shown that the large scale
epiblast tissue cortex flows resulting in the formation the primitive streak are driven by localised
anisotropic pulling forces generated by mesendoderm cells. These forces appear to be generated
by two main cellular mechanisms: directional cell-cell intercalation and apical contraction followed
by ingression of mesendoderm cells [3]. We currently investigate the interplay between mechanical
and chemical cell-cell signalling mechanisms that integrate these key behaviours at the tissue
scale, using a combination of experimentation and cell based and continuous modelling approaches
[4]. Specifically we test the hypothesis that junctional Myosin II accumulation resulting in apical
contraction and cell-cell intercalation is a tension sensitive process and that this mechanosensitive
process is a key part of the mechanism of tissue wide integration of cell behaviours during primitive
streak formation.
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ABSTRACT
Morphogenesis - the generation of biological shape and form - is fascinating, and its study promises
to shed light on a wide range of developmental defects and inform strategies for the artificial
growth of organs. Recently, the experimental study of morphogenesis has thrived due to a rise
in quantitative methods. The resulting avalanche of quantitative data requires us to rethink
the scientific method. We need to design quantitative hypotheses through mathematical models,
make quantitative experimental predictions, devise methods for quantitative data analysis, and
design methods for quantitative inference using models and data. Our work aims to enable this
transition for the integrative analysis of morphogenesis in epithelia, one of the major tissue types
in animals. We conduct the first systematic numerical analysis of a widely used cell-based model
of epithelia, the vertex model, and estimate to what extent quantitative model predictions may be
influenced by parameter values and implementation details. We then apply this model to a key
question in developmental biology by constructing a quantitative theory for tissue size control in the
embryonic epidermis of the fruit fly Drosophila, using the model to predict the outcomes of future
experiments. We further devise a method for estimating mechanical parameters of vertex models
from imaging data and quantify the uncertainty associated with such estimates. Finally, we propose
a novel algorithm for robust cell tracking in live-imaging microscopy videos of epithelial tissues
that illustrates how graph theoretic concepts may be used to overcome challenges in quantitative
data analysis. Together, these contributions will enable the quantitative study of epithelia for a
wide range of applications.
Acknowledgements: JK acknowledges funding from the Engineering and Physical Sciences Research Council through a studentship.
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In his Nobel prize lecture on December 11, 1945 Alexander Fleming warned against the risk of
‘making’ microbes resistant to penicillin. Unfortunately, it was only recently that the World Health
Organisation recognized this risk and even eventually admitted that the use of any anti-microbial
agent will eventually select for resistance (Read et al. 2011, PNAS ). Although they appear as
more robust to parasite evolution, vaccination campaigns also act as major selective pressures on
parasites (Day & Gandon 2008, Vaccine). The case of Marek Disease Virus in poultry shows that
failure to anticipate such evolution can have dramatic consequences (Read et al. 2015, PLoS Biol ).
Mathematical biology has a pivotal role to play in reconciling microbiology and epidemiology with
evolutionary biology (Alizon & Méthot, in press PLoS Biol ). At the within-host level, kinetics
models can help us determine optimal treatment protocoles to maximise the time before drug
resistance evolve. At the between-host level, epidemiological models can include resistance both
for prophylactic and therapeutic interventions. A key challenge consists in combining both these
scales in a nested perspective (Mideo et al. 2008, TREE ).
These call for a variety of mathematical and simulation models. For instance, early stages of
an infection or of an outbreak typically require to account for stochastic dynamics. Conversely,
large scale epidemics or full blown infections allow for the use of analytical models, which open
perspectives for more thorough analyses.
From a more technical standpoint, the search for optimal strategies has led to the application of
optimal control theory, either at the epidemiological level (Hansen & Day 2012 Proc B ) or at the
within-host level Pena-Miller et al. 2012, J R Soc Interface.
In terms of data, these models have classically relied on incidence time series but with the advent
of next generation sequencing, genetic data is not become more and more valuable, as illustrated
by the field of phylodynamics (Volz et al. 2013, PLoS Comput Biol ).
The speakers of this minisymposium will present recent modelling approaches developed both at
the within-host and between-host level in order to understand how public health policies and
treatments protocoles impact microbial evolution. The ambition of the mini-symposium is to
determine whether it is possible to realistically devise intervention strategies that are robust to
microbial evolution.
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MATHEMATICAL PERSPECTIVES ON HOST
IMMUNITY AND ANTIBIOTIC TREATMENT
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Keywords: Antibiotics, Immunity, Within-host dynamics, Resistance, Treatment.
Antimicrobial resistance of infectious agents is a growing problem worldwide. To prevent
the continuing selection and spread of drug resistance, rational design of antibiotic treatment is needed, and the question of aggressive vs. moderate therapies is currently heatedly
debated. Host immunity is an important, but often-overlooked factor in the clearance of
drug-resistant infections. In this work, we compare aggressive and moderate antibiotic
treatment, accounting for host immunity effects. We use mathematical modelling of withinhost infection dynamics to study the interplay between pathogen-dependent host immune
responses and antibiotic treatment. We compare classical (fixed dose and duration) and
adaptive (coupled to pathogen load) treatment regimes, exploring systematically infection
outcomes such as time to clearance, immunopathology, host immunization, and selection
of resistant bacteria. Our analysis and simulations uncover effective treatment strategies
that promote synergy between the host immune system and the antimicrobial drug in clearing infection. Both in classical and adaptive treatment, we quantify how treatment timing
and the strength of the immune response determine the success of moderate therapies. We
explain key parameters and dimensions, where an adaptive regime differs from classical
treatment, bringing new insight into the ongoing debate of resistance management. Emphasizing the sensitivity of treatment outcomes to the balance between external antibiotic
intervention and endogenous natural defenses, our study calls for more empirical attention
to host immunity processes.
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Why is drug resistance common and vaccine resistance rare? Drugs and vaccines both impose substantial pressure on pathogen populations to evolve resistance and indeed, drug
resistance typically emerges soon after the introduction of a drug. But vaccine resistance
has only rarely emerged. Using well-established principles of population genetics and evolutionary ecology, we argue that two key differences between vaccines and drugs explain
why vaccines have so far proved more robust against evolution than drugs. First, vaccines
tend to work prophylactically while drugs tend to work therapeutically. Second, vaccines
tend to induce immune responses against multiple targets on a pathogen while drugs tend
to target very few. Consequently, pathogen populations generate less variation for vaccine
resistance than they do for drug resistance, and selection has fewer opportunities to act on
that variation. When vaccine resistance has evolved, these generalities have been violated.
With careful forethought, it may be possible to identify vaccines at risk of failure even before
they are introduced.
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Network models have played a pivotal role in highlighting the impact of contact heterogeneity on epidemic outcome. For many pathogens (e.g. HPV), infections with multiple strains
within a host impose important ecological constraints (e.g. immunity, host cell competition) for transmission. To investigate the interplay of contact heterogeneity and intra-host
competition, we develop an individual-based network model of multiple infections for both
transient and persistent epidemics. Depending on strain interaction patterns and network
topologies, we evaluate ecological diversity and infection barcodes. Finally, we discuss applications to vaccine-induced strain replacement.
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Patient transfers.
Recently multidrug-resistant Enterobacteriaceae (MDR-E) have become a major public
health threat in many European countries. While traditional infection control strategies
primarily target the containment of intra-hospital transmission, there is growing evidence
highlighting the importance of inter-hospital patient traffic for the spread of MDR-E within
healthcare systems.
We propose a network model, which reflects a patient traffic in healthcare system and thus
provide the framework to systematic study of transmission dynamics of MDR-E and the
effectiveness of infection control strategies to contain their spread within healthcare systems.
However, to do that first it is necessary to analyse real patients’ hospitalization data. They
serve as a base for the network model reflecting the complexity of the real hospital network
connections and dynamics of patient transfers between healthcare facilities.
In healthcare systems there is a strong emphasis on the privacy of patients thus, hospitalization records available for researchers are limited. We would like to present some examples
and to demonstrate what are the problems and limitations with derivation of a patient transmission network from these data and how to overcome them. Examples of such networks
will be presented. Also we would like to examine possible extensions of considered model
taking into account additional effects like indirect transfers of patients staying in society for
a certain period of time between dismisses and next admissions.
Acknowledgements: This work was supported by grant no. 2016/22/Z/ST1/00690 of National
Science Centre, Poland within the transnational research programme JPI-EC-AMR (Joint Programming Initiative on Antimicrobial Resistance) entitled ”Effectiveness of infection control strategies against intra- and inter-hospital transmission of MultidruG-resistant Enterobacteriaceae –
insights from a multi-level mathematical NeTwork model” (EMerGE-NeT).
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Leukemias and myeloproliferative neoplasms (MPN) are closely related diseases of the blood forming (hematopoietic) system. Major subtypes of both categories are stem cell driven disorders
that result in excessive production of cells with healthy, dysplastic or cancerous phenotypes. This
minisymposium aims to bring together clinicians and mathematical modelers investigating disease
evolution of leukemias and MPN.
A complex network of regulatory feedbacks controls the response of the hematopoietic system to
perturbations such as blood loss, immune reactions or chronic inflammation and it mediates the
competition between healthy and mutated stem cell clones. The resulting dynamics is nonlinear,
and a precise understanding of hematopoiesis and its diseases remains challenging. The focus of our
minisymposium is to better understand the interplay of regulatory signals, multiclonal dynamics
and treatment interventions in leukemias and myeloproliferative neoplasms.
The talks of this minisymposium cover a broad range of regulatory signals reaching from feedback mechanisms that stabilize physiological homeostasis to signalling in immune response and
chronic inflammation. There is evidence that all of them contribute to pathogenesis and disease
progression. Different mathematical approaches including dynamical systems, integro-differential
equations, Markov chains and individual based models will be used to study how pathological and
physiological feedbacks impact on clinically relevant phenomena such as mutant cell expansion,
clonal evolution or treatment response.
There is a huge potential in applying mathematical modelling, dynamical systems techniques and
parameter estimation procedures in order to understand fundamental disease mechanisms and develop treatment strategies. In combination with clinical or experimental data mathematical models
provide a framework which allows rigorous understanding of the implications of multiple feedback
loops on system dynamics and to discriminate between different hypotheses. Mathematical models
can provide insight to how the course of the disease and the response to treatment may be altered
by increased sensitivity of cell clones to feedback signals, escape from regulatory cues or constitutive activation of signaling pathways. In addition, a mathematical model based on physiological
mechanisms can pinpoint which lacking experiments are the most crucial to perform in order to
obtain data to estimate system parameters reliably.
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The first part of this talk will give a biological overview of leukemias and myeloproliferative
neoplasms. Open biological and medical questions will be summarized. It will be outlined
how mathematical modeling can contribute to a better understanding of disease mechanisms
and treatment approaches. The second part of the talk focuses on mathematical models
of acute leukemias. Acute leukemias are characterized by malignant cell expansion in the
bone marrow and out-competition of healthy blood cell formation (hematopoiesis). For a
better understanding of this process it is crucial to take into account that hematopoiesis
is regulated by a nonlinear network of feedback signals, so called cytokines. Biological
experiments suggest that in some patients leukemic cells require stimulation by feedbacksignals to expand (cytokine-dependent leukemia) whereas in other patients leukemic cells
expand independently of feedback signals (cytokine-independent leukemia). The clinical
impacts of this finding are not well understood. We establish a set of nonlinear multicompartment models describing time evolution of healthy and leukemic cell populations in
presence of different regulatory signals. On the basis of model analysis, computer simulations
and patient data we investigate the following questions:
• How does the response of leukemic cells to regulatory signals impact on the course of
the disease and the patient prognosis?
• Can mathematical models help to discriminate between patients with cytokine-dependent
and cytokine-independent leukemia?
• How do patients with cytokine-dependent and cytokine-independent leukemic cells respond to treatment? Can we identify patients with a high risk of treatment failure?
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Keywords: Mathematical modeling, Hematopoietic stem cell, Paroxysmal nocturnal hemoglobinuria.
Background: Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired clonal hematopoietic stem cell (HSC) disorder characterized by intravascular hemolysis and a high risk of
thrombosis. Its origin has been traced to a somatic mutation in the PIG-A gene within HSC
that interferes with the synthesis of glycosylphosphatidylinositol (GPI) which is an important anchor for membrane proteins. GPI deficiency leads to loss of significant reduction in
the surface expression of many proteins including CD55 and CD59 that prevent complement activation and red cell destruction. However, to date the exact mechanism of how this
mutant clone expands in size to contribute significantly to hematopoiesis remains under debate. One hypothesis posits the existence of a selective fitness advantage for PIG-A mutated
cells due to an immune mediated attack against normal HSC, but the evidence supporting
this hypothesis is inconclusive. An alternative (and simpler) explanation attributes clonal
expansion to neutral drift, in which case selection neither favors nor inhibits expansion of
PIG-A mutated HSC.
Methods: We studied the implications of the neutral drift model by numerically evolving
a Markov chain for the probabilities of all possible outcomes, and investigated the possible
occurrence and evolution, within this framework, of single and multiple independently arising mutant clones within the HSC pool.
Results: The predictions of the model agree well with the known incidence of the disease
and the average age at diagnosis. Notwithstanding the slight difference in clonal expansion
rates between our results and those reported in the literature, our model neatly reproduces
the observed relative stability of clone size when averaging multiple cases. The probability of a patient harboring a second clone in the HSC pool was found to be extremely low
(∼ 10−8 ). Thus our results suggest that in clinical cases of PNH where two independent
clones of mutant cells are observed, only one of those is likely to have originated in the HSC
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pool. The probability of ‘spontaneous’ clonal elimination in the absence of therapy is also
predicted. We compare our results with large observation studies available in the literature.
Conclusions: Our neutral drift model based on first principles can accurately predict many
of the salient features relating to the natural history of an acquired HSC disorder – PNH.
This is the first example in medicine where neutral drift may be used to explain the dynamics
of an uncommon disorder.
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Dynamical sytems.
Inflammation triggers and drives leukemia and the related Myeloproliferative Neoplasm
(MPNs) diseases through the innate immune system while leukemia and MPNs stimulates
the inflammatory responds of adaptive immune system fighting the malign cells of the diseases. Where the two-way coupling of tumorous cancer and the adaptive immune system has
drawn some attention during the last decades and inspired to immuno- and gene-therapy,
leukemia and MPNs have been left unnoticed with respect to such coupling until recently.
Furthermore, the two-way coupling of leukemia and MPNs on one side and the innate immune system on the other side is by the large left unstudied, e.g. with respect to treatments
and preventive measures. We pose a novel 6D mathematical model of the development of
leukemia and MPNs taking these two-way couplings into account and show that geometric singular perturbation theory suggests a reduction to a reduced 2D model suitable for
many purposes and analysis. The model is validated against human data. As a result it
follows that the innate immune response is crucial in the development and treatment of
leukemia and MPNs as it affects the numbers, the location, and the stability properties of
the steady states in state space. Finally, the model is used to show superiority of treatment
with Interferon-alpha 2 versus Hydroxyurea and that early treatment is preferable. These
findings are in good agreement with human data from the clinic.
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RESPONSE IN CHRONIC MYELOGENOUS LEUKEMIA
Doron Levy
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Keywords: Leukemia, Immune response, Mathematical modeling.
Imatinib and other tyrosine kinase inhibitors (TKI) have improved treatment of chronic
myelogenous leukemia (CML); however, most patients are not cured. Deeper mechanistic understanding may improve TKI combination therapies to better control the residual
leukemic cell population. In analyzing patients’ data we found that many patients who
otherwise responded well to imatinib therapy still showed variations in their BCR–ABL
transcripts. In this talk we will present mathematical models that suggest that the autologous immune response may explain the observed oscillations in the BCR–ABL transcripts.
Applications to immunotherapy will be discussed.
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Mathematics has a long history of application in Biology, as exemplified by the activities of the
ESMTB. Well recognised sub-fields of Mathematical Biology have emerged in areas ranging from
ecology to cancer. In the same way that biological and clinical understanding has progressed with
the use of mathematics in these areas, so too may it advance the field of neuroscience, such as in the
diagnosis and treatment of disorders, including epilepsy and schizophrenia, which are accompanied
by differences in brain dynamics. Compared to some other areas of Mathematical Biology, the field
of Mathematical Neuroscience is in its infancy. This mini-symposium will introduce some of the
challenges and hot-topics in this field and show how these can be tackled using techniques drawn
from a wide variety of mathematical disciplines including stochastic processes, dynamical systems
theory, and machine learning. The first talk by Susanne Ditlevsen will provide a perspective talk
suitable for newcomers, as well as showcase the use of stochastic processes for understanding the
spiking behaviour of neural networks and inferring visual processes. Subsequent talks will focus on
applications to brain disorders and understanding neural rhythms. Krasimira Tsaneva-Atanasova
will talk about the challenge of developing bio-markers for schizophrenia, making use of dynamical
systems techniques for the analysis of human movement. The third talk by Elif Ersöz will show
how the theory of canards can be used to great effect in understanding mixed-mode oscillations
that are ubiquitous in brain rhythms. The fourth talk by Forrester will discuss synchronisation
patterns elicited by Transcranial Magnetic Stimulation, with application in depression. The aim
of this mini-symposium is to raise the profile of Mathematical Neuroscience within the ESMTB
community, and encourage more Mathematical Biologists to contribute to this exciting field.
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data, Serial and parallel processing of visual stimuli.
A fundamental question concerning the way the visual world is represented in our brain is
how cortical cells respond when their classical receptive fields contain more than a single
stimulus object. It is a statistically challenging problem how to infer such behavior and
distinguish between different explanatory models from neurobiological data. Particular
challenges are that data are partially observed, highly noisy and autocorrelated. A standard
way to deal with noisy data is to average over trials. In this talk I will argue that this might
blur or entirely remove essential characteristics and mechanisms, which are fundamental for
understanding brain function. For a single cell, two opposing models have been proposed
in the literature. In the response-averaging model [15], the firing rate of the cell to a pair
of stimulus objects is a weighted average of the firing rates to the individual objects. By
contrast, in the probability-mixing model [1], the cell responds to the pair of objects as if
only one of the objects was present in any given trial. I will compare the abilities of the
two models to account for spike trains recorded from single cells in the middle temporal
visual area of rhesus monkeys, using point process techniques. The results support the
probability-mixing model [8].
The next natural question to ask is how a population of neurons responds to multiple stimuli. This is related to a long debated question in psychology of whether the processing
mechanism in visual search is serial or parallel [2]. I will present some measures to distinguish between the different processing mechanisms, and suggest different models that
can account for simultaneously recorded spike trains in prefrontal cortex of rhesus monkeys
while processing task-relevant visual displays [9]. I will discuss how the different models
offer different underlying assumptions on how the brain works.
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Human movement has been studied for decades, and dynamic laws of motion that are
common to all humans have been derived. Yet, every individual moves differently from
everyone else (faster/slower, harder/smoother, etc.). We propose an index of such variability,
namely an individual motor signature (IMS) able to capture the subtle differences in the
way each of us moves. We show that the IMS of a person is time-invariant and that
it significantly differs from those of other individuals [13]. Furthermore, in an effort to
establish reliable indicators of schizophrenia we have developed a method that could detect
deficits in movement and social interactions, both characteristics of the disorder. We asked
people to perform movements alone, and to mirror the movements of a computer avatar or a
humanoid robot. Using mathematical modelling and statistical learning techniques we were
able to distinguish people with schizophrenia from healthy participants with accuracy and
specificity slightly better than clinical interviews and comparable to tests based on much
more expensive neuroimaging methods [14]. This methodology could help with diagnosis of
schizophrenia and other related psychiatric conditions such as psychosis and potentially to
also monitor patients’ responses to therapeutic treatment.
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elif.koksal@inria.fr
INRIA Sophia Antipolis-Méditerranée, France
Joint work with Mathieu Desroches, INRIA Sophia Antipolis-Méditerranée, France, and Antoni
Guillamon, Universitat Politècnica de Catalunya, Spain
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The term “mixed-mode oscillations” (MMOs) is used to describe the dynamics that combine small-amplitude oscillations and large-amplitude oscillations. MMOs arise in multipletimescale systems with at least two slow variables and a folded critical manifold [3]. The
pivotal role of the folded singularities and associated canard structures in shaping these
complex dynamics has been identified in many models of biological rhythms. Mixed-mode
bursting oscillations (MMBOs) can appear in four-dimensional (4D) systems with two slow
and two fast variables as a combination of folded-node type dynamics following fast oscillations of bursting type [4]. In this work we focus on a rate model that accounts for the
spontaneous activity in the developing spinal cord of the chicken embryo [16]. The dynamics is that of a classical square-wave burster, with alternation of silent and active phases.
Tabak et al. [16] have proposed two different three-dimensional (3D) models with variables
representing average population activity, fast activity-dependent synaptic depression and
slow activity-dependent depression of two forms. In [17, 18, 19] various 3D combinations of
these four variables have been studied further to reproduce rough experimental observations
of spontaneous rhythmic activity. In this talk, we first show the spike-adding mechanism via
canards in one of these 3D models from [16] where the fourth variable is treated as a control
parameter. Then we discuss how a canard-mediated slow passage in the 4D model explains
the sub-threshold oscillatory behavior which cannot be reproduced by any of the 3D models. Finally, we relate the canard-mediated slow passage to the intervals of burst and silent
phase which have been linked to the blockade of glutamatergic or GABAergic/glycinergic
synapses over a wide range of developmental stages [17].
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Transcranial Magnetic Stimulation (TMS) is a non-invasive method of provoking significant
changes in mental states. While TMS has proven itself as a treatment for depression,
schizophrenia and chronic pain, the neurological mechanisms behind the alleviation of these
symptoms is poorly understood. TMS perturbs neurons by inducing a current along axons,
facilitating excitatory activity and entraining neurons to synchrony. It is thought that this
can fix disrupted functional connectivity that causes major depression, by activating the
neural ‘switch’ that allows the brain to shift between two major brain subnetworks: the
default mode and central executive networks [20].
Using a neural-mass model [21], we study the influence of TMS on networks of connected
brain regions comprising millions of neurons. The model is particularly suited to studying
TMS since simulated dynamics accommodate underlying neural population synchrony, yet
within a course-grained framework appropriate for the modelling of macroscopic neural
systems. Furthermore, connectivity is defined using human DTI data so that networks are
neurologically relevant. In this way, the model comprises dynamics on a neuronal level as
well as the much greater scale of whole-brain connectivity. This allows us to understand how
stimulation of one brain region can affect how neurons interact in other parts of the brain,
which may elucidate how TMS can work as a treatment for major depression. In particular,
we use the metric of phase coherence to investigate how TMS can evoke new patterns of
synchrony in the network model that relate to the switching between resting (default mode)
and stimulated (central executive) network states, a proxy for the functional behaviour that
would be expected in the brain of a healthy person. Graph theoretic methods of node
centrality and clustering are employed to give a qualitative analysis of how the functional
network has changed due to TMS.
Changing the parameters of TMS delivery (frequency, amplitude, target region etc.), we explore how different methods of stimulation affect resultant functional networks and speculate
which of these may relate to TMS ‘fixing’ an irregular connectivity.
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Moving interface and free boundary problems arise in the modelling of a variety of biological
phenomena such as tumour growth, cell motility, population dynamics and pattern formation.
The models involve systems of nonlinear PDE and the analysis of such models is at the forefront of
current research. Often analytical solutions are unavailable and state-of-the-art numerical methods
are required for the simulation of the model equations.
The goal of this minisymposium is to foster the exchange of ideas by bringing together analysts,
modellers and experts in scientific computing who share an interest in biological free boundary
problems.
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We will discuss properties of solutions to aggregation-diffusion models appearing in many
biological models such as cell adhesion, organogenesis and pattern formation. We will concentrate on typical behaviours encountered in systems of these equations assuming different
interactions between species under a global volume constraint.

89

Tuesday, July 24th, 14:20

Room: C8.2.10

Minisymposium: Free boundary problems in mathematical biology
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The aggregation of curvature-inducing particles plays a crucial role in various biological processes that involve the deformation of membranes, such as endo- and exocytosis. In some
cases it is suggested that clustering of membrane particles is governed by the membrane’s
elastic properties, which leads to an interplay between particle-induced membrane deformations and membrane-driven particle movements. Continuum-discrete models for such a
system usually lead to the problem of solving partial differential equations either on moving domains or with varying constraints. The literature indicates that the behavior of the
resulting system significantly depends on the shape of the particles, which complicates the
analytical solution and favors numerical approaches in order to gain insight into certain
particle interactions.
In this talk we consider a Canham–Helfrich elasticity membrane model in Monge-gauge
where the membrane-particle coupling is modeled through a finite number of boundary conditions. Within this setting we are able to prove differentiability of the particle interaction
energy and propose a convergent scheme for efficient evaluation of the derivative which is
also feasible for finite element discretizations of the membrane.
Our findings can directly be applied in order to derive a gradient method for investigating
stationary particle configurations. Furthermore, the applied methods generalize to a wider
range of problems, which may be helpful in the development of more efficient algorithms for
exploring particle interactions in various other regimes.
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FREE AND MOVING BOUNDARY PROBLEMS IN CELL
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Chandrasekhar Venkataraman
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Keywords: Receptor ligand interactions, Cell motility, Surface finite elements.
Free boundary problems arise very naturally in the modelling of problems in cell biology, for
example in models for cell motility, receptor-ligand dynamics and cell signalling. Mathematical theory has an important role to play in establishing the well posedness of such models
and thereby giving some concrete validity to inferences based on formal analyses and simulation of the model equations. On the other hand the biological motivation provides a rich
seam of challenging problems which prompts the development of new mathematics. In this
talk we shall discuss analytical aspects of some FBPs that are motivated by models from
cell biology and their numerical simulation with finite element methods.
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Keyword: Boundary element method.
In the present work the velocity vorticity forumation of the Navier - Stokes for 2d and 3d
dimensions is presented. The integral representation of the governing equations are derived
and they are numerically solved by various integral domain based methods like meshless
LBIE, Fast Multipole Method FMM and Boundary Element Method BEM. Details about
the computation of integrals are discussed. The potentiality of each method is demonstrated
with various examples of fluid flow problems.
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Understanding the antagonistic coevolution of hosts and their parasites is vitally important given
the central role that infectious disease plays in human health, agriculture and natural systems.
Alongside experimental and empirical studies, there is a rich history of mathematical modelling
of host-parasite coevolution. Early studies of crop diseases gave rise to the ‘gene-for-gene’ models,
which have been a basis for understanding coevolutionary disease dynamics in a range of systems
ever since. More recently, models that include explicit ecological dynamics have shown how feedbacks between ecology and selection can drive coevolutionary dynamics. Continued advances in
experimental methods have led to a plethora of results in need of theoretical attention. Modelling
of host-parasite coevolution thus continues to be a major area of inquiry.
This minisymposium will see talks from leading researchers addressing questions at the forefront
of host-parasite coevolutionary theory. The talks cover a range of both biological questions and
mathematical approaches. In all cases, a guiding principle is for theoretical developments to be
developed in close harmony with experimental and empirical results.
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ANTAGONISTIC COEVOLUTION, POPULATION
DYNAMICS, AND IMPLICATIONS FOR THE RED
QUEEN
Chaitanya Gokhale
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Max Planck Institute for Evolutionary Biology
Keywords: Host-parasite, Coevolution, Red Queen, Stochasticity.
Host-parasite coevolution is believed to follow Red Queen dynamics consisting of ongoing
oscillations in the frequencies of interacting host and parasite alleles. This belief is founded
on previous theoretical work, which assumes infinite or constant population size. To what
extent are such sustained oscillations realistic? Besides the coevolutionary dynamics, population sizes of the interactors also change over time. Over a series of studies we have
investigated stochastic dynamics acknowledging two critical pieces of realism: (i) population size fluctuations, caused by the antagonism of the interaction in concordance with the
Lotka-Volterra relationship; and (ii) stochasticity, acting in any finite population. In deterministic models when including multiple hosts and parasites a similar picture emerges.
Together, these two factors cause fast allele fixation. Our results call for a paradigm shift
in our understanding of host-parasite coevolution, strongly suggesting that these are driven
by recurrent selective sweeps rather than continuous allele oscillations.
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For various fields such as plant breeding it is of interest whether host and parasite species
are coevolving and if so to detect loci being involved in this interaction. Two properties that
arise from host-parasite coevolution are (i) changes in allele frequencies at associated loci and
(ii) changes in the population sizes of both species as driven by the epidemiology. Building
our models in a discrete and in a continuous setting we make respective use of these two
properties for coevolutionary inference. In the former case (i), we develop an approximate
Bayesian computation (ABC) approach tailored for a joint analysis of host and parasite
polymorphism data. This joint consideration not only allows us to detect coevolution at
candidate loci but also to infer model parameters (cost of disease, resistance and virulence).
The ABC is based on site-frequency spectrum (SFS) related summary statistics. In the
latter case (ii), we establish a dynamical system that is solved numerically to track the
population size changes of hosts and parasites over time. We investigate over which time
scales the SFS is indicative of the joint coevolutionary dynamics.
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Parasite host ranges are a dynamic ecological trait with the potential for rapid evolution.
Nevertheless most parasites show a high degree of host specificity. Host-use trade-offs are a
common theoretical explanation for the prevalence of host specialism, but empirical evidence
for such host-use trade-offs is rare. I will present an alternative model for limited host-ranges
which is based solely on basic features of the parasitic life cycle, namely host selection and
subsequent intra-host replication. This theory provides an explanation for the observed host
specificity which does not rely on direct costs for extended host ranges.
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While host-pathogen co-evolution has been the focus of much experimental and theoretical
inquiry, the vast majority of studies assume the host and pathogen interact in isolation. In
reality they will form one part of large, complex communities, with feedbacks between coevolution of hosts and pathogen strategies on the one hand and community dynamics on the
other. Understanding the impact of community interactions on host-pathogen coevolution
has recently become a key area of focus in the experimental literature, but there is yet to
be a fully coevolutionary theoretical study. Here I present results assessing the impact of
predation on host-pathogen co-evolution. I show that an array of qualitatively different
dynamics may arise, including co-evolutionary cycles, but I find that predation alters the
potential for such fluctuations. I demonstrate that while predation may select for low host
resistance and high pathogen infectivity, ecological feedbacks mean this in fact results in
lower infection rates when predators are present. I also show how host evolution may drive
either enemy to extinction. This work emphasises the importance of community interactions
and opens up avenues for further investigation.
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Many biological systems involve a large set of individuals interacting via a combination of shortand long-range forces. Examples include bacterial or cellular chemotaxis. In cellular chemotaxis,
cells may experience short-range excluded volume repulsion and a long-range chemotactic drift
secreted by a different type of cells. This session will bring together experts working on a variety
of biological problems where the interplay between short- and long-range interactions between
individuals play an important role in the system dynamics. We will discuss different mathematical
tools, from agent-based modelling to mean-field methods, to tackle such problems.
We contacted several groups that have been deriving these models with different applications in
biological contexts:
• Zebra Fish patterning models: agent-based models have been recently proposed by a group
in Brown University able to obtain the different patterns observed in nature. We will have a
talk from the recent PhD student in this topic now postdoc at the MBI, Alexandria Volkening. Also, Markus Schmidtchen will discuss properties and simulations based on mean field
equations obtained from coarse graining of these agent based models.
• Cell Sorting and Zebra Fish Neural Crest: these agent-based models have also been used to
model adhesion and volume constraints to a variety of applications such as cell sorting and
neural crest primordium. The group in Torino has worked in this direction in the last years.
We have invited Marco Scianna.
• A connection between these nonlocal models and game theoretical interpretations both at the
agent-based as well as the mean-field level has been explored by a group in Saint Andrews.
Tomasso Lorenzi is invited in this topic.
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AGENT-BASED MODELS OF PATTERN FORMATION
ON THE SKIN OF ZEBRAFISH
Alexandria Volkening
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Wild-type zebrafish feature black and yellow stripes across their body and fins, but mutations display a range of altered patterns, including spots and labyrinth curves. These
diverse patterns form due to the self-organizing interactions of pigment cells, which sort out
through movement, birth, competition, and transitions in shape. Cells regulate each others’
behavior on the growing skin by communicating both locally and at long range through
dendritic extensions. Working closely with the biological data, we develop an agent-based
model of this pattern formation, coupling deterministic migration by ODEs with stochastic
rules for updating population size on growing domains. Our model proposes how a combination of short- and long-range interactions between cells is able to robustly produce stripes,
and it suggests cell behaviors that may be altered to produce patterns on mutations and
close relatives of zebrafish. We also explore stripe formation on the tailfin, where bone rays
and epithelial growth may help direct pigment cell placement.
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Multi-agent systems in nature oftentimes exhibit emergent behaviour, i.e. the formation of
patterns in the absence of a leader or external stimuli such as light or food sources. We
present a non-local two-species cross-interaction system of partial differential equations with
cross-diffusion and explore its long-time behaviour. We observe a rich zoology of behaviours
exhibiting phenomena such as mixing and/or segregation of both species and the formation
of travelling pulses.
One of the most fascinating real world applications of this model are zebrafish with their
black and yellow pigment cells whose interspecific and intraspecific interactions lead to the
characteristic stripe pattern formation.
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ADHESION AND VOLUME CONSTRAINTS VIA
NONLOCAL INTERACTIONS DETERMINE CELL
ORGANISATION AND MIGRATION PROFILES
Marco Scianna
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The description of the cell spatial pattern and characteristic distances is fundamental in
a wide range of physio-pathological biological phenomena, form morphogenesis to cancer
growth. Discrete particle models are widely used in this field, since they are focused on
the cell-level of abstraction and are able to preserve the identity of single individuals reproducing their behavior. In particular, a fundamental role in determining the usefulness and
the realism of a particle mathematical approach is played by the choice of the intercellular
pairwise interaction kernel and by the estimate of its parameters. We are going to show
in this talk how the concept of H-stability, deriving from statistical mechanics, can have
important implications in this respect. It in fact allows to a priori predict the stable configuration of a cell system for any given interaction kernel and relative coefficient setting. The
proposed analytical results are of particular relevance also from an applicative perspective,
as illustrated in the paper by series of representative simulations dealing with cell sorting
phenomena and zebrafish embryonic development.
Acknowledgements: MS acknowledges Istituto Nazionale di Alta Matematica (INdAM) “Francesco
Severi” and the “Gruppo Nazionale per la Fisica Matematica” (GNFM).
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Keywords: Nonlocal models, Spatial evolutionary games, Prisoner’s dilemma, Agent-based models,
Partial integro-differential equations.
Recently increasing attention has been given to mathematical models of spatial evolutionary games which explicitly incorporate the movement of the individuals playing the game.
However, the results of most published studies are based only on computational simulations of agent-based models, which are usually inaccessible to analytical techniques. In this
talk we will present a new modelling framework whereby numerical simulations of nonlocal
agent-based models can be combined with the analysis of corresponding continuum models formulated in terms of partial integro-differential equations. Compared with research
approaches relying solely on the computational simulation of agent-based models, such a
framework allows one to achieve more robust and precise biological conclusions. As an example, we focus on the case of a spatially explicit prisoner’s dilemma model. The analytical
and numerical results that we have obtained in this case illustrate how nonlocal interactions can bring about self-generated spatial patterns which create favourable conditions for
the coexistence of cooperators and defectors in situations where the two strategies cannot
coexist in the presence of either global or local interactions.
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Drug resistance, Optimal control
Drug resistance in cancer cell populations is still a major pitfall of most anticancer chemotherapies
in the clinic. Eliciting the dynamics of its emergence and evolution (reversible or not, epigenetic
stress response or established mutation, with tumour bet hedging or not) has been in recent years
the object of many biological observations in cell cultures and mathematical models to understand
and predict them. Stepping from them, methods of optimal control have been proposed to help
designing innovating therapeutic strategies in oncology. We present such aspects of mathematical
modelling, analysis and control that take into account these biological observations, ultimately
aiming at optimising cancer treatments in the clinic.
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GROWTH SPEED OF HETEROGENEOUS TUMOURS : A
COMPETITION-DIFFUSION SPREADING RESULT
Cécile Carrère
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Keywords: Tumour heterogeneity, Cell population dynamics, Co-evolution, Competition-diffusion.
The presence inside a single tumour of different phenotypes can be a source of treatment
failure. We propose a model of competition-diffusion of two tumoral cells species, invading
empty space while competing for space and nutrients. We show that the global behaviour of
the tumour depends on the Fisher-KPP speeds of each species alone. A consequence of this
is that reducing the proliferating rate of the dominating species can favour the emergence
of the second species outside of competition, thus maintaining the tumour growth rate
constant.
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Denis Horváth
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Evolving therapeutic strategies.
Many contemporary ideas about the nature of cancer are deeply connected with its evolutionary nature at the somatic level [1]. Notwithstanding their stylised and conceptual
level, the evolutionary attributes become an integral part of the mathematical models of
cancer as well as the models of therapeutic interventions [2] with potentially high adaptive
power [3]. Our contribution provides an overview of possible evolutionary-based anticancer
therapeutic strategies. Nonlinear multidimensional filtering [4], feedback-generated therapies that define various therapeutic intervention targets in combination with the terms
describing phenotypic switching dynamics [5] and competitive inter-clonal processes have
been involved into proposed conceptual model based on the systems of ordinary differential equations. Preliminary simulations reveal an interesting issue of the time variability of
an adaptive therapeutic treatment [3] that induces a tumor-modifying microenvironment
allowing the evolutionary advantage of a phenotypic switching mechanism [6]. The main
findings based on the simulations deal with the issues concerning evolutionary time scales,
progression of cancer and phenotypic heterogeneity.
Acknowledgements: This work was supported by the Slovak Research and Development Agency
under the contract No. APVV-15-0485.
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Shensi Shen
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Interfering with the intrinsic oncogenesis and the tumor microenvironment in order to eliminate cancer cells was one of the most attractive and exciting goals in oncology. After decades
of deceived efforts and disappointing clinical trials, this long lasting objective was finally
reached in 2011 with patients suffering from metastatic melanoma, which is one of the most
challenging situations in oncology. These innovative treatments, based on the blockade of
oncogenic signaling and physiological brake of the immune system, was the first specimen
of a new generation of drugs involved in two main therapeutic fields, including targeted
therapy and immunotherapy. Along with these new concepts, re-evaluations of assessing
the efficacy of the drugs, managing the new challenges of drug resistance are emerging and
leading to a global revolution of the field of cancer treatment.
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Marc Sturrock
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modelling, Drug resistance.
A number of recent studies have shown that natural selection occurs not only on genes (on
genetic variation), but also at the level of gene expression (on heritable phenotypic variation). Emergent gene expression can be defined as the selective upregulation of expression
of a fitness conferring gene when a cell population is placed in a stressful environment. For
example, if cancer cells are exposed to chemotherapy and it is known that a certain gene
product (such as that of MDR1) is required for increased cell division, low expression will
slow down division, giving time for expression levels to build up stochastically, reinforcing
the presence of high-expressing cells. Feedbacks between gene expression levels, metabolic
and cell division rates therefore drive expression higher than expected from hard-wired network regulation alone. Fit epigenetic states with upregulated antibiotic resistance genes
or certain oncogenes are thus actively selected, in the absence of hard-wired molecular signalling or genetic variation. In this talk I will present a multiscale mathematical model
of the cell that links stochastic gene expression to cell growth and partitioning/dilution. I
will then go on to present the minimal ingredients required for emergent gene expression to
take place as well as discussing applications to antibiotic resistance and chemotherapeutic
resistance and strategies for overcoming these resistance mechanisms.
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Simple population models can be made more capable of better capturing biologically meaningful issues by means of adding continuous and discrete structure to the population. Structured
population dynamics, which is a very active area of research in mathematical biology, addresses
ecological, evolutionary and epidemiological problems through evolution equations for the densities with respect to structuring variables such as age, genetic phenotype or physical space. In this
minisymposium of the European Conference on Mathematical and Theoretical Biology (ECMTB)
in Lisbon, young and senior researchers will present recent developments on structured population
dynamics covering a broad spectrum of applications.
Acknowledgements: The organizers have been partially supported by the projects MTM201452402-C3-2 and MTM2014-52402-C3-3 of the Spanish government.
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Population models can be built in a mechanistic way by describing the behaviour of its
individuals, which can be thought to be affected only by two factors: the environment
and the characteristics defining the individual. The environment captures the aspects of
the external world that have an impact on the individuals (such as food concentration,
predator pressure or the population distribution itself). The individuals are characterized
by properties that can be either internal (such as size, energy reserves or foraging activity)
or external (such as position or orientation).
In this talk we review the derivation of a dynamical system at the population level taking into
account phenomenological ingredients at the individual level. We show that two different
formulations can be given depending on the state variable used to describe the population:
either the density of the population or the history of birth rates. The relations between
them as well as some open questions are discussed.
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The heterogeneity of macrophage populations (with the M1 and M2 cells representing the
two extremes of the phenotypes) has lead to difficulties in understanding and controlling
the innate immune responses to infections and cancer. For example, while it is known
that the M1 cells have anti-tumour effects, while the M2 cells have pro-tumour effects, the
heterogeneity of macrophage populations inside tumours (with both M1 and M2 phenotypes)
makes it difficult to predict tumour evolution.
Here, we introduce a class of kinetic equations for the interactions between a population of
immune cells (i.e., macrophages structured by their phenotype) and a population of tumour
cells (structured by their mutation status). We then use this model to confirm numerically
that tumour progression is associated with an M2-like immune phenotype, while tumour
reduction occurs in the presence of M1-like cells. Finally, we discuss various approaches
that can be taken to ensure long-term tumour control (and eventual elimination).
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The computation of the basic reproduction number R0 for autonomous continuously structured population models strongly depends on whether the density of newborns per unit of
time (birth rate) and the population density are considered in the same functional space or
not.
When it is not possible to directly apply the standard theory for the basic reproduction
number, we can elaborate a suitable limit process.
For the standard case, one readily gets the (positive, bounded) next-generation operator
and the basic reproduction number R0 as its spectral radius, from the evolution equation of
the population.
When the latter is not possible without enlarging the functional space, we can obtain the
next-generation operator as the limit of a suitable sequence of next-generation operators.
Our approach is illustrated with two age-structured problems: a model of migration of
individuals between age-structured local populations (age-structured metapopulation) and
a model for a population with diffusive age (i.e. the biological age which differs from the
time since birth). In addition, we have highlighted the possible advantages of computing
R0 instead of the Malthusian parameter.
Acknowledgements: This work has been partially supported by the projects MTM2014-52402C3-3, MPCUdG2016/047 and MTM2017-84214-C2-2-P.
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Keyword: Language competition.
Language competition modelling consists in describing the language exchanges between
speech communities in a region where different languages coexist. This work introduces a
competition model between two monolingual and one bilingual populations. This model is
based on both existing mean field theory models of language competition and demographic
models from population dynamics. It also includes age structure. We prove the wellposedness and positivity-preserving properties of this model. Existence of asynchronous
exponential growth solution is proved for general systems and sufficient condition is given
for uniqueness of such a profile. Under some hypotheses, total population distribution is
proved to tend to an asynchronous exponential growth system.
Qualitative numerical results of the system are also given to illustrate some of the behaviours
of the model.
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At first glance, plant and animal development are very different: where the former is a life-long
process, intrinsically connected with adult growth, the latter is mostly focused at the beginning
of life. Animal cells migrate, whereas plant cells are tightly connected to one another. These
differences in developmental modes enable very different life styles: the one facilitates highly
versatile adaptation to given local circumstances, whereas the other allows for optimizing the local
circumstances through mobility and behaviour. Ultimately, these differences derive from the cell
walls that immobilize plant cells.
The extracellular matrix (ECM), of which the plant cell wall and animal proteins like collagen
or fibronectin are examples, offers a unifying perspective on plant and animal development. The
ECM serves as a medium for chemical and mechanical intercellular communication. Cells create,
modify and respond to the ECM, while at the same time differential growth can deform the ECM,
hence integrating mechanical and morphological cues across scales.
In both plants and animals, the cytoskeleton plays an important role in sensing and manipulating
the ECM. In plants, the highly anisotropic structure of the lignocellulosic cell wall is organized
by the microtubule cytoskeleton. These microtubules, in turn, can orient themselves along wall
stresses, thus influencing the future cell wall properties and resulting stress patterns. In animals,
the actomyosin cytoskeleton generates contractile forces which locally remodel the matrix. Plant
and animal cells may thus be seen as agents with similar capabilities, but operating under different
circumstances – and, therefore, collectively developing into very different organisms.
This minisymposium will bring together mathematical modellers working on plants and animals.
We are convinced that the various modelling approaches used in both “worlds” to capture the
interaction between cells and their ECMs will lead to cross-kingdom inspiration.
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Development has two major aspects: the geometrical aspect of morphogenesis and the
regulatory aspect of coordinated cell fate specification. These processes require extensive
communication, between neighboring cells as well as over larger distances.
A major role in this communication is played by the extracellular matrix (ECM). The ECM
both constrains and enables (complex) growth (patterns). It provides a scaffolding for cells
and tissues, and a medium for longer range mechanical communication. All these help
coordinate cell fate decisions. Moreover, the ECM can also be a functional aim in itself, for
example as the structural component of bones, cartilage and wood.
In this talk we outline the intricate interplay between cells and ECM by contrasting two
examples from animals and plants. First, shape and cell fate of animal cells strongly depend
on substrate stiffness. The cytoskeleton senses these mechanical properties through focal
adhesions, which in turn exert pulling forces on the ECM and thus modify its properties.
Second, plant cortical microtubules guide the anisotropic deposition of cell wall material
and can, at the same time, respond to wall mechanical stresses by adjusting their collective
organization. A central question is how such collective behaviour arises from the dynamic
properties of individual microtubules.
These examples together illustrate how plant and animal cells develop in different parameter regimes by common principles, and that methodological advances from both fields can
inspire across kingdoms.
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Networks made of cytoskeletal filaments drive many morphological changes of cells, and
the contractile actomyosin meshwork at the cell cortex in particular determines the shapes
and arrangements of animal cells. Although the network components and their properties
are known, and networks can be reconstituted in vitro, the requirements for contractility
are still poorly understood. Many mechanisms for contraction have been proposed, but
they are limited in scope and not predictive. Here, we describe a theory that predicts
whether an isotropic network will contract, expand, or conserve its dimensions, depending
on the activities of the elements that connect the filaments. The theory correctly predicts
the behavior of in vitro networks consisting of actin filaments with varying combinations
of motors and crosslinkers, and explains why contractility requires both crosslinkers and
motors. For any combination of crosslinking elements, contraction is the dominant behavior
of networks constituted of flexible filaments. By contrast, networks of rigid filaments can be
either contractile or extensile. Our results suggest that pulsatility is an intrinsic behavior
of contractile networks if the filaments are not stable but turn over. The theory offers a
unifying framework to think about mechanisms of contractions or expansion, and provides
the foundation for studying a broad range of processes involving cytoskeletal networks and
a basis for designing synthetic networks.
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The shape and function of plant cells are thought to be closely related. The puzzle-shaped
epidermal cells that appear in the epidermis of many plants are a striking example of a
complex cell shape, however their functional benefit has remained elusive. We propose
that these intricate forms provide an effective strategy to reduce mechanical stress in the
cell wall. When tissue-level growth is isotropic, we hypothesize that lobes emerge at the
cellular level to prevent formation of large isodiametric cells that would bulge under the
stress produced by turgor pressure. Data from various plant organs and species support
the relationship between lobes and growth isotropy, which we test directly with mutants
where growth direction is perturbed. Using simulation models we show that a mechanism
actively regulating cellular stress plausibly reproduces the development of epidermal cell
shape. Together, our results suggest that mechanical stress is a key driver of cell-shape.
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We present a discrete mechanical modeling framework to study the development of plant
tissues and organs. The model enables the simulation of processes typical for plant development, anisotropic growth in elongated organs such as the root and hypocotyl, or the
emergence of lateral roots. The two-dimensional method is built up by mass points, springs
and hinges mimicking the cell wall’s microstructure. To solve the dynamic equations of
motion of mass points we assume elastostatics and use Verlet integration. We formulate a
stiffness tensor for the springs and hinges as a function of the linear elasticity tensor and
the geometry of the mesh. This allows us to: i) formulate the material’s properties for small
deformations in terms of linear elasticity, ii) conserve material properties during growth, and
iii) implement anisotropic material properties based on experimental data. We characterize
the material properties of the model in numerical simulations for finite elastic and plastic
deformations.
Plant growth involves expansion of fibrils of the cell wall and addition of new material.
To model growth we adjust the resting configuration of the spring lattice. When due to
turgor-driven expansion, springs exceed a certain length we add new mass points, springs
and hinges. In plant development the rupture of cell walls happens, for instance during
penetration of upper cell layers by emerging lateral roots. We model this process by the
removal of springs, nodes and hinges.
Finally, we demonstrate the value of the method in simulations of asymmetric growth resulting in organ bending as well as cell wall rupture in plant root development. The method
can be used as a building block in multilevel models, e.g. by coupling it to models for
cytoskeletal, hormonal and gene regulatory processes.
Acknowledgements: This work was supported by the Netherlands Scientific Organization (Nederlandse Organisatie voor Wetenschappelijk Onderzoek) [864.14.003 to L.D.W. and K.H.W.J.t.T.]

120

Monday, July 23rd, 15:40

Room: C8.2.02

Minisymposium: Cross-talk between cells and extracellular matrix in plant and animal development

DISCRETE ELEMENT MODEL OF THE CELL TO
EXPLORE HOW HUVECS RESPOND TO MECHANICAL
PROPERTIES OF THE SUBSTRATE
Diego A. Vargas
diego.vargas@kuleuven.be
Mechanical Engineering, KU Leuven, Belgium
Joint work with Tommy Heck, Alicia Izquierdo-Alvarez, Alvaro Jorge-Penas (Mechanical Engineering,
KU Leuven), Bart Smeets (MeBioS, KU Leuven), and Hans Van Oosterwyck (Mechanical Engineering
and Prometheus - Division of Skeletal Tissue Engineering, KU Leuven).
Keywords: Discrete Element Modeling, Traction Force Microscopy, Angiogenesis.
Cells and their environment interplay through chemical and mechanical interactions. Knowledge of this interplay helps us understand how cells migrate and interact with one another;
this is fundamental to developmental processes. In addition to sensing the mechanical properties of its environment, the cell also imparts forces. We present a computational model of
the cell that integrates the mechanisms of force exertion: discrete focal adhesions coupled
to actin stress fibers. With it we seek to explain our findings on the behavior of Human
Umbilical Vein Endothelial Cells (HUVEC). This can provide valuable information on angiogenesis, the process of blood vessels formation from existing vasculature.
We use discrete element method (DEM) to model a cell, such that we can locally tune
mechanical properties of the cell. The cell consists of a number of particles connected via an
elastic and a resistive element to capture viscoelasticity of the cell; the nodes are connected
such that they form a triangular mesh representing the cell surface. We use a MaugisDugdale model to model contact between the resulting triangular elements of the cell and a
substrate plane. Along with bending rigidity and volume and area conservation, the model
captures cortical mechanics and recreates cell spreading behavior.
We also present our most recent advances in analysis of cellular tractions in 2.5 D in HUVECs. Tractions are acquired via measurement of embedded bead displacements in polyacrylamide gels and calculated via Traction Force Microscopy (TFM).
HUVECs are cultured on gels of different stiffness (1.4, 2.7, and 4.5kPa) and functionalized
with fibronectin or collagen, thus varying both mechanical properties of the substrate and
the ligand sensed by the cells. Our spatiotemporal analysis of traction field evolution at
a subcellular scale reveal the effect of varying substrate stiffness at the sites of traction
exertion. We find that on collagen, total force exerted increases continuously with stiffness;
while on fibronectin, total force plateaus at the intermediate stiffness. Normalized values
show that relative increase in force on fibronectin with increasing stiffness is larger than
on collagen. Interestingly, the regions over which force is exerted are smaller but more
abundant in fibronectin, particularly as stiffness increases, accounting for the sharp increase
but saturation of force exerted by cells on fibronectin.
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The computational model shows great potential in exploring this local regulation of force
exertion and capturing spatiotemporal dynamics of this mechanism while modeling the
deformation of an entire endothelial cell. Insight into local force exertion and regulation
in endothelial cells can be used to further our understanding of developmental processes,
including sprouting angiogenesis, as well as pathological processes (e.g. cancer biology), and
can be used for tissue engineering applications.
Acknowledgements: FWO and EU’s Horizon 2020 research and innovation programme (Marie
Sklodowska-Curie Grant Agreement n665501)
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If most living cells have the ability to move, the motility of eukaryotic cells inside the tissue or
the organism they live in displays specific aspects and specific challenges to the modelling effort.
They deserve to be studied theoretically and numerically because eukaryotic cells move to achieve
a variety of functions (e.g. development and growth from the beginning of the embryonic stage,
wound healing and angiogenesis for the maintenance of the organisms), and because their motion
is a key factor of progression of severe diseases (like in cancer cell invasion, metastatic progression
and cancer neoangiogenesis).
Their specificity, as compared to e.g. bacteria, lies in the following empirical observations: they
often have to move across an heterogeneous, complex medium, such as an extracellular matrix,
their migration may show three-dimensional features that cannot be modelled in low dimensional
spaces, and, in many situations, their migration involves collective effects, like indirect interaction
through the remodelling of the environment (cells coming after may benefit from the modifications
triggered by the first cell), cooperation of migrating cells, or “speciation” in terms of leaders and
followers in a population of migrating cells. Therefore, a first challenge to the theoretician is to cope
with the interactions between individual cells and to really deal with a population or a “crowd”
of cells. The migration of a population of cells cannot be modelled as the mere superposition of
individual motions, and studying the migration of a single cell may be a useful first step but is
definitely not sufficient to address the full problem.
A second challenge is to take into account the environment where the migration takes place,
which is often complex (made of different molecules, having a three-dimensional structures with a
typical length scale of the order of a cell’s size, which prevents to approximate it as a continuous
medium,...), heterogeneous, and dynamically modified by cells (e.g. in angiogenesis or extracellular
matrix remodelling).
The aim of this Minisymposium is to shed light on recent developments of modelling works of
phenomena observed in experiments about migration or invasion of eukaryotic cells in different
contexts, notably tumour progression. We will see examples involving a variety of tools, from
discrete and stochastic simulations using cellular automata or cellular Potts models to PDE-based
approaches.
The progress in this topic should have concrete impacts in biological and clinical research, allowing
a better understanding of interactions between moving cells in the experiments, a reduction of
the need of experiments thanks to more reliable semi-quantitative models, stimulation for new
experiments, and, in the mid- to long term, advances in treatments of diseases.
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During embryonic development, the behavior of individual cells must be coordinated to
create the large scale patterns and tissue movements that shape the whole embryo. I will first
discuss our recent multiscale model of angiogenesis in fibrin matrices; here the breakdown of
fibrin and release of growth factors coordinates collective cell invasion. Apart from chemical
signaling, it has recently become clear that mechanical cell-cell communication is equally
important in the coordination of such collective cell behavior. To get a better understanding
of mechanical cell-cell communication, we are developing computational models of cells and
the extracellular matrix (ECM) - the hard or jelly materials (e.g. collagens, fibronectin) that
form the micro-environment of many cells. The models are detailed enough for explaining
the response of individual cells to the mechanical properties of the ECM, and sufficiently
coarse-grained so as to allow for efficient computational upscaling to the tissue level and
beyond. Recently, detailed measurements and new mathematical models of the kinetics of
individual focal adhesions (the macromolecular assemblies responsible for mechanical cellECM interactions) have become available. In our ongoing work we have included kinetic
descriptions of focal adhesions in our models. We will sketch how this approach will allow
us to mechanistically predict changes in cell shape and in collective cell behavior from
changes in focal adhesion kinetics. Altogether, our models suggest simple mechanisms by
which local, chemical and mechanical cell-ECM interactions can assist in coordinating cell
behaviour during collective migration.
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A major reason for cancer treatment failure and disease progression is a heterogeneous composition of tumor cells at the genetic, epigenetic, and phenotypic levels. While tremendous
efforts have been made to characterize the makeups of single cells, much less is known
about interactions between heterogeneous cancer cells and between cancer cells and the microenvironment, especially in the context of cancer invasion. Indeed, clinical studies show
that invasion predominantly occurs via collective invasion packs (heterogeneous populations
of interacting cancer cells), which invade more aggressively and result in worse outcomes.
Many fundamental questions remain: What is the division of labor within the heterogeneous
invasion pack? How do the invasion packs remodel the extracellular space? How does the
3D ECM environment modify the social interaction network within the pack? Can this
interaction network be exploited to devise novel treatment strategies? I will present recent
experimental and modeling efforts that address these questions. Using non-small cell lung
cancer spheroids in collagen, we show that the invasion packs consist of at least two distinct
cell types: the leader and the follower. In vitro and in silico experiments show that leaders
and followers engage in mutualistic social interactions during collective invasion. Analyzing
this social interaction network can potentially reveal the ‘weak-links’, which when perturbed
can disrupt collective invasion.
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At any stage of tumor growth and invasion, cells are confronted with specific conditions of
their microenvironment. Tumor cells possess the remarkable ability to adopt their migratory
phenotype to the current specifics of the cellular and non-cellular microenvironment, a
feature called phenotypic plasticity. A deeper understanding of how this plasticity affects
tumor growth and dissemination can guide the identification of tumor-therapeutic targets.
We model the cellular adaptation to the local cell density and the local density of the
extracellular matrix in an suitably extended framework of cellular automata, and analyze the
resulting models theoretically and numerically. Thereby we propose key model parameters
for tumor growth and invasion that can be addressed potentially by future experiments. [1,
2, 3]
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FRONTS IN POPULATIONS OF SELF-REGULATING
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(Department of Neuropathology, Sainte-Anne Hospital, IMAB-Brain, INSERM U894, Univ Paris
Descartes, Paris, France), Johan Pallud (Department of Neurosurgery, Sainte-Anne Hospital,
IMAB-Brain, INSERM U894, Univ Paris Descartes, Paris, France), Basile Grammaticos (Lab.
IMNC), Mathilde Badoual (Lab. IMNC)
Keywords: Cell population, Homeostasis, Propagating waves.
To achieve homeostasis, i.e. maintain a uniform and constant density in a whole organ,
living cells need to balance cell death with cell proliferation in an active and relatively
controlled way. If they proliferate too much, they can leed to a tumour, then cancer. If they
don’t proliferate enough, at the right place and at the right time, the function of the tissue
will be impaired and the organ will be defective. Therefore, cell proliferation must exactly
compensate, in the long term, cell death or cell loss, while responding as quickly as possible
to disturbances like (relatively small) injuries.
In the case of oligodendrocyte precursor cells (OPC), which build up the most abundant
proliferating cell population in the adult brain and are believed to trigger some of the brain
tumours, it has recently been shown experimentally that homeostasis is achieved through
several phenomena including induction of cell death in regions where cells are too dense and
induction of cell proliferation in the boundaries of regions where cells have been lost. In
some circumstances, this can lead to detectable oscillations in the local density of cells.
We model quantitatively these phenomena in an ideal population of identical cells thanks to
a cellular automaton, both in discrete and continuous space, in 2D and in 3D. In the case of
almost uniform conditions, we observe oscillations of the cell number during relaxation to
homeostasis. Using a simple mean field-like analytical approach, we are able to reproduce
these collective oscillations and understand how their features (notably their period) are
related to parameters of the cells’ individual behaviour.
In the case of non-uniform conditions, we observe intriguing phenomena such as propagating
waves, spiral waves, large transient oscillations, and even population extinction. They
depend sometimes in counter-intuitive ways on parameters like the rate of proliferation and
the rate of apoptosis.
We verify that they are robust against changes of dimensionality or even space structure
(lattice or free space). Using extensive simulations in quasi-1D geometries, we study numerically the properties of the fronts and the influence of the (few) model parameters on their
speed and shape. Alltogether, this shows that achieving homeostasis is not a straightforward
task.
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Collective migration is an emergent phenomenon observed in systems consisting of moving and locally interacting agents. In particular, collective cell migration plays a crucial role in multi-cellular
organisms during development, but also in patho-physiological situations. In the minisymposium
examples are presented including wound healing, and development of epithelia and the lateral line.
We address two main topics: first, new data-based methods used for reverse-engineering interactions between units from their trajectories, and, secondly, the characterisation of unifying principles
behind the diverse manifestations of collective migration in interacting cell systems on the basis
of mathematical models. We will focus on multiscale analysis of the mathematical models for
collective migration which allows to predict behaviours on one scale, e.g. the scale of the population, from known behaviour on other scales, e.g. the individual interaction scale. Models include
cellular automata, cellular Potts model and partial differential equations [1, 2].
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Cellular automata (CA) are discrete time, space, and state models which are extensively used
for modeling biological phenomena. CA are “on-lattice” models with low computational
demands. In particular, lattice-gas cellular automata (LGCA) have been introduced as
models of single and collective cell migration. We introduce a method to obtain latticegas cellular automaton interaction rules from physically-motivated “off-lattice” Langevin
equation models for migrating cells. In particular, we consider Langevin equations related
to single cell movement (movement of cells independent of each other) and collective cell
migration (movement influenced by cell-cell interactions). First, we derive rules for pairwise
nematic alignment interaction [3]. This kind of alignment has been observed in biological
systems such as swarms of amoebae and myxobacteria. Nematic alignment drives cells to
align either front-to-front or back-to-front. Under appropriate assumptions, we have derived
the LGCA transition probability rule from the steady-state distribution of the off-lattice
Fokker-Planck equation. Furthermore, using an analogous procedure, we derive rules for
single-cell persistent movement [4]. In this model, single cells move superdiffusively at short
times, while at long times appearing normally diffusive. Finally, we combine both rules to
model persistent cells with cell-cell nematic alignment interactions. We show that, at high
cell densities, the competition between persistency and alignment interactions results in an
order transition from global nematic alignment at low persistency values, to local nematic
alignment at high persistency values.
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Collective migration is a central event involving coordinated movement of several individuals. One of the critical events during collective migration is the emergence of leading
individuals, who provide directional guidance for the group movement. While on the move,
animals select their leaders by a collective decision making process, which require active participation of the followers. On the contrary, the prevalent view on collective cell migration,
especially in the context of epithelial cells during wound healing, assumes a hierarchical
leader-follower organization and belittles the contribution of follower cells in choosing or
regulating the leaders. We report and analyse distinct phases of collective migration during wound closure and demonstrate how cellular-level shared decision-making process and
collective mechanical dynamics influence selection, regulation and kinematics of leader cells
in these phases. We demonstrate that emergence of leader depends on the dynamics of the
follower cells and is spatially limited by the length-scale of collective force transduction.
Once formed, the leader becomes the puller and guide the followers by a force mediated
mechanism [5]. The territory of a leader can extend only to the length up-to which cells
can pull on their neighbors. These findings provide a novel mechanobiological-insight into
the hierarchy in cell collectives during epithelial wound healing.
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Cell motility within a stratified (multi-layered) epithelium, like radial intercalation during
epiboly of frog embryos [6], is driven by mechanical stresses between the cells. External
forces, often used to drive cell motility in theoretical models, are inadequate due to the lack
of a rigid scaffold surrounding the cells [7]. Thus we consider a mechanism that involves
shear forces acting between adjacent cells, and moving one cell forward requires the adjacent
cells pulled backward. We show that the collective effect of such a behavior yields tissue
deformations that strongly depend on the volume fraction of motile cells: low and high
volume fractions yield opposite cell displacements and bending moments within the tissue.
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The morphogenesis of zebrafish posterior lateral line (pLL) constitutes an interesting system
widely used to study cell collective migration and reorganization. From a biological point of
view, it indeed provides an example of in vivo organogenesis process that has the potential
to be easily observed as, following fertilization, zebrafish embryos are in fact transparent
and characterized by a rapid development. From a modelling point of view, it constitutes an
interesting challenge as physiological pLL formation results from several interconnected phenomena regulating the organization of a small group of cells constituting pLL primordium,
and their collective migration along the body of the animal. In this respect, we propose a
hybrid model where cells are represented as discrete entities, while a continuous approach
is employed at the molecular level. Proper rules are defined to implement the cell phenotypic transitions [8] that trigger and regulate cell collective migration driving the directional
motion of pLL primordium and the formation (and deposition) of mechanosensory protoorgans with rosette-like structure. Moreover, the model is able to take into account cell
proliferation (and consequent cell reorganization) occurring during pLL development. Numerical simulations show the potential of the proposed approach to qualitatively reproduce
the biological experiments as, for instance, some of those presented in [9, 10].
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Plants have many unique attributes that distinguish them from other forms of life on earth. Unlike
many other organisms, they rely directly on deep soil resources and this makes them immobile.
To compensate, they develop strategies to explore, sense and respond rapidly to the environment
and establish relationships with neighbouring biological organisms. They have rigid cell walls and
tissues to allow for the growth of large mechanically stable structures and for the long distance
transport of substances. But they also establish local relationships with close soil organisms to
capture water and nutrient and survive in the most diverse environments. The beauty and diversity
of plant growth and forms has stimulated the development of new approaches to describe and model
plant systems and their environment.
The objective of this symposium is to showcase recent theories and tools to describe the physics
of plant growth and their interactions with the soil environment. The symposium will have two
part. The first part will focus on the development of forms and structures (Plant Models A - Plant
development). The second part will focus on biological models in soil (Plant Models B - Modelling
life in soil).
Invited speakers of this minisymposium are: Dani Or (Swiss Federal Institute of Technology Zurich
ETH, Switzerland), Andrea Schnepf (Forschungszentrum Jülich, Germany), Matteo Ciantia (University of Dundee, UK), Siul Ruiz (Swiss Federal Institute of Technology Zurich ETH, Switzerland),
Lionel Dupuy (the James Hutton Institute Dundee, UK)
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The highly dynamic and often fragmented aquatic habitats of unsaturated soil impose constraints on dispersion (rates and spatial extent) of microbial cells. The persistent state of
spatial isolation, punctured by infrequent and short-lived wetting events, promotes spatial
diversity yet it forces intense interactions among spatially confined microbial species. To
gain quantitative insights into these interactions, we developed an individual based mechanistic modeling framework that represents key biophysical processes within physical domains
mimicking unsaturated soil to study factors that shape interactions among multispecies microbial communities. Results illustrate interplay of trophic dependencies and cell-level interactions in patchy diffusion fields that give rise to collective spatial self-organization. We
illustrate these interactions considering microbial processes within 3D pore networks (soil
aggregates and other ”hot spots”) where hydration conditions affect gas diffusion and thus
the sizes and spatial arrangement of aerobic and anaerobic bacterial communities responsible for important biogeochemical soil functions. Experiments based on direct observations
of tagged aerobic and anaerobic bacteria in glass-etched pore networks under oxygen and
carbon cross-gradients confirm salient features of such important hot spots. We will present
column experiments using soil aggregates of prescribed sizes and carbon architecture and
the resulting soil greenhouse gases produced under different hydration conditions. A new
modeling strategy for upscaling biogeochemcially-produced GHG fluxes from the single aggregate, to populations of aggregates in soil profiles and landscapes composed of different
soil types and biomes will be presented
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The root system stores and transports water and nutrients in a plant, essential for plant
growth and development. However, the in situ observation of the structure of plant roots
and their interactions with soil is extremely limited by the opaque nature of the soil and
an easy experimental monitoring of the growth processes in the soil is often not possible
(e.g. [1]). Mathematical modelling allows us to reconstruct the information about growth
processes and to visualize and predict the behaviour of plant roots. In this work, we propose
a model for a plant root growth using the Smoothed Particle Hydrodynamics method (SPH).
We identify the cellular elongation and division as principal drivers of the root growth. The
framework of visco-poroelasticity is considered to incorporate the porous nature of a plant
root tissue and the dynamics of nutrient concentrations. The turgor pressure and the cell
division depend on the distribution of nutrients in a plant tissue and division is localized at
the tip of the root, corresponding to the region of the plant root meristem. Once divided, the
cells are moving away from the meristem and growth is dominated by elongation. Using the
similarity of the SPH particles with the root cells, the SPH model allows us to incorporate
the cell-to-cell interactions and dynamics in a plant root.
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Earthworms and decaying plant roots form networks of soil biopores that affect soil hydrological and ecological functioning. We developed quantitative platform for modeling
the mechanical stresses and energetic costs of burrowing into soil that consider different
rates (200 and 0.2 µms−1 ) and limiting pressures (200 kPa and 1 MPa) for earthworms
and plant roots respectively. These biophysical differences impose strict windows of activity
defined by soil mechanical properties that are linked to hydration status. Our modeling results delineate activity windows and energetic costs defined by regional climatic conditions
where earthworm burrowing becomes mechanically prohibitive while root growth remain
unaffected. We discuss ecological ramifications of such constraints under present and future climatic scenarios and NPP on soil structure generation, carbon consumption, and
subterranean biophysical activity
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Root growth through soil is challenging, yet trees are known to overcome the resistance
from soils at depth exceeding 15 meters. This study investigates the factors limiting growth
under high levels of mechanical resistance from a granular medium. We developed experimental system to capture root growth and particle forces perceived by plants. We extract
descriptions of growth trajectories at high resolution and developed new signal processing
tools to mine for patterns in growth trajectories. Finally, we propose a stochastic mechanics
theory, termed T-SWITCH, to analyse root responses to interactions with the surrounding
set of particles. Results show roots grow through a finite set of viscoelastic micro-deflections
of the tip but helical patterns are conserved at all levels of soil pressure. This study reveals
fundamental mechanisms of root development in soil that could be used to promote storage
of deep soil carbon, increase nutrient use efficiency and drought resistance of crops.

139

References
[1] A.L. Smit, A.G. Bengough, C. Engels, M. van Noordwijk, S. Pellerin, S.C. van de Geijn. (2013).
Root methods: a Handbook, Springer Science & Business Media.

140

Wednesday, 25th, 10:30

Room: C8.2.10

MINISYMPOSIUM
ALGEBRAIC, ANALYTIC, AND ALGORITHMIC
APPROACHES TO STEADY STATES OF REACTION
NETWORKS
Organizer:

Elisenda Feliu
Department of Mathematical Sciences, University of Copenhagen
efeliu@math.ku.dk

Minisymposium Keywords: existence and uniqueness of steady states, complex balance, generalized
mass-action, weak reversibility, multistationarity
Systems of ordinary differential equations are often used to model the evolution of the concentrations of the species in a chemical reaction network. Realistic systems in molecular biology,
like signaling networks, typically involve unknown parameters and a high number of variables.
Therefore, the mathematical analysis of the system poses big challenges. The field of “Chemical
Reaction Network Theory” has focused originally on getting insight in the solutions of the system from structural characteristics of the network, mainly under the assumption of mass-action
kinetics.
Recently, this field has made a huge step forward by incorporating advanced mathematical techniques from algebra, analysis, and computation. With these tools in hand, new theorems and
algorithms have been derived with the aim of extracting relevant properties of interest to the biological community. Examples are the determination of multistationarity, oscillations, or stability
properties of steady states. In this new era, the goal is to understand the solutions of the system
qualitatively and delimit regions in parameter space where different behaviours arise. In particular,
this should be done avoiding the use of numerical simulations or parameter sampling.
In this minisymposium, we focus on recent results in the study of the steady states of a reaction
network. Results concerning steady states for networks with mass-action kinetics have existed for
some time, with key works by Horn, Jackson, and Feinberg dating back to the 1970s, and have
been further developed afterwards [6, 7, 10]. For example, there exist two well-described classes of
steady states, complex- and detailed-balanced steady states, which are unique and asymptotically
stable relative to the linear invariant subspace they belong to.
However, important questions regarding existence, number, and stability of steady states remain
only partially understood. For example, are there other classes of steady states behaving like
complex-balanced steady states? What can one say beyond mass-action? Are results that hold
for mass-action kinetics extendable to generalized mass-action kinetics? What networks admit
positive steady states? Are complex-balanced steady states global attractors (this is known as the
Global attractor conjecture [2])? Provided there is multistationarity, for what parameter values this
happens and how many steady states can the network at most have? What about the stability of
steady states?
The five talks in this minisymposium will present recent progress in these questions by combining
tools from algebra, analysis, and computation. The talks focus mainly on steady states of weakly
reversible networks.
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steady state.
In this talk I will start by introducing the minisymposium and outlining open questions
regarding steady states.
Afterwards, I will introduce a unifying and generalizing framework for complex and detailed
balanced steady states. In [5], we generalize the graph commonly used to represent a
reaction network and introduce reaction graphs. A special class of steady states, called
node balanced steady states, is naturally associated with such a reaction graph. We show
that complex and detailed balanced steady states are special cases of node balanced steady
states by choosing appropriate reaction graphs. Further, we show that node balanced steady
states have properties analogous to complex balanced steady states, such as uniqueness and
asymptotical stability in each stoichiometric compatibility class.
By means of an integer, called deficiency, and a partial order on the set of reaction graphs
(modulo isomorphism), we find independent relations in the reaction rate constants that
need to be satisfied for a positive node balanced steady state to exist and show that any
node balanced steady state is also complex balanced.
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In the setting of generalized mass-action systems, uniqueness and existence of complexbalancing equilibria (in every compatibility class and for all rate constants) are equivalent
to injectivity and surjectivity of a certain exponential map (the Birch map). In previous
work, we have shown that injectivity can be characterized in terms of sign-vectors of the
stoichiometric and kinetic-order subspaces [11]. The negation of this sign-vector condition
is equivalent to the existence of multiple complex-balancing equilibria (for some compatibility class and some rate constant). In this work, we characterize the existence of a unique
complex-balancing equilibrium, that is, the bijectivity of the exponential map [9]. Surprisingly, the conditions for bijectivity do not only involve sign vectors, but also the subspaces
themselves.
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We discuss how sign-vector conditions for bounding the number of complex-balancing equilibria in generalized mass-action systems (see also the talk by Stefan Müller) can be computed efficiently. The approach is based on equivalent conditions involving only sign vectors
with maximal support, which can be enumerated even for high-dimensional subspaces [8].
In particular, we describe sufficient sign-vector conditions for the existence of a unique
complex-balancing equilibrium (in every compatibility class and for all rate constants). It
turns out that these conditions are also stable with respect to small perturbations in the
kinetic orders, which are often not known exactly in applications.
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For each weakly reversible (in particular, reversible) mass-action system, there exists a
positive steady state in each positive stoichiometric class. Thus, a property of the underlying
Feinberg-Horn-Jackson graph enables one to conclude the existence of a positive steady state
of a mass-action system. A proposal for the proof of this statement was suggested by Deng,
Feinberg, Jones, and Nachman [4]. Based on that, we recently provided a complete proof [1].
In this talk, we give an overview of its main ingredients. Further, we briefly discuss other
results and related open questions on the existence of positive steady states for (generalized)
mass-action systems.
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POLYNOMIAL DYNAMICAL SYSTEMS AND
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The set of trajectories of polynomial dynamical systems on the positive orthant can be
generated by reaction networks. If these networks are weakly reversible then the Persistence
Conjecture says that the dynamical system must be persistent (i.e., in the long run no
variable can “go extinct”); moreover, the Permanence Conjecture says that the dynamical
system must be permanent (i.e., in the long run solutions enter a compact subset of the
positive orthant).
On the other hand, the Global Attractor Conjecture says that if a polynomial dynamical
system has a vertex balanced equilibrium, then this equilibrium is a global attractor. We
will describe how our recent proof of the Global Attractor Conjecture [3] also sheds some
light of the Persistence and Permanence Conjectures.
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Over the past several years heightened attention has been directed to personalized medical treatment for improving therapeutic effectiveness, decreasing costs and side effects, and for addressing
atypical clinical situations. Mathematical modeling of patient pathophysiology represents one of
the main tools whereby medical treatment can be optimized to address specific patient needs and
in addition such modeling has the potential to improve the interpretation of data collected during
treatment and medical diagnosis. Such applications confront a number of challenges including limited data related to complex physiological mechanisms and interpretation of data for immediate
decision making. In this minisymposium mathematical modeling of cardiovascular and respiratory
physiology will provide the context to address the clinical relevance of developed computational solutions as well as the shortcomings currently confronted, the goals yet to be reached, and the most
promising avenues for continuing research in mathematical modeling for patient specific medical
treatment.
The first speaker will provide an overview of key issues related to developing and applying mathematical models for patient specific medical treatment including theoretical issues as well as applications for concrete examples as for instance EPO-administration for dialysis patients and determining key parameters for a global cardiovascular model.
The second speaker will address methods and challenges related to data interpretation and decision
making in critical care and intensive care medicine. The abundance of clinical data presents an
opportunity to systematically fuse and analyze the available data streams, through appropriately
chosen mathematical models, and to provide clinicians with insights that may not be readily
extracted from visual review of the available data streams.
The third speaker will examine the use of the mechanical ventilator in the Intensive Care Units.
Mathematical models of lung mechanical ventilation have been employed in the last few years,
in order to support the Anesthesiologists and Resuscitators choices in the mechanical ventilator
parameters setting, like frequency, applied airway pressures and inspiratory time fraction.
The fourth speaker will explore the usefulness of a mathematical model of cardio-circulatory mechanisms and its fitness with regard to experimental data, while elucidating ongoing experimentation
of induced hemorrhagic shock in pigs. In particular, an in silico implementation of the model analyzing the experimental data from an induced-hemorrhage protocol was examined. The simple
model of the swine cardiovascular system and its responses to the hemorrhagic challenge were examined in terms of predefined variables and parameters as monitored throughout the experimental
protocol.
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Tailoring of medical treatment to the individual characteristics of a patient (definition of
“Personalized Medicine” by the US President’s Council of Advisors on Science and Technology, [1]) among many other requirements puts new challenges for mathematical modeling
of the dynamics of subsystem of the human body. In the presentation we shall first shortly
discuss some of the definitions of personalized medicine or precision medicine available in the
literature. Then we present as examples for challenges to mathematical modeling investigations concerned with parameter subset selection [2] and generalized sensitivity functions [3].
Finally we illustrate some of the results for concrete examples as for instance model based
EPO-administration for dialysis patients [4], parameter identification in case of a global
model for the cardiovascular system and the minimal model for the intravenous glucose
tolerance test [3].
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Large volumes of heterogeneous data are now routinely collected and archived from patients
in a variety of clinical environments, to support real-time decision-making, monitoring of
disease progression, and titration of therapy. This rapid expansion of available physiological
data has resulted in a data-rich – but often knowledge-poor – environment. Yet the abundance of clinical data also presents an opportunity to systematically fuse and analyze the
available data streams, through appropriately chosen mathematical models, and to provide
clinicians with insights that may not be readily extracted from visual review of the available
data streams.
In this talk we will give examples of how one might be able to leverage this opportunity. In
particular, I will focus my presentation on our model-based approach to noninvasive, patientspecific and calibration-free estimation of intracranial pressure (ICP). ICP is the hydrostatic
pressure of the cerebrospinal fluid and can be critically elevated in a number of neurological
conditions, such as hydrocephalus, hemorrhagic stroke, brain tumor, or traumatic brain
injury, which makes control of ICP an important task in neurocritical care. Currently, ICP
can only be monitored invasively by drilling a hole into the skull and placing a catheter or
sensor into the cerebrospinal fluid or brain tissue. This invasiveness limits the measurement
to as small subset of those patients who could benefit from knowledge of ICP. To close
this gap, we have developed and validated a model-based approach to estimate ICP from
waveform recordings of the arterial blood pressure and cerebral blood flow velocity. Here,
we will present the approach and highlight some of the difficulties we had to overcome in
validating the method in patients in neurocritical care.
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The use of the mechanical ventilator in the Intensive Care Units is widely diffused, because
is not only reserved to patients with respiratory diseases like asthma or Chronic Obstructive
Pulmonary Disease (COPD), [6, 10, 7], but is also indicated for improving the chances of
survival of severely ill patients, with respiratory insufficiency or in the post-operative phase.
Mathematical models of lung mechanical ventilation have been employed in the last few
years, in order to support the Anesthesiologists and Resuscitators choices in the mechanical ventilator parameters setting, like frequency, applied airway pressures and inspiratory
time fraction [8]. Since the early 1990s, several authors focused their attention on various
aspect to the mechanisms of pulmonary ventilation, describing different aspect of respiratory physiology or patient-ventilation interaction. In this so varied scenario our goal is
to provide a global mathematical model that takes into account the different physiological
and mechanical respiratory aspects, with the aim to provide to the Anesthesiologists and
Resuscitators the adequate ventilation parameters set to avoid Acute Respiratory Distress
Syndrome (ARDS). Frequently, in fact, in order to supply sufficient ventilatory volume, ICU
doctors increase the pressure delivered by the ventilator, which, however, induces pressurederived trauma in some of ICU patients and actually worsens the ARDS picture, with
prolonged dependency on mechanical ventilation, prolongation of ICU stay and increased
incidence of ICU deaths [12, 9, 5, 11, 13]. In this work, differential and algebraic equations
describe mechanical aspects of breathing and physiological mechanism as vascular perfusion of the lung and oxygen transport in blood up to the tissues. The artificial ventilation
aspect is introduced and the patient-ventilator complex is taken into account by modeling
the pressure wave provided by the mechanical lung ventilator as an external input, whit
wave shape predetermined but with maximum value estimated by the model. Moreover
is defined an index (the Respiratory Trauma Index) that describes the trauma induced on
the patient by ventilator and that takes into account the value of arterial saturation that
needs to be achieved to maintain a physiological condition (around 95%). Furthermore lung
stratification is considered with different values of Compliance for each layer. In this way
it is possible to consider different physiological parameters for each layers and it is possible
to consider various scenarios that characterize patients or different pathologies. Minimizing
the RTI it is possible to provide the optimal parameters to be set on the mechanical ventilator that allows to provide adequate air flow to the patient without causing barotrauma
in all physiological or pathological situations. The considered approach looks promising,
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since a preliminary in-silico validation of the resulting patient-ventilator system shows that
the target value of the arterial saturation is readily tracked in all considered scenarios with
limited control effort.
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Mathematical models and numerical simulations have been used to better understand the
physiology of the cardiovascular system and certain pathological processes. Specifically,
they have been relied on to estimate the parameters that allow us to represent the most
relevant underlying mechanisms in identifiable mathematical terms.
After a comprehensive literature search of mathematical modeling techniques, we arrived
at our approach to simulating the complex responses of the system to hemorrhage with
the aim of first determining the hemodynamic effects of various bleeding rates in the absence of fluid infusion and, in prospective, also taking into account eventual pre- and posthemorrhagic emergency therapies. Indeed, severe hemorrhage and/or hemorrhagic shock
are major causes of permanent organ dysfunction and death in traumatic injuries. Prompt
and sustained treatments have been shown to improve survival in trauma patients.
Ours is a simplified, ordinary differential equation model of the cardiovascular system geared
to analyzing and simulating the quantitative and qualitative responses to acute alterations
in blood volume and intravascular fluids. The rationale and design of the model was based
on pursuing an acceptable trade-off between complexity-physiological fidelity and alignment
with the empirical data.
The parameters of the model were identified based on hemodynamic measurements in experimental animal studies. In the more preliminary phases, the model had to undergo
progressive fine-tuning. In particular our model was subjected to validation of model predictions through comparisons to empirical in vivo data derived from laboratory animals (i.e.
swine). As of yet, albeit on a still limited but ongoing dataset, the model fit has proven
valid: simulations conducted thus far have proven the model to perform correctly, also in
qualitative terms, with regard to the targeted, clinically relevant, physiological responses.
From the perspective of the practice of medicine, the most desirable applications of mathematical modeling would likely address the potential for both ”predicting” system behavior
and controlling physiologic processes (optimization of therapy). Acknowledging the oft cited
words of George Box, ”All models are wrong, but some are useful” we propose to define the
circumstances under which our model is demonstrably useful.
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Type 1 diabetes mellitus (DM1) is a severe disorder caused by decreased insulin secretion.
The only effective treatment is life-long the prescription of insulin injections. Every DM1
patient requires personalized insulin dosing that is usually determined by trial-and-error.
Implantable continuous glucose monitoring (CGM) devices provide abundant information
about metabolism, but there are currently no tools to help the doctors make decisions based
on these data.
Here we aimed to use mechanism-driven mathematical model of whole body glucose metabolism
to estimate metabolic parameters. The cause of type 1 diabetes mellitus (DM1) is a decrease,
up to complete absence, of insulin secretion, and therefore the only effective treatment is
the prescription of insulin drugs. At the same time, the necessary dose of short insulin
prescribed before meals is calculated depending on the blood glucose level and the amount
of carbohydrates in the upcoming meal.
The mathematical model was based on our previous study (Shepelyuk et al. Math Mod
Nat Phenom 2016; 11: 91-101). It was comprised of six ordinary differential equations for
glucose, insulin and other factors in blood. The ”intercellular space” compartment was
added for CGM analysis. The main model parameters were: efficiency of food, insulinindependent assimilation of glucose, clearance of contrinsular factors, insulin clearance.
CGM was used to obtain continuous glycemic curve (CGG) for seven DM1 patients over
several days. Their parameters of glucose metabolism were adjusted on the basis of the
data received during the first day and were used to predict the CGG during the second day.
Fitting efficiency was evaluated using relative mean error RME (determined as squared root
of the mean square of the difference between predicted and measured value divided by their
averaged values)
The RMEs for patient description using non-adjusted model with parameters from the
published papers was in the range of 30-75%. For the personalized models, the values were
in range of 7-15. There was good correllation between the personal metabolic parameters
obtained during the fittings performed on the first and second day. Prediction of glucose
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dynamics on the second day using the parameters from the first day yielded RMEs only
slightly inferior to those obtained by direct fitting. Based on the metabolic parameter
distribution, several clearly distinguishable groups of patients could be identified.
These results provide insight into the population glucose metabolic parameters and can form
basis of automatic technology for early correction of insulin therapy in DM1 patients.
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Mathematical models are vital interpretive or predictive tools used to assist in the understanding
of cell migration. There are typically two approaches to modelling cell motion, either micro-scale,
discrete or macro-scale, continuum. The discrete approach, using agent-based models (ABMs),
accounts for properties at the cell-scale, while the continuum approach, often presented as a system of partial differential equations (PDEs) or stochastic partial differential equations (SPDEs),
provides a global description of the migration at the population level. Continuum models have
the advantage that they are generally more amenable to mathematical analysis and can lead to
significant insights for situations in which the system comprises a large number of agents, at which
point simulating the ABMs becomes computationally expensive. Nevertheless, finding the appropriate continuum model to describe the collective behaviour of a system of moving agents can
be a difficult task and continuum models are often specified on a phenomenological basis, which
reduces their predictive power. It is essential, therefore, to establish direct connections between
micro-scale properties, which can be inferred directly from experimental data, and macro-scale
dynamics.
In this mini-symposium we will discuss the latest advances in connecting individual-level and
population-level models of cell behaviour. We will bring together some of the leading experts in
the field with the purpose of sharing knowledge, techniques and expertise. This exchange will
help to seed ideas and generate new collaborations for the next generation of efficient multi-scale
methodologies.
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Persistence of motion is the tendency of an individual to maintain motion in a direction
for short time scales without necessarily being biased in any direction in the long term.
One of the most appropriate mathematical tools to study this motility mechanism and its
implications at multiple scales in a multiple-agent system is the velocity-jump process. In
the absence of agent- agent interaction, the system can be described at the population level
using the hyperbolic telegraph equation. In the long time limit the behaviour of this model
is diffusive. However, when agents interact with each other directly, a diffusive limit has
not previously been obtained. In this talk, I will present a generalisation of the velocityjump process on a two-dimensional lattice with three forms of agent interaction. This
generalisation allow us to take a diffusive limit and obtain a faithful macroscopic description.
I will present the properties of the model and elucidate some of the key characteristic features
of interacting persistent agents, present at both the micro- and macro-scales.
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As a cellular automaton, a BIO-LGCA is defined on a regular lattice, where the nodes of the
lattice take a certain number of discrete states. As a lattice-gas, the state space of a BIOLGCA is related to the lattice geometry. Each node can be occupied by “biological agents”,
e.g. biological cells, characterised by their velocities which are restricted to the unit vectors
connecting a node to its nearest neighbors. Agents move along the links and interact on the
nodes of the lattice. This interaction can change the number of agents at individual nodes
(birth/death processes) and may depend on the states in neighbouring nodes which allows to
model collective effects. Meanwhile, the BIO-LGCA has been established as discrete latticeand agent-based model which permits multi-scale analysis and efficient large-simulations [2].
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Cell population heterogeneity is increasingly a focus of inquiry in biological research. For example, cell migration studies have investigated the heterogeneity of invasiveness and taxis in
development, wound healing, and cancer. However, relatively little effort has been devoted
to exploring when heterogeneity is mechanistically relevant and how to reliably measure it.
Statistical methods from the animal movement literature offer the potential to analyze heterogeneity in collections of cell tracking data. A popular measure of heterogeneity, which we
use here as an example, is the distribution of delays in directional cross-correlation. Employing a suitably generic, yet minimal, model of collective cell movement in three dimensions,
we show how using such measures to quantify heterogeneity in tracking data can result in
the inference of heterogeneity where there is none. Our study highlights a potential pitfall
in the statistical analysis of cell population heterogeneity, and we argue that this can be
mitigated by the appropriate choice of null models.
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The stochastic simulation algorithm commonly known as Gillespie’s algorithm (originally
derived for modelling well-mixed systems of chemical reactions) is now used ubiquitously
in the modelling of biological processes in which stochastic effects play an important role.
However, Gillespie’s algorithm is routinely applied to model biological systems for which
it was never intended. In particular, processes in which cell proliferation is important
(e.g. embryonic development, cancer formation) should not be simulated naively using the
Gillespie algorithm since the history-dependent nature of the cell cycle breaks the Markov
process.
Here we suggest a method of modelling the cell cycle that restores the memoryless property
to the system and is therefore consistent with simulation via the Gillespie algorithm. By
breaking the cell cycle into a number of independent exponentially distributed stages we
can restore the Markov property at the same time as more accurately approximating the
appropriate cell cycle time distributions. We demonstrate the importance of employing the
correct cell cycle time distribution by recapitulating the results from models incorporating
cellular proliferation. In particular, we analyse the effect of incorporating the multi-stage
cell cycle distribution on the wave-speed in a pulled-front Fisher wave from both individualbased and continuum perspectives
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Hybrid modelling is the integration of different modelling approaches [1]. This symposium will
focus more particularly on the new paradigm emerging from the integration of differential equations
(ODE and/or PDE) into individual-based models (IBM), two antithetical yet complementary views
of systems.
In the last years, there have been an increasing number of examples of applications of this hybrid
modelling approach in various scientific disciplines: ecology [2], engineering [3], but also humanities science [4]. This line of research has the big advantage of simulating complex systems as
sets of different modules, which can be implemented in different mathematical approaches most
appropriate to render the subsystem under consideration. On the other hand, agent-based hybrid
modelling also comes with a reduction in analytical capabilities to understand model behavior, for
it relies on distinct, apparently incompatible formalizations (algorithmic vs mathematical, discrete
vs continuous time, etc).
In this context, we propose in this symposium to:
• Review and better define the agent-based hybrid model approach in theoretical biology
• Provide illustrations of some hybrid model in biology
• Investigate the possibility of analyzing hybrid model with an equation free approach
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Spatial patterns and self-organization of plants has been a subject of great interest because the underlying mechanisms have been diverse and hard to simulate, raising different
explanatory hypotheses.
We present two hybrid models relying on the System Dynamics (SD) – Individual Based
(IB) hybrid modelling approach [5] to simulate vegetation spatial dynamics. This line of
research demonstrates the importance of integrating both the dynamics of individual plants
and abiotic environmental factors to explain the spatial self-organization of vegetation.
In a first modelling exercise [2], plants with their individual characteristics (i.e. algorithmic
life cycle based on metabolic processes with relevant state variables such as age or biomass)
were naturally integrated inside of IB individuals. Likewise, the hydrology of soil parcels
was simulated. SD-IB hybrid modelling made it possible to couple submodels computed
in continuous time with other submodels taking decisions in discrete time. This technical
capability increased the accuracy of the model by representing processes more naturally.
Metabolism and local water dynamics are obviously biological and physical processes that
happen continuously. On the other hand, the plant’s life cycle and seed dispersal include
temporally punctual phenomena and should be modeled in discrete time. We analyzed
model behavior in relation to plant-specific parameters (seed dispersal distance and reproductive age) and climatic inputs (precipitation intensity and seasonality). The importance
of the representation of individual biological dispersal was thereby also evaluated through
a comparison with previous reaction-diffusion models.
In a second undertaking [6], a derived model, omitting hydrological components but integrating plant-soil negative feedback, was capable of reproducing many patterns visible in
nature. Simulations also made it possible to deduce some characteristics of plant populations subject to self-organization and spatial patterning. Plant attributes, which could
be studied with this hybrid approach, proved important drivers of patterning. Divergences
between the hybrid and continuous diffusion model were noticeable in most of the simulation results, stressing the usefulness of fostering hybrid modelling approaches to overcome
technical limitations and improve model accuracy [1].
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Ecological systems are organised across a range of nested hierarchical, spatial, and temporal
scales. Consequently, ecological processes operate in, are bound by or are facilitated through
several intertwined scales. In ecological modelling this scale-related complexity is often
disregarded due to the principle of parsimony that suggests designing models as simple as
possible. However, in cases where across-scale dependencies are strong, the simplification
of the focus to one specific scale obscures the true behavior of the system. To offer a
more holistic view on ecological systems, ecological models thus need to have the capacity
of representing several interacting scales at the same time. Hybrid agent-based (AB) and
system dynamics (SD) models have been suggested to capture the essence of these systems
in a natural and computationally efficient way. However, the integration of the equationbased SD and individual-based AB models is not least challenged by considerable conceptual
differences between these models. Examples of tightly integrated and dynamically switching
hybrid models are rare.
In this contribution, I expand on theoretical frameworks of hybrid agent-based and system
dynamics models in ecology to support the model design process of dynamically switching
hybrid models. Taking a fish-plankton lake ecosystem as an example, a set of alternative
model IB-SD designs are discussed in terms of their computational and predictive performance. Computational performance may become prohibitive in models that keep high
levels of detail at lower scales, whereas too strong aggregation negatively impacts predictive
performance. It thus turned out to be critical how a model retains and restores relevant
spatial and attributive information when switching between scales. Important findings with
respect to optimising computational versus predictive performance were (1) the most plausible results were produced by a spatially explicit design based on spatial plankton stocks
and fish switching between individual agents and aggregate school-agents, (2) higher levels of aggregation did not necessarily result in higher computational performance, and (3)
adaptive, emergence-based triggers for the paradigm switches minimised information loss
and could connect hierarchical and spatial scales. In conclusion, I argue to reach beyond
efficiency-oriented considerations and use emergent super-individuals as structural elements
of dynamically switching hybrid models.
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Agent-based models constitute the state-of-the-art in contemporary computer simulation of
many complex systems ranging from ecology and epidemiology to economics and financial
markets, and from traffic and supply-chain networks to biology and physiology. On the other
hand, networks are identified as a key feature of the structure of many real-world systems
and recent years’ research on the subject is a part of a broader trend towards research on
the dynamics of complex systems.
Up to date what is usually done with such detailed object-oriented large-scale models lacking explicit macroscopic descriptions is simple simulation: set up many initial conditions,
for each initial condition create a large enough number of ensemble state and network realizations, probably change some of the rules and then run the detailed dynamics for a long
time to investigate for example how things like vaccination policies, malignancy/ mutation
of a virus - and resource availability may for example influence the spread of an outbreak.
However, this simple simulation is most of the times inadequate for the systematic analysis,
control policies design for emerging phenomena.
We will show how one can extract efficiently such “large-scale, system-level” information for
the systematic analysis and the design of the emergent dynamical behavior of such largescale simulators evolving on complex networks with important engineering, social and health
implications. The key stones of the proposed framework lie on the “trijunction” between
computational statistical mechanics, complex networks, bifurcation and dynamical systems
identification and control theory.
For illustration purposes, I will present you problems from the fields of Social Dynamics,
Computational Epidemiology and Computational Neuroscience.
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The intracellular Michaelis-Menten enzyme kinetics mechanism is one of the most simple
and most popular ones in biology [12, 13]. It is also widely employed in enzymology, pharmacokinetics and ecology. The dynamics of the mechanism has been the subject of an extensive
research effort [14, 15]. In this work the MM mechanism is analysed with the Computational
Singular Perturbation (CSP) method, which is the algorithmic counterpart of geometric singular perturbation analysis. CSP is employed for the derivation of two new reduced models,
which exhibit a large range of validity. The main purpose of this work is to establish the
validity of the CSP-generated MM reduced models, by examining their stability and accuracy. This work aims to provide a methodology for the construction of robust reduced
models, which are valid in the full domain of the parameter space where the full model is
amenable to reduction.
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Collective behavior and emergent phenomena are a hallmark of complex biological systems. Repeated interactions among the units composing such systems often result in population level activities far beyond the capabilities of any single individual in the group. As a consequence, these
collective behaviors are not easily reducible to the behavior of any particular individual. However, understanding the mechanisms that underlie the processes of complex biological systems is
important to developments in engineering, technology, and advancing basic knowledge of natural
systems generally.
The scientific study of collective behaviors and emergent phenomena in biological systems presents
challenging problems. Some of these challenges are linked to high autocorrelation in the system,
the dynamical nature of the interaction networks, and the broad range in the sizes and quality of
available data sets to validate mathematical and computer models. Furthermore, there is often
a significant gap between researchers with training in the collection of data and researchers with
training in developing theoretical tools that are most appropriate for analyzing the data or modeling
the mechanisms that underlie complex systems.
The goals of this minisymposium are to 1) promote increasing collaboration between experimentalists working in collective animal behavior and theoreticians working to develop methods appropriate for gaining a deeper understanding of the biological principles of collective biological systems;
and 2) highlight recent developments in research into collective behavior and emergent phenomena in biology, with special emphasis on the role that mathematical and theoretical methods are
playing in this increasingly interdisciplinary field. The talks for this minisymposium will cover
the application of techniques from dynamical systems modeling, Bayesian methods, agent-based
modeling, etc. to understand the biological principles of collective animal behavior and large-scale
emergent phenomena in biology. Furthermore, recent applications to topics ranging from robotics
to crime dynamics, stemming from both the biological, and mathematical or theoretical research
into collective behavior will also be presented.
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Many biological systems, like animal collectives, are so complex that approaches like those
of Physics (simple models giving good predictions) are rare. We will describe two modelling
approaches. One is top-down, in which from basic principles thought of being relevant in
animal evolution, some relationships are obtained that can be tested experimentally. We will
show how estimation theory, control theory and game theory are first-principles approaches
that can be of vaule to the study of collective animal behavior. A second approach is bottomup, driven for the data. In this category I will describe three modalities with different degrees
of simplicity and ability to predict. I will show tests of all these approaches in data from
fish collectives, for which I will also describe a novel tracking system. I will finalize with
some attempts at trying to combine the insights of top-down approaches with the ability to
predict of bottom-up approaches.
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Humans and animals face many decisions that can be informed by social information. Classic
examples include a tourist choosing a restaurant in an unfamiliar city, or a school of fish
collectively deciding on a foraging location that balances food and predation risk. How
groups makes decisions, and how individuals utilise social information has been the focus
of much research, and several studies have purported to show that rational, self-interested
behaviour can explain the characteristic features of collective decision-making. In this talk
I will show how previous models fall short of a genuinely rational theory as they attempt
to account for apparently irrational behaviours. I will demonstrate a fully rational model
of social information use and reveal some of the surprising predictions that such a model
makes. This theory will highlight the importance of understanding the observer and the
experimental setting as part of the model, and I will discuss how the predictions the model
makes can be reconciled with observations in the laboratory and in the wild.
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In animal groups, leaders are generally considered as individuals who initiate new maneuvers, which are quickly adopted by other group members. Seen this way, the behavior of a
leader causes some of the followers to change their course of action, which, in turn, drives
the response of other group members. This chain of cause-and-effect relationships is ultimately responsible for the response of the whole group. In this work, we put forward a
principled approach to apprehend causal relationships underlying collective behavior from
raw trajectory data of individual group members.
Our approach integrates network theory and maximum likelihood estimation to combine
inferences from three different classifiers—correlation based, nonlinear time series analysis
based, and information theoretic—in an optimal sense. In this approach leaders are identified as individuals with the largest degree of influence on others in pairwise interactions.
From the correlation based approach, we infer leadership based on the time delay at which
the cross-correlation between two time series is maximized, such that for a pair of individuals the leader would most frequently anticipate the behavior of the other. However, since
actual leader-follower pairs in animals have variable time delays with intermittent change
of roles, a linear relationship with constant delay assumed under cross-correlation may fail
to reveal causality. To address this issue, we tap into modern techniques in time series
analysis and information theory, which have been shown to deal with nonlinearities and
time-varying delays. From time series analysis, we adopt the notion of extreme event synchronization, which is amenable to nonlinear relationships and has been successfully used in
the reconstruction of weather networks. Leaders in this approach are identified on the basis
of average delay and synchronization strength between two time series. From information
theory, we utilize transfer entropy, whose application in neuroscience has demonstrated its
potential to unravel functional relationships from noisy measurements. Based on transfer
entropy, leaders are identified as individuals whose behavior best predicts the actions of the
rest of the group.
We demonstrate our approach first on a simple self-propelled particle model, and then on
a well-accepted data-driven model of fish motion from the literature. We systematically
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vary the number and strength of leadership in these synthetic datasets and identify them
independently using the optimal classification approach. Our results show that the optimal
approach outperforms the individual classifiers in terms of the accuracy of
classification over a wide range of scenarios spanning different interaction strengths and
uncertainty levels.
Upon validation of the approach, we turn to a preliminary experimental study, in which one
fish in a shoal was exposed to acute caffeine concentration while the others were untreated.
Caffeine concentration was expected to elicit an anxiogenic response on the treated individual resulting in an increased level of activity, which should have been associated with
a potential leadership trait by followers. In agreement with our hypothesis, our approach
revealed that the caffeine-treated individual influenced the behavior of the group, by acting
as a leader.
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The Condorcet ‘jury theorem’ is a mathematical result frequently referred to in support of
the ‘wisdom of the crowd’ effect, in which group decisions or estimates are more accurate
than those of constituent members. However the Condorcet result makes a number of
simplifying, but crucially important, assumptions. Here we explore how Condorcet reasoning
makes systematic errors in predicting benefits of costs from pooling opinions, when applied
to optimal decision-makers. We also show a very simple mechanism for resolving such errors,
such that group decisions are always beneficial.
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Herds of sheep, flocks of birds, and schools of fish are fascinating examples of when individuals come together to form a group that can move and respond essentially as one unit.
Over the past few decades a large number of so called self-propelled particle models have
been proposed to explain how the group level structure and dynamics we observe in real
world herds, flocks and schools emerges from repeated local interactions between individuals in the groups. The local interaction rules are typically based on some combination of
three social forces: attraction, repulsion and orientation. Often the capacity of a model to
produce polarized motion depends critically on an explicit orientation term and/or some
type of asymmetry in the interactions between individuals. Here we show that introducing
asynchrony in heading updates or using anticipated future positions of neighbors, rather
than current positions, in heading updates induces polarization in an attraction only model
with symmetric interactions. In the absence of asynchrony and anticipation this model only
produces no group, milling groups and swarms. We also compare and contrast the effects of
including each of the following four polarization inducing mechanisms separately into this
model: asynchrony, anticipation, an explicit alignment term, and asymmetric interactions
implemented via a blind zone. And based on this comparison we speculate that it may
be advantageous to use asynchrony or anticipation, instead of explicit orientation terms
or asymmetric interactions, to model certain real world phenomena that involves polarized
collective motion.
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This minisymposium deals with the dynamical behaviour of systems of ordinary differential equations (ODEs) arising from chemical reaction networks. In particular, we wish to investigate the
boundaries (in the parameter space) between (global) stability of an equilibrium and the occurrence
of oscillatory behaviour.
Oscillating chemical reactions have a long history: the Belousov–Zhabotinsky reactions, the Lotka
reactions, the Brusselator, the Oregonator, the Wilhelm & Heinrich oscillator, . . .
In this minisymposium we will revisit some of these classical systems, such as the Lotka system,
but now within the framework of generalized mass–action kinetics.
This will be followed by three talks on concrete models, that show oscillations: the glycolytic
oscillator model (Alan Rendall), phosphorylation networks (Anne Shiu), and a protein synthesis
model (Maya Mincheva).
In the last talk, Antoni Ferragut will explain general techniques to find first integrals and conservative oscillations.
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In this talk I will start by introducing the minisymposium and outlining the history and
open questions, such as finding criteria for the (global) stability of equilibria of generalized
mass–action systems.
Then I will present some recent progress [1] in the analysis of 2d systems, such as the Lotka
reactions [2] and planar S-systems. For these, we can characterise global stability of the
unique equilibrium, find examples of such systems with multiple limit cycles, and solve the
center problem.
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The Selkov model [3] is a two-dimensional system of ODE which was introduced to describe glycolytic oscillations. We discuss the existence, uniqueness and stability of periodic
solutions of this system. We also treat the issue of the existence of solutions which are
unbounded at late times, either in a monotone or oscillatory way. Among the techniques
used in this analysis are the Poincaré compactification and blow-up of degenerate steady
states.
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This talk focuses on certain biological signaling networks, namely, multisite phosphorylation
networks. Many of these systems exhibit “toric steady states” (that is, the ODEs generate
a binomial ideal), and more generally the set of steady states admits a rational parametrization [4]. We describe how such a parametrization allows us to investigate the dynamics of
two multisite phosphorylation networks: the emergence of bistability in a network underlying ERK regulation, and the capacity for oscillations in a mixed processive/distributive
phosphorylation network.
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PARAMETRIC SENSITIVITY ANALYSIS OF A GENE
REGULATION DELAY MODEL
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Delay-differential equations are often used to model gene expression networks. An oscillatory protein synthesis model whose properties are modulated by sRNA will be discussed.
Sensitivity analysis of the extrema and the period of oscillations are carried out at several
operating points. Comments on the evolutionary implications of the results will be offered.
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The human hematopoietic system produces more than 1011 blood cells per day. Despite the
tremendous production rate and significant maturation delays in the system, hematopoiesis proceeds flawlessly for nearly all individuals over many decades, implying the existence of finely tuned
control mechanisms and feedback loops. Most of these processes occur in the bone marrow where
direct real time observation is difficult, and consequently there has been a long history of mathematical modelling of hematopoiesis [1].
Because hematopoiesis is so well regulated usually, it is necessary to consider the system away
from homeostasis to gain insight into the control mechanisms. This occurs in diseases such as
leukemia and cyclic neutropenia, and in subjects undergoing chemotherapy. These scenarios are
particularly interesting to model because mathematical insights may have clinical implications.
In this minisymposium four mathematical models of hematopoiesis will be presented. The first
three focus on the production of blood cells and the dynamics of the hematopoietic production
system in three different but related scenarios. In the first talk the production of neutrophils
and its disruption by chemotherapeutic agents is modelled. The second talk presents a detailed
mathematical study of the dynamics of a hematopoietic stem cell (HSC) model, while in the third
talk the clonal selection of HSCs in acute leukemia is modelled.
In modelling the production of hematopoietic cells, it is important not to lose sight of the function
of the mature cells including to carry oxygen and fight infection. These functions are typically
tied to cell production by feedback loops, such as in erythropoiesis where hypoxia stimulates the
production of erythropoietin which in turn stimulates the production of more red blood cells.
Whereas production of cells can be considered to take place in the ‘bone marrow’ without further
consideration for spatial issues, when white blood cells fight infection or platelets cause clotting,
these processes occur in some localised tissue and spatial effects become important. The final talk
of this session will present such a model for the role of platelets in blood coagulation.
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The production of white blood cells is modelled from hematopoietic stem cells (HSCs)
through to circulating neutrophils [2]. Granulocyte Colony-Stimulating Factor (G-CSF) is
the main cytokine that regulates this process. A physiologically realistic model of G-CSF
kinetics is included which incorporates the binding and internalisation G-CSF at receptors
on mature neutrophils. G-CSF is used to regulate the differentiation rate of HSCs, the
proliferation rate during mitosis, the maturation time, and the rate at which mature neutrophils are released into circulation from the bone marrow. The variable maturation time
results in a model for granulopoiesis as a system of state-dependent delay differential equations. We discuss the application of this model to study subjects undergoing chemotherapy
or suffering from cyclical neutropenia.
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We investigate a mathematical model of hematopoietic stem cell dynamics. We take two
cell populations into account, quiescent and proliferating one, and we note the difference
between dividing cells that enter directly to the quiescent phase and dividing cells that
return to the proliferating phase to divide again. The resulting mathematical model is
a system of two age-structured partial differential equations. By integrating this system
over age and using the characteristics method, we reduce it to a delay differential-difference
system, and we investigate the existence and stability of the steady states. We give sufficient
conditions for boundedness and unboundedness properties for the solutions of this system.
By constructing a Lyapunov function, the trivial steady state, describing cell’s dying out,
is proven to be globally asymptotically stable when it is the only equilibrium. The stability
analysis of the unique positive steady state, the most biologically meaningful one, and the
existence of a Hopf bifurcation allow the determination of a stability area, which is related
to a delay-dependent characteristic equation. Numerical simulations illustrate our results
on the asymptotic behavior of the steady states and show very rich dynamics of this model.
This study may be helpful in understanding the uncontrolled proliferation of blood cells in
some hematological disorders.

184

Tuesday, July 24th, 14:40

Room: C8.2.03

Minisymposium: Hematopoiesis and its diseases

CLONAL EVOLUTION AND EMERGENCE OF
RESISTANCE IN ACUTE LEUKEMIAS: INSIGHTS
FROM MATHEMATICAL MODELING
Anna Marciniak-Czochra
anna.marciniak@iwr.uni-heidelberg.de
Institute of Applied Mathematics, Heidelberg University, Germany
Joint work with Thomas Stiehl (IWR, Heidelberg University), Anthony D. Ho (Heidelberg Medical
Clinic V) and Christoph Lutz (Heidelberg Medical Clinic V)
Keywords: Acute leukemias, Clonal evolution, Mathematical modeling, Integro-differential equations,
Selection and mutation.
Motivated by clonal selection observed in acute leukemias, we propose a range of mathematical models describing evolution of a multiclonal and hierarchical cell population. The
models in form of differential and integro-differential equations are applied to study the role
of self-renewal properties, growth kinetics and regulatory feedbacks during disease development and relapse. Effects of different time and space scales are investigated. It is shown
how resulting nonlinear and nonlocal terms may lead to a selection process and ultimately
to therapy resistance. Model results imply that enhanced self-renewal of cancer stem cells
may be the key mechanism in the clonal selection process, while heterogeneity in the progenitor cell population does not play such a role in cancer evolution. The models allow also
to study how mutation rates and phenotypic changes induced by mutations influence the
genetic interdependence of the leukemic clones. The latter class of models is compared to
clonal hierarchies reconstructed from patients’ data using a novel algorithm. The results
help to understand which phenotypes may be present at different times over the course of
disease and how treatment affects the clonal evolution of the disease. Model-based interpretation of clinical data allows estimating parameters that cannot be measured directly. This
may have clinical implications for future treatment and follow-up strategies.
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Blood coagulation is an extremely complex biological process in which blood forms clots
(thrombus) to prevent bleeding; it is followed by their dissolution and the subsequent repair
of the injured tissue. The process involves different interactions between the plasma, the
vessel wall and platelets with a huge impact of the flowing blood on the thrombus growth
regularization.
Recent developments of the phenomenological cell-based models will be explained to demonstrate the current shift from the classical cascade/waterfall models and a short survey of
available mathematical concepts used to describe the blood coagulation process at various
spatial scales will be referred.
A mathematical model and some numerical results for thrombus growth will be presented
in this talk. The cascade of biochemical reactions interacting with the platelets, resulting
in a fibrin-platelets clot production and the additional blood flow influence on thrombus
development will be discussed. This reduced model consists of a system of 13 nonlinear convection-reaction-diffusion equations, describing the cascade of biochemical reactions,
coupled with a non-Newtonian model for the blood flow. The model includes slip velocity
at the vessel wall and the consequent supply of activated platelets in the clot region.
The model captures disorders affecting the blood clotting system and provoking different
abnormalities, such as thrombosis or bleeding. Numerical simulations related to clotting
diseases will be shown.
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According to the World Health Organization (WHO), Cardiovascular diseases (CVD) cause more
than half of all deaths in Europe (about 46 times the number of deaths and 11 times the disease
burden caused by AIDS, tuberculosis and malaria combined). But 80% of premature heart disease
and stroke is preventable. The task of modelling cardiovascular diseases involves a variety of
mathematical, numerical and computational challenges and leads to deeper understanding with
some predictive perspectives.
Multiphysics models are developed in order to describe the dynamics of blood flows in large and
micro vessels, the fluid-structure interaction that results in atherosclerotic arteries and aneurysms,
dynamics of the immune system, cell population dynamics and many others.
This minisymposium is devoted to the mathematical modelling and numerical simulations of flows
in the cardiovascular system and their mechanical and biochemical interactions with the surrounding tissues. It includes but is not limited to the following topics:
• Modelling chronic inflammatory reactions in blood vessels;
• Methods for modelling 3D fluid flows in realistic (patient specific) complex domains like
arteries with bifurcations, porous deformable media;
• Modelling the atherosclerotic plaque formation and growth;
• Fluid-structure interaction: blood-plaque and blood-endothelium interactions;
• Cell transport processes: monocytes migration through the vessel wall, red blood cells transportation;
• Blood coagulation in plasma: clot formation and growth and its interaction with the blood
flow.
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One of the main characteristics of blood coagulation is the speed of clot growth. In the
current work we consider a mathematical model of the coagulation cascade and study existence, stability and speed of propagation of the reaction-diffusion waves of blood coagulation
[1]. We also develop a simplified one-equation model that reflects the main features of the
thrombin wave propagation. For this equation we estimate the wave speed analytically.
The resulting formulas provide a good approximation for the speed of wave propagation in
a more complex model as well as for the experimental data.
Vessel occlusion is a perturbation of blood flow inside a blood vessel because of the fibrin
clot formation. As a result, blood circulation in the vessel can be slowed down or even
stopped. This can provoke the risk of cardiovascular events. In order to explore this phenomenon, we used a previously developed mathematical model of blood clotting to describe
the concentrations of blood factors with a reaction-diffusion system of equations [2]. The
Navier-Stokes equations were used to model blood flow, and we treated the clot as a porous
medium. We identify the conditions of partial or complete occlusion in a small vessel depending on various physical and physiological parameters. In particular, we were interested
in the conditions on blood flow and diameter of the wounded area. The existence of a critical flow velocity separating the regimes of partial and complete occlusion was demonstrated
through the mathematical investigation of a simplified model of thrombin wave propagation in Poiseuille flow.We observed different regimes of vessel occlusion depending on the
model parameters both for the numerical simulations and in the theoretical study. Then,
we compared the rate of clot growth in flow obtained in the simulations with experimental
data. Both of them showed the existence of different regimes of clot growth depending on
the velocity of blood flow.
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Vascular diseases, such as brain aneurysms and atherosclerosis, are the main cause of death
in western countries. Such pathologies are not fully understood and lack precise diagnosis
procedures. The mathematical modeling of blood flow in the cardiovascular system, both
in normal and pathological conditions, can provide a computational tool to be used for
diagnosis, prognosis or training purposes. In this sense, accurate numerical simulations must
be achieved, in order to be considered reliable. However, important data needed to close
the mathematical model is usually missing. To overcome such difficulty, data assimilation
techniques can be used.
In this talk, we will describe a velocity tracking approach that can be applied in several
scenarios where individualized simulations are looked for. Such approach is based on the
solution of an optimal control problem. Several mathematical and numerical aspects related
to these issues will be discussed ([3], [4], [5], [6], [7]).
Acknowledgements: This work has been partially supported by FCT (Portugal) through the
Research Center CEMAT-IST, the grants SFRH/BPD/66638/2009 and SFRH/BPD/109574/2015
and the project EXCL/MAT-NAN/0114/2012.
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The inflammatory process of atherosclerosis leads to the formation of an atheromatous
plaque in the intima layer of the blood vessel. The plaque changes the geometry of the
blood vessel by narrowing its lumen (interior layer). The plaque rupture may result from
the interaction between the blood and the plaque. In previous studies [8, 9] we suggested two
and three dimensional fluid-structure interaction (FSI) models to study the blood-plaque
and blood-vessel wall interactions in an idealized geometry of a carotid artery.
In the current study, a patient specific 3D realistic geometry taken from MRI imaging is
considered to study the FSI problem. But since the MRI image provides the 3D geometry
only for the lumen of the artery, the endothelium layers should be virtually reconstructed
in order to create the whole vessel wall shape. A similar procedure is applied to reconstruct
the atherosclerotic plaque inside the artery.
An absorbing boundary condition is imposed directly on the outflow in order to cope with
the spurious reflexions due to the truncation of the computational domain. The blood
is considered as a non-Newtonian fluid that follows the Carreau-Yasuda model for blood
viscosity. We show that the risk of plaque rupture is higher in the case of a moving wall,
while in the case of a fixed wall the risk of progression of the atheromatous plaque is more
important.
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Keywords: Inflammatory response, Oldroyd-B model, Coupled deformation-flow, Numerical simulations.
Leukocyte recruitment is an essential stage of the inflammatory response and although the
molecular mechanisms of this process are relatively well known, the influence of the hydrodynamic effects that govern the inflammatory response are still under study. Chronic
inflammation may entail atherosclerosis, one of the most devastating cardiovascular diseases. Understanding this mechanism is of crucial importance in immunology and in the
development of anti-inflammatory drugs.
In this study we use images and experimental parameters obtained by intravital microscopy
in an in vivo animal model of inflammation to track the leukocytes trajectories and measure
their velocities and diameters [10]. The rate-type Oldroyd-B model is used to capture the
viscoelasticity of the leukocyte which is considered as a drop in order to analyze a mathematical model describing the deformation and flow of an individual leukocyte in a microchannel
flow. In this model we consider a coupled problem between a simplified Oldroyd-B system
and a transport equation which describes the density considered as non constant in the
Navier-Stokes equations [11]. Numerical simulations of an individual and of two leukocytes
under flow were performed. The results showed that velocity plays an important role in the
motion, deformation and attraction of the cells during an inflammatory response. In fact,
for higher inlet velocities the cell movement along the endothelial wall is accelerated and the
attraction forces break faster. These results highlight the role of the mechanical properties
of the blood, namely the ones influenced by the velocity field, in the case of inflammation.
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Biological systems consist of a large number of species with reactions which occur in multiple
spatio-temporal scales. Because performing stochastic simulations of such systems are computationally expensive and prohibitive, various strategies to reduce the computational cost have been
investigated, e.g. quasi-state-state approximation of chemical master equation or hybrid methods.
Also it is of interest how the interaction between different scales, e.g. between cellular and tissue
scales, affects noise at the single cell level. In this mini-symposium, the focus will be on recent
research reporting on advances in this area. In the first talk, a general description of the multiscale properties of biochemical reaction networks will be presented as well as to how to use the
quasi-steady state approximation to simplify the stochastic system. In the second talk, an adaptive
hybrid simulation method will be presented, which greatly accelerates the stochastic simulations of
multi-scale chemical reaction networks. In the third talk, a mesoscopic-microscpoic hybrid method
will be described, which allows the efficient simulation of stochastic spatio-temporal dynamics of
chemical reactions. In the fourth talk, a multi-level Monte Carlo algorithm will be presented,
which allows for estimating summary statistics to characterise biochemical reaction networks. In
the final talk, new research will be presented linking noise dynamics at two different spatial scales,
in particular showing how the tissue level noise affects noise at the single cell level.
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Biochemical reaction networks (BRNs) in a cell frequently consist of reactions with disparate
timescales. The stochastic simulations of such multiscale BRNs are prohibitively slow due
to high computational cost for the simulations of fast reactions. One way to resolve this
problem uses the fact that fast species regulated by fast reactions quickly equilibrate to
their stationary distribution while slow species are unlikely to be changed. Thus, on a slow
timescale, fast species can be replaced by their quasi-steady state (QSS): their stationary
conditional expectation values for given slow species. As the QSS are determined solely by
the state of slow species, such replacement leads to a reduced model, where fast species
are eliminated. However, it is challenging to derive the QSS in the presence of nonlinear
reactions. In this talk, I will describe under which condition such stochastic QSS can
be accurately approximated by a deterministically derived QSS (e.g. Michaeils-Menten
equation), which allows to use the non-elementary functions for the propensity functions
of the Gillespie algorithm. Furthermore, I will also present two classes of multiscale BRNs
which can be reduced by deriving an exact stochastic QSS rather than approximations: a
feedforward network or a complex balanced network.
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Stochastic reaction networks are commonly used to understand the role of intracellular noise
in Systems Biology. For these models, the probability distribution of the state-vector evolves
according to the Chemical Master Equation (CME), whose solutions are often required to
be estimated by Monte Carlo methods such as Gillespie’s Stochastic Simulation Algorithm
(SSA). Such simulations become impractical for multiscale networks that are characterised
by wide variations in reaction timescales as well as copy-number scales of various species. To
deal with this problem, hybrid simulation approaches have been developed that approximate
the dynamics with a suitably constructed Piecewise Deterministic Markov process (PDMP)
which is computationally easier to simulate and analyze. In my talk, I will describe how this
PDMP construction can be automated and how we can adapt this construction during the
simulation-run to improve the computational performance and the accuracy of the estimated
CME solution (see [1]). I will also discuss how these PDMP approximations can be exploited
for the purpose of estimating the parameter sensitivities for multiscale stochastic reaction
networks.
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The reaction-diffusion master equation (RDME) is an on-lattice mesoscopic model that
allows for efficient simulation of spatially resolved stochastic chemical kinetics. It can be
orders of magnitude faster than off-lattice, hard-sphere microscale simulations, if the lattice
spacing can be chosen coarse enough. This is not always the case though, and some systems
demand a high spatial resolution for acceptable resolution of the dynamics of the system,
even on long time scales. However, different reactions in the same model often require
different degrees of mesh resolution, and a model may need to be simulated on a very
fine mesh because of only a few reactions demanding a high spatial resolution. This can
make the RDME inefficient for systems with multiscale properties. Mesoscopic-microscopic
hybrid methods address this problem by resolving the most challenging reactions with a
microscale, off-lattice simulation, while simulating most of the system with a much coarser
mesoscale, on-lattice simulation. Previously such methods have required the modeler to
have a priori knowledge of how to partition the system. In this talk I will present a method
for automatically partitioning a class of models into microscopic and mesoscopic subsets,
based on indirect error estimates.
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In this work, we consider the problem of estimating summary statistics to characterise biochemical reaction networks of interest. Such networks are often described using the framework of the Chemical Master Equation (CME). For physically-realistic models, the CME is
widely considered to be analytically intractable. A variety of Monte Carlo algorithms have
therefore been developed to explore the dynamics of such networks empirically. Amongst
them is the multi-level method, which uses estimates from multiple ensembles of sample
paths of different accuracies to estimate a summary statistic of interest [2]. In this work,
we develop the multi-level method in two directions: (1) to increase the robustness, reliability and performance of the multi-level method, we suggest an improved variance reduction
method for generating the sample paths of each ensemble; and (2) to improve computational performance, we provide a different mechanism for choosing which ensembles should
be included in the multi-level algorithm.
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Noisy gene expression is known to be of fundamental importance to single cells, and is
therefore widely studied and modelled in single-celled organisms. Extending these studies
to multicellular organisms is challenging since their cells are generally not isolated, but rather
individuals in a tissue, in contact and communication with several neighbour cells. Cell-cell
coupling via signalling, active transport or pure diffusion, ensures that tissue-bound cells
are neither fully independent of each other, nor an entirely homogeneous population. In this
talk, we show that increasing the strength of coupling between cells can either increase or
decrease the single-cell variability (and therefore the heterogeneity of the tissue), depending
on the statistical properties of the underlying genetic network. We confirm these predictions
using spatial stochastic simulations of simple gene regulatory networks, and experimental
tissue data from rat pituitary tissue, a leaf of Arabidopsis thaliana, and a population of
mouse broblast cells. The results suggest that cell-cell coupling may be one of several noisecontrol strategies employed by multicellular organisms, and highlight the need for a deeper
understanding of multi-scale stochastic systems.
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The role of mathematical models in understanding infectious disease dynamics is well established.
Models have successfully guided us in designing public health prevention or control strategies as
exemplified by the concept of a threshold parameter R0 in malaria by Ross in 1911. More recently,
increasing layers of complexity are added to infectious disease models, e.g. by trying to model the
social structure of a population through a network.
However, a key assumption that is rarely challenged in infectious disease dynamics is the infectivity
profile A(τ ) = βe−γτ (but see the seminal 1927 paper by Kermack and McKendrick for an early
exception), the probability of transmission given a contact between a susceptible and an individual
that was infected τ time units ago. By far the most used models are (deterministic) compartmental
models for the infectious disease. In such models, individuals are classified in a finite number
of stages; e.g. in the well-established Markovian SIR, individuals are susceptible, infectious or
recovered. Implicitly, this assumes that an infectious individual has a constant transmission rate
that becomes zero after an exponentially distributed time. From a biological perspective, there
are few, if any, infectious diseases for which we expect this to be realistic. The main motivation
is really mathematical convenience. In a deterministic setting, compartmental models lead to a
description in terms of ordinary differential equations. In a stochastic setting, we can make use
of the convenient Markov property. Therefore, we only need to keep track of the compartment an
individual is in, rather than keeping track of how long ago it got infected.
The Markov assumption is so dominant in the infectious disease community that it is easy to forget
that it is an assumption and, as a consequence, this assumption is rarely challenged. Certainly
there are contexts in which the assumption will only play a small role, despite its limitations. At
the same time, it has long been known that it can have a big influence on the robustness of the
conclusions that we draw from our models and when doing inference, e.g. in the context of the real
time growth rate r.
In this minisymposium, we consider the use of non-Markovian epidemic models, both in the stochastic and the deterministic setting. The first speaker (Odo Diekmann) will argue for a description
of epidemic models in terms of renewal equations. The next three speakers consider the use of
non-Markovian models in different epidemic contexts, namely network models (Gergely Röst),
asymptomatically and symptomatically infected hosts (Tom Britton), and within- and betweenhost models (Venetia Karamitsou). Finally, the last speaker (Lorenzo Pellis) discusses assumptions
concerning the individual-level transmission process, and gives an overview on the topic. The aim
of the minisymposium is not to provide definite answers. Rather, by challenging the Markov
assumption in different epidemic contexts, it aims to open room for thoughts and discussions.
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The spirit of Kermack-McKendrick’s 1927 classic has, unfortunately, perished. First I try to
restore this spirit, by extending the model to incorporate age-structured demography with
general survival probability. Next I try to reinforce it. The latter involves delineating a
dynamical systems perspective of renewal equations with a bit of attention for numerical
bifurcation tools.
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Keywords: Pairwise models, Networks, Distribution of recovery time, Time evolution.
Pairwise models have been proven to be a flexible framework for analytical approximations
of stochastic epidemic processes on networks that are in many situations much more accurate
than mean field compartmental models. The non-Markovian aspects of disease transmission
are undoubtedly important, but very challenging to incorporate them into both numerical
stochastic simulations and analytical investigations. Here we present a generalization of
pairwise models to non-Markovian epidemics on networks. For the case of infectious periods
of fixed length, the resulting pairwise model is a system of delay differential equations, which
shows excellent agreement with results based on the explicit stochastic simulations. For more
general distribution classes (uniform, gamma, lognormal etc.) the resulting models are PDEs
that can be transformed into systems of integro-differential equations. We derive pairwise
reproduction numbers and relations for the final epidemic size, and initiate a systematic
study of the impact of the shape of the particular distributions of recovery times on how
the time evolution of the disease dynamics play out.
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EPIDEMIC MODELS WITH SYMPTOMATIC AND
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Can you become infected when no one in your surroundings show any symptoms? There
are many diseases, such as with influenza and norovirus, where some infected hosts show
symptoms of the disease while others are asymptomatically infected, i.e. don’t show any
symptoms. What role do such asymptomatically infected individuals play in the transmission dynamics? The current paper considers a class of epidemic models following an SEIR
(Susceptible → Exposed → Infectious → Recovered) structure that allows for both symptomatic and asymptomatic cases. The following question is addressed: what fraction ρ of
those getting infected are infected by symptomatic (asymptomatic) cases? This is a more
complicated question than the related question: what fraction of newly generated cases at
the beginning of the epidemic are symptomatic (asymptomatic)? The latter question only
depends on the type-specific reproduction numbers while the former question also depends
on the mean latent and infectious periods of the two types as well as their probabilistic
distributions. Bounds on ρ are derived for the situation where these distributions (or even
their means) are unknown. The second aim of this paper is to illustrate the huge effects the
choice of distribution functions for the latent and infectious periods can have. Special attention is given to the class of Markovian models and the class of continuous-time Reed-Frost
models as two classes of distribution functions.
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THE IMPORTANCE OF WITHIN-HOST DYNAMICS FOR
THE POPULATION LEVEL EVOLUTION OF
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Influenza remains difficult to control due the virus’ ability to generate antigenic variants
that can evade the host immune response and spread through the population. Important
factors that affect this process include immunity, achieved either through prior infection or
vaccination, and the within-host time of emergence of such immune escape variants. But
the exact way in which they affect the transmission rate of each strain and therefore its
survival at the population level is not yet fully understood.
To address these questions, we developed an immuno-epidemiological model that includes
the full dynamics of influenza both at the within- and the between-host levels. This is
accomplished by nesting a within-host model of viral evolution into a non-Markovian, agesince-infection SIR epidemiological model. Within the host, multiple new immune escape
variants can appear stochastically through mutation. These mutant strains then compete
with the parent strain for resources within the host and for selection between hosts in
a population that consists of both naı̈ve and vaccinated individuals. The transmission
rate is a function of the time since infection and depends on the within-host viral load
and composition. Comparison of the model to a Markovian model of influenza evolution
highlights the key similarities and differences that arise from the rejection of the Markov
assumption.
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MODELLING THE INDIVIDUAL-LEVEL
TRANSMISSION PROCESS: DO THE DETAILS
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Lorenzo Pellis
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VS global.
All models of infectious disease spread need to make assumptions about how they describe
mathematically the transmission process between individuals. Even when presented explicitly, which is not always the case, it is rarely modified within the same analysis, and the
consequences of this choice on the conclusions rarely assessed.
Rather than presenting the results of a single study, I will provide here an overview of
different forms of transmission processes that appeared in the literature, and what their
impact on the properties of epidemic models and their mathematical analysis is.
I will start from single-type and multi-type large population models, and show how many
model properties may depend on some, but not necessarily all, elements of the transmission
process. I will then move to models where the number of potential contacts is finite and show
how the temporal details of the transmission process start mattering. In particular I will
discuss network and households models, focusing also on exact and approximate methods
for calculating the Malthusian parameter.
Finally I will share some opinions about why people might want to use a time-since-infection
modelling approach. I will spend some words on nested models and the limitations of compartmental models in dealing with co-infection of multiple strains/pathogens, but other
opinions will be much less developed and mostly aimed at provoking thoughts and discussions.
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The brain can be thought of as a complex, multiscale network[1]. At the macro-scale, structural
brain networks correspond to brain regions connected by fiber pathways [1, 2], which can be inferred
from diffusion magnetic resonance imaging (MRI). Networks can also be formulated from largescale brain dynamics; functional MRI, and electro- or magnetoencephalography (EEG/MEG) are
used to measure brain signals, and functional networks are constructed based on the correlations
or coherence between the recorded signals at different brain regions [1, 2]. Graph theory enables
us to study these networks and consequently characterize healthy and pathological brain states [3].
Furthermore, the mathematical field of dynamics on networks allows a mechanistic understanding
of brain networks [4], thereby informing the development of biomarkers and personalized treatments
for neurological and neuropsychiatric disorders.
This minisymposium aims to bring together pertinent current research on the use of graph theory
and dynamical systems theory to characterize and understand brain networks in health and disease.
Speakers will address the most pressing directions of current research, namely whole-brain network
models to investigate neurological diseases and clinical interventions. It will also be discussed the
relation between functional and structural connectivity, and the use of graph theory to explore brain
connectomes derived from data of people with a range of neurological disorders such as Alzheimer’s
disease, Parkinson’s disease, and epilepsy. This research has the potential to be translated into
useful clinical tools to better characterize and treat neurological disorders.
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Brain Connectomics is tracing an exciting new path in neuroscience research, where the brain
is perceived as an elaborate network system with a complex wiring structure. Importantly,
understanding how neural energy propagates through this network structure appears crucial
for deciphering the still-puzzling brain signals recorded multi-modally over the last hundred
years.
This talk will focus on models of macroscopic brain interactions, i.e. how segregated brain
areas interact with each other via an organized highway system of white matter fibers.
Assuming a reductionist approach, these mathematical models of whole-brain network dynamics consist in a system of coupled differential equations, where each equation represents
a brain area and the area-to-area coupling is weighed by realistic neuroanatomical connectivity. These bottom-up inductive models appear in contrast with deductive data-driven
approaches such as dynamic causal modeling where the coupling weighs are inferred from
brain activity.
Generative models are generally explored via numerical methods and the resulting simulation results are subsequently compared with real human brain activity. Interestingly,
the complex signals emerging from these synthetic brain network models share multiple features with empirical brain activity. Yet, the main advantage of these reduced computational
models is not to serve as predictive models, but rather to serve as phenomenological models
helping to depict fundamental network mechanisms at the genesis of the spatiotemporal
patterns observed in brain activity [5].
Moreover, synthetic whole-brain network models can be artificially damaged, perturbed,
or even re-wired, in order to explore the pathophysiology of neurologic and psychiatric
diseases [6]. Such models have the potential of becoming increasingly helpful in the preparation of clinical interventions, including brain stimulation techniques such as transcranial
magnetic/electrical stimulation or deep brain stimulation.
Acknowledgements: This work has been developed under the scope of the project NORTE01-0145-FEDER-000023, supported by the Northern Portugal Regional Operational Programme
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Complex graph theory has been extensively used to investigate functional brain networks
across the different stages of Alzheimer’s disease (AD) (the so-called AD spectrum). Yet,
little is known about what are the features of these networks, if any, that are the best
predictors of the likelihood to progress from the earliest clinical stage (namely, mild cognitive
impairment, MCI) to AD. Here, we apply phase synchronization measures to build MEG
frequency-resolved functional brain networks in the source domain and assess the structure
of the corresponding multiplex network (with as many layers as frequency bands analyzed)
in a group of MCI patients half of whom converted to AD after a three year follow up.
The results show that the converters present distinct single and multilayer differences in
brain areas involved in the early stages of the disease. This outcome paves the way to use
advanced graph-theoretic measures to predict the probability of MCI subjects to convert to
AD.
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Epileptic seizures are one of the most common neurological disorders affecting about 65
million people worldwide. For patients with partial refractory epilepsy, the success of therapeutical interventions such as resective surgery or closed-loop electrical stimulation would
benefit from a better understanding of seizure dynamical mechanisms. Yet, little is known
about how seizures initiate, spread and terminate. Recent studies have shown a large diversity in the spatiotemporal patterns during seizure spread and termination, suggesting also
a diversity in the underlying mechanisms.
In this talk, we propose a unifying perspective on epileptic seizure spatiotemporal dynamics. We spatially extended a model of local field potential dynamics for epileptic seizures,
by adding homogeneous local and heterogeneous large-scale connectivity. The local connectivity kernel was informed by statistical analyses of anatomical data and was derived
from first- and second-order expansions of exponentially decaying functions of distance.
The heterogeneous connectivity was reconstructed from patient-specific diffusion MRI data
(connectomes). Our field model exhibits robust dynamics for a large range of parameters of
the coupling non-linear (firing-rate) functions.
Our field model accounts for contradictory reports of either moving or stationary source of
traveling (2-3 Hz) spike-and-wave ictal discharges described in previous studies. Additionally, interaction of multiple time scales in our model explains how seizures can propagate
slowly from the seizure onset area, but terminate synchronously across large brain areas.
Our findings were confirmed by analyses of seizures recorded from patients with pharmacologically resistant epilepsy. Our results contribute towards a more accurate modeling
of patient-specific epileptic brains, and the development of new methods for controlling
seizures.
Acknowledgements: National Institute of Neurological Disorders and Stroke (NINDS), grant
R01NS079533 (WT); U.S. Department of Veterans Affairs, Merit Review Award I01RX000668
(WT); European Union’s Horizon 2020 research and innovation programme (grant agreement No.
720270) (VJ).
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The quest to understand how structure shapes function lies at the heart of a broad spectrum
of disciplines, ranging from molecular biology to network science. In the recent decades, it
has been found that the bundles of axonal fibers of which white matter is made of, form
a vast and complex network of intercommunications between the regions of the brain and
also internally within the cortex. This finding complements the traditional perception of
the brain, in which brain structures and regions are responsible for a given function, by exposing the vast potential of brain regions to communicate with each other. The functional
implications of such interconnectivity is being largely debated. For example, the discovery
that brain connectomes are modular while a few hub regions form a rich-club gathering
multisensory information has led to the hypothesis of how this structure serves the capacity
of the brain to segregate and to integrate information. On the other hand, EEG and fMRI
allow us to measure brain activity and identify statistical relations across brain regions. It
has been widely discussed in the literature how the underlying structural connectivity determines the emerging patterns of correlation (functional connectivity) observed in subjects
at rest. Here, we will try to clarify some misconceptions to this respect. First, we will show
that the structural connectivity is only one of the several factors influencing the empirically
observed functional connectivity. Thus, structural connectivity shapes, but does neither
determine nor predict the resting-state functional connectivity. Second, we will introduce
novel tools we have recently developed to better understand the specific contribution of the
structural connectomes on the propagation of external inputs over the network and their
influence on the functional connectivity.
Acknowledgements: The European Union’s Horizon 2020 research and innovation programme
under Grant Agreement No. 720270 (HBP SGA1).
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Boolean and multilevel logical approaches are increasingly used to study the behaviours of biological regulatory networks, which govern essential cellular processes. Moreover, modellers can rely
on a broad array of model definitions, simulation methods, computational algorithms and software
tools.
This mini-symposium aims at introducing these modelling approaches as well as discussing recent
advances on both formal aspects and applications. It is organized in connection with the Consortium for Logical Modelling and Tools (CoLoMoTo, http://colomoto.org), which has been launched
to promote the logical modelling framework and to provide scientists with dedicated standards,
repositories and tools.
First, an overview of the field will be presented, covering different model classes, current challenges
and application ranges. Four speakers will then present their recent achievements. These will first
concern the assessment of the dynamics relying on topological features – namely regulatory circuits
– of the modelled regulatory networks. Appropriate abstractions of large asynchronous dynamics
will be then discussed, as well as the concept of model sets. Finally, definition of multicellular
logical models by specifying cell-cell communication rules will be illustrated through the dorsalventral axis specification during sea urchin embryogenesis.
Acknowledgements: We received supported from Fundação Calouste Gulbenkian and from national funds through Fundação para a Ciência e a Tecnologia (FCT) with reference UID/CEC/50021/2013
and FCT project PTDC/EEI-CTP/2914/2014.
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This introductory talk will provide the basics on the logical modelling formalism, covering
some distinct variants. Logical models define discrete dynamics whose properties of interest
will be introduced, including their counterparts for the biological networks under study.
Distinctive features of signalling and regulatory networks amenable to such a qualitative
approach will be discussed.
For large regulatory networks, model definition and analysis are often hampered due to
diverse sources of complexity. We will conclude by discussing how to tackle these issues,
through methods that have been developed relying on diverse mathematical and computational approaches.
Acknowledgements: CC acknowledges financial support from Fundação Calouste Gulbenkian.
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Negative circuits in Boolean networks are necessary for the system to display sustained
oscillations. In dimension greater than 6, the negative circuits are not necessarily local.
In this work we investigate the existence of Boolean maps with desired properties using
Boolean satisfiability problems. We translate the absence of local negative circuits into an
expression on n2n variables. We then implement a necessary condition for the existence of
a cyclic attractor. We verify with a satisfiability solver that, for networks of dimension less
or equal to 5, a local negative circuit is required for sustained oscillations, and find new
counterexamples for n ≥ 6.
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In biological regulatory networks represented in terms of signed, directed graphs, topological
motifs such as circuits are known to play key dynamical roles. After reviewing established
results on the roles of simple motifs, we present recent results on the impact of the addition
of a short-cut in a regulatory circuit. More precisely, based on Boolean formalisation of
regulatory graphs, we provide complete descriptions of the discrete dynamics of particular
motifs, under the synchronous and asynchronous updating schemes. These motifs are made
of a circuit of arbitrary length, combining positive and negative interactions in any sequence,
and are including a short-cut, and hence a smaller embedded circuit. The asymptotical
behavior of such motifs strongly depends on the coherence of the signs of the two involved
circuits. Such results on the functionality of motifs allow to improve the dynamical analysis
of large regulatory biological networks.
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One of the key advantages of Boolean models is their low complexity that allows for a
more comprehensive analysis of the state space comparative to, e.g., ordinary differential
equation (ODE) models. However, scalability is still an issue, in particular, when considering
asynchronous update schemes that are often better suited for capturing the behaviour of
biological systems and more comparable to ODE models. To tackle this issue, instead
of considering the full state transition graph the model dynamics can be analysed on a
coarser level. Rather than computing one trajectory step by step, sets of trajectories can
be described by sequences of invariant sets finally leading to an attractor. In this talk, we
will discuss some applications of this idea both in the context of single model analysis as
well as for model sets.
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Located at the basis of the deuterostome branch, echinoderms occupy a unique position to
study the regulatory networks governing embryo morphogenesis. The dorsal-ventral (D-V)
axis specification in the sea urchin Paracentrotus lividus is controlled by various transcription factors, including two TGF-βs: Nodal and BMP2/4. However, the signalling network
downstream of these key morphogens is not yet fully understood. To identify Nodal and
BMP2/4 target genes, we have performed a systematic functional analysis using RNA sequencing and in situ hybridization screens. The analysis of these data enables to delineate
novel interactions. To gain further insights into this developmental process, we have developed a predictive dynamical model of the corresponding signalling/regulatory network.
More specifically, using a logical modelling framework, we account for the specification of
three main ectodermal regions along the D-V axis (ventral, ciliary and dorsal ectoderm) in
terms of specific marker gene expression patterns. In our model analysis, we first focused on
the computation of stable states and on their reachability in single representative cells, depending on signalling inputs. Next, taking advantage of the software EpiLog (http://epilogtool.org), we have simulated grids of cells connected through signalling molecules. These
model simulations correctly reproduces the wild-type pattern, as well as various reported
embryo mutant phenotypes, including double Nodal mRNA injections.

219

Friday, July 27th, 11:00

Room: C8.2.06

MINISYMPOSIUM
RECENT TRENDS IN THE MODELING AND CONTROL
OF THE GLUCOSE-INSULIN SYSTEM
Organizer
Pasquale Palumbo
CNR-IASI “Antonio Ruberti”
Rome, Italy
pasquale.palumbo@iasi.cnr.it

Co-organizer
Alessandro Borri
CNR-IASI
Biomathematics
Laboratory,
Rome, Italy
alessandro.borri@biomatematica.it

Minisymposium Keywords: Glucose-insulin system, Diabetes, Physiological modeling, Control
methods
Mathematical modeling of the glucose-insulin feedback system is necessary for the understanding of
the homeostatic control, to analyze experimental data, to identify and quantify relevant biophysical
parameters, to design clinical trials and to evaluate diabetes prevention or disease modification
therapies. During the last decades, several models describing specific external perturbations have
been presented (such as the Intra-Venous Glucose Tolerance Test, the Oral Glucose Tolerance
Test or the Euglycemic Hyperinsulinemic Clamp), therefore inevitably focusing on short-term
periods, or detailing a single specific viewpoint of the larger phenomenon. Nowadays, motivated
by the improvements in the technological devices providing more and more accurate Continuous
Glucose Sensors and affordable insulin pumps, the design of artificial pancreas algorithms has
further increased the interest in modeling the glucose-insulin system as a whole, in particular
when the closed-loop insulin delivery control law requires the formal knowledge of the system
model. Comprehensive reviews on the glucose-insulin models can be found (among others) in
[1, 2].
The present Minisymposium aims at introducing very recent trends in the modeling of the glucoseinsulin system, with a special focus on their possible applications to the artificial pancreas. Mathematical models have been extensively exploited in the abstract by György Eigner, “Blood glucose regulation possibilities by modern robust control methodologies”, where robust model-based
control laws need to cope with parameter uncertainties. In Claude Moog’s abstract, “Clinical
assessment of a new biomathematical model for decision making in functional insulin therapy”,
the model is also effectual in making decisions supporting the proper insulin therapy. Multi-scale
modeling is discussed by Gunnar Cedersund in its abstract “Multi-level modelling of diabetes for
improved treatments and understanding”, where he presents an interactive dynamic model, evolving in the sense that new pieces of information can be added and replaced as soon as they show
up, so that the model could be exploited to see how it responds to treatments, drugs, and diets, on
the intracellular, organ, and whole-body level. The idea of the glucose-insulin system as a network
of integrated submodels, properly accounting for the many delayed effects appearing in the submodels communication, is also developed by Jiaxu Li in “An integrated system towards artificial
pancreas and its numerical trials”. Finally, the abstract by Jorge Bondia, “Physiological modelling
of counterregulatory response to hypoglycaemia in type 1 diabetes”, is focused on hypoglycemic
events, an important feature of any insulin infusion therapy, and presents a mathematical model
aiming at properly describing the counterregulatory response to hypoglycemia in Type 1 diabetic
patients.
All these researches support their theoretical results by means of clinical trials.
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Diabetes mellitus (DM) is one of the most widespread disease connected to the human
metabolic system. In case of DM, the gluco-regulatory system is not able to operate on
a normal basis due to different conditions mostly regard to the insulin hormone [3]. More
precisely, the diabetic condition is mostly caused by the lack of insulin (Type 1 DM –
T1DM), the resistance against the hormone (Type 2 DM – T2DM) or both. In the recent
years the effective handling of DM became more crucial due to the continuously increasing
diabetic population. The age standardized size of the global population suffering from DM
was around 422 million world wide in 2014. Unfortunately, the diabetic population has
risen faster in the low- and mid-developed countries than the high-income ones in which the
available treatment may not as advanced [4].
In the last decades the biomedical engineering and physiological control approaches demonstrated their benefit in DM treatment. Advanced mathematical modeling of the physiological glucose-insulin interaction, system identification and controller design solutions have
appeared in order to provide the highest possible quality of treatment. The nature of the
physiological process raises several challenges, which is needed to be handled during the application of the developed control techniques: parameter uncertainties, patient variability,
nonlinearity of the model, time-delay of the glucose and insulin, strict control goals, lack of
precise sensor and actuator models, and other challenges [5, 6].
In DM treatment two different approaches can be used: personalization and generalization.
Personalized models and control solutions have the best performance in case of individuals
from the treatment point of view. However, these solutions cannot be applied on larger population due to their uniqueness. Generalized solutions can be applied on larger population,
although these do not provide the best treatment for individuals.
Due to the aforementioned challenges we propose the use of modern robust control methodologies with the primary goal to avoid hypoglycemia at any cases. The handling of parameter uncertainties, the estimation of internal states and the controller design requires the
use of these techniques instead of the commercially used ones, such as regular ProportionalIntegral-Derivative (PID) or Model Predictive Control (MPC) that have unquestionable
advantages at individualized level [7, 8]. It is not possible to satisfy both of requirements
by using these techniques – although combination of them is possible.
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Handling the model parameters in order to use the above mentioned modern control methods is a challenging task as well. Linear Parameter Varying (LPV) framework has been
demonstrated to be a suitable solution. By the use of LPV methodology the parameter
uncertainties coming from the inter- and intra-variability of patients can be described and
encapsulated. Hence, general robust control on linear matrix inequality (LMI) level, robust
fixed point transformation based control (RFPT) or tensor product (TP) based control can
be used. The lack of sensor models can be bridged by using advanced estimation techniques.
In our research we focus to extend the capabilities of applicable treatment possibilities by
using the aforementioned techniques for a better care [9, 10, 11, 12, 13].
Acknowledgements: Gy. Eigner is supported by the ÚNKP-17-4/I. New National Excellence
Program of the Ministry of Human Capacities. This project has received funding from the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation
programme (grant agreement No 679681).
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The model. Modelling glucose-insulin dynamics is a key factor to improve algorithm
for automatic glycemia regulation. Maximal models attempt to use a full description of
the metabolic regulation and are nonlinear models of high order, with a large number of
parameters. This class of models cannot be identified from standard clinical measurements
and their utility is mainly dedicated to system simulation. Minimal models are parsimonious
and describe the key features of the system. These models are useful to estimate relevant
physiological parameters such as insulin sensitivity. A minimal model of glucose-insulin
dynamics of type 1 diabetes, dedicated to functional insulin therapy, has been developed. It
is linear and includes five states and five parameters. Its static properties show that a unique
value of a constant insulin delivery rate can maintain glycemia at any value when fasting;
this is known in clinical practice as the basal rate. Moreover, tools for functional insulin
therapy such as basal rate, correction factor, carb-to-insulin ratio and duration of insulin
action are derived from the model parameters. The model also fits on standard clinical
data (CGM, injections and CHO estimations) for two days whereas historical models are
fitted on average over 6 hours using data from a glucose tolerance test. The model is named
“long-term” with respect to these good static and dynamic properties.
The clinical trial. A clinical study has begun in October 2017 at Nantes University Hospital. The objective is to assess the relevance of the tools (basal rate, correction factor,
carb-to-insulin ratio and duration of insulin action) computed from the long-term mathematical model. In this study, 40 type 1 diabetic patients in ambulatory conditions, wearing
a Dexcom G4 CGM device, an insulin pump, and counting carbohydrates will be included.
For this study, a linear parameter varying (LPV) algorithm has been developed in order to
catch intraday patient variability. The algorithm can estimate circadian variability of the
basal rate and a different value of the carb-to-insulin ratio for each meal. The correction
factor and the duration of insulin action are assumed to be constant over the week and are
identified as constant parameters. The determination of such tools from one week record of
standard clinical data is used as a genuine tool for supporting decision-making in adjusting insulin therapy. When insulin adjustment proposed by the algorithm is approved by
physicians, the patient will wear the CGM device for another week. Glycemic variability
(time spent above 180 mg/dl, time spent below 70 mg/dl) is used to assess the quality of
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the insulin adjustment. The clinical study is under progress and the forthcoming results
will establish to which extend the biomathematical model estimates are helpful for decision
making.
Acknowledgements: This work is supported by SFD and Ecole Centrale de Nantes.
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Millions of Americans suffer type 1 diabetes mellitus (T1DM) that is caused by the lack of
insulin producing pancreatic beta-cells. Exogenous insulin or its analogues must be daily
administered to utilize and lower the chronic high glucose level, ideally, though an artificial
pancreas, an integrated system consisting of an insulin pump, a glucose monitoring system,
and closed loop control (CLC) algorithms. An effective CLC algorithm is still lacking in
handling the delayed effects of insulin in delivery mechanisms, GMS and the hepatic glucose
production (HGP). The timing discrepancies and dose inaccuracies often cause undesired
glucose fluctuations including both hyperglycemia and dangerous hypoglycemia. Our ultimate goal is to formulate an integrated system, consisting of several submodels, with the
aims to develop and validate effective CLC algorithms for artificial pancreas.
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Background: The risk of hypoglycaemia is still a limiting factor of achieving near-normoglycaemia
in Type 1 Diabetes (T1D). Several glucose dynamic models have been proposed and proven
to be useful in tackling various aspects and physiological responses in T1D research. However, counterregulatory response to hypoglycaemia has not been adequately addressed to
date, although hypoglycaemia is a common scenario in T1D management. Dalla Man et
al. [14] propose a grey-box approach by defining a risk function associated to a paradoxical
auto-potentiation of hypoglycaemia, as part of the UVA/Padova v3.2 simulator’s maximal
model. In this work, physiological models describing counterregulatory response during hypoglycaemia through adrenaline and free fatty acid (FFA) dynamics are sought. Due to
model tractability, minimal model approaches are considered, such as the extension of the
widely-used Bergman minimal model [15], to which extensions considering meal intake [16],
exercise [17] and FFA [18] are already available. Methods: Data from two eu-hypoglycaemic
clamp studies (with different levels of insulinemia -low and high insulin-) of 12 subjects with
T1D were used (total of 24 clamp studies). Bergman minimal model with FFA extension
suggested by A. Roy [18] was considered. In the absence of glucagon response to hypoglycaemia in T1D, adrenaline remains as the first line of counterregulatory response. Thus,
new model components representing adrenaline secretion and action face to hypoglycaemic
levels of glucose were added, including a direct effect on glucose increase and an indirect
effect though the influence of adrenaline in the FFA secretion. Regarding the identification
process, the model was divided into three unit processes: adrenaline, FFA and glucose.
For each of them, the parameters’ values from individual data were estimated with a forcing function strategy. The global optimization algorithm CMA-ES [19, 20] was used for
the parameters estimation of each unit. A least-square-error function was considered as
the cost function to be minimized. The goodness-of-fit was assessed by the coefficient of
determination (R2), MAPE and RMSE.
Results: The proposed extended model successfully captured the FFA, adrenaline and
glucose dynamics during the eu-hypoglycaemic clamp. The goodness-of-fit of glucose profile during the whole clamp was R2(%)= 88.30±8.20%; and during hypoglycaemic range,
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89.10±7.31%. Moreover, the average MAPE(%) of 5.65±2.06 and the average RMSE(mg/dL)
of 5.25±1.83 demonstrate an accurate estimation results. Comparing the results of our
approach with the Bergman minimal model, improvements have been proved during hypoglycaemic phase: average R2(%) across the subjects was 89.10±7.31%. vs 30.35±6.54%
without the model extension. Indeed, this difference was statistically significant during
hypoglycaemia (p=0.028).
Conclusions: A model of counterregulatory effects on plasma glucose dynamics was developed. Based on the eu-hypoglycaemic clamp, the extended model is able to reproduce the
plasma glucose, FFA and adrenaline concentrations in response to hypoglycaemic glucose
concentrations. Inclusion of the adrenaline effect in FFA secretion, which affects indirectly
the glucose production; and, the direct influence of adrenaline concentrations in glucose level
increase made it possible to capture the counterregulatory behaviour during hypoglycaemia
and reproduce the glucose hypoglycaemic profiles.
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Type 2 diabetes and obesity are important precursors for a multitude of complications,
perhaps most importantly in the cardiovascular system. These diseases are caused by malfunctions in a complex web of interacting factors. To bring order in this complexity, we
have for the last 10+ years closely integrated experiments with mathematical modelling, to
first test and refine mechanistic hypotheses for specific sub-systems, and then integrate the
approved mechanisms as pieces in an ever-growing puzzle for the big picture. The resulting
model is dynamic, evolving, and interactive, meaning that we can add and replace new
pieces of information as they appear, and that we can probe patient-specific versions of our
model to see how it responds to treatments, drugs, and diets, on both the intracellular,
organ, and the whole-body level. The model has won awards in diabetes communities, and
is used by several drug development companies. In the presentation, I will go through both
the usage and structure of the model, as well as some of the methodological advances that
has been necessary for acquiring the model’s high usefulness.
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In mammals, tissue’s natural response to injury or disease is associated with a wound healing
process leading to scar formation. Scar tissue is often formed at the expense of normal tissue regeneration, which corresponds to the complete recovery of the system properties and functionalities
after injury. However, some organisms are able to regenerate after injury, and the ability to heal is
developed differently throughout diverse species: from simple tissue repair to the regeneration of
complete organs (as shown in axolotls for instance). One of the major challenges in regenerative
medicine is to trigger tissue regeneration by therapeutically manipulating its natural ability to
form a scar at the time of injury or disease. Understanding the mechanisms at play in both scar
formation and regeneration is therefore of major importance in tissue engineering, regenerative
medicine and various diseases.
If nowadays, research highlights a deeper understanding of the molecular biology of wound healing,
of the complex interplay of cells and the distinct influence of the different cytokines and growth
factors, the mechanisms underlying tissue repair and its failure to heal are still poorly understood,
and current therapies are limited.
The goal of this mini-symposium is to bring together speakers from different backgrounds to offer
a state of the art view on regeneration and scar formation studies through mathematical modelling
including lab experiments, data driven modelling, imaging softwares and theoretical and numerical
analysis. The regeneration/scar formation mechanisms will be explored at different levels (cellular,
molecular and genetic) with particular focus on tissue mechanical aspects, and the mini-symposium
will cover a broad range of applications from orphan diseases to cancer.
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In striking contrast with humans, a number of species have the ability to regenerate substantial parts of their body after tissue amputation. Among the vertebrates, the axolotl
(Ambystoma mexicanum) is able to regenerate the limb and the spinal cord, among other
body parts. By using a combination of mathematical modeling with imaging and cell tracking we identified key cellular mechanisms underlying spinal cord and limb regeneration in
the axolotl. In this talk I will show recent results from our lab suggesting that tissue amputation initiates a regeneration program that mirrors development. To interpret these
results I will discuss a multi-scale model aimed to understand the regenerative responses in
the axolotl in terms of a signaling process triggering acceleration of the cell cycle and cell
displacements.
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Today over 350 million patients worldwide are affected with orphan diseases. To tackle the
associated challenges, in silico models and virtual clinical trials are increasingly explored.
In this study we combined mechanistic modeling with data-driven modeling in an investigative in silico clinical trial to assess the (beneficial) effect of bone morphogenetic protein
(BMP) treatment on fracture healing in patients with congenital pseudarthrosis of the tibia
(CPT). Although the exact etiology of CPT is still highly debated, it is hypothesized that
a mutation in the Neurofibromatosis type 1 (NF1) gene results in an altered phenotype of
the skeletal cells and impaired bone healing. In this study, we generated a set of 200 virtual
patients from a previously established multiscale model of bone regeneration by altering the
parameter values of eight key factors which describe the aberrant cellular behaviour of cells
affected by NF1 mutation. Each virtual patient was simulated to receive no treatment and
BMP treatment. We show that the degree of severity of CPT is significantly reduced with
BMP treatment, although the effect is highly patient-specific. Moreover, machine learning techniques identified four distinct patient groups: adverse responders, non-responders,
responders and asymptomatic. This study demonstrates how mechanistic and data-driven
modeling are useful tools to simulate and mine data from in silico clinical trials, stratify
patient populations, and improve current treatment strategies.
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Much work has demonstrated the importance of biochemical signalling during wound healing, however it has become clear that cells also react to mechanical stimuli. The role of
mechanics during tissue repair, at the cellular level, remains poorly understood.
We are using the Drosophila wing imaginal disc as a model system to understand the
mechanical basis of wound healing. We create wounds in ex vivo cultured wing discs by laser
microablation and perform time-lapse imaging of wound closure. We then use automated
cell segmentation and tracking software (Epitools, Heller et al., 2016) to quantify elements
of wound closure, including the rate of wound closure and associated cell behaviours.
Using a combination of genetic, mechanical and computational modelling approaches, we
have demonstrated that changing the mechanical properties of the tissue is sufficient to alter
the rate at which wing disc wounds heal. By either increasing or decreasing the activity of
Myosin II, we can respectively inhibit or promote tissue fluidity. We find that the level of
tissue fluidity correlates with wound closure rate, such that wounds in the most fluid tissues
close fastest. Using a computational vertex model of wound healing, we have shown that
a local increase in tissue fluidity at the wound edge (rather than a global increase in tissue
fluidity) leads to the greatest increase in wound closure rate. Quantification of Myosin II
levels supports the notion that Myosin activity is inhibitory to tissue fluidity locally, at the
wound edge.
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In this talk, I will review recent advances in modelling cell migration in both 2- and 3dimensions. Advances in experimental data acquisition has given rise to a humongous
amount of experimental data that is amenandable to mathematical modelling. Typical models include coupled bulk-surface reaction-diffusion systems describing the spatio-temporal
dynamics of chemical species that drive cell migration. On the other hand, visco-, hyperand poro-elastic models that describe the cellular architecture and its deformation have been
developed or are in development. To couple the biochemical and biomechanical processes,
geometric partial differential equations have been recently developed for the evolution of
the cell surface membrane that couple the bulk dynamics to the cell surface dynamics as
well as dynamics of the deformation of the environment on which the cell is migrating. In
many cases, analytical solutions are not accessible and novel numerical methods have been
developed to provide approximate numerical solutions of coupled bulk-surface-extracellular
partial differential systems.
Cell migration is a multistep process essential for mammalian organisms and is closely linked
to processes such as development, immune response, wound healing, tissue differentiation
and regeneration, inflammation, tumour invasion and metastasis formation. All these processes require the orchestrated movement of cells through nonhomogeneous environments in
particular directions to specific locations. Errors during this process have serious long-term
health and societal consequences.
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Plants have many unique attributes that distinguish them from other forms of life on earth. Unlike
many other organisms, they rely directly on deep soil resources and this makes them immobile.
To compensate, they develop strategies to explore, sense and respond rapidly to the environment
and establish relationships with neighbouring biological organisms. They have rigid cell walls and
tissues to allow for the growth of large mechanically stable structures and for the long distance
transport of substances. But they also establish local relationships with close soil organisms to
capture water and nutrient and survive in the most diverse environments. The beauty and diversity
of plant growth and forms has stimulated the development of new approaches to describe and model
plant systems and their environment.
The objective of this symposium is to showcase recent theories and tools to describe the physics
of plant growth and their interactions with the soil environment. The symposium will have two
part. The first part will focus on the development of forms and structures (Plant Models A - Plant
development). The second part will focus on biological models in soil (Plant Models B - Modelling
life in soil).
Invited speakers of this minisymposium are: Leah R Band, University of Nottingham, UK; Arezki
Boudaoud, École Normale Supérieure de Lyon, Lyon, France, George Bassel, University of Birmingham, UK; Yann Guédon, CIRAD, AGAP, Montpellier, France; and Matthias Mimault, The
James Hutton Institute, Invergowrie Dundee, UK
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ROOT: CELL-BASED AND CONTINUUM APPROACHES
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Many aspects of root architecture are controlled by the auxin dynamics in the root tip:
auxin plays a crucial role in regulating the root growth and co-ordinating responses to environmental conditions. Determining how the organ-scale auxin distribution is regulated
at the cellular scale is essential to understanding how these processes are controlled. To
this end, we are developing mathematical and computational models to understand how
cellular and subcellular components combine to control the organ-scale auxin dynamics.
We will present two different modelling approaches that are providing complementary understanding of the system. We will first describe a computational vertex-based approach
which enables us to simulate auxin transport within a tissue comprised of actual root cell
geometries and carrier subcellular localizations. This model approach enables us to assess
how key features of the tissue contribute to the auxin streams through the root tip, and enables us to test model predictions via quantitative comparisons with observed DII-VENUS
fluorescent reporter distributions. We gain further understanding using an alternative modelling approach, using asymptotic analysis to derive continuum approximations of auxin
models within idealised tissue geometries. These approximations reveal the underlying features of the system and precisely how cell-scale transport processes contribute to the overall
tissue-scale fluxes. Our work illustrates the benefits of cell-based and asymptotic modelling
approaches in understanding the multiscale nature of plant hormone dynamics.
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How do organs reach reproducible sizes and shapes despite substantial variability at the
cellular level?
The current belief is that a morphogen gradient spanning the organ provides cells with
positional information that controls organ size. Nevertheless, recent evidence suggests that
the simple interpretation of a global morphogen gradient is insufficient for size control.
Moreover, experiments on plants suggest that, counterintuitively, increasing the spatial
homogeneous cell growth leads to (e.g. [1]). We investigate the mechanisms enhancing or
buffering cell variability and the consequences on reproducibility of organogenesis.
We built a mechanical model for growth variability during the formation of 2D organs.
This model consists of a set of coupled stochastic PDEs describing a viscous medium with
spatially variable density and local nematic order, each of which are coupled to mechanical
stress. We determined how variability changes across scales, to understand how heterogeneous cells yield robust organs. These results may be compared to available experimental
data.
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Multicellular organ development is driven by the combination of the division and expansion
of cells, and the mechanical interactions between their neighbours. In plants, cells are
immobilized through shared cell walls, and patterns emerge through the regulated placement
of division planes. Rules following local cell geometry have been devised to predict where
cells will divide, and it is proposed that the iterative repetition of these rules leads to
the emergent cellular organization present within organs. While these local rules have
been examined previously, it remains unknown whether global regulatory mechanisms also
act to co-ordinate the organization of complex multicellular configurations. We explored
this possibility by performing 4D imaging of each the tomato and Arabidopsis shoot apical
meristems (SAM), and topologically analysing their intercellular connectivity using network
science. This enabled the properties of cellular patterning and the outputs of the selforganizing process to be quantified. Using this approach, a previously undescribed global
property of global cellular organization in the SAM was uncovered. Further analyses of
these networks has provided compelling evidence for the presence of a global mobile signal
that mediates the organization of cell across the shoot apex. These results indicate the
presence of a higher-order regulatory mechanism which feeds down onto local rules within
individual cells.
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IDENTIFYING DEVELOPMENTAL PATTERNS IN
PLANT PHENOTYPING DATA
Yann Guédon
yann.guedon@cirad.fr
CIRAD, AGAP, Montpellier, France
Keywords: Developmental patterns, Phenotyping data.
The emergence of robotized plant phenotyping platforms and new generations of sensors
makes available to biologists a huge amount of spatio-temporal plant data of high quality
from the tissular to the whole plant scale. A strong effort has been put on sensor output
treatment and high-throughput data management. Comparatively, the identification and
characterization of complex plant developmental patterns using state-of-the-art methods
at the crossroad between probabilistic models, statistical inference, machine learning and
pattern recognition has been neglected. Hence, only a small proportion of the information
contained in plant phenotyping data is really exploited. The objective of this presentation
will be to show how to fill this gap transposing the approaches that made the success
of computational molecular biology and quantitative ecology in the past decades. The
identification of developmental patterns in plant phenotyping data will be illustrated on
selected examples concerning both the root system and the above ground part of plants and
both the tissular and the macroscopic scales.
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MATHEMATICAL MODELLING AND ANALYSIS OF
THE INTERPLAY BETWEEN AUXIN AND
BRASSINOSTEROID IN PLANT TISSUES
Henry R. Allen
hallen@dundee.ac.uk
University of Dundee
Joint work with Mariya Ptashnyk (Heriot-Watt University, Edinburgh)
Keywords: Auxin Flux, Plant Hormones, Plant Signalling Processe, Pattern Formation in Discrete
Systems.
Plant hormone auxin has key roles in growth and development, many of which are defined
by the heterogeneous distribution of auxin in tissues. It is thought that interactions between
auxin signalling and auxin’s efflux carrier protein PINFORMED (PIN), where PIN turnover
within cells and PIN membrane localisation are governed by auxin and the auxin signalling
pathway, are responsible for heterogeneous auxin patterning. It is observed that, in addition
to auxin dynamics, a balance between auxin patterning and expression of brassinosteroid
(BR), another key plant hormone, is required for optimal growth of plant tissues.
In this work, we derive a mathematical model that links the auxin signalling pathway with
PIN-dependent auxin flux by establishing auxin signalling-mediated PIN turnover based
upon experimental observations, as well as assuming that PIN membrane localisation is
governed by the flux of auxin between neighbouring cells. A system of nonlinear ordinary
differential equations is used to describe the dynamics of auxin, PIN, and the molecules
involved in the auxin signalling pathway in a discrete representation of plant tissue. We show
that our model can reproduce biologically observed patterns under certain conditions, and
we also perform mathematical analysis to illustrate the conditions on the model parameters
that are necessary to achieve various types of patterns in the distribution of auxin in tissue.
When considering auxin flux through the apoplast we show that the dynamics of auxin’s
influx carrier protein AUXIN RESISTANT (AUX1) are essential for biologically realistic
heterogeneous distributions of auxin. By including the crosstalk between the BR and auxin
signalling pathways we analyse the impact of interactions between auxin and BR on auxin
flux and distribution in a plant tissue.
Acknowledgements: H.R. Allen gratefully acknowledges the support of an EPSRC DTA PhD
studentship.
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The aim of the minisymposium is to present to a wider audience an overview of recent progress
made in the use of mathematical models in the field of pest control in agriculture, and to allow
an exchange among researchers on the challenges to be addressed. Topics covered may include
(but are not limited to) environmentally-driven models to predict potential damage; biological
control through pathogens or parasitoids; IPM by using landscape diversity and/or resistant plants;
sustainable food security.
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ARE WE ABLE TO PREDICT PEST DYNAMICS?
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Bordeaux University, 351 Cours de la Liberation, Bordeaux, France
Joint work with Delphine Picart (INRA Bordeaux), Denis Thiery (INRA Bordeaux)
Keywords: Pest modelling, Partial differential equations, Cumulated temperature.
In this talk we consider two type of pests that make many damages in the south west of
France. The first one, Loebesia-Botrana has many cycles per year and causes big damages
in the vineyards. The second one, Chest nut Carpocapse, has one cycle per year and makes
damages in the chestnut production. We build a specific mathematical model describing
the growth of each pest population using field and laboratory data from the south west of
France. These models consists on a set of first order partial differential equations with non
constant velocities depending on the accumulated temperature by the pest. Identifiability
of the hatching rate will be discussed on the light of the possible experimental data. We
will also discuss some questions in connexion with controllability of this type of structured
systems.
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A POPULATION DYNAMICS MODEL AS TOOL FOR
PEST CONTROL IN VINEYARDS
Sara Pasquali
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Keywords: Integrated pest management, Stage structured population model, Control.
Integrated pest management requires knowledge of the phenology and dynamics of the pests
and the environmental variables influencing them. This allows to efficiently apply control
methods able to reduce the impact of pests. The sustainable use of pesticides to control pests
has been regulated by the European Directive 2009/128/EC that aims to reduce environmental and health impact, and to increase product quality. Population dynamics models are
important tools to support decision making for prevention and pest control. We introduce
a demographic model for stage structured populations based on a system of Fokker-Planck
partial differential equations considering a set of biodemographic functions (development,
mortality and fecundity rate functions) depending on environmental variables. This model
is general and can be used for all the insect pests once the biodemographic functions have
been estimated taking into account the biology of the species under study. Here we refer
to the main insect pest in European vineyards, the grape berry moth. This moth has four
biological stages, and larvae are responsible of damages to the grape bunches. Development
and fecundity are estimated using literature data on the biology of the species, while mortality is estimated applying statistical methods, starting from population abundance data
collected in a vineyard situated in Colognola ai Colli (Verona, Northern Italy) for the years
2008-2013. The grape berry moth has three or four generations per year. The larvae of the
second generation are the most damaging, therefore they are considered the main target for
pest control. The model provides pest phenology and population abundance in each stage
for each generation as function of the environmental temperature and host plant phenology.
It then represents a suitable tool to support decision making for pest control.
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A MATHEMATICAL MODEL OF ARMYWORM
DYNAMICS AND CONTROL USING A BIOLOGICAL
CONTROL AGENT
Rachel Norman
rachel.norman@stir.ac.uk
University of Stirling, United Kingdom
Keywords: Africa armyworm, Seasonal mathematical model, Biological control.
The Africa armyworm, Spodoptera exempta (Lepidoptera: Noctuidae) is a pest of cereal
crops in Africa. It is capable of destroying entire crops in a matter of weeks. Its population
grows in response to the rainy season and it is wind dispersed across the continent. There
are a number of possible control strategies for these pests, they include spraying of chemicals
e.g. cypermethrin but there is also the possibility of biological control using a virus which
naturally infects the African armyworm. In this talk we will present a mathematical model
of the seasonal and dynamics of the armyworm, its natural relationship with the virus and
then how we might use this virus as a control agent.
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THE INFLUENCE OF LANDSCAPE DIVERSITY ON
INSECT-PEST DISPERSAL AND ESTABLISHMENT
Claudia Pio Ferreira
pio@ibb.unesp.br
IBB, UNESP, Brazil
Keywords: Diabrotica speciosa, Stochastic cellular automata, Effects of landscape structure.
The effects of landscape structure on species with resource nutritional partition between immature and adult stages is assesed by investigating how food quality and spatial structure
affect the invasion and colonization of the insect pest, Diabrotica speciosa. To this end, a
bidimensional stochastic cellular automata was formulated. Each automata site has a specific culture type, which can affect differently the fitness attributes of immatures and adults,
such as mortality, development and oviposition rates. We derived the mean-field approximation for theis automata model, from which we obtained conditions for insect invasion. Using
artificially generated landscapes, we discussed how the structured heterogeneous landscape
can affect dispersal and establishment of insect populations. Habitat manipulation as a
strategy for regulating natural population densities of Diabrotia speciosa suggested that
intercropping corn with other crop system reduced inset spread through landscape. Spatiotemporal patterns obtained by simulations shown that the availability of corn border at
field edge is key for insect population control. A sensitivity analysis indicated that the main
parameters that influence population density and dispersion speed are insect oviposition
rate and development rate. Preliminary results in a nonstatic landscape is discussed.
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Genetic and epigenetic, as well as non-genetic, or phenotypic heterogeneity, within cell populations
are hallmarks of tumour evolution. These hallmarks co-determine tumour aggressiveness, and drive
clinical outcomes. Quantifying the mechanisms that lead to, and maintain, tumour heterogeneity are important in order to understand selection for therapy resistance, cancer metastasis, and
tumour relapse. Recent advances, e.g. in single-cell sequencing and gene-expression experiments,
have elucidated the roles of (a) genetic heterogeneity, i.e. clonal evolution, and of (b) phenotypic
plasticity and Darwinian selection on these phenotypes. We can now better understand how genetically identical cells can alter their phenotypes in response to external signals. Recent attempts by
mathematical and computational biologists have demonstrated how multiple modeling techniques
can be used to better understand dynamic heterogeneity. This understanding then can identify
better treatment regimens, and help define new therapeutic dosing strategies. These modeling
techniques range from population-based dynamical models of co-evolutionary dynamics in cancer
cell population to mechanism-based models for signaling networks.
Different modeling attempts can benefit a lot by their integration with one another and with different data formats. For example, population-level models focus on interconversions between the
tumour-initiating subpopulation of Cancer Stem Cells (CSCs) and non-CSCs, and have been used
to describe patients’ treatment outcomes. On the other hand, spatial multiscale models of tumour
growth have demonstrated how different therapies–such as inhibiting blood vessel growth–can induce and select for more aggressive cancer cells, thus driving multi-therapy resistance. Future
modeling efforts should identify new multi-scale spatiotemporal models that can quantifying tumour heterogeneity and evolution. With this mini-symposium we seek to point out fruitful avenues
for such future developments.
In resonance with the spirit of ECMTB 2018 as a flagship event for the Year of Mathematical
Biology, this minisymposium focuses on bringing together leading experts, to discuss recent work
and emerging trends in cancer heterogeneity evolution. We aim to strengthen the community of
quantitative oncologists, synergistically drive a better understanding of genetic and non-genetic
intra-tumour heterogeneity, and help to understand how interdisciplinary approaches can guide
finding novel anti-cancer treatment strategies.
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MEASURING SINGLE CELL DIVISIONS IN HUMAN
CANCERS FROM MULTI-REGION SEQUENCING DATA
Benjamin Werner
benjamin.werner@icr.ac.uk
Institute of Cancer Research, London, UK
Keywords: Multi-Region Tumour Sequencing, Tumour Evolution.
Cancer is driven by complex evolutionary dynamics involving billions of cells. Increasing effort has been dedicated to sequence single tumour cells, but obtaining robust measurements
remains challenging. Here we show that multi-region sequencing of bulk tumour samples
contains quantitative information on single-cell divisions that is accessible via mathematical
modelling. Using high-throughput data from 13 human cancers and evolutionary theory, we
measured the in vivo per-cell mutation rate and per-cell survival rate in individual patient
tumours from colon, lung and renal cancers. Mutation rates varied 30-fold between individuals, and survival rates varied between nearly-homeostatic (1/3–almost as much death
as proliferation), to almost perfect doubling per generations (1.0), equating to tumour ages
between 1 and 30 years. Our analysis measures in vivo the most fundamental properties of
human cancer evolution at single-cell resolution.
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UNDERSTANDING THE ROBUSTNESS AND
PLASTICITY OF GENE REGULATORY CIRCUITS
Mingyang Lu
Mingyang.lu@jax.org
The Jackson Laboratory, Bar Harbor, Maine, USA
Keywords: Gene Regulatory Circuits, Stochasticity in Gene Expression.
Stochasticity in gene expression influences the functions and dynamics of gene regulatory
circuits. Intrinsic noises, such as those caused by transcriptional bursting and low copy
number of molecules, are typically studied by stochastic analysis using Gillespie algorithm
and Langevin simulation. Yet, the role of other extrinsic factors, such as the heterogeneity
in microenvironment and cell-to-cell variability, is still elusive. To identify the effects of
both intrinsic and extrinsic noise, we integrate stochastic analysis with our newly developed
algorithm, named random circuit perturbation (RACIPE). Unlike conventional methods,
RACIPE generates and analyzes an ensemble of random models with distinct kinetic parameters. We showed that the expression profiles of stable steady states from random models
form robust clusters. We further proposed using a constant-noise-based method to capture
the basins of attraction and an annealing-based method to identify the most stable states.
From the tests on several synthetic and biological gene regulatory circuits, we found that
high intrinsic noises, but not high parameter variations, merge states together. Our study
sheds light on a novel mechanism of noise-induced hybrid states and provides new analytic
tools to measure the robustness and plasticity of gene regulatory circuits.
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DYNAMICS OF NON-HODGKIN LYMPHOMA CAR-T
CELL THERAPY
Gregory Kimmel
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Moffitt Cancer Center and Research Institute, Tampa, Florida, USA
Joint work with Philipp Martin Altrock (Moffitt) and Frederick L. Locke (Moffitt)
Keywords: Cancer Immunotherapy, Dynamical Systems.
Non-Hodgkin Lymphoma (NHL) is the most common hematologic malignancy in the United
States with an estimated 72,000 new cases (4.3% of all cancer cases) and 20,000 deaths (3.4%
of all cancer deaths) in 2017; the median 5-year survival rate is 71%. Despite the possibility
of cure with front-line chemotherapy, patients that do not response or relapse and develop
refractory disease and have a median overall survival of less than seven months. Chimeric
antigen receptor (CAR) T-cell therapy for refractory NHL relies on expansion of engineered
T- cells that specifically target tumor cells expressing CD19. Here we combine mathematical
modeling with statistical data-analysis based on recent results of clinical studies of CAR
T-cell dynamics in individual patients, to elucidate the key mechanisms that drive evolutionary dynamics of anti-CD19 CAR T-cell therapy. The success of therapy depends on
inflammatory cytokines in the tumor microenvironment, as well as on specific properties of
the heterogeneous CAR T-cell population. Relative abundance of CD 4 and CD 8 cells, as
well as the dynamic proportion of effector cells, are key factors driving the duration to treatment response and the immediate tumor killing rate of this specific novel immunotherapy.
This modeling framework does not only elucidate disease and treatment specific dynamical
properties, but can also inform genetically engineered T-cell properties related to toxicity
and T-cell homeostasis after perturbation.
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MATHEMATICAL MODELING OF CELL DYNAMICS
AND OPTIMIZATION PROBLEMS IN CHRONIC
MYELOID LEUKEMIA THERAPY
Lorand Gabriel Parajdi
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Department of Mathematics, Babeş-Bolyai University, 1 M. Kogălniceanu Street 400084,
Cluj-Napoca, Romania
Joint work with Radu Precup (Department of Mathematics, Babeş–Bolyai University, Cluj-Napoca,
Romania), Vlad Moisoiu (Department of Hematology, Ion Chiricuţă Clinical Cancer Center,
Cluj-Napoca, Romania) and Ciprian Tomuleasa (Department of Hematology, Ion Chiricuţă Clinical
Cancer Center, Cluj-Napoca, Romania).
Keywords: Mathematical model, Chronic myeloid leukemia, Dynamic system, Optimization problem.
In this talk we consider a mathematical model which describes the evolution of the normal
and abnormal cell populations in myeloid leukemia, a cancer of the blood. This mathematical model shows us the transition process from the normal hematopoiesis to the chronic
and accelerated-acute stages in myeloid leukemia [4]. A particular case is considered in the
papers of Dingli, Michor [2], Cucuianu, Precup [1] and Parajdi [3]. Based on this mathematical model we introduce some optimization problems for the treatment of chronic myeloid
leukemia (CML) [5]. The mathematical condition which correspond to the chronic phase is
given by the relation d < D < d/s, where d and D represents the homeostatic amounts of
normal and abnormal cell populations and s is the relative sensibility rate. The therapeutic scenarios are related to the main objective of diminishing the proportion y/x between
abnormal and normal cells under a prescribed threshold, and are planned to minimize the
total dose. Our theoretical results could serve as a basis for further pharmaceutical research
and personalized treatment protocols.
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Partial Differential Equations (PDEs) enjoy a long tradition in the modelling of population dynamics, and in particular of ecological and evolutionary dynamics.
In ecology, PDEs have been used extensively to describe the effects of dispersal on population
dynamics by reaction-diffusion equations. Also in population genetics, there is a long history of
using PDEs to describe the interaction of migration and selection on the evolutionary dynamics
of a spatially structured population. There is also another line of research, dating back to the
1930ies, in which stochastic processes are approximated by reaction-diffusion equations to explore
the effects of genetic drift in combination with selection and mutation on the evolutionary dynamics
of a single population. Finally, PDE and integro-differential equations have been used to describe
the evolutionary dynamics of a continuum of genetic types within a population.
While these problems have been mostly addressed on their own and gave rise to quite separate
fields of biomathematical research, there are many situations where the combined interaction of
population structure (typically spatio-temporal) with evolutionary forces will play an important
and distinctive role in the way populations evolve. In particular, cross-fertilization between these
areas will be extremely useful to facilitate diffusion of mathematical methods between them.
The aim of this minisymposium is to bring together recent research that has been tackling PDE
models at the interface of ecology and evolution.
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Using the Wright-Fisher (WF) process as a paradigm, we will show how to construct a ’discrete weak-formulation’ for discrete-time, discrete Markov Chains (DTDMC). This discrete,
weak formulation will then be used to obtain a degenerated parabolic PDE in the ultra-weak
formulation, when considering the limit of infinite population. Depending on the different
scaling assumptions, this PDE can be purely diffusive, convective-diffusive, or hyperbolic,
and in the particular case of the WF process, it will be measure-valued. We also show that
the hyperbolic PDE is equivalent to the Replicator Dynamics.
The ultra weak formulation is very natural and for models without mutation it provides
the correct continuous counterpart of the conservation laws satisfied by the discrete process.
This approach provides a unified framework to derive several PDE approximations to DTDMCs which might describe either evolutionary, ecological o epidemiological dynamics, and
which might include additional features, as population and spatial structuring for instance.
These results yield further confirmation what is now a common wisdom in population dynamics: PDEs can provide useful and powerful approximations to the dynamics of large
populations in many different contexts. From this observation, we will then provide a brief
review on the PDE modelling of evolutionary and ecological population dynamics, focusing
on the interplay between evolutionary and spatial-temporal structuring dynamics.
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DYNAMICS OF AN ASEXUAL POPULATION FACING
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We consider an asexual population structured by a phenotypic trait and a spacial variable.
The model is a parabolic partial differential equation with a nonlocal (in the phenotypic
variable) competition term. We show that propagative fronts exist for that model, and
explicit their speed. We can then push the analysis further: describe the dynamics of
population in a 2D space with a heterogeneous landscape. We describe then the dynamics
of the range of the population. This approach is interesting for its simplicity (the dynamics
of the range is given by an explicit speed of the interface) and because the range of the
population can be related to presence-absence maps that are used by field biologists. We
illustrate applications of these results: they can provide an interesting insight to investigate
the impact of natural reserves or mountains
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GEOGRAPHICAL BARRIER IN AN UNBOUNDED
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Department of Mathematics, Southern University of Science and Technology, 0755-88018679, Wisdom
Valley, China
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Keywords: Geographical structure, Spatial structure, Subdivided populations, Migration, Long-distance
migration.
We investigate a single-locus diallelic model for viability selection, local migration, and
long-distance migration (approximated by partial global panmixia) in a linear unbounded
habitat with a geographical barrier that may not be symmetric. In particular, we aim to
understand the difference that the geographical barrier makes to the existence, multiplicity,
and the shape of clines with various dominance.
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Selection mutation equations are mathematical models of Darwinian evolution. In this talk
we will analyze the behavior for large time and small mutation rate of a selection- mutationcompetition model for a population structured with respect to a phenotypic trait. We are
interested in the interplay between the time variable t and the rate ε of mutations. We
will show that depending on α > 0 the limit ε → 0 with t = ε−α can lead to population
number densities which are either Gaussian like (when α is small) or Cauchy-like (when α
is large). So, on the one hand we analyze transient dynamics, which could be important in
many biological situations (invasions, infections...) and, on the other hand, we determine
the asymptotic profile of the densities, which shows heavy tails. This could also be relevant
for the survival of the population under environmental changes.
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The last decades have been characterised by a notable progress in experimental equipments, technologies and recording techniques, allowing the recording of enormous data sets in several fields of
biological applications. In neuroscience, over the last five decades, the number of simultaneously
recorded neurons has doubled approximately every 7 years [1], with more than 700 well-isolated
single neurons recently recorded from five brain structures in an awake mouse thanks to a new
developed silicon probe [2]. Another well known neuronal technique is electroencephalography
(EEG), an electrophysiological monitoring method to record electrical activity of the brain, producing massive sets of data. Similarly, advanced experimental techniques have been developed
for studying protein folding, a spontaneous process that transforms a disordered polymer into a
specific three-dimensional structure, with incorrect foldings associated to a wide range of human
diseases. Protein folding data consists of time series with even more than millions of observations.
Such exponential growth in the amount of data was at the origin of a breathtaking expansion
of computational statistics, a branch of statistics combining both methodology and algorithms,
with terms such as “big data”, “data science”and “machine learning”that became more and more
familiar in the news and among non-specialist audiences [3]. Newly developed statistical methods
should then consider both the computational costs and the potential for more accurate mathematical models for the analysis of biological data. Due to the increasing complexity in the models of
interest, the underlying likelihood function, that plays a key role in modern statistics, often cannot be numerically evaluated, requiring the development of innovative likelihood-free statistical
techniques, such as Approximate Bayesian Computation (ABC) [4].
The proposed Minisymposium has three main goals. First, we want to present statistical techniques whose use will provide further insights in different biological areas. Second, we want to
highlight the key role played by computational statistics and Bayesian statistics for the inference
of stochastic biological models. Third, we want to emphasise the existing strong connection and
influence between numerical analysis and computational statistics, and the importance of developing suitable (i.e. efficient, convergent, etc.) algorithms when performing statistical inference. We
will achieve these goals through the proposed five presentations. All speakers have a mathematical
and statistical background, share an expertise in stochastic processes, Bayesian inference and computational statistics, and an interest in tackling statistical problems arising from several fields of
application, in particular from biology, epidemiology and neuroscience (both at single and neural
network level). In particular, ABC methods, accelerated Markov Chain Monte Carlo algorithms,
Bayesian Inference, Bayesian hierarchical modelling approaches and structural preserving numerical methods will be presented, motivated by the fit of single level neuronal data (spike trains),
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EEG data, protein folding data and parameters from multi-compartment models. The proposed
talks tackle some of the hottest statistical issues, and present novel techniques that can also be
applied to any stochastic model yielding the same kind of data.
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In many signal-processing applications, it is of primary interest to decode or reconstruct the
unobserved signal based on some partially observed information. Some examples are all type
of recognition (e.g. automatic speech, face, gesture, handwriting), genetics, genomics and
neuroscience (ion channels modelling). From a mathematical point of view, this corresponds
to estimate model parameters of an unknown coordinate based on discrete observations of
one or more other coordinates.
Here we consider a bivariate stochastic process where available observations are hitting
times of one coordinate to the other, and discuss it in the framework of stochastic modelling of single neuron dynamics. The considered multi-timescale adaptive threshold model
is not simply an ad-hoc model, but can be derived from the detailed Hodgkin-Huxley model,
can accurately predict spike times and incorporate the effects of slow K+ currents, usually
mediating adaptation [5]. When performing statistical inference of the underlying model
parameters, four difficulties arise: none of the two model components is directly observed;
the considered process is not of hidden Markov model type; the underlying likelihood is
unknown/intractable; consecutive hitting times are neither independent nor identically distributed. We tackle these statistical issues by considering Approximate Bayesian Computation [4], a likelihood-free method requiring the development of suitable distance criteria
to apply, e.g., in an algorithm similar to acceptance-rejection. After presenting the method
and proposing several possible distances, I illustrate how to use it on the considered model.
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The goal of our talk is the statistical inference, using approximate Bayesian computation
(ABC) [4], of stochastic neural mass models. These models describe the average properties
of the electrical activity of a whole population of neurons, and have been reported to reproduce for example Electroencephalography (EEG), Magnetoencephalography (MEG) and
Stereo -Electroencephalography (SEEG) data. Here we focus on a specific reformulation of
the Jansen and Rit neural mass model [6] as a stochastic differential equation (SDE) with additive noise [7]. We analyse this new stochastic model through its dynamical and structural
properties. In [7], the authors showed that the distribution of the 6-dimensional solution
process X(t) = (X0 (t), . . . , X5 (t))T , t ∈ [0, T ] converges exponentially fast towards a unique
invariant measure. Moreover, they developed an efficient numerical splitting method that,
differently from standard numerical methods, e.g. Euler’s method, preserves this stationary
structural model property.
We are interested in the statistical inference of this stochastic model, where we make use of
the preservation of the parameter dependent invariant measure. In particular, our goal is
the estimation of two important model parameters that are mainly responsible for changes
in the structure of the system. The first parameter of interest is the internal connectivity
constant C, controlling how the pyramidal cells interact with the excitatory and inhibitory
interneurons. The second parameter is the drift µ of one of the six components, describing
excitatory inputs from neighbouring or more distant columns. From an experimental point of
view, the process X(t) is only partially observed through the EEG-related process Y (t) =
X1 (t) − X2 (t), t ∈ [0, T ], making the statistical inference more challenging. Two main
difficulties arise. First, due to the fact that the non-linear and multi-dimensional SDE cannot
be explicitly solved, the dynamics of the signal process Y (t) can be only computed through
the numerical scheme. Second, the corresponding likelihood function is intractable. We
tackle this by considering the likelihood-free and simulation based ABC approach. This is a
Bayesian technique that necessitates plenty of synthetic data simulations from the original
model. We perform these simulations using the structure-preserving and efficient numerical
splitting method. The crucial part is then to define reliable distance criteria to compare
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the simulated synthetic data with the observed reference data. Here we propose to not
directly compare the signal data, but to calculate distances between their related invariant
densities, that we approximate with a kernel density estimation approach that uses only one
single path of the process Y (t). Using the parameter dependent structural property of the
system, the ABC approach, combined with the adopted numerical splitting method, is able
to provide satisfactory estimates of the parameters of interest. Our satisfactory results on
simulated reference data make the proposed statistical method a good candidate for the fit
of the complex stochastic model to EEG measurements.
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We present a novel Bayesian hierarchical modelling approach to spectral density estimation
for multiple time series based on local mixtures of Gaussian distributions. The proposed
method presents modelling and computational advantages. In fact, the model is easy to
interpret and it allows for quantification of uncertainty. Moreover, it is suitable to data
augmentation algorithms for posterior simulation.
The key motivating application is the analysis of multichannel electroencephalographic
recordings (EEGs). EEGs record measurements of electrical potential fluctuations at multiple locations on the scalp of a human subject. Identifying which locations lead to electrical
brain signals with similar spectral densities, and grouping them based on common spectral
features, is particularly meaningful, as it provides insights about the physiological state of
the subject and about the spatial structure of cortical brain activity under certain experimental or clinical conditions.
In the proposed model, the log-periodogram of each series is modelled as a mixture of
Gaussian distributions with frequency-dependent weights and mean functions. Hence, the
implied model for the logspectral density is a mixture of mean functions with frequencydependent weights. The mixture weights are built through successive differences of a logitnormal distribution function with frequency-dependent parameters. The multiple time series
are modelled hierarchically through hyper-priors on the weight parameters, which allow
to borrow information across time series. In addition to accommodating flexible spectral
density shapes, a practically important feature of the proposed formulation is that it allows
for straightforward posterior simulation through a Gibbs sampling algorithm.
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A biological system can often be decomposed into a number of homogeneously filled “compartments”and the interactions between them. The compartments need not correspond to
a physical space, for example they could represent different species of animals and plants.
Interaction between different compartments happen through the exchange of objects or the
transformation of material. If those changes happen continuously and are influenced by
chance, then a diffusion process can be a good mathematical representation of the model.
Examples are SIR-models for infectious disease or biological neuron models. In this talk I
consider the problem of recovering information about the interactions from noisy observations of (some of) the compartment populations at discrete times.
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Mathematical epidemiology produces many models to describe the epidemic propagation; however,
until recently, the individuals were treated as ”mechanical particles” who react to external stimuli
in a pre-defined fashion. However, experimental data suggests that the decisions that people make
influence in a non-negligible way the overall epidemic dynamics, i.e., the dynamics depends on the
behavior of the individuals. The decision can appear at several levels:
• for vaccine-preventable diseases (when vaccination is not compulsory) the individual (or his/her
parents) can decide whether to vaccinate or not (the so called ”vaccination games”): although the
decision of a single individual does not influence the course of the epidemic, the overall sum of
individual decisions have a strong impact and has to be taken into account by the public health
authorities;
• when the prevention measures are expensive (in terms of time, money, ...) the amount of
prevention is a decision variable (for instance it can depend on the infection risk);
• the information spread on social networks can lead to vaccination decisions related to what close
acquaintances have done.
The goal of this mini-symposium is to bring together researchers interested in the mathematical
models that quantify this impact of individual level decisions to the overall epidemic dynamics.
Acknowledgements: The organiser acknowledges financial support from the Institut Universitaire de France and Université Paris Dauphine, PSL Research University.
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When children vaccination is not mandatory, the choice to vaccinate or not vaccinate children is often the result of the balance between two perceived risks: the risk of infection and
the risk of side effects caused by the vaccine. This phenomenon is known as rational opposition (or pseudo-rational exemption) to vaccination. The rational opposition is paradoxically
due to the vaccine–induced rarity of many infectious diseases and may result in a decline in
vaccination coverage and consequently an increased risk of future resurgence of infection [1]
(see also A. d’Onofrio’s talk in this minisymposium). However, the Public Health System
(PHS) may enact public campaigns to favor vaccine uptake.
In this talk we present some very recent results in the framework of behavioral epidemiology
[2] concerning the interplay between private vaccination choices and actions of PHS to favor
vaccine propensity [3, 4, 5] The impact of key ‘components’ on the disease transmission are
investigated, including seasonality, latency time and, of course, human behavior. The main
tools used include qualitative analysis of dynamical systems and optimal control theory.
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Behavioural Epidemiology of Infectious Diseases (BE) [6] is the new discipline that aims
at modeling the role of human behavior in the spread and in the control of Infectious
Diseases. BE stemmed from the fact that classical behavior-free mathematical models based
on statistical mechanics are often not adequate to describe the complex challenges induced
by the Post-Trust Society.
In presence of a widespread vaccine hesitancy, for example, it is fundamental to model
the dynamics of vaccine propensity (VP) that is determined by the out–balance between
information on the disease spread and information and rumors on (real and imaginary)
vaccine-related side effects [9]. Moreover it is of relevance also the modeling of actions
enacted by Public Health authorities to favour vaccine uptake [10] (see B. Buonomo’s talk
in this Minisymposium).
A classical tool of BE to represent the vaccine propensity dynamics is the imitation game
dynamics (IGD) [8, 9, 10], a classical tool of Game Theory frequently used in Theoretical Economy. In this Talk we will review some recent results on IGD in BE (and on its
limitations).
In particular, we will shortly illustrate:
• Economy–free modeling of IGD as a double contagion of ideas [7]
• The interplay between IGD of VP and the demographic changes in the target population [11]
• Modeling of irrationality [12]
• Going beyond imitation Dynamics [13]
Other important topics such as putting the IGD for VP in the right economic context will
be illustrated in the B. Buonomo’s talk.
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Within the epidemic game literature, there is a disagreement over whether increases in infection risk can discourage prevention. In one theory, increases in infection pressure motivate
prevention, while in another, there is a turning-point beyond which investments drop off.
The discrepancies between these theories can be resolved by modeling diagnosis events explicitly. A unified theory exhibits a turning-point in the optimal social-distancing response
to infection pressure. The turning point is a consequence of decision making under incomplete information. With reliable diagnosis, prevention always offsets infection risk. Without
reliable diagnosis, individuals may be best-off assuming they are infected once infection
pressures are sufficiently high. This creates a public-health trap with high prevalence that
can not be escaped by unilateral action. After estimate conditions for HIV, it seems the
turning-point effects may contribute to traps for core-groups found in some sub-Saharan
countries.
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Joint work with Gabriel Turinici (CEREMADE, Université Paris-Dauphine, PSL Research University,
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We analyze a model of agent based vaccination campaign against influenza with imperfect
vaccine efficacy and durability of protection. We prove the existence of a Nash equilibrium
by Kakutani’s fixed point theorem in the context of non-persistent immunity. Subsequently,
we propose and test a novel numerical method to find the equilibrium. Various issues of the
model are then discussed, such as the dependence of the optimal policy with respect to the
imperfections of the vaccine, as well as the best vaccination timing. The numerical results
show that, under specific circumstances, some counter-intuitive behaviors are optimal, such
as, for example, an increase of the fraction of vaccinated individuals when the efficacy of
the vaccine is decreasing up to a threshold.
Acknowledgements: This research program is supported by the Agence Nationale de la Recherche
(ANR), projects EMAQS (ANR-11-BS01-0017), Kimega (ANR-14-ACHN-0030-01), Kibord (ANR13-BS01-0004) and CINE-PARA (ANR-15-CE23-0019).
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In this mini-symposium we bring together research on spatial patterning across ecology. Although
spatial patterns sometimes look similar, the ecological processes behind these patterns are often
very different. The goal of this mini-symposium is to learn which pattern characteristics are generic
and which are ecosystem specific, thereby facilitating the transfer of mathematical techniques and
the construction of a pattern-based indicator framework for the assessment of ecosystem resilience.
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Natural ecosystems are characterised by a multitude of spatial patterns occurring at a
wide range of spatial scales. They can have the origins in different processes: populationdynamical mechanisms such as competition and facilitation, and behavioural mechanisms
leading to aggregation of organisms in clumps, herds and schools. Understanding of how
different forms of self-organization can interact requires integration of physical, ecological
and mathematical concepts of self-organization, and effective communication between scientists from these fields having very different backgrounds. In this session, we highlight how
this merger of concepts from different disciplines can provide new insights into shapes that
characterise natural ecosystems from small to large spatial scales, and how these patterns
in turn shape ecosystem resilience.
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Vegetation patterns are largely present in nature. Their formation, however, is still far from
being fully understood. A prevailing view is to treat water availability as the main causal
factor for the emergence of vegetation patterns, as they are mostly observed in arid and
semiarid regions. While successful, this hypothesis fails to explain the presence of vegetation
patterns in humid environments. We present here a novel toxicity-mediated model for
vegetation pattern formation and investigate its rich structure. This model consists of three
PDEs accounting for a dynamic balance between biomass, water, and toxic compounds.
Different (ecologically feasible) regions of the model’s parameter space give rise to stable
spatial vegetation patterns in Turing and non-Turing regimes. Strong negative feedback
gives rise to dynamic spatial patterns that continuously move in space while retaining their
stable topology.
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Vegetation patterns are a characteristic feature of semi-arid regions. On hillsides these patterns occur as stripes running parallel to the contours. The Klausmeier model, a coupled
reaction-advection-diffusion system based on the assumption that plants compete for water,
is a deliberately simple model describing the phenomenon. To account for the possibility
of long-range dispersal of seeds, we replace the diffusion term describing plant dispersal by
a more realistic nonlocal convolution of the plant density with a probability distribution.
Our analysis focuses on the rainfall level at which there is a transition between uniform
vegetation and pattern formation. We obtain results, valid to leading order in the large
parameter comparing the rate of water flow downhill to the rate of plant dispersal, for a
negative exponential dispersal kernel. Our results indicate that both a wider dispersal of
seeds and an increase in dispersal rate inhibit the formation of patterns. Assuming an evolutionary trade-off between these two quantities, mathematically motivated by the limiting
behaviour of the convolution term, allows us to make comparisons to existing results for
the original reaction-advection-diffusion system. These comparisons show that the nonlocal
model always predicts a larger parameter region supporting pattern formation. We obtain
the same parametric trends on the rainfall threshold for other dispersal kernels by investigating the model’s solution numerically. By comparing results for these kernels we show
that the tendency to form patterns further depends on the type of decay of the kernel.
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Models suggest that adaptations in vegetation patterns can serve as indicators for ecosystem
degradation. As conditions become harsher, vegetation patterns adapt from a gap pattern,
to a labyrinthine pattern and eventually a spot pattern before ecosystems transition towards
a bare degraded state. In this talk I will present reasons why this indicator framework is
incomplete. First, I will show that Turing patterns are sticky (do not adapt in response to
environmental change) and exhibit multistability (different patterns for the same environmental conditions), which limit their use as indicators for degradation. I will continue by
discussing a class ecosystems with Turing-like patterns that are continuously adapting, even
in absence of environmental change. Finally, I show how in these ecosystems adaptations
in patterns and in their dynamics may still provide ways to assess ecosystem resilience to
environmental change.
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Despite the passing of a 100 years since the publication of Darcy Thompson’s seminal treatise ‘On
Growth and Form’ the majority of phenomena that shape organisms and their environment remain
at best only partially understood. This is in part due to the fact that the processes involved occur
over a multitude of scales from phenomena occurring within a single cell to tissue level or even
population level effects. Mathematics in the form of modelling, analysis and simulation plays a
central role in describing and understanding such multiscale phenomena.
In this minisymposia we focus on the derivation, analysis and simulation of PDE models that
couple phenomena occurring over multiple scales to explain biological processes. The biological
problems range from invasion in ecology to tissue growth. The mathematics involved ranges from
the derivation of rational models using theoretical mechanics to homogenisation and free boundary
problems and advanced numerical techniques for the simulation of multiscale PDEs on complex
deforming geometries. The overall goal is to bring together experts on the derivation, analysis and
simulation of multiscale PDE models in biology to report on recent developments and to illustrate
the applications of mathematical techniques to better understand biological problems as well as
to discuss future directions.
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A hierarchy of PDE models for tissue growth and mechanics will be described and some of
their properties outlined.
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In most of the models in theoretical ecology one assumes that competing individuals experience the same environments. A more realistic scenario would be to study such models
in heterogeneous environments. In this talk, I will be attempting to give an overview of a
recent work which provides a starting point towards understanding the role played by heterogeneous motility on invasion behaviour in mathematical models for competition between
motile species. The results that I present are a joint work with C. Venkataraman some of
which can be found in [1].
We have studied the effect of rapidly oscillating periodic motilities in a competition-diffusion
system for the dynamics of two interacting species while performing simultaneous homogenization and strong competition limits. The limit problem is shown to be a free boundary
problem of Stefan type with effective coefficients. We have also performed some numerical
simulations in one and two spatial dimensions that suggest that oscillations in the motilities
are detrimental to invasion behaviour of a species.
In this talk, I will also be commenting on scenarios where the interspecific competition rates
and the oscillation frequencies in the motilities are of different orders. Mathematically, this
corresponds to performing asymptotic analysis while two parameters vanish independently.
It is well-known that, in contrast with the periodic case, the presence of lower order terms in
parabolic problems with random coefficients might drastically change the effective behaviour
of solutions. This talk will also touch upon some results when the motility coefficients are
periodic in the spatial variables and random in time.
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Animals develop from a single cell. While much is known about the regulatory programs
that control development, it is still an open question how size and shape are determined in
a growing animal. In my talk, I will present a novel mechanism for size control and growth
termination. During growth, patterns emerge that define different parts of the developing
animal. I will discuss how scaled patterning can be achieved on growing domains with a
classical threshold-based French Flag read-out mechanism. The branched trees of lungs,
kidneys and many glands provide a fascinating example of complex shape formation. I will
show how the very different branching patterns in lungs and kidneys can robustly emerge
from the same regulatory mechanism - implemented by very different protein families in the
different organs. Finally, I will discuss the role of mechanics in epithelial organisation and
the origin of Lewis’ law.
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CELL-BASED AND CONTINUUM SCALE MODELS FOR
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Fred Vermolen
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Delft Institute of Applied Mathematics, Delft University of Technology, The Netherlands
Keywords: Burn contraction, Cell migration.
Serious burn injuries are often characterised by the occurrence of contractures and the
development of hypertrophic scar tissue, in which the first-mentioned complication may
cause loss of mobility to the patient. In this talk, we will review cell-scale models used on
the microscopic scale of the skin, as well as fully continuum-scale models, which are used to
simulate larger domains of skin tissue. The models take into account fibroblasts that produce
collagen, as well as myofibroblasts which exert large inward forces to the environment. These
inward forces cause the contraction of the wound. Whereas the cell-scale models are based
on stochastic processes for the appearance of cells, differentiation, death and proliferation
and even migration of the cells, the continuum-scale models posess a deterministic nature.
The uncertainty in the input data as a result of patient-specific values requires the use of
(stochastic) parameter variation, which will also enable the prediction of the likelihood that
a severe contraction takes place.
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Neuroendocrine axes are complex systems regulating core bodily functions from energy homeostasis
to reproduction to stress responses. In the brain-endocrine pancreas axis, for example, beta cells
continuously monitor and control sugar levels by regulating insulin secretion, a hormone that also
modulates feeding behaviour and body energy stores in the brain. Similarly, the hypothalamicpituitary-adrenal axis mediates stress responses by regulating levels of glucocorticoid hormones
through the coordination of molecular, cellular, and multi-organ processes.
Thus, a major biomedical challenge is to quantitatively understand endocrine systems and their
dynamics at different organisational levels: from single cells, tissues and organs to systems-level
coordination. Mathematical modelling captures the complex dynamics of these homeostatic systems by successfully accounting for key properties such as non-linearity, feedback regulation, and
modularity. However, more needs to be done in order to develop models that bridge the gap between organisational levels and increase the impact of biomedical modelling in healthcare. Such
multi-scale quantitative understanding is crucial to develop insight into physiological scenarios,
understanding disease (e.g., metabolic syndromes, hormone imbalances, stress-related disorders)
and design better clinical interventions.
This mini-symposium brings together experts in mathematical modelling of endocrine systems
at different levels of organisation. We aim to develop a common understanding of the major
challenges in studying the dynamic aspects of hormone regulation and outline future directions on
key biomedical questions.
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STOCHASTIC TRANSCRIPTIONAL DYNAMICS AND
SPATIAL SIGNALLING FOR THE PROLACTIN GENE IN
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David Rand
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University of Warwick, UK
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I will review recently developed mathematical methods for reconstructing stochastic transcriptional dynamics from imaging time series and describe how these have been used to
characterise the bursting structure of the prolactin gene. This has revealed general principles that have now been shown by many labs to be ubiquitous for genes. I will then describe
how this has been used to study the coordination of transcription in tissue (the pituitary)
and discuss mathematical methods that enable us to identify signalling and characterise the
nature of the signals.
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Ovarian follicles are the basic anatomical and functional units sustaining gametogenetic and
endocrine functions in ovaries. The development of ovarian follicles is a tightly-controlled
physiological and morphogenetic process, which can be investigated from a middle-out approach starting at the cell level. Our modeling approach calls to the generic formalism of
structured cell populations, that allows us to make mechanistic links between the control of
cell fate (proliferation, differentiation or apoptosis) and that of the follicle fate (ovulation
or degeneration) or to investigate how the functional interactions between the oocyte and
its surrounding cells shape the follicle morphogenesis.
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The stress response depends on the coordination of the hypothalamus, the pituitary and
the adrenal glands for the rapid synthesis and secretion of glucocorticoid hormones. The
biosynthesis of these steroid hormones is regulated by remarkably dynamic processes that
are critical for an efficient response to stress. Though many key factors involved in these
processes have been identified and studied in isolation, the way in which these factors interact
with one another as a dynamic network has not been investigated.
Here, we develop a mathematical model of the interactions between the pituitary gland
and the adrenal Steroidogenic Regulatory Network (SRN) that accounts for key regulatory
processes occurring at different time scales. We postulate how steroidogenic factors respond
collectively to ACTH stimuli from the pituitary, and used our model to predict the time
evolution of steroidogenesis in response to a range of physiological ACTH perturbations,
including basal and acute stress scenarios. We discuss the implications of the model predictions in the light of recent in vivo experiments in the rat.
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The magnocellular oxytocin neurones of the hypothalamus are well known for their role
in milk-ejection and in the homeostatic systems that maintain osmotic pressure, but they
also function as part of appetite regulation, signalling satiety in response to the gut hormone CCK1. Thus oxytocin neurones respond to multiple signals, secreting oxytocin both
peripherally into plasma, from axonal terminals in the posterior pituitary, and centrally,
via dendritic secretion. Blood plasma oxytocin levels give the most accessible measure of
oxytocin neuronal activity, but the relationship between input stimulus and plasma output
response is complex and highly non-linear. In milk-ejection, where a large short pulse of
oxytocin is required, the neurones act as a coordinated network, but in other roles spiking
activity is independent, and the heterogeneous neurones act as a population of independent
cells producing a summed output signal. The input signals consist of many small excitatory
and inhibitory pulses from thousands of input neurones. The oxytocin neurones must act
individually and as a population to process a noisy input signal into a robust output signal.
We have previously developed an integrated input, spiking, secretion, and plasma diffusion
single oxytocin neurone model, accurately simulating in vitro and in vivo response. This
model showed how intrinsic mechanisms such as the after-hyperpolarisation (AHP) act to
reduce signal noise. Here we study a model neurone population, with varied levels of heterogeneity and independence of input signals in order to understand the relationship between
single cell properties and action as a population in producing a robust signal response.
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Keyword: Glucose regulation.
Glucose regulation is an essential function of the human body which allows energy to be
distributed to the brain, organs and muscles. This regulation operates in a cyclic manner,
perhaps as a mechanism for increasing robustness in the presence of sustained glucose stimulations. A model for these oscillations in the ultradian regime was devised in [Li, Kuang,
Mason, Jour Theor Biol,2006] where it was shown that the presence of two delays in glucose
and insulin secretion times provide a pathway for explaining these oscillations. The efficacy
of this control is typically reduced in the presence of diabetes.
In this contribution, we employ a multiple scale approach to obtain approximate expressions
for the limit cycle in this two-delay model corresponding to this feedback loop. The resulting
equations allow to quantify the joint contribution of delays and diabetic parameters (such
as insulin resistance) to the production and accurate tuning of the oscillatory regimes. This
provides a novel technique for estimating the efficacy of glucose regulation in pre- and
diabetic individuals.
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This minisymposium focusses on recent advances in understanding the behaviour and structure of
systems of Ordinary Differential Equations (ODEs) built from reaction networks.
Dynamical systems built from networks of reactions are increasingly being used to study very
complex cellular and bacterial systems. The idea is that theoretical understanding of such systems
will assist in unravelling the important constituents and behaviour of empirical systems and provide
means to predict future behaviour. However, the dynamical systems often have many variables
(molecular species) and parameters, which makes them hard to analyse mathematically.
The set of reactions provides a structural, or graphical, description of the dynamical system, which
is also visually appealing. In the minisymposium, questions about the relationship between the
structure of the network, the ODE system and the behaviour of the ODE system are discussed. In
particular, the minisymposium will focus on two aspects: inference on the structure, that is, the
reactions, from an ODE system alone, and reductionist approaches to understanding the behaviour
of the ODE system.
Reductionist approaches constitute a recent promising trend in network research. Two of the
talks in the minisymposium deal specifically with relating the properties of subnetworks, so called
network “motives”, to properites of the ODE system. In the talk by Banaji, it is shown that
the whole system might inherit an oscillatory behaviour from an oscillatory motif. By cataloging
small oscillatory motifs it is therefore possible to infer the oscillatory behaviour of a vast amount
of systems. The talk of Pantea continues in the same vein and sets out to relate the existence
of multistationarity in large reaction networks from the existence of small multistationary motifs.
Using these approaches, it becomes possible to identify oscillatory or multistationary ODE systems
from just looking at the set of reactions and identifying small motifs.
In the talks by Sadeghimanesh and Wiuf, a different reductionist approach is taken in which a simplified reaction network is constructed, for example by eliminating intermediate species. Whereas
the simplified reaction network might not be realistic, it might still carry important dynamical
information about the whole network. Sadeghimanesh shows, using algebraic approaches, that
properties of the reduced network can be lifted to the whole network. Wiuf shows that QSSA
techniques might be used to relate the trajectories of the reduced and whole network to each
other.
Finally, in the talk by Tóth, it is discussed whether the reactions underlying a dynamical system
can be inferred from the ODE system itself. To what extend can we learn the chemical reactions
from just observing the dynamical behaviour of the system? This is a highly relevant question in
cellular biology where we might be able to observe (part of) trajectories of a system, but rarely
have complete understanding of the stoichiometry involved.
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The first part of the talk provides a short introduction to and overview of the minisymposium.
Reductionist approaches to analysis of models of reaction networks are becoming trendy.
Simplifications of a reaction network might be carried out for various reasons. For example,
a small subnetwork (motif) might carry information about the dynamical behaviour of the
whole network (as illustrated in the second and third talk in the session). A simplification
might also be carried out to reduce the number of variables (molecular species concentrations) or the number of parameters of the system. This might be done to simplify the
mathematical analysis of the system (as in the fourth talk of the session) or because not all
species are detectable in an experimental setting.
In this talk I will discuss a graphical procedure to simplify a reaction network, and its
relationship to the QSSA procedure. In it simplest form it amounts to contract reaction
paths, for example by eliminating intermediate species. In its general form it amounts to
eliminate species that are conserved in loops of reactions in a particular graph. The method
is akin to early work by King and Altman.
Furthermore, it will be shown that this graphical procedure might be interpreted in terms
of the QSSA procedure by dividing the reactions in the original network into fast and slow
reactions (in a particular way). Using results by Sebastian Walcher and co-workers, it will
be shown that the trajectories of the reduced system approximates the trajectories of the
full system.
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Oscillation is known to occur – and play a key role – in a great variety of biological contexts.
At the heart of many biological systems are chemical reaction networks (CRNs), and the
question of when these admit oscillation is of both theoretical and practical interest. Once
a CRN admitting oscillation is identified, it is natural to wonder whether this network
occurs as a “motif” in other larger networks and, if so, whether the larger networks must
themselves admit oscillation. The goal of this work is to phrase this question precisely and
provide some partial answers.
We describe four important ways in which a CRN can be enlarged while preserving its capacity for oscillation. The results hold under various kinetic assumptions, including mass
action. Together they give us a partial order on the set of CRNs, and oscillation is inherited
under this partial order. Armed with this partial order, the existence of a few small oscillatory CRNs immediately implies oscillation in a great number of CRNs, namely all those
which are greater in this ordering than an oscillatory CRN.
The main results are for general CRNs, not necessarily fully open, but lead to an elegant
corollary for fully open networks: if a fully open CRN R with mass action kinetics admits a
nondegenerate (resp., linearly stable) periodic orbit, then so do all fully open CRNs which
include R as an induced subnetwork. This result can be rephrased as “in fully open CRNs
oscillation is inherited under the induced subnetwork partial ordering”.
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BISTABILITY IN MASS ACTION: INHERITANCE FROM
SMALL SUBNETWORKS
Casian Pantea
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West Virginia University, USA
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Bistability, or existence of multiple stable positive equilibria, underlies important cellular
processes, and is a recurring theme in recent work on reaction networks. Here we study
cases when we can conclude that a network admits multiple stable positive equilibria based
on analysis of its subnetworks, and we also present results on small two-species networks,
viewed as building blocks, or “motifs” of bistable behavior.
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In this work we consider reaction networks with intermediates (as described in [1]), with
enzymes (as described in [4]) and networks with toric steady states (as considered in [3]).
Specifically, given a core reaction network and an extension of it obtained by adding Gröbner
bases of the steady state ideal of the core reaction network relate to the Gröbner bases of
the steady state ideal of extended networks. We use this to (1) find Gröbner bases of large
networks from Gröbner bases of simplified versions of them, thereby reducing substantially
the computational cost; (2) infer when extensions of networks with toric steady states
also have toric steady states; (3) pinpoint what/whether intermediates can be target as
responsible for multistationarity.
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FURTHER INVERSE PROBLEMS
János Tóth
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Department of Analysis, Budapest University of Technology and Economics, Hungary
Keywords: Inverse problem, Volpert index, Open problems.
Earlier [2] we have formulated and answered the question: Given a polynomial differential
equation is there a reaction endowed with mass action type kinetics inducing it?
Reviewing results on related questions by Crăciun, Johnston, Pantea, Szederkényi and others
we formulate similar problems and show the solution of some of them.
Given a polynomial differential how unique is the reaction inducing it? Can it happen that
the induced kinetic differential equation has a zero right hand side? Can two reactions
induce the same differential equation? Is it enough to take the exponents of the monomials
of the polynomial right-hand side as reactant complexes to obtain an inducing reaction?
Which are the minimal sets of initial species to produce all the species?
Finally, we formulate analogous questions for the stochastic model and also some open
problems (collected in [5]).
Acknowledgements: The present work has been supported by the National Research Development and Innovation Office, Hungary, under No. SNN 125739.
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A mathematical model, based on a mesoscopic approach, describing the competition between tumor cells and immune system in terms of kinetic integro-differential equations is
presented. Four interacting populations are considered, representing, respectively, tumors
cells, cells of the host environment, cells of the immune system, and interleukins, which
are capable to modify the tumor-immune system interaction and to contribute to destroy
tumor cells. A closed set of autonomous ODEs is then derived by a moment procedure; two
three-dimensional reduced systems of ODEs are obtained in some partial quasi-steady state
approximation and their qualitative analysis is performed.
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The phenomena modeled by means of reaction-diffusion equations occur naturally in chemistry and biology, but also in medicine. The simplest one-dimensional versions of the
reaction-diffusion equation were investigated by Kolmogorow, Petrowski and Piskun and
also Fisher (biological models of population spread) in the first half of the 20th century.
Alan Turing began the study of two-dimensional reaction-diffusion systems in the second
half of the 20th century. He first observed that a stable steady state in a system without
diffusion may lose its stability after considering the diffusion component. On the other
hand, solutions of reaction-diffusion equations reveal a wide range of behaviors, including
the formation of travelling waves.
We are going to study the possibility of the existence of the travelling ways in the FisherKolmogorov type model describing evolution in time of low grade glioma cells proposed
by [1]. Low grade gliomas are primary brain tumours which evolve very slowly in time,
however inevitably cause patient death. In system is coupled with a function describing the
effect of the irreversible damage by chemotherapy treatment of proposed by functionally
alive tumour cells.
Acknowledgements: This work was supported by National Science Centre, Poland, project no.
2015/19/B/ST1/01163.
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[1] Bogdańska M., Bodnar M., Piotrowska M.J., (2017) Modeling chemotherapy for low grade gliomas,
Proceedings of the XXIII National Conference on Applications of Mathematics in Biology and
Medicine, 43–49.

299

Monday, July 23rd, 12:20

Room: C8.2.15

Parallel Session

Cancer I
PROBABILISTIC MODELS OF CANCER: AN ESTIMATE
FOR THE TIME TO RELAPSE
Stefano Avanzini
S.Avanzini@sms.ed.ac.uk
School of Mathematics, University of Edinburgh, UK
Joint work with Tibor Antal (School of Mathematics, University of Edinburgh, UK).
Keywords: Luria-Delbrück, Poisson process, Cancer models, Metastases, Recurrence.
Despite improvements in treatment and therapy of primary tumours, disease recurrence
is still a major cause of death for cancer-diagnosed patients. In particular, even when
a primary cancer is successfully and completely resected, its ability to generate distant
metastases often lead to tumour recurrence.
Mathematically, the initiation and growth of metastases can be described through different generalizations of the famous Luria-Delbrück model. In this talk I will first introduce one of these generalizations, which models the initiations of distant metastases as a
non-homogeneous Poisson process and their growth as independent branching birth-death
processes. The rate of metastases occurrences thus depends on the deterministic primary
growth function n(t): I will consider the cases of constant and exponential functions, and
argue that in some specific parameters regimes they can well approximate the logistic growth
case as well.
Within this framework I will then discuss different features of the model, focussing in particular on the probability distribution of the time to cancer relapse. Finally, time permitting,
I will compare some of the mathematical results provided by this model with real estimates
collected from relevant literature on colorectal cancer.
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The estrogen receptor a (ERa)-regulated enhancers characterization in breast cancer transcriptional program and the molecular mechanisms underlying the repressive functions of
glucocorticoid receptors (GRs) in ERa regulated breast cancer development remain poorly
understood. Here I analyze and integrate the ChIP-seqs/GRO-seq sequencing data to study
the genome-wide characterization of ERa-regulated enhancers and report the repressive role
of GR on these enhancers and their cognate target genes by inhibiting binding of MegaTrans complex. GR SUMOlation plays the role of leading stable trans-recruitment of the
GR-N-CoR/SMRT-HDAC3 co-repressor complex on these enhancers. Together, these results delineate active enhancers in a transcriptional program and uncover a mechanism that
DNA-binding nuclear receptors recruitment in trans act effectively repressive role in regulation of target enhancers’ biological function, with clear implications for breast cancer and
other diseases.
Acknowledgements: Qi Ma is the recipient of American Cancer Society Postdoctoral Fellowship
(129845-PF-16-211-01-TBE)
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Drug resistance is still one of the major causes of poor therapy outcomes in cancer. Chemotherapy agents are generally designed to target cells that are rapidly dividing, acting on specific
cellular pathways that regulate cell replication. However, in many cancers there exists
a low-proliferating cell population that can elude the action of these drugs, contributing
significantly to treatment resistance. Notably, recent investigations have proposed that
compressive stresses may act on solid tumors by hindering cell proliferation. Indeed, these
mechanical stresses have been shown to induce growth inhibition by a mechanotransduction pathway that controls cell entrance in the replication stage. At the moment, only a few
studies have investigated the influence of mechanical compression on the therapeutic efficacy
of cancer treatments. In this work [1], we develop an existing mathematical model, based
on porous media mechanics, which is able to account for the presence of mechanical stresses
in solid avascular tumors. We introduce governing equations for the transport and uptake
of a chemotherapeutic agent, which is assumed to target cell proliferation. Model equations are adapted for tumor spheroids, and the interactions between compressive stresses
and drug action is investigated. Interestingly, we find that the variation in tumor spheroid
volume, caused by the presence of a drug that targets cell proliferation, is significantly
influenced by the compressive stress levels in the cell aggregate. Our results suggest that
mechanical compression in the tumor may compromise the efficacy of proliferation-targeting
chemotherapeutic agents. Indeed, a therapy dose that is effective in reducing the tumor volume in stress-free conditions may not perform equally well in a mechanically compressed
environment.
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Hepatocellular carcinomas show distinct gene expression profile and response to therapy in
different patients. Therefore, design of efficient therapeutic strategies requires understanding of the function of tumor-promoting genes in individual tumors, and faithfull prediction
of the therapeutic response of the molecular network in which the tumor promoting genes
exert their function. Here, we identify a gene regulatory network (GRN) which drives development of HCC. The activity of the network correlates with vital prognosis of HCC patients,
with proliferation and embryonic markers and was found to be specific to gastrointestinal
cancers. Based on data from the The Cancer Genome Atlas and transfection experiments,
we generated and calibrated a quantitative mathematical model which allows to theoretically predict the impact of one GRN component on the expression of all the others. We then
compared the impact on the GRN of pharmacological inhibition of a network component
in cultured HCC cell lines with the model’s predictions of a pharmacological inhibition.
The experimental data faithfully recapitulated the model predictions. We conclude that the
mathematical model, which is made available via two user-friendly applications deployed on
a web platform, can be used as a tool to predict the impact of therapeutic agents targeting
the GRN.
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Recognized as one of the hallmarks of cancer, cancer cell invasion into tissue is a complex
process that plays a key role in the growth and spread of cancer, culminating in metastatic
spread (secondary cancers). One common aspect of all cancer progression is the secretion of
matrix degrading enzymes (MDEs) by the cancer cells that modify or destroy the surrounding tissue or extracellular matrix (ECM) and support local cancer cell invasion. In conjunction with MDE activities, increased cancer cell motility due to changes in cell-adhesion
properties further exacerbates the invasion. Transmembrane calcium-dependent adhesion
molecules (cadherins) interact with intra-cellular proteins, such as β-catenin and give rise to
adhesion junctions. Of particular importance in cancer invasion are the dynamics between
the calcium-sensing receptor distribution and the calcium ions (Ca2+) from the ECM. In
addition to cell-cell adhesion, the binding of various ECM ligands to cell-surface receptors
(integrins) enables cell- matrix adhesion. Thus, processes occurring at a molecular (micro)
scale give rise to processes occurring at the tissue (macro) scale, via processes taking place
at the cellular (meso) scale. The interplay between micro-, meso- and macro-scale processes
involved in cancer cell invasion are still not fully understood. This talk will address recent
advancements in multiscale modelling of cell-cell adhesion inside the tumour in conjunction
with the activity of various proteolytic processes occurring along the invasive edge of the tumour. Finally, we will present computational simulations of the resulting multiscale moving
boundary model and discuss a number of important fundamental properties that follow.
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The usefulness of multi-scale models to disentangle complex cancer processes such as treatment response has been widely acknowledged. However, a major barrier for multi-scale
models to predict the outcomes of therapeutic regimens in a particular patient lies in their
initialization and parameterization in order to reflect individual cancer characteristics accurately. In this study we use multi-source routinely acquired measurements on a single breast
tumor, including histopathology, magnetic resonance imaging, and molecular profiling to
personalize a complex multi-scale model of breast cancer treated with chemotherapeutic
and anti-angiogenic agents. We model the dynamics of drugs in the tissue (pharmacokinetics) and the corresponding effects on their targets (pharmacodynamics). We implemented a
computer programme that simulates cross-sections of tumors under a randomised 12-week
therapy regime and demonstrated how the model was able to reproduce and explain the
treatment outcome of patients from a clinical trial for both responders and non-responders.
Our model-driven approach for the integration of multi-source clinical data helps to identify
the most relevant tumor features differentiating treatment outcomes in each patient. Furthermore, it can be used to suggest alternative regimes for non-responders with improved
outcomes, as we show by scenario simulations.
Acknowledgements: The research leading to these results has received funding from the European Union Seventh Framework Programme (FP7-PEOPLE-2013-COFUND) under grant agreement n◦ 609020 - Scientia Fellows.
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Rüdiger Schmitz (University Medical Center Hamburg-Eppendorf, Germany), Anja Bethge
(University of Applied Sciences Stralsund, Germany), Udo Schumacher (University Medical Center
Hamburg-Eppendorf, Germany) and Gero Wedemann (University of Applied Sciences Stralsund,
Germany).
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Growth and spreading behaviour of tumours and metastases are still subject of intensive
research regarding the most effective treatment intervention in individual cases. It is difficult
to evaluate experimental data regarding different treatment strategies and its individual
characteristics for their clinical relevance. Our collaboration developed a computer model
which allows a quantitative comparison of effects of treatment interventions with clinical
and experimental data.
The computer model is based on a discrete event simulation protocol. Analytical functions
describe the growth of primary tumour and distant metastases, a rate function models
the intravasation events of the primary tumour and its metastases. Events describe the
behaviour of the emitted malignant cells until the formation of new metastases.
We analysed data from experiments with untreated groups of mice from human small cell
lung cancer lines OH-1 and extracted information about the growing and spreading behaviour. On this basis we modelled experimental data from groups of mice, which were
treated with chemotherapy and radiation therapy. Our results reveal that the fractal dimension of the primary tumor vasculature changes during treatment. That indicates that
the therapy affects the blood vessels’ geometry. We corroborated that finding by a quantitative histological analysis showing that the blood vessel density is depleted during treatment
[1].
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T-cells, part of the human adaptive immune system, have T-cell receptors that recognize
antigens (i.e. short amino acid sequences) presented by cells. Each T-cell clone responds to
a different antigen, and therefore the T-cell repertoire is highly diverse. To prevent autoimmunity, this repertoire undergoes strong negative selection against ‘self’ antigens during
T-cell development, leading to a skewed diversity that primarily responds to ‘foreign’ antigens (e.g. viral). Proto-tumor cells initially start out presenting only ‘self’ antigens typical
of their cell-type of origin, since they arise from normal tissue cells. However, oncogenic mutations will cause the antigenic profile of a tumor cell to emerge from the protective shadow
of self-antigen privilege. This exposure can occur through production of mutated antigens
that appear ‘foreign’, or by over-production of self-antigens to a level at which they foment
an auto-immune response. The accumulation and diversification of oncogenic strategies (i.e.
acquisition of beneficial ‘drivers’) is therefore subject to increased exposure to immune attack, particularly in early-stage tumors where broad immunosuppressive strategies have not
had time to develop. Here, we use a mathematical model to study how different aspects of
tumor progression (cell turnover rate, radial growth rate, mutation rate, vascular density,
and tissue density) stimulate different immune responses. These lead to either complete
tumor eradication by the immune system, or immunologic escape and tumor growth. In the
tumors that do escape, different patterns of heterogeneity emerge (e.g. big bang vs. clonal
sweep vs. highly diverse). Additionally, a diversity of T-cell memory is developed over time,
which has implications for the viability of future oncogenic alterations.
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The preoperative endocrine prognostic index (PEPI score) is a prognostic indicator for
relapse-free survival for estrogen-receptor-positive breast cancer patients. An upcoming
clinical trial at the Moffitt Cancer Center for women with stage 2/3 ER+ tumors will
combine an aromatase inhibitor (primarily anastrozole) with a checkpoint inhibitor against
PD-L1 (durvalumab) with an endpoint of lowering the PEPI score.
However, the PEPI score is a fundamentally a static index, measured at the end of neoadjuvant therapy before surgery. We have developed a mathematical model to mimic the
essential indicators of the PEPI score (status of lymph metastases, tumor size, proliferation
rates, and hormone receptor status) in order to 1) identify successful combination therapies
that minimize both tumor burden and metastatic potential; and 2) track the time-dependent
trade-offs associated with the PEPI score using combinations of aromatase inhibitors and
checkpoint inhibitors.
To accomplish this, two axes of (measurable) expression were identified: CCR7 and PD-L1,
modelled as players in an evolutionary game, each with known correlations to metastatic
potential and response to drug therapy. Evolutionary game theory is used to generate hypotheses, test the model platform, and aid with clinical intuition. The coupling of tumor
ecology (competition of CCR7 and PD-L1 phenotypes) with a model of tumor population growth dynamics is able to highlight the inherent time-dependent trade-off between
metastatic risk (and non-responsiveness of therapy due to phenotypic evolution) and tumor
progression.
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My talk will be organised as questions with possible tracks to answer them.
•Cancer may be defined as a spatially localised loss of coherence between tissues in the same
multicellular organism, ‘spatially localised’ meaning initially starting from a given organ in
the body, but also possibly due to flaws in an individual’s epigenetic landscape such as
imperfect epigenetic control of differentiation genes. Do we agree on this?
•What does such coherence consist of? Some known biological pathways provide hints to
answer this question; in particular the interferon way is likely to be involved.
•“The genes of cellular cooperation that evolved with multicellularity about a billion years
ago are the same genes that malfunction in cancer.” (Davies and Lineweaver, 2011): How
can these genes be systematically investigated, looking for zones of fragility - that may
depend on individuals - in the tinkering (F. Jacob, 1977) evolution is made of, tracking
local defaults of coherence?
•What is the part of lack of communication (e.g., by gap junctions) occurring between cells
of a given differentiated tissue in this lack of coherence, what intercellular signalling may
be involved, and how is it dependent on local / general energetic / metabolic conditions?
•Some specific genes related to stress response have been identified as cold genes (A. Wu et
al., PNAS 2015), i.e., with no variability, highly conserved throughout evolution to make a
cell population able to resist destruction coming massive external insult (such as cytotoxic
drugs at high doses) by launching distributed-phenotype stress response, and these cold
genes seem to be overexpressed in cancer, leading to drug-induced drug resistance. Bet
hedging of the drug resistance mechanisms launched by cold genes, related to within-tissue
heterogeneity, seems to be specific of cancer. Is there not only lack of coherence between
cell types, but also within the population of a same cell type (heterogeneity), in cancer?
•Whereas the Evolution of species contains in itself evolutionary branching, leading to
isolated species, little communicating between them and allowing for nonconflicting coexistence, the evolutionary branching yielding about 200 different cell types in a spatially
constrained human organism inevitably leads to communications between these cell types,
that can be of competitive or mutualistic type, but all these cell types derive from the same
initial cell. How do normally differentiated cells recognise other cells as of the same kin and
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normally differentiated, i.e., what sort of self is involved in this friend-or-foe recognition and
how does it call immunogenic response when such recognition returns negative?
•Related to this question of self, what parallelism can be established between the development of multicellularity in different species proceeding from the same origin and the
development of the immune system in these different species?
•Finally, what mathematical models, aiming at providing rules for prediction and prevention
of cancer, and relying on what biological - both genetic and epigenetic - substrate, should
be developed to investigate coherence within and between cell populations in a multicellular
organism?
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Hypoxic cancer cells in solid tumours express reduced sensitivity to anticancer treatments
such as radiotherapy and some chemotherapeutic drugs. Thus hypoxia has an adverse effect
on treatment delivery and significantly impacts clinical outcome. Consequently, multiple
strategies to combat hypoxia have been explored. Hypoxia-Activated Prodrugs (HAPs)
present a means to not only combat, but also exploit, hypoxia. HAPs are bioreductive
prodrugs that reduce, and thus convert, to active cytotoxins upon reaching hypoxic regions.
These drugs act as trojan horses, being harmless until they are converted in target areas.
Despite being conceptually promising, clinical trials of HAPs have produced mixed results.
In order to closely study the appropriate conditions and optimal delivery of multimodality treatment regimes that involve HAPs, we have developed a three-dimensional in silico
framework. Our framework is based on a multiscale mathematical model, specifically a cellular automaton incorporating intracellular, extracellular and intercellular dynamics. Our
results indicate that the successfulness of HAP-Radiation combination treatments depend
on multiple factors including tumour oxygenation status and synergistic bystander responses
in cells induced by both HAPs and radiotherapy.
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We consider a model of low grade gliomas and its response to the chemotherapy treatment.
The presented model is a modification of the model proposed in [1]. The model presented
in [1] fits well to medical data. In that model tumours growth is governed by a logistic
term. However, there are biological evidence, that shows that tumour proliferation does
not stop but rather the proliferation process is balanced by death. This is important in
this modelling approach as it is assumed that damaged tumour cells die when they try to
divide. Moreover, one of parameters of the model presented in [1], that reflects the number
of division tries of damaged tumour cell before its death, was estimated to be smaller than
one. We propose a model that overcame both issues. We prove mathematical properties of
the model, global stability of tumour-free equilibrium (under suitable conditions). We also
discuss the stability of the positive equilibrium (if it exists).
In the second part of our work we show that the model fits well to the medical data, we
investigate the stability of the fitting procedure. Finally, we perform sensitivity analysis of
the model identifying parameters that have the largest influence on the model outputs.
Acknowledgements: This work has been supported by National Science Centre, Poland, grant
no. 2015/19/B/ST1/01163 (MB), and by the Spanish Ministry of Economy and Competitiveness
through projects MTM2014-57158-R (MVP).
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Thermo-radiosensitisation offers great potential for the successful treatment of radio-resistant
tumours such as those having hypoxic subregions. However, the influence of tumour response
heterogeneity, due to intrinsic, or micro-environmental factors, on treatment outcome should
also be considered for treatment optimization. 3D tumour spheroids offer the possibility of
studying these effects in a physiologically relevant environment in vitro. We present an experimentally calibrated high performance systems oncology simulation framework to study
their response to radiation (RT), hyperthermia (HT), and combinations of these.
Our simulation framework developed a hybrid cellular automaton model for RT and HT
treatments[1] which has been extended to simulate 3D tumour spheroids. This included
modelling of 3D geometries, oxygen diffusion, treatment specific cell death mechanisms and
cell clearance. The framework was calibrated by modelling selected (un-) treated spheroids
while accounting for the influence of hypoxia induced necrosis at their core. This was
achieved by iteratively solving the oxygen reaction diffusion equation (finite differences)
followed by a probability driven cellular response cascade. The calibrated framework was
then validated against experimental data for additional treatments.
For experimental comparison, human colorectal carcinoma (HCT116) 3D cultures were exposed to RT (0-20Gy), HT (0-240CEM), and combinations thereof, in 3D cultures. Spheroid
growth was monitored for different sized spheroids (diameter on treatment day 250 µm or
500 µm) for 25 days using a cytometer. Immunohistochemical staining of spheroid sections
was performed to analyse viable (KI67), hypoxic (pimonidazole), and necrotic (haematoxylin
and eosin) subregions.
A high performance implementation of the model allowed simulation of large (105 –107 cells)
cell populations within minutes. The results of the computational simulations were matched
with selected experimental growth curves, and distributions of simulated hypoxic cells were
315

comparable to pimonidazol staining in histological spheroid sections. Within the uncertainty
range of the parameters used, simulated oxygen distributions also were able to reproduce
results of an experimentally validated analytical oxygenation model [2]. It was found to be
essential to consider the influence of key underlying cellular response mechanism such as
necrosis, delayed mitotic catastrophe, and cellular senescence because modelling only immediate cell death greatly overestimated spheroid shrinkage. The introduction of a clearance
rate for dead cells (delaying their detachment) also better captured the dynamic growth
response.
The proposed framework provides an important step towards in silico modelling of combination treatments of radiation and hyperthermia in vivo. This was achieved by modelling
treatment response under physiological conditions and accounting for effects of differences
in oxygenation.
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Department of Mathematics & MôLAB-Mathematical Oncology Laboratory, University of Castilla-La
Mancha, Ciudad Real, Spain.1
Joint work with Juan Belmonte-Beitia1 , Gabriel F. Calvo1 , Ana Podoloski-Renic (Dept. of
Neurobiology, Institute for Biological Research “Sinisa Stankovic”, Belgrade, Serbia.2 ) and Milica
Pesic2
Keywords: Cancer, Multidrug Resistance, Partial Differential Equations.
Resistance to chemotherapeutic agents is one of the major obstancles during cancer treatment. One of the most important mechanisms in cancer resistance is the over expression
of membrane efflux transporters, such as the P-glycoprotein (P-gp). These transporters are
capable of releasing a broad panel of chemotherapeutic agents thus contributing to multidrug resistance. Malignant transformation and the presence of cytotoxic agents are two
mechanisms that can drive the overexpression of these proteins. Are these the only two
processes that can confer a resistant phenotype in cancer cells?
In this talk the extragenetic transmission of P-gp, mediated by microvesicles, from cells
overexpressing this protein to non-expressing cells is studied and compared to the other
two processes. For that purpose, a system of hyperbolic integro-differential equations is
presented. The selection of the more resistant phenotypes, the induction of resistance
due to the presence of cytotoxic agents, and the transfer of efflux transporters are the three
processes included in the model.
By considering two populations, sensitive and resistant cells, the model captures the changes
in their P-gp distribution functions in different scenarios. The model is validated with a
large number of in vitro experiments using a lung carcinoma cell line and the relevance of
each of the processes is analyzed and quantified.
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Glioblastoma (GBM) is the most frequent and most aggressive primary brain tumor with a
dismal prognosis and a median survival of 15 months after diagnosis [1]. Astrocytic brain
tumors, the most common type of gliomas, originate in a specific kind of glial cells called
astrocytes. These are incurable neoplasms characterized by a diffusely infiltrative growth.
During GBM progression, the malignant astrocytic cells extend ultra-long membrane protrusions, called tumor microtubes, and use them as routes for brain invasion, proliferation
and to establish a large pathological network or connectome. This structure not only intermingles with the vasculature, but it is also highly resistant to radiotherapy administration
[2]. Therefore, the disrupture of the astrocytoma network by targeting the tumor microtubes is extremely relevant, and it emerges as a new principle to reduce the resistance of
this disease to conventional treatments. In this work we present a phase-field model that
describes the dynamics of the GBM connectome by capturing the interplay between the
tumor microtubes, astrocyte irrigation and angiogenesis. The dynamics of the interface
between the capillaries, the cells and the stroma, is treated with the phase-field formalism,
using two order parameters. The activation of the tip cell phenotype in endothelial cells is
implemented in the model through an agent-based component. The same approach is used
for the tip of the tumor microtubes in the tumor cells. The vessels follow the gradient of an
effective factor, in this case VEGF, and the tumor microtubes of the glioma cells follow the
gradient of another effective factor, presumably TGF. Our numerical simulations elucidate
the role of irrigation in regulating the interconnectivity of malignant astrocytes in vivo.
Acknowledgements: Acknowledgements are optional and should not be longer than 250 characters. If not needed, please comment it out.
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Colon cancer is one of the most common and aggressive cancers. However, if it is diagnosed
at an early stage, it proves to be much less aggressive. The understanding of the phenomena
that are at the origin of this disease is therefore fundamental. The surface of the human
colon is densely punctured by tiny tubular cavities called crypts. The process of cellular
renewal of the colon epithelium takes place in these crypts. It is believed that one of the
first manifestations of colon cancer, observable in vivo by conventional colonoscopy, is the
appearance of aberrant crypt foci. These are clusters of crypts that have a behavior different
from the normal ones, namely the abnormal shape of their top orifices and the abnormal
proliferative capacity of their cells. We propose a space-time model that correlates an
abnormal cell proliferation in the colonic crypts with aberrant shapes of these crypt’s top
orifices. The model is formulated in a two-dimensional domain, representing a single crypt
and its surrounding region in the colon (see [1, 2] for related articles). The cell renewal
process within the crypt is represented by a continuous cell dynamics model. The cellular
proliferation causes a pressure that is responsible for the convective movement of the colonic
cells, and which, in the normal case leads to a stable solution. An increase in the cells’
proliferative capacity causes an increase in pressure and consequently a change in the normal
colonic cellular mechanism. In this proposed model, the colonic crypt is considered to be an
elastic material, while the surrounding colonic material is assumed to be visco-elastic. The
internal forces acting in the colonic tissue are originated by the variation of the pressure
generated by the abnormal alteration of the cellular proliferation. The numerical simulations
show that it is possible to relate the various abnormal shapes of the colonic crypt’s orifices,
found in vivo in colonoscopy exams, with changes in the proliferative capacities of the cells.
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The ability of cancer cells to invade neighbouring tissue from primary tumours is an important determinant of metastatic behaviour. Quantification of cell migration characteristics
such as migration speed and persistence helps to understand the requirements for such invasiveness. One factor that may play a role here is how local tumour cell density shapes
the migration characteristics, which we here investigate with a combined experimental and
modelling approach. As a first step, we analysed time-lapse imaging data on three aggressive
Triple-Negative Breast Cancer (TNBC) cell lines (MDA-MB-231, Hs578t, and HCC38) during 2D migration assays at different cell densities. HCC38 cells exhibited a counter-intuitive
increase in speed and persistence with increasing density, whereas the other cell lines did
not exhibit such an increase. Moreover, HCC38 cells could be distinguished from the other
cell lines because they exhibited cluster formation, and the clusters were more stable at low
than at high cell densities. This suggests that the cluster formation is related to the changes
in migration characteristics.
In order to integrate these experimental data and obtain a mechanistic understanding of
the density-dependent cell migration characteristics and cluster formation, as a second step
we developed realistic spatial simulations using the Cellular Potts Model (CPM). Because
all three cell lines exhibit high pseudopod activity, we included a description of pseudopod
dynamics in our model. Analysis of the model suggests that pseudopod-driven motion is
the source of directional persistence in these cells. We are currently investigating whether
inclusion of different adhesion properties in the in silico cells can explain the experimentally
observed density-dependent migration characteristics and presence or absence of cluster
formation. Furthermore, experimental work is ongoing to investigate whether inhibition
of cellular adhesion in HCC38 cells will prevent cluster formation and at the same time
alter the density dependence of migratory behaviour. Our project shows how combined
computational and experimental approaches can accelerate scientific progress in a synergistic
fashion, hopefully leading to an increased discovery rate of novel treatment options.
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Nowadays, substantial majority of high-throughput technologies undergo a constant developmental progress, which results in higher precision of experimental measurements, lower
cost of conducting these experiments, but also an easier access to huge biomedical databases.
Thanks to this availability of a vast palette of types of data describing various biological phenomena we are able to infer more insightful and accurate observations as well as mechanisms
driving these observations. Additionally, using sophisticated statistical and mathematical
tools (e.g. Markov Random Fields, Flux Balance Analysis, Petri Nets, etc.) can lead to construction of integrative models that are supposed to discover novel descriptions of studied
phenomena.
In our case study we use the transcriptomic data from the Cancer Genome Atlas and the
RECON2 description of human metabolic network [1] along with the integrative model
described by Shlomi et al. [2] which is a widely used tool for describing the tissue-specific
metabolic activity in human. It turned out that determined metabolic-landscapes perfectly
cluster our data into two well-separable groups. These groups are characterized by specific
reactions, which can be well described as probable cancer progression level. Nonetheless,
we show that the differential gene expression analysis performed on purely transcriptomic
data provides the same result and clustering. Moreover, a further investigation confirmed
that discriminating genes are related to the previously selected discriminating enzymatic
reactions. As a consequence we prove that we do not gain any additional information from
the model that cannot be independently deduced from the transcriptom statistical analysis.
Summarizing, in this work we present how mathematical modeling that is focused on data
integration may lead to misconceptions, and thus how important in the scientific world is the
interdisciplinary communication. Especially, when the goal is to understand and describe
the biological reality.
Acknowledgements: This work was partially supported by the Polish National Science Centre
grant no. 2016/21/N/ST6/01507.
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We develop and investigate a mathematical model of the blood cancer type Philadelphianegative myeloproliferative neoplasms (MPNs) [1]. The MPNs have a low incidence but a
prevalence as lung cancer, since most MPN patients live with their MPNs for decades although with an increased morbidity burden due to a high risk of thrombosis and an increased
propensity to develop autoimmune and chronic inflammatory diseases. Chronic inflammation is today considered to be a highly important patogenetic factor for the development of
MPNs – both as a trigger and a driver of clonal evolution. Several years prior to the typical
MPN-diagnosis the patients also have an increased risk of cardiovascular, autoimmune and
inflammatory diseases. During the last decade major breakthroughs have occurred in the
understanding of the pathogenesis of the MPNs, the most important being the identification
of the somatic clonal markers – JAK2, MPL and CALR.
We develop and investigate a mathematical model of the MPN dynamics coupling the time
evolution of healthy and cancerous stem cells and mature cells and the innate immune
response including inflammatory load. Due to several feedback signals e.g. stem cell niche
interaction, and cytokine feedback on the stem cell dynamics, the governing differential
equations are nonlinear. Parameters are estimated from the literature and from clinical
data.
Due to a time scale separation of the governing equations, we then investigate a new reduced
model with only two dynamic variables and four algebraic equations which approximate
the original model very well. Results of the reduced models comprise 1) Formulation of
identifiable, new parameters being combinations of the original parameters of the problem.
2) Dynamical variables accessible in typical, clinical measurements. 3) The reduction to
two dimensions allows for a complete mathematical investigation of steady states and their
stability. We provide conditions for a globally stable healthy state, MPN state or coexisting
state with low number of cancerous cells. An approximate, closed form solution is derived.
The results are compared to clinical data and implications for treatment strategies are
discussed.
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Angiogenesis, i.e. the process of new blood vessels formation, has been marked as one of the
major hallmarks of cancer [1]. Excessive production of angiogenic factors by tumor cells,
most important of which is vascular endothelial growth factor (VEGF), leads to formation
of chaotic microvasculature networks with abnormal structure of capillaries. Anti-VEGF
therapy, as well as other types of antiangiogenic therapy, results in so-called maturation of
capillaries, i.e., brings them to physiologically normal state, and ceases formation of new
capillaries, that ultimately results in significant decrease of nutrients inflow to the tumor.
However, in several experiments on certain mouse tumor models is has been demonstrated,
that antiangiogenic treatment can lead to transient improvement in oxygen levels inside
the tumor during first days of its administration [2, 3]. This discovery is of great medical
importance, since it provides an opportunity to increase the effectiveness of consequent
radiotherapy, which depends on concentration of oxygen as main radiosensitizer. In works
on the topic, this phenomenon has been explained by transiently enhanced tumor perfusion,
caused by result of capillaries maturation, and leading to increase in oxygen inflow into
the tumor. However, changes in tumor perfusion haven’t been always directly measured in
relevant works, moreover, antiangiogenic therapy has been demonstrated to have ambiguous
effect on tumor perfusion both in mouse tumor models and in clinics [4, 5]. Herein, we
suggest that transient alleviation of tumor hypoxia may manifest itself even under unchanged
tumor blood flow, being caused by the decrease in tumor oxygen consumption rate due to the
reduction of tumor proliferation level, caused by nutrient shortage in result of antiangiogenic
treatment.
We illustrate our hypothesis via the means of mathematical modeling. The model in use
is a spatially-distributed model of reaction-diffusion-convection type. One of its prominent
features is simultaneous account of two basic nutrients, i.e., glucose and oxygen, with detailed consideration of their inflow and consumption, which is crucial for the phenomenon
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under study. We investigate the influence of the model parameters on oxygen dynamics
inside the tumor while neglecting blood flow alterations in result of capillaries maturation;
we demonstrate that transient improvement of tumor oxygenation takes place in a wide
range of physiologically justified values of parameters; also we identify the main factors that
determine oxygen dynamics during antiangiogenic therapy. The obtained results provide
the basis for further search for optimization of combined antiangiogenic and radiotherapy.
Acknowledgements: This work is supported by the Russian Science Foundation under grant
14-31-00024.
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In this talk, I will present a simulation of the clinical trial, IMA901, a cancer vaccination
study in which 9 ‘short’ peptides highly expressed by renal cell carcinomas (RCC) were
injected into the dermis of patients with RCC. In the real trial, it was found that most
patients produced immune responses to only one or none of these peptides, and that no
patient responded to more than three. Considering the differences between patients, we
hypothesise that these results are determined by the amount of administered peptide delivered by specialised innate immune cells (dendritic cells) in lymph nodes, the number of
interacting adaptive immune cells (T-lymphocytes) in the lymph nodes, and the timescales
involved.
We developed a mechanistic agent-based model of immune activation in the lymph node that
quantifies the trade-off between these variables. Two simulated types of immune cells perform an off-lattice random walk until they interact, whereupon there is a chance of immune
activation. One of the cell types presents peptides that its receptors bound to in the dermis.
I will show that when immune activation depends on the amount of presented peptide, the
critical variable that determines immune activation following short-peptide vaccination is
the off-rate of each distinct peptide from this cell type’s receptors. Clinical trial simulations
based on this model successfully capture the range of observed IMA901 patient outcomes. I
will use the biological/clinical insights derived from these simulations to suggest alterations
to the clinical trial design that may have yielded enhanced patient response.
Acknowledgements: This research was supported by a Clarendon Scholarship, Hoffman-La
Roche, and the Engineering and Physical Sciences Research Council (EPSRC), grant number
EP/L016044/1.
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The classical approach in mathematical modeling of tumor growth and therapy regards tumor as a monoclonal population of cells, all of which have the same characteristics. This
approach does not allow to correctly consider tumor progression, which severely limits its
potential, since mutations due to genome instability is one of the general features of cancer [1]. This deficiency has led to emergence of more complicated models of tumor growth
in which tumor cell population is structured by the parameter of age, which changes in time
and quantitatively determines the features of cell behavior [2, 3].
We introduce a novel approach of tumor progression modeling, wherein cell aging is not
considered, however, mutations of tumor cells are accounted for explicitly by the fact that
division of a single cell results in birth of two new cells, which characteristics with a certain
probability differ from that of a parent cell. We introduce a spatially-distributed model of
tumor growth and progression in tissue, which relies on the abovementioned approach. We
investigate the progression of initially monoclonal tumor, considering alterations of two cell
characteristics, i.e., motility and proliferation rate, with mutations leading to simultaneous
changes of opposite sign in values of parameters of daughter cells. Numerical simulations
demonstrate that the outcome of tumor progression depends on the initial values of motility
and proliferation rate. Under sufficiently low values for initial motility the tumor evolves
towards increase in proliferation rate, i.e., the average proliferation rate of the colony increases. Under high initial motility the tumor ultimately becomes more motile, i.e., average
motility of the colony increases, which corresponds to epithelial–mesenchymal transition,
which is considered to be the necessary step for initiation of metastasis in cancer progression. We investigate the influence of different properties, including the rate of angiogenesis
and administration of antitumor therapy, on the direction and speed of tumor progression.
Acknowledgements: This work is supported by the Russian Foundation for Basic Research
under grants 16-01-00709 and 17-01-00070.
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The lamellipodium is a thin, sheet-like structure that is found in the propagating front of
fast moving cells like fibroblasts, keratocytes, cancer cells, and more. It is a dense network
of linear biopolymers of the protein actin, termed actin-filaments. These actin-filaments are
highly dynamic structures that participate in a plethora of processes such as polymerization,
nucleation, capping, fragmentation, and more.
These processes are important for the structure and functionality of the lamellipodium and
the motility of the cell. They are, to a large extent, affected by the extracellular environment;
for example, the chemical landscape in which the cell of resides and the local composition
and architecture of the Extracellular Matrix (ECM), lead to biased motility responses of
the cell. When in proximity to each other, they develop cell-cell adhesion via specialized
transmembrane proteins of the cadherin family. Collectively, they coagulate to clusters of
cells that eventually merge to form cell monolayers.
We model these phenomena using the Filament Based Lamellipodium Model (FBLM); an
anisotropic, two-phase, two-dimensional, continuum model that describes the dynamics the
lamellipodium at the level of actin-filaments and their interactions. The model distinguishes
between two families (phases) of filaments and includes the interactions between them, as
well as between the network of the filaments and the extracellular environment. The FBLM
was first proposed in [1] and later extended in [2, 4, 5]. The FBLM is endowed with a
problem specific Finite Element Method (FEM) that we have previously developed in [3].
In this talk we present the basic components of the FBLM and the FEM and focus on a
series of simulations reproducing fundamental components of the motility of the cells, such
us chemotaxis, haptotaxis, interaction with the environment [3, 4]. We also present our
new findings with respect to cell-cell collision and adhesion, as well as the formation of
clusters of cells and cell monolayers [5]. To confront the increased computational needs of
the monolayer, we have developed a parallel version of our numerical method which we also
address in this talk.
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One of the most fundamental abilities required for the sustainability of life is active cell
migration. The movement of a cell is an extremely complex process, involving a coordination of mechanical forces with biochemical regulatory pathways and environmental cues.
Cell migration plays a key role in several biological processes in complex organisms, from
morphogenesis to leukocytes seeking pathogens in the blood stream. In this work we use
a phase-field model in 3D to describe endothelial cells. We explore how parameters such
as adhesion, fibre density and internal force balance can affect their morphology and migration. We look into cell shape and movement in two different computational setups: a)
micro-patterned fibronectin surfaces, and; b) three-dimensional complex fibre network. For
the first case, preliminary results show that the surface pattern is the main responsible for
the shape geometry, affecting directly the way a cell exerts force and migrates. The adhesion strength reinforces the cell deformation, allowing an increase of the adhered area.
In the fibre network we study the effect of spatial restriction on cell migration strategies
and on the regulation of the cell’s morphology. We quantified the migration and compared
our results with experimental data and with coarse-grained dissipative molecular dynamics
simulations.
Acknowledgements: This work was supported by a STSM Grant from COST Action CA15214
and by the CNPq-Brazil under the grant 235101/2014-1.
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Although many quantitative studies on protein interface binding strengths have been conducted in recent years, with evolutionary arguments put forth on the greater-than-expected
prevalence of symmetric interfaces, the actual evolutionary history is difficult to reconstruct
[1]. An abstract protein assembly model can offer strong analytic capabilities while allowing robust and featureful evolutionary dynamics, and hence allow the evolution of protein
interface binding properties like strength and symmetry to be probed in greater detail.
Modelling a protein interface to consist of I residues, each with a binary value, the interaction strength between two interfaces can calculated as their Hamming (“edit”) distance.
With mutations and fitness proportional selection providing a framework for evolving a
population, the binding interactions can be tracked over time and compared to analytic
expectations.
While the evolved interfaces are nuanced with respect to certain simulation parameters like
the binding threshold “temperature”, the general behaviour shows a clear divergence from
randomly distributed residues, matching observations in existing literature. Additionally,
with complete information on evolutionary history, the increases in structural complexity
can be time ordered, offering further insight into the observed distribution of naturallyoccurring proteins.
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Prediction of the mutation of antibiotics- or antiviral drug- binding proteins is an urgent
need since it would be a remedy for a pandemic. Broad picture of my research is to construct
a protein structure library with possible mutations of bacteria or virus that would have drug
resistance in order to design drugs before or as soon as pandemic happens.
To achieve the goal, we focus on a topological method called “Fatgraph models of proteins
[1]”. Fatgraph models of proteins are topological two-manifold with boundary components
(surface) which have one to one correspondence with three-dimensional protein structures
listed on Protein Data Bank (PDB) [2] with only a few exceptions. The traits of each surface
for each protein are described by the following invariants; Euler characteristics, number of
boundary components, and genus. Fatgraph is also called ribbon graph and has already
proven their utility in theoretical physics including string theory [3].
Objects of the study are penicillin-binding proteins (PBP). Penicillin is a group of betalactam antibiotics (BLAs) which shares the core structure, and it has been developed to
cope with drug resistance caused by mutation, quality of life for patients and so on. PBP
is a group of proteins that have the affinity for penicillin. Methicillin is one of the BLAs
and methicillin-resistant Staphylococcus aureus (MRSA) strains are responsible for most
hospital-onset bacterial infections. MRSA strains are resistant to most BLAs as a result of
the biosynthesis of a penicillin-binding protein with low affinity for BLAs, called PBP2a,
PBP2’ or MecA. [4]
In this research, we constructed Fatgraph models of PBPs and investigated the traits of the
complexes of the surfaces based on PDB especially focusing on MecA. Then, we topologically
examined the transformations of the fatgraphs of the proteins due to the changes of of protein
sequences or existence of ligands. Novelty of this research is that this is the first report on
the relationship between transformation of fatgraph models of the proteins and similarity
of the protein sequences.
Acknowledgements: This work was supported by Grant-in-Aid for JSPS Fellows Grant Number
2511004

337

References
[1] R. C. Penner, et al., (2010). Fatgraph models of proteins. Communications on Pure and Applied
Mathematics. Volume 63, Issue 10, 1249-1297.
[2] H.M. Berman, et al. (2000),The Protein Data Bank. Nucleic Acids Research, 28: 235-242.
http://www.rcsb.org/
[3] R. C. Penner, (2016). Moduli spaces and macromolecules. Bull. Amer. Math. Soc. 53, 217-268.
[4] A. Marrero, (2006).Unbound and Acylated Structures of the Mecr1 Extracellular Antibiotic-Sensor
Domain Provide Insights Into the Signal-Transduction System that Triggers Methicillin Resistance.
J.Mol.Biol. 361: 506

338

Monday, July 23rd, 15:40

Room: C8.2.13

Parallel Session

Cell and Intra-Cell Dynamics I
SCORING, ANALYSIS AND RANKING OF
PROTEIN-PROTEIN DOCKING MODELS BY QASDOM
SERVER ON THE EXAMPLE OF NEF-CALNEXIN
INTERACTION
Anastasia A. Anashkina
anastasya.anashkina@gmail.com
Engelhardt Institute of Molecular Biology of the Russian Academy of Sciences, 119991 Moscow,
Russia
Joint work with Alexei A. Adzhubei
Keywords: Protein-protein docking, QASDOM server, Interaction sites prediction, Models scoring and
ranking.
In molecular biology, bioinformatics and drug design, there is often a need to predict interaction of protein with another protein or ligand. We proposed an approach to protein-ligand
interaction prediction based on the principle of simultaneous use of several docking programs. The advantage of this approach is that the resulting models represent interactions
modelled by different, unrelated methods and therefore it is more reliable than using a single
server.
Evaluation and comparison by experts of all models obtained through different servers takes
a long time and is not suitable for large volumes of data generated by this approach. To
address this problem we have developed a meta-server QASDOM Server (Quality ASsessment of Docking Models) for automatic processing and analysis of the docking models data
[1]. The server is a simple and efficient tool for real-time simultaneous analysis, scoring
and ranking of datasets of receptor-ligand models built by global docking techniques. This
meta-server is designed for users who need to analyze large datasets of docking models,
built by different algorithms and prediction tools, in order to estimate the probability of
specific residues and clusters of residues being involved in the process of receptor-ligand
recognition, to rank the models by quality criteria, and to select the best model. The server
allows visualizing residues forming interaction sites in the receptor and ligand sequence, and
displays three-dimensional model structures of the receptor-ligand complexes.
It was shown that the HIV protein Nef impairs cholesterol efflux mediated by the cholesterol transporter ATP-Binding Cassette A1 (ABCA1), leading to lipid accumulation in
macrophages and their conversion into the ‘foam’ cells [3]. We have modelled Nef - calnexin interaction and obtained reciprocal binding sites in calnexin and Nef structures, and
predicted small molecule compounds that can potentially inhibit this interaction [2]. These
new findings provide a platform for searching for new therapeutic agents to treat HIVassociated co-morbidities.
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The derivation of so-called ‘effective descriptions’ that explicitly incorporate microscale
physics into a macroscopic model has garnered much attention, with popular applications in
poroelasticity, and models of the subsurface in particular. More recently, such approaches
have been applied to describe the physics of biological tissue. In such applications, a key
feature is that the material is active, undergoing both elastic deformation and growth in
response to local biophysical/chemical cues.
Here, two new macroscale descriptions of drug/nutrient-limited tissue growth are introduced, obtained by means of two-scale asymptotics. First, a multiphase viscous fluid model
[1] is employed to describe the dynamics of a growing tissue within a porous scaffold (of the
kind employed in tissue engineering applications) at the microscale. Secondly, the coupling
between growth and elastic deformation is considered, employing a morpho-elastic description of a growing poroelastic medium. Importantly, in this work, the restrictive assumptions
typically made on the underlying model to permit a more straightforward multiscale analysis
are relaxed, by considering finite growth and deformation at the pore scale.
In each case, a multiple scales analysis provides an effective macroscale description, which
incorporates dependence on the microscale structure and dynamics provided by prototypical
‘unit cell-problems’. Importantly, due to the complexity that we accommodate, and in
contrast to many other similar studies, these microscale unit cell problems are themselves
parameterised by the macroscale dynamics. In the first case, the resulting model comprises
a Darcy flow, and differential equations for the volume fraction of cells within the scaffold
and the concentration of nutrient, required for growth. Stokes-type cell problems retain
multiscale dependence, incorporating active cell motion [2]. Example numerical simulations
indicate the influence of microstructure and cell dynamics on predicted macroscale tissue
evolution. In the morpho-elastic model, the effective macroscale dynamics are described by
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a Biot-type system, augmented with additional terms pertaining to growth, coupled to an
advection–reaction–diffusion equation [3].
Improved models accommodating the interaction between subcellular, cellular and tissuelevel behaviour are crucial to understanding tissue growth and mechanics; advances in this
area have clear application to problems in tissue engineering and regenerative medicine.
Here we provide two new multiscale models that accommodate detailed aspects of active
cell behaviour, and finite growth and deformation, respectively.
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A fundamental problem in biology is how cells organize their resource investment. Cellular
metabolism and protein translation, for example, typically each involve hundreds of molecule
types, but it is unclear according to which principles their concentrations are set. We propose
that natural selection causes cells to minimize the total mass density required to carry out
any given cellular process. The rationale for our hypothesis is the observation that the
cytosolic mass density of cells is approximately constant across experimental conditions,
possibly because this density represents the limit of the cytosolic solvent capacity. Any
solute present in the cell utilizes a proportion of the available ’concentration space’. This
space hence represents a limiting resource, which is optimally exploited if the total mass
concentration of all molecules involved in each process is minimal.
In growing bacterial cells, a large fraction of cellular dry mass is occupied by the translation machinery. To test if natural selection minimized the summed mass concentration
of translation components needed to achieve a given translation rate, we constructed a
mathematical model of E. coli translation, fully parameterized with literature values and
encompassing about 100 biochemical reactions. We minimize the combined mass concentration of ribosomes, mRNA, elongation factors, and charged tRNAs necessary for the protein
production rate observed at a given growth rate. Without any free fitting parameters, the
predictions agree accurately with measured concentrations and ribosomal elongation rates
across multiple growth conditions.
We further derive a general equation that relates the concentration of a metabolite to the
concentration of the most abundant and costly enzyme consuming it. For effectively irreversible reactions, optimal cellular investment is divided equally between unbound enzyme
and substrate mass concentrations, a relationship independent of reaction rates and turnover
numbers. Without fitting any free parameters, the resulting model predicts absolute in vivo
substrate concentration from enzyme concentration and substrate affinity with high accuracy.
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Thus, the minimization of the summed mass concentrations of solutes provides a fundamental rationale for cellular investment into different types of molecules.
Acknowledgements: We thank Terry Hwa for sharing his insights on the relationship between
our work and phenomenological growth laws.
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Precise estimates of proliferation rates are crucial for quantitative models of the development
and maintenance of tissues. Continuous labelling assays are a popular approach to infer
proliferation rates in vivo. In these assays, proliferating cells take up a label, e.g. BrdU,
when synthesizing DNA for cell division. Intuitively, more cells take up the label per time
if they proliferate faster. So far, the experimental and theoretical study of continuous
labelling assays focused on the dynamics of the mean labelling-fraction but not on the
labelling-fraction distribution dynamics. To study this distribution dynamics, we developed
a stochastic model of continuous labelling assays. With the model, we study the effects
of cell and sample level noise in the distribution of cell cycle lengths. Using simulated
data as ground truth, we show that current inference methods give biased proliferation rate
estimates. Therefore, we derive analytical results for the Likelihood for our model that can
be used to achieve unbiased estimates of the proliferation rates in vivo.
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The role of symmetric division in stem cell (SC) biology is ambiguous. It is necessary after
injuries, but if symmetric divisions occur too often, the appearance of tumours is more likely.
SC division is enough to keep alive the entire population in several tissues. However, that
is not the liver after an injury hepatocytes have divide. To explore the role of symmetric
and asymmetric division in different cell populations, we propose a mathematical model of
competition of populations, in which SC expansion is controlled by fully differentiated cells.
We explore the different configurations depending on different external factors . We show
that there is an optimal fraction of symmetric stem cell division and an optimal number of
SC, that maximises the long-term survival probability of the organism.
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Biochemical systems often comprise of constituents that are present in small numbers, and
consequently are more accurately characterized as stochastic systems. In the stochastic description, the time evolution of statistical moments for species population counts is described
by a linear dynamical system. However, except for some ideal cases (such as zero- and firstorder reaction kinetics), the moment dynamics is underdetermined as lower-order moments
depend upon higher-order moments. One way to overcome this problem is to employ socalled moment closure methods that give point approximations to moments, but these are
limited in that accuracy of the estimations is unknown. We propose a method to find exact
lower and upper bounds on stationary moments for a given arbitrary system of biochemical
reactions. Here we utilize the fact that statistical moments of any positive-valued random
variable must satisfy some constraints that are compactly represented through the positive
semidefiniteness of moment matrices. Our analysis shows that solving moment equations
at steady state in conjunction with constraints on moment matrices provides exact lower
and upper bounds on the moments. Furthermore, the accuracy of the bounds improves
as moment equations are expanded to include higher-order moments. Our results provide
avenues for development of methods that provide explicit bounds on moments for nonlinear
stochastic systems that are otherwise analytically intractable.
Acknowledgements: This research is funded via NSF grant DMS–1711548.

347

Tuesday, July 24th, 12:10

Room: C8.2.10

Parallel Session

Cell and Intra-Cell Dynamics II
CURVATURE-SENSITIVE KINESIN BINDING CAN
INDUCE RINGS AND CHAOTIC DYNAMICS IN
MICROTUBULES
Simon P. Pearce
simon.pearce@manchester.ac.uk
School of Mathematics and Faculty of Biology, Medicine and Health
University of Manchester, UK
Joint work with M. Heil, O. E. Jensen, G. W. Jones, A. Prokop (University of Manchester).
Keywords: Microtubules, Gliding assays, Inextensible filaments, Induced curvature.
Microtubules (MTs) are one of the main components of cells, and are essential for many
biological functions. As the stiffest cytoskeletal polymer, they are generally seen to be very
straight over cellular lengthscales. However, in areas of neurodegeneration highly curved
MTs are seen with radius of curvature of a micron. Similarly curved MT rings are also
sometimes seen in gliding assays, where MTs are moved over a surface by the motor protein
kinesin, amongst other MTs translocating as rigid rods.
Recent evidence suggests that some microtubule-associated proteins such as kinesin are able
to sense and alter MT curvature, and so we model MTs as inextensible rods with a preferred
curvature, which is controlled by the differential binding of the kinesin. We find that there
exist parameter regimes wherein metastable rings can form, and hence offer this differential
binding as an explanation for these highly curved MTs seen in vitro and in vivo.
For certain parameter regimes, the model predicts that both straight and curved MTs can
exist simultaneously as stable steady-states, as has been seen experimentally. Additionally,
unsteady solutions are found, where a wave of differential binding propagates down the
MT as it glides across the surface, which can lead to chaotic motion via a period doubling
bifurcation.
We will also briefly discuss the use of the compound matrix method/Evans function for
solving eigenvalue boundary value problems, which is available as a Mathematica package.
Acknowledgements: This work was funded by a Leverhulme Trust Early Career Fellowship.
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Decision making is ubiquitous throughout all levels of biological complexity, from social
insect colonies to multicellular organisms to individual cells. Here we present a theoretical
study of cellular decision making mechanisms that describe the choice between different
extracellular carbon sources. Such decision making mechanisms give rise to different consumption strategies the cell can adopt in response to the specific growth rate supported by
each nutrient, as well as their environmental abundance; cells thus often show contrasting
expression levels between their cognate metabolic pathways. In the present work, the system
of coupled differential equations that represent the decision making processes are studied
by means of bifurcation analysis and stochastic time-dependent simulations. We show that
by assigning values to the sugar alternatives in correspondence with the growth rate each
of them support, the transition between a deadlock state and decision deadlock breaking
is enabled by the strength and nature of the inhibition signal. By comparing the dynamic
behaviour of two different inhibitory signalling strategies, we find that the consumption
regimes available to the cell are dependent on the structure of the inhibition signalling
motif. Our results accentuate the importance of the inhibition signalling motif in cellular
decision making and motivate a functional and integrated study of decision making of cells
and microorganisms.
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Cell signalling networks underlie basic aspects of cellular function and their response to
the environment. There are multiple factors which make the dissection and elucidation
of signalling networks challenging. In this talk, we focus on two topics associated with
the complexity of cell signalling networks at different levels, chemical mechanism and spatial organization. In the first part of the talk, we focus on multisite phosphorylation.
Multisite phosphorylation is a basic way of encoding substrate function and a basic constituent of cell signalling networks. Multiple studies have focussed on both distributive
and processive mechanisms of multisite phosphorylation and shown how these mechanisms
are associated with distinct patterns of information processing. We discuss mixed mechanisms of multisite phosphorylation which combine processive and distributive mechanisms.
We focus on how the interplay of processive and distributive mechanisms in phosphorylation/dephosphoprylation can allow for or prevent behaviour such as biphasic dose response
curves, multistability and oscillations. We then build on this to discuss multiple aspects of
multisite phosphorylation as part of cell signalling networks. In the second part of the talk
we focus on the effect of spatial organization in cell signalling. Cell signalling is typically
studied in kinetic terms, and yet it is very clear that multiple forms of spatial organization
exist, in eukaryotes, and in bacteria as well. We systematically examine the effect of spatial
organization and compartmentalization in multiple classes of cascades (enzymatic modification cascades, substrate modification cascades, phosphorelays). This reveals when and
how the spatially organization may contribute significantly in cell signalling pathways. We
then discuss how this can be used as a bridge towards the dissection of concrete signalling
pathways.
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The RAS-RAF-MEK-ERK pathway is an important signal transduction cascade that is
found activated in many types of human tumours. Its activation results in a coordinated
regulation of effectors controlling cell survival and mitogene. The hepatocellular carcinoma
(HCC), the most frequent form of primary liver tumour, is a cancer with one of the worst
prognoses, partially due to the small number of efficient therapeutic strategies. Complex
and indirect mechanisms lead to the activation of the RAS-RAF-MEK-ERK cascade in
HCC. Multiple internal feed-back regulations and cross-regulations among signal transduction pathways determine whether the cancer cells resist to the medical treatment or undergo
cell death by apoptosis. The only current treatment is sorafenib which has been initially
developed for its ability to inhibit the RAF kinases. This targeted therapy has proven efficiency on the patients survival with advanced HCC. Nevertheless, this survival remains low
in the HCC context.
In order to design a more efficient strategy against cancer cells, we decided to investigate the
dynamic regulation of the RAS-RAF-MEK-ERK cascade in HCC cells exposed to sorafenib
by using a systems biology approach. We introduced a mathematical modelling based on
the mass action and on the Michaelis-Menten equation to analyse the dynamic regulation of
the ERK pathway in the cell lines Hep3b, PLC/PRF5 and Huh7, which constitute different
models in terms of sentivity to sorafenib. A first model was built on the CRAF, BRAF,
MEK and ERK components in order to improve our understanding on the sorafenib action
in the pathway regulation. Then, this model was extended to all of the pathway components
to find out the possible mechanims underlying the sorafenib resistance. Some highlights of
our results will be presented.
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Evidence suggests that many G protein-coupled receptors (GPCRs) are bound together
forming dimers. The implications of dimerisation for cellular signalling outcomes, and ultimately drug discovery and therapeutics, remain unclear. Consideration of ligand binding
and signalling via receptor dimers is therefore required as an addition to classical receptor
theory, which is largely built on assumptions of monomeric receptors. A key factor in developing theoretical models of dimer signalling is cooperativity across the dimer, whereby
binding of a ligand to one protomer affects the binding of a ligand to the other protomer.
We present and analyse linear models for ligand binding dynamics at homodimerised receptors, as an essential building block in the development of dimerised receptor theory. In
particular, we derive new conditions on cooperativity factors for which multi-phasic log dose
response curves are seen [1]. This could help explain data extracted from pharmacological
experiments that does not fit to the standard Hill curves that are often used in this type of
analysis. Furthermore, different receptor types may dimerise in response to ligand binding
which leads to a related but nonlinear model. Vascular endothelial growth factor (VEGF)
is a signalling protein that is produced by endothelial cells and promotes the growth of new
blood vessels, and as such cells that can express VEGF are able to deliver the required blood
supply to allow tumors to grow; a process that is known as angiogenesis. This process of
angiogenesis is initiated when VEGF binds to a VEGF receptor and the receptor becomes
activated. It is widely accepted that in order to become activated, VEGF receptors must
be dimerised. The first step in exploring the implications for drug discovery and therapeutics is studying the process of binding and dimerisation. We assume all receptors initially
exist as monomers and dimerise in response to ligand binding one of these monomers. As
affinity for a ligand binding a second monomer, and initiation of dimerisation, is affected
by the first ligand pole being bound, we describe this as cooperativity in this model. Along
with analysing the effects of cooperativity we use parameter estimation to fit our model to
observed experimental data both with and without the drug Cediranib; a drug that is an
inhibitor of VEGF tyrosine kinases.
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In order to better understand development, growth and remodelling of biological tissues and
organs a better understanding of interactions between cells in a tissue is required. Essential parts of communications between cells, as well as cell responses to external and internal
stimuli, are governed by intercellular signalling processes. In this talk we consider derivation
and analysis of mathematical models for cellular signalling processes on the level of a single
cell. A coupled system of nonlinear bulk-surface partial differential equations is used to
model the dynamics of signalling molecules in the inter- and intra-cellular spaces and of cell
membrane receptors. Using multiscale analysis techniques we derive macroscopic two-scale
model for signalling processes defined on the tissue level. Two-scale numerical method is
developed and implemented for simulations of the macroscopic bulk-surface problem. The
nonlinear coupling between microscopic and macroscopic scales induces formation of patterns in the dynamics of solutions of the macroscopic model for cellular signalling processes,
which may correspond to heterogeneity in cellular response mechanisms.
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Two important regulatory pathways of NF-κB and MAPK were found to transmit merely
one bit of information about the level of constant stimulation with, respectively, TNF and
EGF [1, 2]. This somewhat surprising result may suggest that these pathways evolved to
process analog inputs into physiologically interpretable binary outputs. In the case of NFκB, at small TNF doses, information is restricted by intrinsic noise, whereas at large TNF
doses, by saturability of pathway components [3]. The MAPK signaling system combines
a fast positive feedback with a slow negative feedback, and exhibits relaxation oscillations
or pulsed responses of predefined amplitude [4]. Although being capable of transmitting a
single bit about the stimulation dose, both NF-κB and MAPK pathways can respond in a
pulsatory manner to the repeated pulses of the stimuli.
Here, based on an experimentally verified computational model [4], we estimated MAPK
channel information capacity C, defined as a maximal mutual information that can be
transmitted over a sufficiently long time t, dived by t [5]:


ZZ
p(x, y)
1
C = lim max
p(x, y) log
dx dy,
(1)
t→∞ p(x) t
p(x)p(y)
where, in our case, x(t) are EGF binary input sequences, and y(t) is the output, i.e. the level
of bisphosphorylated ERK. The MAPK pathway is capable of responding (by activation
of kinase ERK) to short EGF pulses of period not shorter than T =50 minutes. As the
response is nearly binary, one could expect that the information transmission rate is equal
to the classical bandwidth, 1/T . We found however, that the upper bound on information
transmission rate is substantially higher and can be achieved for sequences of EGF pulses
with carrying frequency higher than 1/T . This result follows from the fact that the width
of the ERK activity pulse, about 20 min, is shorter than T , and thus the distances between
subsequent ERK pulses can be used for information coding. We expect that the reported
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effect can be even more pronounced for information carried by short neural spikes. Because
the responses are nearly binary, we found that channel information capacity slowly decreases
both with extrinsic noise (i.e., variability of concentration of pathway components) and an
additive intrinsic noise component.
It remains an open question whether in physiological conditions cells are exposed to EGF
pulses secreted by their immediate neighbors or to slowly varying EGF concentration averaged over tissue.
Acknowledgments: This work was supported by the Vienna Science and Technology Fund
(WWTF; grant MA14-049) and the Polish National Science Center (NCN; grant 2014/13/B/NZ2/03840).
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The development of a new organ is the result of coordinated events of cell division and
expansion. Fruit growth starts immediately after bloom with intensive cell division. As
development proceeds, the proliferative activity of cells progressively slows down giving the
way to a phase of cell enlargement in which cells undergo an impressive volume increase,
up to a few thousand-fold, via turgor-driven processes. In many species the transition from
cell division to expansion phases is accompanied by a repeated DNA duplications without
mitosis, a process called endoreduplication. The exact role of endoreduplication is still
unknown but a strong correlation between cell ploidy (i.e number of DNA copies) and final
cell size has been observed in different species, suggesting a role of endoreduplication into
the control of cell growth [1, 2].
Modeling the way cell cycle and cell expansion interact together is crucial to describe early
fruit development and to understand the emergence of specific morphological traits (fruit
size, weight, shape and texture) in relation to environmental and genetic factors. Here a
combination of theoretical and computational approaches are used to investigate the interplay among cell-cycle and biophysical processes in the control of cell and organ growth.
The Lockhart equation relating the rate of volume increase to the cell’s internal pressure
[3] is coupled to the description of carbon and water flows across the cell membrane, based
on thermodynamic equations. The model shows that cell strategy for resources uptake and
allocation may have important consequences on the resulting cell expansion rate.
At the organ level, the emergence of cell-size variability from observed kinematic patterns of
cell division and endoreduplication is investigated. In particular, the possibility of a coordinated organ-level control of cell expansion capabilities, as predicted by the neo-cellular theory [4, 5] is tested and compared real data.The model suggests that a pure cell-autonomous
control fails to reproduce the observed cell size distribution, and that an organ-level coordination is needed in order to get realistic results.
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Stochastic models [1] are used to understand count dynamics of interacting species in a biochemical reaction network where an explicit form of stationary distribution is only available
for a partcular class known as complex balanced networks [3]. Motivated by Gene autoregulation networks we studied long time asymptotics of a stochastic reaction network
that is not complex balanced. The species set of the proposed network is partitioned in
two disjoint subsets based on an inherent causal structure. We call them as host-parasite
reaction network since the evolution of parasite species depends only on presence of host
species whose counts are assumed to be marginally ergodic. We showed that for a monomolecular type of reactions of parasites (i.e birth, death, and conversion of parasite species
P1 , P2 represented as
C1 −→ C1 + P1 ,

C2 + P2 −→ C2 ,

C3 + P1 −→ C3 + P2

where C1 , C2 , C3 are host species) an explicit mixture of Poisson distribution appears as
the stationary distribution. We further extended the ergodicity result to a class of more
general single species parasite networks (beyond mono-molecular type). The aforementioned
mixture distribution can be represented as a fixed point of a stochastic recurrence equation
[2] which can be constructed from the dynamics of host species.
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Mathematical models for bioregulatory networks can be based on different formalisms, depending on the quality of available data and the research question to be answered. Discrete
Boolean models can be constructed based on qualitative data, which are frequently available. On the other hand, continuous models in terms of ordinary differential equations
(ODEs) can incorporate time-series data and give more detailed insight into the dynamics
of the underlying system. Several ideas have been developed in the past to link these approaches in order to benefit from the advantages of both modeling frameworks (e.g. [3, 1]).
Drawing from ideas developed in qualitative differential equation theory, we present here
another approach to analyze sets of monotonic Boolean models or ODE-models consistent
with given signed interactions between systems components. This approach constitutes a
further link between ODE-models and discrete models. We will report on our recent work
partially published already in [2] focusing mainly on the Boolean side.
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Population growth is often ignored when quantifying gene expression levels across clonal
cell populations. We develop a framework for obtaining the molecule number distributions
in an exponentially growing cell population taking into account its age structure. In the
presence of generation time variability, the average acquired across a population snapshot
does not obey the average of a dividing cell over time, apparently contradicting ergodicity
between single cells and the population. Instead, we show that the variation observed
across snapshots with known cell age is captured by cell histories, a single-cell measure
obtained from tracking an arbitrary cell of the population back to the ancestor from which
it originated. The correspondence between cells of known age in a population with their
histories represents an ergodic principle that provides a new interpretation of population
snapshot data. We illustrate the principle using analytical solutions of stochastic gene
expression models in cell populations with arbitrary generation time distributions. We
further elucidate that the principle breaks down for biochemical reactions that are under
selection, such as the expression of genes conveying antibiotic resistance, which gives rise to
an experimental criterion with which to probe selection on gene expression fluctuations.

References
[1] P. Thomas. (2017) Making sense of snapshot data: ergodic principle for clonal cell populations,
Journal of The Royal Society Interface 14, 20170467.

363

Thursday, July 26th, 10:30

Room: C8.2.10

Parallel Session

Cell and Intra-Cell Dynamics V
INCOMPRESSIBLE LIMIT OF A CONTINUUM MODEL
OF TISSUE GROWTH WITH SEGREGATION FOR TWO
CELL POPULATIONS
Sophie Hecht
sophie.hecht15@imperial.ac.uk
Francis Crick Institue - Imperial College London
Joint work with Pierre Degond (ICL) and Jean-Paul Vincent (Francis Crick Insitute).
Keywords: Tissue growth, Two cell populations, Gradient flow, Incompressible limit, Free boundary
problem.
In developmental biology, the mechanisms by which an organ knows when it has reached
its adult size and shape and stops growing are still poorly understand. Among a lot of
explanations, the role of mechanical feedback has emerged. In some tissue, mechanical forces
such as stretching and compression may arise during the development due to segregation of
different type of cell. We proposes a model for two interacting populations of cells which
avoid mixing. The dynamics is driven by pressure and cohesion forces on the one hand
and proliferation on the other hand. Following earlier works on the single population case,
we show that the model approximates a free boundary Hele Shaw type model that we
characterise using both analytical and numerical arguments.
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Cell decision-making is the cellular process of responding to microenvironmental cues. This
can be regarded as the regulation of cell’s intrinsic states to extrinsic stimuli. Currently,
little is known about the principles dictating cell decision-making in the context of multicellular systems. Regarding cells as Bayesian decision-makers under energetic constraints, I
postulate the principle of least microenvironmental uncertainty (LEUP). This is translated
into a free-energy principle and I develop a theory cell decision making in multicellular
systems. Initially, I show that LEUP is compatible with the intrinsic state entropy minimization for differentiating cells. Finally, I will provide examples of LEUP in the context
of tissue development and cancer growth.
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Cellular adhesion provides one of the fundamental forms of biological interaction between
cells and their surroundings. The integro-partial differential equation model of Armstrong,
Painter, and Sherratt [1] initiated a stream of research in that area with applications in
morphogenesis, tumour growth, and tissue engineering. In this talk we give an overview of
a framework, see [2], in which we derive such a nonlocal continuous model from a spacejump process, thus connecting the micro- with the macroscale. This framework, in fact, also
provides for models different or more general than the original one and these are investigated
and compared numerically.
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Motivated by recent experiments, we model the flow-driven amoeboid motility that is exhibited by protoplasmic droplets of Physarum [1]. Here, a feedback loop between a chemical
regulator, active mechanical deformations, and induced flows give rise to spatio-temporal
contraction patterns that result in directed motion. Our model describes the droplet’s cytoskeleton as an active viscoelastic solid phase that is permeated by a passive viscous fluid
representing the cytosol. The active tension in the solid phase depends on the concentration of a regulating agent that is advected by the fluid phase. Previously, it was shown that
under rigid boundary conditions that impose a fixed shape, this model reproduces a large
variety of mechano-chemical patterns such as antiphase oscillations and rotating spirals [2].
This in line with experimental observations of contraction patterns in these droplets. Here,
we present an approach that includes free boundary conditions, nonlinear friction between
droplet and substrate and a nonlinear reaction kinetic for the regulator to model the movement of these droplets. We find deformations of the droplet boundary as well as oscillatory
changes in the droplets position with a net motion in each cycle.
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[1] Zhang, Shun and Guy, Robert and Lasheras, Juan Carlos and del Álamo, Juan C. (2017). SelfOrganized Mechano-Chemical Dynamics in Amoeboid Locomotion of Physarum Fragments, Journal
of Physics D: Applied Physics
[2] Radszuweit, Markus and Engel, Harald and Bär, Markus (2014). An Active Poroelastic Model for
Mechanochemical Patterns in Protoplasmic Droplets of Physarum Polycephalum, PLoS ONE 9

367

Thursday, July 26th, 11:50

Room: C8.2.10

Parallel Session

Cell and Intra-Cell Dynamics V
ON A MECHANOCHEMICAL MODEL FOR CELL
POLARIZATION
Franziska Matthäus
matthaeus@fias.uni-frankfurt.de
FIAS / Goethe University of Frankfurt
Joint work with Kai Kopfer (FIAS / Goethe University of Frankfurt), Willi Jäger (IWR / Heidelberg
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Directed migration of eukaryotic cells is caused by a polarization of the actomyosin cytoskeleton (AMC). Throughout many cell types the polar alignment of the AMC is i.a. initiated
by the activation of the Rho GTPases Rac and RhoA. In response to an external chemical
gradient active Rac accumulates and determines the cell front, while active RhoA predominantly accumulates at the rear of the cell. Current experimental evidence indicates that
in neutrophils mechanical tension of the plasma membrane confines Rac activity patterns
to the leading edge. The patterning mechanism behind the Rho-based polarization process of eukaryotic cells has interested mathematical modellers over the last decades. While
elaborated concepts for purely biochemical and purely mechanical patterning processes are
available, the basics of mechanochemical patterning with respect to cell polarization are
not well understood yet. In accordance to the aforementioned experimental findings, we
suggest a mechanochemical model for cell polarization, including Rho GTPase mediated
AMC dynamics and changes in membrane tension as upstream controller of Rho GTP, in
which active Rac patterns are locally confined to the cell front by membrane tension. Rho
proteins can become activated or inactivated due to complex formation with specific effector
proteins. In the model active Rac and active RhoA mediate actin polymerization and the
generation of myosin-dependent contractile force, respectively. The model cell is considered
as a two dimensional layer adhering to a flat substrate, wherein the embedded AMC is
modelled as a viscous active gel. Morphological changes of the AMC induce changes in
membrane tension. Rho based chemical signalling is modelled by reaction-diffusion equations. Chemical signalling induces a mechanical response of the actomyosin cytoskeleton.
Actomyosin mechanics are modelled by a Stokes-related equation. The spatial change of
the domain is determined by the solution of a free-boundary problem. We numerically show
that the model exhibits key features of neutrophil polarization and shape generation. The
model accounts for a minimal mechanochemical circuit capable of generating robust polarity
patterns and demonstrates how cell mechanics could serve as a long range signal transmitter
in Rho based cell polarization.
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Joint work with Frédérique Clément (Inria, Université Paris-Saclay LMS, Ecole Polytechnique, CNRS,
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We present a multi-type age dependent model in both a deterministic and stochastic framework dedicated to the study of the development of ovarian follicles in mammals Inspired by
the model introduced in [1], we derive a linear age-structured version that represents the
changes in the distribution of follicular cells into successive layers surrounding the oocyte.
We study the large-time behavior and derive explicit analytical formulas characterizing an
exponential growth of the population (Malthus parameter, asymptotic cell number moments and stable age distribution). We compare the theoretical and numerical outputs of
our model with experimental biological data informing on the follicle morphology (follicle
and oocyte diameters, layer number and total cell number). In the case of age independent
division rates, we prove the structural parameter identifiability of our model, and estimate
the parameter values to fit the cell numbers in each layer during the early stages of follicle
development.
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Computational modelling became one of the main methods of theoretical study of the mechanisms underlying the regulation of the dynamics of spatial patterns in developing tissues.
The main stages of modern biological research using computer modelling are the following
ones. (1) Accumulation and analysis of large-scales of heterogeneous experimental data; (2)
construction of mathematical models and simulations in order to identify new knowledge
and the formation of new scientific hypotheses, and, finally, (3) planning and conducting of
new experiments to test these hypotheses and refine the mathematical model. In this work,
we present these stages by an example of wheat leaf epidermal morphogenesis.
The leaf epidermis of a monocotyledonous plant is a widely used model system for studying
morphogenesis. The epidermis of cereals (wheat, barley, rice) leaf is a complex tissue consisting of different cell types organizing in parallel cell rows. For such leaves, a unidirectional
growth occurring for a long time enables to observe a series of successive morphogenetic
stages at one snapshot. In this work, we propose the concept for using a growing wheat
leaf to study dynamical changes in morphogenesis, including stress-induced changes. Linear
leaf of a wheat, during its formation for a long time, maintains a phase of steady growth.
Therefore, it is possible to observe a series of successive events of morphogenesis fixed in
the cellular architecture of a mature leaf.
High-resolution 3D LSM-images allow extracting quantitative characteristics describing the
cellular structure of leaf epidermis. However, to obtain a large amount of statistical data
methods of high throughput computer based image segmentation should be used. We developed a workflow for detection of structural properties of leaf epidermis from 3D images
obtained from confocal laser scanning microscopy. The workflow includes the protocol of
sample preparation, image processing ImageJ-plugin and data extraction algorithms. The
data on the cellular architecture further will act as a basis for the elaboration and verification
of spatial models accounting for structural features of leaves.
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Cell-based modelling is a widely used technique for studying the geometric, topological and
morphologycal features of plant tissue during growth. For the leaf epidermis of cereals, a
brickwork-like pattern combined with unidirectional growth allows to reduce the dimension
and use a quasi-one-dimensional representation of the cellular ensemble in the model. This
idea was realized in the model [1] growth of a linear leaf blade. The model allows for fitting of
the visible cell length using the experimental cell length distribution along the longitudinal
axis of a leaf epidermis. In this work, we assume a unidirectional growing cell ensemble
starting from a meristem-like layer of generative cells and then generating parallel cell rows
from every cell of the initial layer. We considered the growth zone of the leaf includes
division and elongation zones; in addition, the division zone includes a zone of asymmetric
divisions forming specialized cells (trichomes and stomata). The model was verified on
qualitative and quantitative data on cold stress induced disturbances of morphogenesis in
the epidermis of wheat leaf.
Acknowledgements: the work was supported by the project 17-29-08028 from Russian Foundation for Basic Research
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In the context of gene regulatory networks, a negative feedback loop is modelled by Ncoupled ordinary differential equations, highly non-linear due to Hill functions. This classic
dynamical system properly captures the two main biological behaviours arising from this
type of recurrent network motif: homeostasis under global stability of the unique fixed point,
and biochemical oscillations otherwise. Various diseases may appear in case of homeostasis
disruption. In this context, a quantized control strategy is designed in order to remove the
undesirable oscillations emerging from such a disorder. For this purpose, the expression of
one gene is either amplified or reduced in the controlled system [1]. The piecewise constant
nature of the control law is adapted to control techniques commonly used in biotechnology
[3] and biological constraints such as qualitative nature of the measurements. Under appropriate conditions on the control law, global convergence towards the fixed point is achieved
through successive repulsive regions of the state space and a final sliding mode. In case of
uncertain and more realistic measurements, the control strategy is slightly modified in order
to highlight an adjustable zone of convergence around the fixed point. These two results
are illustrated with a specific synthetic biological oscillator: the Repressilator [2].
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Cytoskeleton organization is essential for the correct cellular, and therefore organism, function. It is along the cytoskeleton that cellular components are transported to their biologically relevant positions, and perturbations of the cytoskeleton networks result in pathologies.
In vitro studies suggest that both environment (e.g temperature) and genetics (e.g amounts
of cytoskeleton components in cells) interfere with cytoskeleton properties. However, organisms are exposed to different environmental parameters, which additionally change during
the lifespan of an individual. Furthermore, the genetics also varies between organisms.
How then, despite all these varying parameter regimes, do cellular components reach relevant positions in correct amounts, enabling normal cell function and tissues be structurally
stable?
We demonstrate that in Drosophila embryo epithelial cells the microtubule cytoskeleton selforganizes and this organization depends on the cell geometry alone [1]. Using in vivo studies,
stochastic simulations, and analysis of a probabilistic model, we show that microtubule organization is robust on the tissue scale, namely it converges to the same cell-shape-dependent
steady state independently of cytoskeleton properties and behavior.
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Understanding the fundamental principles of cell fate control is a central goal of cell biology
and cancer research. Correlations in intermitotic times of single cells are thought to arise
from control processes like the circadian clock, but the underlying principles are poorly
understood. In this talk, I will show results from single cell lineage-tracking experiments we
performed to uncover correlation structures in the surprisingly heterogeneous intermitotic
and apoptosis times (IMT and AT respectively) of a colon cancer cell line, in response to
the chemotherapeutic agent cisplatin. The real heterogeneity in the IMT is “hidden” due
to stochastic competition between cell division and death, and I will present a statistical
algorithm we developed to infer the correct shapes of both the IMT and AT distributions.
In addition, we found that cell fates were correlated in sister cells regardless of whether
they divided before or after cisplatin treatment, suggesting the presence of a cellular state
determining fate outcomes early in a cell’s lifetime. Based on this finding, we developed
a unified theory explaining how such complex correlation structures and heterogeneities
can arise as a consequence of circadian-controlled cell fate decisions. Our work suggests
an important role of the circadian clock in controlling times to cellular fates both in the
presence and absence of drugs.
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Several possible mechanisms have been suggested to underpin the coexistence of cryptic
species, including differences in resource use or in tolerances to environmental conditions [1].
Recent experimental work has uncovered such coexistence in a community of four cryptic
Litoditis marina species, a bacterivorous marine nematode inhabiting the littoral zone [2].
Important differences in functionality and stress tolerance were found to exist between the
cryptic species, which the authors hypothesize to play a role in mediating their coexistence
despite high levels of interspecific competition. To untangle the mechanisms governing the
dynamics of this system, mathematical modelling can be a powerful tool. For example,
it can be employed for scenario analyses that test the in silico community’s response to
changing environmental conditions.
We use an individual-based modelling apprach to simulate this system of four interacting
species, due to its high levels of inter- and intra-specific variability. This approach allows for the representation of the individual variability of the system as well as its spatial
heterogeneities, both of which are hypothesized to support the coexistence of competing
species [3]. For these reasons, individual-based models have recently been highlighted as
one of the preferred in silico approaches for assessing the effects of climate change on marine
organisms [4].
Our model simulates the key demographic processes (reproduction, dispersal and competition) explicitly at the individual level. The changing characteristics of each individual —
including age, size, physiological energetics, and location — are tracked through time as
individuals interact with each other and their environment. As a result of this multitude of
interactions at the individual level, patterns emerge naturally at the population level. The
model is parameterized with data characterizing the four cryptic species in terms of their
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growth rates, dispersal ability and competitive interactions, as well as their responses to
changing environmental conditions.
We conduct simulation studies and scenario analyses to investigate the effects of changing
abiotic and biotic conditions on the structure, stability and functionality of the in silico
community. Differences in the species’ tolerance to abiotic changes play an important role
in the dynamics of the system, while biotic changes affect the persistence of the underlying competition structure and threaten coexistence. Our results permit insight into the
fundamental mechanisms supporting the coexistence of these cryptic species, as well as furthering the understanding of the dynamics and functioning of communities threatened by
climate-related environmental changes. Our work therefore represents a first step towards
the development of an integrated model of interactions between key marine species.
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We present the construction of mathematical model describing the growth of bats’ population. The model is based on the system of ordinary differential equations. We consider some
natural bats’ abilities and a location of natural roosts in the area, what determine searching
and populating tree cavities. Bats’ roost searching strategy determines the development
of subpopulations and fission-fusion societies. We present some properties of the model.
Presented results are illustrated by computer simulations.
Acknowledgements: This work is supported by Bialystok University of Technology (Grant No.
S/WI/1/2016) and founded by the resources for research by Ministry of Science and Higher Education.
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A major challenge in ecological field studies is to reliably estimate the population abundance
of a species. In the case of insect pest monitoring, pitfall traps are usually installed to obtain trap counts. Translating these counts accurately to obtain direct population estimates
can be a difficult task, since it is unclear which factors impact trap catch patterns, and to
what extent. Examples of such factors include changes in; environmental conditions, habitat
landscape, population size, movement behaviour, individual traits, trap shape, design and
setting etc. The result thereof is a system of substantial ecological complexity, and thus it is
near enough impossible to untangle information on factor impact. The issue becomes more
problematic if experiments are to be replicated - under supposedly controlled conditions. In
this talk, our focus is on trap geometry and the subsequent effect on trap count dynamics,
a current open question - to date poorly understood. We propose a theoretical approach,
by simulating movement in a homogenous environment within a confined domain, in the
presence of a trap of alternating shapes. We consider two different movement models commonly used for insect movement, namely, stochastic Brownian motion and the Correlated
Random Walk (CRW). The CRW allows for directional persistence, resulting in a more
realistic movement description if movement tracks are recorded on a shorter time scale. By
analysing trap count patterns for these distinct movement processes within these different
geometries, we present a novel study with theoretical arguments, which reveal the impact
of pitfall trap geometry on the efficiency of catches.
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When calibrated with field data, each population projection matrix (PPM) indirectly characterizes the environment that has realised in the interval between two consecutive censuses
(e.g., years) and generates a number of explicit quantitative characteristics the local population has revealed for that interval. A time series of different PPMs generates the series of
differing characteristics, hence respectively different predictions of the population fate. Two
concepts are proposed in the literature to summarize the outcome of the whole observation
period – a recent original one (Logofet, 2018) called the pattern-geometric average and an
earlier one by Tuljapurkar (1990) called stochastic growth in the random environment. The
outcome of the former one is the dominant eigenvalue, λ1 , of the pattern-geometric average
matrix G, while the earlier concept leads to an estimate of the stochastic growth rate λS
as the discrete analogue to the first Lyapunov exponent. Recent case studies of two alpine
herbaceous species under 9 years of observation have revealed that λ1 (G) is markedly greater
than the λS obtained in several series of Monte Carlo experiments. The hypothesis that this
is always true has to be verified in future case studies on matrix population modelling, and
it should also have a fundamental reason in the mathematical properties of infinite products
among nonnegative matrices.
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The rise of antimicrobial resistance is one of the greatest challenges facing the global community in the twenty-first century. One possible solution is the exploitation of natural
competition between microbial species in order to combat pathogens. For example, the
human skin microbiome invariably contains the commensal bacteria Staphylococcus epidermidis and S. hominis, whose presence may aid in preventing colonisation by the potentially
pathogenic S. aureus. However, the dynamics involved in such interactions are complex and
difficult to study in sufficient detail in the laboratory. We have therefore developed an ODE
model of a simple bacterial ecosystem incorporating both passive competition for resources
and active inhibition via toxin production. We analyse this model under various ecological
scenarios in conjunction with existing empirical data. We are thus able to elucidate the
interplay between passive and active competition and its effect on the populations under
consideration, paying particular attention to a species’ ability to defend against invasions
from a competitor and the role of resistance in such interactions.
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Prediction implies the estimation of future states of dynamical systems on the basis of time
series. Unavoidable uncertainty in making predictions stems from errors and fluctuations
associated with making measurements, and also from the complexity of the dynamics themselves. To be predicted, the time series have to contain some kind of repeatability, which
can be exploited in the course of forecasting. In particular, even irregular time series are
often characterized by the repeatability that implies fuzzy recurrences of the states of the
system under study. Recently, the recurrence quantification analysis was used in order to
assess numerically the horizon of predictability of chaotic fluctuations of the phytoplankton
abundance in the Naroch Lakes system consisting of three reservoirs, Lake Naroch, Lake
Myastro and Lake Batorino (Medvinsky et al., 2015. Chaos far away from the edge of chaos:
A recurrence quantification analysis of plankton time series. Ecol. Complex., 23, 61–67).
Here, we present the results of the analysis of the dynamics of bacterioplankton populations, which inhabit the Naroch Lakes. We demonstrate that the dynamics are chaotic.
The horizons of predictability of the bacterioplankton dynamics are shown to be equal to
4.8 months for Small Stretch of Lake Naroch, 4.6 months for Large Stretch of Lake Naroch,
4.7 months for Lake Myastro, and 3.4 months for Lake Batorino. Chaoticity of fluctuations
in population abundance can be either an immanent feature of the dynamics or be related
to environmental influences. In order to evaluate the action of changes in the environment
on plankton dynamics, we assessed numerically the extent to which chaotic fluctuations of
bacterioplankton and phytoplankton abundances in the Naroch Lakes were synchronized
with temperature oscillations. With the use of the analysis of phase relations between
381

bacterioplankton and temperature time series we show that the chaotic bacterioplankton
oscillations are synchronized with water temperature oscillations, while chaotic fluctuations
of the phytoplankton abundance are not synchronized with the temperature oscillations
in Lake Naroch and Lake Myastro in contrast to the phytoplankton fluctuations in Lake
Batorino, the smallest of the Naroch Lakes, where phytoplankton fluctuations are phaselocked by the temperature oscillations. We conclude that temperature is the factor that
has significant impact on predictability of the bacterioplankton fluctuations, while dynamics and predictability of phytoplankton dynamics can apparently be controlled not only by
the temperature but also by trophic interactions and nutrient supply. Hence, temperature
is apparently the factor, which does not directly impact the temperature-phytoplankton
phase synchronizations in the Naroch Lakes, but is indicative of coupling/uncoupling of
bacterioplankton and phytoplankton oscillations.
Acknowledgements: This work was partly supported by the Russian Foundation for Basic
Research, grant # 17-04-00048.
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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. They
arise from positive feedback between vegetation and infiltration of rainwater and play a
fundamental role as indicators of climate changes and imminent regime shifts. Among the
mathematical models widely used to describe the complex competition between vegetation
for the limited availability of water, here we consider an extension of the one proposed
by Klausmeier [1] to describe the formation of vegetation patterns along sloped semi-arid
environments. In such a model, the plant dispersal is treated as a two-stage process: (i)
isotropic primary dispersal from plant to ground (modeled via a diffusion term) and (ii)
directional secondary seed dispersal by overland flow (modeled via an advection term) [2].
On the other hand, water dispersal along the sloped terrain is mainly due to its downhill
flow.
In dimensionless form, the 1D evolution of plant biomass u(x, t) and surface water with
w(x, t) at time t and distance x (measured in the uphill direction) is described by the
following model equations: ut − uxx − ψux = wu2 − Bu, wt − υwx = A − w − wu2 where A
and B are parameters proportional to rainfall and plant loss, respectively, whereas ψ and υ
represent the advection velocities describing the down-slope transport of seeds and water,
respectively. In the absence of secondary seed dispersal, the striped patterns predicted by
the original Klausmeier model are non-stationary (an intriguing natural phenomenon which
is still under debate) and, in particular, the moist soil on the uphill side of a stripe is
believed to create the tendency for the stripes to migrate uphill. However, some studies
pointed out that the introduction of an advection term, accounting for the down-slope flux
of vegetation biomass, may lead to stationary patterns or may even reverse the direction of
band migration [2]-[4]. In the present work, we investigate this phenomenon analytically and
numerically. By using linear stability analysis arguments, we point out how the presence
of secondary seed dispersal affects the Turing-like instability threshold and we show how it
reduces the region of the phase plane in which patterns can be observed. Moreover, under
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realistic assumptions on the model coefficients, we deduce an analytical expression for the
locus of no-migrating (stationary) bands as well as for the excited wavelength. At the same
time, we evaluate their dependencies on the key parameters. In particular, our results reveal
that, even for relatively small values of seeds-to-water advection ratio (about 10−2 ), downslope migration of vegetation bands takes place. As expected from linear stability analysis,
our analytical results are in satisfying agreement with numerical ones close to the instability
threshold. When the distance from the threshold is progressively increased, the no-migration
locus requires some corrections that are identified through numerical simulations. Finally,
we develop an hyperbolic extension of the parabolic equation governing the evolution of
vegetation biomass and discuss the role of hyperbolicity in the resulting patterned dynamics.
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Mercury (Hg) is a chronic pollutant of global concern known to be transported long distances
in the atmosphere into remote ecosystems. Although a part of the Hg emitted naturally
comes from geological and geothermal sources, much of it is recycled Hg previously emitted from primary or anthropogenic sources, and subsequently re-deposited to terrestrial
and ocean surfaces. As a consequence, a large part of the 2000 t of yearly emissions from
natural sources is actually reemission of previously deposited mercury, much of which has
an anthropogenic origin. In some instances, it has been discovered that marine sediments
contaminated by industrial effluents may be secondary sources of Hg to aquatic ecosystems
even though discharge has been strongly reduced or has even ceased. The exchange of Hg
between oceanic surfaces and the atmosphere represents an important process for the atmospheric cycling and environmental turnover of this element. According to [1], the ocean
releases about 1/3 of the total global Hg emissions to the atmosphere (about 30% of the
total budget of atmospheric mercury on a global scale) and receives about 30–70% of the
global atmospheric deposition. Re-emissions from the ocean of previously deposited Hg are
dominated by gaseous elemental mercury. Its low solubility and high Henry’s Law constant
induce high evasion fluxes from fresh water systems. In this framework, theoretical studies
were able to reproduce the spatial-temporal dynamics of mercury concentration in marine
ecosystems by using biogeochemical models. Specifically, in recent works, for biogeochemical models an WASP (Water Analysis Simulation Program) approach has been used to
discretize a water body in one, two or three dimensions, by means of interconnected zero dimensional boxes, which represent water or sediment compartments. However, this approach
does not allow to localize the zones within the zero dimensional boxes where the mercury
concentration takes on the maximum value. Moreover, the effects of the seasonal variations
of most environmental variables on mercury concentration are not usually taken into account
in this kind of model. Finally, the previous analyses include neither the study of the spatiotemporal dynamics of phytoplankton distributions nor one of the mechanism responsible for
absorption of mercury within the phytoplankton cell in real aquatic ecosystems.
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In this context, we introduce an advection-diffusion-reaction model which allows to reproduce the temporal and spatial behaviour of the concentrations of three mercury species
(inorganic, organic, elemental) observed in water, pore water and sediments. Moreover,
we also consider the partition of methyl-mercury and inorganic mercury into the dissolved
phases (water and pore water) and the particulate phases (Suspended Particulate Matter
and Sediment particles). The former include both the ionic form and the fraction complexed
by the DOC (Dissolved Organic Carbon), while the latter consider the mercury fractions
adsorbed by both inorganic and organic matter.
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Paper, Journal Volume, pp1-pp9.
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Moving as a part of a collective group is a phenomenon required by many different species
to carry out typical biological processes such as reproduction, migration and foraging. Here,
we present a simple agent-based model describing the collective motion of marine animals
whereby individuals update their position and velocity through three key behavioural rules:
repulsion, orientation and attraction. To investigate the impact that varying the strength
of each of these rules has on the group, we introduce weighted terms to each of the rules in
the equation. To identify different types of aggregations with clear phase transitions from
varied behavioural strengths, we combine numerical simulations with the calculation of order
parameter values for both the velocity and the position. We then consider the disruption
caused when anthropogenic noise is present in the environment, and how this subsequently
leads to changes in the group behaviour. We find that a high noise term leads to a significant
reduction in the level of alignment in the group which ultimately disrupts the schooling
behaviour. We investigate the cause of this change in behaviour by introducing noise solely
to the respective behavioural rules. We find that when the interactions individuals have with
their nearest neighbours is disrupted (i.e. those affected by the repulsion rule) the group
can no longer maintain typical shoaling behaviour. Thus, we suggest that noise prevents
the function of the lateral lines in fish which ultimately prevents the group from moving as
part of a school.
Acknowledgements: A.G. acknowledges support from an Engineering and Physical Sciences
Research Council (UK) grant number EP/N509632/1. A.G. also acknowledges help from Mr.
Thomas Janssen with the numerical simulations.
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Many adult green sea turtles cover hundreds of kilometres during nesting journeys. While
largely mysterious, a number of studies have suggested navigation is aided through following
magnetic information and chemical plumes. In this talk we investigate the homing capacity
of green sea turtles according to various combinations of navigating strategies. This work
builds on the results discussed in [1] which investigated the homing of turtles to Ascension
Island. Here we focus on a wider study of popular turtle nesting sites; including Ascension Island, the Galapagos islands, Hawaii and locations on the coasts of Madagascar and
Thailand. We use aspects of many modelling techniques: individual-based models, scaling
to a continuous PDE and steady state analysis following the method of characteristics. We
investigate the key properties of various navigating cues and their impact on turtle homing,
and discuss how the geographical location impacts on successful homing.
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Foragers exploiting heterogeneous habitats must make strategic movement decisions in order
to maximize their fitness. Foraging theory has produced very successful and general formalizations of the optimal patch-leaving decisions rational individuals should make. One is
the Marginal Value Theorem (MVT; [1,2]), modeling the sequential visit of habitat patches
distributed in space. The MVT has a simple intuitive graphical interpretation in terms of
gain functions and travel times, but considers only energy gains: the effect of predation
risk on the time allocation strategy is notoriously lacking. Economic treatments of optimal
patch leaving decisions under predation risk have been proposed, but are quite disconnected
from the MVT. Here we formally introduce predation risk into the original MVT, and show
that this yields generalized MVT equations. Much of the graphical simplicity of the MVT
can be retained, provided one introduces risk-relative time units, similar to the micromorts
used in decision analysis. We then establish a formal connection between the MVT and the
risk-oriented foraging theories. By reconciling the two, we hope to help behavioral ecologists
take the best of two worlds.
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The spread of invasive alien species to new areas continues to be an appealing research
topic, not only for biologists but also for mathematicians. In particular, many scientific
investigations are carried out to reconstruct the past dynamics of the alien species. The
purpose of this talk is to present a mechanistic-statistical framework [1] that will allow us
to jointly estimate the introduction point (date and location of the invasive species arrival)
and other parameters of the dynamics related to diffusion, reproduction and death. This
approach is hinged on (i) a coupled reaction-absorption-diffusion sub-model that describes
the invasive species dynamics in a heterogeneous domain, (ii) a stochastic sub-model that
represents the observation process and (iii) a statistical inference procedure for estimating
model parameters. Parameter estimation is performed in a Bayesian framework through
an adaptive multiple importance sampling algorithm [2]. We will present the application
of this framework to the invasion of Xylella fastidiosa in South Corsica, France, a bacterial
plant pathogen detected there in 2015. To estimate the introduction point and the other
model parameters, we exploited abundant post-introduction data collected from an intensive
surveillance plan implemented after the first pathogen detection. Note finally that our
generic approach could be applied to other invasive species for which post-introduction data
are collected.
Acknowledgements: This research is supported by an INRA-Region PACA PhD funding (socioeconomic partner: AFIDOL), the HORIZON 2020 XF-ACTORS Project SFS-09-2016 and the
INRA-DGAL project 21000679.
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Human transportation is a main vector for movement of invasive species. Therefore, screening along transportation routes can be a powerful tool to prevent new outbreaks of invasive
species. One mode of human transportation is the movement of vehicles and trailers along
road networks. These vehicles and trailers can transport infested goods (e.g. firewood containing invasive bark beetles) or can themselves be infested (e.g. aquatic invasive species
attached to trailered boats).
In practice, constraints in financial budgets and other resources make it difficult to conduct
inspections on comprehensive scales. This holds in particular for road networks, which are
decentralized rather than hub-based. If only few pathways can be considered for inspection,
managers must choose locations carefully.
A second challenge arises from traffic being around the clock whereas continual screening
is costly and often infeasible. Thus, finding the optimal timing for inspections is a second
essential component of successful invasive species management.
In this talk, we present a framework to allocate limited resources to the strategically best
inspection times and locations so as to minimize the risk of new invasions. Our approach is
based on a hierarchical spread model and involves linear integer programming methods.
We illustrate our approach by applying it to the fight against the introduction of zebra mussels (Dreissena polymorpha) to the Canadian province British Columbia. A major spread
mechanism for zebra mussels is the traffic of recreational boaters transporting propagules
from invaded to uninvaded lakes. Therefore, inspection stations have been set up on roads,
where passing watercraft are screened for zebra mussels and cleaned, if contaminated. We
show how our mathematical and computational methods yield strategies for the British
Columbian watercraft inspection program so as to minimize the transport of zebra mussels
into the province.
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The invasive yellow-legged hornet, Vespa velutina, is native to Asia and was first discovered
in Europe in 2005, in south-western France. Since then, it has established and spread very
rapidly throughout France and neighboring countries (Spain, Portugal, Italy, Germany,
Belgium, Switzerland and Great Britain). The Asian hornet causes serious ecological and
economic problems as it kills domestic honeybees. It can also impact human health because
of possible allergic reactions following the insect sting. It is thus important to understand
the spread mechanism to develop strategies to limit its range expansion.
Rapid spread of invasive species is usually attributed to accidental transportation during
human activities. Here, we present a model that describes the spread across France of Asian
hornet accounting for active dispersal of the species and long distance jumps. We developed
a reaction-diffusion model to describe the spread of the hornet due to active flight and
population growth. We simulated long-distance jumps due to human activities by adding a
stochastic component to the previous model. Mortality rate was included in the model to
simulate the destruction of nests by humans. This model was calibrated using the invasion
history in France between 2005 and 2009 and was validated using observations done in 2013.
It was then extrapolated to the expansion in Europe.
This model was used to study the impact of human-mediated dispersal on the invasion of
yellow-legged hornet in Europe and more particularly on different European islands (Corsica,
Majorca, Channel Islands, etc. . . ). Surprisingly, simulations show that human-mediated
dispersal was not necessarily involved in the rapid spread of the invasive species across
France [1] since the Asian hornet has very high dispersal capabilities by itself. On the other
hand, long distance jumps due to human activities could be necessary to explain the invasion
of some European islands.
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Disease-mediated invasions, in which invading species carry a disease that is harmful to
native species, are widespread across a range of vertebrate, invertebrate and plant systems.
We therefore need a clear understanding of the role of disease to manage conservation
threats due to introduced and invasive species. Here, we modify a general deterministic
model framework that represents competition and disease interactions between native and
invading species to include explicit spatial and stochastic processes. The model is used to
assess the impact of disease-mediated invasion on the viability of conserving native species
in refuges (priority conservation areas). Such refuges protect native species by excluding
invasive species in the refuge and in a buffer zone that surrounds it. An important finding
is that the disease can spread through the native species even when the invading species is
prevented from establishing. Therefore control of invading species may protect native species
from exclusion, but may not protect them from disease outbreaks. The model techniques
are applied to the well-documented UK red and grey squirrel conservation system as a case
study.

395

Wednesday, 25th, 11:50

Room: C8.2.19

Parallel Session

Ecology III
POVERTY TRAPS AS A SOCIAL-ECOLOGICAL
PHENOMENA: DYNAMICAL SYSTEM APPROACH
Sonja Radosavljevic
sonja.radosavljevic@su.se
Stockholm Resilience Centre, Stockholm University, Sweden
Joint work with Jamila Haider, Steven Lade, and Maja Schlueter (Stockholm Resilience Centre,
Stockholm University, Sweden).
Keywords: Poverty trap, Social-ecological system, Nonlinear ordinary differential equations, Feedback
loop.
Poverty traps, as an observed phenomenon and as a theoretical concept, are a prime example
of social-ecological systems, highlighting the idea of human-nature coupling. Some recent
articles, see e.g. [1] and [2], suggest that in order to alleviate poverty, we need to include both
human factor (through economy, habits, and decision making) and nature (by bringing in
the ecological aspect of the environment). Theoretical understanding and practical problem
solving rely on our ability to analyze and predict dynamic behavior of complex humannature coupled systems. One of the possible approaches is to represent social-ecological
systems by mathematical models and dynamical systems to identify and study drivers and
mechanisms of the system. To this end, we formulate and analyze several models represented
by nonlinear ordinary differential equations. We are looking for conditions of multistability,
where different equilibrium points are identified with poor (unwanted) state of the system
and non-poor (desired) state.
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Recent genetic and archaeological studies on the range expansion of modern humans and
the demise of Neanderthals suggest 1) their interbreeding, that must have resulted from
their co-existence, and 2) a diversity of cultures/behaviors in associations with the spread
of modern humans. It was not a simple spread of homogeneous ”modern human behaviors.”
This study aims to explain a possible relationship between the two aspects (i.e., demographic
changes and cultural dynamics) through eco-cultural modeling. In our model, carrying
capacities depend on their cultural levels. Both population densities and the densities of
skilled individuals in Neanderthals and in modern humans are spatially distributed and
subject to change by spatial diffusion, ecological competition, and cultural transmission
within each species. Our model is formulated by reaction-diffusion equations. We analyze
the resulting range expansion dynamics in one-dimensional space. Of special interest is
the case of cognitive and intrinsic-demographic equivalence of the two species. The range
expansion dynamics consist of multiple wave fronts of different speeds. Properties of these
wave fronts are mathematically derived. Depending on the parameters, these traveling
waves can result in replacement of Neanderthals by modern humans. The first wave of
intrusive modern humans is characterized by a low population density and a low density
of skilled individuals, with implications for archaeological visibility. The first invasion is
due to weak interspecific competition (i.e., niche difference). The second wave of invasion
may be induced by cultural differences between moderns and Neanderthals. Spatially and
temporally extended coexistence of the two species, which would have facilitated the transfer
of genes from Neanderthal into modern humans and vice versa, is observed in the traveling
waves, except when niche overlap between the two species is extremely high. Our study
proposes a complicated process of modern human range-expansion due to ecological and
cultural factors.
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Effective control of livestock infectious diseases is a major issue for sustainable animal farming and competitive agri-food chains, as well as for public health. Livestock trade movements
is one of the most important pathways for pathogen transmission between holdings. Therefore, it is crucial to understand and be able to predict the temporal evolution of the network
of animal movements, and assess the risk related to epidemics unfolding on this network.
Here, we focus on the study of cattle trade network in France, based on a fully detailed
dataset spanning over more than ten years (2005-2015), extracted from the French database
of cattle movements, which records life histories of all French cattle from birth to death.
These data, formalized by a time-varying network (with holdings as nodes and commercial
transactions as links), were analyzed using tools from graph theory and cluster analysis.
Whereas this kind of analysis is often straightforward for static networks, it becomes highly
challenging when dealing with time-varying networks, such as animal trade networks, which
are, in addition, of high dimension (more than 200,000 active nodes and more than 8,000,000
animal movements per year in our data).
Results on two aspects, the analysis of the temporal dynamics of cattle movements and the
assessment of the associated epidemiological risk, will be presented. On the first axis, we focus on the characterization of the temporal stability of the main descriptors of cattle trade
networks and the fidelity over time of transaction partners. On the second axis, proxies
for pathogen spread, such as the reachability ratio (accounting for the average number of
nodes to be reached during an outbreak, using time-respecting paths in the network), are
provided. This second analysis was performed for various assumptions on the transmission
probability associated to each link and epidemiological parameters (such as the duration of
the infection in each node), and computed using efficient algorithms of network exploration.
Acknowledgements: This work was supported by the French Agence Nationale de la Recherche
(grant CADENCE ANR-16-CE32-0007) and the INRA Metaprogramme GISA (grant PREDICATT).
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Animal trade movements are a major pathway of epidemic propagation between holdings
at large spatial scales. The large amount of data collected by European authorities over
the last two decades makes it possible to track the position over time of every single animal
within national territories, allowing to design and calibrate predictive models for pathogen
spread.
We define and study an open stochastic SIR model on a graph (with vertices standing for
cattle holdings and edges for trade routes between them) in order to describe the spread
of an epidemic on a cattle trade network with epidemiological and demographic dynamics
occurring over the same time scale. Population entries in various nodes are assumed to be
density-dependent with a constant component, the amplitude of which is proportional to a
scaling factor determining the overall size of the population process. More specifically, the
whole demographic process is a continuous-time multitype branching process with constant
immigration. In addition to that process, we consider one-level mixing SIR dynamics,
that is, a SIR stochastic model is defined within each node and pathogen spread only
occurs through contacts between infectives and susceptibles that are present in the same
node. Displacement of infectives between nodes allows for the spread of infectives at the
metapopulation level. The SIR processes are assumed to be driven by Poisson processes
that are independent from those determining demographics.
Standard branching approximation results for the epidemic process are given along with
a numerical computation method for the probability of an epidemic major outbreak. This
procedure is then illustrated numerically: we use real data on 2015 cattle trade for the French
department of Finistère to set our demographic parameters, and choose epidemiological
parameters corresponding to the fast-evolving bovine Foot-and-Mouth Disease. Virtually
slowing down the course of the epidemic by dividing the latter parameters by a fixed quantity
— and hence obtaining the same time scale for epidemiological and demographic processes
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— yields higher discrepancies between the major outbreak probabilities of infections starting
in various nodes.
The stochastic model we describe is associated with a deterministic dynamical system that
may admit an endemic equilibrium – that is, a steady state associated with a positive
number of infectives. Our main result consists on exhibiting an exponential lower bound
for the total size of the epidemic in the case where such an endemic equilibrium exists
and is globally asymptotically stable, using the Freidlin-Wentzell theory of large deviations
from a dynamical system. This differs from closed population models results that predict
a mean epidemic final size proportional to the population scaling parameter. It illustrates
the role of population renewal in allowing infections to persist over large time scales in a
metapopulation connected through an explicit network with a complex structure.
Acknowledgements: This work was supported by the French Research Agency within projects
ANR-16-CE32-0007-01 (CADENCE) and ANR-16-CE40-0001 (ABIM), and by Chair Modélisation
Mathématique et Biodiversité Veolia-X-MNHM-FX.
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Commercial exchanges of cattle are an important propagation vector of livestock disease.
Hence, network analysis of cattle trade networks can help understand the mechanics at work
behind empirical cattle trade data. Crucially, node centrality measures are used to identify
the nodes (markets or farms) that are most important in the transmission chains of infectious
disease. However, an important feature of cattle trade networks is their variability over time,
commercial links being extremely volatile ([3]). Thus, methods taking temporality into
account are needed, in order to correctly identify possible transmission chains (pathogens
can only spread through links that occur successively). In this work, we present the first
application of temporal PageRank methods to cattle trade networks.
Temporal networks are networks in which each edge e = (x, y) has an associated timestamp
t ≥ 0. They can be thought of as a sequence of static graphs (G0 , G1 , G2 , . . . ). The classical PageRank centrality measure was extended to the framework of temporal networks
([2]) by considering the behavior of random walks on the graph that can, at time t, only
follow edges with timestamp t or stay in the same place with probability q ∈ (0, 1). For a
given temporal network (G1 , . . . , GT ), the TempoRank then corresponds to the stationary
density of such random walks on the network with periodic boundary conditions defined by
(G1 , . . . , GT , G1 , G2 , . . . ). In order to circumvent the assumption of strong connectivity that
is sufficient for a non-trivial stationary measure to exist, we add a random teleportation
element that guarantees the existence of a temporal PageRank vector.
We implemented the TempoRank algorithm on a dataset describing cattle trade in France
from 2005 to 2009, involving 53 million movements between 274,000 holdings [1]. These
movements were sampled daily, which leads to a temporal network representation of this
data comprising 1826 one-day snapshots. The holdings included are of three distinct types
: farms, assembly centres and markets. The last two are much less numerous than the first
(about 1,250 and less than 100, respectively, compared to more than 272,000 farms). We
were able to use advanced sparse matrix manipulation tools from the PETSc package to
compute the TempoRank scores directly from the definition.
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Our work shows that the TempoRank centrality measure can be efficiently computed even for
large-scale networks such as the one present in this study. We also explore the relationship
between the TempoRank and classical centrality measures such as temporal betweenness
and closeness or temporal Katz centrality. Finally, we show how TempoRank scores can be
used to prevent transmission of infectious diseases spreading on contact structures such as
cattle trade networks.
Acknowledgements: This work was supported by the French Agence Nationale de la Recherche
(grant CADENCE ANR-16-CE32-0007) and the INRA Metaprogramme GISA (grant PREDICATT).
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Processes related to the spatio-temporal spread of pathogens in metapopulations are most
often partially observed, and available data are usually incomplete, spread over time and
heterogeneous. Moreover, the representation of this type of biological systems often leads
to complex models. In this case, classical inference methods (i.e. maximum likelihood)
are not usable because the likelihood function can not be specified. Bovine paratuberculosis
(agent Mycobacterium avium subsp. paratuberculosis - Map) is a worldwide enzootic disease
of economic importance whose screening in the field is difficult due to its long incubation
period and the low sensitivity of routine diagnostic tests.
Our objective was to estimate key parameters of a multiscale dynamic model of Map spread
from a longitudinal and spatial dataset collected in Brittany (Western France), using a
specific approach taking into account accurately the characteristics of the census data, and
to provide additional knowledge on the propagation of Map.
Our approach is based on a stochastic mechanistic model of Map spread between dairy herds
through animal trade movements. Comprehensive data on cattle movements in 12,857 dairy
herds in Brittany and partial data on animal infection status (2,013 herds sampled from
2005 to 2013) were available. Inference was performed with a Monte-Carlo approximation of a composite likelihood coupled to a numerical optimization algorithm (Nelder-Mead
Simplex-like). The six estimated key parameters of this model are: (i) the proportion of
initially infected herds, (ii and iii) their infection level (distribution of within-herd prevalence), (iv) the probability of purchasing infected cattle from outside the metapopulation,
(v) the indirect local transmission rate, and (vi) the sensitivity of the diagnostic test.
Empirical identifiability was verified on simulated data. The optimization algorithm converged after appropriate tuning. Point estimates and profile likelihoods indicate a very large
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proportion (¿ 0.80) of infected herds with a low within-herd prevalence on average at the
initial time (2005), a low risk of introducing an infected animal from outside ( 0.10) and a
low sensitivity of the diagnostic test ( 0.25).
Estimations of previously unknown key parameters provide new insights on Map spread
at the regional scale, mainly showing a high prevalence in the number of infected herds,
in agreement with qualitative opinions of experts. These estimates of previously unknown
parameters provide new insights on Map status in Western France.
The inference framework could easily be applied to datasets from other regions concerned
by paratuberculosis and adapt to estimate key features of other spatio-temporal infection
dynamics, most often imperfectly observed, especially for long-lasting endemic diseases. It
is of particular interest when ABC-like inference methods fail due to difficulties in defining
relevant summary statistics.
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The outputs of epidemiological models are strongly related to the structure of the model
and input parameters. The latter are defined by fitting theoretical concepts to actual data
derived from field or experimental studies. Such data were recently analyzed to gain insights
on the epidemiology of porcine reproductive and respiratory syndrome (PRRS), a disease
with significant economic impact for pig producers throughout the world. Although vaccination with modified-live vaccines is a current practice in pig farms, with positive outcomes
on clinical expression, the results in terms of transmission are more contrasted.
We first aimed at characterizing the kinetics of post-vaccine antibodies against PRRS virus
in vaccinated sows. Twenty-two serological profiles were fitted to a Wood’s function using
a Bayesian approach. Individual projections allowed for the evaluation of antibody waning distribution according to the time post-vaccination (26.5 weeks). MDA kinetics from
piglets with maternally derived antibodies (MDA) was also characterized from a longitudinal dataset including 360 individual up to 14 weeks of age. A nonlinear mixed effect model
assuming an exponential decay of antibody titers was used. The initial serological titer
A0 (1.9; SE 0.34) was found positively correlated with the levels of antibodies of the dams
and the decay rate r was estimated to 0.33d−1 (SE 0.07). Based on individual projections,
the average duration of passive immunity was estimated to 4.8 weeks.
An experimental study was then developed to analyze how the interference between Maternally Derived Neutralizing Antibodies (MDNA) and vaccination, proved in a previous study
[1], affect the transmission of PRRS virus in vaccinated piglets. Fifty-six conventional pigs
were selected and grouped according to their MDNA statuses at one weeks of age. Two
weeks later, they were transferred in Anses biosafety level 3 animal facilities in pens containing four animals with similar serological statuses. Eight groups of four animals were
vaccinated with a modified live vaccine, half of which were MDNA-positive. Two groups
were kept unvaccinated for each MDNA status. Finally, in each group, two pigs were intranasally inoculated with a field isolate of PRRS virus, 4 weeks after vaccination. All pigs
were monitored twice a week up to day 42 post-challenge through blood sampling, to follow
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the transmission events to contact penmates. The latency period and the transmission rate
were estimated depending on the vaccination and MDNA status of the animals. Vaccination
of MDNA-negative animals was found to halve the transmission rate when compared to unvaccinated animals (βA− V+ = 0.15[0.07 − 0.29] versus βV− = 0.32[0.14 − 0.68]). In contrast,
the transmission was found the highest in the groups of animals being MDNA-positive and
vaccinated (βA+ V+ = 0.44[0.18 − 1.76]).
A strong interference was evidenced between vaccine and MDA decreasing the benefit of
vaccination in terms of transmission. The initial level of MDA in piglets was found correlated with the antibody level in their dams, found maximal between week 5 and week
9 post vaccination . Based on the distribution of maternal immunity waning probability,
90% of piglets would be seronegative at 10 weeks of age. Altogether, these results may help
designing strategies optimizing the vaccination efficiency in sows and growing pigs.
Acknowledgements: This work was supported by the European PRRS Research Award 2015
and the National Research Agency (ANR) within the framework of the “MIHMES” (ANR-10BINF-07) project.
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Coffee plays an important role in the economic growth of many developing countries. Coffee
production throughout the world is affected by several pests and diseases. Among these
pests, the coffee berry borer (CBB), Hypothenemus hampei, is considered as the most important pest economically. The CBB is a beetle that feeds and spends its development cycle
in the coffee berries, causing direct crop losses and a lowering of the coffee quality. 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. Several control methods have been developed to fight these insects: 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 developed a mathematical model that describes the infestation
dynamics of coffee berries by CBB, based on the insect life-cycle and including the berry
availability during a cropping season. We aim at maximising the yield at the end of cropping season, while minimising the CBB population and the control costs. We show the
existence of an optimal solution and solve the problem numerically. Numerical simulations
are provided to illustrate our results.
Acknowledgements: This work is supported by EPITAG, an Inria Associate team between
Inria team BIOCORE and the Universities of Douala, Dschang and Yaoundé I in Cameroon
(https://team.inria.fr/epitag/).
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Radopholus similis is the major parasitic nematode of banana and plantain plants worldwide.
R. Similis feeds on the root tissues and causes damages going from simple root lesions,
reducing the crop yield, to the fall of seedlings. Hence, R. similis is one of the most regulated
plant pests. Its control mainly relies on toxic nematicides, but with limited efficiency. Our
global aim is to design more efficient and sustainable control strategies, including alternative
methods to nematicides.
Our approach is based on a hybrid model describing the plant-nematode interactions over
several cropping seasons. During the inter-season, in the absence of host, the pest population
undergoes a rapid decay. A longer inter-season duration reduces the pest population the
following season, which is correlated with the seasonal crop yield. However, longer interseason durations also decrease the number of cropping seasons during a fixed time horizon,
and potentially the multi-seasonal yield.
An optimisation problem is therefore formulated to determine the inter-season duration
that maximises the multi-seasonal yield. Two cases are considered: a fixed or a variable
inter-season duration. The existence of an optimal solution is proven and its location is
computed. Numerical simulations are provided to illustrate our results.
Acknowledgements: This work is supported by Inria Associate team EPITAG (https://team.inria.fr/epitag/)
and the French National Research Agency (ANR) as part of the “Blanc2013” program (ANR-13BSV7-0011, FunFit project).
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Plant and animal diseases have significant ecological and economic impacts. Specifically,
the citrus disease Huanglongbing (HLB) is one of the most important yield damage for the
citriculture worldwide [1, 2]. The natural transmission in the field is given by a vector insect,
the Asian citrus psyllid (ACP), also known as Diaphorina citri Kuwayama. There are no
curative methods for HLB and the best solution has been the elimination of symptomatic
infected plants and the control of vector population. It is known that the primary means
of attraction and reproduction of psyllids is through the shoots of plants, in which the
deposition of eggs is made only in young plant tissues. Older plants and young can have
different levels of flush, what results in different levels of attraction to the vector of this
disease. Furthermore, there are other different factors which can attract these arthropods;
yellow color: growers use yellow sticky traps for monitoring the activity of adults and; host
plant volatiles: studies have showed the preference and repuse of psyllids for some odorants
[3]. We propose a simulation model (Individual-Based Modeling [4]) to evaluate the spatial
dispersal of psyllids on the citrus plantations due to the different factors of attraction. It’s
intended to discuss, corroborate and give further insights about the control of HLB.
Acknowledgements: This work has been supported by the Brazilian agency CAPES.
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Disease from plant viruses is an important constraint on global food production. A majority
of plant viruses are non-persistently transmitted (NPT) i.e. are carried between plants on
the piercing mouth-parts (stylets) of aphids. It has frequently been observed that NPT
viruses modulate plant phenotypes (VMPP) such as attractiveness to aphids. To fully understand virus epidemics and how they are promoted by VMPPs, we developed a framework
that separates aphid probing vs feeding behaviour and distinguishes local (wingless) from
longer-distance (winged) dispersal. Our results show that the changing balance in winged
and wingless aphid densities is critical for virus epidemics because it leads to distinct spatial
scales of transmission. A practical objective is to use such insights to disrupt the transmission processes of this diverse and abundant group of viruses.
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Root-knot nematodes (RKNs) of the genus Meloidogyne are soil-borne, little mobile, polyphagous
pests which threaten important sheltered crops such as vegetables or small fruits. They attack plant roots to feed and reproduce and have a major impact on crop yield. Most
eco-friendly plant protection strategies are based on the use of resistant crops. Resistance
is usually associated with a hypersensitivity reaction (HR), a rapid and localized cell death
in the infected plant in response to a pathogenic attack. In the family Solanaceae, there
are two major resistance genes (R genes) with different modes of action: an early HR when
the nematode enters the root system and a late HR when the nematode creates its feeding
site. The emergence of virulent nematode variants, which are adapted to the resistance,
challenges the durability of such methods. Because virulent root-knot nematodes exhibit
a reduced fitness on susceptible crops, combining both resistant and susceptible plants can
help increase the efficacy and sustainability of resistance-based nematode control. We carried out a preliminary study to investigate the best rotations of susceptible and resistant
cultivars over cropping seasons in terms of yield and resistance durability. The resistance
considered was associated with early HR. For this purpose, we developed a semi discrete
model describing the plant root growth and nematode population dynamics within and between cropping season, including the plant nematode interactions. Our aim in this study is
to implement and compare the action of both R genes. We will first compare the optimal
deployment strategies of resistant crops for both R genes. Then we will determine the best
rotations based on both resistant cultivars.
Acknowledgements: This work was supported by a grant over-seen by the French National Research Agency (ANR) as part of the “Blanc2013” program (ANR-13-BSV7-0011, FunFit project).
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The influenza epidemics is a main public health concern worldwide. Its easy airborne transmission and the fact that there are different types of viruses make that annually there are
3 to 5 million severe cases and 250,000 to 500,000 deaths [1, 2]. The seasonality of influenza epidemics is typically observed in countries with a temperate climate. Children,
elderly people and pregnant women are among the highest risk groups [3, 4]. This requires
the management of public health policies, which include alerts for hospitals, the implementation of health protocols and provision of the necessary infrastructure [5]. Therefore,
monitoring the incidence of influenza among the population is an important step for the
characterization of the epidemic. In Belgium, there is a network of Sentinel General Practitioners (SGPs) for the early detection of an influenza epidemic. This network reports the
number of influenza-like illness (ILI) cases per week and can be used to monitor influenza
incidence. There is much data variability regarding the onset, the peak and the duration
across different epidemic seasons. In addition to this intrinsic variability, human population
dynamics and the different virus types make it difficult to predict the onset of the epidemic.
Here we propose an approach for the real-time prediction of the number of ILI cases. The
first step of the proposed method is the construction of a confidence region, which takes
into account the data of the previous epidemic seasons and incorporates the variability for
what concerns the number of ILI cases as well as their time of occurrence. We make use of
the SIR compartmental model for the prediction of the number of ILI cases. In the second
step, an optimization procedure is used in order to obtain the parameter set that leads to
the best agreement between the simulated and the observed number of ILI cases. We used
the Belgian SGP data corresponding to the epidemic seasons 2010-2011 to 2015-2016 for the
evaluation of the proposed approach. The results show that the use of the historical record
of seasonal influenza epidemics can improve the prediction of the number of ILI cases. At
the same time, as ILI data for increasingly more seasons will become available, the representativeness of the confidence region will grow. The proposed approach can be used as a
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decision-supporting tool, as it can be used to predict the number of ILI cases for an ongoing
epidemic season.
Acknowledgements: The authors acknowledge the Scientific Institute of Public Health, Belgium,
for providing the data. This research has been supported by FAPESP grant #2015/05899-7, by
CAPES and by the Special Research Fund of Ghent University grant #01SF0516.
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Highly pathogenic avian influenza H5N1 remains a persistent public health threat, capable
of causing infection in humans with a high mortality rate while simultaneously negatively
impacting the poultry production sector. One of several countries in South and Southeast
Asia gravely affected is Bangladesh, whose high population density, intensifying farming
system and substantial poultry population make it a prime candidate for being the source
of newly emerging influenza strains with pandemic causing potential.
In anticipation of further outbreaks, it is therefore crucial to utilise knowledge on the regionspecific transmission-dynamic mechanisms and risk factors driving previous epidemics to
predict the effectiveness of proposed control measures in limiting spread between poultry
premises and curbing zoonotic transmission risk.
We evaluated the predicted impact of a variety of culling, vaccination and active surveillance
intervention actions applied within the Dhaka division of Bangladesh, demonstrating how
the effectiveness of a given intervention strategy depends upon: (1) transmission being
predominately premises-to-premises, versus a scenario also considering external factors, (2)
resource availability, and (3) the control objective being optimised. These were assessed
via simulations of H5N1 influenza transmission models, previously fitted to historical H5N1
epidemic data from the Dhaka division, incorporating both poultry-to-poultry and zoonotic
transmission [1].
Our results indicate that the impact of reactive culling and vaccination control policies are
dependent upon epidemiological characteristics as well as control objectives and capacities. However, proactive surveillance schemes appear to significantly outperform reactive
surveillance procedures irrespective of these conditions. Furthermore, in situations where
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between-premises transmission is weak, the enforcement of control measures not directly
applied to poultry flocks themselves (e.g. public awareness campaigns) can dramatically
cut the risk of spillover transmission, reducing H5N1 human case occurrence. Our findings
may advise the type of control measure, plus its severity, that would be most appropriate
in combating re-emergent H5N1 outbreaks amongst poultry in Bangladesh.
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High-resolution demographic data is becoming increasingly available. We also have evidence
for variation in human immune response to different strains of influenza within a large
urban area. Our work originates in attempting to understand this variation via mechanistic
modeling of influenza transmission.
Initial results show that subtle differences in the construction of a force of infection term
lead to notably different patterns in attack rate across space. In particular, when mobility is
dependent on infection status, we observe correlations with population density and gradient
thereof. These correlations can be reversed by weighting the spatial kernel by population
density or distance.
The availability of high-resolution, age-stratified data for the UK allows us to evaluate the
effect of non-trivial age distributions on attack rates under different mobility assumptions.
We also show the importance of accounting for duration of contacts between each age-group,
and the effect of age-dependent mobility.
Next, we incorporate multi-annual dynamics in order to study the burden of seasonal influenza. This is initially achieved via recursive final-size calculations, where we show that
a single lineage respects the spatial trends in attack rate observed in the pandemic case.
Moreover, these trends are robust to perturbation. The time series of seasonal attack rates
shows similar qualitative behaviour to standard SIRS models in which successive incidence
peaks are recorded. Any small-scale variation in attack rate is therefore a result of changing
demography on a seasonal timescale.
Finally, we develop our model to account for multiple circulating subtypes such that crossimmunity exists only within each season, and subtype-specific immunity is subject to longerterm waning. The model is initially evaluated against country-specific ILI incidence and
serological data before including heterogeneity in age and space. Results for the fully heterogeneous model are still pending, though we hope to conclude whether heterogeneity
in demography, together with multiple circulating lineages, is sufficient to drive the highresolution heterogeneity in attack rate that would give rise to the observed spatial variation
in immune response.
418

Monday, July 23rd, 12:40

Room: C8.2.39

Parallel Session

Epidemiology I
OPTIMAL CONTROL OF A FRACTIONAL EPIDEMIC
MODEL WITH APPLICATION TO HRSV DISEASE
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A state wide HRSV surveillance system was implemented in Florida in 1999 to support clinical decision-making for prophylaxis of premature infants. A periodic SEIRS mathematical
model was used in [1] to fit real data collected by that system. In this work, this model is
modified to a fractional SEIRS and a fractional optimal control problem is formulated and
solved with treatment as control variable. The cost-effectiveness analysis of the fractional
model is carried out.
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Estimation of epidemic potential of sexually transmitted infections (STIs) is difficult due to
the difficulty in quantification of sexual contact network, an alternative method is required.
Prevalence of STIs can be obtained easier than sexual network, it is practical if a STI
prevalence can be estimated from other STI prevalences. Prevalence of STIs propagate in
same sexual contact network, prevalences can be expected to correlate each other. Using
mathematical modeling describing STI transmission on sexual network, we aimed to quantify
effects of key network statistics on prevalences, and extent to which prevalences of a STIs
can be a proxy of another STI prevalence. To this end, an individual-based model was
constructed to describe sex partnering and transmission of STI, and was parameterized
with representative natural history, transmission, and sexual behavior data. Correlations
were assessed on model outcomes (STI prevalences) and multiple linear regressions were
conducted to estimate adjusted associations. We observed that variation in the association
between STI prevalences and network statistics. We also observed that network statistics
explained most of the variation in STI prevalences. This implies that prevalence of STIs
can predict another STI epidemic potential.
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HIV continuous to spread globally. Currently, there is no cure, nor an effective vaccine
in sight. In light of this situation, pre-exposure prophylaxis (PrEP) with the drug combination ‘Truvada’ has been proposed by UNAIDS as one of the ‘five pillars’ to drastically
reduce HIV transmission. Despite its many advantages, Truvada is costly and requires individuals to adhere to a once-daily regimen. Next-generation PrEP compounds, including
long-acting formulations, are currently developed to improve PrEP. However, clinical trials
using next-PrEP often fail. Since they involve many (> 1000) individuals and long durations, the current practice in clinical testing incurs unacceptable costs, apart from individual
tragedies. While animal- and ex vivo/in vitro experiments poorly translate into human efficacy, predictive tools are urgently needed that allow for PrEP candidate prioritization.
Mathematically, HIV infection denotes an intrinsically stochastic event: After virus exposure, there is a trade-off between virus elimination and irreversible infection. This trade-off
depends on exposure-related factors, such as the virus inoculum, and pathogen- and hostspecific factors like the rate of virus clearance and -replication. Prophylactic drugs inhibit
virus replication, thereby shifting the aforementioned trade-off in favor of virus clearance.
We developed a mechanistic approach to predict the prophylactic efficacy for any antiviral
drug [1, 2]. Foremost, we compute a drug- and dose-specific ‘extinction simplex’, which we
use to classify hybrid stochastic-deterministic trajectories as infection events. A unique advantage of our approach is the ability to incorporate pharmacokinetic profiles, which allows
testing different dosing/adherence schemes.
Foremost, we use the model to screen treatment approved drugs for their pharmacological
potential in prophylaxis. We predict that the currently neglected drugs darunavir, efavirenz,
nevirapine, etravirine and rilpivirine may provide complete protection at clinically relevant
concentrations against wildtype HIV after sexual exposure. Of the NRTIs, we found that
FTC, followed by 3TC and then TDF have the highest PrEP efficacy at clinically relevant
concentrations. We predicted that Truvada (FTC+TDF) prevents infection with 96% probability in fully adherent individuals, largely resembling the efficacy of FTC alone. However,
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TDF has a lower propensity to select for transmitted drug resistance than FTC or 3TC and
retains some efficacy of the regimen in case of sporadic dosing [3]. After integrating plasma
and cellular pharmacokinetics, we predicted PrEP efficacy in case of dose reductions, for
inadequate adherence, ’PrEP on demand’ or post-exposure prophylaxis (PEP) exemplarily
for oral dolutegravir, TDF, FTC, 3TC, TDF+3TC and Truvada. We found that 50mg oral
dolutegravir is non-inferior to Truvada in all aforementioned prophylaxis schemes.
The presented framework can be used to assess factors determining PrEP efficacy, is useful to
pre-select PrEP candidates and test drug administration schemes. Computed concentrationsprophylaxis profiles can guide kinetics of extended release formulations and help assess risks
for adverse events. Moreover, the work can extent epidemiological modelling efforts assessing
the population-wide impact of PrEP.
Acknowledgements: The authors acknowledge funding through the BMBF, grant 031A307.
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In this talk, we consider a guideline for efficient drug treatment strategies for hepatitis B
virus (HBV) infection. We introduce and analyze a mathematical model that describes the
HBV infection during antiviral therapy. The reproduction number R0 is determined. The
local/global stability of virus-free steady state is investigated. We formulate a control problem which minimizes the viral load as well as treatment costs. In order to reflect the status
of patients not only at the initial time but also at the follow-up visits, we consider the model
predictive control based on ensemble Kalman filter and differential evolution. The ensemble
Kalman filter is employed to estimate full information of the state from incomplete observation data [1]. We derive piecewise constant drug schedule applying techniques of differential
evolution algorithm [2]. Numerical simulations are performed using various weights in the
objective functional to suggest optimal treatment strategies in different situations.
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Background: At present pre-exposure prophylaxis (PrEP) is considered to be one of the
most promising interventions to help end HIV epidemic among men who have sex with men
(MSM) in the Netherlands. National PrEP guidelines recommend PrEP use by MSM at high
risk of HIV acquisition. PrEP coverage in this population is still below 10%, but changes
in PrEP uptake are expected to occur after the rollout of this intervention. We aimed to
assess the potential impact of PrEP on HIV prevalence among MSM and to determine the
levels of PrEP coverage necessary for HIV elimination.
Methods: We developed a mathematical model of HIV transmission in a population stratified by sexual risk behavior with universal antiretroviral treatment (ART) and daily PrEP
use depending on an individual’s risk behavior. We computed HIV prevalence, ART and
PrEP coverage for increasing ART and PrEP uptake levels and examined how these were
affected by the reduction in PrEP effectiveness and the duration of taking PrEP.
Results: At current level of ART coverage, PrEP effectiveness of 86% and PrEP duration
of 5 years, HIV elimination required 82% PrEP coverage in the high risk group (5.7% of all
MSM or 12500 individuals with more than 18 partners per year). When PrEP was taken
in two groups with highest risk behavior, HIV elimination was not feasible but prevalence
dropped from the current 8% to 4.6%. If ART coverage increased by 9%, HIV elimination
threshold was at 70% PrEP coverage. For a shorter duration of taking PrEP and lower PrEP
effectiveness elimination prospects were less favorable. At 75% effectiveness, the elimination
threshold was at 92% PrEP coverage. If PrEP was taken for 1 year HIV elimination was
achieved at 84% coverage. In all cases, the time to elimination exceeded 80 years, but HIV
prevalence was reduced by half within 40 years.
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Conclusion: PrEP for HIV prevention among MSM could, in principle, eliminate HIV from
this population in the Netherlands. To achieve elimination, public health services should
target PrEP to 70%-92% of individuals with more than 18 sexual partners per year. The
highest impact of PrEP on HIV prevalence was predicted if ART coverage in the Netherlands
continued to increase. The current level of PrEP uptake by the Dutch MSM may reduce
HIV transmission but is insufficient to make a significant impact on the epidemic.
Acknowledgements: The authors gratefully acknowledge funding by the Aids Fonds Netherlands, grant number 2013030.
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We propose and analyze a delayed HIV infection model based in [1, 2] where the timedelay represents the incubation period, that is, the time between the new infection of a
CD4+ T cell and the time it becomes infectious. The stability of the equilibrium points
is analyzed. Using the time delay as a bifurcation parameter, we derive necessary and
sufficient conditions for the occurrence of Hopf bifurcation. This results are illustrated
through numerical simulations.
Due to the importance of the pharmacological delay in the HIV treatment, we introduce
a control variable into the previous model and a discrete time-delay in the control, which
represents the delay that occurs between the administration of drug and its appearance
within cells, due to the time required for drug absorption, distribution, and penetration
into the target cells. We formulate and solve an optimal control problem with delays in
the state and control variables where the objective is to find a treatment strategy that
maximizes the number of CD4+ T cells as well as the number of CTL immune response
cells, keeping the cost, measured in terms of chemotherapy strength and a combination of
duration and intensity, as low as possible. The delayed optimal control problem is solved
analytical and numerically and optimal strategies are derived.
Acknowledgements: Research supported by FCT within projects UID/MAT/04106/2013 (CIDMA)
and PTDC/EEI-AUT/2933/2014 (TOCCATA). Silva is also supported by the post-doc fellowship
SFRH/BPD/72061/2010.
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In this work, we consider a vaccination game where people have to choose between to
vaccinate or not to vaccinate, depending on the morbidity risks from the vaccine and the
morbidity risks from the infection. We introduce the evolutionary vaccination dynamics
for the reinfection SIRI model and we prove that it is bistable. The bistability of the
evolutionary dynamics indicates that the damage provoked by false vaccination scares can
be much higher and much more persistent than in the SIR model [1].
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Based on the classical epidemiological SIR model, we propose a similar model to analyze
the spreading of a false rumor in a homogeneous mixing population. Regarding the rumor,
individuals can be ignorants, believers or unbelievers. Assuming that the rumor is false, we
will study its spreading depending on the level of the real information attained by the individuals. Since the search for information can have costs but can also be very advantageous
to an individual, we will introduce the expected learning payoff and we will compute the
Nash and the evolutionary stable information search strategies.
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The aim of our work is to understand what happens when a typical child disease that has
almost none complications for children but significant complications for adults is prevented
with vaccination at birth. It is expected that the vaccination decreases the rate of infection,
and, as side effect, increase the age at infection. This last effect is enhanced if the vaccine
loses efficacy over time.
For levels of vaccination below the herd-immunity threshold, as the disease has more complications for adults, the total cost of disease treatment for the society may be bigger of
that it would have with no vaccination. We show that, from the point of view of the society,
there is a threshold for the level of vaccination, and that below this threshold the cost for
society is bigger with vaccination than without. Moreover, individuals may or not vaccinate
their children according to their perceptions of expected cost, originating another threshold
for the level of vaccination, now from the individual point of view, below which individuals
don’t vaccinate.
We consider an age-structured population divided in two groups: juveniles and adults. Each
individual is vaccinated at birth with a certain probability p. Also, the vaccine is imperfect,
because it only confers life-long immunity with probability λ, while with probability 1−λ the
immunity lasts only during the juvenile phase. We define the social cost and the individual
joint costs of disease and vaccination.
Our aim is to describe the sets of parameters {p, λ} where is better or worst to vaccinate,
both from the point of view of the society or individuals and how these sets overlap. From
here we study the Nash equilibria that occur and describe possible actions to attain such
an equilibrium that benefits both the society and individuals.
Acknowledgements: Funded by UID/MAT/00297/2013

429

Tuesday, July 24th, 11:30

Room: C8.2.23

Parallel Session

Epidemiology III
EPIDEMICS ON NETWORKS WITH SOCIAL
DISTANCING
Ka Yin Leung
kayin.leung@math.su.se
Department of mathematics, Stockholm University, 106 91 Stockholm, Sweden
Joint work with Frank Ball (Nottingham University), Tom Britton (Stockholm University), David Sirl
(Nottingham University).
Keywords: Networks, Infectious disease dynamics, Behaviour change, Preventive social distancing,
Individual vs. population.
In the presence of an epidemic in a population, individuals may decide to take preventive
measures to avoid infection. This could lead to changes in the contact pattern in the
population over the course of an epidemic. In this talk we look at social distancing as one
such preventive measure. We consider an epidemic on a social network whose structure
changes as the epidemic evolves. Susceptible individuals may distance themselves from
infectious neighbours to avoid infection. They may choose to drop the connection completely
and thereby reduce their number of neighbours. Alternatively, they may replace the social
connection with another individual in the population in their desire to maintain their number
of social contacts. From an individual-level perspective, social distancing cannot increase
ones risk to become infected. However, social distancing can have negative consequences for
population-level epidemic outcome.
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Many developing countries are undergoing demographic transition, with birth rates decreasing and life expectancy increasing, changing the age profile and household structure of these
countries. Both age structure and household structure are known to profoundly influence
infection dynamics and the actions of disease control measures, meaning that changes to
these demographic characteristics are likely to significantly impact the burden of disease.
Our work extends household models for epidemics to an endemic setting by including natural
demographic processes to generate a mathematical model which can address the problems
associated with demographic transition.
Our framework combines a demographic model describing the evolution of a household
structure in terms of children being born, aging, and leaving home as adults, and an epidemic model describing the transmission of a disease. The disease follows Markovian SIR
dynamics within the household, and the age profile of the children within the household
is inferred from the demographic state in order to model age-structured interactions between distinct households with contact intensities which could be chosen from population
data sources such as POLYMOD. Our model includes vaccination at birth with the potential for vaccination behaviour to be correlated between households, allowing us to model
household-based vaccination strategies or anti-vaccine sentiment.
We calculate the endemic equilibrium of the system and early growth indicators such as
R0 as functions of the model parameters and demonstrate that incorporating age structure
increases the population-level burden of disease and concentrates this burden in households
with younger children. Population data and epidemiological data is incorporated in order
to make comparisons between our results for different countries and diseases. We use the
model to compare the efficacy of a clustered vaccination strategy in which vaccine is given to
all children within a certain proportion of households to that of an unclustered strategy in
which vaccine is given to a fixed proportion of children in every household. We find that the
unclustered strategy reduces growth rate, household-level reproductive number, and disease
burden more effectively than the clustered strategy, with less vaccine needed for eradication
of the disease.
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Cholera is a bacterial disease provoked by the bacterium Vibrio cholerae, which lives in an
aquatic organism. Cholera outbreaks can be caused by ingestion of contaminated water
and through the contact with infected individuals. If an infectious individual does not
have treatment becomes dehydrated, suffering of acidosis and circulatory collapse. This
situation can lead to death, within 12–24h. Cholera continues to kill a significant number
of people and mathematical modelling gives useful information how its development can
be stopped. We revisit the SIQRB model studied in [1] by adding a delay that translates
the time between the instant in which an individual becomes infected and the instant in
which he can transmit the virus. We analyse the stability of the disease-free and endemic
equilibria in function of the delay. An optimal control problem is investigated to obtain a
successful treatment through quarantine. A numerical simulation of a cholera outbreak in
Haiti is carried out, illustrating the usefulness of the proposed model.
Acknowledgements: Research supported by FCT within projects UID/MAT/ 04106/2013 (CIDMA)
and PTDC/EEI-AUT/2933/2014 (TOCCATA). Lemos-Paião is also supported by the PhD fellowship PD/BD/114184/2016; Silva by the post-doc fellowship SFRH/BPD/72061/2010.
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Keywords: Mathematical disease modelling, Infectious disease dynamics and control, Bayesian methods.
Pseudomonas aeruginosa is an important cause of healthcare-associated infections, particularly in critically ill or immunocompromised patients. Understanding the dynamics of
P. aeruginosa transmission within intensive care units (ICUs) is crucial for devising and
evaluating successful control strategies.
Pseudomonas infections are caused by strains of bacteria found widely in the environment.
Hence, environmental contamination is likely to play an important role within the transmission process. However, there is little quantitative evidence in the scientific literature regarding the contribution of environmental contamination to the transmission of P. aeruginosa
within ICUs.
Various mathematical transmission models are used to study the relative importance of
transmission routes of P. aeruginosa infections among ICU patients. Other model-based
studies investigating the impact of contaminated surfaces to the acquisition of other microorganisms (e. g. [1, 2]) rely on deploying specific values for model parameters derived
from the literature. Our aim is to use only longitudinal data and therefore to allow the
model to estimate all transmission parameters.
An epidemic model, where patients can be either colonized or susceptible, was used. Once
colonized, patients remain colonized. In a first step, two acquisitions routes were considered.
The endogenous route is independent of other patients and may be due to antibiotic selection pressure. Cross-transmission, usually occurring via temporarily contaminated hands of
HCWs, is proportional to the fraction of colonizations in wards. Subsequently, we considered models additionally including environmental contamination. It is modeled by either
one pool of bacterial load linked to contaminated objects in the room or by assuming that
only prior bed occupants shedding resistant organisms have a direct impact on the risk of
acquisition to subsequent bed occupants. Furthermore, incorporating information about
covariates such as age and sex into the transmission models may improve the quality of
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estimating the contribution of each route.
Transmission may be reflected in fluctuations of the observed prevalence of colonizations.
Predominance of the endogenous route is represented by regression back to the mean. When
cross-transmission is important, the acquisition risk for uncolonized patients is high if the
prevalence is high and the prevalence is likely to remain high. Fluctuations due to environmental contamination are expected to be in between the two other routes.
Based on a data-augmented MCMC method by [3] the relative importance of the considered
acquisition routes are determined using epidemiological data from two ICUs in France. The
data was collected within the time period 20/04/1999 - 03/04/2017 and consists of over
8000 patients per ICU. The analysis is performed for both ICUs separately. Information
about the admission and discharge day, culture days and results are used as input data for
the analysis.
Preliminary results suggest that among cross-transmission and endogenous transmission,
the latter one is the prevalent route in both ICUs – with approximately 72% and 84% relative importance respectively. Adding a general pool of bacterial load as environmental
contamination to the model did not have a substantial impact on the results. In both ICUs
only about 3% of the total transmissions were due to the environment.
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We present a differential equation model describing the growth dynamics of the pathogenic
bacterium Pseudomonas aeruginosa in the presence of the β-lactam antibiotic meropenem.
Experimental evidence indicates that a subpopulation of the P. aeruginosa cells will transition in shape to evade the action of this antibiotic, i.e. form a persistent population. By
accounting for this shape transition (and estimating parameters from experimental data)
we have developed a model that matches experimental findings. We suggest therapeutic
strategies to tackle this persistent population and provide strong theoretical evidence for
the potential of using antimicrobial peptides in combination with meropenem.
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Over the last years, a number of stochastic models have been proposed for analysing the
spread of nosocomial infections in hospital settings. These models often account for a number of factors governing the spread dynamics: spontaneous patient colonization, patient-staff
contamination/colonization, environmental contamination, patient cohorting, or health-care
workers (HCWs) hand-washing compliance levels. For each model, tailor-designed methods
are implemented in order to analyse the dynamics of the nosocomial outbreak, usually by
means of studying quantities of interest such as the reproduction number of each agent in
the hospital ward, which is usually computed by means of stochastic simulations or deterministic approximations. In this work, we propose a highly versatile stochastic modelling
framework that can account for all these factors simultaneously, and analyse the reproduction number of each agent at the hospital ward during a nosocomial outbreak, in an exact
and analytical way. By means of five representative case studies, we show how this unified
modelling framework comprehends, as particular cases, many of the existing models in the
literature. We implement various numerical studies via which we: i) highlight the importance of maintaining high hand-hygiene compliance levels by HCWs, ii) support infection
control strategies including to improve environmental cleaning during an outbreak, and iii)
show the potential of some HCWs to act as super-spreaders during nosocomial outbreaks.
Acknowledgements: This research is funded by the Medical Research Council, through a Skills
Development Fellowship (reference number MR/N014855/1)
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As the development of new classes of antibiotics slows, bacterial resistance to existing antibiotics is becoming an increasing problem. A potential solution is to develop treatment
strategies with an alternative mode of action. In this talk, we consider one such strategy:
anti-adhesion therapy. Whereas antibiotics act directly upon bacteria, either killing them or
inhibiting their growth, anti-adhesion therapy works by competitively inhibiting the binding
of bacteria to host cells. This prevents the bacteria from deploying their arsenal of virulence
mechanisms, while simultaneously rendering them more susceptible to natural clearance.
Previously, we developed mathematical models to describe the anti-adhesion treatment of a
Pseudomonas aeruginosa burn wound infection in the rat. Our models predicted that, when
used in isolation, anti-adhesion therapy can at best reduce the bacterial burden, whereas
elimination of all bacteria may be possible when combined with regular debridement. In
this presentation, we extend our mathematical models to include treatment with antibiotics,
using them to predict the optimum treatment regimes for this combination therapy.
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The emergence of resistance to antimicrobials (including antibiotics and biocides) is a complex process that is usually modeled based on batch dynamics of microbial growth. Population numbers (biomass), phase of microbial growth and environment, therefore, change
during the experiment, being difficult to develop simple mathematical models capturing the
relevant dynamics of resistance.
We are currently building a morbidostat: a device build to culture cells maintaining a
constant number of cells at the same stage of growth. In this contribution we focus on the
in silico experiments to study the dynamic behavior of this morbidostat.
The system specifications and operating conditions are defined after the morbidostat setup
described in [1]. The injection of a volume of 1 mL of medium with substrate is made
periodically into a small lab-scale morbidostat where the culture medium level is kept constant with a dilution rate half of the maximum specific growth rate. When the injection is
to be performed, if the biomass increases and is above a given threshold, a medium with
the antimicrobial and the substrate is injected. Otherwise, only medium with substrate is
injected. The main goal is to record data on the time variation of biomass concentration in
the morbidostat.
In this in silico study, the formulation of the dynamic model of the morbidostat is made
of three ordinary differential equations (ODEs). It takes into consideration the global mass
balance to the culture medium, and the partial balances to the biomass and to the substrate.
We assume the specific growth rate of the bacteria takes the classical form of Monod law in
function of the concentration of substrate.
To model the effect of the antimicrobial we consider two approaches. Firstly, we consider
the modeling approach proposed by [2, 3]. Here the growth term in the biomass balance
equation is modified to take into account the periodic effect of the antimicrobial injection.
We used a similar form to the exponential decaying function proposed by [2] in the context
of the mathematical modeling of periodic chemotherapy with drug resistance. Simulation
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results are presented to describe the hypothetical bacteria antimicrobial resistance evolution. In the second approach we propose a continuous time model that is included directly
in the set of ODEs adding a fourth ODE. This equation is of first oder and it represents the
effect of the antimicrobial in function of the concentration of drug in the culture medium
inside the morbidostat. It is a time-varying model with two parameters: the time-varying
gain or sensitivity to the drug, K(t), and a time constant, τ1 , that is assumed constant. The
sensitivity is a decaying exponential function given by K(t) = exp(−t/τ2 )/Din , where τ2 is a
time constant and Din is the inlet feed antimicrobial concentration in the morbidostat system. Overall, the proposed continuous time model has two parameters (two time constants)
to fit to experimental data. Simulation results are presented to illustrate the application
of this conceptual and quite straightforward modeling approach in order to describe the
dynamics of the effect of antimicrobial in bacteria.
Acknowledgements: The 1st and 3rd authors acknowledge financial support from the Spanish
Government (MINECO) and the European Regional Development Fund (ERDF) through the
project “RESISTANCE” (DPI2014-54085-JIN).
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If the antigen is Borrelia Burgdorferri which has 150 genes, in contact with antigen it may
die or it may become resistant.
So we consider the classical Marchuk model but we must introduce a new variable W
 0
V (t)





W 0 (t)

 0
C (t)




0

 F (t)

m0 (t)

R0
= (β − γF (t))V (t) + −∞ ρ(s)W (t + s)ds
R0
= β2 (m(t))W (t) + ζV (t)F (t) − −∞ ρ(s)W (t + s)ds
= αξ(m(t))(V (t − τ ) + W (t − τ ))F (t − τ )
.
−µC (C − C ∗ )
= ρC(t) − (µF + ηγV (t))F (t)
= σ(V (t) + W (t)) − µm m(t)

(1)

In (1) variable W denotes the level of immunized antigen, V is now the level of antigen that
does not meet antibody yet.
In the Marchuk’s model γ factor means the probability of meeting the antigen with the
antibody. In the presented model, gamma is the probability of contact between the antigen
and antibody. This contact is leading to elimination of antibody, and ρ probability of such
contact will lead to its immunization
It should be mentioned that the integrals in the equation are only seemingly improper
because the function ρ has the bounded support
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The problem of how to induce people to make vaccination decisions that would be optimal
from the point of view of the population has been widely studied over the last decade.
When vaccination carries real or perceived costs, individual rational choices in the so-called
vaccination game are known to lead to Nash equilibria that are suboptimal at the population level. In reality, the underlying assumption of perfect rationality is unrealistic; actual
decision-making is more likely based on a mixture of rational calculations of (mis)perceived
costs, imitation, and individual prior experience. We study models that incorporate some of
these decision-making procedures, in particular, imitation. We were able to show that imitation can lead to near-optimal vaccination coverage if it is done sufficiently rarely. These
findings contrast with results that were previously reported in the literature which show
that frequent imitation leads to even lower vaccination coverage than Nash equilibria.
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Gambiense human African trypanosomiasis (HAT, sleeping sickness) is one of several neglected tropical diseases targeted for elimination as a public-health problem by the World
Health Organization by 2020, and furthermore, HAT now has a complete elimination goal of
2030. Recent years have seen a substantial decline in the number of globally reported cases,
largely driven by an intensive process of screening and treatment. However, this infection
is highly focal, continuing to persist in small regions. Regional elimination, and ultimately
eradication, rests on understanding the dynamics and persistence of this infection at the
local population scale.
We develop a stochastic model of HAT dynamics, which is underpinned by screening and
reporting data from one of the highest incidence regions, Kwilu Province, in the Democratic
Republic of Congo. We use this model to explore the persistence of HAT across villages
of different population sizes and subject to different patterns of active screening, and show
how this low prevalence infection can still persist for long periods of time in relatively small
populations. We highlight the impact of active screening, the risk of recrudescence following
local elimination and consider how detecting zero cases with active screening informs on the
probability of elimination. These quantitative results provide insights for public health
policy in the region, particularly highlighting the difficulties in achieving and measuring the
2030 elimination goal.
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In this talk we will introduce an SIR epidemiological model describing the vector-to-host
and host-to-vector transmission dynamics of Dengue [1]. The proposed model includes
vector control in terms of pesticide applications, mathematically described as impulsive
perturbations in the system, thereby accounting for reductions of the vector population
in very short time intervals. In addition, seasonality is incorporated into the model via a
sinusoidal forcing mimicking periodic regimes of the intensity of vector-to-host and hostto-vector infections, as well as vector growth. A detailed numerical analysis of the model
is carried out via path-following techniques for non-smooth systems, implemented via the
software COCO [2]. The numerical study also considers the optimization of the times at
which pesticide is applied.
Acknowledgements: The speaker would like to thank the ‘DRESDEN Fellowship Programm’ of
the TU Dresden for its financial support to carry out this research.
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To reach the WHO goal of hepatitis C elimination by 2030, it is essential to identify the
number of undiagnosed cases and to investigate the impact of interventions such as drug
treatment and needle exchange programs on the disease transmission dynamics. In most
developed countries, the primary route of hepatitis C transmission is via contaminated
needles shared by injecting drug users (IDUs). However, high uncertainty regarding the
size of the IDU population and difficulty detecting hepatitis C in the early stages of the
disease make it challenging to estimate the number of undiagnosed cases. We present a
novel, multi-layered dynamic transmission model for hepatitis C transmission within an
IDU community that accounts for disease stage (acute and chronic), IDU status (current
and former IDU), status of diagnosis (diagnosed and undiagnosed) and country of disease
acquisition (within or outside the country under consideration). First, based on this model
and using routine surveillance data, we estimate the number of undiagnosed IDUs, the
basic reproduction number, the time until diagnosis and associated uncertainties. Second,
we examine the impact of two interventions on disease dynamics: 1) direct-acting antiviral
drug treatment, which is characterized by high success rates but substantial costs, and
2) needle exchange programs. We illustrate our approach for Swedish data, however, our
modelling approach can also be applied to other countries with a similar disease burden. To
support communication of our results with public health decision makers, the model and its
outputs are made accessible through a shiny app.
Acknowledgments: We thank the Public Health Agency of Sweden for providing data. TS was
supported by the Swedish research council, grant number 2015 05182 VR.
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Developed by Sanofi Pasteur, a tetravalent dengue vaccine, Dengvaxia, was recently recommended by the World Health Organization (WHO) Strategic Advisory Group of Experts
(SAGE) on Immunization, based partially on modeling results, to be used in countries with
high dengue endemicity as evidenced by seroprevalence in the targeted age group of more
than 50% (preferably 70%) [1].
Analyses of clinical trial data demonstrate that individuals who were seronegative (never
infected with a dengue virus prior to vaccination) when vaccinated routinely develop nonprotective dengue antibodies [2, 3]. Surprisingly, despite high rates of overt disease among
vaccinated seronegative persons, mathematical models of populations with a seroprevalence
of 70% have estimated an overall reduction of dengue hospitalizations on the order of 10 −
30% over a period of 30 years, with 80% vaccine coverage of 9 year-olds [1, 4]. It should
be noted that accurate predictions in complex systems such as described in [4] can be only
made for short periods of time. A 20-30-year prediction horizon puts in doubt the beneficial
results of vaccine administration [5].
In this talk I will present an age structured model that was developed based on the WHOSAGE recommendation to vaccinate persons age 9-45 years in dengue endemic countries.
The model was used to explore the clinical burden of two vaccination strategies: 1) Vaccinate
individuals, ages 9-45 years, seropositives and seronegatives, and 2) vaccinate individuals,
ages 9-5 years, who are dengue immune only [6]. A sensitivity analysis of the proposed
model will be discussed.
Our mathematical model finds that significant reduction of hospitalizations can be only
achieved when vaccine is directed exclusively to seropositive individuals [6]. When using
a more recent data set by age and serostatus from the combined CYD14, CYD15, CYD57
trials, as reported in Table 1 in Martinez-Vega et al. [7], we confirm statistically the vaccine
induced risk in seronegative individuals [8],[9].
Acknowledgements: This work was supported by Strategic Project
UID/MAT/00297/2013 (Centro de Matemática e Aplicações, Universidade Nova de Lisboa).
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With the introduction of direct-acting antivirals (DAAs), treatment against hepatitis C
virus (HCV) has significantly improved. To better manage and control this worldwide infectious disease, the “best” multidrug treatment is demanded based on scientific evidence.
However, there is no method available that systematically quantifies and compares the antiviral efficacy and drug-resistance profiles of drug combinations. Based on experimental
anti-HCV profiles in a cell culture system, we quantified the instantaneous inhibitory potential (IIP), which is the logarithm of the reduction in viral replication events, for both singleand multiple-drug combinations. From the calculated IIP of 15 anti-HCV drugs from different classes (telaprevir, danoprevir, asunaprevir, simeprevir, sofosbuvir, VX-222, dasabuvir,
nesbuvir, tegobuvir, daclatasvir, ledipasvir, interferon-α, interferon-λ1, cyclosporin A, SCY635), we found that the nucleoside polymerase inhibitor, sofosbuvir, had one of the largest
potentials to inhibit viral replication events. We also compared intrinsic antiviral activities
of a panel of drug combinations. Our quantification analysis clearly indicated an advantage
of triple-DAA treatments over double-DAAs, with triple-DAAs showing enhanced antiviral activity and a significantly lower probability for drug resistance to emerge at clinically
relevant drug concentrations. Our novel framework provides quantitative information to
consider in designing multidrug strategies prior to costly clinical trials [1, 2].
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Sexually transmitted diseases are a globally increasing public health problem. Mathematical models, carefully matched to available epidemiological and behavioural data, have an
important role to play in predicting the action of control measures. We explore the effect
of concurrent sexual partnerships on the control of a generic sexually transmitted infection with susceptible-infected-susceptible dynamics. To do this we develop three nested
pair-formation models: one where infection can only be transmitted via stable sexual partnerships, one where infection can also be transmitted via casual partnerships between single
individuals, and one where those individuals in stable partnerships can also acquire infection
from casual partnerships. While our first two models describe situations where individuals
are serially monogamous, our third model introduces concurrency into the population by
allowing those in stable partnerships to form additional casual partnerships.
For each model, we include the action of vaccination before sexual debut to inform about
the ability to control. As expected for a fixed transmission rate, concurrency increases
both the population prevalence and critical level of vaccination required to eliminate the
disease significantly. However, when the transmission rate is scaled to maintain a constant
prevalence across models, concurrency has a far smaller impact upon the critical level of
vaccination required. Further, when we also adjust partnership parameters to maintain a
constant number of new partnerships over time, including concurrency can slightly decrease
the critical level of vaccination. These results highlight that while increases in concurrency
are likely to generate public-health problems, the inclusion of concurrency has limited impact
in models that are constrained to match epidemiological and behavioural data.
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The liver fluke, Opisthorchis viverrini, is highly endemic in Southeast Asia, particularly in
Lao PDR, Thailand, Cambodia and Vietnam. An estimated 10 million people are currently
infected. Chronic infection may lead to severe morbidity including the fatal bile duct cancer
(cholangiocarcinoma). The life cycle of O. viverrini includes two intermediate hosts, snails
and Cyprinoid fish; and definitive mammalian hosts including humans and reservoir hosts,
such as cats and dogs, who acquire infection by consuming raw or undercooked infected fish.
Public health interventions focus on regular treatment of infected individuals, improved sanitation and behavioural change communication campaigns. The importance of the reservoir
hosts for the transmission of O. viverrini is poorly understood.
We developed deterministic population-based and stochastic individual-based models of the
transmission dynamics of O. viverrini, calibrated to data from southern Lao PDR, to assess
the importance of the reservoir hosts in maintaining transmission and the impact of different
intervention strategies on the transmission of O. viverrini.
The population-based model includes the mean worm burden in reservoirs host and humans
(with age-dependency in humans), and the prevalence of infection in the intermediate hosts.
We calculate the basic reproduction with an adapted model, where we split the humans into
age groups. We show that letting the number of age groups go to infinity leads to the basic
reproduction number of the original model. Previous modelling showed that reservoir hosts
are not necessary to maintain transmission and interventions targeting humans would be
sufficient to eliminate transmission in these regions of southern Laos. We simulate different
intervention strategies focusing on specific age groups to compare the impact of the strategies
to the mean worm burden. In particular, we consider the treatment of infected individuals
in the different each groups with three scenarios: ideal mass drug administration (MDA)
449

(where coverage is independent of age), school-based treatment and realistic mass drug
administration (where treatment of the young and the elderly population is higher than the
middle aged adults). Results suggest that for school based-treatment to be effective, it needs
a very high coverage of almost all the school-aged children. The ideal and the realistic MDA
show similar results over all age groups, so targeting all age groups is much more effective
than school-based treatment.
The individual-based model looks at each definitive host separately and tracks its worm
burden. We used prevalence data of the hosts, data on infection intensity in humans and
their eating habits from two islands in Southern Laos to estimate the likely distributions of
worms burden and eating habits depending on age. Further we used data form the UN from
Lao PDR to estimate the distribution of number of humans and their mortality depending
on age. Running intervention scenarios as in the population-based model show us the effect
of the school-based treatment with including the overdispersed distribution of O.viverrini
as well as the possibility to eliminate this parasite with different interventions in a certain
time range. This model allows us to capture both intensity of infection and prevalence
simultaneously and this enables us to model disease progression.

450

Wednesday, 25th, 11:30

Room: C8.2.39

Parallel Session

Epidemiology VI
EVALUATING THE DRUG COMBINATION THERAPY
AGAINST HEPATITIS C VIRUS
Yusuke Kakizoe
yusuke.purple5@gmail.com
Systems Life Sciences, Graduate school of Kyushu University, Japan
Joint work with Yukino Ikoma (Department of Biology, Kyushu University),
Hirofumi Ohashi (Department of Virology II, National Institute of Infectious Diseases),
Koichi Watashi (Department of Virology II, National Institute of Infectious Diseases) and Shingo
Iwami (Department of Biology, Kyushu University).
Keywords: Hepatitis C Virus, Quantitative virology, Drug combination therapy.
Because of improvements of drug development, so many anti viral drugs against Hepatitis
C Virus which are called direct-acting antivirals (DAA) were developed. Using these DAAs,
patients obtained significantly improved outcomes, however, one cannot choose which drugs
are optimal for each patient. Koizumi et al [1] quantified antiviral activity of 15 different
drugs in the case of single drug therapy, double- and triple-drug combination therapy. Besides these quantitative understandings, in this study, we tried to develop a new practical
index to evaluate which drug combination therapy is more cost-effective. Using this index,
we evaluated all drug combination therapies which are reported in [1] and ranked them
according to this index. This evaluating method will be helpful when patients have some
drug resistance or need to minimize side effects against some particular drugs.
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Population dynamics is an important area of research in mathematical biology and even more
when it concerns species which are disease vectors and threating the public health, such as
the mosquito Aedes aegypti. We propose a mathematical model to study the population
dynamics between wild and Wolbachia-infected mosquitoes Aedes aegypti. The model is
based on a system of nonlinear ordinary differential equations, describing the interaction
between wilds and Wolbachia-infected mosquitoes, assuming that both species are in a
specific location and they compete for the same vital resources, like: food, breeding sites,
among others.
The use of the bacterium Wolbachia is a new strategy designed to control the population of
wild Aedes Aegypti mosquitoes. Wolbachia is intracellular bacteria that can be introduced
into Aedes aegypti with different effects: cytoplasmic incompatibility (CI), mosquitoes’
lifespan and dengue transmission are decreased. This model takes into account some of the
phenotypes, specifically: the CI, maternal inheritance and shortening of lifespan.
A mathematical analysis of the system is performed, presenting the important features of
the model. According to the demographic theory, we determine and discuss the threshold
basic offspring number, defined as the average number of secondary female insects produced
by a single female insect.
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Vector-borne diseases are among the most serious health problems in the world. Recently,
World Health Organization reports that every year there are more than one bilion cases and
over one milion deaths from vector-borne diseases. Vector-borne diseases are illnesses caused
by pathogens and parasites, which are transmitted by vectors from one infected individual to
another. Vectors are usually bloodsucking insects including mosquitoes, ticks, flies, sandflies,
fleas, bugs. Taking into account climate change, migration and human mobility, we observe
that spreading of vector borne disease happens not only in tropical and sub-tropical regions,
but also in new areas. Therefore more than half the world’s population is at risk from vector
borne diseases such as dengue, malaria, zika, Lyme disease, chikungunya and yellow fever.
The epidemiology of vector-borne diseases can be described by stochastic models given by
a system of stochastic differential equations. We study the long time-behaviour of the
solutions and prove the asymptoptic stability of the system.
Acknowledgements: This work has been supported by the European Union in the framework of
the COST Action: CA16227 - ”Investigation and Mathematical Analysis of Avant-garde Disease
Control via Mosquito Nano-Tech-Repellents”(IMAAC).
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Compartmental epidemiological models are used extensively in human and land-based animal disease systems, with the disease transmission process often characterised as resulting
from a series of discrete contacts between individuals – so called ‘direct transmission’ models.
Typically, such models assume the mass-action principle acts across the whole population
or within subcomponents. In such models the force of infection on susceptible individuals
is proportional to the absolute or relative size of the infectious sub-population. However, in
some disease systems, especially those found in aquaculture, the ‘environmental pathogen
load’ can play a significant role in infection spread, e.g. white spot syndrome virus in penaeus monodon (Asian tiger shrimp). In such scenarios proportionality between the force
of infection and the number, or proportion, of infectious individuals cannot be assumed to
hold, a priori.
However, in practice modelling environmental pathogen load alongside host population disease dynamics is problematic. This is because although disease data on aquaculture systems
often records time of death and/or the onset of symptoms of the focal host species, it typically does not include extensive measurement of environmental pathogen load over time.
Nevertheless, from these data Bayesian Markov chain Monte Carlo methods (MCMC) can
be used to infer direct transmission model parameters plus host latent infection and recovery
times and associated ‘residuals’. We therefore investigate when direct transmission models
are sufficient to capture disease dynamics governed by the environmental pathogen load.
Embedded within an MCMC algorithm, the method of latent residuals is investigated as
a means of detecting departures from the direct transmission assumption, including the
quantity of data required. Considering a range of scenarios, we identify a subclass of hostpathogen systems in which environmental pathogen population dynamics are sufficiently
‘fast’ relative to host population dynamics that we are able to model the system without
needing to account for the pathogen load.
Acknowledgements: Prof Glenn Marion, BioSS. Dr Andy Hoyle, Computing Science & Mathematics, University of Stirling. Dr Darren Green, Aquaculture, University of Stirling. Dr Ross
Davidson, SRUC & BioSS. Prof Mike Hutchings, SRUC.
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Pathogens of insects often infect only larvae, and in many species, there is only one larval period per year, so that there is only one pathogen epidemic per year. If incubation
times differ between pathogen strains, two or more strains may co-exist in the same host
population, in contrast to the situation in stable environments [1].
To understand this coexistence, we assume that the host population size is regulated independently of the disease, so that the population at the beginning of each epidemic is of size
N . During the epidemic, susceptible hosts S are infected by either of two strains I and Y ,
according to an SIR-type epidemic model;
Ṡ = −βI SI − βY SY
I˙ = βI SI − νI I
Ẏ = βY SY − νY Y,
where we have omitted the size of the immune class R. We determine the outcome of the
seasonal epidemic by the burn-out approximation, corresponding to the assumption that
the epidemic burns out prior to the end of the larval season [2].
The initial number of hosts infected with strain I in the subsequent season (n + 1) is proportional to the total production of pathogen I during season n, where the proportionality
constant WI describes the probability that the virus survives the winter, such that
Z ∞
n+1
I (0) = WI
νI I(t) dt
=
n+1

n+1

with a similar expression for Y
(0), while S (0) = N − I n+1 (0) − Y n+1 . For the case in
which inter-generational survival is small, so that WI  1, we use multiple time scales and
the theory for singular regular points to derive an approximate condition for when strain
Y can establish if strain I is at endemic equilibrium. We then show that mutual invasion
is possible for a wide range of parameter values. This result helps explain the high levels
of polymorphism documented in some insect pathogens, and in pathogens in general [3],
without the need to include fitness tradeoffs.
Acknowledgements: Our work was funded by National Institutes of Health grant R01GM96655.
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We formulate a SIR model with explicit within-host and between-host dynamics. We use
this model to study optimal virulence management for three types of low-tech interventions: (1) ”soup-and-soap” (to reduce mortality by providing basic care), (2) quarantine (to
reduce transmission by isolating infected individuals), or (3) both treatments at the same
time. We consider six different object functions: (1) the incidence of the disease, (2) the
disease induced death rate at population level, (3) the probability that a newborn susceptible eventually dies of disease, (4) the population density of infected, (5) the population
density of susceptibles, and (6) the population fraction of susceptibles. We seek to separately minimize the first four object functions, and to maximize the last two, as functions
of the fraction of the infected that are eligible for treatment and the per capita cost of a
treatment. Given a fixed financial budget, there is a trade-off between the fraction of the
infected population to be treated and the cost per treated individual. The results show that
the optimal management strategies depend on the kind of intervention, on the particular
choice of object function as well as on the budget level.
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After a disease outbreak, recovered individuals constitute a large immune population, however their immunity is waning in the long term and they may become susceptible again.
At the same time, the host’s immune system can be boosted by repeated exposure to the
pathogen, which is linked to the density of infected individuals present in the population.
This prolongs the length of the host’s immunity. Such an interplay of within host and
population level dynamics poses significant challenges in rigorous mathematical modeling of
immuno-epidemiology. In this talk we present a new modeling approach for disease dynamics, monitoring the immune status of individuals and including both waning immunity and
immune system boosting. A coupled system of ordinary and partial differential equations
allows to investigate the temporal evolution of the distribution of immunities in a population, showing that different immune boosting mechanisms lead to very different stationary
distributions of the immunity at the endemic steady state.
Acknowledgements:MVB is supported by the European Social Fund and by the Ministry of
Science, Research and Arts Baden-Württemberg.
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[2] MV Barbarossa, M Polner, G Röst. (2017). Stability switches induced by immune system boosting
in an SIRS model with discrete and distributed delays, SIAM J. Appl. Math., 77(3), pp. 903–925.
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It is well known that culling and harvesting can reduce population abundance and that
some of the mortality induced by culling can be offset through compensatory growth. However, culling is also a widespread strategy in wildlife disease management and the potential
impacts of culling on infection dynamics are poorly understood. We develop a general mathematical model of infectious disease to investigate the magnitude of compensatory growth
in systems that harbour virulent parasites. We use classical compartmental SI, SIR and
SIRS mathematical models and consider density dependent, frequency dependent and freeliving transmission to identify the interplay between culling and disease induced mortality.
We show that culling can lead to a reduction in the force of infection and therefore compensatory growth due to a population level release from disease-induced mortality. In the
absence of long-lasting immunity this phenomenon accounts for the majority of the compensatory growth response in systems that harbour virulent parasites. These effects are
illustrated by a case-study of harvesting wild boar populations in Central Spain suffering
endemic tuberculosis.
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Mathematical models and methods of epidemics have been developed since Bernoulli’s 1760
smallpox model. The most well-known model so far is the 1927 classical epidemic model of
Kermack and McKendrick, which assumes a homogeneously mixed population divided into
susceptible, infectious and recovered (SIR) compartments of individuals.
In reality, however, disease transmission between individuals is usually a random occurrence.
Moreover, the heterogeneity of a population with respect to contact rates, and therefore each
individual’s susceptibility and infectiousness, should affect the dynamics of epidemics. This
realization has led to models which veer away from the homogeneous-mix assumption and
instead take to network methods of describing and analyzing disease transmission. It is
indeed more realistic to picture the spread of a disease from one individual to another as
if it were going from one node in a graph to another via a connecting edge. In this study,
the authors extend the 2008 SIR model of Volz, which makes use of network- or edge-based
methods.
The Volz model, as mentioned, utilizes only the three compartments, S, I and R. For many
infectious diseases, it is often the case that a latent or incubation period elapses first. That
is, an individual, after being infected, is not immediately infectious but first remains in an
asymptomatic and un-infectious state. Over this time span, the individual is said to be in
the exposed (E) state. In this state, an individual cannot transmit infection to susceptible
individuals yet. It is in consideration of this additional compartment that the authors seek
to extend Volz’s model to include the exposed state and construct an SEIR model.
In this study, individuals are represented as nodes, and the relationship between two individuals is represented by an edge connecting them to each other through a random network.
We assume a closed population and full immunity upon recovery. At the end of the epidemic, we determine its final size. The model is verified by comparing its predictions to
the stochastic simulations of the SEIR dynamics in large networks. Numerical simulations
are performed through random network generation and “next event” determination. The
Molloy-Reed algorithm as well as the Poisson and scale-free networks are employed.
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This communication deals with a stochastic SEIR model with nonlinear incidence rate and
limited resources for a treatment. We focus on a long term study of the maximum of
individuals simultaneously infected during an outbreak of the communicable disease.
The maximum number of infective in the course of the epidemic is the peak size of the
epidemic curve and it gives an idea of how large treatment resources should be with the
purpose of keeping demand for facilities around the available amount. As we are dealing with
a model having a limited number of resources, the interest in characterizing the maximum
of simultaneous infective individuals involved during an outbreak is well justified. In fact
control strategies should include the objective of lowering the peak size in the way that
demand for facilities stand below the available resources.
Acknowledgements: This work is supported by the Spanish Ministry of Economy, Industry and
Competitiveness, Project MTM2014-58091-P.
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One of the simplest epidemiological models is the famous SIR model in which we assume
three types of individuals in our system: susceptible, infected and recovered. But what if,
for example, we study an epidemic in which there are infected individuals who do not have
symptoms? How can we model this? To get around this challenge we assume two types
of infected individuals, symptomatic and asymptomatic, which then allows us to define the
SHAR model. We then move on to study the infection rate of the SHAR model: the effective
infection rate. [1]
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Heterogeneity is commonly incorporated into epidemiological models by dividing the population into multiple interacting subpopulations. This partitioning captures a variety of characteristics of the whole population; the subpopulations may represent: geographically separated locations, high- and low-risk groups, age structure or multiple species. The strength of
interaction, or ’coupling’, between two populations is captured by a single phenomenological
parameter; however, a limitation of this approach is how to infer this coupling parameter.
Between-population interactions are complex and high quality data on relevant interactions
are rarely available; how such data translates into a single coupling parameter is also unclear. We present a method that circumvents this problem by estimating the coupling using
more widely-available data on disease incidence.
We begin with a stochastic SIR model in two identical interacting populations, where the
force of infection in each population depends on a mixture of within-population and betweenpopulation transmission. By making a moment closure approximation we derive an approximation for the correlation between the number of infected individuals in each population
as a function of the coupling. We show that our result holds for a range of parameter values
and is supported by stochastic simulations – considering a measles-like disease as a specific
example. Our result can also be generalised to three or more populations, to asymmetric
transmission or to non-identical populations.
More importantly, we can reverse this process. The correlation between the number of
infected individuals in two populations can be calculated from data on disease incidence
and then used in conjunction with our result to estimate the coupling parameter. Crucially,
this allows us to estimate the coupling between subpopulations even in the absence of
data on human mobility. As heterogeneity is widely-acknowledged to promote to disease
persistence, so accurate estimation of coupling parameters could be invaluable to disease
eradication research.
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The interest is in SIR and SIS epidemic models ([1, 2]) with two strains of a disease and
cross immunity. We show how to derive the joint probability distribution of the maximum
number of individuals simultaneously infected during an outbreak and the time to reach
such a maximum number for the first time. This distribution is analyzed by distinguishing
between a global outbreak and the local outbreaks, which are linked to the extinction of the
disease and the extinction of particular strains of the disease, respectively. For illustrative
purposes, the two-strain SIR- and SIS-models with cross immunity are applied to the study
of the spread of antibiotic-sensitive and antibiotic-resistant bacterial strains within a hospital
ward.
Acknowledgements: This work is supported by the Spanish Ministry of Economy, Industry and
Competitiveness, Project MTM2014-58091-P.
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In the analysis of relatively simple models for dengue fever epidemiology, describing antibody
dependent enhancement ADE and temporary cross-immunity, we encountered Hopf and
torus bifurcations and increasing parameters slightly further also the onset of deterministic
chaos characterized by positive dominant Lyapunov exponents [1]. Such models describe
well the large fluctuations observed in time series of dengue fever hospitalization cases.
However the models are already high dimensional and any data analysis is difficult because
of the chaotic behaviour and also the high number of initial conditions.
We therefore search for simpler models in population biology with similar dynamical behaviour, one of the simplest originating from ecological models of Rosenzweig-MacArthur
(RMA) type. The classical RMA model shows a Hopf bifurcation which under seasonal
forcing turns into a torus bifurcation. By increasing the forcing further the onset of deterministic chaos was observed and e.g. described in [2], but lacking a further analysis of the
onset of chaos as the tori break off.
Via the analysis of two dimensional dominant Lyapunov exponent plots we revealed the
chaotic regions to be inside Arnold tongues of the original tori [3]. This gives a first hint
of further analysis of the original dengue fever models in which the interplay of different
sub-systems can give rise to a similar scenario. Since the original dengue models are not
seasonaly forced, the analysis of the autonomous systems place additional difficulties in
identifying the interplaying frequencies. The full understanding of this dynamic scenario
helps in the subsequent data analysis of empirical time series of dengue fever hospitalization
cases, e.g. via iterated filtering, since it turns out that not a single model is describing the
large fluctuations of the data but a dynamic scenario [4]. We will elaborate on this aspect
of data analysis via quite new tools of model comparison as e.g. given by Bayes factor
analysis. And again, the understanding of such models is vital for the understanding of any
intervention measure, as e.g. the impact of the newly licensed dengue fever vaccine, which
however turned out to be quite problematic exactly because of the subtle interplay between
ADE and temporary cross-immunity [5, 6].
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Infectious diseases are persistent threats to humankind - killing annually 16 million people
worldwide. The spread of pathogens between infectious and susceptible hosts remains a
central vexation for science as it involves several complex and dynamic processes. The link
between the infection dynamics within an infected host and the susceptible population-level
transmission is widely acknowledged. However, several technical aspects of the interface of
within- and between-host scales are still in their infancy.
In this talk, we present a formal mathematical derivation of the reproductive number between host (R0B ) as an increasing function of the reproductive number within host (R0W ).
Numerical analyses reveal that a Michaelis-Menten form of virus-dependent transmission
is more likely to recapitulate the behavior between the two scales than a form directly
proportional to the pathogen [1].
On a computational level, a static network model that embodies age-specific human contact
patterns in Europe and a within-host viral infection model can be coupled to forecast “what
if” scenarios. Considering Ebola virus infection as an example [2], multiscale simulation
results uncovered that in order to have a protective antibody level, vaccination would need
to be delivered from one week to four months before the exposure to Ebola virus. Correspondingly, mass vaccination programs also reduced the reproductive number (R0 ) to below
one. Notably, compared to a non-intervention scenario, a low vaccination coverage of 33%
could reduce the number of infected cases by 10- to 100-fold.
The use of multiscale modeling is a promising tool to provide early and data-driven evaluations of vaccination strategies — possibly also for newly emerging or re-emerging pathogens.
More collaborative efforts are needed to attract the attention of experimentalists and clinicians in determining key within-host parameters to model disease transmission.
Acknowledgements: This work is supported by the Alfons und Gertrud Kassel- Stiftung and
the Boehringer Ingelheim Stiftung.

468

References
[1] A.E.
Almocera,
V.K.
Nguyen,
E.A.
Hernandez-Vargas.
Model Within-host and Between-host for Viral Infectious
http://www.biorxiv.org/content/early/2017/08/11/174961

(2017).
Diseases.

[2] V.K.
Nguyen,
E.A.
Hernandez-Vargas.
(2018).
High-Resolution
Simulation
Using
Within-Host
Infection
and
Contact
Data.
https://www.biorxiv.org/content/early/2018/01/12/133421

469

Multiscale
BioRxiv.
Epidemic
BioRxiv.

Thursday, July 26th, 14:20

Room: C8.2.19

Parallel Session

Epidemiology IX
AN EXACT APPROACH TO CALIBRATING
INFECTIOUS DISEASE MODELS TO SURVEILLANCE
DATA
David Gerberry
david.gerberry@xavier.edu
Xavier University
Keyword: Model calibration.
When mathematical models of infectious diseases are used to inform health policy, an important first step is often to calibrate a model to disease surveillance data. While frequently
overlooked, the calibration process is nontrivial at best and can be inefficient, poorly communicated and a major hurdle to the overall reproducibility of modeling results.
In this work [1], we describe a general approach to calibrating infectious disease models to
surveillance data. The technique is able to match surveillance data to high accuracy in a
very efficient manner as it is based on the Newton-Raphson method for solving nonlinear
systems. To demonstrate its robustness, we use the calibration technique on multiple models
for the interacting dynamics of HIV and HSV-2
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In this contribution, we consider a SIR model controlled by impulsive vaccination and isolation control. Considering the problem of determining optimal impulsive controls to minimize
the total outbreak size over the course of the epidemic and using necessary condition of optimality, our goal is to draw conclusions about the effect of the shortage of the drug treatment
on the management of strategies of control policy. In other words, we are going to answer
two questions: What if the treatment runs out during the epidemic? If this happens, could
we still control the spread of the disease?
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A deterministic model for the transmission dynamics of Trichomoniasis disease in a population is designed and analysed. The model is shown to exhibit the phenomenon of backward
bifurcation, where a stable disease-free equilibrium co-exists with a stable endemic equilibrium when the basic reproduction number R0 is less than one. It is further shown that the
backward bifurcation dynamics is caused by the re-infection of individuals who recovered
from the disease. In the absence of backward bifurcation, the global asymptotic stability
of the disease-free equilibrium is shown whenever R0 < 1. Moreover, under special case of
the model, the existence of globally asymptotically stable endemic equilibrium is confirmed
when R0 > 1. Sensitivity analysis of the model, using the parameters relevant to the transmission dynamics of the Trichomoniasis disease, is given. Numerical experiments are given
to support the theoretical analysis of the model.
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We develop a mathematical model to explore the effects of antibody-dependent enhancement
(ADE) on heterologous secondary infections due to a previous infection with one serotype of
dengue virus. The model has a virus-free equilibrium which is locally asymptotically stable
under certain conditions, but not globally stable (it is not an attracting point depending
on the initial inoculation of viral load by infected mosquitoes). This stability arises due
to the interplay between basic reproduction number of virions and ADE weakening factor.
Other locally asymptotically stable virus-presence equilibrium can exist, depending on the
trade-off between the strength of proliferation of memory immune cells and apoptosis of
infected macrophages. However, ADE must be accounted in the initial stage of infection (a
window of time of few days), period of time elapsed from the heterologous infection until the
immune system mounting an effective response against the secondary infection. We apply
the results yielded by model to evaluate ADE phenomonon in heterologous dengue virus
infection. We also hypothesize the occurrence of ADE in vitro in Zika virus infection, but
not in vivo.
Acknowledgements: Financial support by São Paulo Research Foundation (FAPESP) grant
2018/04094-3.
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For decades, dengue virus has been a cause of major public health concern in Costa Rica, due
to its landscape and climatic conditions that favor the circumstances in which the vector,
Aedes aegypti, thrives. The emergence and introduction throughout tropical and subtropical
countries of the chikungunya virus, as of 2014, challenged Costa Rican health authorities to
provide a correct diagnosis since it is also transmitted by the same vector and infected hosts
may share similar symptoms. We study the 2015-2016 dengue and chikungunya outbreaks in
Costa Rica while establishing how point estimates of epidemic parameters for both diseases
compare to one another. Longitudinal weekly incidence reports of these outbreaks signal
likely misdiagnosis of infected individuals: underreporting of chikungunya cases, while overreporting cases of dengue. Our comparative analysis is formulated with a single-outbreak
deterministic model that features an undiagnosed class. Additionally, we also used a genetic
algorithm in the context of weighted least squares to calculate point estimates of key model
parameters and initial conditions, while formally quantifying misdiagnosis.
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The 5-stage structured population model proposed by Schechtman and Souza[1] was modified to comprise insecticide resistance as a recessive trait and allow for additional death
rates at the larval and imago stages.
Insecticide at the larval stage was considered to affect all genotypes equally. Insecticide
at the two imago stages, i.e. immature and mature sexually, did not affect the resistant
homozygous genotype. In other words, insecticide affected both the homozygous susceptible
and the heterozygous genotypes.
Insecticide resistance was assessed by evaluating the total fraction of the gene for resistance
present in the population, which is a natural index choice when the dynamics is in a quasiHardy-Weinberg equilibrium.
Two insecticides policies were evaluated. For both policies larval insecticide was applied
throughout the year with and efficacy of 90%.
The first policy comprised of 6 single applications of adult insecticide, with a resting interval
of 4 days between any two consecutive applications, at the beginning of the summer season.
The efficacy of the insecticide was 10% and a fitness cost of 0.005.
A second, very intense, policy comprised of 18 block of applications of adult insecticide, with
a resting interval of 2 days between any two consecutive block of applications, during the
summer season. Each block of application consisted of two daily applications of insecticide
for 5 consecutive days. The efficacy of the insecticide was 6% and a fitness cost of 0.05.
For the two scenarios here presented, insecticide resistance as expressed by an increase in
the fraction of the gene for resistance only occurred for the very intensive policy.
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Since the year 2000, considerable reduction in malaria transmission and disease burden has
been achieved via mosquito control. But the rates of decline in malaria cases and deaths
have stalled globally since 2014, and therefore new mosquito control tools are urgently
needed both to address coverage gaps and increasing insecticide resistance. Mathematical
models play a key role in designing control interventions, but usually operate without explicit
notion of space or only in large scale discrete space. Modelling the movement of Anopheles
mosquitoes on a fine spatial scale and coupling these models with early trial data of new
mosquito control tools could help to design and assess new tools.
Here we present a new continuous space, individual-based, stochastic model for the movement of Anopheles mosquitoes while foraging. We define basic rules comprising random
perturbations for the behaviour of a single mosquito in response to inputs of environmental
factors like wind, attractants, repellents and physical barriers. This model is highly flexible
and can predict entomological outcomes such as biting rates and mosquito survival rates for
arbitrary combinations of different mosquito control tools being placed at various places in
the study area. The model is parameterized to data from semi-field mark-release-recapture
experiments testing odour-baited traps (pull) and spatial repellents (push). As a result, we
recommend spatial configurations of push and pull devices placed in the given experimental
setup at the same time. Hence we contribute to the development of a working push-pull
system targeting outdoor transmission of malaria.
In the future, the inclusion of breeding sites and mosquito life cycle could further improve
the understanding of mosquito behaviour and facilitate the development of other new vector
control tools as well.
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In this talk we shall describe a delayed dengue model adapted to zika. By assuming that
the epidemic starts by a single infected individual entering a disease-free population at
some initial time t0 we have used the least squares parameter estimation technique in R to
estimate the initial time t0 using observed zika data from Brazil as well as the transmission
probabilities of zika in Brazil between humans and mosquitoes and vice-versa. Different
values of Aedes aegypti (A. aegypti ) biting rate are used throughout the talk.
We have estimated the value of the basic reproduction number for zika in Brazil and calculated the expected number of cases of microcephaly in newborns as a result of women
infected with zika during pregnancy. We started off with a non-age-structured model then
introduced age-structure into the model.
However in reality seasonality, in particular temperature and rainfall, have a great impact
on the population size of A. aegypti. Hence we repeat both the non-age-structured and
age-structured analyses introducing seasonality into the A. aegypti birth function to model
the effect of these environmental factors.
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A model for the transmission dynamics of Tuberculosis - Lymphatic filariasis co-infection
in a population where they are both endemic is developed in order to investigate the impact of lymphatic filariasis on the transmission dynamics of tuberculosis. We analysed the
single models steady states and then investigate the existence and stability of equilibria. It
was found that both the lymphatic filariasis-only and co-infection models exhibit backward
bifurcations even when the disease-induced death was negligible. And that lymphatic filariasis may be associated with an increased risk of tuberculosis infection. Optimal control
theory was then applied to determine the optimal strategy for curtailing the spread of both
diseases. Our result shows that the optimal strategy for controlling the spread of both
diseases is the strategy combining all the time dependent controls.
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In this talk, we will present several mathematical models of tuberculosis (TB) based on
the reported data in the Republic of Korea and Philippines, and also propose the optimal
treatment strategies depending on the various scenarios in each country. Korea has ranked
the highest TB incidence among members of the Organization for Economic Cooperation
and Development (OECD). TB is the sixth leading cause of morbidity and mortality in the
Philippines. The least-square curve fitting have been used for beat fitting the parameters in
our models to the observed data. To determine the optimal intervention strategy which is
reducing the number of exposed and infectious individuals and the cost of control measures,
optimal control theory was used [1]. Important issues has been addressed from our research:
implementing the smoking controls, not with TB controls, can derive significant reduction
of the incidence of TB transmission [3]. We suggested the rearrangement of the Korean
government TB budget based on optimal treatment strategies from modeling [2]. Finally,
in the Philippines enhancing active finding control is a significant control factor to curtail
the spread of TB [4].
Acknowledgements: Jung’s work was supported by the Korea National Research Foundation
(NRF) grant funded by the Korean government (MEST) (NRF-2017R1A2B2004651).
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Sexual inequality in death and diseases is a profoundly studied topic in such fields like demography, sociology and public health. In general, men are more prone to infectious disease
and experience a shorter lifespan. But, in case of tuberculosis (TB) male-to-female ratio
varies world wildly from 1 in Thailand to 4.7 in Armenia with a mean value of 1.9. It is
obvious that such a variety cannot be explained only by physiological differences in vulnerability to infections; socio-cultural norms and individual health-related behavior are very
influential in revealing new cases and treating confirmed diseases.
Sex ratio in TB cases in different districts of Moscow city has been analysed for the period
from 1999 to 2014 . The mathematical model of TB epidemiology in two-sex population
has been developed and fitted to the data. The estimated values of the parameters make
it possible to evaluate impact of social, behavioral and biological factors . Since the rates
of TB detection and the rates of recovery in treated females were higher than in males it
can be concluded that female behavior can be characterized as more health-related then
male behavior which is in compliance with practitioners’ observations. At the same time
transmission rates are lower in females than in males which can be explained by the fact
that females have less contacts with socially ill-adapted individuals who form a high risk
group for TB.
The results obtained demonstrate that a behavioral factor is one of the most significant in
understanding sex differences in TB epidemiology and should be taken into consideration
during the elaboration of TB control strategies.
Acknowledgements: This work is supported by the RFBF (grant number 18-01-00856).
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We propose a Caputo type fractional-order mathematical model for the transmission dynamics of tuberculosis (TB). Existence of equilibrium points is investigated and the uniform
asymptotic stability of the unique endemic equilibrium is proved, via a suitable Lyapunov
function, for any non-integer order of differentiation. Our analytical results were complemented by numerical simulations in Matlab illustrating the stability result. It is shown that
the proposed fractional order model provides richer and more flexible results when compared
with the corresponding classical (integer-order) TB model.
Acknowledgements: Torres was partially supported by FCT through the R&D unit CIDMA, reference UID/MAT/04106/2013, and by project PTDC/EEI-AUT/ 2933/2014 (TOCCATA), funded
by FEDER funds through COMPETE 2020 – Programa Operacional Competitividade e Internacionalização (POCI) and by national funds through FCT. Silva is also grateful to the FCT post-doc
fellowship SFRH/BPD/72061/2010; Wojtak to the FCT PhD fellowship PD/BD/128183/2016.
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We study the impact of diabetes and multi-drug resistant strains in a non-integer order
model for tuberculosis (TB) infection in a community. We compute the reproduction number, R0 , of the model and analyse its behaviour numerically for variation of epidemiologically relevant parameters. Namely, the increased susceptibility to TB due to diabetes, the
diabetes recruitment rate, and the increased progression of non-diabetics TB infectious to
diabetic TB infectious individuals, due to their active TB status. We have proven the global
stability of the disease-free equilibrium for specific conditions, related with exogeneous and
endogeneous reinfections, and relapse of recovered individuals. Numerical simulations of the
model for the above mentioned parameters confirm the dynamics predicted by the value of
R0 . For R0 < 1 the disease-free equilibrium is stable, and it becomes unstable for R0 > 1.
The sensitivity indexes of R0 are computed and discussed. The order of the fractional
derivative adds more information about the complexity of the dynamics of the proposed
model and may help distinguishing dynamical traits in distinct TB patients [1].
Acknowledgements: The authors were partially funded by the European Regional Development
Fund through the program COMPETE and by the Portuguese Government through the FCT
- Fundação para a Ciência e a Tecnologia under the project PEst-C/MAT/UI0144/2013. The
research of AC was partially supported by a FCT grant with reference SFRH/BD/96816/2013.
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First, we revisit a classic two-type branching process which describes cell proliferation and
mutation; widespread application has been seen in cancer and microbial modelling. As the
mutation rate tends to zero and the population size to infinity, the mutation times converge
to a Poisson process. This yields the number of mutants and clone sizes. Other limits
and exact results are also explored. Second, we extend the model to consider mutations at
multiple sites on the genome. The number of mutants in the two-type model characterises
the mean site frequency spectrum in the multiple-site model. We recover a power-law
distribution commonly seen in tumours.

References
[1] David Cheek and Tibor Antal. (2007). Mutation frequencies in a birth-death branching process,
https://arxiv.org/abs/1710.09783

484

Monday, July 23rd, 12:00

Room: C8.2.17

Parallel Session

Evolutionary Dynamics I
THE EFFECT OF ADULT SEX RATIO ON TRANSITIONS
BETWEEN MALE AND FEMALE HETEROGAMETY
George W. A. Constable
g.w.a.constable@bath.ac.uk
Department of Mathematical Sciences, University of Bath, U.K.
Keywords: Sex Determination, Sex ratios, Population genetics.
Empirical work has shown a correlation between the mode of genetic sex determination
(male heterogamety, XY, or female heterogamety, ZW) and the adult sex ratio (ASR) in
tetrapods [1]. The hypothesis for this observation was that genetic factors such as meiotic
drive and sex-linked deleterious mutations could be responsible for skewing the ASR. In
this talk I will present theoretical work testing an alternative hypothesis; that skewed ASRs
preferentially lead to a given system of genetic sex determination by biasing the probability
of transition between XY and ZW. Transitions between male and female heterogamety are
common in both vertebrates and invertebrates. Our recent work has demonstrated that
when sex ratios are equal, genetic drift drives such transitions with a substantial bias that
favours dominant sex determining chromosomes [2]. Having described this research, I will
proceed to analytically show how biased ASR, combined with selection against the ancestral
heterogametic sex chromosome, alters the evolutionary picture and finally interpret these
insights in light of empirical data.
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Kelly’s [1] famous work on optimal gambling strategies and the financial value of information was arguably the first convincing attempt at applying concepts from information
theory for analysis in a different field. Recent evolutionary bet-hedging models under fluctuating environments and environmental cues (e.g.[2]) have adhered more or less to the
original economic framework. These models utilize important notions such as growth rate
maximization, proportional betting and fitness matrices, while providing an operational
interpretation of information in terms of increased growth rates. Here, I highlight the departures from the original economic model warranted by the shift to a biological framework,
the somewhat neglected analytic and conceptual limitations of current biological models,
and propose further generalizations to the information-theoretic framework to better account for evolutionary processes. I identify and analyse several implicit core assumptions
of these models, such as adaptive optimization of absolute vs. relative growth rates and
the targeting of asymptotic vs. finite growth rates. Crucially, I argue for more serious
consideration of genetic mechanisms for developmental phenotypic randomization.
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Hybridization has recently gained considerable interest both as a unique window for observing speciation mechanisms and as a potential engine of speciation. The latter remains a
controversial topic. It has been hypothesized that the reciprocal sorting of genetic incompatibilities from parental species could result in hybrid speciation, when the hybrid population
maintains a mixed combination of the parental incompatibilities that prevents further gene
exchange with both parental populations. However, the specifics of the purging/sorting
process of multiple incompatibilities have not been examined theoretically.
We here investigate the allele-frequency dynamics of an isolated hybrid population that
results of a single hybridization event. Using models of 2 or 4 loci, we investigate the fate
of one or two genetic incompatibilities of the Dobzhansky-Muller type (DMIs). We study
how various parameters affect both the sorting/purging of the DMIs and the probability of
observing hybrid speciation by reciprocal sorting. We find that the probability of hybrid speciation is strongly dependent on the genetic architecture (i.e. the order and recombination
distance between loci along chromosomes), the population size of the hybrid population, and
the initial relative contribution of the parental populations to the hybrid population. We
identify a Goldilocks zone for specific genetic architectures and intermediate recombination
rates, in which hybrid speciation becomes highly probable. While an equal contribution of
parental populations to the hybrid populations maximizes the hybrid speciation probability
in the Goldilocks zone, other genetic architectures yield asymmetric maxima that are unintuitive on first sight. We provide an explanation for this pattern, and discuss our results
both with respect to the best conditions for observing hybrid speciation in nature and their
implications for patterns of introgression in hybrid zones.
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We consider a class of non-local reaction-diffusion problems, referred to as replicator-mutator
equations in evolutionary genetics. For a confining fitness function, we prove well-posedness
and write the solution explicitly, via some underlying Schrödinger spectral elements (for
which we provide new and non-standard estimates). As a consequence, the long time behaviour is determined by the principal eigenfunction or ground state. Based on this, we
discuss (rigorously and via numerical explorations) the conditions on the fitness function
and the mutation rate for evolutionary branching to occur.
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Understanding the factors that shape the timing of life-history switch points (SPs, e.g.,
hatching, metamorphosis, maturation) is a fundamental question in evolutionary ecology.
Previous studies examining this question from a fitness optimization perspective have advanced our understanding of why the timing of life-history transitions may vary across
populations and environments. However, in nature we also often observe variability among
individuals within populations. Optimization theory, which typically predicts a single optimal SP under physiological and environmental constraints for a given environment, cannot
explain this variability. Here we re-examine the evolution of a single life-history SP between juvenile and adult stages from an Adaptive Dynamics perspective, which explicitly
considers the feedback between the dynamics of population and the evolution of life-history
strategy. The Adaptive Dynamics model, although simple in structure, exhibits a diverse
range of evolutionary scenarios depending upon demographic and environmental conditions,
including the loss of the juvenile stage, a single optimal SP, alternative optimal SPs depending on the initial phenotype, and sympatric diversification under disruptive selection. Such
predictions are consistent with previous optimization approaches in predicting life-history
SP variability across environments, and in addition it also explains within-population variability. Thus, our model can provide a simple theoretical tool for exploring how changing
environmental conditions may shape the evolution of life-history strategies.
Acknowledgements: PL and CH acknowledge support from the National Research Foundation
(NRF) of South Africa (grants 89967 and 109244). JRV acknowledges support from US Fullbright
and Centre of Excellence for Invasion Biology, Stellenbosch University, South Africa.
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Many plant parasites interact with their host through gene-for-gene interactions. Considerable polymorphism for virulence (defined as the ability to overcome a resistance gene)
and resistance occurs in agricultural and wild ecosystems. Fitness costs of resistance and
virulence are required for polymorphism to be maintained in the long run [1]. A previous
study [2] showed that there exist virulence costs in the Great Famine pathogen (Phytophthora infestans). These costs are mainly due to a lower spore production. However, virulent
genotypes have a shorter latent period (time-to-sporulation). The latter observation is intriguing as virulent genotypes are expected to benefit from shorter latent periods. A key
component of plant immunity is termed systemic acquired resistance (SAR): this is a partial
resistance response that occurs following an earlier exposure to a pathogen. Through an
adaptive dynamics approach, we show that SAR, by increasing the latent period of subsequent infections, may indeed select for shorter latent period in virulent genotypes. This
way, we provide an original and possibly testable hypothesis to explain previously puzzling
observations.
Acknowledgements: This work was supported by a grant over-seen by the French National Research Agency (ANR) as part of the “Blanc2013” program (ANR-13-BSV7- 0011, FunFit project)
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In the litterature, several models of food web evolution have been introduced and numerically
analysed. However, some biological conditions seem be to artificial in these models.
We will propose a food web model in which the size of individuals and their predation
preference are subjected to evolution. We will discuss the mechanisms which have to be
introduced in the model in order to obtain satisfactory evolutions of the food webs without
artificially constrain the evolution of both traits (for example, constrain the predators to be
always bigger than their preys). We will present results depending on the evolution speed
of both traits.
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The Wright’s island model consists of a large number of ecologically identical patches, in
which a fixed number of adults produce offspring and die. Part of the offspring disperse.
Those individuals surviving dispersal arrive randomly in any other patch. After dispersal,
the n individuals to become adults are randomly chosen among the offspring present in each
patch. In this model, classical results about the evolution of dispersal have been obtained
[2].
We investigate an extension including spatial heterogeneity, so that patches can be of different quality. By investigating metapopulation fitness, we present analytical expressions for
the selection gradient and conditions for convergence stability and evolutionary stability.
In the homogeneous model, evolutionary branching of dispersal is not possible [1]. We show
that spatial heterogeneity selects against dispersal, but can promote evolutionary branching.
For a fecundity-affecting trait, Taylor’s cancellation result holds in the homogeneous model:
Not only singular strategies but also their convergence stability is identical to that in the
corresponding well-mixed model. Homogeneous spatial structure also often inhibits evolutionary branching: Evolutionary branching never occurs when the dispersal rate is close to
zero, and for a wide class of fecundity functions (including those determined by any pairwise game), evolutionary branching is impossible for any dispersal rate if branching does
not occur in the corresponding well-mixed model [3].
In contrast, in a spatially heterogeneous model, evolutionary branching can happen for low
dispersal rates, even when it does not happen when everybody disperses.
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I model and study the process of natural selection between all possible mixed strategies
in classical two-player two-strategy games. I derive and solve an equation that is a natural generalization of the Taylor-Jonker replicator equation that describes dynamics of pure
strategy frequencies. I then investigate the evolution of not only frequencies of pure strategies but also of total distribution of mixed strategies. To solve these problems, I use the
recently developed HKV (hidden keystone variable) method [1, 2]. I show that the process
of natural selection of strategies for all games obeys the dynamical Principle of minimum
of information gain. I also show a principle difference between mixed-strategies Hawk-Dove
(HD) game and all other games (Prisoner’s Dilemma, Harmony and Stag-Hunt games).
Mathematically, the limit distribution of strategies is non-singular and the information gain
tends to a finite value for HD-game, in contrast with all other games. Biologically, the process of natural selection in HD-game follows non-Darwinian “selection of everybody” but
for all other games we observe Darwinian “selection of the fittest”.
Acknowledgements: This research was supported by the Intramural Research Program of the
NCBI, NIH.
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One of the fundamental problems in evolutionary biology is to understand mechanisms
promoting altruistic behavior in animal and human populations. We address it within three
simple models of evolutionary game theory.
In the Stag-hunt game, we are concerned with fixing probabilities of two absorbing states,
cooperation and defection. We formulate two simple and intuitive criteria for evolutionary
stability of pure Nash equilibria in finite populations. In particular, we show that the 1/3
law of evolutionary games [1] follows from a more general mean-potential law [2].
In the Snowdrift game, we show that a method of matching individuals has a strong influence on the long-run behavior of evolving populations. In particular, we show that lattice
structure is always beneficial to cooperation as compared to random-matching models [3]
but not to replicator dynamics [4].
In the Prisoner’s Dilemma game played on the random scale-free Barabási-Albert graphs,
we introduce a cost of maintaining a link between interacting players [5]. We show that
when the cost increases, the population of players undergoes a sharp transition from an
ordered state, where almost all players cooperate, to a state in which both cooperators and
defectors coexist [6]. At the critical cost, the population oscillates in time between these
two states.
Acknowledgements: I would like to thank the National Science Centre (Poland) for financial
support under Grant No. 2015/17/B/ST1/00693.
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France), Ludovic Mailleret, Fabien Halkett (INRA, France).
Keywords: Uninvadable strategy, Differential game, Adaptive dynamics, Resource allocation, Biotrophic
pathogens.
In this work, we study the competition of two biotrophic fungal cohorts within a common
host plant. Their identical dynamics are described by nonlinear ordinary differential equations representing the evolution of the average mycellium size Mi of each, and driven by
their potentially differing resource allocation strategy over time ui (t). Indeed, biotrophic
pathogens uptake resource from living host plant tissues and opt for its allocation to mycellium growth, spore (Si ) production, or a mix of both:
dMi (t)
dt
dSi (t)
dt

= (1 − ui (t)) fi (M1 (t), M2 (t)) − g(Mi (t))
= ui (t) fi (M1 (t), M2 (t))

Each cohort’s fitness is then defined as the per capita expected spore production over a
season of duration T , Ji (u1 (.), u2 (.)). In an uninvadability context, both cohorts then stand
in a zero-sum game where they try to maximize/minimize J1 (.) − J2 (.) [3], in an approach
complementary to [4]. The related Cauchy problem for the Hamilton-Jacobi-Isaacs equation
is investigated through analytical and numerical approaches to obtain the solution of the
zero-sum state-feedback game defined above. A first property that we obtained is that, if
M1 (0) = M2 (0), the Nash equilibrium corresponds to identical strategies for both cohorts.
These strategies most classically consist in increasing the mycellium size upto some fixed
level (with ui (t) = 0), then keeping the mycellium constant at that level while producing
spores (with 0 < ui (t) < 1), and finally only producing spores (with ui (t) = 1) until
the end of the season. The obtained solution was then compared to two complementary
approaches: the one obtained from single-cohort optimal resource allocation [1] and the one
stemming from adaptive dynamics. We noted that the solution of the optimal approach gives
a similar type of solution, except that the mycellium level at which the solution settles in the
intermediate phase is lower. We then noted from the generic form of the solutions obtained
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in both the optimal and game solutions that two scalar traits can define these allocation
strategies: the level at which the mycellium settles during the intermediate phase, and the
time before the end of the season at which the sporulation-only phase starts. Computing
the equilibrium, canonical equation and stochastic adaptive dynamics for the latter problem
[2], we obtained results in accordance with what the solution of the game yielded, which
validates the approach.
Acknowledgements: This work was supported by a grant over-seen by the French National Research Agency (ANR) as part of the “Blanc2013” program (ANR-13-BSV7- 0011, FunFit project)

References
[1] Yegorov, Y., Grognard, F., Mailleret, L., Halkett , F. (2017). Optimal resource allocation for
biotrophic phatogens. IFAC World Congress, Toulouse.
[2] Leimar, O. (2009). Multidimensional convergence stability. Evolutionnary Ecology Research 11,
191-208.
[3] Bernhard, P., Grognard, F., Mailleret, L., Akhmetzhanov, A.R. (2010). ESS for life history of
cooperating consumers facing cheating mutants 14th International Symposium on Dynamic Games
and Applications, Banff, Alberta, Canada.
[4] Dieckmann, U., Heino, M., and Parvinen, K. (2006). The adaptive dynamics of function-valued
traits. Journal of Theoretical Biology 241. 370-389.

498

Tuesday, July 24th, 11:30

Room: C8.2.13

Parallel Session

Evolutionary Dynamics III
SEX-RATIO CONFLICT DISRUPTS COLONY GROWTH
IN ANNUAL HAPLODIPLOID SOCIAL INSECTS
Piret Avila
piret.avila@unil.ch
Department of Ecology and Evolution, University of Lausanne
Joint work with Lutz Fromhage (University of Jyväskylä), Mauricio Gonzalez-Forero (University of St
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The optimal life-history strategy for an annual eusocial colony generally proceeds in two
phases: in the ergonomic phase, all effort is directed towards producing workers; in the
reproductive phase, all effort is directed towards producing sexual offspring. The switch
from the ergonomic to the reproductive phase is a key life-history event in annual eusocial
insects. We show that the conflict over sex allocation between the queen and the workers
gives rise to a suboptimal pattern of colony growth, characterized by a premature switch
from the ergonomic to the reproductive phase. In the reproductive phase, males are expected
to be produced before females (protandry) due to sexual selection if reproductives can
disperse over a substantial period of time. We show that the time of dispersal affects the
outcome of the sex allocation conflict. If reproductives disperse at the end of the season
then the queen wins the sex allocation conflict even if the workers have full control over the
developmental fate of the female brood. If reproductives disperse continuously throughout
the season, then strongly male-biased sex ratio can evolve, but the queen does not win the
sex allocation conflict if she is not in full control over the resource allocation traits. Our
study highlights the time-dependent nature of within-colony conflict and the importance of
considering the ontogenetic context of colony growth when studying sex allocation conflict
in social insects. Furthermore, we show how classical static models of resource allocation
conflict may be inadequate in predicting the outcome of the sex allocation conflict, since
they are not able to capture the decoupling of resource allocation trade-offs for different
phases of colony ontogeny. Our model provides predictions for determining the party in
control of the resource allocation decisions in annual eusocial insects.
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We consider the resident-invader dynamics of similar strategies in a noisy environment. We
focus on a class of continuous time models for structured populations and multi-dimensional
strategies. We classify all generic population dynamical outcomes of an invasion event
when the resident population size is log-bounded on average. The theoretical and numerical
results show that the sum of the resident and invader population sizes varies stochastically
and dramatically in fast time, while the proportion of the invader population size changes
deterministically and monotonically in slow time. We show that invasion without backinvasion (i.e. when the roles of resident and invader are reversed) implies substitution,
while mutual invasion leads to the coexistence of resident and invader at a unique population
dynamical attractor. Our results generalise earlier results for resident dynamics with a stable
equilibrium ([1], [2]) to resident dynamics with a stochastic (or deterministic) environmental
driver.
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The basic framework of Adaptive dynamics assumes an invasion fitness that is differentiable
twice as a function of both the resident and the invader trait. Motivated by nested models
of infectious disease dynamics we consider an extended framework in which the selection
gradient exists (so the definition of evolutionary singularities extends verbatim), but where
invasion fitness may lack the smoothness necessary for the classification à la Geritz et al. [1].
We present the classification of evolutionarily singular strategies with respect to convergence
stability and invadability and determine the condition for existence of nearby dimorphisms.
The extended setting of Adaptive dynamics allows for a new type of evolutionary singularity:
a so called one-sided ESS that is invadable by mutant strategies on one side of the singularity
but uninvadable by mutants on the other side. We discuss possible evolutionary scenarios
nearby one-sided ESSs and conclude by applying the extended framework to nested models
of infectious disease dynamics.
The talk is based on joint work with Odo Diekmann [2].
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Complexity of life forms on Earth has increased tremendously, primarily driven by subsequent hierarchical evolutionary transitions, a mechanism in which units formerly being capable of independent replication combine to form a higher-level unit of replication. Although
this process has been likened to the recursive combination of pre-adapted sub-solutions in
the framework of learning theory, no general mathematical formalization of this analogy has
been described yet. Here we show, building on former results connecting replicator dynamics and Bayesian update, that the Darwinian evolution of hierarchical population structure
under multilevel selection is equivalent to Bayesian inference in a class of Bayesian belief
networks. This allows for the transfer of concepts characterizing structured probabilistic
models, such as conditional independence and d-separation; here we provide their evolutionary interpretation. Furthermore, hierarchical evolutionary transitions in this framework are
equivalent to learning the structure of the corresponding Bayesian belief network. Indeed,
comparing the average fitness of those replicators that are participating in the transition
before and after the transition is equivalent to the comparison of model evidences of the
corresponding Bayesian belief networks. This mathematical equivalence might make more
elaborate methods of Bayesian learning theory accessible for modeling and understanding
complex, hierarchical evolutionary processes.
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Definitions of life on earth have primarily focused on the metabolic and replicative/reproductive
aspects of life as well as on the origin of cells and cell types. This converges with major experiments in astrobiology and more general theories of how, and by which mechanisms life evolves. Oparin and Miller, defenders of protein-first theories, were pioneers in
demonstrating the spontaneous origin of coacervates and amino-acids; the discovery of ribozymes and the structure, transcription and translation of DNA enabled scholars such
as Orgel, Eigen and Gilbert to formulate gene-first theories from within Neo-Darwinian
frameworks; and research on the origin of cells and cell types associates with symbiogenesis
theory (Mereschkowski, Wallin, Margulis). Natural selection, symbiogenesis, and instances
of “spontaneous generation” that currently run under the name of autocatalytic networks,
have also been used to mark major transitions in the evolution of life on earth, and the
different theoretical frameworks have in addition put forth different units and levels of evolution (ranging from replicators to holobionts). Not so much attention has been given to the
fact that the recognition that different evolutionary mechanisms, together, enable the origin
and evolution of life forms, also calls out for a more universal definition of the phenomenon
of evolution. I define evolution as the phenomenon that occurs when units evolve at levels
of an ontological hierarchy by mechanisms, I examine how this definition of evolution can
inform how we define and search for life, and I further analyze how life builds biological
realities.
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In recent decades, the rates of emerging infectious disease have increased significantly.
Changing global conditions, rapid population growth and changing species distributions
have all contributed to increasing the opportunity for host-shift events. While environmental factors have increased the rates at which host-shift events occur, the best predictor
for a successful host-shift is often the phylogenetic distance between potential host species.
The influence of host phylogenetic relationships on host-shift success is a result of parasites
being limited to host species where their existing adaptations are applicable, with closely
related host species being more likely to represent a compatible environment for shifting
parasites. The ability of parasites to switch between species can vary depending on the
species involved. Specialist parasites are highly restricted in their range of potential host
species, while generalist parasites have a greater ability to shift between comparatively
distantly related host species. Although attempts have been made to understand how parasites spread between host species, none investigate how specialism and generalism influence
long-term, clade-wide evolutionary dynamics in a competitive context. This study explored
competition between specialist and generalist parasites through the use of both deterministic mathematical models (ODEs) and stochastic computer simulations. An epidemiological
analysis of the system ignoring the phylogenetic distance between species concluded that
ultimately only one parasite lineage can remain stable on a host tree. As epidemiological
analysis could not incorporate the phylogenetic distance between a dynamically changing
host tree, simulations were used to provide a more realistic view of parasite switching between hosts over time. Generalist parasites were found to be more competitively successful
in the initial stages of invading a host clade, as they were able to quickly spread across host
phylogenetic trees. Specialist parasites were more susceptible to early lineage extinction
when competing against generalists. However, in the long-term, surviving specialists slowly
replaced generalist parasites on the host tree. Therefore, the success of a parasitic strategy
can depend on the time scale being examined.
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The focus of much of evolutionary biology is to identify the role of selection, in particular its
strength and direction. Selection is said to be directional if an invasion of a novel phenotype
implies that it fixes in the population in the sense that it substitutes its ancestral phenotype.
Interestingly, when the invader and ancestor have a closely similar phenotype, meaning that
the selection is effectively weak, such calculations can often be made exact under very general
conditions - successful invasion generically implies fixation. Surprisingly, however, existing
theory is divided according to the specific biological focus in mind with no up to date model
that would unify the disparate results and biological interpretation. Here, by reviewing the
existing literature and providing novel unpublished results, we outline the conditions on the
genetic, spatial, demographic and ecological structure for which the outcome of invasion can
be calculated. We discuss when the direction of selection can be expressed by a quantity
that is proportional to a frequency-independent selection gradient, what role demographic
stochasticity and reproductive values play, and then provide challenges for future research.
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Combining real-time evolution experiments with a theoretical framework is a powerful approach to create and test expectations on the repeatability and predictability of evolution.
Several studies have focused on this issue and have shown that repeatability of phenotypic
evolution is generally pervasive. However, an important question that remains unanswered
is how much short-term evolution can tell us about evolution in the long-term, and which
one of these is easier to predict. We founded 5 new laboratory populations of Drosophila
subobscura from two natural populations in Sintra and Arrábida, Portugal, in 3 different
years (1998, 2001, 2005). We then followed the real-time evolution of life history and physiological traits in the 15 replicated populations throughout adaptation to the laboratory.
Here, we compare the short and long-term (20 and 60 generations, respectively) evolutionary
dynamics of these populations. We have previously shown4 that evolutionary contingencies during short-term adaptation were most prevalent for traits more loosely related with
fitness, consistent with less selective pressure on these. Curiously, when performing the longterm analysis, we found differences in evolutionary rate for several traits, independently of
their relationship to fitness. When analyzing the dependence of the overall evolutionary
rate on the initial differentiation to the control populations, we found that differentiation
is a good predictor for both short and long-term evolution. However, differences between
populations seem to be more common in the initial period of adaptation. We also found
that the short-term evolutionary rate (combining all traits) is a good predictor of long-term
patterns in most cases. These results suggest that stochastic events play a role on both short
and long-term evolution of each trait. The presence of these contingencies indicates that,
despite a similar evolutionary trend between populations, the repeatability of evolution is
not pervasive. Combining all analyzed traits, the strong dependency of short and long-term
evolution on early differentiation and the later convergence supports the presence of a single
phenotypic optimum, common to all populations. This suggests that adaptation to this
environment is somewhat predictable. However, the specific evolutionary dynamics seem
507

to be different between populations, consistent with a role of stochastic events in the path
taken towards this optimum. In light of these findings, we discuss a theoretical approach
to combine information across traits in order to achieve a better characterization of the
evolutionary dynamics and address the issue of how predictable phenotypic evolution is.
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We study the fixation probability of a mutant type when introduced into a resident population which fluctuates in size. We focus on the interplay between ecological and evolutionary
processes and their effects on the fixation probability of the newly introduced mutant. Using techniques from population genetics, evolutionary game theory and theoretical ecology
we are able to disentangle the eco-evolutionary effects on the fixation probability. We approximate this quantity under weak selection in both, the evolutionary and the ecological,
components. Our main result shows that the location of potential internal fixed points plays
a crucial role in the formula and their stability determines the evolutionary success of the
mutant trait. Hence, the qualitative behavior of the fixation probability can be reduced to
the corresponding replicator equation while this is not true in case of fixed population sizes.

509

Tuesday, July 24th, 14:20

Room: C8.2.39

Parallel Session

Evolutionary Dynamics V
EXACT SIMULATION OF COUPLED WRIGHT FISHER
DIFFUSIONS
Celia Garcı́a-Pareja
celia.garcia.pareja@ki.se
Unit of Biostatistics, IMM, Karolinska Institutet, Nobels väg 13, 17177 Stockholm, Sweden
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Increased availability of molecular phylogenetic information has triggered the development of
new models and computational methods in evolutionary biology. Detection of co-evolution
mechanisms at the molecular level is of great interest in this context, as it is key for the study
of genetic variants associated with numerous diseases. The coupled Wright-Fisher diffusion,
a multilocus and multiallele diffusion model recently proposed by Timo Koski and Erik
Aurell, aims to characterize the evolution of pairwise interactions between allele types at
different loci. Expressed as a system of stochastic differential equations, the coupled WrightFisher diffusion includes coupling terms, one added to each drift, that reflect the nature of
such interactions. While simulation methods for other diffusion processes have been widely
studied, exact simulation methods for the coupled Wright Fisher diffusion are currently
unavailable. We propose an exact rejection algorithm for coupled Wright-Fisher diffusions,
extending the simulation techniques presented in [1]. Our algorithm uses as candidates
independent Wright-Fisher processes for which exact simulation is possible, and imposes
only mild conditions on the coupling terms, covering a wide range of coupled Wright-Fisher
diffusion models that include mutation and selection.
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Trait variation emerging from mutations is common in nature. Once a mutant emerges in
the population, new interactions are drawn between types, which may lead to changes in
the population size. Using the game theory, we implement this population dynamics in a
stochastic system [1, 2]. Since interactions between types are described by a game payoff
matrix, the emergence of a mutant is interpreted as extending the payoff matrix [3]. New
equilibria can emerge by the change of the payoff matrix. If the population settles to a new
equilibrium state, the population size changes. We examine the change of population size
in time and quantify the extinction risk by the mean time to extinction.
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Natural selection not only affects the exact loci under selection but also leaves “footprints”
in patterns of genetic variation in linked genetic regions. Thus genome-wide data offer exciting opportunities for inferring selection. Past studies on genetic footprints have mostly
focused on simple scenarios of selection: fixation of a single new mutation under constant
positive selection (selective sweep) or balancing selection maintaining an allele at constant
frequency. Yet, other modes of selection such as polygenic adaptation, adaptation from the
standing genetic variation, or fluctuating selection may be more prevalent in nature and
may produce distinct footprints that can be missed by standard scans for selection. To
increase ecological and genetic realism in models for the footprints of balancing selection,
we here consider balancing selection at one or more loci with seasonal fluctuations in the
allele frequencies. Using coalescent theory and stochastic simulations, we show that seasonal
allele frequency fluctuations can have important (and partly unexpected) consequences on
the genetic footprint of balancing selection. Fluctuating balancing selection generally leads
to an increase in genetic diversity close to the selected site, but reduces diversity further
away from the selected site, often even leading to a net decrease in diversity on the scale of
the chromosome. For two or more linked loci under seasonally fluctuating selection, qualitatively different behaviors emerge depending on whether the genetic distances between
loci are below or above a certain threshold distance. Above the threshold distance, recombination breaks up linkage disequilibria faster than selection generates them. Below the
threshold distance, recombination is not strong enough and linkage disequilibrium builds
up. Depending on the initial conditions, the population reaches one of two or more alternatively states with qualitatively different linkage patterns, seasonal dynamics, and genetic
footprints. These results might contribute to explaining empirical observations of long-range
linkage disequilibria in natural populations.
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In this study, we discuss the microscopic theory for the evolution on nearly neutral fitness
landscapes. This concept originates from the M. Kimura’s [1] and T. Ohta’s [2, 3] researches
that show the impact of random fluctuations and slightly deleterious mutations on the evolutionary process. While a neutral network like fitness landscape gives a negligible increase in
the mean fitness, it can drastically affect the arrival time for the new mutants. We suppose
the difference between one-point mutation neighbors to be small and construct a modification of the Crow-Kimura model for infinite populations. For the case of finite populations,
the version of the Wright-Fisher model is analyzed. We also proposed a continuous model
using Hamilton–Jacobi method. For these models, the estimation for the first arrival time
is derived. We claim that the proposed approach gives an advantage (in comparison to the
classical Wright-Fisher model with few sequences) in describing the evolutionary dynamics
of RNA viruses.
Acknowledgements: DSB has been supported by Academia Sinica and by Grant MOST 1042811-M-001-102.
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Evolutionary graph theory aims to investigate the dynamics of evolution in a context where
there is spatial population structure which is represented by a graph. Previous studies in
this area have mainly focused on the outcome of evolutionary processes on highly idealised
graphs. On such structures, quantities of interest, such as the fixation probability of an
invading mutant, can be calculated analytically.
Investigations of the evolution of populations represented by complex heterogeneous graphs
require computationally intensive methods. In this presentation we discuss methods of obtaining approximate descriptions of the underlying stochastic dynamics within a deterministic framework. In particular, we derive approximations directly from the master equation.
Although these approximations are commonly used in the modelling of epidemics on networks, their application in evolutionary dynamics is particularly challenging. The purpose
of this work is to develop deterministic approximation methods with low computational
complexity to describe stochastic evolutionary dynamics on arbitrary graphs.

514

Thursday, July 26th, 10:50

Room: C8.2.11

Parallel Session

Evolutionary Dynamics VI
THE EFFECT OF GRAPH STRUCTURE ON FIXATION
PROBABILITY AND TIME
Laura Hindersin
hindersin@evolbio.mpg.de
Department of Evolutionary Theory, Max Planck Institute for Evolutionary Biology, Plön, Germany
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In evolutionary graph theory, a graph can represent a population structure by placing individuals/cells on the nodes of the graph and letting them interact or replace each other
via the links. We are interested in the probability that a mutant placed randomly on the
graph takes over the whole population of wild-type individuals. Compared to a well-mixed
population, a graph is called an amplifier of selection, if it increases the fixation probability
of advantageous mutants and decreases it for disadvantageous mutants. The reverse is called
a suppressor of selection. We have shown in earlier work that most small undirected graphs
are amplifiers of selection for Birth-death updating [1]. Beyond the fixation probability, it
is also of interest to study the time this process takes until absorbing into the all-mutant
state, i.e. the conditional fixation time. Finding the effect of certain graph properties on
fixation probability and time is of growing interest. Employing a genetic algorithm we find
graphs with either high or low fixation probability and time and study their structure. Our
work unravels certain structural properties that maximise or minimise fixation probability
and time. In this way we pinpoint classes of graphs that make up interesting sets within
the probability-time-plane.
Acknowledgements: We thank Christoph Hauert for fruitful discussions.
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A fascinating wealth of life cycles can be observed in biology, from unicellular ones to the
concerted fragmentation of multi-cellular units. However, we still have a limited understanding of the factors driving the evolution of life cycles. How does the reproduction cost
influence the evolution of life cycles? We consider a basic model of a group structured
population of undifferentiated cells, in which larger groups reproduce by fragmentation into
smaller groups. Each fragmentation event in our model is associated with a cost expressed
by either a fragmentation delay, a fragmentation risk, or a fragmentation loss. The introduction of fragmentation costs vastly increases the set of life cycles which can be optimal.
Based on these findings, we suggest that the evolution of life cycles and the splitting into
multiple offspring can be directly associated with the fragmentation cost. Moreover, the
impact of the fragmentation cost alone is strong enough to drive the emergence of multicellular groups, even under scenarios that strongly disfavour groups compared to solitary
individuals.
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The spatial aggregation process is a very important problem which opens to many ecological
and biological questions. One of the most important questions is the conducting mechanism that makes the cells aggregate and pass from unicellularity to multicellularity. In this
talk, we develop a spatially explicit 3D-individual-based model (IBM) to understand the
effect of various mechanisms observed at the scale of phytoplankton cells, on the cellular
aggregation process. These mechanisms are: a chemotaxis due to a cell-cell local attraction, a molecular diffusion and a local competition on resources. The IBM is built from
the Lagrangian description of a finite system of phytoplankton cells. The cell’s movement
is modeled through an Itô’s diffusion in which the drift term describes the spatial interactions with the surrounding cells and the dispersal term represents the cell diffusion. For
the demographical process, we used a density-dependent branching process that takes into
account the local competition on the resources through a density-dependent death rate. We
implement the IBM using Acceptance-Rejection stochastic algorithm and simulate several
scenarios to quantify the effects of the different processes quoted above.
Our simulation study highlights the role of the branching process with a weak-to-medium
competition in reinforcing the aggregating structure that forms from attraction mechanisms
(under suitable conditions for diffusion and attraction forces), and shows by contrast that
aggregations cannot form when competition is high.
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One of the main challenges in modern evolutionary biology entails recognizing how different
traits evolve on a phylogenetic tree, and how they can affect the evolution of other species
characteristics. In this work, we present a probabilistic modeling framework for binary traits
(0 and 1), random species trees, in which the number of species and their traits are represented by a two-type, continuous time Markov branching process [1]. Our special focus is on
an irreversible model where type-0 units produce offspring of both types, 0 and 1, whereas
type-1 units are unable to generate type-0 offspring. In this study, we investigate this model
and some of its variations under super-critical assumptions. Models in this category have
appeared in various applications, such as mimicking the evolution of tumor progression [2],
and branching process models of cancer [3]. The model involves a number of different parameters describing character evolution on the so-called ‘reduced’ tree, consisting of only
extant species at the time of observation. We further develop our model by considering
the impact of binary traits on dN/dS, the ratio of non-synonymous to synonymous substitutions. Our technique enables us to determine substitutions on a phylogenetic tree with
regards to the observed traits. For the asymmetric setting in this work, we also compare
our branching model with another branching model that incorporates diversity-dependent
diversification [4]. Diversity-dependent diversification describes the effect of competition on
speciation and extinction rates. This version of the model is introduced by replacing the
branching rates with suitable state-dependent functions. The intention is typically to reduce
birth rates and/or increase death rates to balance supercritical net growth. The properties
obtained from our theoretical study are finally illustrated with a phylogeny of outcrossing
and selfing plant species [5].
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Whether a host defends itself from parasitism through resistance strategies (e.g. lowered
transmission, increased recovery) or tolerance strategies (e.g. reduced mortality during
infection) changes drastically the possible evolutionary outcomes of defence evolution. Previous work has unravelled how these two different categories of defence induce different
ecological feedbacks to parasite prevalence, showing that while resistance decreases parasite prevalence and reduces its own selective pressure, tolerance strategies boost parasite
growth and increase selection for tolerance. Thus, theoretical models traditionally predict
fixation as the most likely outcome for tolerance evolution. Here I will present work that
identifies further important features of tolerance evolution. Firstly, I will show how the
evolution of a costly tolerance mechanism can lead to host-driven parasite extinction, even
against parasite counter-adaptation. Secondly, I will examine how community interactions
impact tolerance evolution, specifically by including a predator of the host. I will show how
the additional ecological feedback induced by the predator allows tolerance branching or
non-monotonous trends in the optimal evolutionary strategy. As the interest for tolerance
strategies is increasing in different research the aim of this theoretical study is to identify
potential new avenues for further research with closer integration between modellers and
empiricists.
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The classical models of evolution have been developed to incorporate structured populations
using evolutionary graph theory and, more recently, a new framework has been developed
to allow for more flexible population structures which potentially change through time and
can accommodate multiplayer games with variable group sizes. In this paper we extend
this work in three key ways. Firstly by developing a complete set of evolutionary dynamics
so that the range of dynamic processes used in classical evolutionary graph theory can be
applied. Secondly, by building upon previous models to allow for a general subpopulation
structure, where all subpopulation members have a common movement distribution. Subpopulations can have varying levels of stability, represented by the proportion of interactions
occurring between subpopulation members; in our representation of the population all subpopulation members are represented by a single vertex. In conjunction with this we extend
the important concept of temperature (the temperature of a vertex is the sum of all the
weights coming into that vertex; generally, the higher the temperature, the higher the rate
of turnover of individuals at a vertex). Finally, we have used these new developments to
consider the evolution of cooperation in a class of populations which possess this subpopulation structure using a multiplayer public goods game. We show that cooperation can
evolve providing that subpopulations are sufficiently stable, with the smaller the subpopulations the easier it is for cooperation to evolve. We introduce a new concept of temperature,
namely “subgroup temperature”, which can be used to explain our results.
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Two-locus two-allele models are the simplest models to explore the role of epistasis for a
variety of important evolutionary problems, including the maintenance of polymorphism.
However, due to the mathematical complexity arising from the fact that epistasis generates
linkage disequilibrium, few general insights have emerged. Here, we study a simpler problem
by assuming that linkage disequilibrium can be ignored. This is a valid approximation if
selection is sufficiently weak relative to recombination. The central point in our analysis is
the inference of the number and stability of fully polymorphic equilibria from the boundary
flow, i.e., from the dynamics at the four marginal single-locus subsystems. For general fitness matrices, this is rather difficult, however, for many specific classes of fitness schemes,
including additive fitnesses, purely additive-by-additive epistasis, multilinear epistasis, and
the symmetric viability model, we obtain complete characterizations of the possible equilibrium structures. The key mathematical ingredient for this is index theory. The specific
form of epistasis has both a big influence on the possible boundary flows as well as on the
internal equilibrium structure admitted by a given boundary flow.
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The Wright-Fisher process is widely used in population genetics to model the evolution
of allele frequencies under the influence of genetic drift and its interactions with mutation
and selection. Current understanding of the Wright-Fisher process is largely based on its
properties for populations of constant size. As the human population has been growing
exponentially since the advent of agriculture approximately 500 generations ago, it is of
considerable interest to investigate how the predictions of the model change for exponentially
growing populations.
In this work we use simulations and analysis of the Wright-Fisher process and a diffusion
equation that approximates it to explore the fate of a mutation occurring in an exponentially growing population. In particular we show that instead of a mutant allele necessarily
converging to either extinction or fixation, as occurs in constant populations, it may coexist
indefinitely with native alleles. The probability of coexistence increases with the population
growth rate, while the expected frequency of a coexisting allele decreases. This implies that
population growth alone is sufficient to account for the indefinite maintenance of several
alleles at a locus.
To illustrate these results we consider a particular mutation of the OCA2 gene that is the
cause of the high frequency of albinism among the Bantu-speaking people of sub-Saharan
Africa. Archaeological and linguistic evidence suggest that this mutation occurred over 3,000
years ago, before the spread of Bantu-speakers from the area of what is now Cameroon. We
show that observed frequencies of albinism among these populations are consistent with the
mutation occurring at that time in a population with an (effective) size of a few hundred. It
is therefore not necessary to invoke factors such as selection pressure or cultural differences
to account for persistence of albinism, although these may also play a role.
The consequences of the indefinite coexistence of alleles for the evolution of genetic diversity
will be discussed in the talk “Genetic diversity in rapidly growing populations” presented
by Mark Roberts.
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Theoretical population genetics is founded on mathematical models which predict that genetic drift causes alleles either to go extinct or replace all other alleles at the same locus. In
the absence of new mutations every member of a population becomes homozygous at each
locus and all alleles at a locus will eventually be descended from the same ancestral allele.
When a steady input of mutations creating new types of alleles is added to the model an
equilibrium is created at which the loss of diversity due to genetic drift balances the creation
of diversity through mutation.
These predictions are usually illustrated by models in which the population size is constant,
but they are regarded as holding much more widely. In this work we confirm that they do
indeed continue to hold if the population growth is constrained, in a sense we make precise.
However none of the predictions hold for models in which populations grow rapidly, such as
are appropriate for the observed exponential growth of human populations. In particular
we show that for such rapidly growing populations the eventual outcome is that every allele
in the population is unique. The timescale over which this increase in diversity occurs is
typically of the order of thousands of generations, but significant effects are observable over
much shorter periods. These include the ‘excess of rare variants’ that has been observed in
both genomic data and simulations of the genetic history of human populations.
This talk is a sequel to that on “The Wright-Fisher model for exponentially growing population” presented by Peter Nabutanyi and will focus particularly on the evolution of heterozygosity in the ‘infinite allele’ model for the interaction of drift and mutation.
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In this talk, I will give out a brief introduction to Information Geometry and how to apply it
in the context of population genetics. In particular, I will give out a geometrical interpretation for the Ohta–Kimura formula [2] and discuss its generalizations for linkage equilibria in
Wright–Fisher models with several loci. The state space associated with the Ohta–Kimura
model is simply a Riemannian manifold of constant positive curvature. Furthermore, the
equilibria states for recombination can be interpreted geometrically as a product of spheres.
In the case of only two loci, I will derive the long-term behaviour of the mutual information
between these two loci. This is a joint work with Jürgen Jost and Julian Hofrichter.
Acknowledgements: J.H. and T.D.T. have been supported by scholarships from the IMPRS
“Mathematics in the Sciences” during earlier stages of this work. T.D.T. was also partially supported by the Vietnam Institute for Advanced Studies in Mathematics (VIASM).
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Based on a stochastic biophysical model of multi-step transcription based on empirical
parameter values of the rate constants of a fully induced LacO3 O1 promoter at optimal
temperature, we hypothesize that temperature downshifts increase promoter escape times
from supercoiled states as they enhance the energy barrier of this process. Next, from simulations of the model and statistical inference, we predict the consequences of this hypothesis
on the mean and cell-to-cell variability in RNA numbers at low temperatures and on the
rate-limiting steps of the multi-step transcription process. To validate our results, we produced empirical in vivo single RNA-level data from a single-copy LacO3 O1 promoter, when
chromosome-integrated and when plasmid-borne (impervious to supercoiling due to lack of
topological barriers). We show that the original hypothesis and the predicted transcription
kinetics alterations are highly accurate, in a statistical sense. The data further supports
that this phenomenon is solely biophysical, as its kinetics rapidly changes following the temperature shifts. Thus, we conclude that our temperature-dependent transcription model is
accurate within the range of 37 o C and 10 o C. In the future, we expect this validated
temperature-dependent stochastic model of transcription for chromosome-integrated promoters to be of use in predicting the plasticity of temperature-sensitive synthetic genetic
circuits.
Acknowledgments: Work supported by Finnish Academy of Science and Letters (C.P.), EDUFI
Fellowship (TM-17-10620 to V.C.), Academy of Finland (295027 and 305342 to A.S.R.), and Jane
and Aatos Erkko Foundation (610536 to A.S.R.). The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript. The authors declare
that they have no conflict of interest.
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A.S. Ribeiro. (2016). Dissecting the stochastic transcription initiation process in live Escherichia
coli. DNA Research 23(3), 203–214.
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Daily, in each cell of human organism thousands of DNA lesions are formed. They may be
caused by exogenous or endogenous factors. Ataxia telangiectasia mutated (ATM) protein
is activated by DNA double-strand breaks (DSBs), while ataxia telangiectasia mutated and
Rad3-related (ATR) detects single-stranded DNA areas (ssDNA). Both pathways cooperate
inducing p53 tumor suppressor protein, which regulate apoptosis, DNA damage repair and
cell cycle arrest.
Using mathematical modeling we examined how detection of DNA lesions influences the
cell cycle and what is the impact of cell cycle phase on DNA damage detection processes.
We combined deterministic version of our previously created mathematical model of ATMp53-Wip1 pathway [1] with cell cycle core. We implemented resection process as a part of
homologous recombination repair mechanism present in S and G2 phases of the cell cycle.
We take into account stochastic cell cycle length and particular phases duration. Simulated
cells are treated with ionizing radiation in random time points in order to recreate conditions
in asynchronous cell population.
Our model confirms that the cell cycle phase, during which DNA damage arise, has the
impact on genetic material susceptibility to damage. Our results indicate that during cell
cycle progression, with increasing cell size, cellular DNA becomes more prone to damage
than in early stages of cycle. Changing amount of DNA, and degree of its condensation have
an impact on strength of DNA damage response. Also DNA damage repair type and speed
are different in various cell cycle phases. In S and G2, resection process causes formation
of ssDNA, which is the reason of experimentally observed activation of ATR module after
ionizing irradiation.
Taken together, our results may explain why cells from heterogeneous population exhibit
different responses to radiation, what is commonly observed during biological studies performed on the cell culture.
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Identifying bottlenecks in a biological process can enable the identification of key targets for
regulation by the cell. mRNA localization by molecular motor driven transport is important
for cell polarization, but the limiting bottleneck for efficiency of transport is not known in
most cases. Here, we examine the rate-limiting steps in the localization of gurken/TGFalpha mRNA in Drosophila egg chambers. We construct a coarse-grained model of the
entire path of localization from mRNA production in nurse cell nuclei to the site of final
localization in the interconnected oocyte. Using Bayesian inference, we relate this model to
quantitative single molecule fluorescence in situ hybridization data, and draw three main
conclusions. First, we characterize the formation of higher order assemblies of RNA-protein
complexes in the oocyte by quantification of fluorescence in different regions. Second, by
calculating steady state behaviour in the model, we estimate the extent of the bias in
transport directionality through ring canals between cells. Finally, by parameterizing our full
dynamic model, we provide estimates for the rates of the different steps of localization, and
predict that the rate of production not transport is rate-limiting. We use our model to make
a testable prediction about behaviour under perturbation to the production rate. Together,
our results strongly suggest that production is rate-limiting for grk mRNA localization in
Drosophila development.
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We consider a model for vertical gene transfer of genetic elements in bacteria called plasmids.
The model incorporates non-constant cell division and death, plasmid reproduction, and
segregation which is modeled by an integral operator that describes the fraction of plasmids
the respective daughter receives from the mother. The dynamics of the system is determined
by plasmid reproduction which increases the number of plasmids in the population and cell
division and segregation which dilutes the plasmids and decreases the number of plasmids
per cell. We obtain a growth-fragmentation equation for the bacterial population structured
by the number of plasmids. The model equation is a hyperbolic partial differential equation
with an integral term.
As we are interested in the long-term behavior of the distribution of plasmids we consider
the associated eigenproblem and prove existence of eigensolutions along the lines of [1, 2]
extending the results to models with non-constant cell death rates. In order to obtain
stability results, we analyze the spectrum of the differential operator given by the model
equation. We find a real dominating eigenvalue. The corresponding eigenfunction attracts
all solutions.
Acknowledgements: This work was supported by the German Research Foundation priority
program SPP1617 “Phenotypic heterogeneity and sociobiology of bacterial populations” (DFG
MU 2339/2-2 SPP1617).
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Reactive oxygen species (ROS) are some of the most damaging factors for living systems.
Cells produce ROS during normal metabolism reactions, but ROS production increases under stressful conditions. Improving the antioxidant system in cultivated plants will increase
their tolerance to abiotic stresses, such as salinity, drought and cold. However, the biochemical components of the system are redundant, each reaction is catalyzed by a series (up to
10) of enzymes encoded by different genes. This is an excellent model of a multicopy enzymatic system with complex regulation. Its study is of fundamental value. Simultaneously
choosing the most perspective components of this system will help speed up evaluating the
optimal breeding strategy for improving abiotic stress tolerance in economically valuable
plants.
Here, we present the results of an integrative analysis of evolution- and expression-related
characteristics. The work was carried out on a series of genes that belong to main functional
groups (APX, GPX, SOD, CAT, etc.) of enzymatic components of the antioxidant defense
system. We used a sample set of plant species consists of flowering plants (representing of
main families in dicots and monocots), gymnosperms, mosses and green algae species. Also,
we have collected the data on the cell localization of particular enzymes and the activities of
individual components of the system in the favorable conditions and in response to stress.
As a result, more than 50 groups of orthologous genes were evaluated and described in terms
of substitution rates, expression patterns and cellular localization. The data of phylogenetic
analysis speak in favor of the theory that most part of diversification of individual components of the antioxidant system and their distribution by cellular compartments occurred
at the early stages of the plant line evolution long before the appearance of multicellularity.
Dramatic differences within series of the genes (for example, APX series) were detected in
the pressure of purifying selection and in the level of mRNA expression. This pattern of
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evolution and expression peculiarities is stable within species families and has significant
differences between dicots and monocots species. At the next stage, the character of the
expression changes in response to stress factors (drought, salt, cold) was described. It was
found that the fraction of highly expressed genes responds to abiotic stress factors differently
than the low-expressing fraction. A good correspondence was found between the particular
activities of the atioxidant system and the mRNA levels of the corresponding components,
which indicates a high relative contribution of expression regulation to the dynamics of the
plant antioxidant system.
The highest gene expression level and the greatest pressure of purifying selection were found
to characterize particular copies. Because these genes undergo the most conservative evolution and have the highest level of mRNA expression, we may assume that they contribute
a lot to the antioxidant system functioning of the plants studied.
We have shown that the integration of evolutionary characteristics and expression data
represents a promising approach access the fermentative system dynamics and to predict
target genes for plant breeding.
Acknowledgements: the research was carried out within the framework of the project RSCF
17-74-10198.
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In this work we analyze the impact of the stochastic fluctuation of genes switching between
their ON and OFF states on the effectiveness of a potentially large class of drugs given by
metronomic regime.
We investigate two elementary molecular circuits to reveal the basic mechanisms underlying
the experimentally observed dose-response curves. Both circuits consist in the transcription
of a gene and in the successive mRNA translation into the corresponding protein. The
difference between them lays in the gene deactivation mechanism. While in the first on
gene deactivation is spontaneous, in the second it is dependent on the protein level, which
constitutes negative feedback loop.
To avoid the influence of the complicated, especially non-linear dynamics of the complex
systems we want to keep our as simple as possible. Therefore we consider a simple therapy:
given drug is delivered by the oral administration and its function is to lower the protein
level by enhancing its degradation rate. Assumed therapy is considered successful when
the protein level stays below given threshold for a given time. During our simulations we
set the threshold to be a half of the protein level in the steady state in case without drug
and the time to 12 hours. This kind of pharmacodynamics (with various thresholds and
time periods) is observed in many antibiotics and antitumor drugs. Moreover, because each
therapy causes side effects, which has to be minimized, we consider therapies for which
the total dose is limited to the values resulting in protein level closely below threshold in
deterministic approximation.
As a result we have a system with two interplaying sources of signals which influence protein level. First is the stochastic gene switching in which we can modulate the switching
time understood as the waiting time to the next stochastic event. Second is the drug administration. Because we consider metronomic therapies we can modulate the total dose,
the number of fractions the total dose will be split into and the time interval between two
successive doses.
We investigated a various combinations of the above in the wide range of the gene switching
time and drug administration parameters. Our numerical simulations suggest that the gene
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switching plays a primary role in determining the shape of the dose-response curves and
reveals some interesting phenomena. Especially for very slow gene switching a significant
fraction of cells may respond also in absence of drug. For the faster gene switching cells
may respond to the therapy even when the drug dose is insufficient for the response in
deterministic case. In contrast for the fast gene switching the stochastic prediction follows
the deterministic approximation.
Our results suggest that metronomic therapies protocols may be ineffective when based on
the population data which by its nature corresponds to the deterministic case in our model,
neglecting the stochasticity of the gene switching. Especially, when the gene switching is
slow such therapies protocol should be correlated with the gene switching times.
Acknowledgements: This work was partially supported by the grant number 2016/23/B/ST6/03455
founded by National Science Centre, Poland
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Many practical problems in the ”omics” (genomic, proteomic, metabolomic) sciences are
related with discrimination and comparison between groups: scientists are often interested
to determine which genes, or metabolites, or proteins are significantly modified in groups
of subjects affected by specific pathologies, in order to identify biomarkers or relationships
between metabolic or genetic alterations and pathology development.
Omics data are characterized by large set of measurements performed on a small number of
probes or experiments. In this setting, usual multivariate statistical techniques for groups
comparison, like MANOVA or Hotelling T 2 tests, are not applicable, since the covariance
matrix of high dimensional data, in presence of small samples, can not be computed without
strong approximations, which may result unrealistic. Thus, other techniques for dimensionality reduction must be applied. Such techniques must preserve all the relevant information
needed to discriminate with respect to different groups, and filter out the noise.
A rather consolidated technique in genomic is singular value decomposition (SVD) [1, 2],
applied to genetic expression arrays. We here propose to represent omics data through
functions, in spite of their non-longitudinal nature, and then we apply functional statistical
techniques [3], like functional ANOVA (fANOVA), to compare the different groups. We
compare the results of the functional data analysis with the one obtained through SVD on
real genomic and metabolomic datasets.
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Keywords: Stochastic gene expression, Dynamical systems, Perturbation techniques, Probability generating function.
Stochastic models for gene expression frequently exhibit dynamics on several different scales.
One potential time-scale separation is caused by significant differences in the lifetimes of
mRNA and protein; the ratio of the two degradation rates gives a natural small parameter
in the resulting chemical master equation, allowing for the application of perturbation techniques. We present an analytical method for the analysis of a family of ‘fast-slow’ models
for gene expression that is geared to provide fully time-dependent propagators that describe
the evolution of the stochastic model, in order to make full use of experimental time series data obtained by real-time tracking of gene expression in single cells as an input for a
Bayesian parameter inference scheme, whose implementation provides the numerical part of
the hybrid analytical-numerical approach [1]. We present the results of the application of
the analytical-numerical method on a gene expression model that incorporates autoregulation through gene switching. We highlight the consequences of the perturbative approach
for the parameter inference procedure, and give an overview of the possibilities and limitations of our analytical perturbative approach. We discuss the performance of the method
on experimental single cell data from microfluidics experiments on budding yeast.
Acknowledgements: This work has been supported by the Leverhulme Trust, through Research
Project Grant RPG-2015-017 (‘A geometric analysis of multiple-scale models for stochastic gene
expression’).
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A model of a two gene regulatory network with self-activation and competitive inhibition,
with one gene promoting differentiation and one gene promoting pluripotency, is presented.
The variation on the number of binding sites at the promoter regions of the genes, which can
be originated by the stochastic epigenetic regulation (ER) dynamics, drives noise-induced
transitions between the open and the silenced state of the genes, giving rise to plastic behaviour. This switch between the open and closed state lets us to describe a situation of
partial cell reprogramming, where the differentiation-promoting gene gets closed, and a scenario of full reprogramming, where not only the differentiation-promoting gene gets silenced
but also the pluripotency-promoting gene gets open. The robustness of each of these states
can be analysed by computing its exit time, which allows to show that spontaneous reprogramming is a much rarer event than epigenetically-induced reprogramming. Furthermore,
we also are able to find which properties a system must have in order to be more poised for
(de)differentiation or self-renewal, and match them with some factors known to affect the
ER system, such as aging and cancer.
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Phenotypic switching in gene regulatory networks is a well known phenomenon with relevance to cellular decision-making. It is typically marked by bimodal distributions of protein
expression levels where each of the modes is associated with a particular phenotype. While
it has been shown that intrinsic noise due to low copy number of promoters can induce
bimodality under certain conditions, the influence of extrinsic noise is presently largely unexplored. Here we show using model systems of gene expression that the addition of extrinsic
noise to certain reactions can shift the system’s phenotype, i.e. the bimodal distribution
switches from its mass being largely in one mode to the other mode. We also discuss a simplistic novel approximation of chemical master equation to capture these transitions. This
phenomenon has relevance to synthetic biology, particularly to the design of biomolecular
circuits whose function can be switched by external signals.
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Epigenetics is coming to the fore as a key process which underpins health. In partic- ular
emerging experimental evidence has associated alterations to DNA methylation status with
healthspan and aging. Mammalian DNA methylation status is maintained by an intricate
array of biochemical and molecular processes. It can be argued changes to these fundamental cellular processes ultimately drive the formation of aberrant DNA methylation patterns,
which are a hallmark of diseases, such as cancer, Alzheimers disease and cardiovascular
disease. In recent years mathematical models have been used as effective tools to help advance our understanding of the dynamics which underpin DNA methylation. In the current
talk we will present some linear and nonlinear models which encapsulate the dynamics of
the molecular mechanisms which define DNA methylation. Using our recently developed
Bayesian algorithm for model analysis we will identify a set of model parameters which
satisfy the biological requirements as well as we will propose an easy way of choosing the
more efficient of the constructed models.
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A cell’s ploidy value is the number of chromosomes (genomes) residing in that cell. Biologists now believe that bacterial polyploidy is more common than they thought before. For
a given mutation, a cell is called homozygous if all genomes in that cell carry the same
mutation of interest. A long-standing challenge is to explain how homozygosity arises in
a highly polyploid cell population. Let a cell having c genomes carry just one mutated
genome; simulation suggests, if chromosome segregation is random, one would wait on average for c cell generations to see a homozygous cell arising. With c = 100, one would then
witness about 1030 cell divisions, which is about the total number of microbial cell divisions
occurring annually on the earth. To circumvent this conundrum, biologists in 1980 proposed
a model of nonrandom segregation. Recent biologists favor the gene conversion hypothesis.
The random segregation model, despite its conceptual simplicity and intuitive appeal, fell
out of favor before its elementary properties were ever understood. The advent of high performance computing technology has somewhat untethered the random segregation model
from intractable mathematics. Using an agent-based simulation approach, I have caught
glimpses into the joint effects of mutation and selection on the formation of homozygosity. For example, if cells carrying relatively more mutated genomes are selected very 20
generations, a succession of 3 rounds of selection is sufficient to produce a large number
of homozygous cells having a ploidy value of 100. I shall discuss important evolutionary
implications of these findings.
Acknowledgements: Portions of this research were conducted with the advanced computing
resources provided by Texas A&M High Performance Research Computing.
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This talk reviews several techniques for the accurate estimation of the probability distribution of substitution rates along phylogenetic trees. The approach relies on the modeling of
the rate of molecular evolution using geometric Brownian motion or other diffusion processes.
This includes the implementation of moment matching techniques that can be applied more
generally to the estimation of path integrals. We also present numerical simulations and
error bounds, in agreement with other approximations proposed in e.g. [1] for small values
of the autocorrelation parameter.
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Individual level heterogeneity in infectivity are frequently observed in real epidemic outbreaks, which will not only affect the spread of the disease but also disturb the control
strategies designed for a homogeneous system. From an evolutionary point of view, this
heterogeneity contributes to shaping the genetic diversity of pathogens and hence leaves
fingerprints in the reconstructed pathogen phylogenies from genetic data. Neglecting this
heterogeneity and instead assuming equal infectivity for all hosts will bias parameter estimates in the analysis of pathogen phylogeny.
In this study, we introduce a heterogeneous birth-death model to extract information on
the heterogeneity of infectivity from the pathogen phylogeny. In this model, each host
draws a random infection rate from a continuous probability distribution that encodes all
variation in infectivity of individuals. By studying the relationship between neighboring
internal branches in a phylogeny, it is possible to recover the infectious information of
individuals and furthermore to estimate the population-level heterogeneity in infectivity
(i.e., the standard deviation of the random infection rate).
With numerical simulations, the method yields the accurate estimation of population level
mean and heterogeneity in infectivity. Also, the new method has been applied to the real
dataset of HIV outbreak and reveals the heterogeneity in HIV transmission. Finally, based
on the estimated heterogeneity in infectivity, we study the optimization of intervention
strategy to control the outbreak under the heterogeneous situation.

543

Thursday, July 26th, 11:30

Room: C8.2.15

Parallel Session

Genetics and Genomics III
STOCHASTIC ACTIVATION IN A GENETIC SWITCH
Joanna Tyrcha
joanna@math.su.se
Dept. of Mathematics, Stockholm University
Joint work with John Hertz (University of Copenhagen and Nordita, Stockholm) and Alvaro
Correales (UA Madrid and Dept. of Mathematics, Stockholm University).
Keywords: Gene regulation, Stochastic dynamics, Path integrals.
Biological networks generically exhibit discontinuous transitions between different states,
characterised by different gene expression patterns. Sometimes these transitions can be
stochastic, driven by random fluctuations of molecular concentrations. In this work, we
analyse such transitions in a minimal model of a self-regulating gene. We employ generalisations of theoretical treatments of simpler problems ([1, 2]) to calculate the activation rate
in the limit where the transitions are rare.
Our simple model contains a single mRNA species and its associated protein. The mRNA is
assumed to be transcribed at a rate proportional to a Hill function of protein concentration,
and the rate of protein production is taken proportional to the mRNA concentration. An
important parameter of the problem is the ratio of the lifetime of the protein to that of the
mRNA. We denote it by γ. The large-γ limit has been studied extensively in the steadystate limit ([3, 4]), where proteins are produced in exponentially (geometrically) distributed
bursts. In this limit, the mRNAs are slaved to the proteins and we have an effective onespecies problem.
It is well-known that a Fokker-Planck approach (or, equivalently, adding Gaussian noise to
the chemical rate equations) is not sufficient to describe the large fluctuations involved in the
rare transitions of interest here. In our calculations, we use both a path-integral formulation
and Chapman-Kolmogorov equations to describe the stochastic chemical kinetics. We study
the problem for a range of values of γ, with particular attention to the bursting limit
(γ → ∞). The activation rate can be written in the form r0 exp(−S0 ), where S0 is the action
of the optimal path (history of the molecular concentrations) from a locally stable state to
the transition state through which the system passes en route to the other locally stable
state. It is inversely proportional to the size of the molecular concentration fluctuations.
The prefactor r0 comes from fluctuations around the optimal path. It does not depend on
the size of the fluctuations.
In the bursting limit we are able to calculate both S0 and r0 exactly. For general γ, numerical calculations are required. We can also calculate S0 analytically for large γ by expanding
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in 1/γ around the bursting limit. This approximation agrees well with the numerical calculations for γ as small as 2-3. We have also performed numerical simulations of the model.
These agree well with the theoretical calculations.
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High content (HC) and -throughput screens (HTS) based on light microscopy imaging and
quantitative analysis give rise to a large amount of multi-parametric phenotypic data. Such
data-sets hold great promise for the understanding of cellular mechanisms by systems biology. The current approaches of clustering and enrichment analysis [1, 2] generate mostly
a catalog of genes. However, only limited success is typically achieved when one tries to
extract functional information, such as novel links between cellular processes (e.g. signaling,
metabolism, etc.) and new functions for unknown genes. The limitation of HTS analysis
results from the complex interdependence of functional cellular modules. Furthermore, the
technology used for the (genetic or chemical) perturbation itself can be susceptible to a
number of experimental biases (e.g. off-target, siRNA seed effects, etc.), which cannot be
fully compensated by classical statistical analysis.
An alternative approach to genomic HTS data analysis is based on Probabilistic Graphical
Models (PGM) [3, 4, 5]. A Bayesian Network (BN) can be represented as a directed acyclic
graph, where nodes correspond to measured phenotypic parameters and edges correspond to
dependencies between them. The process of BN learning applied to screen datasets results
in reconstruction of relationships between measured features and, in some cases, provides
the underlying causal interpretation. Since PGM encodes a join probability distribution of
parameters, the law of probabilistic inference is applicable to such model, which allows predicting a gene function with some probability by its phenotype in the screen. However, the
current results of PGM analysis of HTS data are limited and new methods and algorithms
need to be developed and generalized for multiple applications.
In this study, we developed a PGM-based Machine Learning method for the analysis of
genomic HTSs and applied it to HC image-derived HTS for endocytosis in HeLa cells [4].
The changes of phenotypic characteristics of treated cells relative to untreated ones were
quantified and combined in multi-parametric vectors (profiles). In total the HTS dataset
consists of profiles of 6000 different genes after knockdown via several siRNAs.
Since endocytosis has a strong crosstalk with signaling, metabolism and several other pathways, downregulation of genes from those pathways may score in the screen. Therefore,
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reconstruction of PGM based on such data promises to identify connections between cellular modules revealed by measuring endocytosis.
As proof-of-principle, we selected a subset of phenotypic data of well-annotated genes of
basic cellular pathways based on information from KEGG. This dataset was then used for
training and testing of Machine Learning models and validation of their prediction quality.
Our POP demonstrated that even the simplest Naı̈ve BN over-performs the best combination
of clustering and enrichment analysis (precision of pathway prediction increases 3.5 folds).
The key advantage that favorably distinguishes PGM from other Machine Learning technics
is the possibility to interpret the structure learned from the data. For instance, the use of
general BN revealed causal relationships between cell morphological and endocytic parameters. Moreover, the BN framework provides a natural way to implement compensation of
siRNA seed-based off-target effects [6] by imposing prior in network learning procedure.
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Predicting and optimizing protein expression levels of synthetic genes is a complex task.
One important aspect is the adjustment of codon usage which is largely done by adaptation of codon choices to those seen in highly expressed genes of a given organism. In view
of frequently encountered suboptimal outcomes we introduce the codon-specific elongation
model (COSEM) as a mechanistic approach to study translational control by codon choice.
COSEM allows for stochastic simulations of ribosome dynamics based on codon-specific
translation speed and accuracy and as such for predictions on protein translation rates per
mRNA. We refine this predictor for protein synthesis rates into a protein expression score by
considering additional mRNA sequence features whose impact on translation we estimate
by model-based boosting methods. We validate the protein expression score by comparing
predicted with observed protein levels from genes found in E. coli, S. cerevisiae and human
HEK293 cell lines. Choosing codons that maximize the protein expression score further
allows for inference of optimal codons, i.e. those that maximize protein synthesis rates as
often desired in heterologously expressed genes. In contrast to standard, heuristic procedures for codon adaptation, our systems view of translation allows for fine tuning of features
such as translation speed or accuracy in a context dependent manner to achieve improved
results particularly where standard procedures do not deliver satisfactory results. To demonstrate this, we optimized and tested heterologous expression of two genes, manA and ova, in
Salmonella enterica serovar Typhimurim, which showed a threefold increase in protein yield
compared to wild type and commercially optimized sequences. Our multi-parameter algorithm for codon-adaptation is implemented in the software OCTOPOS (Optimized Codon
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Translation fOr PrOtein Synthesis), which will be briefly introduced in combination with
potential applications including tailor-made protein synthesis or pathogen attenuation.
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Human immune system interacts with intestinal microbiome, the latter forming an ecosystem in the colon. A certain group of intestinal microbiome, for example Clostridium Sp., are
known to induce regulatory T cells, abbreviated by Treg, suppressor of exaggerated immune
response [1], by producing short chain fatty acid such as butyrate [2]. Hence, the group may
be able to suppressor allergy. On the other hand, limited TCR repertoire of Treg cells may
cause hypersensitive immune response to commensal intestinal microbiome [3]. A close interaction between immune system and intestinal microbiome suggests us that the distorted
composition of intestinal microbiome may lead to the dysregulation of immune system, and
that the modification of intestinal microbiome may serve as a treatment of allergy. In this
talk, we report our study a simple model for the coupled dynamics of the immune system
and intestinal microbe, and we attempt to understand the interaction of the two systems
and to find a novel treatment method of allergy by modifying intestinal microbiome condition. We consider the dynamics of regulatory T cells, T helper cells (Th; trigger of allergy),
and intestinal microbiome. A portion of the model describes differentiation process of the
two types of T cells according to the previous study [4]. The model exhibits three different
outcomes: [case 1] a single stable steady state corresponding to healthy state (low level
of Th, high level of Treg and high level of microbes); [case 2] a stable steady state for an
allergic state (high level of Th, low level of Treg and very low level of microbes); and [case
3] two stable states, each corresponding to healthy state and allergic state, respectively.
Considering these three cases, we have two different strategies for suppressing allergy. First,
we may eliminate the steady state showing allergy. We derived the condition for [case 1)]
where there is no allergy state. Second, we examined the ways to reduce Th level at the
allergy state, even if there exists the allergy state. We examined the effectiveness of three
microbiome-related parameters (natural growth rate, carrying capacity and Treg induction
strength) on suppression of Th and enhancement of Treg. The results showed that Treg
induction strength enhancement is the most effective, even if there are few microbes and enhancing carrying capacity of intestinal microbiome allow patients to keep enough microbes
to suppress allergy.
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Clusters of interferon (IFN) producing cells self-regulate their synthesis of this cytokine
through two primary mechanisms: Production of high affinity IFNβ is upregulated by, and
low affinity IFNα is dependent upon, the binding of IFNβ to its receptors (IFNAR) 1 and
2 and upregulation of IFN stimulated gene (ISG) expression. Further, the upregulation of
ISGs, such as USP18, will initiate a negative feedback loop, downregulating the binding
of IFN ligands. The existence and purpose of these high and low affinity IFN proteins,
however, remain unresolved in mechanistic biology.
In order to establish the roles that each of these IFN strains play, we produce a novel
mathematical PDE model with cells that produce only IFNα, IFNβ, or both proteins. To
achieve this, we utilise a previously derived higher dimensional framework [1, 2], representing
the spatial distribution of cellular, molecular, and viral populations, through a variable x;
the binding of free molecules to a cellular population, through y; and the alteration of
the cells internal metabolic dynamics, through α. This allows one to understand not only
the overall effect of these interaction but also the underlying dynamics which elucidate the
biological significance of each of these disparate proteins.
Results show that cells who could only produce IFNβ were able to sustain their own activity
but were unable to communicate this signal to distant clusters. Cells who are incapable of
producing IFNβ showed an ability to communicate the IFN signal, under constant stimulating with IFNβ, and potentiate metabolic activity in receiving cells but were incapable of
activating these distant clusters. Cells capable of producing both IFNs were able to sustain
their own activity and activate distant clusters, more quickly than the advancing virus.
These results suggest that both high and low affinity IFN play essential roles in activating
and propagating the immune response in advance of a proliferating virus, conferring an
evolutionary advantage to the host of a dual-IFN system. The use of higher-dimensional
systems of PDEs allows us to reveal that the potentiation of underlying pathways, involved
in the transcription of ISGs, in peripheral cells, allows for the efficient initiation of the
anti-viral response in these cells and the local immune system.
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The inflammasome is a large protein complex that plays a vital role in innate immune
signalling. Despite its importance, the mechanisms of inflammasome formation remain controversial on the basis of experimental observation, and there are very few existing mathematical models of this process. However, the protein constituents of the inflammasome have
often been compared to prions, which are the subject of an extensive modelling literature. In
particular, a ‘nucleated polymerisation’ mechanism has emerged as the favoured conceptual
model of prion propagation, through mathematical modelling consolidating experimental
work.
Here I will present collaborative work with immunologists in which we explore inflammasome formation through a similar process of iterative modelling and experimental work. In
particular, we have adapted prion nucleated polymerisation ODE kinetic models to create
a suite of models describing hypotheses for inflammasome formation mechanisms. By comparing these models to experimental results, and conducting novel laboratory experiments
in tandem, we have a powerful approach to gain new insights into how innate immunity
works.
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Costimulatory ligands (CD80 and CD86) expressed by antigen presenting cells (APC) are
essential for T cell activation. Cytotoxic T-lymphocyte-associated protein 4 (CTLA4) is an
essential regulator whose biology is key to the function of regulatory T cells and immune tolerance. CTLA4 molecules, mainly expressed by regulatory T cells, control the stimulatory
capacity of APCs by a process of transendocytosis whereby CTLA4 physically removes its
ligands, CD80 and CD86, from APCs and degrades them in lysosomes. Transendocytosis,
therefore, allows CTLA4-expressing T cells to quantitatively control the expression level of
CD80/CD86 and thereby limit T cell activation. The capacity of CTLA4-expressing T cells
to limit immune responses depends on a complex series of parameters including CTLA4
expression levels, trafficking between cytosol, plasma membrane, and lysosomes. By combining in vitro experiments and mathematical models, we characterized CTLA4 trafficking
and its link to the efficiency of ligand uptake. Surprisingly, extremely stable CTLA4:ligand
binding does not guarantee efficient ligand uptake; instead we identify an optimal range
of off-rates for this process. Our model predicts the importance of an intracellular pool
of CTLA4 for rapid functional activity and the dominance of CD80-CTLA4 interactions.
Knowledge of the trafficking parameters of CTLA4 is key to scheduling therapies targeting the co-stimulation machinery of T cells. Further, the developed mathematical model
provides a framework which may be used to understand and predict the impact of CTLA4
mutations that alter its affinity or pathway mutations impacting its trafficking behavior.
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The presented combined in vitro and in silico strategy of extracting essential trafficking
parameters of transmembrane molecules, which are not easily accessible to experiment, may
be applicable to other molecules.

556

Tuesday, July 24th, 14:00

Room: C8.2.19

Parallel Session

Immunology II
THE PROTECTIVENESS OF HLA ALLELES AGAINST
INFECTION IN THE PRESENCE OF MULTIPLE
PATHOGEN STRAINS
Connor White
C.White.3@warwick.ac.uk
ESPRC & MRC Centre for Doctoral Training in Mathematics for Real-World Systems, University of
Warwick
Joint work with Bridget Penman (Supervisor) and Lorenzo Pellis (Supervisor).
Keywords: Infectious Disease, Frequency Dependence, Multi-Strain.
Human Leukocyte Antigen (HLA) genes determine an individual’s response to infection.
The odds ratios for infection in the presence/absence of particular HLA genes are commonly
used to measure whether these genes are protective. Here we present an epidemiological
model which incorporates the existence of a variety of host HLA genotypes, as well as the
presence of multiple pathogen strains, to which individuals with different HLA genotypes
will respond differently. We explore the circumstances under which individuals carrying
particular HLA alleles/genotypes are associated with lower odds of being infected than
the rest of the population. We show that the success of a pathogen strain is dependent
on the genotypic structure of the host population and that the strain structure of the
pathogen population determines how well an allele protects a hosts from infection. We also
show that, counter-intuitively, increasing the rate at which an HLA allele causes a host to
mount a memory immune response against a particular pathogen strain, restricts the set of
circumstances where that allele is protective against infection in general.
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Enteropathogenic Escherichia Coli (EPEC) is a virulent species of bacteria that causes severe diarrhoea, and can be fatal in countries with inadequate healthcare. EPEC’s virulence
comes from its ability to bind firmly to host intestinal cells and inject effector proteins
into them via a type 3 secretion system (T3SS). These proteins inhibit the host’s immune
response by shutting down the host’s pro-inflammatory signalling pathways, by regulating
host cell survival and by inhibiting host leukocytes’ ability to phagocytose bacteria. The
fact that EPEC shares its secretion mechanisms with many other species of bacteria (eg
Salmonella) makes it key to study, with the aim of finding novel antibiotic treatments that
eradicate bacterial infections that behave in this way.
In this research, we develop a computational model to explore the dynamics between EPEC
and the host’s immune system both spatially and temporally. The resulting hybrid model
couples a volume-excluding agent-based representation of bacterial and leukocyte behaviour,
with a continuum description of the inflammatory response. In particular, we account for:
i) stochastic subcellular Gene Regulatory Networks that govern bacterial replication and
effector protein production and action of a generic aminoglycoside (antibiotic); ii) production of inflammatory mediators in response to infection (via a reaction-diffusion PDE); ii)
recruitment of leukocytes to the infection site in response to inflammatory status via a
chemotactically-biased random walk.
The infection dynamics are explored in detail via in silico experiments, to determine the
key EPEC virulence mechanisms, and to explore antibiotic strategies. Our results indicate
that EPEC’s ability to shut down pro-inflammatory signalling is its most effective virulence
mechanism, followed by its ability to inhibit phagocytosis. Integration of collaborators’
transcriptomic data (from experimental work undertaken in the Centre for Biomolecular
Sciences, University of Nottingham) within this model will provide new insight into infection
dynamics, and to new treatment approaches.
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Staphylococcus aureus is a hazardous bacterium, which is responsible for nosocomial- and
community-acquired infections globally. It is notorious for its multidrug resistance, which
leads to recurrent or chronic infections, and even life-threatening diseases. In chronic infections, the presence of a population of cells that suppress the function of T cells helps
the persistence of the bacterium. These cells are known as Myeloid Derived Suppressor
Cells (MDSC) and they consist of heterogeneous groups of immature myeloid cells. In this
study, our mathematical model sheds light onto whether the expansion of the MDSC during
chronic S. aureus infection takes place in the site of infection or systemically. We conclude
that the origin of the proliferation is predominantly systemic, and our conclusion is validated
by experimental data. Further analysis of the model suggests perturbation approaches to
destabilize such chronic infection equilibria in the system, which could induce clearance.
Experiments following up these mathematical predictions were conducted and experimental
results confirmed the model-driven suggestions revealing MDSC reduction, recover of T cell
function and complete clearance from S. aureus.
Acknowledgements: LAP was supported by the German Federal Ministry of Education and
Research within the initiative e:Med-network of systems-medicine, project MultiCellML (FKZ:
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Viremia rebound is a common but undesirable phenomenon for various diseases, especially
for the Porcine Respiratory and Reproductive Syndrome (PRRS), a major concern for the
swine industry. What causes some individuals to experience viremia rebound while others
manage to steadily clear the virus has however been subject to much speculation. Hypotheses are the emergence of viral escape mutants, re-infection and differences in immune
competence.
To test this last hypothesis, we developed a mathematical model describing the within-host
immune response to PRRS infection. We included the major mechanisms found to influence PRRS infection, as well as their regulations at the between-cell scale. We developed a
rigorous ABC-like optimisation method to fit our model to an extensive set of experimental data, consisting of non-rebounder and rebounder viremia profiles. We then compared,
between both profiles, the estimated parameter values, the resulting immune dynamics and
the efficacy of the underlying immune mechanisms.
Confronted to experimental data, our model successfully captured the between-host variations observed in viremia data, including rebounds. Moreover, we found that rebound
was promoted by high apoptosis, high cell infection and low cytolysis by cytotoxic lymphocytes, while increasing neutralisation was very efficient to prevent rebounds. These results
show that viremia rebound can occur as a result of differences in the immune competence
alone and offers, for the first time, insights into potential causative immune mechanisms
generating rebound.
Acknowledgements: Support was provided by Inria Sophia Antipolis – Méditerranée “NEF”
computation cluster; the PRRS Host Genetics Consortium; the MIHMES project (ANR-10-BINF07, program “Investments for the Future”).
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We study an ODE system proposed by Burroughs et al. [1] that models immune responses by
CD4+ T cells, with the presence of Regulatory T cells (Tregs). Following the model by Pinto
et al. [2] and by Burroughs et al. [3], we assume that the secreting T cells have a lower death
rate than the non secreting T cells and that the active Tregs also have a lower death rate than
the inactive Tregs. Improving the results in Oliveira et al. [4], we present explicit formulas
that give the relation at equilibria between the concentration of T cells, the concentration
of Tregs and the antigenic stimulation of T cells. For some parameter values, we found
a hysteresis, characterized by a region of bistability, with two stable equilibria and one
unstable equilibrium, bounded by two thresholds of antigenic stimulation of T cells. At some
parameter values, we observe an unfold of the hysteresis. Moreover, we consider a model with
a linear tuning between the antigenic stimulation of T cells and the antigenic stimulation of
Tregs. For this model, we also present explicit formulas for the relation at equilibria between
the concentration of T cells, the concentration of Tregs and the antigenic stimulation of T
cells. In this model, the hysteresis is also present. Furthermore, for some parameter values,
we observe the appearance of an isolated region with equilibria, an isola, and for other
values of the parameters, we observe a transcritic bifurcation. Acknowledgements: Project
Dynamics, optimization and modelling PTDC/ MAT-NAN/ 6890/ 2014. and project POCI-010145-FEDER-006961, by FCT - Fundação para a Ciência e a Tecnologia, and by the ERDF European Regional Development Fund through the COMPETE 2020 Programme.
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We develop two distinct approaches to modeling, simulation, and mathematical analysis of
ant movement. In the first approach, we consider a system of reaction-diffusion equations
of chemotaxis type modeling ant foraging dynamics. Although this model reproduces some
observed behavior, such as concentration along trails, we argue that it is incomplete as a
model of ant movement. Nonetheless, we present a thorough mathematical analysis of the
system. In the second approach, we present and discuss an individual based model for ant
movement which takes into account the rules for individual response to pheromones. For
this model, we present stability results for the underlying system of nonlocal ODEs, and
discuss the emergence of collective behavior, including spontaneous trail formation.

564

Monday, July 23rd, 12:00

Room: C8.2.19

Parallel Session

Mathematical Methods in Biology I
AN INTEGRO-DIFFERENTIAL EQUATION MODEL FOR
URBAN POPULATION DYNAMICS PREDICTING
EMERGENT PATTERN FORMATION
Timothy Whiteley
Timothy.Whiteley@nottingham.ac.uk
School of Mathematics, University Park, The University of Nottingham, NG7 2RD, UK
Joint work with Markus Owen, Daniele Avitabile, Peer-Olaf Siebers and Darren Robinson (all
University of Nottingham)
Keywords: Integro-differential, Urban, Population, Dynamic, Pattern.
Urban population distributions in large cities can show structure such as patchy patterning
that may relate to important properties such as journey times, quality of life and sustainability. We use integro-differential equations to model the spatio-temporal dynamics of urban
populations and services, under the assumption that they benefit from proximity to one another, as captured via spatial weight kernels. The system may tend towards a homogeneous
state or a spatial pattern. With Gaussian kernels, linear stability of the spatially homogeneous steady state depends on a key function in the model, the carrying capacity for services
given a local population density. In particular, patterning occurs only where the carrying
capacity is convex with respect to population density. Furthermore, this spatial instability
can only occur for perturbations with a sufficiently long lengthscale. Numerical continuation shows how multiple steady states corresponding to different spatial wavelengths can
coexist and state transitions may occur as carrying capacity grows. Lastly, in urban centres, competition for space may cause services and population to be out of phase with one
other. To generate such patterning in our model requires kernels with Fourier transforms
that are negative for some wavelengths. With box and off-centre kernels, such out of phase
patterning can occur and we show that this patterning occurs at a higher density and of a
shorter lengthscale than in phase patterning.

565

Monday, July 23rd, 12:20

Room: C8.2.19

Parallel Session

Mathematical Methods in Biology I
HYDRODYNAMIC MODELLING OF HUMAN SPERM
CLUSTERING
Kenta Ishimoto
ishimoto@maths.ox.ac.uk
Wolfson Centre for Mathematical Biology, Mathematical Institute, University of Oxford
Joint work with Eamonn A. Gaffney (University of Oxford).
Keywords: Low-Reynolds-number flow, Sperm, Collective dynamics.
A fertile human male ejaculates more than 100 million sperms, which are self-propelled
cells with a bending flagellum. The whip-like movement of the appendage generates fluid
flow, and, in turn, the interactions between cells could be complicated, requiring coarsegrained modelling for studies of sperm collective behaviours. We have used high-speed
videomicroscopic images of swimming human sperm to analyse the flow around a single cell
[1]. With the aid of the direct numerical computation via the boundary element method,
we have found that the time-averaged flow field is that of a pusher as frequently assumed.
The temporal flow pattern is, however, more complicated, and core parts of the flow fields
can be well represented by blinking Stokeslet triplets.
In this talk, we will present our multi-scale modelling for the collective behaviours of human
sperm, using the Stokeslet representations obtained from the microscopic images, and will
discuss how the finer-scale details of swimming dynamics impact on the population level.
Acknowledgements: K.I. acknowledges JSPS for JSPS Overseas Research Fellowship and Kyoto University for Hakubi Project and Supporting Program for Interaction-based Initiative Team
Studies (SPIRITS).
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Collective cell migration has been investigated as a self organization phenomenon in life
activities. Recently, rotational phenomena of collective cell migrations observed in morphogenesis are focused. For example, they are observed in the elongation process of the
fruiting body formation of Dictyostelium Discoideum. In contrast, in experiments using
Madin-Darby canine kidney cells and cancer cells (a kind of epithelial cells), several migration modes which contain rotational migration are observed. Our goal is to extract essential
mechanisms of collective cell migrations in morphogenesis from mathematical modeling. In
this talk, we select the self-propelled particle method [1], propose a new model focusing on
cell polarity, and explore mechanisms of which each migration mode occurs robustly for the
parameters and the initial conditions. As a numerical result, we show a phase diagram for
the parameters of a driving force by the cell polarity and the cell-cell adhesive force. In the
phase diagram[2], migration modes are classified as follows:
(i) Rigid rotational migration,
(ii) Non-rigid rotational migration,
(iii) Switch rotational migration and
(iv) Uniformly directional migration.
(i), (ii), and (iv) are observed in known migration modes for some cell species. On the other
hand, (iii) of which clockwise and counterclockwise rotational directions are repeated has not
been observed as a typical migration mode. However, by changing cell culture environment
referring to our numerical result, (iii) is observed in experiments using the esophageal cancer
cells. This suggests that our model gives a standard framework for understanding collective
cell migrations.
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The periodic arrangement of hair follicles on the skin is initially determined during embryogenesis. Here, we propose a novel mathematical model that describes this process as an
interaction of two distinct patterning mechanisms: a reaction-diffusion driven pre-pattern
in the epidermis and mesenchymal self-aggregation in the dermis.
Both mechanisms are able to generate the same regularly inter-spaced dot pattern on their
own. They have been extensively studied over the past decades - both from the experimental
and the theoretical perspective. However, modelling approaches so far focused on just one of
these two mechanisms. The molecular agents governing their interaction have only recently
been identified. Glover et al. described a hierarchical mode of patterning in mice, where the
reaction-diffusion driven pre-pattern in the epidermis governs the chemotactic self-assembly
of dermal cells through TGFβ2 and FGF20 signalling [1].
Our hybrid model is based on these recent experimental findings. It combines the reactiondiffusion driven patterning in the epithelial layer with an agent-based mode of directed
cellular motion underneath. We model the embryonal skin as a two-dimensional plane.
Concentrations of the reaction-diffusion system in the epidermis and the chemoattractant
secreted by the mesenchymal cells are modelled as partial differential equations and solved
on a numerical grid. The discrete mesenchymal cells move in-between the grid points and
interact with them to sense local concentrations and gradients. Furthermore, mechanical
forces accounting for short-range repulsion are included. Both systems are coupled by
adjusting the cells sensitivity to the chemoattractant gradient according to the local reactiondiffusion pattern.
Our simulations agree with experimental results and videos of mesenchymal cell aggregation. They show that this minimal model is sufficient to generate a regularly inter-spaced
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dot pattern through the hierarchical interactions of epidermal and dermal patterning mechanisms. The reaction-diffusion pattern hereby limits cluster size of the underlying dermal
self-aggregation and determines the location of these clusters. The model can also replicate the tendency of aggregates to rotate once they have assembled. Cluster rotation arises
through the interaction of chemotaxis with mechanical inter-cellular forces. Our simulations
show that the mean angular velocity of the cluster depends, among others, on the cell number and the shape of the chemoattractant gradient. We are currently working to expand the
reaction-diffusion system from two components to include all relevant molecular entities.
We also aim to recreate experimental conditions imposed on self-aggregating mesenchymal
cells as described by [1] to further investigate the model’s characteristics.
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Recent experiments on zebrafish pigmentation suggests that their typical black and white
striped skin pattern is made up of a number of interacting chromatophore families. Specifically, two of these cell families have been shown to interact through a nonlocal chasing
mechanism, which has previously been modeled using integro-differential equations. We extend this framework to include the experimentally observed fact that the cells often exhibit
chiral movement, in that the cells chase, and run away, at angles different to the line connecting their centers. This framework is simplified through the use of multiple small limits
leading to a coupled set of partial differential equations which are amenable to Fourier analysis. This analysis results in the production of dispersion relations and necessary conditions
for a patterning instability to occur. Beyond the theoretical development and the production of new pattern planiforms we are able to corroborate the experimental hypothesis that
the global pigmentation patterns can be dependent on the chirality of the chromatophores.
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Nuclear architecture (macro-scale pattern of chromatins), which plays an important role in
organizing the function of the cell, is composed of heterochromatin and euchromatin regions.
Conventional nuclear architecture where the heterochromatin is enriched in the periphery
of the nucleus is the primary structure in the majority of eukaryotic cells, and the rod cells
of diurnal mammals contain this structure. In contrast, inverted nuclear architecture where
the heterochromatin is distributed in the center of the nucleus occurs in the rod cells of
nocturnal mammals. Interestingly, the inverted architecture found in the rod cells of the
adult mouse is formed through the reorganization of conventional architecture. However,
the mechanism by which the nuclear architecture changes remains largely unknown. Here,
we combined a new modeling approach using phase-field method and experiments of in
vitro and ex vivo. We found that the deformation of nucleus via actomyosin contractility
contributes to the driving force of genomic reorganization and can play a critical role in the
process of chromatin pattern formation during differentiation [1].
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Biofilms are microbial collectives that occupy a diverse array of surfaces. The function and
evolution of biofilms are strongly influenced by the spatial arrangement of different strains
and species within them [1], but how spatiotemporal distributions of different genotypes
in biofilm populations originate is still underexplored. In this presentation, I will present
our recent work on the origins of biofilm genetic structure [2]. Combining model development, numerical simulations, and microfluidic experiments using the human pathogen
Vibrio cholerae, and using spatial correlation functions to quantify the differences between
emergent cell lineage segregation patterns, we find that strong adhesion often, but not always, maximizes the size of clonal cell clusters on flat surfaces. Counterintuitively, our
model predicts that, under some conditions, investing in adhesion can reduce rather than
increase clonal group size. Our results emphasize that a complex interaction of fluid flow
and cell adhesiveness during surface colonization can underlie emergent patterns of biofilm
genetic structure. This structure, in turn, has an outsize influence on how biofilm-dwelling
populations function and evolve.
Acknowledgements: RMG acknowledges financial support from the Gordon & Betty Moore
Foundation through Grant GBMF2550.06.
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The ability of individual cells to assemble and organize themselves into very diverse and
highly distinctive patterns via cell adhesion is crucial for tissue development [1]. Pattern
formation and cell aggregation have been studied with continuous models [2] and by multiple
individual-based models [3]. While the continuous approaches use generic equations to
describe population dynamics, the individual-based models usually associate energies and/or
forces with cell interactions that govern the dynamics of individual cells. In this view, cells
resemble physical particles that are moved passively, not taking into account the ability
of cells to regulate their biophysical properties. We here propose a new model for cell
aggregation based on a lattice-gas cellular automaton [4] whose rules are motivated by the
decision-making process of individual cells that constantly try to optimize the number of
neighboring cells. We analyze this model by means of a linear stability analysis, derive a
critical wave length of the observed aggregation pattern and provide a partial-differential
equation approximation of the system near the onset of aggregation.
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Yeast species have important impacts on human life, and in many applications it would be
advantageous to control their growth. For example, yeasts are used extensively in food and
drink production and in biotechnology, but are also a leading cause of persistent hospitalacquired infections. It is therefore of interest to understand the fundamental mechanisms
that determine colony morphology. Yeast biofilms are complex systems in which growth is
influenced by nutrient consumption, flow of extracellular fluid, and mechanical forces. In
this work, we investigate the hypothesis that nutrient-limited growth is the mechanism by
which patterns form. Analysis of experimental images shows that biofilms expand radially
at a roughly constant speed, and undergo a transition from circular to floral morphology, which is characterised by the formation of finger-like ‘petals’. We use this data to
parametrise a reaction-diffusion model with non-linear degenerate cell diffusion. In doing
this, we show that two-dimensional travelling wave solutions to our model are linearly unstable to transverse perturbations for experimentally feasible parameters. There is good
agreement between experimental floral patterns and predictions using the range of unstable wave numbers. Our model, which incorporates nutrient-limited growth alone, therefore
provides a potential explanation for petal formation in yeast biofilms.
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How can a cell reconstruct the position of a chemotactic source releasing Brownian particles
from information gathered by receptors? To answer this pressing question in cell biology,
we developed an efficient numerical procedure to extract the steady-state flux to absorbing
windows located on the boundary of a domain without having to simulate Brownian trajectories in the entire domain. Furthermore, we calculate these fluxes analytically for absorbing
windows located on the boundary of half-space as well as a disk in two-dimensional space
using matched asymptotics. We find good agreement with our stochastic simulations and
also show that knowledge of these fluxes allows the reconstruction of the source position
when three or more windows are present.
Acknowledgements: U.D. was supported by a Junior Interdisciplinary Fellowship via Wellcome
Trust grant number 105602/Z/14/Z and a Herchel Smith Postdoctoral Fellowship. D.H. team is
supported by a FRM grant.
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The feasibility of uniquely estimating parameters of dynamical systems from observations
is a widely discussed aspect of mathematical modelling. Several approaches have been
published for analyzing this so-called identifiability of model parameters. However, they are
typically computationally demanding, difficult to perform and/or not applicable in many
application settings.
Here, an approach is presented which enables quickly testing of parameter identifiability.
Numerical optimization with a penalty in radial direction enforcing displacement of the parameters is used to check whether estimated parameters are unique, or whether the parameters can be altered without loss of agreement with the data indicating non-identifiability.
This so-called “Identifiability-Test by Radial Penalization” (ITRP) can be employed for
every model where optimization-based parameter estimation like least-squares or maximum
likelihood is feasible and is therefore applicable for all typical deterministic models in mathematical biology. The approach is illustrated and tested using 11 ordinary differential equation (ODE) models.
The presented approach [1] can be implemented without great efforts in any modelling
framework. It is available within the free Matlab-based modelling toolbox Data2Dynamics.
Source code is available at https://github.com/Data2Dynamics.
Acknowledgements: This work was supported by the German Ministry of Education and Research by grant EA:Sys [FKZ 031L0080].
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Metabolic modeling has proved to be a very powerful tool to get a better insight into the
metabolism of an organism. For organisms such as microalgae and cyanobacteria, periodic fluctuation of light induces instationarity of their metabolisms, with accumulation of
metabolites (especially lipids and carbohydrates). Therefore, such metabolisms are never
at steady state.
However, most of the approaches dedicated to metabolism analysis assume balanced growth
(i.e. systems at steady state), which leads to rough approximations. Furthermore, metabolic
models are of high dimension, which makes their mathematical analysis and parameter identification complex. Identifying conditions to maximize productivity by a rigorous mathematical analysis is generally not possible.
We propose a method to reduce the dimension of a dynamical metabolic system, which is
appropriate to derive model based control strategies. Contrary to nearly all existing works,
the idea is to keep some dynamical components of the model.
A first attempt in this direction was carried out with the DRUM method ([1]). DRUM
approach has proven to provide sound results, with very efficient representation of accumulation of lipids and carbohydrates in microalgae submitted to light/dark cycles. However,
as almost all methods developed for metabolic analysis, it relies on a series of assumptions
whose mathematical bases have not been rigorously established.
The main objective of our work is to provide mathematical foundations for the reduction of
metabolic networks to low dimensional dynamical models. For reducing systems accurately,
we propose a dynamical approach that relies on time scale separation and Quasi SteadyState Approximation. We prove that concentrations of fast metabolites are one order of
magnitude lower than concentrations of metabolites with slow dynamics. Finally, we apply
the method to a toy model and we compare the result with DRUM.
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In this study, we present a numerical scheme for the approximate solutions of a class of
nonlinear reaction diffusion equation which arise in biological models. One of the classic
case of a nonlinear reaction diffusion equation, Fisher-Kolmogoroff equation (EFK) is
∂ 2u
∂u
= ku(1 − u) + D 2
∂t
∂x
where k and D are positive parameters. It was suggested by Fisher (1937) as a deterministic
version of a stochastic model for the spatial spread of a favoured gene in a population.
Furthermore, it is the natural extension of the logistic growth population model when the
population disperses via linear diffusion. In addition to discussion of this biological model we
present a numerical method is based on the Laguerre collocation method. The approximate
solution of the problem in the truncated Laguerre series form is obtained by the present
method. By substituting truncated Laguerre series solution into the problem and by using
the matrix operations and the collocation points, the suggested scheme reduces the problem
to an algebraic equation system. By solving this equation system, the unknown Laguerre
coefficients can be computed. The accuracy and efficiency of the method is studied by
comparing with other numerical methods when used to solve some numerical experiments.
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Volterra integral equations are frequently encountered in biological and physical models. In
this talk, we consider the numerical simulation of auto-convolution Volterra integral equations based on a barycentric rational quadrature method. The main idea is applying a
direct quadrature method based on linear barycentric rational interpolation to discretize
such equations. A collocation method is used as the starting procedure. The boundedness and convergence of the numerical solution are investigated in detail. Some numerical
experiments are carried out to confirm the theoretical results.
Acknowledgements: This work was supported by the National Natural Science Foundation of
China (No. 11771163).
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Delay differential equations have received great attention in mathematical modeling of population dynamics. They describe infinite-dimensional dynamical systems and, within this
context, a first key question concerns the local stability of equilibria, which, according to the
principle of linearized stability, can be inferred from the stability of the zero-solution of the
linearized system. But in applications one has also to take into account the specification of
model constants and parameters. In many situations, due to limitations in available experimental data, in measurement or identification of model constants, the input data cannot
be exactly specified and, as a consequence, the analysis of the effect of data uncertainty
on the stability of linear delay differential equations is a crucial question. The uncertain
parameters are often modelled as random quantities in a suitable probabilistic framework.
The Polynomial Chaos Expansions (PCEs) have been successfully applied to represent random variables [4], to quantify the effect of uncertainty and analyse the sensitivity in many
applications [2]. The PC theory provides the basis for the definition of delay differential
equations with uncertain parameters, here called uncertain delay differential equations [3],
and for the Sobol sensitivity analysis of the stability indicator [5]. We propose a numerical
approach which combines the spectral discretization of the infinitesimal generator [1] with
non-intrusive methods [2]. Numerical results complete the talk.
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To determine best predictors and quantify prediction uncertainties, we investigate an analytically solvable stochastic system from epidemiology for which the time dependent solution,
the likelihood function and the Bayesian posterior can be explicitly calculated as functions
of given data. We show analytical expressions for the prediction probability conditioned
on best estimators of parameters versus prediction probability conditioned on data only,
and marginalized over the parameters, observing that the prediction uncertainty is wider
in the second case, as should be done in empirical studies. Though the concept becomes
clear in the analytical study, the differences between prediction based on data directly and
prediction based on best estimates of parameters is small due to the simplicity of the model.
In a slightly more complex model which however already cannot be treated analytically, we
clearly observe the expected large differences between the two predictions. [1]
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We introduce a deterministic discrete dynamical system which is used to classify a variety
of types of movements, either two dimensional or three dimensional. The dynamical system
is defined by a one-parameter family of bimodal interval maps, through iteration. The
characterization of the movements is obtained from the topological classification of the
discrete dynamical system. Techniques from symbolic dynamics and topological Markov
chains are applied.
Acknowledgements: This work has been partially supported by Centro de Investigação em
Matemática e Aplicações (CIMA) da Universidade de Évora through the grant UID-MAT-046742013 of FCT - Fundação para a Ciência e a Tecnologia.
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Environmental sustainability refers to a way of doing agriculture, seeking to ensure sustainable productivity in the long term, by means of the adoption of ecologically sound
management practices, with agricultural property being an integrated system, aimed at
optimizing resources, not only at levels of economic production, but mainly seeking the
stability of the system and thus ecological sustainability.
Rural enterprises play an important role in the brazilian economic scenario, however inefficiency in management negatively affects their performance, which is one of the problems
studied. Globalisation affects agribusiness and also the basis for primary production in the
world. The need for professionalism naturally arises on dairy farms.
It is estimated that 12.5% of milk production (one million liter per day) of brazilian Rio
Grande do Sul state is coming from the region named Vale do Taquari, involving nearly
9, 000 families and 36 municipalities, who find in this activity conditions to remain in rural
areas. This work aims to contribute to the management of these properties, by focusing
on environmental aspects, evaluating the matriz importance versus performance and other
environmental modellings ([3], [4]).
That paper gives a proposition of a panel model of indicators that provides a better process
for a management of rural properties [2]. In the managerial aspect, a comparative study
was made between the regions of the brazilian Vale do Taquari and the spanish region of
Galicia. After the data collection, it was possible to observe the non use of management
indicators, which justified the elaboration of this proposal [1].
This study aims to present the development of an own instrument for analysis, called Indicators System for the Evaluation of the Sustainability of Milk Producing Properties, aiming
at adapting the sustainability of the production system [6]. The system was developed
in an Excel worksheet, using a set of 23 indicators in economic, social and environmental
aspects, and a mobile version is currently being completed. The parameters analyzed in
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the economic dimension were: productivity and income, income diversification, patrimonial
evolution, basic services, education and training, technological evolution, enterprise management, family succession. For the social dimension the parameters were evaluated: physical,
psychological, social, environmental and quality of life. In the environmental dimension,
the following parameters were evaluated: waste, water, Permanent Preservation Area, Legal Reserve, pesticides and fertilizers, declivity, erosion, burning, land use ([5], [7], [8]). The
system proved to be an adequate and sufficient method for field application to evaluate the
impact of agricultural activities.
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Socioecological systems (SESs), like agro-food systems, forestry systems, and fisheries, are
coupled ecological and socioeconomic systems that explicitly involve human actors (agents).
These systems are subject to an increasing demand for food, feed, fuel, and freshwater under
a scenario of climate change. There is an increasing concern that these systems may not
prove to be resilient against these pressures and will fail in their future delivery of services.
Resilience is an emergent property of complex, adaptive systems characterized by nonlinear
feedback mechanisms between environmental and socioeconomic variables. Any assessment
of SES resilience therefore requires a proper conceptualization and preferably quantification
of resilience. The applicability of the commonly used return time [1] - the time it takes
after a perturbation to return to a reference value - is limited for quantifying SES resilience
because it does not take into account adaptive capacity, i.e., “the capacity of a [SES] to
absorb disturbance and reorganize while undergoing change so as to still retain essentially
the same function, structure, identity, and feedbacks” [2]. Adaptive capacity may result from
mechanisms that for instance involve learning, technical development, or social behaviour in
human actors, possibly resulting in new links between actors and components. In essence,
because of adaptive capacity a SES may structurally change under pressure, in turn also
changing how it will respond to future pressures.
To better address adaptive capacity we consider an alternative measure for SES resilience
based on entropy [3]. It quantifies the effect of the loss or addition of ‘routes’ via which
information, mass, energy, or some other quantity can transfer from one subject to another
within a unit of time (e.g., money transferred from one person to another within a day,
or carbon transferred from one species to another within a year). The capacity for system
development in this is given as

C =A+Φ.

(1)

This measure allows for a natural interpretation of adaptive capacity: the efficiency A
strongly decreases if a flow breaks up into many small flows, but the effect of the loss of one
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of those flows, quantified by the ‘reserve’ Φ, is minimal; optimized flows on the other hand
have maximum efficiency A but also are at maximum risk from disruption (Φ = 0).
We apply the above ‘entropy’ measure to a case study involving an agent-based model
(ABM) describing a simplified agro-food system with producers who produce different food
sources, traders who want to optimize their sellings, and consumers who try to fulfil health
objectives. The links between different actors can vary over time, thus generating capacity
to cope with perturbations such as ‘bad harvests’, ‘loss of stocks’, or ‘hype foods’. The utility
of the measure is demonstrated through simulations in which different close-to-reality actor
network structures are considered, like ‘reverse pyramid’ (many consumers, few producers)
and ‘hourglass’ (many producers and consumers, few traders) structures.
Acknowledgements: We would like to thank Guus ten Broeke, Jaap Molenaar, Bob Kooi, Arend
Ligtenberg, Gert Jan Hofstede, Dirk van Apeldoorn, and Lan Ge for discussions on the subject of
resilience.
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Many social-ecological systems (SES) are under pressure from human activities and environmental changes. Thus, it is important to study their resilience against such pressures.
Resilience may be generated by various mechanisms, such as stabilising feedbacks, spatial
interactions, diversity of system components, and mechanisms for adaptation and learning.
Simulation models are an important tool for assessment of resilience, because these models
help us to test the effects of various assumptions on interactions and feedbacks within the
system. But, not all types of simulation models may be equally suitable for this purpose.
We compare two commonly used model types for describing SES, namely ordinary differential equation (ODE) models and agent-based models (ABMs), to evaluate their capability
to cover different mechanisms that generate resilience. ODE models have the advantage
that advanced methodologies for bifurcation analysis and sensitivity analysis are available
to quantify resilience, whereas ABMs allow for the description of more types of mechanisms
for resilience.
As test-case, we consider a system in which consumers compete for a renewable commonpool resource [1]. The system is modelled as an ABM, in which the consumers are agents
with identical decision rules but individually varying characteristics. This ABM is spatially
explicit and updated in discrete time-steps. During a time-step, each consumer may decide
to either move to a neighbouring location, harvest from the present location, or remain
inactive to conserve energy. This decision is based on the state of the agent and its local surroundings. In addition, over time agents are born, die, and procreate; newly born
agents inherit their characteristics from their parents with minor modifications, allowing for
evolution through natural selection [2].
We examine whether an ODE model can be fitted to replicate the behaviour of the ABM,
i.e., to evaluate whether an ODE model can cover all relevant ABM output [3]. We investigate how both models respond to external shocks, and apply resilience measures such as
return time to quantify resilience. The results show that the ODE model can reproduce the
behaviour of the ABM, if some mechanisms relevant for resilience are excluded. Specifically,
the ODE model does not capture effects of agent adaptation, or local differences in space.
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We conclude that the most suitable modelling approach depends on what mechanisms cause
resilience in the studied system. If resilience results from system-level feedbacks, then ODE
models may be suitable for assessing this resilience. If, in contrast, agent adaptation or
localised agent interactions contribute to resilience, then ABMs seem more suitable.
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Humans and many other species make intuitive forecast-models in order to aim for an
optimal future position in a group or flock. We have in [1] investigated a minimal version of
the implications for collective behaviour of such intuitive predictions by setting up a model
of interacting particles according to a pairwise potential, as a proxy for an advantageous
position in the group, and where the forecast ability of each particle consists of linear
extrapolations of their neighbours future positions after a given constant anticipation time
τ . Analysing this set we find for example typically transient times for the flock to start
milling, depending on τ , the potential and the initial positions and we can show that the
kinetic energy of our system dissipate as 1/t. In order to make the system as simple as
possible, the particles are not self-propelled, in contrast to most other flocking models. We
will also discuss brand new results, by the second co-author, regarding the interplay between
anticipation and self-propelling by comparing and fusing the models in [1] and [2].
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Reasoning about collective behaviour is inherently difficult, as the non-linear interactions
between individuals give rise to complex emergent dynamics. Mathematical tools have
been developed to systematically analyse collective behaviour in such systems, yet these
frequently require extensive formal training and technical ability to apply. These difficulties
raise a barrier-to-entry for practitioners wishing to analyse models of collective behaviour.
However, rigorous modelling of collective behaviour is required to make progress in understanding and applying it. Here we present MuMoT, an accessible tool which aims to
automate the process of modelling and analysing collective behaviour, as far as possible.
We focus our attention on the general class of systems described by reaction kinetics, involving interactions between components that change state as a result, as these are easily
understood and extracted from data by life scientists, and correspond to algorithms for
component-level controllers in engineering applications. By providing simple automated
access to advanced mathematical techniques from statistical physics, nonlinear dynamical
systems analysis, and computational simulation, we hope to advance standards in modelling
collective behaviour.
During this presentation, we showcase the functioning of MuMoT to perform a theoretical
analysis that shows how a superorganism may react to stimulus variations according to
psychophysical laws observed in humans and other animals. We investigate an empiricallymotivated honeybee house-hunting model, which describes a value-sensitive decision process
over potential nest-sites, at the level of the colony. In this study, we show how colony
decision time increases with the number of available nests, in agreement with the HickHyman law of psychophysics, and decreases with mean nest quality, in agreement with
Piéron’s law. We also show that colony error rate depends on mean nest quality, and
difference in quality, in agreement with Weber’s law. Psychophysical laws, particularly
Weber’s law, have been found in diverse species, including unicellular organisms. Our
theoretical results predict that superorganisms may also exhibit such behaviour, suggesting
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that these laws arise from fundamental mechanisms of information processing and decisionmaking. Finally, we propose a combined psychophysical law which unifies Hick-Hyman’s
law and Piéron’s law, traditionally studied independently; this unified law makes predictions
that can be empirically tested.
Acknowledgements: This work was funded by the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation programme (grant agreement number
647704).
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Starting from microscopic models incorporating the dynamics of handling and searching
predators, or active and hidden prey, we obtain reaction cross-diffusion systems of predatorprey type involving classical functional responses, by the exploitation of different time-scales.
We also provide a study of the Turing instability domain of the obtained equations and (in
the case of the Beddington-DeAngelis functional response) compare it to the same instability
domain when the cross diffusion is replaced by a standard diffusion.

References
[1] F. Conforto, L. Desvillettes, C. Soresina. (2017). About reaction-diffusion systems involving the
Holling-type II and the Beddington-DeAngelis functional responses for predator-prey models. Submitted, available online at https://arxiv.org/abs/1712.10159.
[2] L. Desvillettes, C. Soresina. (2017). Non triangular cross-diffusion systems with predator-prey reaction terms. Submitted.
[3] S. Geritz, M. Gyllenberg. (2012). A mechanistic derivation of the DeAngelis-Beddington functional
response. Journal of Theoretical Biology 314, 106–108.
[4] G. Huisman, R.J. De Boer. (1997). A formal derivation of the Beddington functional response.
Journal of Theoretical Biology 185, 389–400.
[5] J.A. Metz, O. Diekmann. The Dynamics of Physiologically Structured Populations, Lecture notes
in Mathematical Biology 68. Springer, 1986.

595

Thursday, July 26th, 10:30

Room: C8.2.02

Parallel Session

Mathematical Methods in Biology VI
PARAMETER ESTIMATION IN MODELS OF
BIOLOGICAL OSCILLATORS: DEALING WITH
MULTIMODALITY AND OVERFITTING
Jake Alan Pitt
jake.pitt@iim.csic.es
(Bio)Process Engineering Group, IIM-CSIC (Spanish National Research Council), C/Eduardo Cabello
6, 36208 Vigo, Spain.
Joint work with Julio R. Banga ((Bio)Process Engineering Group, IIM-CSIC (Spanish National
Research Council), C/Eduardo Cabello 6, 36208 Vigo, Spain.)
Keywords: Parameter estimation, Regularisation, Optimisation, Multimodality, Overfitting.
Biological oscillators play a central role in many key processes, including: the cell cycle,
metabolism, signalling, and circadian rhythms. When considering models of biological oscillators described by deterministic non-linear ordinary differential equations (ODEs), the
parameter estimation problem can be extremely challenging. Typically, models of biological
oscillators are highly non-linear and flexible, exhibiting a wide variety of different dynamics.
These characteristics can cause the exacerbation of two common pitfalls in parameter estimation: multimodality and over-fitting [1]. Multimodality describes the existence of both
local and global solutions for the estimation problem. Overfitting is the fitting of the noise
in the data, as opposed to the signal. Overfit models explain the data very well but do not
have good predictive power. A consequence of multimodality is that standard estimation
methods (such as gradient-based local ones) often lead to wrong solutions (underfit local solutions). On the other extreme, global optimisation methods can produce overfit solutions.
Overfitting can be a particularly difficult phenomenon to deal with, due to its deceiving
nature; overfitting produces extremely high quality fits but with poor predictive power (i.e.
the calibrated model does not generalise well). Another issue that adds complexity to the
estimation task is the typically large size of the parameter space considered. A lack of prior
knowledge results in a huge search space, which considerably increases the complexity of
the parameter estimation problem.
While techniques do exist to deal with these problems individually, there are a number of
open questions, and such techniques typically require some degree of manual tuning by users.
Here, we present a systematic strategy to deal with the aforementioned issues of multimodality, overfitting and large search spaces. This strategy is self-tuning, i.e. it does not require
the user to adapt parameters of the algorithm. We make use of efficient global optimisation
solvers to avoid convergence to local solutions. Combining these global optimisation solvers
with sampling strategies, we systematically reduce the size of the parameter search space
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using bounding techniques. We use advanced regularisation techniques to combat overfitting, expanding on the methods discussed in [2]. We avoid the typical regularisation tuning
issues by using our sampling strategies to automatically adjust the regularisation parameters. We apply our novel method to a number of challenging biological oscillators, including
the well known Goodwin oscillator and the repressilator. We show how our strategy allows
for more efficient estimations, avoiding the underfitting and overfitting pitfalls. By using
cross-validation, we also show how the use of regularisation allows for calibrated models
with greater predictive power.
Acknowledgements: This project has received funding from the European Union’s Horizon
2020 research and innovation program under grant agreement 675585 (Marie Sklodowska-Curie
ITN “SyMBioSys”). The author JAP is a Marie Sklodowska-Curie Early Stage Researcher.
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Switch-like and oscillatory dynamical systems are widely observed in biology. We investigate
the simplest biological switch that is composed of a single molecule that can be autocatalytically converted between two opposing activity forms. We test how this simple network can
keep its switching behaviour under perturbations in the system. We show that this molecule
can work as a robust bistable system, even for alterations in the reactions that drive the
switching between various conformations. We propose that this single molecule system could
work as a primitive biological sensor and show by steady state analysis of a mathematical
model of the system that it could switch between possible states for changes in environmental signals. Particularly, we show that a single molecule phosphorylation-dephosphorylation
switch could work as a nucleotide or energy sensor. We also notice that a given set of
reductions in the reaction network can lead to the emergence of oscillatory behaviour. We
propose that evolution could have converted this switch into a single molecule oscillator,
which could have been used as a primitive timekeeper. We discuss how the structure of the
simplest known circadian clock regulatory system, found in cyanobacteria, resembles the
proposed single molecule oscillator. Besides, we speculate if such minimal systems could
have existed in an RNA world.
Acknowledgements: The research has been supported by the European Union, co-financed by
the European Social Fund (EFOP-3.6.2-16-2017-00013) and the Microsoft Research through its
PhD Scholarship Programme.
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Dynamical systems theory provides a powerful framework for understanding models of oscillatory processes arising in cell biology. In this talk I will demonstrate how geometric singular
perturbation theory can be used to understand spiky oscillations in a minimal N F − κB
signalling pathway model developed in [1].
The four model variables change on different time scales, however, the governing equations
are not written in standard form of slow-fast systems. Hence, standard reduction to a
globally defined slow manifold is not possible. We use scaling and the blow-up method to
identify several limiting subsystems. Based on this geometric decomposition we are able to
prove the existence of a limit cycle and explain the pattern of the observed spiky oscillations.
Acknowledgements: This project has received funding from the European Union’s Horizon
2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement No
661650.
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Synthetic biology is an interdisciplinary field of science and engineering that aims to construct biochemical circuits with prescribed behavior. With the advancements in nucleicacid-based chemistry, arbitrary molecular circuits can be experimentally implemented using
solely DNA molecules, interacting via toehold-mediated DNA strand-displacement mechanism [1]. Mathematical and experimental methods for designing abstract biochemical
circuits, and then physically realizing them, respectively, have been established for circuits
involving molecules in high-abundance and operating in well-mixed environments. A proofof-concept is a recently in-vitro man-made chemical oscillator, called the displacillator [2].
Interfacing the synthetic systems with living organisms and exploiting their potential in
nanotechnology is more challenging both experimentally and mathematically, since the synthetic systems involve molecular species in low-abundance. In this talk, I will present the
much needed mathematical methods for designing synthetic molecular circuits, which perform the desired tasks even when large fluctuations are present. The presented framework
is based on the so-called noise-approximation algorithm [3], which may be used to control
fluctuations in the circuits in a state-dependent manner, while preserving the desired meanfield behavior, and noise-induced mixing - a design principle inspired by gene-regulatory
networks, which allows different stochastic behaviors to be fused together [4].
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Negative feedback biochemical circuits, also called ring oscillators, are capable of sustained
oscillations. But what makes a ring oscillator successful? The non-linear interactions, and
the particular choice of interactions for each different system impede analytical insight into
this question, usually requiring computational exploration [1,2]. In this talk, we will see
that, despite the apparent complexity, the stability of the unique steady state undergoing
a Hopf bifurcation in a ring oscillator depends only on the degradation rates and a single
parameter summarising the rest of the interactions [3]. This allows us to study the role of
degradation rates separately from the rest of biological details of the circuit, showing that
the parameter region with oscillatory behaviour is maximised when the degradation rates
of all the biochemical species are equal. Strikingly, this results holds independently of the
regulatory functions used or number of genes. Similarly, the same analysis allows to derive
expressions for the oscillation frequency at the bifurcation point and its nature (subcritical
or supercritical). Finally, we apply the results to the case in which mRNA is included in
the description of a genetic ring oscillator, exploring the role of the natural difference in
degradation timescale between mRNA and protein.
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I will introduce stochastic reaction networks as models for the time evolution of biological
system with low chemical species counts. Then, I will talk about some recent investigation
on the potentiality of stochastic reaction networks, that my collaboratora and I are carrying
on. The possibility of physically implement a given reaction network by means of DNA
strands [1] opened new questions and new challenges in the field. Can we design and
construct stochastic reaction networks capable of performing a specific task? Is there some
limitation? In this talk, I will focus on the design of stochastic reaction networks that in a
stationary regime are capable of simulating a given probability distribution. I will show that
any probability distribution can be approximated with arbitrary precision by the stationary
distribution of an appropriate stochastic reaction. Moreover, the stochastic reaction network
can be designed such that the approximation is robust to occasional external inputs.
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Time delays can play an important role in biological and physical systems. A time delay
can originate from signaling times, unknown intermediate processes, or other mechanisms.
Mathematically, time delay can be introduced in a model by switching from ordinary differential equations (ODEs) to delay differential equations (DDEs). The inclusion of a time
delay often leads to new and surprising behavior. In this work, we study the effect of a
time delay in the Fitzhugh-Nagumo model. Although this model was originally developed
to study the action potential in neurons, it has since become the prototypical model used to
study excitability. We consider a piecewise-linear version of the Fitzhugh-Nagumo equations
and study how the addition of a time delay changes the behavior of traveling pulses. We
investigate analytically the dependence of the speed of the pulse on the model parameters
and compare our analytical work with numerical simulation. Additionally we show how the
results can be obtained approximately using perturbation theory. We find that the inclusion
of a time delay slows down the pulses and, if large enough, can suppress pulses completely.
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The process of inferring parameter values from experimental data may be a cumbersome
task. In addition, the collection of experimental data may be time consuming and costly.
This talk covers both these issues by addressing a fundamental scientific question: “Which
experimental outputs should be measured to ensure that unique model parameters can be
calculated?”. Stated formally, we will discuss the topic of minimal output sets that guarantee
a model’s structural identifiability. A minimal output set can be defined as: A minimal set of
model outputs that needs to be measured to ensure that the model is structurally identifiable.
Due to its complexity and the associated computational demand, this topic has received
very little attention and most scientists rely on intuitive experimental design. However, this
may result in redundant experimental measurements. In this talk we present an algorithm
tasked with identifying a model’s minimal output sets. It is based on the numerical analysis
(singular value decomposition) of a sensitivity based matrix. The elements of this matrix
comprise of the sensitivities of the different model outputs to individual parameters over
a certain time period [1]. Given the computational efficiency of this numerical analysis,
it allows for the identification of all correlations between different model parameters via
an iterative procedure. Minimal output sets are subsequently constructed by including
model states that destroy these different correlations. A particular model may have multiple
minimal output sets. This offers great flexibility to the experimental researcher as he/she
can decide which set to measure taking factors such as time, cost and physical constraints
into account. The present algorithm offers the opportunity to detect the full set of all
possible minimal output sets. The algorithm will be showcased using 2 models: 1) a JAKSTAT model with 31 states and 51 model parameters that has 2 minimal output sets and 2)
a smaller chemical reaction model that has 11 states and 6 model parameters. This model
has 6 different minimal output sets [2, 3].
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Biological system’s dynamics is increasingly studied with nonlinear ordinary differential
equations, whose parameters are estimated from input/output experimental data. Identifiability analysis aims at answering the central theoretical question whether the inverse
problem is solved, uniquely, by a particular value of the free parameters, or if there are finite
or infinite parameter vectors that produce identical input/output behaviour. Local identifiability is the intermediate situation with finite (often only few) multiple solutions that
are necessarily isolated in the parameter domain. This leads to the ambiguous situation, in
which multiple solutions imply identical model outputs but with different time courses of
unmeasured variables, which are often a primary outcome of modelling studies. Parameters
chosen randomly among equivalent ones, can lead to misinterpretations and to erroneous
conclusions.
In this study we present the theoretical background for determining all parameter solutions of locally identifiable ODE models described by rational functions, showing that a
comprehensive structural local identifiability analysis that includes all multiple solutions,
reinforces the practical results. The adaptation of local identifiability analysis for practical
purposes allows to calculate all the numerical solutions of locally identifiable models and
the corresponding trajectories of unobservable states. The new approach appears applicable
to moderately complex models.
In particular, the above theoretical results will be applied to a selection of representative
examples taken from various research fields such as pharmacokinetics/dynamics, i.e. drug
therapy; infectious diseases (e.g. HIV); uncontrolled cell proliferations (i.e. tumor growth).
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Causality is one of the fundamental pillars of science. We presents a new method which
is able to detect and quantify the probability of all types of causal relationships: independence, direct or circular causal connection as well as the existence of hidden common
cause. The new method is based on the intrinsic dimension estimates of the joint and separate time delay embedding of the time series. We demonstrate the detection capabilities
of our method on simulated examples and on different data series coming from in vitro, in
vivo and human neuro-electrophysiological measurements as well as from economics. The
method properly detected common cause during evoked activity of patient’s EEG signals.
During epileptic seizures the method reveals direct drive from the possible seizure onset
zone and found common cause between the signals from the driven areas as well. The new
method provides much clearer interpretation of interactions between recorded time series
and promises applicability in many branches of science.
Acknowledgements: This study has been supported by the Hungarian Brain Research Program
(2017-1.2.1-NKP-2017-00002),Hungarian National Research, Development and Innovation Office
(NKFIH) grant no. K113147 and the Flag-ERA Human Brain Project CANON (NKFIH) grant
no. NN118902.
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Much research in recent years has been devoted to the construction of generic methods for
anticipating critical transitions from time series data. While a lot of progress has been
made in this direction, there are shortcomings in the currently existing toolbox. At present,
most indicators for critical transitions are only available for systems at equilibrium, whereas
many systems in nature are inherently fluctuating. Time-series based indicators can also
be difficult to interpret in real time: while it may be easy to see that a given indicator is
rising, it is more difficult to infer how likely a transition is given such a rise, or to predict
when it will occur. From the point of view of decision making in the prevention of critical
transitions, such information is vital, and to provide this we may need to go beyond purely
generic methods, and consider certain more or less specific properties of systems.
In this talk, I’ll present a method for anticipating critical transitions in systems for which
large parts of the dynamics can be reconstructed using 1D maps—a common property of
systems in biology and ecology known as nearly-one-dimensionality. Using this property, we
can predict nonlocal bifurcations of limit cycles and boundary crises of strange attractors,
as well as more widely studied transitions such as saddle-node bifurcations. The method
has the further advantage that it gives concrete predictions for the time of a transition, as
well as the expected resilience of the system in the run-up.
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In lipid biochemistry, a fundamental question is how the potential number of fatty acids
increases with their chain length. Here, we show that it grows according to the famous
Fibonacci numbers when cis/trans isomerism is neglected [1]. For example, the number
of unmodified fatty acids with 18 carbon atoms is given by the Fibonacci number 2,584.
These include stearic acid, oleic acid and its trans-isomer elaidic acid, linoleic acid, vaccenic
acid and the various isomers of conjugated linoleic acid. Since the ratio of two consecutive
Fibonacci numbers tends to the Golden section, 1.618 . . . , organisms can increase fatty acid
variability approximately by that factor per carbon atom invested. Moreover, we show that,
under consideration of cis/trans isomerism, modification by hydroxy and/or oxo groups,
triple bonds or adjacent double bonds, diversity can be described by generalized Fibonacci
numbers (e.g. Pell numbers or hitherto scarcely studied number series). We build the proof
on the recursive definitions of these number series [1].
Similar calculations can be applied to (proteinogenic and non-proteinogenic) aliphatic amino
acids [2]. For that substance class, we allowed for single, double and triple bonds. An
example of a non-proteinogenic amino acid involving a double bond and a triple bond is 2amino-hept-4-en-6-ynoic acid produced by the basidiomycete Amanita pseudoporphyria [3].
Our results should be of interest for mass spectrometry, combinatorial chemistry, synthetic
biology, patent applications, use of fatty acids as biomarkers and the theory of evolution.
By considering the relative number of hydroxy and oxo groups as a proxy for hydrophilicity,
the fraction of fatty acids or amino acids with certain properties can be estimated.
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In the presence of sparse attractants, the movement of both cells and large organisms has
been shown to be governed by long distance runs, according to an approximate Lévy distribution. In this talk we clarify the form of biologically relevant PDE descriptions for
such movements. Motivated by experiments including [3] and [4], we consider a microscopic
velocity-jump model in which an individual performs occasional long jumps according to
an approximate Lévy distribution. We derive the appropriate kinetic-transport equation,
where the collision term describes the nonlocal motion. Under a perturbation argument
and an appropriate hyperbolic scaling in space and time, we derive fractional Patlak-KellerSegel equations [2] for the density (ū) of some chemotactic population in the presence of a
chemoattractant (of concentration ρ):
∂t ū = c0 ∇ · (Dα ∇α−1 ū − χū∇ρ),
∂t ρ = Dρ ∆ρ + f (ū, ρ).

(1)

We consider the implications of such biological diffusion in the context of T cell movement
in the brain [5]. In response to Toxoplasma gondii infections, these cells have been shown to
exhibit a mixed Lévy walk [1] in which an additional resting time occurs between directional
changes. The resulting equation generates a time-fractional term in (1) and allows us to
formally interpret the results of [1]. Consequently, we shed light on the extent to which
Lévy flight behaviour impacts on the average time taken for T cells to locate the sparsely
distributed infected targets. We use the PDE description to present numerical results.
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Biofilm reactors represent the primary means to harness the biofilm usefulness for wastewater treatment by means of the synergistic interactions and biochemical transformations
characterizing these microbial communities. The microbial invasion and colonization of preexisting biofilms has been found to play a significant role in the establishment of mixed
species communities, as it can determine biofilm landscape and contribute to rapid alterations in biofilm populations. In this work, we introduce the free boundary value problem
for the invasion phenomenon in biofilm reactors which takes into account the dynamics of
the biofilm compartment as well as the bulk liquid phase in terms of both substrates and
planktonic cells. The model is derived by coupling a reactor mass balance for planktonic
cells and substrates with a full one-dimensional invasion model. The resulting mathematical
problem consists of a system of nonlinear hyperbolic partial differential equations governing
the microbial species growth and a system of semilinear elliptic partial differential equations describing the substrate diffusive trends. The model is completed with a system of
elliptic partial differential equations governing the diffusion and reaction of planktonic cells,
which are able to switch their mode of growth from planktonic to sessile when specific
environmental conditions are found. Two systems of nonlinear differential equations for
the substrate and planktonic cells mass balance within the bulk liquid are also considered.
The free boundary evolution is governed by a differential equation which accounts for the
displacement velocity due to the microbial biomass and the detachment flux as well. The
model has been studied both by analytical methods and numerical studies. In particular,
the existence and uniqueness of the solutions has been proved in the class of continuous
functions. Numerical simulations have been developed for a real engineering/biological case
which examines the invasion of specific microbial species, the Anammox bacteria, in a constituted wastewater biofilm. The invasion model has been adopted to illustrate the trends
related to the establishment of such a multispecies community and to assess the effect of
specific operational conditions on the biofilm colonization by Anammox bacteria. For all
the cases analyzed, real data from existing literature are used to feed numerical simulations,
which produce results in nice agreement with experimental findings.
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Reaction-diffusion systems are important tools for the study of many biological and physical
phenomena, many of which span many spatial scales. Within these, there are many examples which require very detailed descriptions in some regions of space, while in the rest of the
domain, large particle numbers mean that continuum methods are appropriate. For example, we could be interested in the release of calcium ions through calcium-gated channels on
the endoplasmic reticulum, or want to model the formation of defects in a liquid crystal. We
present the auxiliary region method - a novel spatially-coupled hybrid method which interfaces Brownian-based microscopic dynamics to the corresponding mean-field PDE through
the use of ”auxiliary regions” which bridge the gap between the micro and macro scales. We
describe the algorithm and demonstrate its effectiveness on a large array of problems; pure
diffusion, morphogen gradient formation and a travelling wave problem, spanning over one
and three dimensions. We also demonstrate that the method results in small errors with no
bias for particles to gravitate towards either side of the interface.
Acknowledgements: Cameron Smith is supported by a scholarship from the EPSRC Centre
for Doctoral Training in Statistical Applied Mathematics at Bath (SAMBa), under the project
EP/L015684/1.
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Liver infections like hepatitis B and C are world wide spread and they tend to chronify. This
leads to secondary diseases like liver cirrhosis. The underlying mechanisms of the chronification are not fully understood and therefore mathematical models are used for finding
and testing new hypothesis about the development of the disease and possible interactions.
The reaction-diffusion system in [1] is based on a predator-prey system and describes the
interaction of virus and immune system, concluded as T cells. The model shows both infection courses healing and chronification, depending on the extension of the domain, the
reaction change rate and the diffusion strength. Since the underlying mechanisms are not
well known, the reaction terms are uncertain.
In this talk, we open the view on the used reaction terms by deducing indispensable properties of the reaction functions to get a model covering both infection courses. In the limit
case of a very fast immune reaction, the two-component reaction-diffusion system reduces
to a one component quasilinear parabolic partial differential equation with homogeneous
Neumann boundary conditions for the virus. We analyse under which conditions stationary
spatial inhomogeneous solutions, which are interpreted as chronic infections courses, occur.
We study the stability by minimising an energy functional and an entropy function for the
system to concretise the assumptions on the reaction function for the virus.
Finally, we test the assumptions on the reaction function by going back to the two component
reaction-diffusion system which inherits properties of the parabolic sub-system. We regard
the two models as part of a model family, establish a hierarchy and conclude differences,
similarities and connections.
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Keywords: Stochastic differential equations, Individual growth, Nonparametric estimation, Cattle
data.
We study stochastic differential equation (SDE) growth models to describe individual growth
in random environments. The methods were applied to data on growth of the individual
weight of bovines.
Usually in literature, nonparametric estimation methods for SDE are illustrated using financial data. In this area it is common to have data with observations at equidistant instants.
This does not happen in our cattle weight data but the results can be derived for nonequidistant data. Also, the nonparametric estimators were developed for data from a single
trajectory with abundant observations typical of financial data. Since, in our data, we have
several trajectories available, with relatively few observations each, we needed to adapt the
estimators [2].
Considering the diffusion process Yt characterized by the autonomous stochastic differential
equation dYt = a(Yt )dt + b(Yt )dWt , where Wt is the Wiener process, we estimate the drift
coefficient a(y) and the diffusion coefficient b2 (y) using a nonparametric estimation method.
The drift coefficient, also called infinitesimal mean, is the mean speed of growth of Yt and
the diffusion coefficient, also called infinitesimal variance, gives a measure of the local magnitude of the fluctuations.
Our goal was to assess if the parametric models (with specific functional forms for the
drift and the diffusion coefficients) previously used by us to describe the evolution of bovine
weight were adequate choices, or whether some alternative specific parameterized functional
forms of these coefficients might be suggested for further parametric analysis of the data.

618

Nonparametric methods were useful to empirically validate our choices of parametric models,
allowing us to take advantage of the parametric models to consider issues that are very hard
to tackle with nonparametric methods, like estimate parameters, make predictions of future
sizes, determine relevant indicators like the distribution of the time required for an animal
to reach a prescribed market size, or even optimize the mean profit obtained by raising and
selling an animal and compute the probabilities involving the selling profit [1].
Acknowledgements: The authors belong to research centre Centro de Investigação em Matemática e Aplicações UID/MAT/04674/2013, Universidade de Évora, supported by FCT-Fundação
para a Ciência e a Tecnologia, Portugal.
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The implementation of a biological computer has been one of the most remarkable challenges
in the field of biotechnology in the last few decades. All kinds of logic gates have been
developed to work in bacteria and eukaryotes. This has allowed to design several circuits
with minimal complexity. However, soon it was evident that an arbitrary complex circuit
requires the distribution of its components among different types of cells that communicate
between them. This communication is what we call a wire. So far, we know that a circuit
implementation without spatial segregation would be virtually impossible if the numbers of
wires is too high, so now the scientific community is moving towards the spatial segregation
of the circuit. Nevertheless, not so much effort has being paid to solving the wiring problem,
and to measuring the actual limitations of the wires themselves. Here we show a very simple
model for non-growing cells connected through a wire that is able to predict the behaviour of
the system. We also explore the logic capabilities of a wire and show that these capabilities
are compatible with the wire acting as a buffer. Finally, we show that a system of several
cell types connected through wires can work as intended if and only if an algebraic system
of conditions in the form of linear inequalities is obeyed. In summary, the feasibility of a
complex biological circuit is equivalent to the solution of a linear programming problem.
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The liver is a vital organ that executes numerous functions such as storage of nutrients,
detoxification, metabolism and protein synthesis. It acts as link between the digestive and
circulatory systems of the body through two networks, the bile canalicular (BC), where the
bile is secreted and flows, and the sinusoidal endothelial network, which carries the blood
to hepatocytes throughout the parenchyma. The hepatocytes constitute ∼ 80% of the liver
volume. Together with sinusoidal endothelial cells, stellate and Kupffer cells they give rise to
a complex three-dimensional (3D) tissue architecture. The BC and sinusoidal networks have
an intrinsic 3D topology and therefore, their structure cannot be properly described by two
dimensional (2D) approaches. Yet, 2D histology is the current gold standard to diagnose
several liver diseases (e.g. non-alcoholic Fatty Liver Disease (NAFLD)). The absence of
3D information results in an incomplete understanding of both liver physiology and physiopathology. Reconstructions of digital models of tissue with sub-cellular resolution from
microscopy images (i.e. 3D geometrical models) constitute a powerful tool for understanding
tissue structure in 3D and uncover morphological changes occurring in the tissue during
diseases progression. In this study, we reconstructed 3D sections of liver tissue from healthy
individuals and patients with NAFLD at different stages of disease progression. First, human
liver sections obtained by biopsy (∼ 100µm thick) were optically cleared, stained for e.g.
cell border, BC network, sinusoids, lipid droplets and nuclei, and imaged using multiphoton
microscopy. Second, the main components of liver tissue architecture were reconstructed
using our open-source software ‘Motion Tracking’ [1]. We reconstructed different cellular
and sub-cellular structures, including central and portal veins, bile canaliculi, sinusoids,
nuclei, hepatocytes and lipid droplets. Finally, we performed a quantitative morphometric
and spatial analysis of the different tissue components during different stages of NAFLD.
The resulting geometrical models provided a complete description of different morphological parameters across multiple scales, from tissue to sub-cellular level, and uncovered a
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significant amount of new information about morphological changes occurring in NAFLD.
Preliminary data show that morphological properties of the BC network (diameter, connectivity and ramifications) in steatotic liver tissue are correlated with a porto-central gradient of lipid droplets agglomeration in hepatocytes. Further work will focus on identifying
statistically relevant bio-markers (e.g. hepatocyte ploidy levels, zonated lipid droplets agglomeration, etc.) for the early detection of disease in human liver samples in NAFLD and
insights into its pathogenic mechanism.
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We study locomotion change of a centipede which moves on ground with various geometries.
A centipede has more than 40 legs and it can move quickly in many natural environments.
It is obviou s that it uses not only a centralized control for legs but also an autonomous
decentralized control, however, none of the control rules is known yet.
To understand the control rules, we focus on the centipede Scolopendra subspinipes mutilans
which takes on the locomotion style ”retrograde wave” in which the density wave of legs
propagates in opposite direction to the motion of the centipede [1] and it uses a body
undulation when it moves with high velocity. We put the centipede on a long and narrow
lane which is made of styrofoam. The lane undulates in a sinusoidal manner and the wave
length and the amplitude is the same as the length of a few body segments. At a low
velocity of about 20mm/s, the centipede searches the geometry of the ground surface by
using its antenna and puts its front legs on the top of the hills. After the front legs are put
onto the tops, the next legs follow. As a result, all legs touch the same points i.e. the top of
the sinusoidal wave, and thus the retrograde wave is observed. On a flat lane, phases of the
density waves of legs on the right and left side are always anti-phase. On an undulating lane,
both anti-phase and in-phase waves are observed when the wave length of the undulation is
about a few body segments length. As the wave length of undulation increases to about 6
body segments length, only in-phase density waves emerges.
At a high velocity of about 100mm/s, like in an emergency situation, the centipede does
not care to put his legs onto the tops of the sinusoidal ground anymore, and it uses a body
undulation instead. Centipedes without antenna hesitate to move on the sinusoidal lane.
Based on these observations, we propose a three dimensional mathematical model with a
centralized control by using its antenna and an autonomous decentralized control using the
feedback information from legs. It was reported that such an autonomous decentralized
control leads to the retrograde wave on a flat ground in two-dimensional simulations [2, 3],
in which right and left legs were not distinguishable. We perform numerical simulations of
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our centipede model on rough ground and we present a similar transition from the anti-phase
to the in-phase mode by changing the wave length of the sinusoidal wave of the ground.
We also discuss the efficiency of the locomotion with/without undulation on flat and rough
ground.
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Weighted ensemble (WE) method is an efficient way to numerically sample nonequilibrium
trajectories generated by random dynamical systems such as described by Langevin dynamics. It was introduced by Huber and Kim [1] for Brownian dynamics of biomolecules and has
been further extended by Zuckerman and coworkers for general dynamical systems [2]. Our
main focus here is to apply this method to biomolecules such as proteins and peptides and
to discuss how to extract kinetic information and the features of nonequilibrium trajectory
ensembles.
In the WE method, one first has to prepare a “state space” constructed by several collective
variables or order parameters. Dividing such state space into several pieces called “cells”,
we execute, for example, molecular dynamics simulations in each cell. We can run the
simulation in parallel and each trajectory in a cell has a weight, from which we can recover
the density information in each cell. In a conventional implementation of the WE method,
the number of trajectories in each cell is fixed, however, a trajectory can cross the cell
boundary, resulting in the increase or decrease of the trajectory number in a cell. We thus
make use of a death-birth procedure for a trajectory and reduce or increase the number
of trajectories up to the fixed number. At the same time, the trajectory weight should be
changed because the density in each cell should not be changed. This is the basic procedure
of the WE method for describing nonequilibrium dynamics.
We apply this WE method to several biomoleculear systems. The first example is an artificial
peptide called chignolin, which only has 10 amino acids but is known to have at least two
stable states, a folded and misfolded states. The free energy landscape has been previously
characterized by using enhanced sampling techniques [3] and the relaxation mode analysis
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[4], but its kinetic properties still need to be elucidated. We used the previous MD simulation
data at high temperature (420K) in [4] and applied the non-Markov type analysis [5] and
milestoning type analysis [6] to extract kinetic properties [7]. However, it is not feasible to
carry out such analysis at room temperature because the process becomes slower, and this is
a typical problem when we are concerned with larger systems with slower timescales. Here
we apply the WE method to this type of slow process, and calculate the kinetic properties
of chignolin at the room temperature as well as at the high temperature [8]. Furthermore,
we also apply the WE method to other slower processes such as a local proline isomerization
of PIN1 enzyme and the global conformational change of adenylate kinase.
Acknowledgements: This work is partially supported by KAKEN 16K00059, 17KT0101, and
AMED-CREST, AMED.
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Reproduction critically depends on the pulsatile secretion of gonadotrophin-releasing hormone (GnRH) from the hypothalamus. This ultradian rhythm drives the secretion of gonadotrophic hormones, which are critical for gametogenesis and ovulation, and its frequency
is regulated throughout the life course to maintain normal reproductive health. However,
the precise mechanisms controlling the pulsatile GnRH dynamics are unknown. We propose
and study a novel mathematical model of a population of neurones in the arcuate nucleus
(ARC) of the hypothalamus that co-expresses three key modulators of GnRH: kisspeptin;
neurokinin B (NKB); and dynorphin (Dyn). The model highlights that positive feedback
in the population exerted by NKB and negative feedback mediated by Dyn are the two key
components of the pulse generator, which operates as a relaxation oscillator. Furthermore,
our model predicts the response of the system to various neuropharmacological perturbations
and reconciles inconsistent experimental observations following such interventions in-vivo.
Finally, we use the model to study how external inputs modulate the frequency of the pulse
generator. Our model predicts that changes in the level of continuous excitation of the neuronal population should increases pulse frequency; a prediction which we verify in-vivo using
optogenetics. Our approach integrating mathematical modelling and experiments provides
novel insight into the intrinsic mechanisms controlling GnRH pulse generation.
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Several mathematical models have been developed in the recent years to describe the brain
activity. The latter is a complex interaction between several dynamics that coexist in a
working brain. In particular, we highlight the electrophysiological activity of the neurons,
the metabolic cycle of the neuron-astrocyte complex that provides the neurons with the
energy needed to produce action potentials, the nutrient supply through the Brain Blood
Barrier from the capillaries that irrigate the cerebral tissue, and the blood flow in the circulatory system. These dynamics have been individually the topic of a vast research activity
in the last decades, and a large amount of literature is available. A common feature of these
studies is a deep analysis on only one of the aforementioned cerebral activities, with only a
marginal interest in the others, despite the strongly intertwined roles of these dynamics. We
introduce here a lumped model that combines electrophysiology of a neuron-astrocyte complex, its energy metabolism, and the supply of nutrients and oxygen from capillaries. The
link between the two models is the energy balance between ATP production by the metabolic
network and the energy consumption by the pump action of the sodium-potassium ATPase.
The main difficulty in coupling the two models resides in their dramatically different time
scales (milliseconds for the electrophysiology and minutes for the metabolism). The electrophysiology acts as a fast time scale driver for the metabolism which represents a slow time
scale feedback. We will present the mathematical and computational aspects of the model,
and we will show the behaviour of the coupled model for different scenarios: a prolonged
resting state, a sustained neuronal activity followed by a return to resting state, and an
ischemic episode.
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Mathematical neuroscience has a key role today. To understand the functioning of a system
as complex as the brain, a convenient step is to delve into the knowledge of neurons as
isolated dynamical systems. One of the most studied neuronal models is the HindmarshRose model, which, among other phenomena, reproduces bursting, a common behaviour in
biological neurons. Fast-slow systems are typical in neuronal dynamics, as well as in other
areas, such as chemical reactions and lasers. Fold/homoclinic (or square-wave) bursting, following Izhikevich’s classification [1], is common in models of this type. However, the overall
structure of the involved bifurcation diagram has not been fully understood. For that reason, we provide a global analysis of the bifurcations structure of the Hindmarsh-Rose model,
that can be extended to other models with fold/homoclinic bursting. A three-dimensional
parameter space is considered [2, 3], the small parameter ε, responsible of the fast-slow
dynamics, being one of the parameters. We explore the dynamical changes in the global
homoclinic structure, using numerical analysis and continuation techniques. Different homoclinic manifolds with different topologies are studied, as well as codimension-two homoclinic
bifurcation curves (namely Belyakov, inclination-flip and orbit-flip curves). Besides, due to
the structure of the homoclinic manifolds as tubular-like shapes with very sharp folds, isolas
[4] of homoclinic bifurcations appear once ε is fixed. Moreover, isolas of Belyakov points are
detected. All these bifurcations are connected with the spike-adding process and canards in
fast-slow models, as each spike-adding bifurcation is related with the existence of one homoclinic bifurcation manifold that is exponentially close to the rest of homoclinic bifurcation
manifolds. The result is a homoclinic structure that we call “Homoclinic mille-feuille” [3].
Our analysis completes previous partial analysis of fold/hom neuron bursters [5, 6].
This mathematical global structure helps in the dynamical/biological exploration of these
neuron models as it gives a detailed “roadmap” in the space of parameters and therefore
it provides suitable parameter regions for experimentation and explanations of why several
phenomena occur.
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Mathematical models are increasingly used to study the dynamics of brain networks inferred
from neuroimaging and electrographic brain signals. In the context of epilepsy, we introduced the quantity termed Brain Network Ictogenicity (BNI), which measures how likely a
brain network is to generate seizures. The framework consists of placing a mathematical
model of seizure transition dynamics onto the nodes of the network in order to then quantify the propensity of the network to be in the seizure state. We have demonstrated that
BNI can be used as a practical tool to quantify differences in functional connectivity (FC)
networks of healthy individuals and those with epilepsy [1, 2, 3, 4]. More recently, we used
BNI to quantify and predict the outcome of epilepsy surgery based on FC extracted from
pre-operative ictal intracranial EEG (iEEG) [5, 6]. A key assumption is that the inferred
FC provides an appropriate representation of an ictogenic network, i.e. a brain network
responsible for the generation of seizures.
However, FC networks have been shown to change their topology depending on the state
of the brain, particularly during seizures [7]. We therefore sought to understand how these
changes affect BNI. We studied peri-ictal iEEG recordings from a cohort of 16 epilepsy
patients who underwent resective surgery and found that, on average, the ictal BNI is
higher relative to pre- and post-ictal BNI. However, elevated ictal BNI was not observed
in every individual, rather it was typically observed in those who had good post-operative
seizure control. We therefore hypothesize that elevated ictal BNI is indicative of an ictogenic
network being appropriately represented in the data. We evidence this by demonstrating
superior model predictions for post-operative seizure control in patients with elevated ictal
BNI [8].
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Migraine is a common disease in present day population and 30% of the migraine patients
suffer from migraine aura, perceptual disturbances preceding the typical headache. Cortical
Spreading Depression (CSD), a depolarisation wave that originates in the visual cortex and
propagates across the cortex to the peripheral areas, has been deemed as a correlate of visual
aura by several studies. Until now little is known about the origin of this phenomenon, and
curative treatments are unspecific and cause severe side effects.
However, the complex and highly individual characteristics of the brain cortex suggest that
the geometry might have a significant impact in supporting or contrasting the propagation
of CSD. Accurate patient-specific computational models are thus fundamental to cope with
the high variability in cortical geometries among individuals, but also with the conduction
anisotropy induced in a given cortex by the complex neuronal organisation in the grey
matter.
We introduce a reaction-diffusion model for the extracellular potassium concentration on a
personalized brain geometry, obtained from MRI imaging, to study the role of the geometry in shaping CSD. Patient-specific conductivity tensors are derived locally from Diffusion
Tensor Imaging (DTI) data and provide detailed information about the anisotropy and the
electrical conductivity properties of the cortical tissue. Additionally, we introduce a multiscale PDE-ODE model that couples the propagation of the depolarisation wave associated
to CSD with a detailed electrophysiological model for the neuronal activity to capture both
macroscopic and microscopic dynamics.
Acknowledgements: This research was carried out at the Basque Center for Applied Mathematics (BCAM) within the Group Mathematical Modelling in Biosciences. The research was
supported by the Basque Government through the BERC 2014-2017 program, and by the Spanish
Ministry of Economics and Competitiveness MINECO through the BCAM Severo Ochoa excellence
accreditation SEV-2013-0323 and the Spanish ”Plan Estatal de Investigación Desarrollo e Innovación Orientada a los Retos de la Sociedad” under Grant BELEMET - Brain ELEctro-METabolic
modeling and numerical approximation (MTM2015-69992-R).
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The brain is the most complicated organ of any animal, formed and sculpted over 500 million
years of evolution. The cerebral cortex is the folded grey matter that forms the outside of
the brain, and is the seat of higher cognitive function.
Many factors influence how neurogenesis in the cortex differs between species, including the
types of neurons and neural progenitor cells, the different ways in which they proliferate and
differentiate, and the length of the process. Critically, to fully understand the development
of the cortex we are faced with the challenge of understanding the temporal changes in cell
division strategy. Combining mathematical modelling and experimental observations we
incorporate these different factors to model development and evolution of the mammalian
cortex.
A key determinant of the neuronal production is the modulation of proliferative (selfamplifying) and differentiative (neurogenic) divisions. We propose a new ordinary differential equation model that incorporates our hypothesised temporal changes in the propensity
of different cell division types. By analysing this model, we identify a developmental programme that is consistent with the temporal pattern of neuronal output in the cortex of
different species. Additionally, we highlight the current limitations in the interpretation of
model predictions, due to the limited data currently available and identify a specific need
for experimental quantifications.
Acknowledgements: This work was supported by the St John’s College Research Centre, St
John’s College, Oxford.
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The study of the synchronization patterns that control biological processes has become a
growing discipline [6]. Some of them are believed to play a crucial role in the emergence
of pathological rhythmic brain activity in different diseases, like Parkinson’s disease. On
the other hand, small networks of neurons model central pattern generators (CPG) that
control insect locomotion [1, 4]. In this work, we study small CPGs (6-neuron model) for
insect locomotion where each neuron follows the Hodgkin-Huxley like model of GhigliazzaHolmes [4]. A first key point is the development of a detailed “roadmap” that provides an
exhaustive information [2] about the dynamics of a single neuron. Such information shades
light on the effect of varying a parameter. This helps us to identify locomotive properties
determined by individual neurons or by whole network.
By using suitable symmetry reductions, the basic 6-neuron model can be reduced to a 3-cell
model [1, 4]. Therefore, a detailed bifurcation analysis of a 3-neuron model [6] is relevant.
With a suitable combination of short and weak global inhibitory and excitatory stimuli over
the network, we can switch between different stable patterns in small neuron networks (in
our case a 3-neuron network). We develop a systematic study [5] showing and explaining the
effects of applying the pulses at different moments. Moreover, we apply the technique on a
completely symmetric network and on a slightly perturbed one (a more realistic situation).
The approach of using global stimuli, as in the case of applying a current or a chemical
substance to all the network, allows one to avoid undesirable synchronization patterns with
nonaggressive stimuli. Also, the use of the roadmaps reveals [2, 3] the existence of heteroclinic cycles between saddle fixed points (FP) and invariant circles (IC) in a 3-cell CPG
network. Such a cycle underlies a robust jiggling behavior in bursting synchronization [3].
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Our bodies are electrically wired by axons, the up-to-a-meter long, cable-like protrusions of
nerve cells. Axons have to be maintained for a lifetime, but 50% are lost during ageing and
even more in neurodegenerative diseases. The axons’ backbones are formed by parallel bundles of filamentous tubular polymers, called microtubules (MTs), which run along axons. In
ageing and certain forms of neurodegeneration, MTs tend to lose their bundled organisation
and take on dynamic curled conformations, usually occurring in axonal swellings.
One key challenge for studying of this phenomenon, is the retrieval of reliable quantitative
information about axonal MT organisation in different genetic or experimental conditions.
For this, we developed ALFRED1 , a MATLAB application combining newly developed and
existing algorithms derived from bioimaging analysis and bioinformatics, which we apply to
fluorescence images in order to objectively compare phenotypes between different biological
conditions, giving a more precise and user-independent analysis. Images are initially virtualised using a “vesselness” algorithm, commonly used to analyse vascular networks [1],
followed by skeletonisation. These two steps allow the identification of the MTs present in
the image, which can be further analysed. From the identified MTs, we can extract important properties independent of image resolution, such as their curvatures (via a newly
developed polynomial fitting algorithm), straightness (via Hough transformations), and further important values such as fibre lengths are extracted via graph theory algorithms.
In its current version, the parameters computed by ALFRED allow us to clearly distinguish
between images that a human would classify as being distinct. We are now working on
the refinement of parameter extraction to improve data quality and sampling speed, as
well as the analysis and interpretation to identify the most informative parameters and
understand how they translate into MT behaviours. In the future, ALFRED-generated
data from biological samples are intended to be used for the development of a multi-scale
mathematical model describing axonal MT behaviours in health and pathology.
Acknowledgements: Supported by the BBSRC.
1

Advanced Labelling, Fitting, Recognition & Enhancement of Data
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Platelets are anucleated cellular fragments produced in bone marrow. Upon vessel wall
damage, they adhere to the injury site, forming a thrombus - a plug that acts as a physical
obstacle for blood loss. However, in some conditions thrombus can occlude a vessel, what
might lead to a number of pathological consequences. Understanding of the mechanisms
that regulate thrombus size can significantly improve our approaches for curing a whole
variety of diseases, including ischemic strokes and myocardial infarctions.
According to in-vivo experiments in mice, microvascular thrombus is heterogeneous: platelets
of its inner firm part (called core) are closely packed, while loose outer part of thrombus
(called shell) is unstable and possess a fluid-like behavior. The origin of platelet thrombus
heterogeneity and dynamics of thrombus shell are still poorly understood. Despite the abundance of experimental data covering various features of platelet interaction through various
receptors in different states, a link between this knowledge and experimental observations
of thrombus behavior is still missing. The aim of our research was to investigate whether
the nature of thrombus structure and dynamics can be explained by physical properties of
platelet interactions through their adhesive receptors.
We created a 2d model of thrombus formation in which platelets were represented by discoid particles 2 µm in diameter. Blood was considered as incompressible Newtonian fluid.
The model takes into account two types of inter-platelet interaction: primary reversible
(glycoprotein-Ib-mediated) and secondary, which intensify with the increase of platelet activation (integrins-mediated). The first type of interaction is described by stochastically
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associating and dissociating springs, while the second type is represented by deterministic
Morse potential, which is often used to describe interaction between cells. Platelet activation was described as a time-dependent process. Parameters of platelet interaction models
were acquired based on experimental data. We inferred stochastic springs model parameters
using experiments on platelet rolling over adhesive surface. It is important to note that a
simpler deterministic model failed to describe such experiments. Parameters of Morse potential were derived fitting experimental data on forces between single activated platelets.
Computational modeling of thrombus formation produced the following results:
1. Thrombus is heterogeneous, having stable inner and fluid-like outer part. New platelets
do not adhere instantly, but roll over the thrombus surface, thereby forming specific
thrombus shape.
2. Model with only partial platelet activation demonstrates cycles of growths followed by
disruptions of thrombus, consistent with the experimental findings.
3. Stochastic interaction is likely responsible for fluid-like mobility of thrombus exterior.
Thus, we designed the first model describing fluid-like behavior of thrombus shell. Our
model shows the necessity and sufficiency of the two different types of interactions for
the description of the important features of thrombus structure and dynamics. Our
study also emphasizes the importance of stochastic description of cell-cell interaction.
Acknowledgements: The research is carried out using the equipment of the shared research
facilities of HPC computing resources at Lomonosov Moscow State University. This work was
supported by the Russian Federation President Grant to Young Scientists MK-2706.2017.4 and
MD-229.2017.4.

640

Monday, July 23rd, 12:00

Room: C8.2.23

Parallel Session

Physiology I
TUNING CRITICAL EXCITATIONS IN STIFF CARDIAC
MODELS
Christopher D. Marcotte
c.marcotte@exeter.ac.uk
Living Systems Institute, University of Exeter, Stocker Road, Exeter, EX4 4QD, UK
Joint work with Vadim Biktashev and Peter Ashwin (University of Exeter).
Keywords: Cardiac dynamics, Excitable media, Critical excitation.
Excitable models of cardiac tissue typically couple dynamical features on wildly disparate
spatial and temporal scales, leading to patterns which resist classical methods of analysis. Semi-analytical techniques [1] may address this difficulty and characterize excitability
properties of cardiac models, for which stiff models present a numerical challenge. An
essential ingredient of these techniques is the stability spectrum of the simplest coherent
structures produced by these models. I will discuss techniques for computing these solutions
in several stiff models of cardiac tissue dynamics and use their stability characteristics to
predict excitability properties of the model. Additionally, I explore how these techniques
are applied to models with non-Tikhonov features and the application of these techniques
to understanding conduction block.
Acknowledgements: This work is supported by the EPSRC via grant EP/N014391/1 (UK).
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The adhesion of living cells is ubiquitous, but it is not always favourable. For instance, surfaces of medical devices can be colonized by bacteria and cause infection, or blood-processing
biomicrofluidic devices can be blocked by the thrombus as a result of blood platelet adhesion. On the other hand, in some cases the strong attachment of cells is needed, e.g. growing
tissues on artificial scaffolds. One of the novel strategies to control cell adhesion is the modification of surface relief of the material. In the present work the ligand-receptor adhesion of
a spherical deformable cell to a micro-rough surface immersed in viscous fluid was studied
by means of computer modelling. The Lattice Boltzmann [1] method was used to model
the fluid flows around the cell and Lagrangian Particle Dynamics [2] was used to track cell
membrane position and shape in time. The adhesive bonds between cell membrane receptors and the substrate were implemented according to stochastic springs model, following
[3]. Three regimes of adhesion were observed. Generally, in the presented model superhydrophilic rough surfaces tend to be more sticky as compared to flat walls. The obtained
numerical results provide the theoretical basis for the design of artificial antibacterial and
hemocompatible surfaces.
Acknowledgements: The research was supported by Russian Foundation for Basic Research
(grant number 16-31-60061-mol-a-dk).
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We are studying a mechanism of cardiac looping of the embryonic heart using a mechanophysical cell model, the cell-based vertex dynamics for tissues. There was a simple straight
tube as an initial condition of computer simulation. Polygons (cells) were packed on the tube
surface without gaps or overlaps and morphogenesis of polygonal patterns was described by
the vertex dynamics. We assumed two factors that may cause a straight tube forming a
helical loop. (1) Ventral bending of the tube by cell division. Cells on the ventral half of
the tube were assumed to divide longitudinally. Then the ventral side of the tube elongated
and the tube bent. (2) Cells in the posterior region of the tube were assumed to migrate
leftward. Computer simulations based on the two assumptions showed that the straight
tube looped to be a left-handed helix. The result is worth notice, because although the
two factors respectively do not involve chiral properties, combination of the two factors
produces chirality of left-handed helix looping. Experimental evidences of the two factors
were discussed.
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There is growing interest in inflammation due to its involvement in myriad medical conditions. Recent investigations show that inflammation is actively controlled by anti-inflammatory
processes that can be modulated therapeutically. Accordingly, the mechanisms that resolve
inflammation are of great interest, the interactions between macrophages and neutrophilmediated pro-inflammatory processes in particular.
Existing mathematical models describing macrophage-neutrophil interactions are limited by
their design, which generally takes the approach of spatially averaging biological quantities
across the affected tissue. Assuming spatial homogeneity becomes increasingly spurious as
the spatial scale of the damage increases, with clusters of neutrophils causing significant local
tissue damage, while inflammation may resolve elsewhere. Furthermore, recent evidence
points to aspects of the inflammatory response being modified under aging and trauma,
with changes in e.g. directed neutrophil motility and the macrophage functional response
potentially influencing long-term outcomes.
We extend an existing ordinary differential equations (ODE) model to incorporate spatial
information regarding inflammatory mediators and immune cells. We analyse the resulting
partial differential equation model’s solutions, illustrating that the model admits spatially
inhomogeneous solutions (steady states and sustained oscillations) that the corresponding
ODE model neglects. We examine the impact of changes to key biological mechanisms, in
terms of permissible solutions, with a view to simulating new therapeutic interventions.
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The cornea is the clear shield that covers the eye, estimated to contribute approximately
two thirds of the eye’s optical power. Therefore, cornea protection is highly important for
vision and is achieved by maintaining its outermost layer, the corneal epithelium. Corneal
epithelium maintenance depends on a peripheral population of stem cells, known as limbal stem cells, that continuously replenish the basal epithelium layer through generating
transient amplifying cells (TAC). TACs move from the periphery to the centre, undergoing
several rounds of cell division, before terminal differentiation (TD). TD cells lose contact
with the basal layer and move up through the epithelium until they are eventually shed at
the surface. We present a mathematical model based on an analogy to chemical reactions
aiming to: (i) clarify the main factors involved in the maintaining process; (ii) determine
the constraints placed on the proliferation process for healthy maintenance; (iii) investigate
robustness via noise analysis. We extend to a spatial model, investigating the mechanisms
that account for transient amplifying cell redistribution from the periphery to the centre.
To investigate dynamics following wound or disease type scenarios, we further investigate
recovery following perturbations to the cornea.
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In the blood the greater part of the steroid hormone cortisol is found bound to the transport
proteins corticosteroid-binding globulin (CBG,∼ 70%) and albumin (∼ 20%), while only approximately 10% is on free form. Only free cortisol is considered bioactive. The methods for
making direct measurements of free cortisol are both time-consuming and labour-intensive.
Hence, in most clinical procedures only the total concentration of cortisol is measured and
the free cortisol concentration is estimated afterwards.
In a recent paper [1] by non-linear mechanism based modelling we investigate the influence
of the transport proteins, the CBG-cleaving enzyme neutrophil elastase and competition
from the two steroids progesterone and testosterone on the plasma cortisol distribution in
blood. Using equilibrium assumptions we obtain a static version of the model that serves
as a new method for calculating plasma free cortisol. Some of the terms of the model
equations are much smaller than others and can be ignored without changing the model
predictions considerably. Hereby a fourth order polynomial equation is obtained. Only one
physiologically relevant solution exists and can, accordingly, serve as a new and improved
formula for calculating the plasma free cortisol concentration [1].
In earlier equilibrium models [2, 3, 4] competition from other steroids in binding to CBG was
left out. Our modelling work shows that while testosterone does not influence free cortisol
concentration, progesterone does both under high level circumstances as seen in pregnancy
and during the normal menstrual cycle of women.
The enzyme neutrophil elastase cleaves CBG and thereby decreases CBG’s affinity for cortisol. The concentration of elastase and the kinetic constants describing the activity of
elastase are collected in one single input parameter in the model. Sensitivity analysis shows
that the model is very sensitive towards this parameter. The model fits data excellently,
when the elastase activity is treated subject specific, and still performs better than earlier
equilibrium models [2, 3, 4], when it is fitted collectively for more subjects. Furthermore,
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model comparison shows that the models [2, 3, 4, 1] differ considerably in their predictions
for cortisol distribution on different forms, i.e. free cortisol and cortisol bound to albumin,
intact CBG and elastase-cleaved CBG.
However, the level of cortisol in the blood is highly dynamic. A circadian rhythm interacts
with faster, so-called ultradian, oscillations. In data of the level of CBG an approximately
opposite circadian rhythm is seen. In the article [5] a mechanism based non-linear ordinary differential equations model of the neuroendocrine system the Hypothalamic-PituitaryAdrenal axis controlling the cortisol level with CBG included is stated. We compare the
model outcome to data and investigate the influence of CBG on the shape of the ultradian
oscillations.
Acknowledgements: This research was supported by funding from The Danish Society for the
Protection of Laboratory Animals and Alternativfondet.
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The retinal pigment epithelium (RPE) is the outermost cell layer of the retina that separates
the photoreceptors from Bruch’s membrane and the choroidal blood supply. It has several
important physiological functions, among which is removal of excess fluid and CO2 from
the sub-retinal space into the choroid. Fluid transport across the RPE is reguated by the
epithelial pumping, failure of which leads to fluid accumulation in the subretinal space
and is closely associated with several pathological conditions, such as age-related macular
degeneration, macular edema and retinal detachment. Failure to remove CO2 results in
acidosis, which inhibits retinal function [1]. Identifying and quantifying the mechanisms
that are responsible for this transport can suggest strategies to prevent or treat fluid and
CO2 accumulation.
In this work we develop a mathematical model that couples fluid, ion and CO2 transport
across the RPE. We consider two possible mechanisms that drive fluid flow: osmosis and
electroosmosis. Osmosis is induced by jumps in ion concentrations across cell membranes.
This means that one needs to model ion transport to get the concentration distribution in
+
the tissue. We consider the presence of following species: Na+ , K+ , Cl− , HCO−
3 , H , CO2
and H2 CO3 and model their transport across the cell layer with Nernst-Plank equations
coupled with Poisson equation for the electrical potential. We also account for possible
reactions between the species. Electro-osmotic flow can occur in the cleft gap between
adjacent cells. To model it one needs to resolve the electrical double layers at the lateral
walls of the cell.
The model calculates the water fluxes across the RPE, the distribution of concentrations
of different species, the electrical potential and CO2 flux. Moreover, it predicts that the
spatial variability of ion concentrations along the cleft gap osmotically drives flow across
the lateral cell membranes. This flow is directed from the sub-retinal space to the choroid
and its magnitude is comparabe to measured values. Electroosmosis has very little effect on
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the flow, as it is two orders of magnitude smaller than osmosis and has an opposite direction.
This suggests that local osmosis is the main driving mechanism for water transport across
the RPE.
Acknowledgements: The authours acknowledge the contribution of Oliver E. Jensen to the
initial development of the model.
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Tendon injuries, although not directly threatening the lives of the individual affected, can
still significantly lower their quality of life. For a long time, the main therapeutic approach
was surgery followed by an arduous rehabilitation. However, even after a year the structure
and function of the injured tendon remains inferior to the healthy one. Only recently with
new advances in regenerative medicine have new therapeutic methods become available.
Nonetheless, better use of these methods requires a deeper understanding of the healing
process itself, which is multi-scale, complex and not fully understood. We present a novel
modelling approach to tendon healing, consisting of a new integro-differential equation model
which describes collagen remodelling during the tendon healing process. From the analysis
of the model, we relate the possible blow-up of solutions with the healing of injury without
scar formation. Possible extensions of the model are also discussed.
Acknowledgements: Authors were supported by National Centre for Research and Development
Grant STRATEGMED1/233224/10/NCBR/2014.
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Stomata are specialized pores localized in the epidermis of leaves, stems and other plant
organs. Their role is to control the gas exchange between the plant and the environment
as well as to regulate plant transpiration. The stomatal pore is surrounded by two kidneyshaped guard cells which are the result of a symmetric cell division and differentiation
event following one or more asymmetric cell divisions that are required to achieve proper
spacing of the stomata. The main developmental question is what triggers the cell division
and differentiation steps that lead to the formation of guard cells and the distribution of
stomata in the plant epidermis. Experimental results in Arabidopsis thaliana suggest that
the phytohormone auxin is involved in the regulation of the stomatal lineage pathway [1]. In
order to gain a better understanding of the influence of auxin during stomatal development,
we have set up mathematical models that link auxin activity with that of bHLH transcription
factors known to be involved in cell division and differentiation during stomatal patterning.
Using appropriate auxin thresholds, which control the cell differentiation transitions, we
generated stomatal patterns qualitatively similar to the ones seen in wild-type Arabidopsis
and some mutant alleles. Statistical analyses on the model outcomes allowed us to determine
the patterns’ robustness to parameter changes. In order to compare the simulated stomatal
patterns with those in the real leaves, we described the set of stomata using Delaunay
triangulations and then analysed the distribution of triangle sides. This approach enables
the study of length scales given by distances between stomata. The interplay between the
mathematical model and supporting experimental evidence shows that auxin plays a central
role as decision maker within the stomatal lineage as well as regulator of specific bHLH genes
dynamics.
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Intracellular Ca2+ oscillations and pulsatile insulin secretion are results of bursts of electrical
impulses produced by insulin-secreting β-cells of pancreatic islets of Langerhans. Recently,
mathematical modelling have been focused on the mechanism for this bursting activity and,
as new data are acquired, old models are modified and new models are developed. Comprehensive models must now account for the various modes of bursting observed in islet β-cells
(fast bursting, slow bursting, and compound bursting). The Integrated Oscillator Model
(IOM) is one such model. In this model, β-cell electrical activity, intracellular Ca2+ , and
glucose metabolism interact via numerous feedforward and feedback pathways, and produce
metabolic oscillations with sawtooth or pulsatile time course, reflecting very different oscillation mechanisms. In this study, favourable conditions are determined to one type of
oscillations or the other; the transitions between modes of bursting and the relationship of
the transitions to the patterns of metabolic oscillations are analysed. Importantly, this work
suggests pathways through which oscillations of one type can be converted to oscillations
of another type and clarifies what can be expected in experimental measurements of β-cell
oscillatory activity.
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One of the main functions of the liver is bile production, excretion and its re-uptake from
the blood. Bile acids are secreted into the bile canaliculi network (BCN) where they flow
toward bile ducts and, eventually, to the gallbladder. Since the bile canaliculi are formed
by the apical membranes of adjacent hepatocytes and have a diameter < 1µm, the direct
measurement of bile velocity and pressure distribution in the BCN is impossible. We have
previously shown that speed and bile pressure of bile can be inferred from intra-vital microscopy (IVM) measurements by fitting the bile flow model to quantitative experimental
data. A major challenge in quantitative IVM is posed by high sensitivity of hepatocytes to
phototoxic damage. In order to decrease phototoxicity, the images have to be acquired with
low illumination, thus decreasing the signal-to-noise ratio. Off-the-shelf segmentation algorithms failed to properly analyze such images. To address this problem, we developed a new
probabilistic method for segmenting hepatocytes and BCN visualized by IVM [implemented
in http://motiontracking.mpi-cbg.de]. The proposed segmentation method was applied to
the analysis of adult mouse liver by IVM under control and chemically perturbed conditions
[1]. The results of the quantification were consistent between multiple mice and had a relatively small confidence interval, which allowed us to perform Bayesian selection of the bile
propagation model, quantitative estimation of model parameters and their uncertainty.
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Contraction of airway smooth muscle (ASM) cells leads to bronchoconstriction, a narrowing
of the airways characteristic of asthma. Cell–matrix adhesion (mediated by integrins) plays
an important role in bronchoconstriction, since integrins regulate how contractile forces
generated within the cells are transmitted to the airway tissue. It is not yet known how
cell—matrix adhesions are affected by environmental fluctuations due to tidal breathing in
the intact airway, and here we use two models to investigate the effect of oscillatory loading
(representing tidal breathing) on the adhesion dynamics. Firstly we use an individual-based
discrete model, and then introduce a multiscale continuum model which is able to replicate
the results. We observe two qualitatively different adhesion states in which either adhesion
rupture or adhesion formation dominate, depending on the amplitude of the oscillatory
loading. For intermediate loading we observe a region of bistability and hysteresis due to
shared loading between existing bonds; the level of adhesion depends on the loading history.
Due to the bistability, we show that perturbations mimicking deep inspirations (DIs) could
induce a switch between high and low adhesion states. This result could help to explain
experimental observations on the possible bronchodilatory effect of DIs.
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In [1], a mathematical model of progesterone levels in bovines is given by the following differential
equation dPdt4 = αCL − βP 4. Here P4 is the progesterone concentration, CL is the size of the corpus
luteum, t is time, α is the (constant) production rate and β is the (constant) clearance rate. In [1],
optimal values for the parameters α and β are found. Since the progesterone produced by corpus
luteum may
on the state of the CL (growing, static or regressing), we propose a new model
Pdepend
3
dP 4
= α + i=1 αi CLi − βP 4. Here α is the baseline P4 level, CL1 is the size of the growing CL, CL2
dt
is the size of the static CL, CL3 is the size of the regressing CL, αi are the P4 production rates of the
CL and β is the clearance rate. This new model allows for the possibility that a growing and regressing
CL are present at the same time. A bifurcation analysis is performed for this model. The parameters
of this new model are optimised. A sensitivity analysis is also performed on these parameters. The P4
production rates of the growing, static and regressing states of CL are found. The [1] model and our
new model are used to predict the data and the results are compared. Furthermore, our new model is
trained on a training data and tested on new (unseen) data.
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Laboratory, University of Castilla-La Mancha, 13071 Ciudad Real, Spain), J. Belmonte-Beitia
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Diabetes mellitus encompasses a group of metabolic disorders characterized by high blood
sugar concentration and irregular insulin levels. It has been recognized as one of the largest
global health emergencies of the 21st century. Nearly 9% of the adult population worldwide
has diabetes [1, 2]. Currently, the standard for estimating a patient’s average blood glucose
concentration (AG) includes measuring both the blood glucose under fasting conditions together with the fraction of glycated hemoglobin (HbA1c). A well-known conversion table
between the HbA1c fraction and the AG, the so-called ADAG formula [3], exists which is
widely employed in the clinic. The use of HbA1c for screening and diagnosis of diabetes
displays a much smaller intra-individual biological variability with respect to that of plasma
glucose and it is not influenced by sudden glycemic variations. It provides a strong correlation with AG over a preceding time frame of 2-3 months [4].
However, there exist important limitations in the use of HbA1c . Besides exhibiting in vivo
effects due to physiological conditions such as pregnancy, age and genetic determinants, it
cannot capture fluctuations in the blood glucose concentration such as short hyper- and
hypoglycemia episodes, which may be triggered by pathological conditions evidencing a
prediabetic state of a patient.
In this contributed talk a mathematical model describing the dynamics of glucose, HbA1c
and another form of hemoglobin, known as HbA1d , which exhibits a much faster kinetics,
will be presented. Our theoretical approach describes the processes of HbA1c and HbA1d
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formation inside red blood cells (RBCs) by means of chemical reaction kinetic differential
equations and incorporates the age-structure of RBC populations. Our model is further
validated with a large database of over 11000 patients and is able to capture pathological
processes that cannot be detected with the current gold standard ADAG formula, widely
used in the clinic [5].
Acknowledgements: This work was supported by the Spanish Ministerio de Economı́a y Competitividad/FEDER MTM2015-71200-R], Consejerı́a de Educación, Cultura y Deporte from Junta
de Comunidades de Castilla-La Mancha (Spain) [grant number PEII-2014-031-P] and the James
S. Mc. Donnell Foundation 21st Century Science Initiative in Mathematical and Complex Systems
Approaches for Brain Cancer (USA) [Collaborative Award 220220450].
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Control of glycemia by automatic insulin pumps for diabetic patients is a relevant issue,
strongly debated in recent years.
Type-1 Diabetes Mellitus (T1DM) is a metabolic disorder consisting in a lack of production
of insulin, while in Type-2 Diabetes Mellitus (T2DM) patients the hormone is produced,
although this production is impaired, and a low insulin sensitivity does not allow to properly
decrease plasmatic glucose levels. In both cases, a therapy consisting in an additional
external administration of insulin can be performed.
In order to have accurate predictions of the insulin amount to be supplied to a T2DM
patient to restore euglycemia, a good mathematical model of the glucose-insulin system
is mandatory. While several such models have been published, in 2007 a relatively simple
discrete-delay model (Panunzi, Palumbo - 2007, henceforth compact model) showed excellent
performance in fitting Intra-Venous Glucose Tolerance Test (IVGTT) data. Subsequently
a much more complicated “pulsatile” mechanistic model (Palumbo 2010, De Gaetano 2015,
henceforth extended model) was shown to reproduce a wide array of diverse experiments (low
and high frequency insulinemia oscillations, accentuated by constant glucose administration;
entrainment of insulinemia oscillations by pulsatile glucose administration; IVGTT response
in varying states of health, pre-diabetic and diabetic conditions; insulin secretion waveforms
in response to shaped glycemia perturbations in vitro).
The present work shows that a basic glycemia control law can be used taking advantage of
the simple and effective form of the compact model; by properly tuning the three parameters
of the control law with the aim of reproducing a “normal” glycemia trend, the controller can
be implemented in an external device delivering insulin, and it is shown that it performs
very well both in the transitory and in the steady state conditions restoring euglycemic
concentrations.
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Homoeostasis is a living organisms’ ability to maintain a dynamic equilibrium in response
to environmental changes. This equilibrium results from negative feedback loops that occur
within the body, and can be thought of as a steady state which may be either: stable, leading
to constant levels over time; or unstable, leading to sustained oscillations [3]. Examples
of homoeostatic processes include: the regulation of glucose levels; temperature; calcium
levels; blood pH levels; and blood pressure, and a disruption to these can have devastating
consequences for an individual. Diabetes mellitus, a disease which inhibits the body to
maintain the glucose level within a healthy range, is a key example of a failure in the
process of homeostasis. This contribution focuses on the ultradian oscillations of glucose
and insulin which occur in patients without diabetes mellitus [4], but are eventually lost in
patients with type 2 diabetes [2]. More specifically, we look to model the effect of diabetic
parameters on the amplitude and period of the oscillations. This is done by using Lindstedt’s
perturbative method on a reduced one-delay model of the glucose-insulin system used in
[1] to obtain approximate analytical expressions for the limit cycle. The model is then
extended to include a commensurate delay. In both cases, the approximate expressions
for the amplitude and period are a close match to the numerical solution, allowing us to
describe quantitatively the contribution of each model parameter to the oscillations.
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In structured models, the aggregate of individuals of a population is characterized with
respect to the value of the structure variable, which represents the quantity of interest.
While important classical models of this kind were developed with respect to age and size,
in the present study we propose a glycemia-structured population model, based on a linear
PDE with variable coefficients and characterized by three glycemia-dependent functions: a
mortality rate, a youth population profile and an average worsening rate. In addition to
studying the formal properties of the solution, both in the transient and in the equilibrium
conditions, we identify key parameters and functions of the model from real-life data and
hypothesize some plausible modifications of the rate functions to obtain a more beneficial
behavior, which can also offer some insights in view of possible public health intervention
strategies. Preliminary simulations seem to offer a good approximation of observed reality
and of the features expected in the clinical setting.
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Cardiovascular diseases leading cause of dead globally and very large portion is attributed to
atherosclerosis. Understanding hemodynamics in blood circulation is crucial in order to unveil the mechanisms underlying the formation of stenosis and atherosclerosis. In fact, there
are experimental evidences pointing out to the existence of some given vessel configurations
as blood vessel bifurcations that are more likely to develop the above mentioned pathologies.
We performed an exhaustive investigation in a simplified model aiming to characterize by
means of physical quantities those regions and configurations in vessel bifurcations that are
more likely to develop such pathologies. The two-fold analysis is based, on the one hand,
on numerical simulations (via CFD) and, on the other hand, on experiments realized in
an ad-hoc designed polydimethylsiloxane (PDMS) channel with the appropriate parameters
and appropriate fluid flows. The results obtained demonstrate that low velocity regions and
low shear stress zones are located in the outer walls of bifurcations. In fact, we found that
there is a critical range of bifurcation angles that is more likely to vascular disease than the
others in correspondence with some experimental evidence. The effect of the inflow velocity
on this critical range is also analyzed [1].
Furthermore, when the plaque is formed, nano-particles are used as drug vehicles trying to
reach the target zones. Preliminary investigations have shown that efficacy of carriers for
drug delivery depends on their ability to marginate (localize and adhere) to the atherosclerotic vessel wall. In this regard, we will show numerical and in vitro results with the aim of
understand nano-and-microparticle behavior of blood flows through a stenosis vessel. The
role of the interaction with the RBCs and the influence of variables as stiffness, shape and
size in their margination will be analyzed.
Acknowledgements: We gratefully acknowledge financial support by the Spanish Ministerio de
Economı́a y Competitividad and European Regional Development Fund under contract MAT201571119-R AEI/FEDER.
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The aggregation and deposition of misfolded proteins is believed to play an important role
in the development of the so-called amyloid diseases (e.g. mad cow disease). Experimental evidence coming from in vitro polymerization experiments shows that protein aggregation alone cannot account for the observed dynamics. This points to the existence of
secondary reaction pathways. Transport-aggregation partial differential equations (PDEs)
have appeared recently as modeling tools in this area. We analyze the long time behavior of
several PDE polymerization models that incorporate a number of additional mechanisms:
nucleation, depolymerization and/or fragmentation. Then we discuss to what extent the
predicted behavior matches experimental observations, which can help to understand the
relative contribution of each of the former mechanisms to the observed dynamics.
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Sprouting angiogenesis, where new blood vessels grow from pre-existing ones, is a complex
process where biochemical and mechanical signals regulate endothelial cell proliferation and
movement. Therefore, a mathematical description of sprouting angiogenesis has to take
into consideration biological signals as well as relevant physical processes, in particular the
mechanical interplay between adjacent endothelial cells and the extracellular microenvironment. We introduce a phase-field continuous model of sprouting angiogenesis capable of
predicting sprout morphology as a function of the elastic properties of tissues and the traction forces exerted by cells. The model is very compact, only consisting of three coupled
partial differential equations, and has a clear advantage of a reduced number of parameters.
This model allows us to describe sprout growth as a function of the cell-cell adhesion forces
and the traction force exerted by the sprout tip cell. Importantly, we are also capable of
simulating the remodeling process that the extracelular matrix undergoes due to the action of matrix metalloproteinases that degrade the collagen in it, allowing the new sprout
to advance, giving rise to longer vessels. A set of rules regulates the function that each
endothelial cell has in the modelled system, either migratory or proliferative.
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Optimal control problems have made great strides in the last few decades mainly motivated
by engineering applications. In particular, applications of optimal control techniques to fluid
flows have been a subject of great interest to researchers in the field. In the context of fluid
flow, we are interested in its application to the mathematical modeling of blood flow in the
cardiovascular system. An optimal control problem was defined taking a convenient cost
functional, complemented with suitable boundary conditions prescribing a Dirichlet control
at the inlet boundary. The goal is to obtain numerical solutions to the proposed problem
implementing Data Assimilation techniques in a variational approach. The obtained results
should coincide, whithin a certain error, to observed data measured at certain parts of the
domain. These techniques were shown to have successfully reconstructed the blood flow
profile even in the presence of noisy data. For details in this subject see, for example,
[1, 2, 3, 4, 5].
Acknowledgements: This work has been partially supported by FCT (Portugal) through the
Research Center CEMAT-IST, the grants SFRH/BPD/66638/2009 and SFRH/BPD/109574/2015
and the project EXCL/MAT-NAN/0114/2012
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Jakub.Kory@maths.ox.ac.uk
Mathematical Institute, University of Oxford, Andrew Wiles Building, Radcliffe Observatory Quarter,
Woodstock Road, Oxford OX2 6GG, UK
Joint work with John King (The University of Nottingham) and Markus Owen (The University of
Nottingham).
Keywords: Nutrient, Uptake, Geometry, Homogenisation, Hairs.
Full-geometry numerical simulations of nutrient uptake by plant roots covered with root
hairs can be computationally challenging and time-consuming. Multiscale methods such
as homogenisation offer a desirable alternative, allowing for the determination of effective
macroscopic equations which capture microscale geometric details but are substantially easier to analyse. Here, we will show how to extend homogenisation of the root hair uptake
problem to the limit of very sparse root hairs, and then consider the effects of the root
hair length on sink terms representing the nutrient uptake in the effective equation. Finally, we demonstrate the validity of these asymptotic results by comparing them with the
corresponding full-geometry numerical simulations.
Acknowledgements: I would like to acknowledge and thank The University of Nottingham and
European Research Council for co-funding FUTUREROOTS project, which gave rise to this work.
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Keyword: Compartmentalisation.
Compartmentalisation is a fundamental aspect of the functioning of biological systems at
multiple levels. With the advent of imaging techniques that give spatial resolution of subcellular processes, the spatial organisation of biochemical pathways is being increasingly
appreciated. Compartmentalisation of biochemical pathways at the intracellular level plays
a critical role in many cellular contexts, including signal transduction and the regulation
of metabolic processes. Compartmentalisation is also being used in bottom-up approaches
to building functional pathways, in synthetic and chemical biology. There is also significant interest in manipulating the natural compartmentalization within cells, for example to
engineer metabolic pathways.
In trying to understand the role of compartments and attempting to design compartmentalized systems, a number of questions arise. These involve the effects of compartmentalising
certain components of a pathway, the complexities associated with using compartmentalisation to manipulate more complex pathways, and the modelling framework to be used, so
as to give reliable predictions for analysis and design. In this talk we present a dedicated
modelling/systems framework [1, 2], which involves the dissection of basic building blocks of
pathways, more complex extensions of these, and the effects of compartmentalisation. We
use this framework to show (i) how compartmentalisation affects the basic building blocks
of pathways, such as modification cascades, (ii) how various trade-offs emerge in engineering
the compartmentalisation of more complex signalling and metabolic pathways, and (iii) our
analysis of compartmental ODE models (by comparison with detailed PDE models), shows
when they are reliable, and where they fall short. Following this, we discuss basic design
principles for spatial organisation in compartmentalised nucleic acid based circuits including
transcription-translation systems.

671

References
[1] G. Menon, C. Okeke, J. Krishnan (2017). Modelling compartmentalization towards elucidation and
engineering of spatial organization in biochemical pathways. Scientific Reports 7, 12057.
[2] G. Menon, J. Krishnan (2018). Paper in preparation.

672

Friday, July 27th, 11:40

Room: C8.2.11

Parallel Session

Physiology VI
MULTICELLULAR AGING AS A NONEQUILIBRIUM
PHASE TRANSITION
Yuting Lou
chelinqueen@hotmail.com
The University of Tokyo
Joint work with Jufeng Xia(The University of Tokyo, Wei Tang(The University of Tokyo),Yu
Chen(The University of Tokyo)
Keywords: Regeneration, Wound healing, Reaction-diffusion, Cell cycle arrest.
Aging seems elusive but inevitable for all of us. Reductionist approaches to pinpointing the
underlying mechanisms have revealed overwhelming complexities associated with multiple
factors on multiple scales. Nevertheless, our previous experimental study of time-delayed
wound healing assays shows that biological aging at the multicellular level may resemble
the physical aging in glass-like materials in the sense that the wound healing, as a biological
analogue to the relaxation processes, exhibits dynamical scaling as relaxation does in nonequilibrium physical systems [1]. The scaling exponent characterizes the aging rate of the
cells at the multicellular level. The slowdown of healing in relation to the waiting time
before wound creation was further studied with an asymmetric reaction-diffusion model and
a cell-based model in parallel for searching the control parameter in analogous to those (e.g.
temperature) in physical systems. By scrutinizing the critical behaviors of two models,
we find that the broken symmetry associated with cell cycle regulation could be the most
viable control parameter of the aging at the multicellular level. Like the physical particles
trapped in a local potential well imposed by self-surrounding interactions, cells imposed
by strong intercellular interactions may also be trapped in a local biochemical potential
well and the detailed balance with respect to the cell cycle state is then violated, yielding
a nonequilibrium phase transition of the system at the multicellular level. This theory
proposes a non-reductionist approach to multicellular aging that brings new thinking to the
regenerative medicine of tissue, the anti-aging therapy and the longevity of life.
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Cells regulate enzyme activities to modulate their metabolic flux. This is especially important for reducing detrimental influences caused by stress. A possible carcinogenic stressor is
3-nitrobenzanthrone (3–NBA). The polycyclic aromatic hydrocarbon is known for enhancing reactive oxygen species (ROS) within cells. High ROS levels lead to DNA damage and
induce apoptosis.
Here, a mathematical modelling approach is presented for investigating the impact of 3–
NBA on ROS generation and their metabolisation by the corresponding stress response
pathways.
In the modelled metabolic network, glycolysis, the pentose phosphate pathway and the
glutathione redox cycle are included as cellular pathways which are deeply involved into
ROS degradation. The gluconate shunt which is controversially discussed in mammalian
cells is also incorporated. The model consists of ordinary differential equations. It is based
on multispecies enzymatic reactions and corresponding regulatory mechanisms.
Parameterisation was achieved via both literature values and data-fitting to experimental
data obtained from RT4 cells exposed to seventeen 3–NBA levels.
The simulated dose-response curve is in good agreement with experimental data of intracellular relative ROS levels after 24 hours of exposure to 3–NBA.
Our investigation is an important step towards establishing safety limits for 3–NBA which
is contained in diesel engine exhaust. However, this model can be employed for responses
to other oxidative stressors.
Acknowledgements: DS acknowledges the support within the DFG project ‘Modellierung der
konzentrationsabhängigen Änderungen im Energiestoffwechsel von Urothelzellen nach Exposition
gegen 3-Nitrobenzanthron’, SCHM1207/5-1.
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The aim of this work is to study the aging rate at which human follicles reach the preovulatory state as a function of Telomerase-activity. A human preantral follicle takes approximately 85 days to achieve the preovulatory size, going through several stages (Gougeon,
1996). The lengths of the telomeres of granulosa cells (GCs) of each class of follicles, during
folliculogenesis, are modelled using a chemical master equation formalism similar to the one
in (Wesch el al., 2016). Seven differential ordinary systems of equations, corresponding to
seven stages of the follicule maturation, concatenated in time, are considered. The influence
of different Telomerase-activity rates and the telomere shortening of the preovulatory follicle
is studied.
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For some competitive Kolmorogov systems, there is an invariant Lipschitz manifold called
the carrying simplex which is an attractor in the positive orthant; in fact, all trajectories
are asymptotic to one on this manifold [2]. Many other properties of the carrying simplex
have been proven such as how its convexity affects the behaviour of the system [1, 3]. This
carrying simplex exists in types of competitive Lotka-Volterra population models where it
is the boundary of the basin of repulsion of the origin and contains all non-trivial limit
sets. Our work explores non-competitive deterministic systems, investigating whether this
manifold exists and which properties still hold. We also find an analytic formula for the
carrying simplex in the two species case.
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We give a derivation, in terms of mechanisms at the individual level, of a functional response
involving the ability for the handling predator to resume searching spontaneously or after the
interaction with the living prey. This ecological setting results in a prey-density dependent
handling time. Here the conversion coefficient of prey into predators is given as a function
of the prey density. We consider the resulting two ordinary differential equations system
and study the model at the population level, by the comparison with the dynamics of the
well-known Gause model. Using the theory of adaptive dynamics, we analyse the Darwinian
evolution of the functional response.
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Increasing the understanding of how some populations group together can be useful in many
areas, including the study of invasive species, conservation and pest monitoring and control.
Using individual based modelling we have simulated the formation of clusters in a population
of invertebrate species, clusters being defined as patches of the high population density,
along a one-dimensional domain. We model the animal movement by a random walk, where
the spatial step size at each time interval is generated from a selected probability density
function. Also introduced to the model is a density dependent directional bias so that an
individual is more likely to move in the direction of higher densities of its fellows.
We will present the results from the simulations when the normal distribution and a power
law distribution have been used to generate animal movement. It will be discussed how the
frequency and stability of the clusters are related to the choice of parameters in the model
(e.g. the strength of density dependence). One important result emerging in the model is
the feature of dynamic clusters where the number of clusters fluctuates as time progresses.
It will be argued in the talk that the existence of dynamic clusters is entirely defined by the
properties of the probability density function as the dynamic clustering behaviour disappears
when a power law probability density function is changed to the normal distribution.
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Kinesis is the non-directional movement as a response to the changing conditions. We
suggested a model of purposeful kinesis with the diffusion coefficient directly dependent
on the reproduction coefficient. This model is a straightforward formalisation of the rule:
“Let well enough alone”. The well-being is measured by local and instant values of the
reproduction coefficient. The kinesis strategy depends on well-being: Animals stay longer
in good conditions and leave quicker bad conditions. If the well-being is measured by the
instant and local reproduction coefficient then the minimal model of kinesis can be written
as follows:

∂t ui (x, t) = D0i ∇ e−αi ri (u1 ,...,uk ,s) ∇ui + ri (u1 , . . . , uk , s)ui ,
(1)
where: ui is the population density of ith species, s represents the abiotic characteristics
of the living conditions (can be multidimensional), ri is the reproduction coefficient, which
depends on all ui and on s, D0i > 0 is the equilibrium diffusion coefficient (defined for
ri = 0), the coefficient αi > 0 characterises dependence of the diffusion coefficient on the
reproduction coefficient. Equations (1) describe dynamics of the population densities for
arbitrary dynamics of s. For the complete model the equations for environment s should
be added. The space distribution strategy is summarised in the diffusion coefficient Di =
D0i e−αri , which depends only on the local in space and time value of the reproduction
coefficient. Diffusion depends on well-being measured by this coefficient. This is the kinesis
constant ai . It can be defined as
ai = −

1 dDi (ri )
D0i dri

.
ri =0

In the first approximation, Di = D0i (1 − ai ri ). This model (1) can be considered as the
minimal model of purposeful kinesis. We have used the instant and local reproduction
coefficient r for defining of purposeful kinesis. The analysis of several benchmark situations
demonstrates that, indeed, sometimes this formalisation works well. If the food exists in
low-level uniform background concentration and in rare (both in space and time) sporadic
patches then purposeful kinesis defined by the instant and local reproduction coefficient (1)
679

is evolutionarily beneficial and allows animals to utilise the food patches more intensively.
If there are periodic (or almost periodic) fluctuations in space and time of the food density
s then purposeful kinesis defined by the instant and local reproduction coefficient (1) is
evolutionarily beneficial and allows animals to utilize these fluctuations more efficiently. If
the reproduction coefficient r(u, s) is not a monotonically decreasing function of u for every
given s (the Allee effect) then the “Let well enough alone” strategy may delay the spreading
of population. This strategy can lead to the failure in the evolutionary game when the
colonization of new territories is an important part of evolutionary success. At the same
time, the “Let well enough alone” strategy can prevent the effects of extinction caused by
too fast diffusion and, thus, decrease the effect of harmful diffusion [1]. Moreover, we are
studying on impact of the purposeful kinesis on running waves. The population with Allee
effect also has the travelling wave behaviour with kinesis. We analize the travelling distance
in time and how the velocity changes with α.
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Many populations, e.g. of cells, bacteria, viruses, or replicating DNA molecules, but also
of species invading a habitat, or physical systems of elements generating new elements,
will be observable only when their number is large, say a proportion of the environmental
carrying capacity K or some corresponding regulating or system scale unit. If start is from
a small (as compared to K) number Z0 of individuals, not hampering each other while few,
the population will, initially, grow in a branching process like, roughly exponential fashion,
Zt ∼ mt W , where Zt is the size at discrete time t, m is the offspring mean per individual
(during the initial stage), and W a sum of Z0 i.i.d. random variables. It will, thus, become
detectable (i.e. of the same order as K) only after around log K generations, when its
density Xt := Zt /K will tend to be of the order of a strictly positive random variable,
dependent upon the starting number Z0 , but typically not in a one-to-one fashion.
In this work, we make these arguments precise, studying general population-size and also
system-size dependent processes in discrete time, as K → ∞, where population size is
normed by K, which may also be the time unit. The fundamental idea is coupling the
initial system to a branching process.
Due to early fluctuations before population size comes anywhere close to carrying capacity,
the first feasible population size observations, thus, may or may not allow precise determination of the initial number Z0 . This can be viewed as a very general phenomenon, the
randomness of a system being relegated to its start, as it were, when the system becomes
large and its scale as well as the time scale are properly adjusted. The early variabiliy
expresses itself as a veil of uncertainty conceiling the process intiation.
The important concrete special case of finding the copy number at start of quantitative
PCR under Michaelis-Menten kinetics was pursued in [1]. After mentioning the corresponding case of binary splitting, as a simple showcase model for tumour growth or bacterial
populations in situations where the population size and carrying capacity influence reproduction, we go on to general, discrete time, Markov, population (or number of elements)
and carrying-capacity dependent branching processes.
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Evolution is driven by forces that constantly reshape the genetic distribution observed in
a population. Selection occurs on the genotypes of individuals within a single population
present in a given environment; while dispersal of individuals in this environment takes place.
In the case of several loci for a sexual population, recombination between loci introduces a
new layer of complexity.
Here we investigate a two-locus two-allele model which accounts for selection, dispersal
through diffusion in space (homogeneous and heterogeneous spaces will be explored) and
recombination with an arbitrary rate, in order to determine the interaction between loci
under selective pressures. A system of 3 coupled PDEs is established and studied.
Classical behaviors of solutions in the case of a single Fisher–KPP PDE (one locus) pertain
to the family of traveling waves or stationary solutions (clines). In the case of two loci,
interactions between the waves can occur. This phenomenon is studied using generalized
traveling waves. Different kind of interactions are shown, and predictions of the outcome
are given.
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A population-genetic migration-selection model is studied which is continuous in space and
time. The model assumes that two diallelic, recombining genetic loci are under spatially
varying selection. The habitat is an open, bounded domain in Rn, in which migration occurs
by diffusion and is modeled by the Laplacian. The non-constant stationary solutions of the
resulting system of semilinear parabolic PDEs are called clines. We investigate existence,
uniqueness, and stability of such clines. We prove existence, uniqueness, and stability for
limiting cases, such as weak recombination or strong recombination using, among others,
perturbation methods as well as persistence theory.
Acknowledgements: Financial support by the Austrian Science Fund (FWF) through Grant
P25188-N25 is gratefully acknowledged.
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Radical shifts in the genetic composition of large cell populations are rare events with quite
low probabilities, which direct numerical simulations generally fail to evaluate accurately.
We develop an applicable large deviations framework for a class of Markov chains used to
model genetic evolution of bacterial populations. We illustrate this framework by computing
the most likely evolutionary paths describing emergence of genotypes with lower fitness in
realistic parameter settings.
Acknowledgements: NSF-DMS 1412927.
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Joint work with Clara Carlos and Nuno M. Brites (both at Escola Superior de Tecnologia do Barreiro,
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In a randomly varying environment, we model the growth of the harvested population by a
very general Stratonovich stochastic differential equation (SDE)
dX(t) = f (X(t))X(t)dt + σX(t)dW (t) − qEX(t)dt,
where X(t) is the harvested population size at time t, f (x) is its geometric average per capita
growth rate (assumed to be of class C 1 with f (0+ ) 6= 0 finite), σdW (t)/dt describes the effect
of environmental random fluctuations on the growth rate (W (t) being a standard Wiener
process and σ > 0 an intensity parameter), E is the constant harvesting effort applied and
q > 0 is the catchability. Previously ([2], [3], [4]), the existence and uniqueness of the solution
and the existence of a stationary density were studied for f strictly decreasing, the usual
case where the per capita resource availability for survival and reproduction diminishes when
the population increases. Here, we will study the case of Allee effects (see [1]) in which one
observes a surprising depression (accompanied by its growth) of f (x) when x is small, due, for
example, to the difficulty of finding mating partners or setting up effective collective defence
mechanisms against predators. With the purpose of obtaining properties (on existence and
uniqueness of the solution or on existence of a stationary density) that are robust w.r.t.
the choice of the specific model for f (several have been proposed in the literature), we will
consider a general function f with Allee effects. Namely, we will only assume that there are
constants L > 0 and K > L such that f 0 (x) > 0 for 0 < x < L, f 0 (x) < 0 for x > L, and
f (x) < 0 for x > K. We consider two types of Allee effects: strong (when f (0+ ) < 0) and
weak (when f (0+ ) > 0). Previous results for models without harvesting ([5], [6], [7]) are
now extended to models with harvesting. For illustration, we use the particular case of a
logistic-like Allee effects model with a parametrization slightly different from the usual one
x−A
, with an Allee
(to allow comparisons with the logistic model), namely f (x) = r(1 − Kx ) K−A
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effect strength parameter A (−K < A < 0 for weak Allee effects, 0 < A < K for strong
Allee effects). When A → −∞, we retrieve the logistic model without Allee effects.
Acknowledgements: The authors belong to research centre Centro de Investigação em Matemática e Aplicações UID/MAT/04674/2013, Universidade de Évora, supported by FCT-Fundação
para a Ciência e a Tecnologia, Portugal. N.M. Brites had a FCT PhD grant, SFRH/BD/85096/2012.
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In a random environment, we describe the growth of a population subjected to harvesting
through stochastic differential equations (as in [1, 2]). We assume that the population is
under the influence of weak Allee effects, that is, at very low values of population size,
we observe lower per capita growth rates instead of the higher rates one would expected
considering the higher availability of resources per individual. The presence of weak Allee
effects when population size is low may be due to the difficulty in finding mating partners
or in constructing a strong enough group defence against predators.
We consider the population natural growth to follow a logistic-like model with Allee effects
and that the rate of harvesting is proportional to the existing population and to the effort
exerted in the capture.
The main goal of this work is to compare the performance of two fishing policies: one with
variable effort, here named optimal policy, and the other with constant effort, denoted by
sustainable optimal policy. The first results in a fishing effort varying rapidly and abruptly
depending on population size which, in a random environment, also varies constantly. This
type of policy is inapplicable from the practical point of view. In addition, this policy
requires the estimation of population size at each time instant, which is usually an expensive,
inaccurate, and time-consuming task. The second policy considers the application of a
constant effort over time and predicts the sustainability of the population as well as the
existence of a stationary density for its size (see [3]). This policy has the advantage of being
applicable, easily implemented and does not require knowledge of population size at any
given time. The performance of the two policies will be assessed by the profit obtained over
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a finite time horizon. A similar study has been done for the logistic model without Allee
effects (see [4]), which will allow us to assess the consequences of Allee effects.
Using realistic data based on a fish population, we will quantify the reduction in profit
when choosing the optimal sustainable policy with constant effort instead of the optimal
and inapplicable policy with variable effort.
Acknowledgements: The authors belong to research centre Centro de Investigação em Matemática e Aplicações UID/MAT/04674/2013, Universidade de Évora, supported by FCT-Fundação
para a Ciência e a Tecnologia, Portugal. N.M. Brites had a FCT PhD grant, SFRH/BD/85096/2012.
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Deterministic evolutionary theory robustly predicts that populations displaying altruistic
behaviours will be driven to extinction by mutant cheats that absorb common benefits but
do not themselves contribute. In this talk I will show how demographic stochasticity can
in fact reverse the direction of selection in favour of the cooperative phenotype if their
behaviour appreciably alters the carrying capacity of the population. I will present an
analysis of a simple but general model of population dynamics in the specific context of
public goods production, and derive explicit conditions for stochastic selection reversal.
The talk will be based on work published recently in PNAS [1]
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Model analysis methodologies like bifurcation analysis and sensitivity analysis each focus
on particular model features and thus allow researchers to uncover only part of the model
behaviour. By combining methodologies for model analysis possibilities arise for unravelling more of the ecosystem model’s behaviour. Benefits and issues are discussed using a
case study the Rosenzweig-MacArthur and the well-known Bazykin-Berezovskaya predatorprey model [1] where prey growth is not logistic but Allee function (hence cubic instead of
quadratic). In the basic sensitivity analysis one parameter is varied and the consequences for
model output are determined. When multiple parameters are changed separately, ranking
of the resulting sensitivities gives their ranking of importance. The application is straightforward when the system is in stable equilibrium. Here we discuss also the more complex
case where the attractor is a stable limit cycle [2, 3, 4]. Global sensitivity analysis methodologies aggregate samples (model output) from domains of attraction [5]. As a result, the
qualitative difference in model behaviour between the domains of attraction is obscured.
When multiple attractor exists this method has to be used with care, see [3]. Finally we
discuss the structural sensitivity approach where model building blocks are exchanged, see
[6, 7]. In [7] an extended Rosenzweig-MacArthur model called the Bazykin’s model [1] with
density-dependent mortality for the predator (hence quadratic instead of linear). In this
paper two alternative functional response formulations are studied. The distance measure
between the model formulation is a homotopy parameter which is one in the Holling type
type II case and zero in the Ivlev functional response for the predator-prey consumption
relationship. It was shown that a co-dimension-three Bogdanov-Takens bifurcation forms
a separator in the bifurcation diagram. That is, the bifurcation portrait around the BTpoint with the Holling type II formulation differs fundamentally from that with the Ivlev
formulation.
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Impact of Allee effect on a nonlinear age-structured population dynamics with time delay
is studied. Two female mating functions, negative exponential and rectangular hyperbolic
are considered. The model assumes that death rate increases with the overall population
size and it takes some time for individuals for mature.
We obtain conditions of existence of the trivial and up to two positive equilibria of autonomous system with constant coefficients for both female mating functions. The trivial
equilibrium always exists and non-trivial equilibria exist if the basic reproduction number
equals one. Stability of equilibria is studied first for simplified, autonomous model. It is
proved that the trivial equilibrium is absolutely stable (i.e. locally asymptotically stable
for all values of time-delay parameter – incubation period of newborn individuals) and the
smaller of the two equilibria is unstable while the larger one is absolutely stable. If the model
has only one positive equilibrium (which corresponds to the case where the characteristic
value is zero), it is unstable without exponential growth in the vicinity of such an equilibrium. Secondly, for the non-simplified autonomous system with a narrower age reproductive
window (the difference between the maximum and the minimum possible reproductive age
of individuals) an explicit condition for local asymptotical stability of positive equilibria is
derived in form of irrational equation. The interesting result of this study is that incubation period (i.e. delay parameter) and age reproductive window do not cause instability of
model.
Several numerical experiments illustrate and confirm theoretical results.
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Microbes such as bacteria and yeasts actively optimise their cellular growth rate by tuning
concentrations of catalytic enzymes and ribosomes. They are able to switch metabolism
to accommodate changes in food substrates, mount stress responses, and even shut down
the entire cell and go in growth arrest when the need arises. In this talk we will present a
general framework in which the allocation of enzymes and ribosomes necessary for cellular
metabolism are adapted to steer the system to optimal steady state growth rate. The adaptive control uses only internal metabolic ’sensor’ information, rather than direct knowledge
of external concentrations. The cell can be made robust to changes in N environmental parameters if N sensor metabolites are employed. The framework allows for optimising growth
rate, but also for simultaneously meeting stresses, such as cleaning up toxins or mounting
a heat shock response. The µORAC framework therefore gives a unified rationale how cells
can dynamically adapt their resource usage in order to maximise their fitness.
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Clinical studies have shown that, unlike the gut microbiome, higher diversity in vaginal
communities is associated with decreased stability and increased susceptibility to pathogen
invasions. Notably, Lactobacillus-dominated communities are less diverse and are more
effective at preventing infections. Several conjectures, pre-dating most microbiome studies,
attempt to explain the stability of these vaginal microbial communities. We assess the
viability of these conjectures using community ecology inspired theory. A common modelling
approach in microbiome modelling is to use generalized Lotka-Volterra equations in which
all pairwise interactions are free parameters to be inferred. However, microbial communities
exhibit consumer-resource structure that imposes constraints on interactions. Here, we begin
by explicitly including these constraints, grouping microbes, host cells and host bio-products
into (resource/consumption) relevant groups. We compare low and high-dimensional models
and fit them to longitudinal data of vaginal microbiome samples in order to disambiguate the
conjectured mechanisms. In particular, we find that under most conditions resource-based
interactions are stronger than microbe-microbe interactions (e.g. spite) and thus dynamical
feedbacks between the host and microbes matter. This work echoes findings from ecology
cautioning that ignoring resource-based interactions in our models of interacting species can
lead to misleading conclusions and forecasts about community stability, species coexistence,
and susceptibility to invasions.
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The interest and the relevance of the study of population dynamics and extinction phenomenon are the main motivation to investigate the induction of Allee effects in Gompertz’s
logistic growth equation. The stability analysis of the equilibrium points of Gompertz’s logistic growth equation under strong, weak and no Allee effects is presented. Properties and
sufficient conditions for the existence of strong, weak and no Allee effects for these new continuous population growth models are provided and discussed. It is established a sufficient
condition to prove that the time evolution of the population density to the stable equilibria
gets larger, as the Allee effects get stronger. These continuous population growth models
subjected to Allee effects take longer time to reach its equilibrium states. The developed
models are validated using the Icelandic herring population, with GPDD Id.1765.
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Many catastrophic transitions in ecosystems occur due to the interplay of both natural
causes and human activities/interventions, as for example in the case of species extinctions or
desertification. From a modelling and nonlinear dynamical point of view, ecosystems which
undergo catastrophic transitions are often characterized by bistability which emanates from
a turning point. Thus, the systematic modeling, analysis and forecasting of the complex
behavior of ecosystems in response to their ongoing changes constitutes one of the major
challenges of nowadays. In particular, more and more important is becoming the prediction
of the effect of human interactions on ecosystems as political decisions that may be driven by
social dynamics. Over the last few years, simple mathematical models in the form of ordinary
and/or partial differential equations have been proposed to approximate in a qualitatively
manner the observed complex phenomena. While, the vast majority of the studies dictate
the importance of the notion of bifurcations for the better understanding of the mechanisms
that pertain to the regime shifts, most of them use simple temporal simulations as a tool of
choice for the system analysis. In this work, using the arsenal of numerical bifurcation theory,
we analyze the impact of human interaction on an ecological model which represents the
dynamics of a forest-grassland mosaic ecosystem. By constructing the bifurcation diagrams
in the two dimensional parameter space with respect to the impact of human influence and
natural causes, we were able to map the regions where different dynamics is observed and
to detect codimension-2 bifurcations which mark the passage from a catastrophic shift to
transitions characterized by smooth changes.
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We present few models for two-populations interactions, incorporating possible population
social behavior, expressed by their gathering together in herds or packs, [2]. Basically, populations interact through the individuals occupying the outermost positions in the herd,
those that correspond to the perimeter (in 2D) or to the surface (in 3D) of the herd. Mathematically, the functional response can be modeled via a power function. A novel feature is
discovered, population extinction in finite time, [2]. Herd shape influences population equilibrium levels, [1]. Competitive exclusion does not always hold, as tristability is discovered.
Acknowledgements: The research has been partially supported by the project “Metodi numerici
nelle scienze applicate” of the Dipartimento di Matematica “Giuseppe Peano”. The author is a
Member of the INdAM research group GNCS
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Bamboos are clonal plants that undergo mass flowering followed by simultaneous death after
a long-term period of rhizomatous vegetative growth. The time to flowering after germination depends on species and shows a geographic cline in which it is short in tropical region
and becomes longer as we move to northward into temperate region. As another geographic
tendency in bamboo, rhizome system is different between tropical and temperate region.
The species in tropical region have short and thick rhizomes (called pachymorph), resulting
in clumped spatial arrangement of ramets. On the other hand, species in temperate region
have long and slender rhizomes (called leptomorph). As a result, individuals are spatially
intermingled each other. How these types of rhizome emerged in the evolutionary history
and how the geographic correlation between flowering interval and rhizome system has been
formed remains elusive. In this talk, using spatially explicit mathematical model, we explore the evolution of rhizome system in heterogeneous environment. We demonstrate that
the longer rhizome is adaptive in relatively homogeneous environment, and short rhizome
can evolve only when spatial autocorrelation of the quality of environment is high. We also
demonstrate that flowering interval affects the evolution of rhizome length, in which long
rhizomes are favored when flowering interval is long.
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Migrated fish distributed all over the ocean in the world. Fishermen catch fish as food
corresponding to their spatial pattern. This means the allocation of fisherman’s effort. This
is important issue in two meanings; one is that fisherman have possibility to catch everywhere
and to try increasing catch, the other one is that fisherman also have option to take care of
stock in each habitat (i.e. marine protected area, MPA or to manage fishing ground). Both
points are trade-off. Recently, to catch the status of fishery, electronic searching system were
developed. Ross et. al., [1] were assessed the efficiency of multiple electrofishing scenarios
by comparing various strategies for the spatial and temporal allocation of sampling effort to
improve a coastal fish community survey. After knowing the status, the stock management
is required for the sustainable use of fish stock. Therefore, author will talk the optimal
management strategy for highly migrated or migrated species. In this talk, the age and
spatial structured model is applied. Firstly, fish stock is divided into two group, juvenile
and adult, and three habitats are incorporated into the model. Secondly, more age group
and habitats are incorporated into the one. For this study, we assume the management
target, for example Maximum Sustainable Yield (MSY). However, in the case for the spatial
management, the definition of the MSY is difficult. Therefore, in this talk, we define several
types of the definition of the ’optimal’ harvest: 1. the maximization of sum of catch for
all fishing ground, 2. The maximization of catch in each fishing ground. This talk shows
two characteristics: first is the population dynamics without the fishing. Second is the
optimal catch strategy. At first, we assume the steady state of these situation, and give
some knowledge about the dynamics of fish. After that, the catch effect to the system
are analyzed. Finally, we evaluate the management strategy. As results, the strategy
”maximization of sum of catch for all fishing ground” will maximize the total catch than
the strategy ”maximization of catch for all fishing ground” if the migration is abortive
migration or unsatisfactory abortive migration. Therefore, to know the abortive or not
migratory is important for the management. Furthermore, in our model, we recognize the
importance of when and where the catch event happened during the migratory again.
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Targeting and removing invasive species from ecosystems can have important benefits; hence,
invasive species management represents an important topics in nature conservation. In this
respect, improving strategies for the control and eradication of invasive species is a relevant
aspect of natural resource management. This task can be achieved using mathematical modelling and optimization. We describe the spatio-temporal dynamics of an invasive species
by a parabolic PDE where the reaction term accounts for a logistic growth. In addition,
a Holling-II type term takes into account the effort needed for harvesting management.
We exploit optimal control theory to solve for optimal management, under the assumption
that a budget constraint is implemented. We start from the weak formulation of the state
equation, and we perform an analytical study of the model properties, including the wellposedness of the problem. We also perform some simulations on realistic problems. This
allows us to determine the optimal space and time allocation of the resources.
This work has been carried out within the H2020 project ‘ECOPOTENTIAL: Improving Future Ecosystem Benefits Through Earth Observations’, coordinated by CNR-IGG
(http://www.ecopotential-project.eu). The project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No
641762.
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In this work we address the analysis of discrete time size structured populations spread into
several spatial patches and subjected to environmental stochasticity, i.e., the environment
the population lives in changes randomly in each time step. In general these models are
analytically intractable, so in order to study them previous works [1] have made use of
the fact that in many cases migration between the spatial sites is fast with respect to
demography (maturation, survival, reproduction) of the population, which allows one to
apply approximate reduction techniques to reduce the dimension of the system and, in
several instances of interest, carry out the analysis of the reduced model. With this approach,
in each time step of the model there is a large number of migration fast steps followed
by a slow demographic event. However this assumption is questionable from a biological
perspective since in real life individuals can die at any moment of the time step. In order
to deal with this consideration we have changed the modelling approach and have re-scaled
survival in order to take into account its effect on the fast scale as well, so that each fast
step includes both the contribution of migration and of survival.
We first construct the slow-fast multiregional model for a population structured into q size
classes and spread out into s sites living in a randomly varying environment, which results
in a model with qs variables. Then we show how to carry out its reduction, the reduced
model having only q variables corresponding to the total population with each size. Then we
prove that the main parameters in these kind of stochastic models, the so called stochastic
growth rate and the scaled logarithmic variance [2], can be related for the original and the
reduced systems, so that the analysis of the reduced system allows us to ascertain the fate
of the multiregional model. Then we go on to consider particular cases of the general setting
in which the reduced system can be studied analytically, most notably the case in which
the population has only one size class. We then concentrate of the comparing the effect of
choosing the classic modeling approach [1] versus the one followed here on the persistence
or extinction of the population.
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The Rosenzweig-MacArthur system is a particular case of the Gause model. It is widely
used to describe the behavior of predator-prey systems. In literature, its interaction terms
in the differential equation are essentially derived from balancing predators time needed for
handling and searching prey.
In this talk we present a different derivation of this model from first principles: We first
establish a stochastic individual based model using simple mass action kinetics. The large
volume limit leads to a three-dimensional (polynomial) ODE system. Subsequently we
obtain the Rosenzweig-MacArthur system by a singular perturbation reduction for certain
small parameters. Moreover, the systematic investigation of all two-dimensional reductions
of the three-dimensional ODE system leads to other notable two-dimensional predator-prey
systems, too.
Acknowledgements: This is joint work with Sebastian Walcher, Christian Lax, and Niclas Kruff.
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ABSTRACT
Cell migration is a fundamental process in morphogenesis, immune response, wound healing as
well as cancer metastasis. Cell migration in extracellular matrix is regulated by the association/disassociation of bond clusters denoted as focal adhesion (FA) points. FA formation is a
cooperative binding process of many ligand-receptor bonds. However, the impact of the binding/unbinding cooperativity of FA formation dynamics and eventually on cell migration is not
completely understood. In order to analyse this problem, we develop a one-dimensional single-cell
beed-spring model that spatially resolves the formation dynamics of ECM ligand-receptor bonds
within the cell body. We show that the binding and unbinding of ligand-receptor bonds should
be cooperative, and the cooperativity in binding should be stronger than in unbinding in order to
achieve effective cell migration and we find the critical ligand density which is required to form a
stable FA. We study the problem in mean field approximation and find out that if we include the
first order fluctuations, they dominate the FA formation for small number of bonds. Finally our
model suggests that how the cell can adopt its binding/unbinding cooperativity to its environment
to maximise its speed, depending on the scarcity of ligands.
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ABSTRACT
Recently, much work has been done on coupling microscopic stochastic descriptions of reactiondiffusion systems to their macroscopic deterministic limits. Critically, many of these scaling arguments depend on weak noise, or Van Kampen, expansions, which, to first order, approximates the
underlying stochasticity as a white noise, or Gaussian process. The white noise term is intrinsic
to the system and its properties can be derived from first principles. However, when a system is
driven externally the noise may become correlated in time or “coloured”. Stochastic differential
equation systems with coloured noise provide the starting point of our analytical derivations.
In this talk I outline how to analyse the effect of coloured noise in reaction-diffusion systems. Even
in the white noise scenario, stochasticity can sustain patterns that are not seen in the deterministic
formulation. Such patterns are not stable but oscillate in time (and space) creating many stochastic
phenomena, which not seen in their deterministic counterparts. In our work, we focus on Turing
pattern formation systems and divide coloured noise into two regimes, “destructive noise” in which
patterns are damped out and “creative noise”, which can lead to the formation of a range of new
patterns not seen in white noise models.
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ABSTRACT
Collocation methods can be applied in different ways to delay models, e.g., to detect equilibria, Hopf
bifurcations and compute periodic solutions. On the one hand, piecewise polynomials can be used
to approximate a periodic solution for some fixed values of the model parameters, possibly using
an adaptive mesh. On the other hand, polynomial collocation can be used to reduce delay systems
to systems of ordinary differential equations (ODEs) and continuation tools are then applied to
analyze stability and detect bifurcations, [1]. These techniques are particularly useful to treat
complex models describing structured populations, where delay differential equations are coupled
with renewal equations and vital rates depend on external ODEs, which in turn change with model
parameters. In this work we show first how to extend collocation methods to compute periodic
solutions of coupled problems and then how collocation can be used to improve the performance.
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ABSTRACT
Solid tumours are complex ecosystems that exhibit dynamic, spatial and temporal heterogeneity.
This heterogeneity spans multiple interacting biological scales, including intracellular (genetic, signalling, epigenetic), cellular (tumour cells, stromal cells), and environmental (nutrients, growth
factors). [1]. After reaching a certain size, tumours must stimulate angiogenesis, the formation of
new blood vessels, if they are to continue growing. Angiogenesis in tumours is often deregulated,
resulting in irregular networks of unstable blood vessels. Temporal variations in blood flow, including flow reversal, occlusions, and leakage are common and can lead to fluctuations in the levels
of vital nutrients such as glucose and oxygen [2]. Such environmental heterogeneity requires cancer
cells to adapt metabolically, and has been hypothesied to select for more aggressive, drug-resistant
cancer phenotypes [3].
Bet hedging is a strategy used in ecology to explain how populations may survive in unpredictable
environments [4]. The organism invests in a lower-fitness phenotype that is inefficient in a steady
environment but allows the population to survive harsh conditions and prevents its extinction.
We aim to investigate whether cancer cells may adopt this strategy when dealing with rapidly
changing levels of nutrient due to temporally varying blood flow.
We have developed a 2D hybrid-agent based model of a perivascular tissue in order to study
the impact of variations in nutrient levels on bet-hedging cancer cell populations. In our model,
metabolically different cell populations compete for vital nutrients, such as oxygen and glucose.
Normal cells obtain most of their energy from oxygen, but can use glucose when extra energy
is required (i.e. for cell proliferation). By contrast, cancer cells rely on glucose for energy (the
Warburg effect), a less efficient but rapid mechanism for generating energy. In the model, the
cells are subject to intermittent low levels of oxygen (hypoxia) and can switch their phenotype
stochastically. This model predicts that distinct metabolic phenotypes emerge depending on the
initial mix.
To gain a more detailed understanding, we have developed a suite of coupled ordinary differential
equation models. Preliminary results illustrate that care needs to be taken in naively transferring
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results and insights from ecology into tumour dynamics. Additionally, in order to understand how
spatial effects influence the system dynamics, we compare simulation results from the agent-based
model with results derived from an alternative, time-dependent differential equation model.
Acknowledgements: This work was supported by funding from the Engineering and Physical
Sciences Research Council (EPSRC) and the Medical Research Council (MRC) [grant number
EP/L016044/1]. This work sponsored in part by the Moffitt Cancer Center PSOC, NIH/NCI
U54CA193489.
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ABSTRACT
Pattern formation has attracted the interest of the scientific communities of several fields since the
Turing seminal paper on morphogenesis first appeared [1]. Recently, patterns emergence has been
studied in complex networks, where a spontaneous differentiation of nodes in activator(inhibitor)rich and activator(inhibitor)-poor nodes was observed in a two species reaction-diffusion system.
From then, several extensions and generalizations have followed. In this talk we aim reviewing the
main framework of our research on the pattern formation theory from the network prospective.
Starting from the Turing instability mechanism, we prove that the spontaneous segregation of the
nodes in different groups extends far beyond Turing original conditions. In particular the network
topology plays an active role in the initialization of the self-organization process as it happens for
the (directed) non-normal networks [2]. For instance, it is possible to observe spatially extended
patterns even with a single inhibiting species once the diffusion occurs on a non-normal networked
domain. Different applications from ecology to neuroscience can rise.
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ABSTRACT
The management of infectious disease epidemics is a task besetted by difficulties, both mathematical and political. In the event of such an outbreak, stakes are high and often conflicting,
resources are limited, knowledge is incomplete and time is of the essence. The combination of
these factors can often lead to ad hoc, trial-and-error type management approaches, ones that act
quickly and improve later when more information is available. However, this type of approach does
not fully utilise the body of mathematical and epidemiological research that is within the areas
of optimisation, control and disease modelling. We propose the use of an Adaptive Management
(AM) framework, an iterative, structured decision-making framework already well-established in
the area of resource management. The robust nature of AM requires the specification of quantifiable objectives, quantitative models of system behaviour and possible control and monitoring
actions, followed by enforcing an iterative learning phase that can employ complex control optimisations and resolve system uncertainty. The result - a management framework that is able to
prescribe recommendations which meet the objectives of management and simultaneously catalyse the resolution of uncertainty. We implement and compare three approaches to managing a
simple, theoretical epidemic; a complex ‘active’ AM approach, an ad hoc, ‘passive’ AM approach
and a non-adaptive approach. We show that following an active AM approach to management,
one which explicitly plans for iterative optimisation and resolution of uncertainty, can significantly
reduce the expected impact of such an outbreak. The results also serve as an insight into the
complexity of the problem that is faced by those participating in the management of infectious
diseases, motivation for the adoption of an AM framework to help bridge the gap between research
and policy.
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ABSTRACT
Genotype imputation is a powerful tool that can increase the information content in a sample by
inferring unobserved genotypes. In the field of ancient DNA, where sample quality and coverages
are generally quite low, imputation has the potential to greatly boost power of inference in various
analyses. As many methods for imputation rely on statistical models in which haplotype phase
is estimated, they could also open up for the possibility to harness the power of haplotype-based
methods in population genetic analysis.
Phasing and imputation has previously been performed on ancient samples, and in cases of high
to moderate coverage shown to give acceptable performance in terms of genotype accuracy [1][2].
Questions remain regarding the applicability of these methods in cases where coverages tend towards very low values or sample quality is otherwise compromised. The potential bias introduced
by using modern phased samples as a reference, as well as their overall suitability for imputing
ancient samples, are examples of other relevant questions to explore. The possible benefits of including other ancient samples in the imputation process, and how this is affected by sample quality
and coverage, is another matter that is becoming more relevant as the number of sequenced ancient
individuals increases.
Our goal is to systematically explore the above mentioned aspects concerning imputation in ancient
human samples. The initial focus has been on the effects of factors such as extremely low coverage,
variant call error rate, post-mortem damage and divergence from the reference set when performing
phasing and imputation using likelihood-based methods. We also explore the question of how to
assess imputation accuracy when genotype calls of sufficiently high certainty are not available
as a comparison. We present results from experiments on simulated as well as ancient samples
and discuss them in the context of practical considerations regarding execution and performance
evaluation.
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ABSTRACT
Wolbachia is an intracellular bacteria that lives naturally in 70% of the insects species and can
provide protection against viruses. However, it can be pathogenic in some circumstances. Although
the most used model for data analysis with censored observations is the Cox regression model,
parametric models may provide accurate and more precise estimates in some cases. The present
study aims to compare different methods of survival analysis in evaluating the impact of bacterial
variants of Wolbachia on the survival of fruit flies. Here, several survival analysis models are
analyzed to identify which one best describes the data. We have studied 417 flies non-infected
with virus to study the pathogenesis of the bacteria, and 300 flies submitted to viral infection to
address the protective effect of Wolbachia. Bacterial strains and number of copies of the Octomom
region were selected as potential prognostic factors for survival analysis. The influence of these
factors on survival was studied through the adjustment and comparison of the results from: (1)
the exponencial, the Weibull and log-normal parametric models, and (2) the flexible parametric
models proposed by Royston and Parmar (2002). With the parametric models and considering noninfected flies, the pathogenic strain and an increase in the number of copies of the Octomom region
were associated with an increased risk of death. In contrast, infected flies with viral infection from
the pathogenic strain exhibited a decreased risk of death. This shows that, in the presence of virus,
Wolbachia bacteria associated with pathogenicity appears to protect the host and contributes to
its longevity. The comparison of estimated survival functions graphs, obtained with the univariate
parametric models and with the flexible models, shows that the introduction of a cubic spline
greatly increases the flexibility of the models. The increase in the number of internal knots included
in the model leads to more precise estimates and to a decrease in the AIC value associated with
each model. According to these criteria and opting for the most parsimonious model, the one that
seems to be the most appropriate between the adjusted models is the flexible proportional hazards
model with 2 internal knots for non-infected flies, and 1 internal knot for the infected flies.
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ABSTRACT
The complement system (CS) is an integral part of the innate immune system. Its effector functions
include pathogen clearance and inflammation. It can be activated via the classical, alternative or
the lectin pathways (CP, AP and LP, respectively). The activation signals are then amplified and
routed to the downstream terminal pathway by the AP. Dysregulation of the AP is implicated
in several autoimmune as well as inflammatory diseases such as C3 glomerulopathy, macular degeneration and asthma [1]. The AP has been recognised as an attractive therapeutic target [2].
Certain potential AP targets exist at high concentration in vivo, while certain others display fast
turnover. However, such experimental data is not available for the remaining AP targets. Quantitative comparison of suitability of various AP targets using systems pharmacology modelling may
be useful in streamlining drug development efforts.
Towards this goal we previously built and validated differential-equation-based models of the AP
[3]. We have perturbed these models using hypothetical drugs, considering both small molecule as
well as antibody modalities at realistic affinities. We chose the modelled end-point of the pathway
as a biomarker with which to study the effect of neutralising various targets. We have used
simulations using typical pharmacokinetic models for the drugs as well as sensitivity analyses (SA)
to rank target suitability. Based on this analysis certain AP targets performed better with small
molecule drugs while other targets performed better with antibodies. Furthermore, we observed
that SA and turnover rate on their own are insufficient to predict target rank order, particularly for
antibodies. Similarly, baseline target concentration alone is insufficient to predict target rank order
for small molecule drugs. We believe that currently there is no single quantitative measure available
which incorporates the effects of target concentration, turnover as well as its sensitivity. Therefore,
it is necessary to perform simulations of the full systems models including the pharmacokinetics
of the drugs.
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ABSTRACT
In this work, a non-trivial generalization of a mathematical model put forward in [1] to account for
the development of resistance by tumors to chemotherapy is presented. A study of the existence
and local stability of the solutions, as well as the ultimate dynamics of the model, is addressed. An
analysis of different chemotherapeutical protocols using discretization and optimization methods
is carried out. A number of objective functionals are considered and the necessary optimality
conditions are provided. Since the control variable appears linearly in the associated problem, optimal controls are concatenations of bang-bang and singular arcs. A formula of the singular control
in terms of state and adjoint variables is derived analytically. Bang-bang and singular controls
from the numerical simulations are obtained where, in particular, singular controls illustrate the
metronomic chemotherapy.
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ABSTRACT
This article, result of a developing Research Project, carried out at the Federal Institute of Minas
Gerais (Instituto Federal de Minas Gerais) - Campus Formiga, aims to present partial results
regarding methods of obtaining the left ventricular volume. The objective of this study is to
correlate the volume and the surface area of the left ventricle and, therefore, a literature review
on the cardiovascular system was done, followed by the production of four silicone molds of the
left ventricle of bovine hearts, chose due to their similarity to the human heart [1]. This study is
based on the fact that the left ventricular volume, which is the ventricle’s capacity of accumulating
blood in diastole, is closely related to the pressure with which the heart pumps oxygenated blood
throughout the body and in the relation of this volume with the diagnosis of heart diseases [2, 3].
In order to obtain the actual volume of the molds, the Archimedes Principle was used. Then,
using the diastolic diameter measurement, found in the molds, the Teichholz Equation, which
considers the left ventricle resembles an ellipsoid, was used, in order to compare the real volume
with the volume found by a medical method. The real volume was also compared with the volume
obtained by the equation described in [4], in which the geometry of this ventricle approaches of
a truncated prolate spheroid. Analyzing the volumes of the molds calculated by these equations,
through Matlab programming, to the detriment of the real volume, strong linear correlations were
obtained. For the correlation between the real volume and the volume by the Teichholz Equation,
the coefficient of determination found was RT2 = 0, 9589; and for the correlation between the real
2 = 0, 9243.
volume and the volume by the equation of a truncated prolate spheroid, it was RE
Nevertheless, analyzing the volumes obtained by the Teichholz Equation and the volume equation
of a truncated prolate spheroid, an even stronger correlation can be observed than those described
previously, with R2 = 0, 9933. It is important to note that this correlation indicates a tendency
in the volumes found by the two equations; however, the sampling used is small in view of the
relevance of the subject and, therefore, it will be increased for the next analyzes of the project.
Furthermore, a study of the surface area of the left ventricle and its correlation with these volumes
will also be developed.
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ABSTRACT
“Replicator - genetic parasite” system was investigated in [1], where the authors suggested and
partially analyzed a new model of host-parasite co-evolution. However, the proposed model demonstrates stable coexistence of replicators and parasites only for very particular values of model parameters. Here, we suggest a modification of the aforementioned model, where the dynamics of
“parasites” is described by a Volterra-type equation; we also discuss other possibilities for parasite
dynamics. The modified models show stable coexistence of replicators and genetic parasites for a
wide range of parameter values. The “bifurcation approach”, which has been used in analysis of
these models, allows us to reveal parametric domains of different patterns of model behaviors, in
particular, to describe some criteria of approaching “dangerous boundaries”.
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ABSTRACT
Modeling biological systems is an advanced approach in biology. This approach allows to integrate
data effectively to describe the properties of the system. This method has a predictive power. Also,
it is possible to describe the behavior of the system in stationary and changed states. COPASI is
an effective tool for constructing biological models [1].
Reactive oxygen species (ROS) is one of the key factors that damages living systems. ROS production during stress dramatically increases, which causes membrane damage and can lead to
death of the living system. The plants have an antioxidant system (AOS) that effectively fights
against the ROS. Biochemistry of this system is well-known. AOS includes a number of antioxidant
enzymes (ascorbate-glutathione cycle, catalase, superoxide dismutase, catalase) and antioxidant
species (ascorbate, glutathione).
However, the behavior of AOS in different conditions has not been studied sufficiently. There are
models that describe individual parts of the plant’s AOS. The most advanced model describes the
behavior of the ascorbate-glutathione cycle in chloroplasts taking into account circadian rhythm
and changes in diurnal illumination [2]. This model realistically describes the behavior of AOS
under conditions of different electron fluxes from the photosystem. The real kinetic parameters of
enzymes and approximate concentrations of antioxidant species were used in this model. However,
the model does not describe the AOS in its entirety and is limited to one compartment. In
addition, the model does not describe the regulation of the behavior of the components of the
antioxidant system on real stress effects. We present a new model of AOS in a plant cell. Model
was developed in COPASI environment. Our study includes a complex description of the dynamics
of the plant’s AOS in response to stress, taking into account the division into compartments. The
kinetic mechanisms and kinetic parameters of enzymes of the antioxidant system, concentration
of enzymes in different cell compartments and generation rates of free radicals are based on the
literature data and databases. In addition to chloroplasts, models of peroxisome and mitochondrial
components of the AOS were created. Based on these data, stationary states are calculated in
normal and stressed conditions (salt stress, water-deficient).
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ABSTRACT
Foraging in frequently changing environments is a complex task and requires adaptive mechanisms
that facilitate decision-making to reach a target intake of nutrients [1]. Empirical and theoretical
work indicates that the choice of what to eat or drink will ultimately affect reproductive value
[1, 2]. Here, we consider a neural circuit that guides the behaviour of an animal choosing between
different food items by linking mechanism (the implementation of the neural circuit) and function
(maximising reproductive value), which should be integrated in the same modelling framework
[3]. Regarding mechanism, inhibition is thought to be a key factor in a variety of decision-making
systems, such as the primate brain and social insect colonies [4, 5]. In our study, we adopt an
inhibition model from neural network theory [6] and propose a dynamical system characterized by
nonlinear feedback. In this model, a central inhibitory unit influences evidence-integrating excitatory units, which in our terms correspond to motivations competing for selection. Considering two
available food options, which are of equal quality to the decision-maker, we apply the model to
a hypothetical animal making foraging decisions. We determine the parameter regime, where the
animal exhibits improved decision-making and explain different behavioural outcomes by making
the link between bifurcation analysis and performance measures. Our results are compared with
previous models of nutritional decision making (e.g. [7, 8]). We find that the animal performs
best if it tunes internal parameters of the neural circuit such that it is close to a bifurcation point.
In particular, the values of inhibition strength and excitation-over-inhibition ratio have a crucial
effect on the decision outcome, by allowing the animal to break decision deadlock and to enter
an oscillatory phase that describes its internal motivational state. Our findings indicate that this
oscillatory phase may improve the overall performance of the animal in an ongoing decision making
task. Therefore, our results underpin the importance of an integrated functional and mechanistic
study of animal decision-making.
Acknowledgements: This work was funded by the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation programme (grant agreement number
647704).
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ABSTRACT
G protein-coupled receptors (GPCRs) represent targets for up to half of all current drugs, and
the development of the theory for ligand-GPCR interactions and their consequences is a key area
of pharmacological research. Theoretical models of GPCR concentration-response relationships
often assume a single ligand producing a single functional response via a single active state of
the receptor. These models have largely been analysed assuming steady-state conditions. There
is now much experimental evidence to suggest that many GPCRs can exist in multiple receptor
conformations and elicit numerous functional responses, with ligands having potential to activate
different signalling pathways to varying extents - a concept referred to as biased agonism. Moreover,
recent experimental results indicate a clear possibility for time-dependent bias, whereby a ligand’s
bias with respect to different pathways may vary dynamically. Efforts towards understanding the
implications of temporal bias by characterising and quantifying ligand effects on multiple pathways
will benefit from extending current equilibrium binding models to include G protein activation
dynamics.
Here, we present a new mathematical model of time-dependent biased agonism, based on ordinary
differential equations for multiple cubic ternary complex activation models with G protein cycle
dynamics. The model is generally applicable to systems with N G G proteins and N ∗ active
receptor states. Numerical simulations with N G = N ∗ = 2 are performed to generate time courses
of active G protein subunits to indicate a response downstream of the receptor. Effects of efficacy
and cooperativity parameters on activation dynamics are investigated, and related to bias factors
calculated using an existing definition.
Our simulations give new insights into the effects of system parameters on bias dynamics, revealing
new phenomena including:
• dynamic inter-conversion of ligand effect, whereby active G protein level may dynamically
change from above-basal to sub-basal;
• non-monotonic concentration-response curves for single readouts and functionally antagonistic responses based on competing downstream pathways;
• dynamic inter-conversion of bias direction, where the pathway to which the ligand is apparently biased may change dynamically.
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Our model supports the recent suggestion that kinetic context of biased signalling should be considered in quantifying and understanding biased agonism. We propose this model as a theoretical
framework for further study of the potential benefits of developing biased agonists as therapeutics.
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ABSTRACT
During an asthmatic exacerbation event, matrix metalloproteinase-1 (MMP-1) is activated by
mast cell tryptase, leading to the production of an altered pro-proliferative extracellular matrix
(ECM) which increases proliferation of airway smooth muscle (ASM) cells [1]. These changes in
structure and the corresponding changes in function of airway wall components contribute to the
key hallmarks of asthma, airway hyperresponsiveness and remodelling. Our aim is to develop
a mathematical model to represent the signalling pathway from asthmatic exacerbation event to
remodelled airway, based on data collected using both in vitro and in vivo experimental techniques.
Once validated using human samples, the model could be used to find new therapeutic targets.
We first developed an ordinary differential equation (ODE) model for which the steady states
and stability of the system were analysed under different conditions. Bifurcation behaviour was
then explored, including continuations into two parameter space. A time-dependent input is used
to represent the occurrence of an asthmatic exacerbation triggered by environmental conditions.
The impact of varying magnitude, frequency and resolution speed of exacerbations is examined.
This model allows us to investigate the change in steady state that occurs after an exacerbation
event, which may contribute to airway remodelling. At this stage parameter values were based
on order-of-magnitude estimates. A parameter sensitivity analysis was therefore undertaken in
order to highlight the importance of accurately quantifying certain parameters. We now look to
inform these model parameters using data from specifically tailored experiments. Human airway
smooth muscle (HASM) cells are grown in culture for in vitro experimental use. RT-PCR, western
blotting and immunohistochemistry will be used in order to accurately quantify rates of ASM
cell proliferation, phenotype switching and apoptosis, as well as rates of ECM production and
alteration. This data will be collected for different conditions including healthy, asthmatic and
MMP-1 activated ASM and ECM combinations. Imaging techniques such as X-ray computed
micro-tomography will also be used to further determine the microstructure of altered ECM.
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The preliminary model predicts that the system is bistable and that the input of an exacerbation
drives the system to a different steady state with an increased amount of ECM and total ASM mass.
Analysis of this theoretical model therefore suggests a possible mechanism by which the irreversible
remodelling of airways in severe asthmatics may occur. We use the results from this preliminary
model to inform the design of novel experiments that we will conduct in order to accurately
quantify rate parameters and validate predictions. In conclusion, mathematical modelling allows
the identification of key mechanisms involved in airway remodelling in severe asthma patients and
provides predictive capabilities that could be used to develop new therapies, thereby reducing the
need for as many in vivo experiments.
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ABSTRACT
A number of nonlinear phenomena such as biochemical and biological processes are described by
the interplay of reaction and diffusion, or by the interaction between convection and diffusion.
One of the well known partial differential equations which governs a wide variety of them is a
well-known generalization of the Burgers-Fisher equation. The reason for the large amount of
work put into studying these equations is not only their practical relevance, but also interesting
phenomena that can arise from such equations. The time-delayed Burgers-Fisher equation is very
important model to forest fire, population growth, Neolithic transitions, the interaction between
the reaction mechanism, convection effect and diffusion transport, etc.
In the study of nonlinear phenomena, investigating exact traveling wave solutions of the nonlinear
equations plays a vital role. Our main purpose is to investigate some new and further general
exact traveling wave solutions. In this work, the solitary wave solutions of the generalized timedelayed Burgers-Fisher equation are derived with the aid of a subsidiary high-order ODE, and the
solitary wave solutions of the special type of generalized time-delayed Burgers-Fisher equation are
presented.
Acknowledgements: We warmly acknowledge the research project PR216-097 from Cádiz University and EMCTB-2018 organizers.
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ABSTRACT
When giving a dose of radiation to a tumour it is likely that the surrounding healthy tissue will
also be damaged. A radiotherapy treatment plan aims to provide enough radiation to the tumour
to control the cancer whilst not causing excessive side-effects by damaging surrounding tissue. To
this end, a plan must maximise the probability of tumour control while minimising the normal
tissue complication probability (NTCP).
We describe a stochastic birth-death model of the population dynamics of healthy cells in order
to compute the NTCP for a particular organ under a particular radiotherapy protocol. When
this model does not include cell-to-cell interactions, an exact calculation of the NTCP is possible.
However, when it is not we show that the NTCP can be approximated using a novel approximation
based on a Gaussian distribution.
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ABSTRACT
Many normal and cancerous cell lines exhibit a stable composition of cells in distinct states which
can, for example, be defined on the basis of cell surface markers. There is evidence that such an
equilibrium is associated with stochastic transitions between the distinct states. Quantifying these
transitions has the potential to better understand cell lineage compositions. We introduce CellTrans, an R package to quantify stochastic cell state transitions from cell state proportion data
from fluorescence activated cell sorting (FACS) and flow cytometry experiments. The R package is
based on a mathematical model in which cell state alterations occur due to stochastic transitions
between distinct cell states whose rates only depend on the current state of a cell. CellTrans is an
automated tool for estimating the underlying transition probabilities from appropriately prepared
data. We point out potential analytical challenges in the quantification of these cell transitions
and explain how CellTrans handles them. The applicability of CellTrans is demonstrated on
publicly available data on the evolution of cell state compositions in cancer cell lines. We show that
CellTrans can be utilized to (i) infer the transition probabilities between different cell states,
(ii) predict cell line compositions at a certain time, (iii) predict equilibrium cell state compositions,
and (iv) estimate the time needed to reach this equilibrium. We provide an implementation of
CellTrans in R, freely available via GitHub.
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ABSTRACT
In both health and disease, cells interact with one another through cellular adhesions. Normal development, wound healing, and metastasis all depend on these interactions. These phenomena are
commonly studied using continuum models (partial differential equations). However, a mathematical description of cell adhesion in such tissue models had remained a challenge until 2006, when
Armstrong et. al. [1] proposed the use of an integro-partial differential equation (iPDE) model.
The initial success of the model was the replication of the cell-sorting experiments of Steinberg.
Since then this approach has proven popular in applications to embryogenesis, wound healing, and
cancer cell invasions. In this poster, I present a study of the steady-states of the non-local cell adhesion model on an interval with periodic boundary conditions. The significance of the steady-states
is that these are observed in experiments (e.g. cell-sorting). Combining global bifurcation results
pioneered by Rabinowitz, equivariant bifurcation theory, and the mathematical properties of the
non-local term, we obtain a global bifurcation result for the first branch of non-trivial solutions.
Using the equation’s symmetries the solutions of a branch are classified by the derivative’s number
of zeros. We further show that the non-local operator’s properties determine whether a sub or
super-critical pitchfork bifurcation occurs. Finally, I extend the non-local cell adhesion model to
a bounded domain with no-flux
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ABSTRACT
Nitrotyrosine is a product of tyrosine nitration mediated by reactive nitrogen species. As an indicator of cell damage and inflammation, nitrotyrosines serve to reveal biological change associated
with various diseases or oxidative stress. Accurate identification of nitrotyrosine site provides
important foundation for further elucidating the mechanism of protein nitrotyrosination. However, experimental identification of nitrotyrosine site through traditional methods are laborious
and expensive. In silico prediction of nitrotyrosine site based on protein sequence information
are therefore highly desired. Here we report a novel predictor, NTyroSite for accurate prediction of nitrotyrosine site based on sequence evolutionary information and Wilcoxon-based feature
selection. A random forest classifier was then trained using these features to build the predictor.Benchmarking experiments based on cross-validation and independent test demonstrated the
competitive performance of NTyroSite compared with other existing methods. The final NTyroSite
predictor significantly outperformed other existing implementations in an independent test. We
expect that NTyroSite predictor may serve as a useful computational resources for high throughput
nitrotyrosine site prediction.
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ABSTRACT
We propose a general model of population growth that incorporates the effect of random environmental fluctuations on the per capita growth rate, in the form of a stochastic differential equation.
We study this stochastic model with and without Allee effects (see [1]). In the case where there
are Allee effects, we consider two types, weak Allee effects (see [4]) and strong Allee effects (see
[2]).
For these general models, in [5] we have proved the existence and uniqueness of solution in all
these cases. In the cases of no Allee effects or weak Allee effects, we have also proved the existence
of a stationary density and a zero probability of ”mathematical extinction”. In the case of strong
Allee effects, we have proved that the probability of ”mathematical extinction” is equal to one.
However, we have shown that ”realistic extinction” occurs with probability one for all cases.
Based on the results obtained in [3] for the first passage times and, in particular, for the extinction
times, we obtain explicit expressions for the mean and standard deviation of the extinction times
of this general model.
We consider next a particular case of the general model, which is the stochastic version of a very
popular logistic-like deterministic model with Allee effects. However, we use a parametrization
slightly different from the usual one, in order to facilitate comparisons with the logistic model
by having a parameter A that ”measures” the strength of the Allee effects and converging to the
logistic model (model without Allee effects) when A → −∞.
For these particular logistic-like stochastic differential equation models, we show figures illustrating
the behaviour of the mean and the standard deviation of extinction times for various combinations
of parameters. This allows us to see the influence of Allee effects on the population extinction
times by comparing extinction times under the model without Allee effects (the stochastic logistic
model) and under the models with weak Allee effects and with strong Allee effects.
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ABSTRACT
We propose a non-integer order model for the dynamics of the coinfection of HIV and HSV-2. We
calculate the reproduction number of the model and study the local stability of the disease-free
equilibrium. Simulations of the model for the variation of epidemiologically relevant parameters
and the order of the non-integer order derivative, α, reveal interesting dynamics. These results are
discussed from an epidemiologically point of view.
Acknowledgements: Authors wish to thank the Polytechnic of Porto, through the PAPRE Programa de Apoio à Publicação em Revistas Cientı́ficas de Elevada Qualidade for financial support.
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ABSTRACT
Bio-filaments often behave in a way unexpected from the standard semi-flexible polymer chain
model (WLC), when squeezed to a surface, confined in microfluidic channels or clamped by their
end. This calls for the super-helical filament model, going beyond WLC, where the filament forms
a helix much wider than its diameter. We study this model by Brownian dynamics simulations,
focusing on filaments confined to a surface by a strong potential. We analyze shapes and shape
fluctuations under tension where excited states comprising a number of inflection points (twistkink) can be stabilized. Pulling/releasing experiments during a cycle of increasing/decreasing
tension show hysteresis. We find that the excited state, once established, is long-lived and the life
time grows with the filament length cubed. Twist-kink diffusion involves position (filament shape)
dependent friction for which we provide analytic expression. Dynamic responses to tension are
investigated by numerical simulations and several mechanisms of shape relaxation are found and
rationalized.
Acknowledgements: Our work is supported by National Research Foundation grants provided
by Korean government NRF-2017R1A2B4010632.
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ABSTRACT
Axioms in biology are useful for the development of clear and concise definitions that can later be
implemented into computational and mathematical models. The biological sciences can be made
more logically rigorous by using unambiguous definitions when trying to make computational and
mathematical models.
I. Purpose
The purpose of this abstract is to generate a series of logical statements that consist of axioms,
propositions, and lemmas. The intended objective of these statements will be to show through
various rules of logic such as the rules of inference as well as the rules of propositional logic. These
will be used to model the various interactions that occur in zeitgebers and other factors that
regulate circadian rhythms.
II. Procedures and methodology for research
A. Methods
Zeitgebers are factors that regulate the human circadian rhythm such that it is able to match a 24
hour cycle. The methodology that is generally used involves measuring the amount of serotonin
(5-HT) levels within the blood in the brain which is released by pacemakers from the suprachiasmatic nucleus. In addition, the measurement of GABA is obtained by measuring the amount of
SCH50911. This agonist was obtained by intravenous administration.
B. Results
As a result of rhythmic changes brought in serotonin release, there are multiple endogenous (outside) factors as well as internal factors that can cause changes in the brains suprachiasmic nucleus,
which plays a role in the regulation of circadian rhythms. As a result of applying the rules of
logic, such as the universal instantiation and existential instantiation, one can imply that all the
molecules in the suprachiasmatic nucleus are involved in hormones.
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ABSTRACT
Assuming that the cornea of the human eye is a thin elastic membrane, the prescribed curvature
problem
!0


b
u0

p
= au − p
, in [0, 1],
2
0
(1)
1+u
1 + u0 2

 0
u (0) = u(1) = 0,
was proposed as a model for the shape of the cornea in [2], where a simplified version obtained by
partial linearisation has been investigated.
In this talk, we discuss existence, uniqueness and other qualitative properties, like monotonicity
and concavity, of the solutions of problem (1) for any given a > 0 and b > 0. We also develop a
linear monotone iterative scheme for approximating its solution. For more details, see [1].
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ABSTRACT
The current interdisciplinary project studies the stem cell behavior in the respiratory organ of
the fish, called the gill or branchia. Questions such as “How many active stem cells residing in
the niche are responsible for building and maintaining the organ?” or “What properties of and
relations between stem cells from different niches give the organ its shape?” are addressed. The
number of stem cells is very difficult to calculate in many systems mainly due to the lack of a
specific stem cell marker or due to a lack of structure in the biological system. In the case of
Medaka fish, we take advantage of the modular, spatio-temporal organization of the gill to address
this question. By using stochastic simulations and parameter estimations based on clonal data
gathered through lineage tracing experiments, we have shown that just a few stem cells which
are functionally heterogeneous are needed in the niche for the organ growth and well-functioning
during the life of the fish.
In addition, in addressing the second question, we observe a decay in the proliferation of various
types of stem cells from different niches in the gill during its growth, responsible for the shape.
What remains to be studied is what may cause this decay. Our current hypothesis suggests certain
changes in the nutrient intake by stem cells throughout organ growth, which was investigated via
mathematical modeling through partial differential equations together with parameter estimations.
This work is still in progress, but so far we have good fits to the data. Moreover, other hypotheses
need to be tested and a generalized parameter fitting method for this particular model has to be
developed.
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ABSTRACT
The concept of persistence (or coexistence) is of great interest in biomathematics. From the
mathematical side it has been extensively studied in the 1980s by means of two approaches ([1],
[2]) and by combining them some handy tools can be obtained [3].
In periodic frameworks persistence leads to coexistence solutions via some fixed point theorems
[4]. We detail this method and show a quite general range of applications, including a SIR model
[6] and a model describing the seasonal phytoplankton blooming [5].
Acknowledgements: Work partially supported by GNAMPA-INdAM, 2017 research project:
“Problemi differenziali con peso indefinito: tra metodi topologici e aspetti dinamici”.
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ABSTRACT
We investigate the effects of bounded stochastic perturbations for a basic bistable biomolecular
network module: the circuit modeling the positive feedback of a transcription factor (TF) on its
own synthesis.
We consider both fluctuations of the gene switching dynamics[1] and of the TF decay rate [3].
We show that bounded perturbations, apart – as well known [2] – being more realistic than the
Gaussian ones, induce first–order phase transitions in this circuit. This is of interest since the
system in study has neither spatial components nor it is composed by multiple interacting networks.
In particular, we observe that the system passes from two to a unique stochastic attractor, and
vice-versa. This behaviour, which is a landmark of first-order phase transitions, is different from
noise-induced transitions (also termed phenomenological bifurcations), where a unique stochastic
attractor changes its shape depending on the values of a parameter.
Moreover, we observe irreversible jumps of the TF concentration as a consequence of the abovementioned phase transition.
Finally, we generalize our results to a wide class of systems, with applications to various fields:
chemotherapy of tumors, tumor-immune systems interplay and others.
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ABSTRACT
Particle image velocimetry (PIV) is an optical method for visualising the collective movement of
particles in a flow. Hereby, regions of two sequential frames are compared using cross-correlation
methods and the displacement over time is calculated. The resulting velocity field indicates the
movement speed and direction of the imaged particles. PIV was initially applied for flow visualisation in fluid- and aerodynamics. Lately, it was successfully applied in the study of collective cell
migration. In a previous application on lung cancer cells [1, 2], the calculated migration parameters were determined quantitatively and fitted to a mathematical model of cancer cell motility. A
crucial advantage of PIV towards single-cell tracking methods is the ability to analyse high densities of collectively migrating cells. Since the mentioned PIV algorithm was developed for, and
is applied to, 2D images, the current project focuses on the motion analysis with 3D time-lapse
microscopy. For this, an image processing pipeline is developed that incorporates a PIV algorithm for the analysis of cell migration in tumour spheroids (formation of acinar structures) and
developmental processes (rearrangements of tissues). The imaged samples are either 3D cultured
cells or whole embryos. The additional spatial dimension does not only introduce another source
of information, but facilitates a more realistic cell environment and allows for cell behaviour and
interactions not observed in common 2D assays. The pipeline is accounting for common issues
in 3D image analysis, e.g. differences in the lateral and axial resolution and the handling and
processing of large stacks of image data. The use of a high-performance numerical-computing
programming language and parallel processing on GPU cores provides a framework for an efficient
and convenient motion analysis of cells. The information gained from the determined 3D velocity
fields by PIV will further be used in the tuning of 3D cell-migration models and help to acquire
insights into the complex interactions of cells in tissues during development and disease.
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Breuhahn§ (2015). Concomitant expression of far upstream element (FUSE) binding protein (FBP)
interacting repressor (FIR) and its splice variants induce migration and invasion of non-small cell
lung cancer (NSCLC) cells. J Pathol. 237, 390–401.
747

[2] D. Stichel, A.M. Middleton, B.F. Müller, S. Depner, U. Klingmüller, K. Breuhahn, F. Matthäus.
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ABSTRACT
In this article we analytically solve the Itik-Banks tumor growth model by means of a recent
technique for strongly nonlinear problems - the step homotopy analysis method (SHAM). This
analytical algorithm, based on a modification of the standard homotopy analysis method (HAM)
initially proposed by Liao, allows us to obtain a one-parameter family of explicit series solutions
for the studied cancer model. These solutions describe the temporal dynamics of tumor cells
interacting with healthy host cells and effector immune cells. The artifitial parameter involved
in the analytical method is particularly important, providing us with an elegant way to ensure
convergent series solutions. Our analytical results are found to be in excellent agreement with
the numerical simulations. We use the obtained analytical solutions to investigate the role of
immune system activation due to antigen recognition. We found that an increase in the stimulation
of immune cells by tumor cells makes the system to enter into chaotic dynamics. Our results
are discussed in the context of tumor cells dynamics and persistence, as well as in the possible
therapeutic consequences of the identified dynamics.
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ABSTRACT
Mixed Effect Models (MEM) are being increasingly used to describe temporal data involving an
important amount of variability in diverse fields such as econometrics, human sciences and biology
[1]. This is mainly due to their accounting for the whole variability of a dataset instead of simply
averaging it out. A MEM for a dynamical process consists in a mathematical model (for instance,
a deterministic ODE) whose usually constant parameters are modeled by distributions of random
variables. Different samples from these random variables model the repeated measurement of the
same process on different individuals. It allows the model to adopt a whole range of behaviours,
and to reproduce the distribution of an observed variable over time, instead of simply fitting its
mean.
However, the choice of the parameter distributions might not be straightforward from raw data.
More generally, it might be difficult to recover full parameter distributions from small datasets.
We address these issues through the example of a MEM for the dynamics of the in vitro erythropoiesis. Erythropoiesis is the process by which mature red blood cells are produced by the
differentiation of immature progenitors in the bone marrow. These progenitors can either keep
self-renewing, or engage into differentiation [2]. A variety of mathematical models have focused on
describing the dynamics of erythropoiesis in vivo [3, 4], yet to our knowledge no modelling work
has ever focused on the kinetics of cell populations growing and differentiating in vitro.
In this work, we build a MEM for the in vitro erythropoiesis. We use experimental cell counts of
different cell populations, at regularly spaced time points during the course of erythroid differentiation. The population of individuals to be fitted by the model is made of repeated samples of this
experiment, each repetition giving qualitatively similar though quantitatively different results due
to inter-individual heterogeneity. We will illustrate the difficulty of fitting whole parameter distributions from such experimental datasets. Then, using artificial data, we will suggest experimental
approaches that could lead to the recovery of these distributions.
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ABSTRACT
Background: Migratory waterfowl annually migrate over the continents along the routes known as
flyways, serving as carriers of avian influenza virus across distant locations. Prevalence of influenza
varies between different species and geographic locations. We constructed a mathematical model to
capture the global dynamics of avian influenza, and to specify species and locations that contribute
to sustained transmission.
Methods: We devised a multi-site, multi-species SIS model and estimated transmission rates
between species in each geographical locations from prevalence data. Parameters were directly
sampled from posterior distribution under Bayesian inference framework. We then analyzed contribution of each species in each location to the global patterns of influenza transmission.
Results: Transmission and migration parameters were estimated by Bayesian method. The basic
reproduction number was estimated at 1.098, slightly above the endemic threshold. Mallard were
found to be the most important host with high transmission rate, and high- and middle- latitude
regions are located as hotspots of influenza transmission.The prevalence of avian influenza in
Oceania region is dependent on the inflow of infected birds from other regions.
Conclusion: Mallard exhibited the highest transmission rate among the species studied. Migration
was suggested to be a key factor of the global prevalence of avian influenza, as transmission is
locally sustainable only in the northern hemisphere, and the virus would be extinct in Oceania
region without migration.
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ABSTRACT
The joint disease osteoarthritis (OA) leads to damage of cartilage and bone, and results in painful
and immobile joints. Until now the knowledge about pathways involved in OA and their cross-talk
mechanisms is limited [3, 4, 5]. Thus, only a symptomatic treatment of the disease is applicable.
Additionally, the mainly used in vivo animal models in rheumatologic therapy research often are
difficult to be transferred adequately to the human organism.
So far, there does not exist an appropriate model which is able to simulate an inflamed arthritic
joint including all signaling molecules, cells and tissue types. Therefore, we investigate an in vitro
and in silico model for OA based on current modeling approaches as in [1, 2].
We describe the biological processes by differential equations considering, e.g., the change of chondrocytes, collagen II and interleukin-1 over time, and estimate model parameters such as apoptosis
or production rates. Optimal parameter values are determined by minimizing the difference between the in silico model data and the in vitro observations in terms of a nonlinear least squares
problem.
The integration of collected data into the mathematical in silico model also allows for refining
the in vitro model. By combining the methods used in biological developmental research and
those used in mathematical systems biology we aim at developing a valid, efficient and attractive
alternative to animal experiments in the arthritis research.
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ABSTRACT
In this work we present a model related to the dynamics and the size structure of water droplets,
through the analysis of a system of two differential equations.
The first equation, a PDE, gives the density of droplets of size x at time t, through the description
of the coagulation and fragmentation processes involved, modelled by Smoluchowski continuous
equation, and the growth of the droplets.
The growth rate of those droplets is assumed to depend on the vapour concentration, described
by the second equation of the system and obtained by the conservation mass law.
This model is treat as a structured population model, so that we could rewrite our system of
equation trough a differential delay equation (DDE).
Consequently, we use the tools avaiable to study the asympothic behaviour and the stability of
the equilibria of this system of equations to conclude results regarding our initial model.
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ABSTRACT
There is an increasing interest on the application of the tools of nonlinear mathematical models to
biology and medicine. In the specific field of cancer modelling such interest has grown exponentially
recently. A number of nonlinear phenomena such as biological processes are described by the
interplay of reaction and diffusion, or by the interaction between convection and diffusion. The wellknown partial differential equation which governs a wide variety of these phenomena is the BurgersFisher equation. The diffusion processes, however, get significantly modified when the memory
effects are taken into account, i.e., when the dispersal of the particles is not mutually independent.
This implies that the correlation between the successive movements of the diffusing particles may
be understood as a delay in the flux for a given concentration gradient. Thus existence of timedelay is an important feature in convection- diffusion systems. It is interesting to point out that a
well-known generalization of the Burgers-Fisher equation is the generalized time-delayed BurgersFisher equation. In this work we give a complete classification of low-order conservation laws
for this generalized time-delayed Burgers-Fisher equation with arbitrary functions that includes
p-power nonlinearities. We also consider exact solutions obtained by double reduction method
Acknowledgements: We warmly acknowledge the research project PR216-097 from Cádiz University and EMCTB-2018 organizers .

References
[1] M. Rosa, J.C. Camacho, M.S. Bruzón, M.L. Gandarias. (2017). Classical and potential symmetries
for a generalized Fisher equation, Journal of Computational and Applied Mathematics 318, 1811899.
[2] M. Rosa, M.S. Bruzón, M.L. Gandarias. (2015) Symmetry Analysis and exact solutions for a
generalized Fisher equation in cylindrical coordinates., Comunications in Nonlinear Science and
Numerical Simulation. 25, 74-83.
[3] M.L. Gandarias, M.S. Bruzón, M. Rosa.(2012) Nonlinear self-adjointness and conservation laws
for a generalized Fisher equation. Communications in Nonlinear Science and Numerical Simulation.
18, 1600–1606.
756

[4] K. R. Swanson, C.Bridgea, J.D. Murray, C. Ellsworth and Jr. Alvord,(2003) Virtual and real
brain tumors: using mathematical modeling to quantify glioma growth and invasion Journal of the
Neurological Sciences 216, 1–10.

757

Tuesday, July 24th, 17:00

Room: Atrium

POSTER
MODELLING THE COLLECTIVE MIGRATION OF
NEURAL CREST CELLS
Rasa Giniunaite
rasa.giniunaite@maths.ox.ac.uk
Mathematical Institute, Andrew Wiles Building, University of Oxford, Radcliffe Observatory Quarter,
Woodstock Rd, Oxford OX2 6GG, UK
Joint work with Ruth E. Baker (University of Oxford), Philip K. Maini (University of Oxford) and
Martin Robinson (University of Oxford).
Keywords: Collective cell migration, Neural crest cells, Aboria.
ABSTRACT
Collective neural crest (NC) cell migration determines the formation of peripheral tissues during
vertebrate development. If NC cells fail to reach a target or populate an incorrect location,
improper cell differentiation or uncontrolled cell proliferation can occur. Therefore, knowledge
of embryonic cell migration is important for understanding birth defects and tumour formation.
However, the response of NC cells to different stimuli, and their ability to migrate to distant targets,
are still poorly understood. Recently, experimental and computational studies have provided
evidence that there are at least two subpopulations of NC cells, namely “leading” and “trailing”
cells, with potential further differentiation between the cells in these subpopulations [1,2]. The
main difference between these two cell types is the mechanism driving motility and invasion: the
leaders follow the gradient of a chemoattractant, while the trailing cells follow “gradients” of the
leaders. The precise mechanisms underlying these leader-follower interactions are still unclear.
We develop and apply innovative multi-scale modelling frameworks to analyse signalling effects
on NC cell dynamics. We consider different potential scenarios and investigate them using an
individual-based model for the cell motility and reaction-diffusion model to describe chemoattractant dynamics. More specifically, we use a discrete self-propelled particle model [3] to capture
the interactions between the cells and incorporate volume exclusion. Streaming migration is represented using an off-lattice model to generate realistic cell arrangements and incorporate nonlinear behaviour of the system, for example the co-attraction between cells at various distances.
The simulations are performed using Aboria, which is a C++ library for the implementation of
particle-based numerical methods [4]. The source of chemoattractant, the characteristics of domain
growth, and types of boundary conditions are some other important factors that affect migration.
We present results on how robust/sensitive cells invasion is to these key biological processes and
suggest further avenues of experimental research.
Acknowledgements: The authors gratefully acknowledge the importance of insights from experimental results provided by Dr. Paul Kulesa and Dr. Rebecca McLennan. This work is supported
by the Engineering and Physical Sciences Research Council.
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ABSTRACT
Bacterial heterogeneity has been increasingly recognized as a major factor in the failure of antibiotic treatment. However, to fully account for it and understand its role in treatment dynamics,
one fundamental challenge remains to quantify the relationship between the phenotypic population
structure of bacteria, their net growth dynamics, and antibiotic concentrations. Here, I present a
modeling framework that accounts for population structure of bacteria undergoing antibiotic treatment at different doses. By fitting this dynamic model to time-kill experimental curves of E.coli
populations exposed to five classes of antibiotics in vitro, I infer and parametrize the underlying
phenotypic heterogeneity of the bacterial populations, while exploiting the full information in the
temporal data. Expanding the classical pharmacodynamic function description, requires a shift in
perspective from treating the bacterial populations as a homogeneous entity, to describing bacterial
subpopulations bearing differential fitness and antibiotic susceptibilities. Using simulations of antibiotic treatment in-vivo, under homogeneous and heterogeneous model formulations, I compare
microbiological efficacy in a more realistic scenario with pharmaco-kinetics. The results highlight
that accounting for phenotypic population structure of bacteria can alter drastically the predictions
for therapeutic outcomes, and potentially unlock new diagnostics and better intervention.

760

Monday, July 23rd, 17:20

Room: Atrium

POSTER
FORBIDDEN YET OBSERVED CLUSTERING IN
ENSEMBLES OF REPULSIVELY COUPLED PHASE
OSCILLATORS SUBJECT TO COMMON NOISE
Chen Chris Gong
cgong@uni-potsdam.de
University of Potsdam, Germany
Joint work with Zheng Chunming (University of Potsdam, Germany), Ralf Toenjes (University of
Potsdam, Germany) and Arkady Pikovsky (University of Potsdam, Germany).
Keywords: Oscillatory Dynamics, Nonlinear Dynamics, Self-organization.
ABSTRACT
We consider the interaction of an ensemble of limit-cycle oscillators with nonlinear sinusoidal, allto-all repulsive coupling and identical natural frequencies, which experience common multiplicative noise, as in the model proposed by Gil, Kuramoto and Mikhailov to model Stuart-Landau
oscillators with additive noise in the complex plane[1]. We find the result of their paper to be
in contradition with known mathematical theory introduced by Watanabe and Strogatz[2]. The
multi-cluster steady states which were found by Gil et al. as induced by common noise are in fact
unstable and only may become stable when numerical errors are large. The clustering is a result
of the numerical integration that destroys the Moebius group action which the system’s dynamics
preserves. We demostrate the scaling law for the clustering effect by numerical integration at various time steps, and demonstrated via solving Fokker Planck equation and via simulation that two
unequal-sized cluster state is always unstable. Clustering can be observed howevever in real-world
oscillator model such as Van der Pol resulting from the inclusion of higher harmonic coupling.
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ABSTRACT
A striking artifact of collective behavior among social insects is their ability to cooperate to form
living structures. A particularly interesting example of this is the construction of ‘living bridges’
by New World army ants. The ants use these bridges to shorten their foraging trails and the
phenomenon provides a unique example of a collective behavior where costs and benefits have
been experimentally measured and related to each other. As a result, it is possible to make
quantitative predictions about when and how the behavior will be observed. In this poster, we
present a mathematical procedure for analyzing the optimal formation, and final configuration, of
army ant living bridges given a means to express the geometrical configuration of foraging path
obstructions. We describe how using this procedure allows us to derive experimentally testable
predictions of the final bridge position, as well as the optimal formation process for certain cases,
for a wide range of scenarios, which more closely resemble common terrain obstacles that ants
encounter in nature.
Acknowledgements: Thanks to Albert Kao and Dylana Wilhelm for collaborating the work that
is presented in this poster.
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ABSTRACT
Accurate identification of BPS is crucial for understanding the splicing mechanism and spliceosome assembly, and for screening mutations that cause aberrant splicing. In yeast, BPS is a
nearly invariant UACUAAC motif perfectly complementary to the GUAGUA motif in U2 snRNP
. Although research effort has been made in BPS prediction using consensus sequence in silico
identification of human BPS are still challenging due to the short and degenerate human BPSs,
the limited number of experimentally verified introns, and the variable locations of BPSs in the intron. In this work, a computational model was proposed for improved prediction of human branch
point sequence (BPS) with TNA structure, the most common BPS motif. Associating with the
order one Markov model and binding energy of BPS-U2 snRNP, a new scoring scheme was used
to quantify the splicing strength of putative BPS. A shortened AG-dinucleotide exclusion zone
(AGEZ) was defined to restrict the BPS search in a shorter scope to avoid the possible influences
of other elements in the intron. The efficacy of this new model was demonstrated using both
experimentally verified human introns and sequencing data. In addition, a genome-wide human
BPS prediction was carried out using the proposed model. A webserver was made available to
public at http://biocomputer.bio.cuhk.edu.hk/BPS TNA.
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ABSTRACT
Tumour recurrence post chemotherapy is an established clinical problem and cancers are often observed as increasingly drug resistant subsequent to chemotherapy treatments. In many cases it has
been observed that cancer cells have the ability to posses, acquire and communicate drug resistant
traits, enabling them to survive in the presence of chemotherapeutic drugs. The existence of drug
resistant phenotypes in cancer cell populations significantly impacts the efficacy and successfulness
of chemotherapy treatments.
We have developed an in silico framework that can simulate tumours hosting drug resistant cancer cells. The framework is based on a multiscale mathematical model, specifically a cellular
automaton incorporating tumour heterogeneity and extracellular, intracellular and intercellular
dynamics. Our results show that drug response in cancer cell populations is crucially dependent
on drug resistant traits amongst the cells. Sub-optimal chemotherapy administration may promote drug resistance and by extension reinforce and strengthen tumours. Thus, in accordance
with Nietzschean philosophy, what does not kill a tumour may indeed make it stronger.
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ABSTRACT
Many biological populations experience a logistic growth, that is, the population per capita growth
rate decreases as the population size approaches a maximum imposed by limited resources in the
environment, known as the carrying capacity.
We consider a continuous-time stochastic birth-and-death model with population-size dependent
parameters and with a carrying capacity. We assume that the population is observed at discrete
times, and we propose an approximation method to estimate the model parameters (i.e. the birth
and death rates, and the carrying capacity). Our approach is based on the maximum likelihood
inference of some embedded piecewise linear-fractional Galton-Watson branching processes. We
apply our techniques to estimate the carrying capacity of the Chatham Island black robin population, an endangered bird species which was saved from the brink of extinction in the 1980s.
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ABSTRACT
The winemaking industry is facing various challenges due to new trends in consumer preferences,
increased concerns on the effects of alcohol consumption on health and road safety and the impact
of global climate change on grape ripening and wine composition.
Yeasts have an essential role in reducing wine alcohol levels and/or astringency and improving
the aroma profile. In this context, the modern wine industry uses specific yeasts to inoculate
grape must. This approach allows not only controlling the fermentation but reducing the risk
of contamination and increasing the reproducibility of particular characteristics. Fermentations
typically operate in batch or fed-batch. In such fermentations, a dynamic interaction occurs
between yeasts metabolism and the environment. As the operations evolve complex combinations
of stresses affect the dynamics of the biomass itself as well as the yields of the different products
(ethanol, glycerol, acetate, aromas, etc.).
A multi-scale mathematical modelling of the process brings the possibility of understanding the
evolution of yeast metabolism in a time-varying environment, comparing the fermentation performance of several species under different environmental conditions (must composition, temperature)
and, eventually, designing optimal processes.
Sainz et al. [1] proposed the idea of combining kinetic models with stoichiometric modelling to
explain wine fermentation by Saccharomyces cerevisiae under nitrogen starvation. The model,
which included around 40 reactions, was able to describe fermentation profiles qualitatively. To
improve the quality of predictions, Vargas et al. [4] expanded the metabolic model to genome-scale,
in what the authors called the idFV715 model, which includes 1181 metabolic reactions comprising
590 components.
In this work, we propose using a similar approach to describe wine fermentation by a commercial
yeast wine strain. We combine a kinetic model with the YEAST 5 genome-scale metabolic model
[5] within a parameter identification and a dynamic flux balance analysis framework [3, 2] to
explain wine fermentation by S. cerevisiae T73 wine yeast.
The proposed model effectively describes yeast population growth and decay and various extracellular metabolites measured by high-performance liquid chromatography. Not only are we able
to explain the formation/consumption of the main extracellular compounds such as glucose, fructose, ethanol, glycerol, succinate, lactate and acetate at 25 ◦C but more notably we also address
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the quantification and modelling of amino-acid consumption and aromatic compound production.
The measurement of such a large number of extracellular metabolites allows the incorporation of
relevant dynamic constraints on the genome-scale metabolic model.
In addition to that, we are also able to explain the physiological states of the involved yeast
subpopulations, i.e. we account for the progression of cells through the life cycle, and we distinguish
among non-viable cells, viable culturable cells and viable non-culturable cells which can ferment.
Herewith we illustrate that the combination of micro-vinification experiments with high-performance
liquid chromatography and multi-scale modelling has the potential to serve as a powerful tool in
understanding the metabolic idiosyncrasies of particular wine strains and species currently used
in the wine industry. We aim to apply this strategy to other non-conventional yeast species to
explore their metabolic differences in wine fermentation.
Acknowledgements: This project has received funding from the Spanish government (MINECO)
and the European Regional Development Fund (ERDF) through the projects “IMPROWINE”
(grant numbers AGL2015-67504-C3-1-R; AGL2015-67504-C3-2-R) to AQ and EBC. RM was supported by a FPI grant from the Ministerio de Economı́a y Competitividad, Spain (grant number
AGL2015-67504-C3-1-R).
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ABSTRACT
It is well known that some species of bats use echolocation when they fly in the air [1]. They
get the information of surroundings by emitting ultrasonic waves from their mouth or nose and
listening to echoes by their two ears. The amount of information in such process seems to be much
less than the information in vision in which we get time sequence of 2 dimensional images. Despite
of this, bats can not only fly in the completely dark cave but also hunt flying insects [2]. Our goal
is to understand how such high performance of bats is achieved using echolocation.
In this paper, we focus on the obstacle avoidance flight of bats. We, at first, discuss how bats
detect the position of obstacles using information of echoes, and propose a mathematical model
for the realtime flight path planning.
We show that the ”ratio” between the acoustic pressures on the left and right ears delivers sufficient
information to detect the orientation of obstacle. Combined with time interval between emitting
ultrasonic sound and receiving its echoes, bats can detect the position of obstacle with an accuracy
which depends on the orientation. The actual bats shoot ultrasound pulses in the direction of flight
and the direction of the nearest obstacle [3]. It is shown double (and triple) pulse emission is a
good strategy to improve the accuracy of position of obstacle, especially dangerous one.
A mathematical model for realtime flight path planning is proposed by defining a risk function
which include short time memory. Combined with double pulse emission strategy, in silico bat can
safely fly in the room with several obstacles. In a real world, there are so many echoes other than
the direct echo, for example, echoes from walls, ground and corners, thus bats must make a choice
of echoes. Inspired by this fact, we further propose an information reduction strategy, in which
only a small number of selected information is used to calculate the risk function. In silico bat also
can safely fly in the room with obstacles even if the information reduction is drastic. We are trying
to employ this information reduction strategy for the flight path planning of ”echolocating drone”
which can fly in the non-GPS environment. Such a mathematical and engineering approach will
provide new perspective regarding robust acoustic sensing employed by bats.
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ABSTRACT
Hematopoietic system is maintained by hematopoietic stem cells (HSCs) with dual abilities of
long-term self-renewal and differentiation to all types of blood cells. Recently, using a single-cell
transplantation system and mice expressing a fluorescent protein, myeloid-restricted progenitors
with long-term repopulating activity (MyRPs) were found. Moreover, by using paired daughter
cell assay, MyRPs were directly differentiated from HSCs [1].
In this study, we investigated hematopoietic system incorporating the novel insight that there
existed a cell type that exclusively differentiated to myeloid lineages. There were four types of
populations in the model: (i) HSCs, (ii) MyRPs, (iii) progenitors, and (iv) differentiated cells.
Differentiated cells includes B cell and T cell which are lymphoid cells and platelet, erythrocyte
and neutrophil/monocyte as myeloid cells. Myeloid progenitors were produced via two ways, from
HSCs directly and via MyRP (myeloid bypass), after transplantation of a single HSC, while lymphoid progenitors were produced from only HSCs directly. This is the first study of investigating
hematopoiesis with MyRPs.
We estimated some parameters which were growth rate, production rate and death rate using full
data set of single-cell transplantation. From the result of data analysis, we will discuss the role of
myeloid bypass after transplantation and the change of heterogeneity of HSC population with age.
Acknowledgements: This work is supported in part by SEI group CSR foundation.
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ABSTRACT
Most eukaryotic cells encode the machinery to undergo two types of cell division: mitosis and
meiosis. Although both types of division differ in fundamental aspects, they are controlled by
oscillations in the activities of cyclin-dependent kinase (Cdk1) and anaphase-promoting complex/cyclosome (APC/C). These regulators are complemented by a large number of proteins to
form a complex regulatory network that directs the production of healthy daughter cells. In mitosis, Cdk1 and APC/C form a cyclical system whereby each cycle re-creates the starting conditions
for the next one. As a result, chromosome duplication during S-phase alternates with chromosome
segregation during M-phase. By contrast, meiosis is a linear pathway consisting of a single S-phase
followed by two consecutive M-phases (meiosis I and –II) and a differentiation program dedicated
to the generation of haploid gametes or spores.
It is unclear how the mitotic cell cycle engine is modified to regulate meiosis and how meiotic cells
orchestrate exactly two divisions. Thus, I combine mathematical modelling with experimental
studies on budding yeast to decipher how the meiotic cell cycle machinery regulates the transition
from meiosis I to meiosis II and how it triggers an irreversible exit from M-phase after completing
the second division. My aim is to generate first mathematical model of the entire meiosis in yeast,
which might be applicable, eventually, also to meiosis in mammals.
I use biochemical approaches and quantitative live-imaging to map the interactions between regulatory proteins and to derive the parameters that quantify these interactions. This network is
then translated into a set of differential equations, which can be solved numerically to depict the
dynamics of the activities of various regulators at different stages of meiosis. The model is refined
by studying both in vivo and in silico mutants that perturb the regulatory system in a predictable
manner.
To generate a model for the entire meiosis, I have supplemented current model of the entry into
meiosis I [1] with a mitotic Cdk1-APC/C oscillator [2, 3] and a hypothetical terminator mechanism
that stops the oscillator at exit from meiosis II. This terminator consists of a meiosis I-specific
mechanism that unleashes the irreversible inactivation of M-phase regulators at the second wave
of APC/C activity, thereby preventing cells from undergoing an additional division. Currently, I
am investigating the unique mechanisms that govern exit from meiosis II in order to replace the
hypothetical terminator with its biological counterpart.
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ABSTRACT
We present an R-package, stagePop, which is a tool for predicting the deterministic dynamics
and interactions of stage-structured populations (i.e. where the life cycle consists of distinct
stages, for example eggs, juveniles and reproductive adults). The continuous-time formulation
enables stagePop to easily simulate time-varying stage durations, overlapping generations and
density-dependent vital rates. The package can be used to predict predator–prey interactions,
host–parasitoid interactions, resource competition, intra-specific competition and the effects of
environmental change on stage-structured (and non-stage structured) species. It can be used for
predicting the effects of bio-control and climate change, investigating mechanisms for maintaining
diversity, predicting the dynamics of complex food webs following perturbation and so on. The
code is based on the formulation by Nisbet and Gurney [1] using delay-differential equations, which
are solved using the R-packages deSolve or PBSddesolve.
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ABSTRACT
Circadian (24 h) clocks are self-sustained endogenous oscillators with which organisms keep track of
time. Circadian clocks rely on interlocked transcriptional-translational feedback loops to generate
rhythms. To investigate the dynamics and mechanisms of the intracellular feedback loops in
circadian clocks, a number of mathematical models have been developed. The majority of the
models use Hill functions to describe transcriptional repression in a way that is similar to the
Goodwin model. Recently, a new class of models with protein sequestration-based repression has
been introduced. Here, we discuss how this new class of models differs dramatically from those
based on Hill-type repression in several fundamental aspects: conditions for rhythm generation,
robust network designs and the periods of coupled oscillators. Consistently, these fundamental
properties of circadian clocks also differ among organisms depending on their key transcriptional
repression mechanisms: Hill-type repression or protein sequestration.
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ABSTRACT
Ecological and evolutionary dynamics can be strongly affected by population assortment. It is
often difficult to identify the key drivers of these dynamics. A particular challenge is to disentangle global ecological effects from local, often frequency-dependent, effects. Here we implement
a logistic growth and death model on the global scale, coupled to frequency-dependent growth
rates influenced by a public goods game between cooperators and free-riders. For each individual, the public good is only effective within a neighborhood, and the public good–growth rate
relationship can be nonlinear. At low numbers of cooperators, increases of public good accumulate synergistically; at high numbers, they provide diminishing returns. We observed remarkably
non-linear responses in the evolutionary dynamics’ equilibria, determined by the relative magnitude of frequency-dependent to constant (background) growth benefits in the population. We
predicted neighborhood-size-driven state changes, hysteresis between polymorphic and monomorphic equilibria, and observed that type-dependent differences in neighborhood sizes can destabilize
monomorphic cooperative states but increase coexistence of producers and free-riders. Stochastic
neighborhood size fluctuations also led to stable coexistence and could stabilize the purely cooperative equilibrium. Our results highlight and quantify the role of assortment through neighborhoodsize effects and nonlinearity of the gains function in eco-evolutionary public goods games.
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ABSTRACT
Advances of theoretical statistical physics allows us to access thermodynamic informations from
non-equilibrium meso-scopic systems with appreciable fluctuations. The celebrated Jarzynski
equality relates the free energy difference between two equilibrium states to the work during nonequilibrium process. We consider a model bio-filament of which some excited states can be triggered by mechanical force. The pulling-releasing loops show hysteresis and the work distributions
at intermediate extension have large (not simple gaussian) fluctuations. Using Jarzynski relations,
we estimate the free energies for the filament for given extension. This result is compared with
another numerical estimate of free energy by Wang-Landau method.
Acknowledgements: Our work is supported by National Research Foundation grants provided
by Korean government NRF-2017R1A2B4010632

776

Tuesday, July 24th, 17:00

Room: Atrium

POSTER
APPLYING OF BIOINFORMATICS APPROACHES TO
THE ANALYSIS FOR ENZYMATIC SYSTEMS OF
HEMATOPHAGOUS
Dmitry Konstantinov
konstantinov@bionet.nsc.ru
Laboratory of Evolutionary Bioinformatics and Theoretical Genetics, Institute of Cytology and
Genetics SB RAS, Prospekt Lavrentyeva 10, Novosibirsk, Russia and Novosibirsk State University,
Pirogova 2, Novosibirsk, Russia
Joint work with Lvova Maria (Laboratory of molecular mechanisms of pathological processes,
Institute of Cytology and Genetics SB RAS, Novosibirsk, Russian Federation,), Doroshkov Alexey
(Laboratory of Evolutionary Bioinformatics and Theoretical Genetics, Institute of Cytology and
Genetics SB RAS, Novosibirsk, Russia, Novosibirsk State University, Novosibirsk, Russia)
Keywords: heme, antioxidant system, helminths, evolution.
ABSTRACT
Endoparasitic invertebrate animals have a specific adaptations in body morphology and biochemistry. The host’s internal environment is often aggressive for the parasite. This is due to activity
of immune cells (they produce reactive oxygene species), and chemical conditions (pH, etc.). As a
result, endoparasites evolved to develop antioxidant protection system.
When considering invertebrate parasites special attention should be given to parasites-hematophagous.
They are widespread and harmful for animals including humans (schistosomiasis, opisthorchiasis,
etc.). The development of antihelminth drugs is more difficult than against viruses and bacteria. This is because with a greater similarity in the biochemistry of the parasite and host cells
which causes many side effects. The identification of differences in the molecular-genetic and biochemical pathways between the parasite and the host is the key problem to developing the most
specific antihelminthic drugs. One of perspective difference reveales for hematophagous parasites
are forced to utilize toxic blood components including a lot of iron and heme derivatives. These
enzymatic systems of many parasites may be targets for therapy. The automatic annotation is
complicated due to the large evolutionary distances between model organisms (such as C. elegance
and S. mediterranea) and the most important human hematophagous helminths (schistosomes,
opisthores, etc.).
In our report, we present a comprehensive study of the molecular evolution of genes encoding
enzymes of biosynthesis and heme degradation, as well as antioxidant systems of hematophagous
helminths. The main focus is on such types of harmful species for humans as S. mansoni O. viverrini, H. robusta, N. Americanus. Based on the data on model organisms, a set of homologous
sequences was formed for each evolutionary line (flatworms, roundworms and vertebrata as an
outgroup). Then a large-scale search for homologues was conducted. For each sample set was
conducted a domain compositions and protein secondary structure comparative analysis. During molecular phylogeny reconstruction orthologues and paralogues relationships, as well as the
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functional correspondence between proteins were identified. Complete set of heme biosynthesis
genes identified in Flatworms, this is probably related to the fact that part of the lifecycle of
the species conducts in the external environment. At the same time a number of differences in
protein structure were revealed, for example, the difference in the domain composition of proteins
catalyzing the reaction of the formation of 5-aminolevulinic acid from glycine and succinyl-CoA
suggests a different protein localization in the cell. Differences in the set of genes responsible for
the synthesis of components of antioxidant systems, as well as genes of enzymes responsible for
heme degradation, have been revealed, indicating significant differences in the organization of these
systems between free-living and parasitic organisms. The obtained data allows us to define targets
for further development of modern methods of control of helminths.
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ABSTRACT
Standard combination chemotherapy in high-grade serous ovarian cancer (HGSOC) includes a platinum agent and taxane. However, despite the high rate of initial response to primary therapy, the
vast majority of patients develop resistance to platinum which is the main cause of relapse. Several
mechanisms contribute to platinum resistance, therefore platinum resistance is complex and multifactorial process. Among others, there are the following resistance mechanisms: reduced intake
or increased efflux leading to reduced platinum bioavailability in a cell, DNA repair mechanisms
that overcome platinum–induced DNA adducts, and dysfunctional apoptosis machinery. Thus,
targeting a single resistance mechanism might not lead to a good clinical outcome. Therefore,
system biology approach is required in the effort to overcome platinum resistance.
We developed a mathematical framework which integrates clinical data together with a mathematical model for finding effective treatment interventions for ovarian cancer patients. The herein
established mathematical model is based on assumption that resistance to platinum is complex and
multifactorial. Thus, we model the growth and the evolution of ovarian cancer tumor as stochastic multipletype branching process model. Importantly, we have used comprehensive pre- and
post-operative clinical data, including high-resolution 18F-fluorodeoxyglucose positron emission
tomography/computed tomography images, from an HGSOC patient cohort. This allows accurate
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calibration of the model parameters, which ensures that the model is able to capture clinical course
of HGSOC patients. In addition, we use TCGA data to validate our model. This enables to use
the mathematical model in simulating “virtual HGSOC patients” that undergo standard-of-care
(SOC) therapy.
Simulation of a cohort of virtual ovarian cancer patients shows almost identical treatment responses
with calibration and validation HGSOC cohorts that together contain data from 105 HGSOC
patients. The ability to create in silico HGSOC patients whose responses correspond to real-life
HGSOC cohorts was supported statistically by the Kolmogorov-Smirnov test. As our model can
capture the heterogeneous responses of individual HGSOC patients, we used it to evaluate the
added value of combining novel targeted therapies to the current SOC therapy. Our results show
that two resistance mechanisms need to be targeted simultaneously to gain significant survival
advance in HGSOC patients.
The herein introduced mathematical framework enables creating virtual patient cohorts that capture the response variation in real-life patient cohorts. This allows for the rapid and reliable
estimate of the added value of the novel therapy in comparison to SOC therapy to optimize the
clinical trial design. Here we focused on overcoming platinum resistance in HGSOC and our results
show substantial added value of combining two drugs with SOC.
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ABSTRACT
Some bacterial communities have the capability to organize themselves into biofilms. These bacteria can agglomerate and bind to an external matrix that they secrete to form macroscopic
structures, called biofilms, which confer to the overall bacterial community a high resistance to
external mechanical and biochemical constraints. The biofilm formation generates significant inconveniences in a large number of industrial applications: proposing more efficient, less expensive
and environmentally friendly procedures to remove them is therefore an important research area.
We aim to assess the efficiency of bacterial swimmers to improve the penetration of antibacterial
substances into biofilms. The diffusion of these biochemical compounds is limited by the dense
structure of bacteria and by its fixation on the bacterial membranes. Bacterial swimmers can
modify locally the structure of the biofilm, creating rifts into the dense structure of the biofilm,
which can promote the biocide diffusion.
We developped a reaction-diffusion model of the biochemical compound propagation into the
biofilm, coupled with a random-walk model of the bacterial swimmers. The local diffusion tensor is
dynamically modified by the passage of a swimmer. The viscoelastic properties of the biofilm close
the rifts after a latency period: this mechanism is modelled in a phenomenological way by gradually assigning back to the local diffusion tensor its original value. The different model parameters
– diffusion tensor, compound consumption by reaction, random walk, latency period – are inferred
with 4D images of biofilms, bacterial swimmers and compound diffusion. A homogenization step
is used to speed up the inference process of the reaction-diffusion model.

781

Monday, July 23rd, 17:20

Room: Atrium

POSTER
MODELLING THE INTERACTIONS BETWEEN
MACROPHAGES AND BACTERIA IN
MYCOBACTERIUM TUBERCULOSIS INFECTIONS
Cameron Lack
c.lack@warwick.ac.uk
University of Warwick
Joint work with Matt Keeling (University of Warwick), Ian Hall (University of Manchester) and
Chiara Toniolo (Swiss Federal Institute of Technology).
Keywords: tuberculosis, within-host, macrophage, mycobacterium.
ABSTRACT
Tuberculosis (TB) is a globally endemic disease, caused by the bacterium Mycobacterium tuberculosis (Mtb), which is thought to affect up to a third of the global population. Only about 10%
of people will exhibit the active form of the disease: being both symptomatic and infectious. The
remaining 90% exhibit the latent form of the disease: being neither symptomatic nor infectious. A
person with latent TB can go decades without ever knowing they are infected, but they do carry
the risk of developing active TB later in life. An understanding of the development of active vs
latent TB requires a quantitative description of the within-host dynamics.
The first line of immune defence against Mtb infection is represented by alveolar macrophages that
internalize the bacteria and activate a variety of mechanisms to eliminate them. However, Mtb is
very well adapted to surviving inside the macrophages, replicating and evading the host immune
system. The dynamics of the equilibrium between the host (macrophages) and the pathogen
determines the outcome of the infection.
We are trying to model this equilibrium using data collected from co-cultures of Mtb and macrophages.
We track single infected macrophages over time and monitor their viability, their ability to divide,
and to uptake further bacteria. Moreover, we measure how intra- and extra-cellular bacteria grow
over time. By calculating and fitting various parameters to the data we try to recreate these cell
lines using a stochastic model.
We use this model to investigate the interactions that lead to either latent or active disease and
the effects that different conditions have on these interactions. By analysing the response of the
bacteria and macrophages to perturbations of parameters reflecting conditions such as potential
treatments, it may be possible to increase the probability of an infection resulting in latent disease
and thus eliminating tuberculosis transmission.
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ABSTRACT
The gut microbiota is engaged in a complex dialogue with the large intestinal epithelium through
which important regulatory processes for the health and well-being of the host take place. Imbalances of the microbial populations, called dysbiosis, are related to several pathological status,
emphasizing the importance of understanding the gut bacterial ecology. Among the ecological
drivers of the microbiota, the spatial structure of the gut is of special interest: spatio-temporal
mechanisms can lead to the constitution of spatial interactions among the bacterial populations
and of environmental niches that impact the overall colonization of the gut. In the present study,
we introduce a PDE model of the gut microbiota in its fluid environment, based on the explicit
coupling of a population dynamics model of microbial populations involved in fibre degradation
with a fluid dynamics model of the gut content. This modelling framework is used to study the
main drivers of the spatial structure of the microbiota, specially focusing on the dietary fibres, the
epithelial motility, the microbial active swimming and viscosity gradients in the digestive tract. We
found that 1) the viscosity gradients allow the creation of favourable niches in the vicinity of the
mucus layer; 2) very low microbial active swimming in the radial direction is enough to promote
bacterial growth, which shed a new light on microbial motility in the gut; 3) dietary fibres are the
main driver of the spatial structure of the microbiota in the transverse and distal bowel, whereas
epithelial motility is preponderant for the colonization of the proximal colon.
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ABSTRACT
Among carnivorous plants, the Venus flytrap is of particular interest for the rapid movement of
its snap–traps and hypothesised prey selection, where small prey are allowed to escape from the
traps. In this paper, we provide the first mathematical cost–benefit model for carnivory in the
Venus flytrap. Specifically, we analyse the dynamics of prey capture; the costs and benefits of
capturing and digesting its prey; and optimisation of trap size and prey selection. We fit the
model to available data, making predictions regarding trap behaviour. In particular, we predict
that non–prey sources, such as raindrops or wind, cause a large proportion of trap closures; only
few trap closures result in a meal; most of the captured prey are allowed to escape; the closure
mechanism of a trap is triggered about once every two days; and a trap has to wait more than
a month for a meal. We also find that prey capture of traps of the Venus flytrap follows the
Beddington–DeAngelis functional response. These predictions indicate that the Venus flytrap is
highly selective in its prey capture.
Acknowledgements: This research was funded by the Academy of Finland, Centre of Excellence
in Analysis and Dynamics Research.
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ABSTRACT
Tumor heterogeneity is a pivotal factor for the evolution of the disease. We can distinguish the
intrinsic, e.g. genotypic, and phenotypic heterogeneity. The present work attempts to asses the
contribution of both on tumor development. In particular, we employ a well-known model of phenotypic plasticity for glioma tumors, the so-called Go or Grow model. REcently, we found out that
the switching behavior is critical to the fate of the tumor by introducing an Allee effect. To model
the intrinsic heterogeneity, we introduce a noisy parameter that models the intensity of switching
between motile and proliferative phenotypes. In turn,we study the effect of noise intensity, by applying different mathematical tools on the resulting stochastic differential equation. In conclusion,
for small intensity of the noise, the possible predictions are not far from the deterministic case.
However for high noises the Allee effect disappears and the tumor growth dynamics are dominant.
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ABSTRACT
We applied the unweighted pair group method with arithmetic mean (UPGMA), a hierarchical
clustering method commonly used in ecology, bioinformatics and phylogenetics, to construct a
phylogenetic tree of Greater Central Philippine languages. To more accurately capture the distance
between languages, we formulated a metric that takes into account the phonetic features of a word.
We obtained first-hand the phonetic features of each word in a list of some 200 words, storing
each as a vector. The well-known Levenshtein distance was then modified by specifying weights on
linguistic features, taking note of these four groups of phonetic features: vowel, nasal, liquids, and
stops and fricatives. The computed distances between words were normalized and summed up to
obtain the distance between languages. These matrix of distances between languages formed the
input to the UPGMA tree-building algorithm.
We first tested this automated language phylogeny to the Bashiic family of Philippine languages.
The generated tree was assessed to be acceptable among linguists specializing in this family of
languages. We are now in the process of finalizing the data-gathering phase so that the method
can be applied to the 54 Greater Central Philippine languages being considered in this study.
Acknowledgements: This work was funded by the Emerging Interdisciplinary Research Grant
of the University of the Philippines System (OVPAA - EIDR Code C05-005).
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Martı́n López-Garcı́a
m.lopezgarcia@leeds.ac.uk
School of Mathematics, University of Leeds, LS2 9JT Leeds, UK
Joint work with N. Sambaturu (Department of Biochemistry, Indian Institute of Science, Bangalore
560012, India), S. Mukherjee (Department of Biochemistry, Indian Institute of Science, Bangalore
560012, India), G.I. Menon (The Institute of Mathematical Sciences, Chennai 600113, India), C.
Molina-Parı́s (School of Mathematics, University of Leeds, LS2 9JT Leeds, UK) and N. Chandra
(Department of Biochemistry, Indian Institute of Science, Bangalore 560012, India).
Keywords: H1N1 influenza, Genetic heterogeneity, Basic reproduction number, Final epidemic size, HLA
class-I genotype.

ABSTRACT
Genetic differences contribute to variations in the immune response mounted by different individuals to a pathogen. Such differential response can influence the spread of infectious disease,
indicating why such diseases impact some populations more than others. Here, we study the impact of population-level genetic heterogeneity on the epidemic spread of different strains of H1N1
influenza. For a population with known HLA class-I allele frequency and for a given H1N1 viral
strain, we classify individuals into sub-populations according to their level of susceptibility to infection. Our core hypothesis is that the susceptibility of a given individual to a disease such as
H1N1 influenza is inversely proportional to the number of high affinity viral epitopes the individual
can present. This number can be extracted from the HLA genetic profile of the individual. We
use ethnicity-specific HLA class-I allele frequency data, together with genome sequences of various
H1N1 viral strains, to obtain susceptibility subpopulations for 61 ethnicities and 81 viral strains
isolated in 2009, as well as 85 strains isolated in other years. We incorporate these data into a
multi-compartment SIR model to analyse the epidemic dynamics for these (ethnicity, viral strain)
epidemic pairs. Our results show that HLA allele profiles which lead to a large spread in individual
susceptibility values can act as a protective barrier against the spread of influenza. We predict
that populations skewed such that a small number of highly susceptible individuals coexist with a
large number of less susceptible ones, should exhibit smaller outbreaks than populations with the
same average susceptibility but distributed more uniformly across individuals. Our model tracks
some well-known qualitative trends of influenza spread worldwide, suggesting that HLA genetic
diversity plays a crucial role in determining the spreading potential of different influenza viral
strains across populations.
Acknowledgements: We thank the Department of Science and Technology (DST) (http://www.dst.gov.in/)
and the Mathematical Biology Initiative (DSTO/PAM/GR-1303) of the Government of India for
funding provided. We also thank the FP7 IRSES Network in Mathematics for Health and Disease
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en.html), for financial support. We gratefully acknowledge the PRISM project at IMSc, Chennai
(12-R& D-IMS-5.02-0201, https://www.imsc.res.in/). MLG acknowledges the support from the
Medical Research Council (www.mrc.ac.uk) through a Skills Development Fellowship (MR/N014855/1).
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ABSTRACT
Aging seems elusive but inevitable for all of us. Reductionist approaches to pinpointing the underlying mechanisms have revealed overwhelming complexities associated with multiple factors
on multiple scales. Nevertheless, our previous experimental study of time-delayed wound healing
assays shows that biological aging at the multicellular level may resemble the physical aging in
glass-like materials in the sense that the wound healing, as a biological analogue to the relaxation
processes, exhibits dynamical scaling as relaxation does in non-equilibrium physical systems [1].
The scaling exponent characterizes the aging rate of the cells at the multicellular level. The slowdown of healing in relation to the waiting time before wound creation was further studied with an
asymmetric reaction-diffusion model and a cell-based model in parallel for searching the control
parameter in analogous to those (e.g. temperature) in physical systems. By scrutinizing the critical
behaviors of two models, we find that the broken symmetry associated with cell cycle regulation
could be the most viable control parameter of the aging at the multicellular level. Like the physical
particles trapped in a local potential well imposed by self-surrounding interactions, cells imposed
by strong intercellular interactions may also be trapped in a local biochemical potential well and
the detailed balance with respect to the cell cycle state is then violated, yielding a nonequilibrium
phase transition of the system at the multicellular level. This theory proposes a non-reductionist
approach to multicellular aging that brings new thinking to the regenerative medicine of tissue,
the anti-aging therapy and the longevity of life.
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ABSTRACT
Augmentative biological control is a crop protection method that relies on the repeated introduction of natural enemies to fight agricultural crop pests. The question of the amount, distribution
and frequency of natural enemies introductions to best suppress the pests is a central issue. Mathematical results were obtained with hybrid population dynamics models. They indicate that the
optimal deployment strategy of natural enemies strongly relies on the presence [4] and sign of
density dependence among the natural enemies population [5, 6, 1], and is also affected by the spatial structure of the environment [3]. To evaluate these theoretical predictions in a more realistic,
stochastic and spatially explicit setting, a stochastic individual based model has been built on the
multi-agent programmable modeling environment Netlogo [7]. Extensive simulatory experiments
were performed to assess the effects of density dependent processes as well as spatial structure
and stochasticity on augmentative biological control performance and variability. In addition to
being used to optimise biological control agents introductions, the model has also been designed
to ease the communication with a non-specialist audience regarding the effects of complex population dynamics processes on augmentative biological control efficacy and optimal natural enemies
deployment strategies. This objective ressembles that of the Webidemics model in plant epidemics
control [2].
Acknowledgements: This research has been funded by the SPE department of INRA, through
the project ABCD.
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ABSTRACT
Bacteria have developed a repertoire of signalling mechanisms that enable adaptive responses to
fluctuating environmental conditions. The formation of biofilm, for example, allows persisting in
times of external stresses, e.g. induced by antibiotics or a lack of nutrients.
In many bacteria biofilm production is tightly regulated by second messengers, such as cyclic diguanine monophosphate (c-di-GMP). C-di-GMP is produced and degraded by multiple diguanylate
cyclases (DGC) and c-di-GMP-specific phosphodiesterases (PDE), respectively. Extremely low
cytosolic pools of c-di-GMP and a high target specificity of some of the aforementioned enzymes
has led to theoretical concepts of ‘local’ c-di-GMP signaling. In Escherichia coli K-12, a single
DGC, DgcC (YaiC), has long been known to be specifically required for biosynthesis of the biofilm
exopolysaccharide cellulose, but the mechanistic basis of this high target specificity has remained
obscure.
We show experimentally that knocking out DgcC eliminates cellulose production, while not affecting the cellular c-di-GMP level. We hypothesize that DgcC, as well as a particular PDE, PdeK,
which is encoded right next to the cellulose operon, directly interact with each other and with the
cellulose synthase subunit BcsB, thus establishing physical proximity between a local source and
sink of c-di-GMP and cellulose synthase.
We develop a reaction-diffusion approach to mathematically probe this hypothesis. The modelling strongly confirms that co-localization of the source-sink-target (DgcC-PdeK-BscA) strongly
increases signalling probability through a localized, yet open source of c-di-GMP right next to
its target BcsA. Moreover, we assess how many c-di-GMP molecules are required in the localized
environment to enable accurate signal transduction, i.e. to guarantee that the target BcsA gets
activated when the local source DgcC is switched ‘on’. We find that short (< 0.1 sec) input signals
(i.e. noise) get filtered out, while only very few (on average < 4) molecules of free c-di-GMP
molecules in the localized environment suffice to accurately transduce incoming signals.
We conclude that rather then compartmentalizing c-di-GMP in a ‘local pool’, the proposed arrangement provides a localized, yet open source of c-di-GMP next to its target. Moreover, this
design allows for efficient transduction of stable input signals, while filtering out noisy, random
fluctuations in the activity of the source, DgcC. The proposed local c-di-GMP signaling could provide a blueprint for target-specific second messenger signaling also in many other bacteria where
multiples of second messenger-producing and degrading enzymes exist.
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ABSTRACT
West Nile virus (WNV) is a flavivirus of emerging public health relevance in Europe, which is
maintained in enzootic cycles between avian reservoir hosts and mosquitoes. Humans are deadend hosts in which infection can induce symptoms from mild flu-like fever to severe neurological
syndromes such as meningitis, encephalitis, and acute flaccid paralysis. An intensified and continuous WNV spread across Northern Italy has been observed since 2008, which caused more than a
hundred reported human infections up until 2016. Veneto is one of the Italian regions where WNV
is considered endemic, and the greatest circulation was observed during 2013 and 2016.
By using entomological data collected across the region in those years, we calibrated a mathematical
model through a Bayesian approach that simulates the WNV infection in an avian population with
seasonal demography, taking also into account the effect of temperature on the virus dynamics.
We considered two alternative routes of introduction of the virus at the beginning of each vector
breeding season: in one the virus is introduced by infected birds, migrating to the study area,
in the other by diapausing mosquitoes which were infected in the previous year. We estimated
biting rate and host-vector ratio by fitting model prediction to the observed WNV infection in the
vector. Afterwards, we computed seasonal risk curves, indicating the likelihood for a human to be
infected during the year, also allowing for a shift in vector feeding preference according to actual
observation.
According to our results, WNV is likely to be introduced each year via already infected mosquitoes,
thus it seems probable that the virus survives through winter in the area and it is not reintroduced
every season from other regions. The highest probability of human infection is expected to occur
in August, consistently with observations.
Our findings might provide new insights on the ecology of WNV in Southern Europe, in particular
regarding its endemism and seasonality. Estimated human infection risk during the season can be
of particular interest for public health authorities, helping them to design efficient surveillance and
prevention strategies.
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ABSTRACT
Nonlinear information processing modules form core building blocks for the functioning and organisation of signalling and biochemical pathways. Examples include monostable and bistable
switches, and different kinds of adaptive and oscillator modules. They are central to understanding cellular function and have been the focus of numerous studies in natural biology, forming a
basis for understanding a variety of processes ranging from signal transduction to cell cycle checkpoints. In addition, such modules have been reconstituted in cell-free systems, and have also been
engineered in synthetic biology, using minimal designs. However, these studies largely focus on
the module in isolation, with no examination of the effects of the ambient network. In systems
biology, there is great interest in understanding how these modules behave as part of a network in
a wide range of contexts. This is of great interest in synthetic biology as well, where the current
wave is precisely in going from synthetic modules to systems.
Understanding how modules function as part of a network presents many challenges - there are
multiple ways of realising a module, and the network may also possess different characteristics.
We have developed a dedicated systems framework, to understand how a module functions as part
of its network environment [1]. As part of this, we focus on different realisations of a module,
examining the module structure, dynamical systems characteristics, and biochemical details of
a module. We examine different information processing characteristics of the network as well.
Working within this framework, we examine different aspects of interactions between a module
and the surrounding network. We perform a comprehensive analysis that reveals the factors that
determine the interaction between a module and its network, its ability to maintain its behaviour
in the presence of interactions, and its ability to interface with other modules. This analysis brings
to the fore, the different aspects of the module, the role of sequestration, and the interaction with
the surrounding network. We discuss a range of insights which emerge in the context of modules
within natural cellular networks, for whole-cell modelling, and for engineering robust synthetic
modules.
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ABSTRACT
The sylvatic yellow fever is an endemic infectious disease in the north, center-west and part of
the north-east regions of Brasil. It infects mosquitoes (e.g. Haemagogus), nonhuman primates
such as howler monkeys (Alouatta guariba clamitans) and humans living in rural areas or close
to forest borders. Periodic waves of this infection are observed from these focal regions (Moreno
et al., 2015). A recent outbreak of yellow fever in Bahia, Minas Gerais, Espı́rito Santo, Rio de
Janeiro and São Paulo states was the cause of great concern to the Brazilian Ministry for Health.
The howler monkeys are very important for early detection of yellow fever because of their high
mortality rate due to this infection. Hence, prevention measures are taken when infected dead
monkeys are found.
In this work, we propose Cellular Automata models to analyse the dynamics of a population of
howler monkeys dwelling in a fragmented landscape in the state of Rio Grande do Sul, Brasil,
composed by forest and non-forest patches. Considering the monkeys and mosquitoes populations,
we analyse the dynamics supposing periodic introduction of infected monkeys into this area. For
the monkeys population, individuals are classified as susceptible, infectious and removed (by death)
while the mosquitoes individuals are considered as susceptible, exposed and infectious. Monkeys’
movement is restricted to the forest patches and take into account the group behaviour of this
species. The mosquitoes, on the hand, are free to leave forest patches and can move throughout
the habitat. By using data obtained in the literature, we estimate the risk of local and global
extinction of the species after an infected monkey individual be introduced in the habitat.
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ABSTRACT
Despite the demonstrated efficacy of radiotherapy, to date we are still trying to understand why
two patients with similar tumor features, e.g. type, size at clinical presentation and stage, would
have different radiotherapy outcomes. This is, in part, because fractionation regimens routinely
used in radiotherapy have been empirically derived or based on clinical judgment, rather than
being obtained from a detailed knowledge of tumor-intrinsic and host-specific microenvironmental
factors. Understanding the impact of tumor features and microenvironmental factors on the efficacy of radiotherapy is highly relevant and expected to provide a large payoff. Here, we present a
mathematical model of tumor growth and its interactions with immune effector cells that simulates
the lethal effect of radiation on cell populations and subsequent induced antitumor immunity. The
proposed model is casted in the framework of linear(L) impulsive(I) control(C) systems(S) (LICS).
Profiting from LICS theories, we propose simple guidelines to tailor radiation doses in different
contexts. The obtained rule can be used either to calculate the specific radiation dose leading to
the desired tumor control time or to predict the tumor removal time given a predefined administrated radiation dose. The proposed rule systematically assigns effective radiation dose based on
tumor and immune system specifications such as vasculature fraction, mitotic and death rates of
tumor cells and innate immunity and natural death rates of effector cells. This study paves the
ground for optimized radiation dose in the field of personalized medicine. Actually, treating tumor
with systematic adjustment of the radiation dose on one hand, reduces the possible side-effects of
the radiation and on the other hand, leads to potentially faster and more efficient tumor removal.
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ABSTRACT
With the rise of high throughput techniques, the amount of collected data regarding regulatory
interactions in the budding yeast Saccharomyces cerevisiae has greatly increased. We review all the
documented information publicly available in the YEASTRACT database and analyse structural
properties of the full network and of a sub-network involved in multi-drug resistance (MDR). Here,
we assess the current knowledge concerning the distribution of regulatory interactions among transcription factors, and the effects of these interactions. Furthermore, for each transcription factor,
we aim to identify its potential activator or inhibitory global role, and how it might contribute to
specific biological functions. Data supporting the regulatory interactions comes from DNA binding
and/or expression evidence experiments. We thus distinguish between these, which allows to shed
light on the current understanding of the regulatory interactions exerted by each transcription
factor, unveiling a lack of information on a small subset of transcription factors. This analysis permits to suggest further efforts to extend the full regulatory network of Saccharomyces cerevisiae.
Finally, by considering the MDR sub-network embedded in the full network, we present a method
to identify candidates potentially involved in drug resistance, a process of clinical relevance for
close pathogenic species.
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ABSTRACT
Since 2015, Yemen has been experiencing an armed conflict between rival groups, which has led
the country to face a serious humanitarian crisis, since in addition to the thousands of people killed
in fighting, a cholera outbreak has devastated the country, as the infrastructure of water, rubbish
and sewage has been practically destroyed and there is a blockage that harms the distribution of
food.
Cholera is an acute infectious disease caused by Vibrio cholerae, which colonizes the human intestine, multiplies rapidly and causes watery diarrhea, vomiting, abdominal pain and, if left untreated,
leads to death. Disease transmission occurs directly or indirect (water and/or contaminated food),
which is more relevant to the disease dynamics.
In order to build the mathematical model to cholera epidemiology, we consider a short-term model,
as a Kermack-McKendrick type, in which we consider individuals susceptible, infected and resistant
and we do not include the population dynamics of humans, only the deaths caused by the disease.
In addition, we describe that bacteria have Malthusian growth and that they are affected by social
and sanitary measures.
In this work, we made a complete model of the problem and using the data provided by [1], we
calculate the parameters using linear regression and, once the epidemiological model is constructed,
we obtain a complete description of the dynamics of the disease and this is a efficient tool to
estimate the number of new cases, which is important for the public policies to improve the health
conditions of the population.
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ABSTRACT
Species in central food web positions seem to be functionally more important players in ecological
communities. Since this is generally hard to test experimentally, simulations play a major role in
revealing these relationships. In dynamical food web models, we can quantify positional importance
by network analysis (various topological measures) and assess functional importance by sensitivity
analysis (various community response functions).
Our question here is how additive are the effects of single-species perturbations. We quantified this
by comparing the simulated effects of single-species (i or j) and pairwise (i and j) perturbations.
Additivity was then compared to the network position of node pairs: we looked for topological
constellations where non-additive effects could be generally expected. Based on the analysis of
100 toy food web simulation models, we found that (1) additivity was generally quite typical, (2)
non-additive effects appeared when the perturbed species were competitors and (3) more additive
effects were also more predictable (consistent).
Potential applications include multi-species maximum sustainable yield (MSY) assessment. Despite of the fact, that co-existing fish stocks are inter-dependent and should be considered simultaneously, single-species MSY approaches are routinely used in fisheries management. Quantifying
additivity helps to better understand if this is really misleading, from a system-based viewpoint.
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ABSTRACT
The fermentation of cocoa beans triggers a temporal pattern of biochemical transformation as
the result of the sequential activation of several microbial groups. The successful conduction of
the process is of relevance for the subsequent development of sensory properties of the resulting
chocolate. At the same time, cocoa bean fermentation is one of the least controlled processes in
the food industry. Here, the development of a quantitative model of cocoa bean fermentation is
described in basis of available microbiological and biochemical knowledge. Our model is formulated
as a system of coupled ordinary differential equations with two distinct types of state variables:
(1) Metabolite concentrations of glucose, fructose, ethanol, lactic acid and acetic acid, and (2)
Population sizes of yeast, lactic acid bacteria and acetic acid bacteria. We demonstrate that the
model can quantitatively describe previously published time series for cocoa bean fermentation
through the implementation of a Bayesian optimization routine for the determination of unknown
parameters.
Acknowledgements: Barry-Callebaut for funding the present research. Dr. Anne Grimbs for
her comments and advice.
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ABSTRACT
Understanding how 3D organ morphology is achieved during development is one of the ultimate
goals in biology. To achieve this goal, it is essential to clarify the quantitative relationships between microscopic molecular/cellular activities and organ-level tissue deformation dynamics. We
performed 3D time lapse imaging and quantitative analyses of tissue/cellular dynamics for vertebrate forebrain and heart developmental processes. As a common morphogenetic mechanism for
the initial development of both forebrain and heart, we revealed that globally aligned anisotropic
deformation (i.e., biased tissue stretching), rather than local area growth, is the predominant
(specifically, for optic vesicle formation and C-looping, respectively) [Morishita et al., Nat. Commun., 2017; Kawahira et al., under review]. Further, motivated by those quantitative analyses,
we developed a continuum mechanical modeling of developing epithelial tissues with anisotropic
surface growth [Kida and Morishita, Finite Elem Anal Des, 2018]. We formulated the constitutive
growth law using non-linear continuum mechanics. In describing the growth law, we use multiplicative decomposition of the deformation gradient into a growth part and an elastic part. In this
presentation, we introduce some applications of our model to a hollow thick-walled hemiellipsoid
that idealizes a structure generally observed in the early development of epithelial tissues, and
chick limb epithelium as a more realistic example.
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ABSTRACT
Statistical inference in branching processes has been widely studied from a theoretical point of
view (see for example [1]). However, in practice, the data required to a direct application of theory
are not available. In this context, simulation procedures as Approximate Bayesian Computation
(ABC) can be applied.
In this work, in order to describe the evolution of Black Vulture colonies, we use a discrete-time
branching model which is indexed by the time instead of the generation. In this framework, ABC
methodology is developed to estimate the success probabilities of Black Vulture females along their
fertile life. As available data, we have the annual counts of the number of couples from 1986 to
2013 in two colonies placed in Extremadura (Spain). Comparisons between the results obtained
for both colonies are provided.
Acknowledgements: This research has been supported by the Ministerio de Economı́a y Competitividad ( grant MTM2015-70522-P), the Junta de Extremadura (grants IB16013 and IB16099)
and the FEDER.
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ABSTRACT
The pathogen Pseudomonas aeruginosa is commonly treated with beta-lactam antibiotics but the
bacterium’s antibiotic resistance is a severe problem. An important role in this resistance plays the
cells’ ability to rapidly convert from rods into spherically shaped cells, which are highly tolerant
of antibiotic stress [1]. We set up, analyze, and compare different mathematical models for this
morphological conversion. The first model does not include any specific biological assumptions
about the conversion process, whereas the second approach is based on the concept of quorum
sensing and presumes that the cell-cell communication regulates the bacteria’s response to antibiotics. The quorum sensing model builds on a similar mathematical model for quorum sensing
interaction presented by Campos et al. [2]. Additionally several modifications of the basic models
are compared.
The ’naive’ model without any specific biological assumptions about the transition process as
well as the quorum sensing model both seem to depict the biological behavior. In particular it
is examined whether the observations can be explained by the quorum sensing approach. From
a mathematical point of view quorum sensing can be linked to the conversion of Pseudomonas
aeruginosa.
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ABSTRACT

The complexity of microbial physiology makes it often impossible to create a clear picture of a
microbial community one species at a time. Metagenomic experiments allow studying functional
capabilities of microbial communities. Genetic sequences obtained in such experiments are used
for inferring phylogenetic trees which allow analyzing the history of their evolution.
In this poster, we present the approach to the gene-species assignment problem by using tree reconciliation. In this method, we are looking for the gene-species relationships by reconciling a partially
labeled gene tree with its species tree. We propose ecient algorithms that search for optimal genespecies mappings taking into account gene duplications and losses. To address the metagenomic
studies we also consider horizontal gene transfers which are frequently present in microbial evolution. We calculate both the optimal cost and all possible optimal scenarios. Furthermore, as the
number of optimal reconstructions can be large, we use a Monte-Carlo method for the inference of
approximate distributions of gene-species assignments. We demonstrate experiments showing the
quality of obtained reconstructions and the applicability of the method on empirical and simulated
datasets.
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ABSTRACT
Asymmetric cell division is one of the widespread mechanisms for generating cell diversity, for
which a mother cell creates a polarity in both membrane and cytosol. In both experiment and
theoretical approaches, PAR polarity of C. elegans embryo has been extensively well-studied and
it was found that Anterior-Posterior (AP) polarity of cell membrane proteins plays a crucial role
in determining cell asymmetry. However, most of previous studies have not considered the role
of cytoplasmic proteins on AP polarity formation, although AP polarity is occurred with a tight
regulation of both membrane and cytoplasmic proteins such as MEX-5/6 and PAR-5. Here, we
develop a multi-dimensional polarity model including cell’s geometrical property and show how the
cytoplasmic protein plays an important role in creating a robust AP polarity. We also show that
the cell geometry can give a critical effect on AP polarity, and the temporal and spatial regulation
for the robust AP polarity is based on the harmony of biochemical, mechanical, and cell geometric
properties [1].
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Faculté de Pharmacie, Université de Montréal and Centre de Recherches Mathématiques
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ABSTRACT
Therapy success following drug’s administration is conditioned to positive or negative reactions of
patients with respect to xenobiotics. Many drugs possess large variability in both pharmacokinetic
and pharmacodynamic properties that renders complex or impossible the establishment of a universal drug dosage. Variability can arise between patients as well as within patients throughout
their treatment. In order to maximize therapeutic effect while minimizing toxicity of drugs, many
methods based on physical and chemical properties of drugs had been developed for dose adaptation. Nevertheless, these approaches do not take into account patient’s daily activities. This
lack of flexibility can negatively impact patients’ adherence and highly affect clinical outcomes.
In this work, bearing in mind patients’ specific needs, the aim is to select the best individualized
regimen, based on the patients’ pharmacokinetic characteristics. Accounting for day-to-day children’s activities and using up-to-date pharmacokinetic knowledge of methylphe-nidate, we propose
a computational approach for the identification of the most suitable dosing regimens of immediate
release formulations of methylphenidate. To assess the performance of these regimens, various therapeutic indicators accounting for clinical constraints are proposed. Using our approach, we were
able to quantitatively assess the performance of various dosing regimens and identify the best ones.
Moreover, different time schedules that can reach the same therapeutic target for specific groups
or individuals were identified through our methodology, giving thus a wider choice for the clinical
practice. As a direct fallout, a web-based interface that can serve as an educational tool for clinicians and patients has been developed based on the proposed approach for the evaluation of dosing
regimens. Comparison of those optimal regimens identified by our method with the well-accepted
regimens indicates that there is still room for improvement in the current practice. The approach
developed can be used for dose adaptation of methylphenidate in Attention-Deficit/Hyperactivity
Disorder. To ensure its clinical application, these in silico findings should be clinically confirmed.
Acknowledgements: This work is supported by the NSERC-Industrial Research Chair, NSERC
Discovery Grant, the FRQNT Projet d’équipe and the Canadian Foundation for Innovation led by
F. Nekka.
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ABSTRACT
Empty homes, called Akiya in Japanese, due to an aging population and declining birthrate is very
serious problem in the aging society of modern Japan. The current proportion of empty home in
Japan is 13.5%, but it is expected to be increased up to 30.2% nationwide in 2033, implying
that Akiya will have a serious impact on the economy as well as the national finance. Indeed,
Detroit city in USA was financially collapsed by 29.3% empty homes caused by the decline of
the automobile industry. Currently, the Japanese government has started a countermeasure for
decreasing the empty homes, but the effect is completely uncertain. Therefore, we here develop
a mathematical model including an effective utilization of empty homes and consider the future
transition of empty homes. Using the model, we suggest optimal policies by which we can reduce
empty homes most effectively, with regard to government tax system and subsidy for the effective
utilization of empty homes [1]. This study shows a new framework of mathematical model to be
applied for solving a social and economic problem in real world.
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ABSTRACT
In this talk, we show a mathematical model for wound healing caused by exogeneous mechanical
stimuli. We here focus on the experimental study [1] which showed exogeneous mechanical forces
promote wound healing. In addition, they observed the mechanosensitive ATP release from the
leading cells that faced the wound edge and the subsequent intracellular Ca2+ influx.
We here simulate the experimental study with a hybrid model consisting of the Cellular Pots Model
(CPM) [2] and the Reaction-Diffusion equations (RD). The CPM represents the dynamics of cells
(movement, growth, division, and so on), and the RD eqs. represent the spatio-temporal dynamics
of ATP and Ca2+ . We will discuss how the mechanical forces causes the collective cell movement
and the consequent promotion of wound healing.
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ABSTRACT
The discovery of oscillations in the glucose-insulin release system in the pancreas supports the
approach of non-linear local dynamic states contributing to a globally stable glucose function [1].
This control of the local non-linear behaviour that is cardinal to control the global system is
modelled using oscillators that exhibit criticality. This is a property of rate controlled chaotic
systems allowing near scale-free dynamics. The main consideration for any given nonlinear critical
model is to represent the system as a network of weakly coupled oscillators arranged in clusters,
where the connectivity strength will be varied in order to observe the response of the system in
terms of global and local feedback.
Three different base models are being employed for comparison of their dynamic capabilities and
biological relevance. The Berry model describes a bienzymatic cyclic model with two autocatalytic
loops [2], the Lengyel-Epstein model of an activator-inactivator system [3], and the Brusselator
autocatalytic model. These have been chosen for their capacity to operate in a state of continuous
oscillation, given the right conditions. In the current stage of development, these systems are being
simulated with the incorporation of the rate control of chaos method (RCC) and the appropriate
conditions to generate criticality within the system. Given that the insulin-release system is
categorised as a dynamical system with highly non-linear components, it qualifies as a system that
is attracted to a critical state associated to stable glucose levels, which is why generating criticality
in our model becomes a crucial factor to simulate the conditions of operation.
The methods capable of representing the environment to generate criticality in a dynamic system
are detailed in [4, 5]. The results obtained so far have been promising, showing that the physiological state can be represented while maintaining the dynamic properties and generating criticality in
the system. Further tests, such as the definition of the appropriate ranges of operation of the connectivity strength, and the evaluation of the system under conditions that represent a pathological
state, will be conducted to select the best system of equations for the desired model. In further
stages of development the model will be validated and tested using data from real subjects, this
will be facilitated given the collaboration with Pepper project EU (http://www.pepper.eu.com).
Acknowledgements: Mireya Munoz-Balbontin would like to acknowledge the financial support
obtained from Oxford Brookes University the National Council of Science and Technology (CONACyT, Mexico). The authors would like to acknowledge the collaboration with Pepper project EU
(http://www.pepper.eu.com)
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ABSTRACT
Nutrition plays a crucial role in regulating reproductive hormones and follicular development in
cattle. This becomes particularly visible during the time of negative energy balance at the onset
of milk production after calving. Here, elongated periods of anovulation have been observed,
resulting from alterations in luteinizing hormone concentrations caused by lower glucose and insulin
concentrations in the blood. In this paper, differential equations are used to simulate the influence
of glucose-insulin dynamics on the bovine estrous cycle. For this purpose two previously published
models were coupled and slightly modified [1,2,3]. The coupled model describes how the amount
and the composition of food, in particular its glucose content, affect the reproductive hormones and
follicular development over time. The simulations are guided by experimental studies that have
investigated how the fertility of cattle depends on nutrition [4,5,6]. Different dietary restrictions
are simulated with lactating and non-lactating cows reproducing clinical study findings. This work
represents an important step towards testing and evaluating feeding strategies in silico.
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ABSTRACT
Reinfection is known to induce complex epidemiological dynamics (e.g. sustained oscillation) due
to the time-series change in susceptibility. The simplest model describing reinfection shows three
epidemiological dynamics; disease-free, epidemic and endemic. These three dynamics can be classified by two reproduction numbers, basic reproduction number and reproduction number by only
reinfection. However, the simplest model takes into account only two variations of susceptibility,
susceptibility at first infection and second or later infection. To relax this assumption we construct a parsimonious model describing three susceptibilities, i) susceptibility at first infection,
ii) partial protection at second or later infection and iii) perfect protection at second or later
infection. This model demonstrates an interesting dynamics, outbreak occurs after the temporal
decrease in the number of infected individuals. We named this dynamics as “delayed outbreak”.
Basic reproduction number cannot capture outbreak potential of this dynamics. Our model is
too simple to understand rich dynamics induced by heterogeneity in susceptibility, for example,
endemic situation is not captured in this model. To understand the dynamics with heterogeneity
in susceptibility, we expand our model to a model describing the transition of susceptibility by
reinfection. We confirmed that “delayed outbreak” is robust if the heterogeneity in susceptibility
against reinfection exists.
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ABSTRACT
Mixed boundary problems have had a very successful history in many fields of physics, particularly electronics and nuclear physics [?]. Controlled release drug delivery models via spherical/cylindrical micro-/nano-devices have, so far, been axisymmetric [?]. A closed form solution
to mixed-boundary, non-axisymmetric polar diffusion is demonstrated. The polar disk form is extendable to tubes and spheres. The application to reservoir type delivery devices such as diatoms
is explored through a MATLAB ‘narrow-escape’ model.
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ABSTRACT
The capacity of switching between different states in response to internal or external stimuli is
an important and ubiquitous attribute of living cells. This capacity requires molecular pathways
that convert graded signals into ON-OFF responses. It has been shown that, if endowed with the
property of bistability (coexistence of two different stable steady with different patterns of gene
expression) cells can pass the cellular state associated to a given phenotype across generations,
leading to epigenetic inheritance [1].
Here we combine a multiobjective optimization framework that we have developed for automated
design of biocircuits [2, 3] with a novel parametric condition for bistability in biochemical reaction
networks [4], that we extend here to the analysis of epigenetic switches. Our aim is two-fold:
- Inferring design principles of epigenetic switches: finding evolutionary traits (i.e. advantageous features that have been selected through evolution) linked with bistable switches found
in nature.
- Design of synthetic gene regulatory switches with improved capabilities: starting from a
library of synthetic components, finding those circuits with, in addition to bistabilitiy, show
optimal behaviour with respect to multiple pre-defined criteria (maximizing the size of the
bistability region while keeping the ON and OFF states close to target values, for example).
Acknowledgements: We acknowledge funding from the Spanish MINECO (and the European
Regional Development Fund) project SYNBIOFACTORY (grant number DPI2014-55276-C5-2-R).
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ABSTRACT
Gene expression is inherently stochastic, involving a set of reaction steps (transcription, translation) in which molecular species (DNA, mRNA) are present at low copy numbers. In fact, the
effects of intrinsic noise have been shown to be crucial to the dynamics of gene regulation.
Accepted descriptions under well mixed conditions are the Chemical Master Equation (CME)
and the Stochastic Simulation Algorithm (SSA) [1], but they are computationally involved and
might become intractable in practice. Taking into account that mRN A is usually degraded faster
than proteins (i.e. assuming protein bursting), we approximated the CME by a Partial IntegroDifferential Equation (PIDE) model and developed a semilagrangian numerical method to solve it
with high efficiency for multidimensional gene regulatory networks[2, 3].
Using this model, we analyze in this work the role of intrinsic noise in two cases of particular
interest in biology:
- Bi-stable and tri-stable toggle switches: providing an in-depth analysis of the relationships
between multi-stability and multi-modality, which are sometimes non-intuitive as it has been
shown in previous studies [4].
- Biochemical oscillators, contributing to understand the noise resistance that we find in circadian rhythms (i.e. design principles underlying regular oscillations in presence of significant
molecular noise).
Acknowledgements: This work has been supported by Spanish MINECO grants AGL201567504-C3-2-R, PIE201230E0M2 (AAA), BES-2013-063112 (MP), MTM2016-76497-R, MTM201347800-C2-1-P (CV) and MINECO and European Regional Development Fund DPI2014-55276-C52-R (IOM)
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ABSTRACT
We investigate the stochastic dynamics of a model which consists of subdivided populations of
individuals confined to a set of islands. In subdivided populations, migration acts with selection
and genetic drift to determine the evolutionary dynamics. The individuals are assumed to be haploid with two types. They reproduce according to their fitness values, die at random, and migrate
between the islands. The evolutionary dynamics of an individual-based model is formulated in
terms of a master equation and is approximated as the multidimensional Fokker.Planck equation
(FPE) and the coupled nonlinear stochastic differential equations (SDEs) with multiplicative noise.
We first analyze the deterministic part of the SDEs, to obtain the fixed points and determine the
stability of each fixed point. We find that there is a continuous phase transition in the population distribution when the migration rate is equal to the selection strength in the antisymmetric
selection scheme. Next, we take demographic stochasticity into account, and analyze the FPE by
eliminating the fast variable to reduce the coupled two-variable FPE to the single-variable FPE.
We derive a quasi-stationary distribution of the reduced FPE, and predict the fixation probabilities
and the mean fixation times to absorbing states. We also carry out numerical simulations, in the
form of the Gillespie algorithm, and find that the results of simulations are consistent with the
analytic predictions.
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ABSTRACT
We present an initial exploration of a method for the association of a Markov chain model – with a
finite number of states – to some phenomena that may be, by force of its intrinsic characteristics,
best modeled by ODE, at least in some average sense. The ODE model here presented is formulated
as a dynamic change between two regimes; one regime is of mean reverting type and the other is of
inverse logistic type. For the general purpose of defining a open Markov chain model for an human
population, we associate an Ito process to the OD equations, by means of the addition of Gaussian
noise terms which may be thought to model non essential characteristics of the phenomena with
small and undifferentiated influences. The next step consists on discretizing the Ito processes
and using the sequence of values obtained to define, by simulation, trajectories that, in turn, may
define transitions of a finite valued Markov chain, if the state space of the Ito process is partitioned
according to some rule. We detail the application of these ideas to the study of the evolution of a
Portuguese population of newly diagnosed with HIV. For that purpose the state space of the Ito
process referred is partitioned in six infection classes. We detail the evolution of the population in
these classes under two different projections for the evolution of the newly diagnosed. The method
here presented connects the model for the evolution of the HIV viral load and the CD4 leucocytes
count to a Markov chain open model for the Portuguese population of HIV diagnosed.
Acknowledgements: This work was partially supported by the Fundação para a Ciência e a Tecnologia (Portuguese Foundation for Science and Technology) through the project UID/MAT/00297/2013
(Centro de Matemática e Aplicações).
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ABSTRACT
In this work, we study intracellular infection dynamics combining effects of antibiotic treatment
and adaptive immune responses. The ODE models are based on parameters for acute and chronic
bacteria, such as Listeria monocytogenes and Mycobacterium tuberculosis. We find that driving
factors of infection outcome are the balance between intracellular and extracellular processes,
modulated by the apoptosis rate of infected macrophages, death rate of extracellular microbes and
burst size. We also study mutational processes leading to emergence of resistance. We present
a formal sensitivity analysis of key model parameters, with and without treatment, and extract
optimization principles for infection over a range of scenarios. Our results highlight the potential of
new targeted treatments of intracellular infection, with low antibiotic doses and duration, combined
with sufficient immune action. We call attention on the clearance of the intracellular infection
compartment to effectively eliminate bacteria and minimize the risk of resistance.
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ABSTRACT
Myeloproliferative Neoplasms (MPNs) is a family of diseases in the bone marrow, which results in
an excessive production of hematopoietic stem cells, and, consequently, an excessive production of
mature blood cells. MPNs can develop into acute myeloid leukemia (AML).
Throughout the literature many examples of mathematical models have been found to successfully describe similar systems of cancers and leukemias [2,3]. Adopting similar ideas and using a
mechanism-based modelling approach, the time-evolution of MPNs has been described by a novel
mathematical model consisting of a system of ordinary differential equations [1]. The model considers healthy hematopoietic stem cells and MPN-mutated stem cells, as well as healthy mature blood
cells and MPN-mutated blood cells. In addition the debris of dead cells and the inflammatory load
are also modelled.
The possibility of modelling different kinds of treatments would allow for better understanding of
the treatments and as inspiration for novel treatment strategies. As such, including the mechanisms
through which the treatments work in a mathematical model are important.
One such mechanism targeted by treatment is the activation of quiescent or dormant stem cells.
Quiescent stem cells are cells that remain inactive for an extended period of time, until they are
activated and begin dividing again. Thus, clearing the stem cell niche of active MPN-mutated
cells might not be sufficient for complete treatment, as quiescent MPN-mutated cells can activate
and restart the negative progression of the disease. The importance of activation of quiescent stem
cells for successful treatment of blood cancers has been established in the literature [4].
The model of [1] is extended through the inclusion of two additional compartments; quiescent
healty stem cells and quiescent MPN-mutated stem cells, yielding an eight-dimensional system of
ordinary differential equations. Specific treatments are simulated and the results are compared to
clinical data. In particular, some clinical data displays a lag from the beginning of treatment to a
drop in leukemic cells appears, which cannot be explained from the original model, but to which
the extended model fits. In addition, while the rates by which stem cells enter quiescence are not
exactly specified in the literature, the modelling approach allows for estimation of specific rates.
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ABSTRACT
Initiation of apoptosis (cell death) is a critical cellular decision in tissue homeostasis and cancer
emergence. A wide range of variability is observed in cell populations, where even identical sister
cells can exhibit a considerable degree of heterogeneity in response to equal drug treatments.
In drug-induced apoptosis, it is known that the timing and rate of receptor activation is highly
variable and yet determinant for the cell death decision and the overall cell population response
to a given anticancer drug [1]. Recent mathematical studies have modelled cell death variable
drug response with extrinsic and intrinsic noise sources, both at the transcriptional and proteomic
levels [2, 3], however cellular variability at the drug receptor level remains not fully understood
nor its impact on the actual cell decision itself.
To better understand and interpret these experimental observations, we developed a model based
on mass-action dynamics representing a detailed scheme of the reaction steps including the activation of specific receptors (death receptors) and the cascade of downstream events that lead
to apoptosis commitment. Different receptor conformations were considered (dimers, trimers,
tetramers) to also model our experimental results using several drugs of different valencies and
treatment combinations.
The model was analyzed as follows: first, as a deterministic system of ordinary differential equations
where the variability was represented through the parameters (each cell corresponding to a specific
parameter set); and second, as a family of mass-action reactions, implemented with the Gillespie
algorithm to simulate intrinsic noise, together with initial condition variations (in the range of
20% to simulate extrinsic noise). With that, we used experimental data of single cell trajectories
from a clonal population of tumor cells after treatment with an apoptosis-inducing drug to fit each
single-cell to our ODE model. Finally, we determined the parameters that differed the most in
responder vs. non-responder cells and from them we produced a list of candidate reactions that
best illustrate these opposing cellular responses.
In this study, we first described the contribution of each noise source at a single-cell level on the
overall population response variability, after exposure to apoptosis-inducing drugs, and evaluated
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their relative impact on cellular decision capacities at the receptor level. Secondly, we identified
reactions that are differentially activated in responder vs. non-responder cells.
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ABSTRACT
Amidst the expected stochasticity in molecule numbers in cells, a very strict number control seems
unachievable. Yet, a handful of processes manage to achieve such a strict control, for example:
• generating a single cell receptor gene in T/B cells (VDJ recombination),
• inactivating a single X chromosome in female diploid cells,
• duplicating each centriole exactly once per cell division,
• or specifying exactly one centromere per chromosome.
How common are the regulatory strategies in each case? I will share my on-going work trying to
disentangle how much of the apparent efficiency is achieved inside the cell - through tight regulation
of the probability of the process occurring - and how much is cell selection - through elimination
or dilution of cells that fail to achieve the correct outcome.
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ABSTRACT
Asthma is a highly prevalent disease characterised by inflammation, airway hyper-responsiveness
and remodelling. Airway hyper-responsiveness refers to the rapid contractions of airways smooth
muscle (ASM) in bronchoconstriction in response to an allergenic agonist. Chronic inflammation
causes narrowing of the airway and results in overall restricted pulmonary function. The persistent
structural changes due to inflammatory injury repair, airway thickening and scarring constitute airway remodelling. Until recently, airway remodelling has been predominantly attributed to chronic
inflammation. Current experimental evidence, however, suggests that bronchoconstriction may
play a key role in promoting remodelling. Bronchoconstriction activates the regulatory cytokine,
transforming growth factor β (TGF-β), which may further stimulate ASM contraction, proliferation, and deposition of extra-cellular matrix (ECM), altering the airway mechanics. In the healthy
airway, regulatory mechanisms terminate this process, thereby re-establishing homeostasis. We
hypothesise that in asthma this homeostatic state is lost, resulting in accumulation of ECM and
contraction of ASM, further up-regulating TGF-β production through a positive mechanotransductive feedback loop.
Informed by precision cut lung slice (PCLS) stretching experiments undertaken by our collaborators in the Division of Respiratory Medicine, we have developed a biomechanical model of TGF-β
activation that couples subcellular mechanotransduction signalling pathways to non-linear elastic models of airway mechanics. We use constrained mixture theory to model an airway within
the PCLS as a non-linear fibre-reinforced hyperelastic membrane comprising ASM and ECM. We
find that contraction, induced by TGF-β signalling, and strain stiffening of ECM, as the PCLS
deforms, generates differences in the constituents stress. This promotes further TGF-β activation. Our results resemble the experimentally observed behaviour and indicate that axisymmetric
cyclic stretching increases TGF-β activation. This result is significant and highlights underlying
mechanotransductive feedback activation due to airway deformation. Importantly, we may use our
model to make predictions for the concentration of TGF-β present in the PCLS according to the
prescribed stretch. Thus we may use the degree of airway disturbance to relate the concentration
of TGF-β activated and the severity of asthma. Whereby exaggerated airway deformations experienced in the asthmatic airway (hyper-responsiveness, bronchoconstriction) are expected to gives
rise to an elevated concentration of TGF-β.
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We are further extending our model towards a tissue level biomechanical description of the resultant ASM accumulation, ECM deposition and corresponding modification of effective mechanical
properties in response to contraction-induced TGF-β activation. Our ultimate intention is to
provide insight into mechanisms that may operate in the intact asthmatic airway in vivo.
Acknowledgements: We gratefully acknowledge the work carried out by our collaborators at
the Division of Respiratory Medicine, Queen’s Medical Centre, Nottingham, UK, and thank Dr
Amanda Tatler for providing essential data.
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ABSTRACT
D. J. Daley introduced, in 1968, the first two-sex branching process, called bisexual Galton-Watson
branching process, with the purpose to model the probabilistic evolution of populations where
females and males coexist and form couples. Nowadays, the two-sex branching process theory is
an active research area in such fields as biology, ecology, genetics, population dynamics and physics.
From Daley’s model, new classes of discrete time two-sex branching processes have been studied.
One of those classes have been the bisexual Galton-Watson branching process with population-size
dependent mating introduced by [1] in 2002. In this work, a survey of the literature associated with
such classes of two-sex branching processes is provided. We focus on the study of the probability of
extinction of the process, its asymptotic behavior and the inferential study of its main parameters.
Acknowledgements: This research has been supported by the Ministerio de Economı́a y Competitividad ( grant MTM2015-70522-P), the Junta de Extremadura (grant IB16099) and the FEDER.
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ABSTRACT
The brown howler monkey (Alouatta guariba clamitans) is a species threatened with extinction.
In an area belonging to the Brazilian army located in the state of Rio Grande do Sul, Brasil,
where the highly fragmented landscape is composed by patches of forest, there was a high density
of this species. However, an epidemic of sylvatic yellow fever between 2008 and 2009 drastically
reduced the population leading it to extinction in some of the patches. This species plays an
important role in fighting yellow fever since it can indicate that the yellow fever virus is circulating
in the environment. When the virus is identified in dead monkeys, the public health agents trigger
prevention measures.
In this work, we present a simple discrete metapopulation model in order to describe the dynamics
of the howler monkey in a patchy habitat. Through simulations of the proposed model for parameters obtained by Fortes (2008) in an experimental studies developed in this area, we can conclude
that the population in an isolated patch with very low density will take around 30 years to recover
its carrying capacity. On the other hand, a noncolonized patch can take around 20 years to be
recolonized by individuals coming from a close patch.
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ABSTRACT
Electromyographic (EMG) signals are used to examine the functionality of skeletal muscles and
thus play an important role in understanding and treating neuromuscular dysfunctions. There are
two ways of measuring EMG signals - intracellular, where needle electrodes are injected into the
muscle, and non-invasive at the skin surface. However this has the disadvantage that only the
superposition of the electrical signals of multiple muscle fibers can be recorded. To overcome this
drawback of surface EMG data, we need to “invert” the chemo-electro-mechanical muscle model
which describes the excitation of muscle fibers and the propagation of electrical signals through
the surrounding tissue. This leads to an inverse problem which can be treated as a regularized
optimization problem or through a Bayesian (probabilistic) approach to fit computed EMG signals
to measurements.
In a first step we study the propagation of EMG signals only and estimate the conductivity tensor
σ from measurements φEM G . Following the Tikhonov regularization approach means we have to
solve the optimization problem
1
α
min ||Pφ(σ) − φEM G ||2 + ||T (σ)||2
σ 2
2
s.t. ∇ · (σ∇φ) = f

(1)

for a given f , regularization parameters α and T and P the projection of φ onto the space of the
measurements. If instead we use the probabilistic method, which treats the conductivity tensor
and hence the electrical potential as random functions, we seek for the probability distribution of
a σ = σ(ω, x) which satisfies equation (1) in a probabilistic sense. This is a well known problem
for scalar probability functions σ that we generalize to matrix-valued probability functions, i.e.
the conductivity tensor.
To make our model equation more realistic we then consider the case f = f (σ) = −∇ · (σ∇Vm ) so
equation (1) becomes
∇ · (σ∇(φ + Vm )) = 0
where Vm is the solution of a monodomain equation coupled with some ODEs describing the ionic
current flows and force generation in the muscle fibers. For these two cases we aim to use the
relation between the probabilistic and regularization appraoch to get an estimate on the Tikhonov
regularization parameters. Another advantage of the Bayesian approach is that it allows for a
priori error analysis.
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ABSTRACT
One of the main goals in the modern agriculture, is the development of new technologies for automation in field operations, and of algorithms able to allow the pest management with forecasts.
The best way to obtain a powerful model is to consider development-rate functions, that link the
environmental parameters determinant for the stages advancement, and population’s dynamics
models, which provide the infestation’s degree in therms of probability. The most common model
is the Distributed-delay model introduced by Manetsch, 1976, and perfected by Vansikle in 1977
with the introduction of a mortality-rate as attrition. For insects, and all poikilothermics organisms, the driving environmental variable is the temperature, which modify the mean developmental
time for every stage. This is well described by Manetsch’s model, and from all its various modification apported during the years (Severini et al 1990), mainly in the case of constant external
temperature. In condition of varying temperature, there are difficulties for model’s calibration, and
this can influence highly every simulation’s result. The aim of this work, is to approach to varying
temperature conditions using the Von Foerster’s equation, which consider chronological time and
physiological age for lifecycle descriptions. A modification of the model is introduced, in particular, we consider the development-rate function forcing the partial derivative on physiological age.
Since we have not a mathematical way to describe the daily variation of mean temperature, the
only way to give a solution to the problem is through numerical methods, combining the method
of characteristics with finite difference one.
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ABSTRACT
This work focus on tumor growth modeling and its interaction with therapies. Even if a rich
literature [2],[4], [5] and [6] was developed on dynamic cell analysis, only few works involved
control theory. The most famous one is DePillis et al.[3] who presented control model in which
the objective is to minimize the tumor size while taking into account treatment cost in the case
of chemotherapy. In this work we propose to generalize their model to a combined therapy:
chemotherapy and immunotherapy, while adapting the cell dynamics. At first we focused on cell
dynamics and viability [1]; either by keeping them below a given critical threshold. We then built
a viability kernel that measures the relevance of combination therapy based on the state of the
cells during the first diagnosis. Subsequently, we are interested in finding the combined therapy
that minimizes treatment cost while ensuring patient survival. Maximum principle of Pontryagin
allows us to identify achievable equilibrium levels according to the initial conditions and model
parameters.
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ABSTRACT
Myeloproliferative Neoplasms (MPNs) belong to a group of diseases, commonly denoted as blood
cancers, where the production of blood cells in the bone marrow is affected. Some common types
of MPNs are essential thrombocythemia (ET), polycythemia vera (PV) and primary myelofibrosis
(PMF). Mutations in certain genes such as the JAK2 gene, are considered as one of the major
causes of MPNs. It has been observed that the development of these diseases is strongly influenced
by the inflammatory response of the immune system [5, 6].
A novel mechanism based 6-dimensional mathematical model has been presented [1], which consists
of a system of non-linear differential equations. It shows the development of MPNs with respect to
time and the cellular dynamics. Moreover, the notion that inflammation provokes the disease has
also been delivered. Except for the mutation part, it duplicates the structure of the model proposed
by Dingli and Michor [4] but the debris of dead cells and inflammatory load are the extensions in
[1]. In [2, 3], the mathematical modelling of cancer development has provided insights regarding
cancer initiation and progression. Thus, the parameter values are based upon the values used in
[2, 3, 4].
A complete steady state and stability analysis, both analytical (where possible) and numerical
will be presented for the mathematical model in [1]. For physiological reasons, only the steady
states with non-negative components have been considered. In [3], by using linear stability analysis, necessary and sufficient conditions have been derived for expansion of cancer cells, based on
fundamental cellular properties. In contrast to [3], it has been shown that constraints for nonnegativity of the steady states and their stability depend upon the level of inflammation. In this
context, the existence of four types of steady states i.e. trivial, purely hematopoeitic (absence of
leukemic cells), purely leukemic (absence of hematopoeitic cells) and co-existence of hematopoeitic
and leukemic cell and their stability properties have been investigated.
In addition, a sensitivity analysis has been performed. It helps determine which parameters are
more sensitive in the progression of the disease and, at the same time, address the way the individual parameter affects the evolution of the disease. In [4], a similar approach is done for the
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therapeutic scenarios. Overall, the robustness of the results published in the article [1] has been
demonstrated through the presented work.

References
[1] Andersen, M., Sajid, Z., Pedersen, R., Gudmand-Hoeyer, J Ellervik, C., Skov, V., Kjær, L.,
Pallisgaard, N., Kruse, T., Thomassen, M., Troelsen, J., Hasselbalch, H. and Ottesen, J. [2017].
Mathematical Modelling as a Proof of Concept for MPNs as a Human Inflammation Model for
Cancer Development, PLOS One. 12.
[2] Stiehl, T., Marciniak-Czochra, A. [2011]. Characterization of stem cells using mathematical models
of multistage cell lineages, Mathematical and Computer Modelling 53, 1505–1517.
[3] Stiehl T, Marciniak-Czochra A. [2012]. Mathematical Modeling of Leukemogenesis and Cancer
Stem Cell Dynamics. Math Model Nat Phenom. 7(1): 166–202
[4] Dingli, D., Michor, F. [2006]. Successful Therapy Must Eradicate Cancer Stem Cells, Stem Cells
24 (12), 2603-2610.
[5] Hasselbalch, HC. [2013] Chronic inflammation as a promotor of mutagenesis in essential thrombocythemia, polycythemia vera and myelofibrosis. A human inflammation model for cancer development. Leuk Res. 37(2): 214–220
[6] Desterke, C., Martinaud, C., Ruzehaji, N., Le Bousse-Kerdilès, MC. [2015]. Inflammation as a
Keystone of Bone Marrow Stroma Alterations in Primary Myelofibrosis. Mediators of Inflammation.
16.

841

Monday, July 23rd, 17:20

Room: Atrium

POSTER
CLONAL ARCHITECTURE OF THE EPIDERMIS:
HOMEOSTASIS LIMITS KERATINOCYTE EVOLUTION
Ryan O. Schenck
ryan.schenck@univ.ox.ac.uk
Wellcome Centre for Human Genetics, University of Oxford, Roosevelt Drive, Oxford, OX37BN, U.K.
Joint work with Rafael Bravo (Moffitt Cancer Center, U.S.A), Eunjung Kim (Moffitt Cancer Center,
U.S.A), Darryl Shibata (Keck School of Medicine, University of Southern California, U.S.A.) and
Alexander A R Anderson (Moffitt Cancer Center, U.S.A).
Keywords: Evolution, Genetics, Homeostasis, Cellular Automata.
ABSTRACT
Normal epidermis exhibits homeostasis where mitosis at the basal layer is balanced by superficial
cell loss. Exactly how the human epidermis maintains homeostasis is uncertain because direct
experimentation is impractical. The epidermis can be modeled with agent based two or threedimensional cell simulations where cell turnover is stochastic but cell division is balanced by cell
loss. Through inclusion of microenvironmental and spatial niches, we eliminate the need to explicitly model a self-renewing progenitor pool. Instead, stem-cell behavior is an emergent property
in a context dependent system. In evolutionary terms, stochastic turnover with homeostasis describes somatic cell neutral evolution because there are no changes in cell phenotypes or total cell
numbers. This requirement for homeostasis may a priori suppress selection. To further merge
agent based cell models with evolution, we incorporate random mutations and lineage tracing to
follow the fates of individual cells. Comparisons of in silico simulations with patient data reveals
that mutation distributions expected given neutral competition dominate within normal epidermis.
Hence, the distributions of somatic mutations in normal human epithelium can be predicted from
the first principle that a normal mitotic epithelium needs to be homeostatic. Disruption of homeostasis through mutation alone is unlikely, further suggesting that an accompanying ecological shift
promoting neoplasm development is necessary.
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ABSTRACT
Carcinomas arise from epithelial cells, entailing an uncontrolled cellular growth, eventually leading
to the invasion of surrounding tissue and spreading to other organs or parts of the body, even at
distant sites. The latter stage, called metastatic, accounts for most of cancer related deaths.
Carcinoma cells can hijack and reactivate a developmental program called Epithelial to Mesenchymal Transition (EMT) [1]. EMT involves the gradual loss of epithelial properties combined with
the cumulative acquisition of mesenchymal features (e.g. higher invasiveness, motility, resistance
to apoptosis and loss of cell-cell adhesion).
Alongside promoting the tumour malignancy, EMT seems to prompt the surge of a small population of cell with stem-like properties [2], the so-called Cancer Stem Cells (CSC), which show an
increase in stemness markers (e.g. Sox2 and Nanog), a higher capacity of tumour initiation and
therapy resistance.
Our aim is to better understand the series of events leading to these phenotypic changes, and to
clarify the connection between EMT and CSC. To this end, we relied on the logical formalism to
investigate the signalling and regulatory networks at play [3]. Considering a previously defined
logical model of the regulation of cell-cell adhesion properties, we expanded it by including critical
components for stemness features.
The resulting model allows to explore the impact of environmental signals on phenotypes such as
epithelial, mesenchymal and hybrid cell types, while elucidating links between EMT and stemness
features. Furthermore, phenotypes robustness can be addressed through combinatorial model perturbations (e.g. knock-out, ectopic expression of internal network components). Moreover, the
capacity of the system to adapt to environmental variation (plasticity) can be explored through
systematic model-checking analyses [4].
Responses to perturbations/stimuli offer insights on the relative importance of environmental cues
and should allow to identify targets that modulate the CSC emergence, thus helping to design
optimal drug combinations against these resistant sub-populations.
Acknowledgements: R. Pais for building and analysing the initial logical model of cell adhesion,
and D. Baptista for relating model outcomes to public data. F. Janody and A. Pawar who provided
experimental data and support on the biological aspects. This work is funded by Fundação para
a Ciência e a Tecnologia (FCT), through national funds (PIDDAC) and co-financed through the
European Regional Development Fund (FEDER), project POCI-01-0145-FEDER-016390.
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ABSTRACT
I have been analysing a continuous-time model in Population Genetics which focuses on two evolutionary forces at play: selection and recombination. After plotting many phase plane diagrams
for this system, I (almost) always found a stubborn special surface in my plots, which is called an
invariant manifold. Now I have proved the manifold does indeed exist in the model for a certain
case.
You can also look forward to a helping of colourful phase plane plots!
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ABSTRACT
A common point of critique concerning Bayesian inference is the subjective choice of priors. In the
age of Big Data, one can hope to use large cohort data sets to recover the data-generating prior,
leading to an objective method of inference.
Following the idea of ’borrowing strength’, the resulting prior estimate can be applied for individual
parameter inference via Bayes’ rule.
We derive such a method relying on information-theoretic arguments leading to a transformationinvariant, nonparametric prior suitable to a wide range of problems.
We apply this methodology to MCMC simulations of a high-dimensional hormonal model of the
human menstrual cycle.
Acknowledgements: Einstein Center for Mathematics Berlin - ECMath.
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ABSTRACT
We discuss the existence of multiple positive solutions to some migration-selection models in population genetics governed by nonlinear differential equations of the form u00 + w(x)f (u) = 0, where
w : I → R is a sign-changing weight function defined on a bounded interval I and f : [0, 1] → R
satisfies f (0) = 0 = f (1), f (s) > 0 for 0 < s < 1 and lims→0+ f (s)/s = 0. Inspired by the works
of P. H. Rabinowitz [1] and Y. Lou, W.-M. Ni, L. Su [2], we get in [3, 4] new multiplicity results
under boundary conditions of Dirichlet, Neumann or mixed type. We also focus on the multiplicity
of radially symmetric solutions to boundary values problems associated with ∆u + w(x)f (u) = 0.
Our approach exploits topological techniques based on shooting methods. Furthermore, we pursue
the investigation on bifurcation diagrams, started in [5], to highlight the link among the number
of positive solutions and the nodal behavior of the indefinite weight term w(x).
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ABSTRACT
Many cells of the immune system have receptors which are produced in the nucleus and these move
under the influence of diffusion until they reach the outer membrane of the cell. Depending on the
type of receptor, they might also diffuse on the surface of the cell until either a certain period of
time has passed or the receptor encounters a peptide. After either of these events the receptors
re-enter the cytoplasm and diffuse until they are absorbed by the nucleus. We are interested in the
first passage properties of the receptors. Particularly, two quantities of great importance are the
mean time T from creation of a receptor to its absorption back into the nucleus and the distribution
ε of eventual hitting points on both the nucleus and the cytoplasm. We show how these quantities
can be determined explicitly for two types of geometry, namely when the nucleus and membrane
are concentric and eccentric, both in 2D and 3D. For this purpose, we derive an analytic expression
for the Green’s function of the Laplace equation for a domain bounded by non-concentric surfaces
in two dimensions and three dimensions subject to absorbing outer surface and reflecting inner
surface and vice versa. Utilizing the Green’s function we derive an expression for T and compare
with previous results in the literature. Furthermore, using the Green’s function we calculate exact
formula for ε and compare it with numerical results.
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ABSTRACT
Invasion into healthy tissue is a defining feature of malignant tumours. Advances in recent years
are beginning to allow us to understand the processes used by tumours to overcome the range of
defence mechanisms protecting healthy tissue. However, little is known about how these processes
are distributed among the cells in the tumour. Is every cell carrying out every task, or can
specialist cell types cooperate and share their abilities? Here we present a mathematical study
of the dynamics between two commonly studied tumour phenotypes, which so far have only been
considerd in isolation: i) a glycolytic tumour phenotype, which produces acid that kills stromal
cells, and ii) a matrix degrading phenotype, which is able to degrade the extracellular matrix.
Building on the Gatenby-Gawlinski model for acid-mediated invasion [1] we derive a system of
five coupled reaction-diffusion equations to explore this novel cooperative invasion hypothesis. We
carry out a simulation study in one spatial dimension in which we investigate how the tumour
develops, as we vary the strength of competition between the two phenotypes. We observe that
overall tumour growth is most extensive when both cell types compete weakly, as might be the
case when both live off different resources. However, such weak competition is not necessary for
the formation of an invasive tumour. Our preliminary results suggest that a tumour in which acid
producing cells dominate over the matrix degrading cells can also invade. The reason is the gap
that forms between the acid producing tumour and the retreating stroma, in which the matrix
degrading cells find a micro-habitat. Our results indicate that, despite being competitors, two
distinct tumour phenotypes can collectively drive invasion, and suggest a potentially intriguing
direction for future research.
Acknowledgements: We would like to thank Jonathan Whiteley for his help with the numerical
scheme. This work was supported by funding from the Engineering and Physical Sciences Research
Council (EPSRC) and the Medical Research Council (MRC) [grant number EP/L016044/1].
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ABSTRACT
Antibiotic resistance is a serious threat to human health and new treatments for bacterial infections
are urgently needed. Bacteriophages, which were first used at the beginning of the 20th century and
the predatory bacterium, Bdellovibrio bacteriovorus (discovered in 1962) have both been proposed
as potential alternatives to antibiotics. We developed a mathematical predator prey ODE model
to predict the effects of Bdellovibrio and bacteriophage on prey bacterial numbers. Our system
is a simple chemostat, with an abiotic resource, a single prey species, exhibiting Monod kinetics
and upto two predator species with a Holling type I or type II functional response. Although the
dynamics of predator and prey in this bacterial system occur on the same time scale, as Bdellovibrio
spends considerable time in a bdelloplast stage within a dead prey cell, this entity is also modelled,
giving a delay between prey removal, and the birth of predators. We used the model to examine
the effects of varying prey cell size on vulnerability to predation. We found there is a minimum
size of prey, relative to the predator, required to support a predator population. Larger prey size
is detrimental to the prey as it is more easily predated, potentially leading to overexploitation of
the prey resource and the extinction of both predator and prey. We also discovered an optimal
attack rate for the predator, which varies with prey size. When comparing Bdellovibrio with
bacteriophages we found a distinct difference in effectiveness. To understand the reliance on good
estimating of parameter values, we performed a sensitivity analysis on the model parameters. For
most settings, perturbations have only modest effects. A changes in a few parameter settings
however, could cause a Hopf bifurcation, between stable co-existence and extreme oscillations, or
result in the extinction of the predator. Our model shows the potential effectiveness of Bdellovibrio
and bacteriophage in combatting bacterial infections and highlights aspects of these systems which
need more laboratory study.
Acknowledgements: Andrew Lovering, Institute of Microbiology and Infection, University of
Birmingham; Liz Sockett, Michelle Baker, Jess Tyson, University of Nottingham
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ABSTRACT
Fascinating dynamical patterns appearing in collection of moving elements such as birds, bacteria,
shaken rods, colloidal particles and cytoskeletons gliding on molecular motors attract attentions as
examples of non-equilibrium phenomena [1–6]. Although materials and scales are different among
these examples, it is known that they show similar global pattens.This suggest the existence of
common mechanism for collective motions regardless of whether living system or not. According to
recent simulation and experimental studies in order to investigate mechanisms, collective motions
can be classified by their symmetries : self-propulsion and velocity alignment mechanism. The
symmetry of self-propulsion represents whether an each particle moves in one- or both- direction
along their body axis. The symmetry of alignment means whether they align their direction or
orientation with neighbors. This classification is important to understand, but even in the same
set where particles move in one direction and align nematically (polar-nematic), two discernible
patterns are known to emerge : long-range alignment and moving clusters. This indicates that
another parameter is required to distinguish these. In this study, we present effect of volume
exclusion on collective motions of polar-nematic particles. In experiments, we used motility assay
of microtubules gliding on kinesin bed and control the strength of volume exclusion by varying the
kinesin density: microtubules at high kinesin-density attach to the kinesin bed firmly so that they
cannot be overlapped each other on collision, while those at low kinesin-density attach loosely so
that microtubules can be overlapped each other. We found that collective motions of microtubules
at low kinesin density show Long-range alignment and those at high kinesin density show moving
clusters. Numerical simulations in which we change the effect of volume exclusion follow these
experimental results. This study provides insight into importance of volume exclusion effect in
collective motion.
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ABSTRACT
Autochemotaxis occurs when a cell migrates to or away from its own secreted chemical signal. It
has been shown to occur in the bacteria E. coli and S. typhimurium, and the amoeba Dictyostelium
discoideum. Self-generated chemotactic gradients also occur in epithelial cells and in zebrafish lateral line primordium. Macrophages are also able to attract other macrophages through chemokine
signalling and could possibly also react to their own gradient. It is yet unclear how autochemotaxis influences the motility of chemoattractant secreting cells. We modeled single, amoeboid,
autochemotactic cells using a Cellular Potts model coupled with a PDE describing the chemoattractant field including secretion, diffusion and degradation of chemoattractant. Cells reacted to
the chemoattractant gradient via a chemotaxis algorithm. We studied cell dispersion rate as a
function of secretion rate and chemotactic strength. In our model, cells disperse faster at low secretion rates or chemotactic strengths than in the absence of chemoattractant. This phenomenon
is explained by cell shape changes: cells elongate due to the interaction with the chemoattractant,
causing an inhomogenous chemoattract field which allows for more displacement. At higher secretion rates or chemotactic strength however, the cells show similar displacement as in the absence
of chemoattractant. In this regime, the cells experience a steeper chemoattractant gradient, which
prevents them from elongating and traps them. We hypothesize that this self-trapping plays a role
in the recruitment of macrophages by preventing the chemokine producing cells from leaving the
site of infection. In our ongoing work we are testing this hypothesis by comparing our model with
experimental data of macrophage migration in zebrafish.
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ABSTRACT
Cellular processes are governed by complex regulatory networks. To understand the dynamics
emerging from these networks, logical (Boolean or extended multi-valued) modelling has become
a popular approach [1]. Logical models define discrete dynamics in which the so-called attractors
are of utmost importance as they relate to long term behaviours of the modelled processes; in
particular, stable states often correspond to cell phenotypes.
In a multi-cellular system, both intra-cellular and cell-cell communication networks are at play. To
account for such a system, cellular models must be properly connected, through logical composition
rules that define cell-cell communication. This framework has been implemented in the EpiLog
software tool (http://epilog-tool.org), which enables the definition, simulation and visualisation
of logical models over simple epithelia. A graphical user interface allows the user to configure a
2D regular hexagonal grid of cells whose behaviours are defined by logical models, and to specify
cell-cell communication through logical integration functions [2].
Here, we focus on the emergent grid stable patterns from these composed logical models. This is a
challenging issue due to the combinatorial explosion of the size of the state space and the potentially
huge number of patterns [2]. More specifically, we aim to assess how stable patterns are influenced
by the topology of the communication network (cells are the network nodes and edges connect
adjacent cells), which represents the neighbourhood (or cell-to-cell contact) between the cells.
We considered a simple lateral inhibition process, involved in the emergence of “salt-and-pepper”
patterns, often at play in developmental biology (see e.g. [3]). We explored different topologies
of the communication networks, relaxing the spatial organisation of the regular hexagonal grid.
This allowed us to assess the effect of some network measures, such as the degree distribution and
number of shared neighbours (between any two adjacent cells), on the stable patterns.
First, we observed that communication networks of a hundred of cells are sufficient to study pattern
formation, since reached stable patterns are highly similar when increasing the cell population size.
This made extensive simulations computationally feasible for assessing a high number of communication networks. Our results show that similar stable patterns are obtained for communication
networks with the same mean number of shared neighbours, which is not the case for networks
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with only similar degree distributions. This suggests that pattern formation is more influenced by
the mean number of shared neighbours than by the degree distribution.
Modelling a simple epithelium as a regular hexagonal grid, as supported by EpiLog, thus seems to
be a reasonable abstraction of the biological reality, in which not all the cells have an hexagonal
shape. As future work, it remains to ensure that the results obtained for a prototypical lateral
inhibition model can be generalised to other cellular models and other composition rules.
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ABSTRACT
One of the challenges that scientists from all areas of knowledge face in the recent years, is to
deal with high-dimensional data. In this type of data, the number of covariates (p) is often much
larger than the number of observations (n), i.e., p  n. In this context, the usual statistical techniques for the estimation of the parameters cannot be applied, due to the inherent ill-posed inverse
problem. In particular, high-dimensional longitudinal data have become increasingly common and
consist of repeated measurements on a large number of covariates, such as in gene expression experiments. When dealing with thousands of covariates, dimensionality reduction is a crucial initial
step, leading to distinct models depending on the variable selection method used [1, 2]. Accurately
identifying the relevant variables or biomarkers has become a challenge for the advancement of
the medical field. A solution to cope with this dimensionality problem is the use of additional
constraints in the optimization problem. To solve this issue, the least absolute shrinkage and selection operator (Lasso), is commonly used for fitting high-dimensional generalized linear mixed
models [3]. Based on this dimensionality reduction, a joint modeling of longitudinal and survival
data can be performed. The focus of the present work is the application of these strategies to
gene expression data from oncological patients, thus contributing to the development of precision
medicine and personalized treatment.
Acknowledgements: This work was partially supported by the European Union Horizon 2020
research and innovation program under grant agreement No. 633974 (SOUND project), and
the Portuguese Foundation for Science & Technology (FCT), through IDMEC, under LAETA
(UID/EMS/50022/2013), INESC-ID (UID/CEC/50021/2013), PERSEIDS (PTDC/EMS-SIS/0642/2014),
SFRH/BD/97415/2013 and Program Investigador FCT (IF/00653/2012).
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ABSTRACT
The presence of varicosities (swelling or beading) along axons is a signature of traumatic brain
injury. Experimental work by Chen Gu and his collaborators has also shown that applying mechanical stress to axons in vitro can induce the rapid formation and later disappearance of varicosities. These beads seem to form due to a disruption in cargo transport: microtubules in the
axon destabilize after mechanical stress is applied, leading to axonal swelling as cargoes build up
in localized areas. To better understand how mechanical stress determines the timescales of formation/disappearance of varicosities and selects their size and location, here we present a hybrid
discrete-continuum model of calcium, microtubule, cargo, and protein dynamics within the axon.
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ABSTRACT
Bacteria of certain species communicate with each other to organize group-beneficial collective
behavior such as bioluminescence and swarming motility [1]. The cell-to-cell communication of
these bacteria is based on a cell-density dependent mechanism called quorum sensing (QS) [2, 3].
For this process different mathematical models in the form of ordinary differential equations [4, 5,
6, 7], partial differential equations [4, 5], and delay differential equations (DDEs) [8, 9] have been
proposed and studied in literature.
Buddrus-Schiemann et al. [9] conducted growth experiments of Pseudomonas putida IsoF (P.
putida IsoF) under steady state conditions in a chemostat and could describe their measurements
by a mathematical QS model of DDEs. We derived a modification of their QS model which
accounts for subpopulations of P. putida IsoF with different roles in the QS system and preserves
the desired mathematical property of existence and uniqueness of global non-negative solutions.
Buddrus-Schiemann et al. [9] speculated about the existence of these subpopulations which could
explain some of their surprising findings.
The Julia DDE solver DelayDiffEq.jl [10] was improved and rewritten by us to investigate the
dynamics of both the original and the modified QS model with appropriate numerical algorithms.
Using the experimental data of Buddrus-Schiemann et al. [9] parameter estimation was performed
for both QS models by global optimization of a suitable regularized objective function. Moreover,
we determined structurally and practically non-identifiable parameters in both models. The hypothesis of two subpopulations, however, could not be confirmed by our analysis of the modified
QS model.
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ABSTRACT
Steroidogenesis is a process which takes place in the granulosa and theca cells of bovine follicles and
results in the production of hormones, including estradiol and progesterone (the main hormones
responsible for regulation of the growth and atresia of follicles)[4], [5]. The chemical reactions are
regulated by enzymes (expression of which was measured) resulting in the estradiol and progesterone being synthesised. We have built Gene and Hormone Regulatory Matrices (GHRM) and
PCR models for each treatment.
The data used to build these models originated from in vitro primary cultures of bovine granulosa
cells with data collected every 8 hours for 24 hours. The cells were stimulated to give six treatments
by adding 25ng/ml IGF-1, 50ng/ml IGF-1, 100ng/ml IGF-1, 50ng/ml IGF-1 with 2ng/ml LH,
100ng/ml IGF with 2ng/ml LH and control. The granulosa cells were obtained from follicles of
diameter greater than 8mm.
Gene Regulatory Matrices (GRMs) are a well known technique for modelling the interactions
between genes [1], [3], [6]. This technique is used here but with genes and hormones, to create
Gene and Hormone Regulatory Matrices (GHRMs). A similar approach is described in [7]. The
expression of: BCL2, CYP 19A1, HSD 3B2, IGF 1rec, BAX, CYP 11A1, FSH rec, HSD 17B1,
RIPK3, LH rec, StAR and concentration of estradiol (E2) and progesterone (P4) were measured.
There were 13 genes and hormones whose expression and concentration was measured at 4 different
times, giving a 13 × 4 array. There were 6 different treatments (administration levels of IGF1 and
LH) to the culture media:
(IGF 1, LH) ∈ {(0, 0), (25, 0), (50, 0), (50, 2), (100, 0), (100, 2)}.
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The units here are ng/ml. This gives

6
2



= 15 different pairs of 13 × 4 arrays.

4 of the 15 pairs had a fold change greater than 2. Two of these pairs will be described here.
The 4-tuple of (IGF 1, LH, gene, time): given by

(0, 0, HSD3B2, 24), (50, 2, HSD3B2, 24) ,
had a FC=3.16 (overexpressed compare to control).
The 4-tuple of (IGF 1, LH, gene, time): given by

(25, 0, HSD3B2, 24), (50, 2, HSD3B2, 24) .
had a FC=7.59 (overexpressed compare to treatment with 25ng/ml IGF-1).
The GHRM is a 13 × 13 matrix, but with many zero entries. For each of the 6 treatments, there
were 9 rows of zeros in the GHRM (different rows for each treatment). Removing the zero rows
would give a 3 × 13 GHRM.
The nonzero rows are CYP11A1, FSH rec and E2 (in the control treatment); RIPK3, LH rec and
E2 (in the treatment with 25ng/ml IGF-1); FSH rec, E2 and P4 (in the treatment with 50ng/ml
IGF-1); BAX, FSH rec and E2 (in the treatment with 100 ng/ml IGF-1); FSH rec, LH rec and
E2 (in the treatment with 50ng/ml IGF-1 and 2ng/ml LH); and IGF 1rec, FSH rec and E2 in the
treatment with 100ng/ml IGF-1 and 2ng/ml LH.
The GHRM matrix yielded an error < 1% on the training dataset.
However, when used on a test dataset, it produced significant errors. The PCR model built on the
training dataset was used for calculations of gene expression rates and hormone concentrations in
the test dataset and errors obtained were smaller than those produced using the GHRM for that
dataset indicating that the PCR may be a better modelling technique.
Acknowledgements: Institute of Technology Sligo President’s Bursary and Institute of Technology Sligo Research Capacity Building Fund.

References
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ABSTRACT
The main purpose of this paper is to develop the two-step implicit-explicit(IMEX) time discretization coupled with finite element methods for solving delayed predator-prey competition reactiondiffusion system. Finite element methods are used to discretize the space variables, both IMEX
two-step one-leg methods and IMEX linear two-step methods are considered in time discretization, where the nonlinear reaction part is discretized explicitly and the diffusion part is discretized
implicitly. The L2-norm error estimates with handling the breaking points are derived. These
methods only require solving two independent linear systems with the same coefficient matrix at
different time, and avoid solving large-scale systems of nonlinear algebraic equations, thus the resulting schemes are efficient. Some numerical experiments are presented to confirm the theoretical
results.
Acknowledgements: This work is supported by the National Natural Science Foundation of
China (Grant No.11271311).
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ABSTRACT
The anthropophilic and peridomestic female mosquito Aedes aegypti bites humans to suck blood
to maturate fertilized eggs, during which dengue virus can be spread between mosquito and human
populations. Besides this route of transmission, there is a possibility of dengue virus being passed
directly to offspring through transovarial (or vertical) transmission. The effects of both horizontal
and transovarial transmission routes on the dengue virus transmission are assessed by mathematical modelling. From the model, the reproduction number is obtained and the contribution of
transovarial transmission is evaluated for different levels of horizontal transmission. Notably, the
transovarial transmission plays an important role in dengue spread when the reproduction number is near one. Another threshold parameter arises, which is the product of the fractions of the
susceptible populations of humans and mosquitoes. Interestingly, these two threshold parameters
can be obtained from three different approaches: the spectral radius of the next generation matrix,
the Routh-Hurwitz criteria and M-matrix theory.
Acknowledgements: Financial support by São Paulo Research Foundation (FAPESP) grant
2018/04094-3.
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ABSTRACT
3D genome architecture studies gained significant attention in recent years. This is mainly due to
rapid development of Chromosome Conformation Capture and its derivative methods like Hi-C,
4C and 5C [1]. An interesting phenomena emerging in analysis of Hi-C data is occurrence of Topologically Associating Domains (TADs), which are regions of self enriched interactions indicating
kilo- to megabase segmentation of chromosomes [2]. Numerous studies in different cell types and
species suggest TADs function as regulatory units preventing spread of epigenetic marks or distal
regulatory elements therefore influencing the process of gene transcription [3] [4] [5].
As the number of such studies grows steadily and many of them aim to capture differences between
TAD structures observed in different conditions, there is a growing need for good measures of
similarity (or dissimilarity) between chromosome segmentations.
In this study we present a BP score, which is a relatively simple distance metric based on the bipartite matching between two segmentations. We provide the rationale behind choosing specifically
this function and show its results on several different datasets, both simulated and experimental.
Furthermore we show that the BP score is a proper metric satisfying the triangle inequality. Additionally, we analyze the local contributions to the BP metric and show that in actual comparisons
between real datasets, the local BP score is correlating with the observed changes in the epigenetic
marks.
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ABSTRACT
DNA methylation is a key epigenetic process connected with gene regulation [1]. Recently, DNA
methylation status has been associated with gene silencing and therefore a variety of diseases
including cancer, Alzheimer’s disease and cardiovascular disease [2]. In addition, changes to DNA
methylation have also been implicated in the ageing process [3]. In this work a novel linear and
nonlinear model is mathematically developed capturing the dynamics of the key events which
characterise DNA methylation. The outcomes of the linear model result in gene promoter specific
methylation levels which are biologically plausible. Most importantly, the non-linear model predicts
DNA methylation promoter bistability which is commonly observed experimentally. The outcomes
are strongly connected with the changes which are associated with ageing and disease such us
cancer.
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ABSTRACT
Graph theory constitutes a widely used and established field providing tools for the characterization of biological networks. Alternatively, the structure of networks can also be investigated by
means of their collective dynamics, e.g., as observed from the interactions of self-sustained oscillations (synchronization patterns) or propagation-like processes such as random walkers. However,
many biological networks are inferred from multivariate signals, which have a temporal structure.
Accordingly, these datasets should be interpreted as a dynamic system, taking time into account.
This stresses the urge for a theoretical framework dedicated to the mutual relationship between
the structure and dynamics in complex networks, as the two sides of the same coin. Here we
propose a rigorous framework based on the network response over time (i.e., Green function) to
study the time-evolving interactions between nodes. First, we define a canonical flow that describes
the differentiated propagation of external inputs across nodes in the network. Then, we extract
information out of this flow to caracterise the spatio-temporal properties of the network. The wellknown graph communicability results as a special case of our flow definition. We demonstrate our
theory revisiting the properties of classical network examples such as small-world ring lattices and
hierarchically modular networks. Finally, we illustrate a practical example of our framework with
an application to neuroscience by comparing fMRI data in two behavioral conditions. We uncover
different modes of brain communication in each condition, revealing different paths of information
integration. In summary, our theory defines a comprehensive framework that is canonically related
to directed and weighted networks, thus paving a new way to revise the standards for network analysis, from the pairwise interactions between nodes to the global properties of networks including
community detection.
Acknowledgements: MG acknowledges funding from the Marie Sklodowska-Curie Action (Grant
H2020-MSCA-656547) of the European Commission. GZL, NEK and GD acknowledge funding
from the European Union Horizon 2020 research and innovation programme under Grant Agreement No. 720270 (HBP SGA1). GD also acknowledges funding from the European Research
Council Advanced Grant: DYSTRUCTURE (295129) and the Spanish Research Project (No.
PSI2013- 42091-P). NEK acknowledges support by the “MOVE-IN Louvain” fellowship co-funded
by the Marie Sklodowska-Curie Action of the European Commission.
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ABSTRACT
We study the evolution of maturation time τ of the predator in a generalization of the Gause
model,
dx(t)
dt
dy(t)
dt

= g(x(t)) − f (x(t))y(t)
= γf (x(t − τ ))y(t − τ )e−

Rτ
0

ν(a)da

− δy(t)

where x(t) and y(t) represent the population density of prey and adult predator respectively.
We assume that conversion rate γ and death rate δ depend on τ to express a trade-off that predator
with longer maturation time have larger conversion rate and higher death rate than predator with
shorter maturation time. We establish the characteristic function and study the distribution of
eigenvalues to find the sufficient conditions of stability for resident population. Using the theory
of adaptive dynamics [1], we can find the invasion conditions and the outcome of invasion.
Acknowledgements: This work was supported by the National Scholarship Foundation of China
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Gonay, Léolo, 304
Gong, Chen Chris, 761
Gontier, Nathalie, 503
Goodlad, Arnina, 387
Goussis, Dimitris, 167
Gouveia, Marcos, 667
Gouze, Jean-Luc, 578
Graham, Jason M., 762
Greenhalgh, David, 477
Grognard, Frédéric, 497
Gudmand-Hoeyer, Johanne, 646
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Tanner, Eleanor, 460
Telcs, András, 608
ten Broeke, Guus, 590
Terefe, Yibeltal A., 472
Thieffry, Denis, 219
Thomas, Philipp, 363

879

Tiago, Jorge, 190
Timofeyev, Ilya, 685
Tonello, Elisa, 216
Torres, Delfim F. M., 482
Toscano-Ochoa, Carlos, 620
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ABSTRACT
For to model and analyze biological data and epidemiological data, we use several theoretical and
experimental methods and techniques with mathematical tools and other epidemiological tools.
Among the fields used in this work are: Mathematical Sciences, Biological Sciences and Public
Health. The objective of this work is the mathematical modeling of the behavior of the impact of
artificial ultraviolet radiation type C on a species of pathogenic bacterium. On the other hand to
analyze some epidemiological data of a type of cancer in a well-defined area.
We distinguish two types of data, the first is biological, where we used the device of a UV of type
C lamp and a species of bacterium of Escherichia coli type are seed in petri dishes, we fixed the
distance between the lamp used and the petri dishes are used. The second are epidemiological,
where we collected this data from three services, the first two at the hospital public institution
sisters Bedje of Chlef and the University Hospital of Oran, Algeria, the third is administrative
regarding the distribution of the population of the area studied. We have used some mathematical
tools to discover the relationship between the number of colonies (N) of this bacterium and the
exposure time (t) by the type of radiation are used in this case. We used some epidemiological
tools and other statistics to estimate the incidence and average age of patients with breast cancer
and to know the characteristics of the population of the area used. The graphical representation
of the number of Escherichia coli colonies as a function of the exposure time, where we modelled
this representation by a well-defined function (N = f (t)). We found 177 cases of patients during
the year 2016 in the chlef region, where the number of the female population of this region and
during this period more than 600000 women and most young women. The incidence rate of these
patients is 36 cases per 100000 women and the average age is approximately 49.62 ± 2.00 years.
Mathematical tools and epidemiological tools play an important role in modeling and analyzing
the various parameters, either biological or epidemiological, or for other domains, especially to
know the characteristics and properties important to make the decision by specialists.
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