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Modeling the implementation of dengue vaccine

Máıra Aguiar

Centre for Mathematics and Applications, Faculty of Sciences and
Technology, NOVA University of Lisbon, Portugal

Co-authors: Scott B. Halstead (Private consultant, North Bethesda, USA) and Nico
Stollenwerk (Lisbon University, Portugal)

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 de-
velop non-protective 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
WHO-SAGE 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 Projects UID/MAT/00297/2013

(Centro de Matemática e Aplicações, Universidade Nova de Lisboa).
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Modelling mosquito’s plasticity

Bedreddine Ainseba

University of Bordeaux, France

Co-autors: Lin Lin Li



Evolutionary branching via replicator-mutator equations

Matthieu Alfaro

University of Montpelier, France

Co-autors: Mario Veruete (Univ. Montpellier)

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 Schrodinger 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.



Numerical integration of a Consumer-Resource model in a PDE
formulation

Oscar Angulo

Universidad de Valladolid, Spain

Co-autors: L.M. Abia, J.C. Lopez-Marcos and M.A. Lopez-Marcos (Univ. Valladolid)

We have studied the numerical integration of a nonlinear model that describes the dy-
namics of size-structured populations feeding on an unstructured dynamical food-source,
given by the following equations,

ut + (g(x, t, s(t))u)x = −µ(x, t, s(t))u, 0 < x < xM(t), t > 0,

g(0, t, s(t))u(0, t) =

∫ xM (t)

0

α(x, t, s(t))u(x, t) dx, t > 0,

u(x, 0) = u0(x), 0 ≤ x ≤ xM(0),

s(t) = f(t, s(t), I(t)), t > 0, s(0) = s0,

I(t) =

∫ xM (t)

0

γ(x, t, s(t)) u(x, t) dx, t ≥ 0,

where x and t represents size and time, respectively, u(x, t) density function of consumers
with size x at time t and s(t) is the quantity of available resource at time t. The model
also introduces an undetermined size domain with a non fixed maximum size xM(t) that
changes with time, allowing a shrinking population. This model is related with the work
about the evolution of a population of Daphnia magna and the model which could repre-
sent it, introduced in [2] and also studied in [1].

We have proposed second order numerical methods which integrate the problem for
a finite time interval [0, T ] in this PDE formulation. We have analyzed its convergence
to the solution when it is bounded, for a finite time integration, and we have performed
numerical simulations based on a Daphnia magna population data. Another approach to
the model in the form of a system of two delays equations was introduced in [3] and the
references there in.

We have also studied the use of the numerical scheme for a long time integration
which shows us part of the dynamics of the model: there is a stable steady state that
turns unstable when the parameter related with the carrying capacity increase.
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Coastal phytoplankton community dynamics and coexistence

Frédéric Barraquand

CNRS & University of Bordeaux, France

Co-authors: Coralie Picoche, Daniele Maurer, Laure Carassou, Isabelle Auby

A major puzzle in ecology is the continued coexistence of species-rich communities
of primary producers, such as tropical trees or phytoplankton, in spite of their likely
competition for resources that could lead to competitive exclusion. In this talk, I will
translate the hypotheses of population dynamics models for phytoplankton communities
into time series models, and present a statistical analysis of a long-term (¿20 year) coastal
survey of phytoplankton. The statistical models show that competition (for nutrients or
other resources) between groups seem rather weak in the field, unlike what is found in
more controlled environments. Curiously, some models specifically developed to solve the
”plankton paradox” by assuming a temporally varying competition strength seem also
inappropriate for this coastal community. This points to other drivers of species coexis-
tence such as predation or microscale spatial structure, for which I highlight modelling
and data implications.



Steady State Concentration properties and consequences on the
asymptotic and transient behaviour for an Evolutionary

Epidemic System

Jean-Baptiste Burie

University of Bordeaux, France

In this talk, we will present results of a study of an integro-differential system of
equations modelling the genetic adaptation of a pathogen by taking into account both
mutation and selection processes. First we study the asymptotic behaviour of the system
and prove that it eventually converges to a highly concentrated (in the phenotypic space)
stationary state. Next we investigate the behaviour of the system in the presence of mul-
tiple evolutionary attractors. Under suitable assumptions and based on a small mutation
variance asymptotic, we describe the existence of a long transient regime during which the
pathogen population remains far from its asymptotic behaviour and concentrated around
some different phenotypic value. Thus the time needed for the system to reach its large
time configuration is very long and multiple evolutionary attractors may act as a barrier
of evolution.



Persistance Criteria for a nonlocal niche model and application

Jerome Coville

INRA Avignon, France

Co-autors: Berestycki (EHESS) and Hoang Hung Vo

I will present a recent study made in collaboration with H. Berestycki and H. Vo concern-
ing persistence criteria in some nonlocal models in RN . I will first present the persistence
criteria that we have obtained and then, I will discuss the behavior of this criteria with
respect to some scaling of the dispersal operator corresponding to some cost constrained
on the dispersal of the individuals.



Travelling waves for a non-monotone bistable equation with
delay: existence and oscillations

Arnaud Ducrot

University of Bordeaux, France

Co-authors: Matthieu Alfaro and Thomas Giletti

We consider a bistable (0 < θ < 1 being the three constant steady states) delayed reaction
diffusion equation, which serves as a model in population dynamics. The problem does
not admit any comparison principle. This prevents the use of classical technics and, as a
consequence, it is far from obvious to understand the behaviour of a possible travelling
wave in +∞. Combining refined a priori estimates and a Leray Schauder topological
degree argument, we construct a travelling wave connecting 0 in−∞ to “something” which
is strictly above the unstable equilibrium θ in +∞. Furthemore, we present situations
(additional bound on the nonlinearity or small delay) where the wave converges to 1 in
+∞, whereas the wave is shown to oscillate around 1 in +∞ when, typically, the delay is
large.



Spreading speeds in some diffusive prey-predator systems

Thomas Giletti

University of Lorraine, France

In this talk, I will discuss the spreading properties of solutions of some diffusive prey-
predator systems, for which the comparison principle does not hold. Both species are
assumed to initially inhabit a compactly supported region. We will see that spreading
then occurs, for both species, with a definite speed. Intriguingly, the spreading speeds
may be different between the prey and the predator, depending on the situation.



Time-optimal control strategies in SIR epidemic models

Luca Bolzoni

IZSLER - Istituto Zooprofilattico Sperimentale della Lombardia e
dell’Emilia-Romagna, Parma, Italy

Co-autors: E. Bonacini, R. Della Marca, M. Groppi

In this talk the time-optimal control problem in SIR (Susceptible-Infected-Recovered)
epidemic models is investigated, focusing on different control policies: vaccination, isola-
tion, culling, and reduction of transmission. Applying the Pontryagins Minimum Principle
(PMP) to the unconstrained control problems (i.e. without costs of control or resource
limitations), we prove that, for all the policies investigated, only bang-bang controls with
at most one switch are admitted. When a switch occurs, the optimal strategy is to de-
lay the control action some amount of time and then apply the control at the maximum
rate for the remainder of the outbreak. Our results are especially important for livestock
diseases where the minimization of outbreaks duration is a priority due to sanitary restric-
tions imposed to farms during ongoing epidemics, such as animal movements and export
bans.



Anisotropic dispersal in a vineyard

Yong-Jung Kim

KAIST, Korea

Co-autors: Hyowon Seo

In this talk we introduce an anisotropic dispersal model in a vineyard. Even if the wind
direction is completely random outside of a vineyard, the active wind direction inside
a vine yard is not isotropic anymore. We expect the anisotropic structure of a vineyard
produces an anisotropic dispersal. We apply such a dispersal model to a fungus spreading.



Bifurcations in structured population dynamics models

Zhihua Liu

Beijing Normal University, China

The main purpose of this talk is to present our works recently on bifurcations in structured
population dynamics models. By using the integrated semigroup and bifurcation theories,
we investigate the Hopf bifurcation and Bogdanov-Takens bifurcation. We will focus on
the Bogdanov-Takens bifurcation.



An insect vectors of phytoplasmas model in host vineyards

Ahmed Noussair

University of Bordeaux, France

We consider a multistage host-vector epidemiological model with physiological age struc-
ture and spatial insect spreading in a host vineyards . The insect population is described
throughout its life history trait consisting of five stages of development termed eggs, lar-
val, pupal and moth adult (male and female). Male and female are sub-compartmented
via SEI epidemiological model while the population of plant is described using an SEIR
model. We investigate the dynamic of this model and we report some numerical simula-
tions with application to the ”Flavevescence Dorée”.



Physiologically structured models of the population dynamics of
Drosophila suzukii

Andrea Pugliese

University of Trento, Italy

Co-autors: Souvik Bhattacharya, Ferdinand Pfab

The fruitfly Drosophila suzukii has been recently introduced into North America and
Europe; its ability to infest undamaged fruit makes it a serious problem in some agricul-
tural areas, including the province of Trento, where its population dynamics has been
studied through extensive trapping campaign since 2011. From laboratory and field
studies it appears that its dynamics is strongly affected by the availability of resurces
(soft-skinned fruits) and by temperature, which influences fertility, mortality and length
of developmental stages. Several different approaches have been used to model popula-
tions with different life-stages of variable length. We chose the approach of physiologically
structured populations (PSP) (Metz and Diekmann, 1986) where individuals are endowed
with an internal variable (that may be interpreted as ‘maturity’); fertility and mortality
rates will depend on the ‘maturity’, as well as on environmental variables; also rate of
‘maturity’ increase will depend on climatic variables. The resulting model has been pa-
rameterised using studies from many different laboratories (Dalton et al., 2011; Kinjo et
al., 2014; Tochen et al., 2014; Shearer et al., 2016) and tested using temperature data
recorded in 2014-16 in localities of the province of Trento differing in altitudes (185 to
792 m a.s.l.). It turns out that the model predicts highest densities of Drosophila suzukii
in 2014 (the coolest summer) in the localities at low altitudes, and in 2015 (the hottest
summer) at high altitudes, in agreement with observed data. The model has been ex-
tended to allow for variable resource availaibility, differential trapping rate, and plastic
adaptation to winter conditions; and is being used to assess the potential effect of biocon-
trol strategies, and of insecticide use.

References
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R0 in structured population models

Jordi Ripoll

Universitat de Girona, Spain.

Co-autors: Angel Calsina, Carles Barril (UAB)

The computation of the basic reproduction number R0 for autonomous continuously struc-
tured 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 op-
erator 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 ob-
tain 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.



Periodic Solutions of Abstract Semilinear Equations with
Applications to Biological Models

Shigui Ruan

University of Miami, USA

Co-autors: Qiuyi Su

We study the existence of periodic solutions to the abstract semilinear evolution equation

du

dt
= A(t)u(t) + F (t, u(t)), t ≥ 0

in a Banach space X, where A(t) is a T -periodic linear operator on X (not necessarily
densely defined) satisfying the hyperbolic conditions, and F : [0,∞) × D(A) → X is
continuous and T -periodic in t. The idea is to combine Poincare map technique with fixed
point theorems to derive various conditions on the operator A(t) and the map F (t, u)
to ensure that the abstract evolution equation has periodic solutions. Three cases are
considered: (i) If A(t) = A is time-independent and is a Hille-Yoshida operator, conditions
on F are given to guarantee the existence of mild periodic solutions; (ii) If A(t) is time-
dependent and satisfies the hyperbolic condition, sufficient conditions on A(t) and F are
presented to ensure the existence of mild periodic solutions; (iii) If A(t) = A is time-
independent, is a Hille-Yoshida operator and generates a compact semigroup on D(A),
the existence of mild periodic solutions is also discussed. As applications, the main results
are applied to establish the existence of periodic solutions in a delayed periodic red-blood
cell model; age-structured models with periodic harvesting, and diffusive logistic equations
with periodic coefficients.



Modeling the implementation of dengue vaccine

Nico Stollenwerk

Center for Mathematics, Fundamental Applications and Operations
Research, University of Lisbon, Portugal

Co-authors: Máıra Aguiar (Universidade Nova de Lisboa, Portugal) and Bob W. Kooi
(Free University Amsterdam, The Netherlands)

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 hospi-
talization 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 dynam-
ical 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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Discrete-time population dynamics on the space of measures

Horst Thieme

Arizona State University, USA

If a structured population is considered and the individual state space is given by a
metric space S, measures µ on the σ-algebra of Borel subsets T of S offer a modeling
tool with a natural interpretation: µ(T ) is the number of individuals with structural
characteristics in the set T . A discrete-time population model is given by a map F on
the vector space of finite (signed) Borel measures that maps the structural population
distribution of a given year to the one of the next year. F can be interpreted as a
population turnover map. Under suitable assumptions, F has a first order approximation
at the origin (the zero measure, the extinction fixed point), which is a positive linear
operator or, in the case of sexual reproduction, a homoge- neous order-preserving operator
on the cone of nonnegative measures. This first order approximation can be interpreted
as a basic population turnover operator. In the case of a semelparous population, it
can be identified with the next generation operator. Even if it is only homogeneous, a
spectral radius can be defined by the usual Gelfand formula and be interpreted as a basic
population turnover number. We investigate in how far it serves as a threshold parameter
between population extinction and population persistence. The variation norm on the
space of measures is too strong to give the basic turnover operator enough compactness
such that its spectral radius is an eigenvalue associated with a positive eigenmeasure
or a positive eigenfunctional which can be used in standard persistence techniques. If
S is compact, one can use that the space of measures is the dual space of the space
of continuous functions on S. If S is not compact, the at norm (also known as (dual)
bounded Lipschitz norm) is a suitable alternative.



The role of vertical heterogeneity for planktonic ecosystems
experiencing eutrophication

Ezio Venturino

Università di Torino, Italy and University of Leicester, UK

Co-autors: Irene Azzali and Andrew Morozov

Simple theoretical models for plankton dynamics in marine and lake ecosystems un-
der eutrophication predict the appearance of large amplitude population oscillations in
nutrient-rich waters. But such predictions do not often find a validation by field observa-
tions. Recent models take into account heterogeneity of the growth rate of phytoplankton
and active zooplankton food-searching behaviour. They show that grazers can efficiently
control phytoplankton densities at low values even in presence of high nutrient concen-
trations. In this talk we focus on the more realistic case where the limiting nutrient is
a dynamical variable. The phytoplankton growth across the water column depends thus
both on light attenuation and on the dynamical depletion of nutrients. Considering also
the more realistic scenario of depth-dependent vertical turbulent diffusion, some mecha-
nisms of bloom suppression, alternative to those known in the literature such as the ideal
free distribution (IFD) of food, are found to be possible. Indeed IFD can be less stabilis-
ing than random foraging of zooplankton. Another finding concerns the stable top-down
control in the ecosystem: it would be highly dependent on values of vertical diffusion and
on the nutrient concentration in deep layers.



Spatial Spread of Epidemic Diseases in Geographical Settings:
Seasonal Influenza Epidemics in Puerto Rico

Glenn Webb
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Co-autors: Pierre Magal and Yixiang Wu

We present a nonlinear first-order hyperbolic partial differential equation model to
describe age-structured tumor cell populations with proliferating and quiescent phases at
the avascular stage. The division rate of the proliferating cells is assumed to be nonlinear
due to the limitation of the nutrient and space. The model includes a proportion of
newborn cells that enter directly the quiescent phase with age zero. This proportion can
reflect the effect of treatment by drugs such as erlotinib. The existence and uniqueness
of solutions are established. The local and global stabilities of the trivial steady state
are investigated. The existence and local stability of the positive steady state are also
analyzed. Numerical simulations are performed to verify the results and to examine the
impacts of parameters on the nonlinear dynamics of the model.



On a Vector-host Epidemic Model with Spatial Structure

Yixiang Wu

Vanderbilt University, Nashville, USA
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In this talk, we consider a reaction-diffusion vector-host epidemic model. We define the
basic reproduction number R0 and show that R0 is a threshold parameter: if R0 ≤ 1 the
disease free steady state is globally stable; if R0 > 1 the model has a unique globally stable
positive steady state. We then write R0 as the spectral radius of the product of R(x) and
two compact operators with spectral radius equalling one. Here R(x) corresponds to the
basic reproduction number of the model without diffusion and is thus called local basic
reproduction number. We study the relationship between R0 and R(x) as the diffusion
rates vary.



Traveling waves of diffusive SIR epidemic model

Rong Yuan

Beijing Normal University, China

It is well known that traveling waves are used to model the spatial spread of epidemics.
In this talk, I would like to discuss diffusive SIR and SEIR epidemic model. The effect of
spatial heterogeneity, nonlocal dispersal, non-local interaction and time delay are consid-
ered. The relation between nonlocal dispersal and Laplacian are discussed. Some results
of traveling waves for SIR epidemic model and SEIR epidemic model are introduced.
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