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Detecting and quantifying between-pathogen interactions in humans: an
agent
based model simulation study
Hélène Arduin, Laurence Watier, Didier Guillemot, Lulla Opatowski
Unité B2PHI, UMR 1181 Inserm – Université de Versailles Saint Quentin en
Yvelines - Institut Pasteur

Abstract
Population models of pathogen transmission generally focus on a single
pathogen. However, growing evidence suggest that microorganisms interact
within the host [1]. These interactions may impact the global dynamics of a
pathogen and lead single-pathogen-studies to erroneous conclusions.
Interaction studies are commonly performed by applying regression methods
(Linear, Poisson and negative binomial) [2] as well as dynamic models
fitting on disease incidence data [3]. To what extent are these methods
reliable in this context? Here we present a simulation study in which we
assess the ability of these different methods to achieve detection of
between-pathogen
associations.
We used an agent-based-model to simulate the co-circulation of two
pathogens in a human population. Specifically, influenza viruses and
pneumococcus were modelled as influenza effects on pneumococcus have been
documented in humans [4]. To explore a range of hypotheses, three
interaction parameters were defined: synergy in pneumococcus-acquisition,
-transmission, and –infection [5]. By varying these parameters 38 scenarios
of interactions were simulated, from which weekly influenza and
pneumococcal infection incidence time series were extrapolated.
Each statistical method was independently tested on these simulated
datasets, and methods results were compared on their ability to detect and
quantify the force of association. All methods were roughly able to detect
strong interaction links. However for intermediate and low interactions,
regressions did not always return significant associations, there was a
threshold of detection varying with the interaction hypothesis: at least a

4-times increased probability for pneumococcus-transmission and
–acquisition was needed to detect a significant association, whereas a
6-times increased probability of pneumococcus infection was necessary.
Furthermore, the time lags at which significant associations were detected
strongly depended on the interaction hypothesis: detected over the 6
preceding weeks for pneumococcus-acquisition, over the 7 preceding weeks
for pneumococcus-transmission, and only over the 3 preceding weeks for
pneumococcus-infection.
This study highlights that assessing between-pathogens interactions from
time series incidences is possible, although careful methodological
selection is needed. Better knowledge of existing interactions is needed as
it could offer new possibilities for treatment and control of major
diseases.
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Fast and accurate estimation of field effectiveness for meningococcal
vaccines through dynamic modeling.

Lorenzo Argante(1,2,3), Michele Tizzoni(2), Duccio Medini(2,3)
1. PhD School in Complex Systems for Life Sciences, University of Turin, Turin,
Italy.
2. ISI Foundation, Turin, Italy.
3. GSK Vaccines, Siena, Italy.
Abstract
Estimating the field effectiveness of a recently introduced vaccine such as
Bexsero is fundamental to monitor the impact of immunization programs. The
screening method has been widely used, and is proposed for a
post-implementation study in UK, as it provides an estimate of
effectiveness based only on number of disease cases and vaccine coverage.
However, the precision of the screening method is proportional to the
number of disease cases detected. If the incidence of the disease is low,
as for MenB in general and in UK particularly over the last three years,
several years are required to obtain a relevant estimate of vaccine
effectiveness.
Here, we propose a Monte Carlo maximum likelihood (MCML) procedure for
estimating the vaccine effectiveness via a dynamic computational model.
Based on the most relevant features of the epidemiology of the pathogen and
on the social contact pattern of the host population, a dynamic
transmission model realistically reproduces both the spreading of the
pathogen and the emergence of disease cases. A maximum likelihood method
is
then used to compare the stochastically generated cases with the real ones,
leading to an estimate of the most credible vaccine effectiveness.
The MCML method was validated against data collected during the MenC
vaccination campaign carried out in UK between 1999 and 2008. An accurate

and precise estimate of vaccine effectiveness against disease could be
obtained in a significantly shorter time frame, compared to the screening
method. The MCML procedure also provided a reliable estimate of vaccine
effectiveness against carriage, not obtainable through the screening
method, in line with the *herd immunity *effect previously measured in this
vaccination
campaign.
Projections to the Bexsero immunization program in UK indicate that months
would be sufficient to estimate vaccine effectiveness with MCML, providing
a precious tool for fast and accurate post-implementation surveillance.
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Global analysis of an infection age model with a class of nonlinear incidence
rates
Bentout Souflane and Touaouala Tarik Mohamed
Department of Mathematics, University Abou Bekr Balkaid, Tlemcen, Algeria

Abstract
SIR infection age models with a very general class of nonlinear incidence rates
$f(S,J)$ are investigated. We give a necessary and sufficient condition for global
asymptotic stability of the free-equilibrium related to the basic reproduction
number.
Furthermore, additional conditions allow us to prove an exponential stability of
this disease-free equilibrium. Finally, by using a Lyapunov functional, we show
the global asymptotic stability of the endemic equilibrium whenever it exists.
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Optimal Varicella immunization programs for both Varicella and Herpes
Zoster Control

Monica Betta 1, Marco Laurino 2, Andrea Pugliese 3, Giorgio Guzzetta 4,
Alberto Landi 1, Piero Manfredi 5
1 Department of Information Engineering (DIE), University of Pisa, Italy.
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Abstract:
A main obstacle to the widespread adoption of varicella immunization in Europe
has been the fear of a subsequent boom in natural herpes zoster caused by the
decline in the protective effect of natural immunity boosting due to reduced
virus circulation. We apply optimal control to simple models for VZV
transmission and reactivation to investigate existence and feasibility of temporal
paths of varicella childhood immunization that are optimal in controlling both
varicella and zoster. We analyze the optimality system numerically focusing on
the role played by the structure of the cost functional, the relative cost zostervaricella, and the length of the planning horizon. We show that optimal
programs exist but will mostly be unfeasible in real public health contexts due
to their complex temporal profiles. This complexity is the consequence of the
intrinsically antagonistic nature of varicella immunization programs when aimed
to control both varicella and herpes zoster. However we could show that
gradually increasing, smooth – thereby feasible - vaccination schedules, can
perform largely better than routine programs with constant vaccine uptake.
Moreover we show the optimal temporal profiles of feasible immunization

programs targeting with priority the mitigation of the post-immunization natural
zoster boom.
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Statistical challenges when analysing emerging epidemic outbreaks

Tom Britton
Stockholm University
Abstract
New infectious disease outbreaks have great impact on communities over the
world as most recently manifested by the Ebola outbreak. An important
statistical task is then to predict the future scenario with and with out preventive
measures. In the current talk we will investigate such analyses and see how it
can be improved. The main catch is that in the exponentially growing phase early
on in an outbreak, several biases can occur if not taken into account for: events
with short delays will be over-represented. We will give some examples from
the Ebola outbreak and see how the biases can be removed or at least reduced.
(Joint work with Gianpaolo Scalia Tomba).

Gaussian process approximations of the stochastic SIR model.

Elizabeth Buckingham-Jeffery, University of Warwick.
Thomas House, University of Manchester.
Abstract
Syndromic surveillance is used to enhance traditional disease surveillance
methods. The collection of syndromic data often requires less direct manual
input and has lower associated costs. Therefore the data can be collected at
more frequent time intervals and is often available more immediately.
Computational speed of analysis methods is important when working with
syndromic
data
as
new
data
is
available
so
frequently.
The stochastic SIR model is used to model epidemics of infectious diseases. One
benefit of a stochastic model over a deterministic one is that some variability in
the expected behaviour of the epidemic can be seen. It is beneficial to know the
potential extent of this variability when using the model to make predictions
about an epidemic. However the stochastic SIR model is non-linear, therefore
analytical
measures
of
its
variability
are
not
possible.
The aim of this work is to approximate the variability in the epidemic trajectories
of the stochastic SIR model using a Gaussian process approximation [1]. We
compare Gaussian process approximations with different means and standard
deviations to numerical simulations of the stochastic SIR model using the
Kullback-Leibler divergence. We use the multi-variate normal moment closure
approximation
as
a
comparison
benchmark
[2].
We find that for large population sizes the optimal Gaussian process
approximation works equally as well as the established multi-variate normal
moment closure approach. The optimal time-varying normal approximation is
computationally faster. Finding a good Gaussian process approximation
enhances the possibilities for real-time analysis of syndromic disease data.

Bibliography
[1] C. Archambeau, D. Cornford, M. Opper, and J. Shawe-taylor. Gaussian
Process Approximations of Stochastic Differential Equations. Journal of Machine
Learning Research: Workshop and Conference Proceedings, 1:1-16, 2007.
[2] V. Isham. Assessing the Variability of Stochastic Epidemics. Mathematical
biosciences, 107(2):209 - 224, 1991.

Qualitative analysis and optimal control of deterministic epidemic models
including information–related human behavior

Bruno Buonomo
Department of Mathematics and Applications, University of Naples Federico II
via Cintia, I-80126 Naples, Italy.
email: buonomo@unina.it

Abstract
Over the last few years, there have been significant developments in the field of
mathematical theory of the spread of infectious diseases. These developments
concerns the role of the feedback enacted onto an epidemics by the available
information and rumors on the propagation of the infectious spreading itself.

This new viewpoint substantially changed the nature of models in mathematical
epidemiology. Indeed, its classical models adopt an approach derived from
statistical physics and theoretical chemistry: subjects are represented as
interacting particles, so that the infection process, for example, is modeled by
means of the mass–action of chemistry [1, 7, 10].

In this talk, we will focus on epidemic models including information–related
human behavior. We present several results contained in recent papers [2, 3, 4,
6] and obtained in the framework of the new field of Behavioral Epidemiology
[8, 9].
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The interplay between models and public health policies: Regional control
for a class of spatially structured epidemics (think globally, act locally)

Vincenzo Capasso
ADAMSS (Interdisciplinary Centre for Advanced Applied Mathematical and
Statistical Sciences)
Universitá degli Studi di Milano
Milan, Italy

Abstract
A review of the research carried out by the speaker on the mathematical
analysis of epidemic systems. Particular attention will be paid to recent
analysis of optimal control problems related to spatially structured epidemics
mediated by environmental pollution.

A relevant problem, related to the possible eradication of the epidemic, is the
so called zero stabilization. In a series of papers, necessary conditions, and
sufficient conditions of stabilizability have been obtained. It has been proved
that it is possible to diminish exponentially the

epidemic process, in the whole habitat, just by reducing the concentration of
the pollutant in a nonempty and sufficiently large subset of the spatial domain.
The stabilizability with a feedback control of harvesting type is related to the
magnitude of the principal eigenvalue of a certain operator. The problem of
finding the optimal position (by translation) of the support of the feedback
stabilizing control in order to minimize both the infected population and the
pollutant at a certain finite time.

Is intervention a cost-effective way to increase vaccination coverage? A real
option approach
Zuzana Chladná, Department of Applied Mathematics and Statistics, FMFI,
Comenius University, Bratislava, Slovakia, e-mail:chladna@fmph.uniba.sk
Abstract:
Current measles outbreaks in USA and Germany emphasize the importance of
sustaining and increasing vaccination coverage rates in case of vaccine
preventable diseases. In Slovakia, despite mandatory vaccination scheme,
decrease in the vaccination coverage against measles has been observed in
recent years. Intervention at the country level appearsto be the only strategy to
help improve thevaccination coverage rate and thus achieve herd immunity.
This study aims to analyze the economic effect of intervention in Slovakia. We
develop a real options model given uncertainties in vaccination coverage and
epidemics outbreak appearance.Vaccination coverage is represented as a
stochastic process and intervention as a one-period jump of this process. Using
real options techniques we determine the level of vaccination coverage at which
it is optimal to perform intervention.We compare the epidemic-related
economic costs with and without intervention. A detailed sensitivity analysis of
numerical results shows the main factors, whichaffect economic efficiency of
intervention.
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Modelling age-dependent population dynamics of Anopheles gambiae s.s.,
taking into account the effect of environmental temperature during the
immature and mature stages
Céline Christiansen-Jucht, Imperial College London, London, United Kingdom;
María-Gloria Basáñez, Imperial College London, London, United Kingdom;
Kamil Erguler, Energy, Environment, and Water Research Center, The Cyprus
Institute, Cyprus;
Adam Saddler, Swiss Tropical and Public Health Institute, Basel, Switzerland;
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Paul Parham, University of Liverpool, London, United Kingdom

Abstract
Climate change and global warming are emerging as important threats to human
health, particularly through the potential increase in vector- and water-borne
diseases. Environmental variables are known to affect significantly the
population dynamics and abundance of insect disease vectors, but the exact
extent and consequences of this sensitivity are not yet well-established. We
focus here on malaria and its main mosquito vector in Africa, Anopheles
gambiae s.s., and present a set of novel mathematical models of climate-driven
mosquito population dynamics based on the results of laboratory research into
the effects of senescence and temperature during its immature and mature
stages on mosquito survival and reproduction life-history parameters. We use
the results of experimental work to inform the structure of mathematical
models of age- and temperature-dependent Anopheles population dynamics,
and compare the fit of these models to ‘standard’ models that ignore
temperature- and age-dependence. We observe that when compared with
models that do not include temperature- and age-dependence, these models
demonstrated a significantly better fit to longitudinal datasets of vector
abundance in sub-Saharan Africa. This highlights that including both
temperature- and age-dependence in the vector component of mosquito-borne
disease models is important for more reliably predicting disease transmission
dynamics, particularly in relation to the potential effects of global warming

Ebola epidemic growth, transmission patterns, and insights for epidemic
control

Gerardo Chowell-Puente
Georgia State University, Atlanta, USA

Abstract
The 2013-15 Ebola epidemic in West Africa has provided a unique opportunity
to increase our understanding of the transmission dynamics and control of Ebola
virus disease. In this presentation i will talk about several studies that we have
conducted during the course of the Ebola epidemic and aimed to: 1) characterize
the local and regional epidemic growth patterns, 2) assess the role of spatial
dynamics using simple models to gain insights for epidemic control, and 3)
quantify Ebola transmission patterns by systematically analyzing Internet news
reports from authoritative media outlets and public health authorities in order
to overcome the scarce and patchy information on exposure patterns and chains
of transmission available from formal epidemiological surveillance efforts.

Modelling rabies elimination in an African city
Nakul Chitnis
Swiss Tropical and Public Health Institute
Basel, Switzerland

Abstract
Rabies is a viral disease that is usually transmitted by the bite of an animal. While
rabies in wildlife has been eliminated in Western Europe through oral
vaccination of foxes, dog transmitted rabies persists in Asia and Africa. Most
human deaths from rabies occur in tropical, resource limited countries, where
an estimated 55,000 people die of rabies each year (usually contracted through
dog bites). We ran two vaccination campaigns in N'Djamena, Chad in 2012 and
2013, reaching a coverage of 70% of dogs and eliminating rabies transmission.
Concurrently, we calibrated an existing compartmental ordinary differential
equation model of transmission of rabies in dogs. We analysed this model to
elucidate the reasons for the loss of immunity and determine the threshold
density of susceptible dogs required to maintain transmission and the optimal
frequency of vaccination campaigns.

MCMC Methods applied to epidemic outbreaks

Valentina Clamer & Andrea Pugliese
University of Trento, italy

Abstract:
The attention that was given to the A/H1N1 2009 flu pandemic has made it
possible to collect detailed data on the epidemic spread in more typical
contexts, especially schools that are well known to represent hot spots for
epidemic spread. Data on infection during that pandemic were collected also
among students of two primary schools in Trento (Italy). Although the data
obtained were not detailed (and possibly not accurate), we show how their
analysis yields estimates of transmission rates within class, grade or school, that
appear consistent between the two schools and with our general understanding.
Since the data are only partially observable (information is not available on all
students; furthermore, only dates of symptom occurrence, not of infection, are
known), the by now classical approach of Markov Chain Monte Carlo Methods
is followed to make inference about the missing data and the unknown
parameters. Before applying the algorithm to actual data, we applied it to
synthetic data, generated to reproduce the school structure, under different
assumptions on the structure of infection transmission. This work on synthetic
data makes us, on the one hand, get a better interpretation of the results
obtained, showing for instance to which degree parameters are identifiable, on
the other hand, assess the loss in accuracy resulting from missing data and other
sources of error.
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Facing the complexity of infectious disease spread: the MERS case

Vittoria Colizza
INSERM & UPMC, Paris, France
Abstract
The Middle East respiratory syndrome coronavirus (MERS) that causes a severe
lower respiratory tract infection in humans is considered a serious public health
epidemic threat. Since its isolation in June 2012, MERS has reached 26 countries
infecting a total of 1,368 confirmed cases, with approximately 40% mortality
(WHO Summary Update, July 7, 2015). The majority of cases has occurred in the
Middle East region, where the disease is endemic, with cases being reported in
other countries in Europe, North America and Asia in people who travelled from
the Middle East or their contacts. MERS cases have displayed variations in time
and across geography affecting the generation of cases along the zoonotic and
human-to-human transmission routes, thus increasing the complexity of the
epidemic spread and challenging our understanding of the situation. Here I will
present an integrative analysis based on epidemic data in the Middle East and
cases exported out of the region to assess the transmission scenario in the
endemic region during the initial phase of the outbreak and evaluate its changes
in time and space. The combined modeling approach is based on a spatialtransmission model integrating mobility data worldwide and allows for
variations in the zoonotic/environmental transmission and underascertainment. It synthesizes evidence from multiple sources of information:
sizes of clusters of cases, traffic data, time-series of case incidence in the region
and imported cases outside the region. The methods used account for the
limited information available and reporting inaccuracies. Our findings provide
important information aiming at a more comprehensive understanding of
MERS-CoV circulation in the Middle East region.

On the mechanisms for persistence of the rabies virus (RABV): effects of
spatial fragmented population and incubation period heterogeneity

D. Colombi
Computational Epidemiology Laboratory, Institute for Scientific
Interchange (ISI), Torino, Italy
Dipartimento di Fisica, Università degli Studi di Torino, Italy

C. Poletto
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Abstract

Rabies is a fatal zoonosis caused by the RABV virus and characterized by a
complex epidemiological situation which remains a serious public health
problem in developing countries. Rabies incidence is largely attributed to the
growth of domestic dog population which is the most important vector for the
human exposure. Phylogenetic and virological analysis of isolates collected in
Bangui, the capital city of the Central African Republic, indicate the presence of
several sequentially circulating subtypes and a value of the reproductive number
R0 close to one. None of this subtypes seems to be maintained in the canine
population in the sole population of Bangui and mechanisms underlying the
virus persistence are still unknown.
Two main factors may be at play: the spatial fragmentation of the host
population, that may favor the importation of isolates from outside the city, and
unusually heterogeneous incubation period of the disease (median close to one
month and a range from 10 days to more than one year). To study the specific
role and interplay of these two factors on the RABV epidemiology in this region,
we introduced a stochastic metapopulation epidemic model, where the dog
patches and corresponding populations are obtained from human demographic
data and geography, and known dogs-to-humans ratios in urban and rural
settings. We tested two frameworks – namely, the exponential framework,
where the incubation and infection periods are exponentially distributed (as in
basic compartmental models), and the realistic framework where we consider
realistic distributions for incubation and infectious periods. Exploring a range of
epidemic scenarios, we found that the virus is not able to persist in the canine
population in the exponential framework for values of the reproductive number
R0 smaller than 1.16. Realistic distributions of the incubation period would
instead favor persistence, allowing the virus to circulate even for lower
transmissibility (R0 = 1.05), compatible with the observed situation.
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Abstract
There is an ongoing debate over the possible explanations for the great variation
in the size of the HIV epidemic all over sub-Saharan Africa. In particular, it is still
unclear which are the consequences of people’s choices regarding the ordering
and the timing of their family formation events, such as sexual debut, marriage,
and parenthood, on HIV risk. Despite the impact of the single family formation
events on HIV has been already investigated by the demographic literature
(Hallett et al. 2007; Bongaarts 2007; Sandøy et al. 2007), very little work has
been done on the relationship between the whole family formation trajectory
and the HIV status. There is increasing support towards the idea that health is
indeed the result of a continuous process that develops over an individual’s
lifetime (Macmillan 2005), and that personal decisions on, for example,
marriage are necessarily connected to decisions on sexual debut and/or
childbearing. Following an approach typical of this “life course epidemiology”
(Kuh et al. 2003), we investigate the association between several experienced
trajectories of family formation events and HIV risk, while accounting for
different socio-demographic factors, timing life course events, and sexual risk
behavior factors (number of premarital sexual partners). We use individual data
from a longitudinal general population cohort study (spanning 2000 to 2011)

from the Manicaland province of Zimbabwe (Gregson et al. 2006), an area
characterized by high HIV prevalence. Our findings are of high relevance for
public policies, as it emerges that people whose trajectories show parenthood
outside of marriage, and delayed, or never experienced, marriage and
parenthood are more at risk for HIV infection than people whose trajectory
include all the three events in a short time window.
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Abstract

Children are known to fuel the onset of an influenza epidemic owing to the
structure of their social contact patterns. During holidays and weekends
children’s social contacts and mobility are strongly reduced: it is thus expected
that these variations affect the spread of influenza epidemics. The amplitude of
such effects, however, is still under debate.

In this work, we build an age-structured spatial meta-population model and
study the effects of periods of school closure (holidays and week-ends) on the
spread of an influenza epidemic. We focus, in particular, on Belgium because of
the size of the system and the access the fundamental data for the model
development.

We divide Belgium into spatial patches (in our case we use the smallest
administrative unit municipality) and within each patch we use a stochastic SEIR
compartmental model to describe the spread of the disease. We use an explicit
age structure with two age-classes: 0–19 yrs and 19+ yrs. The interaction
between classes is described by a set of contact rate matrices representing the
contact rates between individuals of different classes during a regular week, a
regular weekend, a scholar holiday week and a scholar holiday weekend,
respectively. As a consequence the in-patch basic reproduction number R0i of
each patch varies in time. Moreover owing to the demographic variations among
the patches, Roi changes spatially.

The coupling between different patches is given by the mobility of the
individuals. In the case of Belgium only regular mobility is taken into account,
since there is no internal air traffic (IATA 2013 data) and it is difficult to quantify
non-regular mobility form other sources.

We use mobility data obtained from Belgium 2001, since 2011 mobility data is
not yet fully available to infer the structure of the mobility network for Belgium.
Since 2001 Belgium Census does not have age-structured fluxes, we infer that
structure from 1999 French Census and validate the structure using the
displacement information collected as part of a Flemish social contact survey
conducted in 2010. We estimate the reduction in commuting during Weekends
and holidays using a displacement survey experiment form French Ministry of
environment (“Enquête nationale transports et déplacements” 2008) and
validate it through data coming from annual job surveys of INSEE.

We firstly investigate theoretically the behaviour of the system for the spread of
influenza. We assume a latency period of 1/ε = 1.1 days and an infectious period
of 1/μ = 3 days. We vary the per-contact exposure rate b to analyse the response
of the system. We show that the greatest contribution comes from including
holidays and weekends induced variations in contact rates. Variations in
commuting patterns, instead, only produce a marginal effect at these scales.

We thereafter proceed to validate these results comparing them with the
Belgian ILI incidence surveillance data in 2008. To do so we first fit the model to
reproduce the ILI incidence data on an arrondissement (the one of Bruxelles)
and compare the output of the simulations with the data. Since the ILI data are
very noisy we compare only peak times and we find that our model is able to
predict the peak time in the majority of the arrondissements with on week
uncertainty.

We also find that holidays slow down the epidemic but do not affect epidemic
size significantly. We finally proceed to analyse the effect of initial conditions
and the impact of latency, and we find that the effect of holidays is maximal
when they occur after the initial phase of the epidemic but before the peak is
reached.

Boosting and waning : on the dynamics of immune status

Odo Diekmann , Utrecht University

Abstract
The aim is to describe the distribution of immune status (in a stationary
population with demographic turnover) on the basis of a within-host sub-model
[1] for continuous waning and occasional boosting. Inspired by both Feller's
fundamental work [2] and the more recent delay equation formulation of
physiologically structured populations [3], we derive, for a given force of
infection, a linear renewal equation that can be solved by successive
approximation, i.e., by generation expansion (with the generation number
corresponding to the number of times an individual became infected).
In joint work in progress with Wilfred de Graaf and Mirjam Kretzschmar we use
the generation expansion as a starting point for the efficient computation of
coarse statistics.
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Abstract
The 2014 Ebola Virus Disease (EVD) outbreak in West Africa was the largest
and longest ever reported since the first identification of this disease.
We propose a compartmental model for EVD dynamics, including virus
transmission in the community, at hospitals, and at funerals. Using
time-dependent parameters, we incorporate the increasing intensity of
intervention efforts. Fitting the system to the early phase of the 2014
West Africa Ebola outbreak, we estimate the basic reproduction number as
1.44. We derive a final size relation which allows us to forecast the total
number of cases during the outbreak when effective interventions are in
place. Our model predictions show that, as long as cases are reported in
any country, intervention strategies cannot be dismissed. Since the main
driver in the current slowdown of the epidemic is not the depletion of
susceptibles, future waves of infection might be possible, if control
measures
or
population
behavior
are
relaxed.
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Optimal control for Epidemiology: choice of cost and introduction of
constraints
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Optimal Control problems are a powerful tool to test and study different
vaccination schedules and treatment of infectious diseases. Numerical and
analytical methods of optimal control allow us to simulate
different scenarios and confront public policies to control the spreading of
infectious diseases. Considering SEIR models for a generic
diseases we discuss different choices of cost and the introduction of nonstandard constraints in optimal control problems involving SEIR model. We
illustrate all our discussion with various numerical simulations.
We take the opportunity to discuss special features of the software used.

Human behaviour: a challenge in modelling epidemic spread

Alberto d’Onofrio
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Lyon (France)
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Joint work with: P. Manfredi
Abstract
Classical models of infectious diseases were based on statistical mechanics (SM).
On the one hand classical tools of SM such as the mass-action law were heavy
used in the first part of the life of mathematical epidemiology; on the other
newer tools of SM, such as network theory, scale-free distributions etc. . . were
adopted in recent years.
However, all these approach fails to describe some scenarios because they
abstract, in the first case, subjects as particles in random motion, in the second
modelling scenario, as networks static or with autonomous changes. In reality
human beings are complex active entities endowed by behaviours that impact
on the disease spread. In turn, the behaviour is influenced by the available
information on the epidemic spread. As a consequence epidemics feedback onto
themselves passing through human behaviour. These considerations, expressed
in various forms, led to the birth of a new discipline named behavioural
epidemiology of communicable diseases (BE). Here we first briefly show some
outstanding evidences of the relevance of these issues by means of examples
taken from recent history and statistics. Then, we will review our personal
contribution, by focusing on some issues concerning the modelling of changes
in vaccine propensity and on mathematizing the intervention of public health
authorities, and how to use in innovative way SM in BE.
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Abstract
The incidence of the highly contagious respiratory disease named pertussis
or whooping cough has been increasing for the past two decades in several
countries despite the highly extended vaccination. The reasons for this
resurgence are a matter of discussion and, while trying to understand this
complex problem, new strategies that include more boosters for adolescents
and adults have been adopted in many countries in an attempt to improve the
control of the disease. However, the impact of these measures on infants
(the risk age group) is not clear. In this context mathematical models are
being increasingly used to study the disease transmission and to estimate
the impact of different control strategies. In previous work, we developed
an age structured deterministic mathematical model with 9 epidemiological
classes to evaluate the effect of an adolescent booster on pertussis infant
incidence [1]. We have also applied the model to explore different possible
causes for pertussis resurgence that are compatible with observed
epidemiological data [2].
In this contribution, recent improvements
introduced into the model to evaluate the effect of delays in the
administration of the first three vaccination doses are described. The

methodology involves the consideration of additional epidemiological
classes to keep track of the number of doses administered to the population
independently of their immune status [3]. Using data gathered from
vaccination centers in urban and suburban areas in an Argentine city, we
evaluated the impact on infant incidence of reducing the observed delays in
vaccine agoscdministration. We conclude that reducing delays in vaccination or
improving the coverage of the first doses are measures with a high
potential impact on the risk age group, clearly higher than the inclusion
of an adolescent or adult booster at a given age. Robustness of the results
was checked for different sets of parameters representing different
possible epidemiological scenarios.
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Granuloma formation in leishmaniasis
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Abstract
Leishmaniasis is a parasite disease caused by infection with an obligate
intracellular protozoa, called Leishmania. Infection occurs when female sand fly
bites a human and injects the parasites. There are two forms of the disease:
cutaneous leishmaniasis and visceral leismaniasis (VL). VL infects the liver or the
spleen, and may be fatal if not treated. The hallmark of VL is the formation of
granulomas, small nodules which contain macrophages infected by the parasite,
and immune cells that aim to control the infection, primarily T cells.
In this talk I will present a mathematical model of the disease. The model
includes various types of immune cells and the cytokines they produce, as well
as the parasites. The model is represented by a system of PDEs within the
granuloma, the boundary of which is evolving in time, as "free boundary." Cells
from the adaptive immune system are migrating into the granuloma with
"strength" which is quantified by a parameter beta.
We apply the model to determine the efficacy of a drug, for different values of
beta. We propose the concept that the amount of the drug should be correlated
to the patient's immune response parameter beta. Future work will consider the
correlation between the negative side effects of the drug and the immune
strength of the patient.
This work is joint with Nourridine Siewe, Aziz Yakubu, and Abhay Satoskar

Modelling the Ebola epidemic in West Africa
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Abstract
The Ebola epidemic in West Africa has overwhelmed health systems and caused
an enormous number of disease and death. In this presentation, I will present
the efforts in modelling and analysis of the epidemic performed at the Centre
for the Mathematical Modelling of Infectious Diseases (CMMID), and how they
have evolved over the course of the outbreak.

Determining best strategies for maternally-targeted pertussis vaccination
using an individual-based model
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Epidemiology and Biostatistics, Melbourne School of Population Health, The
University of Melbourne, Australia

Abstract
Pertussis incidence in some highly vaccinated populations, including Australia,
has recently risen to levels not seen since vaccination was introduced more than
sixty years ago. Improved diagnostics have contributed to this observed rise,
however, increased infant deaths in the United States (US) and United Kingdom
(UK) in recent epidemics provide evidence of genuine resurgence. Maternallytargeted vaccination strategies, delivered either antenatally or postnatally
(‘cocooning’), have been implemented in the US, UK and Australia to protect
vulnerable infants, who are at greatest risk of severe outcomes. Questions
remain regarding the optimal implementation of maternally-targeted strategies,
including the relative benefit of antenatal vaccination over postnatal vaccination
and the optimal application for protection over multiple pregnancies.
We simulated pertussis transmission and maternally-targeted vaccination
strategies within an individual based model framework. Our model characterises
individuals by their sex, age and family composition and is parameterised to
represent the Australian population across the 20th century. Four alternative
vaccination schedules were simulated: the current National Immunisation
Program (NIP) schedule alone; and with postnatal vaccination, antenatal
vaccination or antenatal vaccination plus reintroduction of an 18 month
booster. We compared infant disease in maternally vaccinating and nonmaternally vaccinating households to separately estimate the effectiveness of
antenatal and postnatal vaccination strategies across a number of
implementation
scenarios.

For first-born infants, cocooning resulted in a very small reduction in infections
over a ten year period, compared to the NIP alone. Antenatal strategies were
more effective than cocooning, as infants also acquired direct protection
through passive antibody transfer from their mothers. For subsequent children,
with around twice the infection risk of first children, the antenatal strategy
combined with reintroduction of an 18 month booster resulted in fewer
infections caused by both mothers and older siblings. Vaccinating in every
pregnancy was more effective in reducing the risk of infection in subsequent
children than in the first pregnancy only. Although an 18 month booster did not
provide additional protection for under two month old infants, the benefits of
this dose were clearly apparent in the latter stages of the first year of life.
Our results inform optimal implementation approaches for infant protection
and provide inputs for cost-effectiveness analyses.

Practical aspects of backward bifurcation in a mathematical model for
tuberculosis
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Abstract

In this talk, we examine practical aspects of backward bifurcation for a databased model of tuberculosis that incorporates features commonly linked to
backward bifurcation and new considerations such as the treatment of latent TB
infection (LTBI) and the BCG vaccine’s interference with detecting LTBI.
Understanding the interplay between these multiple factors and backward
bifurcation is particularly timely given that new diagnostic tests for LTBI
detection could dramatically increase rates of both LTBI detection and
vaccination in the coming decades.

Via our analytic thresholds for backward bifurcation, we identify those aspects
of TB’s complicated pathology that make backward bifurcation more or less
likely to occur. We also examine the magnitude of the backward bifurcation
produced by the model and its sensitivity to various model parameters. We find
that backward bifurcation is unlikely to occur. While increased vaccine coverage
and/or increased detection and treatment of LTBI can push the threshold for
backward bifurcation into the region of biological plausibility, the resulting
bifurcations may still be too small to have any noticeable epidemiological
impact.
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Density-Dependent Contact Rate: Mobility and Contagion in the London
Underground.

Lara Goscè, Anders Johansson.
University of Bristol.

Abstract

The study of how epidemics spread across populations is always a current
issue, diseases like influenza, tuberculosis or chickenpox, just to name a
few, can seriously affect people well beings and eventually lead to severe
complications and death. State of the art mathematical models describing
the spread of infectious diseases have, in the last decade, mostly been
based on a network theory approach. While this has greatly improved
prevoius results by considering heteogeneous descriptions, the relative
simplicity of compartmental models has been lost and a real understanding
of the link between contacts and new infections is still missing.
In our work we have applied a pedestrian mobility approach to typical
epidemiological compartmental studies and obtained a new kind of
interdisciplinary research that we believe can highly improve
state-of-the-art disease spreading models and control measures. Starting by
analysing a microscopical case where people are moving in a corridor we
build a density-dependend contact rate and show how it relaxes the well
mixed assumption and leads to a whole new range of solution obtained by a
priori approach. We then show how highly crowded and confined spaces, such
as the stations of the London Underground, constitute highly important and
generally neglected hearts of new contagions. Using data obtained from TfL
(Transport for London) we implement an accurate transportation model of
people travelling by the London Underground with an origin-destination
method and by analysing the time spent by passenger in each station at
different times of the day we infer the average density.
Results of this work show the times and stations that play a greater role
in the spreading mechanism and how better statistical predictions, higher
awareness and control, both from single individuals, and authorities, could

help contain the diffusion of infections and also save the government
substantial
economic
losses.
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The ecology of microbes: natural history of Infections
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Abstract
Microbes have been traditionally seen as our enemies : humans were naturally
concerned with the diseases caused by microbes, only recently a wider vision of
microbes ecology is taking place : in fact germs are living on our planet from
some billions year more than humans and do contribute to many living process
including essential human body functions. Only a small fraction of germs are
“humanized”: contacts between those and human beings follow several roles on
which a growing knowledge have been accumulated. A global vision of the micro
world could facilitate the understanding of natural history of infections then
helping establishing a positive natural equilibrium between humans and those
little friends.

Emerging and re-emerging infections: spillover and eliminations

Donato Greco
International Prevention Research Institute
Lyon (France)
&
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Abstract
Life is running at high speed in the germs world : microbial species experience a
rapid evolution so to become able to adapt to new hosts but also di disappear
and reappear. Modern molecular diagnostic techniques allow for rapid
recognition of “new” germs and “new” diseases : most of them resulted from
genomic adaptation to new hosts and environments , but also as result of new
diagnostic tools.
The spill over of germ species from their original natural environment to new
areas is one of the main mechanism to occupy new ecological niches.

Mathematical Assessment of the Role of Climate Change on Malaria
Dynamics
Abba Gumel
School of Mathematical and Statistical Sciences
Arizona State University, Tempe, Arizona, USA

Abstract
The talk is based on the design of models for gaining insight into the effect of
climate change (loosely measured in terms of temperature variability and
rainfall) on the ecology (of malaria vector) and epidemiology of malaria, the
deadliest vector-borne disease in humans. Theoretical and simulation results
will be discussed.

Contact tracing of tuberculosis in low-burden settings
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Abstract
Tuberculosis (TB) is a potentially fatal disease mediated by the airborne
pathogen Mycobacterium Tuberculosis. Active disease is not a common
outcome of infection, since in most cases the host immune defences contain the
bacterium into a latent state (called latent TB infection or LTBI); however, LTBI
can reactivate into disease even several decades after the original infection
episodes. In low-burden countries, LTBIs from past epochs of higher prevalence
constitute a reservoir for sustained transmission and a main hurdle towards the
objective of TB elimination.
A key control measure to keep TB transmission low is contact tracing, consisting
in the active screening of close contacts of TB patients, and treatment of both
TB and LTBI in those found positive. An assessment of the effectiveness of
contact tracing programs through targeted epidemiological studies is difficult
and a quantitative evaluation of such programs is still lacking [1-3]. Here, we
estimate the impact of contact tracing in Arkansas, USA, as an example of a lowburden setting by using an individual based model of TB transmission dynamics
within a realistic, spatially explicit and time-evolving socio-demography. The
model is calibrated against TB incidence over time and by age in 2001-2011, and
quantitatively validated against multiple independent data sets: a molecular
epidemiology study [4], investigating transmission clusters; surveillance data on
the proportion of TB in foreign-born individuals [5]; and two large scale studies
on infection and disease rates in household [6] and workplace [7] contacts of TB
patients. We estimate the effectiveness of different components of contact
tracing by comparing the number of TB cases and deaths occurred in Arkansas
under the implemented program with model estimates obtained in alternative
hypothetical scenarios.

According to our model, the Arkansas contact investigation program avoided
about 18.6% [95% CI: 12.1-25.9%] of TB cases and 23.7% [16.4-30.6%] of TB
deaths overall between 2001 and 2014; almost half of these were attributable
to the investigation of less infectious cases (assessed by sputum smear
microscopy). Improving the performance of contact tracing (in terms of the
proportion of contacts screened and treated) can contribute significantly to
further reducing the burden of TB. Finally, we predict a limited potential for
contact tracing towards reducing TB incidence from reactivation in the coming
decades.
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When is a structured epidemic model representable by a system of ordinary
differential equations?
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Estimating vaccine coverage, quantifying outbreak risk and unravelling
different sources of heterogeneity in acquisition of infection using
multivariate serological data.
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Abstract
In the past three decades, vaccine policy has become increasingly informed by
the use of cross-sectional serosurvey collections that provide estimates of
population immunity. Such studies rely on the assumption that the antibody test
correlates well with the level of immunity. Uses of such data include monitoring
of the immune status of populations and informing transmission modeling
studies, through estimation of the pre-vaccination force of infection and the
basic reproduction number in assessments of new vaccine programs. another
important use is in model validation, or in improving estimates of model
parameters. In recent years, however, there has been considerable
development in both the methods used in estimating parameters from serosurvey data and the range of questions that can be asked of such data. Using
(series of) cross-sectional serosurvey(s) in which multiple antigens were tested
three topics will addressed: estimating vaccine coverage, quantifying outbreak
risk in highly vaccinated populations, and unravelling different sources of
heterogeneity in acquisition of infection.
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Abstract
Type A influenza inhabits many hosts and has many strains [1]. The biology and
epidemiology of influenza A is radically different depending on the host species:
while ducks are essentially asymptomatic carriers of all type A influenza strains,
in other birds and mammals influenza A can be lethal. Very occasionally, humans
become infected with a virus derived from non-human sources. These are
essentially novel to humans. Due to the viruses meeting with little or no
established resistance, they can, following mutation and adaptation to their new
host, spread relatively easily in the human species. This can give rise to a
localised outbreak that may develop into a worldwide influenza pandemic.
Despite this, there is a worrying gap in the modelling of spillover transmission
from animals to humans [2]. While the within-species dynamics of influenza in
poultry and humans has been well studied, we present a spatial model
incorporating cross-species transmission. The model is focused at a local level,
to incorporate locations of farms and markets where livestock and humans are
in close contact. This framework is applied to H5N1 epidemics in Bangladesh
occurring from 2007 to 2011, which resulted in a limited number of confirmed

human cases in addition to dramatically affecting the poultry production sector.
We present preliminary modelling results and analyse the impact of different
demographic characteristics upon disease transmission, with possible
computational techniques to parameterise the model outlined. This work will
provide insights regarding the risk to humans associated with avian influenza
outbreaks and preferred control strategies, across both human and livestock
species, in the event of future epidemics.
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Abstract
Since February 19, 2013 to May1, 2015,?a total of 657 laboratory-confirmed
cases of human infection with avian influenza A(H7N9) viruses were identified
in China, including at least 261 deaths. We developed a novel, simple and
effective compartmental modeling framework for transmissions among (wild
and domestic) birds as well as from birds to human, to infer important
epidemiological quantifiers, such as basic reproduction number for bird
epidemic, bird-to-human infection rate and turning points of the epidemics, for
the epidemic via human H7N9case onset data and to acquire useful information
regarding the bird-to-human transmission dynamics. Estimated basic
reproduction number for infections among birds, obtained by fitting 2013
human case data, is 4.10 and the mean daily number of human infections per
infected bird is 3.16 [3.08, 3.23]. The turning point of 2013 H7N9 epidemic is
pinpointed at April 16 for bird infections and at April 9 for bird-to-human
transmissions. Our result reveals very low level of bird-to-human infections, thus
indicating minimal risk of widespread bird-to-human infections of H7N9 virus
during the outbreak. Moreover, the turning point of the human epidemic,
pinpointed at shortly after the implementation of full-scale control and
intervention measures initiated in early April, further highlights the impact of

timely actions on ending the outbreak. This is the first study where both the bird
and human components of an avian influenza epidemic can be quantified using
only the human case data.

Multi-scale modelling of foot-and-mouth disease
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Abstract
Foot-and-mouth disease (FMD) is a highly contagious viral infection that affects
cloven-hoofed animals. It is of major socio-economic importance, with past
epidemics causing devastating impacts on previously disease-free countries.
Understanding how the virus spreads is vital for the development of successful
control strategies.
Current models use the farm, rather than the animal, as the fundamental
epidemiological unit. This assumes that the infection within a farm is fast, with
all animals being simultaneously infected. We address this assumption using a
two-scale model which integrates the spread of the disease between animals
within a farm and between-farm transmission.
The between-farm model follows existing work in classifying individual farms as
being either susceptible, infectious or removed. Transmission then depends on
three factors; the susceptibility of the target farm, transmissibility of the source
farm and the distance between them. A transmission kernel is used to describe
the relative risk of transmission as a function of distance. Unlike in existing
models in which the transmissibility depends solely on the number of animals
on the farm, we assume it is proportional to the number of infectious animals
on the farm. This is determined by simulating spread between animals on each
infected farm. These dynamics are described using a susceptible-exposedinfected-recovered (SEIR) model for multiple species (cattle, pigs and sheep).
The model is implemented in a Bayesian framework to allow us to integrate data
from a range of sources and to facilitate inclusion of parameter uncertainty in
model predictions. In particular, priors for the within-farm parameters are

derived using data from transmission experiments. Subsequent parameter
estimation was carried out by fitting the model to the 2001 UK outbreak. We
compare our results to those of the existing models to quantify the impact of
the within-farm dynamics and the relationship between the within- and
between-farm models.

Modeling Ebola Virus Dynamics: Implications for Therapy
Shingo Iwami, Department of Biology, Kyushu
University, Japan & PRESTO, JST, Japan

Abstract
*
EBOV RNA levels in the blood increases rapidly, and after reaching a peak
(or plateau level), the RNA copies declines until it falls below the detection limit
(6,200 RNA copies/ml of serum).
The RNA levels in the blood in patients who died are on average 100-fold higher
than those in patients who survived. And, 108 RNA copies/ml is considered as
an approximate threshold which predicts a fatal outcome with a positive
predictive capability of 90%.
Here we quantitatively analyze the mean EBOV RNA copies/ml of serum from 18
survivors (non-fatal case) and 27 nonsurvivors (fatal case) after the onset of
symptoms, and revealed EBOV dynamics. Furthermore, based on our
mathematical model and estimated parameter values, we would like to
investigate
how
delay
of
treatment
initiation,
or how incomplete blocking of virus replication affect the clinical
outcomes of EBOV patients depending on the mechanism of action for antiviral
drugs or vaccines.
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Abstract
“Treatment as prevention” has been designated by WHO as the most important
strategy for reducing the burden of HIV worldwide. It is expected that scaling up
HIV treatment to higher levels of coverage will have substantial impact on HIV
incidence or can even lead to elimination in populations with generalized
epidemics. More recently, similar hopes have arisen for elimination of hepatitis
C virus following the development of new treatment options for this bloodborne
infection. We used deterministic models to describe HIV disease progression,
variable infectivity, and the impact of treatment on transmission. We studied
the elimination threshold and investigated under what conditions of treatment
uptake and dropout elimination of HIV is feasible. We derived explicit
expressions for the basic reproduction number and the elimination threshold.
Using estimates of exponential growth rates of HIV during the initial phase of
epidemics we investigated for which populations elimination is within reach. The
infectivity during the primary stage of infection plays an important role in
determining the possible impact of treatment on HIV incidence. Empirical
estimates of the epidemic growth rate from phylogenetic studies were used to
assess the potential for elimination in specific populations. For hepatitis C, we
investigated how reinfection after cure may affect possible elimination
prospects in populations of injecting drug users. Here, a model for HIV and HCV
coinfection was used. To monitor the impact of treatment on HIV transmission,
population viral load metrics such as the community viral load have been
introduced. Using our deterministic model, we investigated under which
circumstances population viral load metrics that can be measured among the
population in care give a good picture of the force of infection that susceptible
individuals are exposed to.
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Abstract
The epidemic of tuberculosis (TB) is accompanied by quantitative as well as
qualitative changes of this disease specific to different regions [1-3]. It is
necessary to develop an action plan to identify and treat patients for the
prediction of the epidemic spread in a particular region. The mathematical
modeling namely the development of individual mathematical model describing
the process of the propagation of infection in the population is one of the most
effective methods for prediction of the epidemic spread. Such models are
described by a system of nonlinear ordinary differential equations (ODE). The
coefficients of these systems characterize the features of population and
disease spread. The average parameters such as speed of the disease expansion,
parameter of transmissibility, the likelihood of infection expansion, parameter
of the mortality, etc. are known for any region. We plan to refine the
parameters of infection and population using above data and the statistical
information about infected individuals, overlooked patients with bacillary and
non-bacillary TB , etc. at previous years. The algorithm consists in the numerical
regularization of inverse and ill-posed problems for ODE systems [4], iterative
and statistical methods. Developed algorithm will give the degree of deviation

of infection and population parameters from the average after processing the
results of the statistics for the previous few years. Thus, the World Health
Organization will be able to predict the infectious disease epidemic comparing
simulation results with historical data. The problem of parameters fitting in the
mathematical model of the Tuberculosis spread in Moscow using the statistical
information on the number of infectious and non-infectious individuals over the
preceding 5 years is numerically investigated [3].
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Characterizing the transmission potential of zoonotic infections
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Abstract
The transmission potential of a novel infection depends on both the inherent
transmissibility of a pathogen, and the level of susceptibility in the host
population. However, distinguishing between these pathogen- and populationspecific properties typically requires detailed serological studies, which are
rarely available in the early stages of an outbreak.
Deriving a multiple-type branching process model that incorporates agestratified social mixing patterns, we present a method for characterizing the
transmission potential of subcritical infections, which have effective
reproduction number R<1, from readily available data on the size of outbreaks.
We show that the approach can identify the extent to which outbreaks are
driven by inherent pathogen transmissibility and pre-existing population
immunity, and can generate unbiased estimates of the effective reproduction
number. We also discuss how such models can be used to assess the
transmission potential of infections such as avian influenza, monkeypox and
MERS-CoV.

Novel estimation of mosquito longevity using a Bayesian
meta-analysis.
Ben Lambert (Zoology, Oxford University), Ace North
(Zoology, Oxford University), Charles Godfray (Zoology, Oxford University).

Abstract:
Anopheles mosquitoes are the only vector for the disease *malaria*, but
remarkably little is known about them. In this paper I will present a
meta-analysis of a recently-compiled database (1), which we have used to
arrive at coherent estimates of Anopheline longevity. It is increasingly
important to know Anopheles bionomic parameters in order to calibrate
existent epidemiological models to be able to estimate the impact of
interventions *a priori *(see for example (2), and (3), (4) for more recent
examples). The primary method for estimating Anopheles characteristics is
mark-release-recapture experiments (MRR). These field studies are costly,
and often only result in a moderate amount of data from which to base
estimates. In this paper, we used a hierarchical Bayesian model applied to
a newly published database of over 100 separate MRR time series, in order
to produce cohesive estimates of mosquito longevity. This methodology
allows us to address a number of pertinent questions: which mathematical
models of MRR experiments produce better estimates of mortality? Do
Anopheles senesce? And are there differences in mosquito longevity that
vary
by
species?
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Abstract
In the field of epidemiology a lot of attention has been given to analysis of
mathematical models with the tools of dynamical systems from the point of view
of equilibria, their stability, regions of attraction and particularly the role of the
quantity called basic reproduction number denoted as R0. The value of this
quantity allows to determine whether the disease will spread or eventually die
out. However, relatively less attention is given to the matter of controlling the
spread of disease through external activities like vaccination of the susceptible
population or treatment of infected. There are other aspects like quarantine of
exposed population or sanitation efforts that are expensive and are best treated
as optimal control problems. In these formulations the proper choice of
objective is important. Its role will be illustrated on an analysis of a simple SIR
model with the objective takes into account the minimization of the infected
population along with the weighted cost of these treatments, so called L1
objective. This approach will be compared with the L2 formulation of the
objective (linear versus quadratic in the control). The interpretation of both will
be discussed as well as the mathematical aspects of optimality, i.e. the
verification of the sufficient conditions.

A modeling approach to predict the flu epidemic using the prevalence data
Sergey V. Ivanov, ITMO University, Saint Petersburg, Russia
Vasiliy N. Leonenko, ITMO University, Saint Petersburg, Russia

Abstract:
Influenza is a widespread infectious disease with a strong economic impact. In
this study we use methods of mathematical epidemiology to distinguish the
epidemic outbreak from the seasonal increase in morbidity and to evaluate the
predictability of epidemic based on the observed prevalence. For the sake of
disease dynamics simulation a state-space influenza model is proposed which
takes into the account the demographic, mobility, and vaccination data. The
methods under study are verified on the historical data of flu incidence in big
Russian cities over the last thirty years.
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Abstract
What is the influence of concurrent partnerships on the spread of sexually
transmitted infections? Our aim is to develop tools for gaining insight in this
question (which has generated considerable debate in the context of HIV in subSaharan Africa). To this end we model the spread of a sexually transmitted
infection on a dynamic partnership network. Individuals in the network may
have a varying number of simultaneous partnerships with a maximum number
of partners at a time. The network is dynamic; partnerships are formed and
dissolved over time and individuals enter and leave the population due to
demographic turnover. Transmission can occur in partnerships between
infectious and susceptible individuals. Based on our model analysis we find that
concurrent partnerships could drive an HIV epidemic. In this talk we discuss
results and open problems related to the network structure, infectious disease
dynamics and the concurrency question.

Global and individual oriented descriptors in stochastic epidemic models
MJ Lopez-Herrero,
Faculty of Statistical Studies,
Complutense University of Madrid, Spain

Abstract:
In this talk new indicators for disease spread in stochastic epidemic
models are introduced. These include global system oriented descriptors and
individual oriented ones. We study both continuous and discrete descriptors
on stochastic compartmental models. To illustrate how results can be used
to investigate properties of the infection spread we include an application
to
outbreaks
of
head
lice
in
UK
schools.
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Herpes Zoster
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Abstract
Herpes zoster (HZ) is caused by the reactivation of the varicella zoster virus (VZV)
as cell mediated immunity (CMI) goes down (e.g. with ageing). Hope-Simpson
formulated (1965) the “exogenous boosting” hypothesis (EBH), according to
which further infective exposures to VZV may boost CMI, resulting in a
protective effect against HZ. Inclusion of the exogenous boosting hypothesis in
VZV transmission models predicts a large transient wave in natural HZ incidence
following mass varicella immunization. The fear of this HZ “boom” is a main
responsible of the current stall of varicella vaccination in Europe. In this talk, I
summarize recent results from a model incorporating a further noteworthy
Hope-Simpson’s hypothesis, stating that each VZV re-exposure increases CMI
protection against HZ to levels higher than those conferred by previous ones.
The “progressive immunity” model fits well available European HZ data,
suggesting that the mechanism may be critical in shaping HZ patterns. The
model suggests counter-intuitive implications of varicella immunization in
relation to vaccine-related HZ and the epidemiology of HZ after varicella
elimination. I conclude by discussing the challenges for future VZV research.

The role of climatic factors in shaping mosquito population
dynamics: the case of Culex pipiens in Northwestern Italy
Giovanni Marini, Trento University, Trento (Italy)
Piero Poletti, Bocconi University, Milan (Italy)
Stefano Merler, Fondazione Bruno Kessler, Trento (Italy)
Andrea Pugliese, Trento University, Trento (Italy)
Roberto Rosà, Fondazione Edmund Mach, San Michele all’Adige (Italy)

Abstract
*Culex pipiens* mosquito is a species widely spread across Europe and
represents a competent vector for many human diseases such as West Nile
virus (WNV) [1], which has been circulating in many European countries
during last years, causing hundreds of human cases [2]. Rigorous
surveillance of mosquito density and control programs based on the
reduction of the mosquito population represent key components of disease
containment and prevention [3, 4]. Therefore, in order to design
appropriate control strategies it is crucial to investigate the influence
of climatic factors on the dynamics of vector populations during a typical
breeding
season.
To understand which are the main determinants of the high heterogeneity
observed in Piedmont region (Northwestern Italy) in *Culex pipiens*
abundance across different seasons, we developed a density dependent
mathematical model that takes explicitly into account the mechanisms of
diapause characterizing the overwintering of adult mosquitoes (driven by
the daylight duration) [5], and the role played by temperature, which
strongly affects both developmental and death rates of different life

stages of *Culex pipiens* [6, 7]. The model was calibrated by performing a
Bayesian statistical analysis of weekly capture data gathered in our study
site
from
2000
to
2011.
Our analysis suggests that the high heterogeneity characterizing the
dynamics of mosquito density among different years is driven by differences
in the temporal patterns of temperature and in the larval carrying capacity
associated to different breeding seasons. Specifically, high temperatures
during early spring may anticipate the onset of the breeding season, while
higher temperatures during late spring are associated with longer seasons.
On the opposite, high temperatures during the summer can reduce the *Culex
pipiens* abundance by increasing the adult mortality during this period.
Our results show that higher density of adult mosquitoes are associated to
higher larval carrying capacities which result positively correlated with
spring precipitations suggesting that more rain during spring can create
more breeding sites.
Finally, our simulations show that the initial number of adults does not
affect the vector abundance of a specific season, suggesting that two
consecutive years might be unrelated and that the inter-seasonal
heterogeneity might not be influenced by the adults’ ability of
overwintering.
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Abstract
Avian influenza H5N1 is at present the most dangerous zoonotic disease
infecting wild and domestic birds. Should the virus mutate and become
efficiently human-to-human transmittable, a pandemic will occur with high
mortality. Avian influenza H5N1 exists in two forms: Low pathogenic (LPAI) and
high pathogenic (HPAI). In this talk we build a model of LPAI and HPAI in wild
and domestic birds. Birds, wild and domestic, who have been priorly infected
with LPAI are partially protected against HPAI. We compute the relevant
reproduction numbers andinvasion reproduction numbers. We find that the
systems has a disease-free equilibrium, LPAIonly equilibrium, HPAI-only
equilibrium and at least one coexistence equilibrium. Furthermore,the LPAI-only
equilibrium and HPAI-only equilibrium are locally asymptotically stable under
appropriate conditions on the reproduction numbers. In contrast, the
coexistence equilibrium can lose stability and oscillations are possible. We show

that the oscillations are caused by the cross-immunity and can exist in the wild
bird system, separate from the domestic bird system.
For a pathogen circulating in a multi-species system, species A is called a sink
(source), if the pathogen cannot (can) sustain itself in species A without the
inflow of infectives from other species. We investigate the sink/source status of
LPAI and HPAI in wild and domestic birds.

The impact of changing demography on the epidemiology of varicella and
herpes zoster
Valentina Marziano (1,2), Piero Poletti (1,3), Giorgio Guzzetta (1,4), Marco
Ajelli (1), Piero Manfredi (5) and Stefano Merler (1)
1. Center for Information Technology, Bruno Kessler Foundation, Trento,
Italy
2. Department of Mathematics, University of Trento, Trento, Italy
3. DONDENA Centre for Research on Social Dynamics, Bocconi University,
Milan, Italy
4. Trento Rise, Trento, Italy
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Abstract:
The first contact with Varicella Zoster Virus (VZV) causes varicella
disease. After recovery, the virus persists in a latent form and may
reactivate later in life triggering Herpes Zoster (HZ) [1]. Studies suggest
that the individual risk of VZV reactivation is reduced by re-exposures to
varicella-infected individuals, called boosting events, whose frequency
critically depends on the level of VZV circulation in the population [2,3].
The aim of this work is to investigate the role of demographic changes in
the epidemiology of VZV-related diseases. We focus on the case of Spain
since in this country, as well as in other industrialized countries, an
increase of HZ incidence has been observed even prior to the introduction
of varicella vaccination [4,5]. To this purpose, we developed a stochastic,
individual-based model for varicella and HZ informed with historical
demographic
data.
Results obtained show that the strong decline of the birth rate during the
last century has led to a decrease in the circulation of VZV, to a
reduction in the frequency of boosting events and, as a consequence, to a
growing incidence of HZ. Moreover, this growth is predicted to continue in
the coming decades under different scenarios of demographic projections.
Our results suggest that demographic changes are at least partly
responsible for the observed variations in the epidemiology of HZ. Their

consideration is thus essential for estimating the outcomes and the
cost-effectiveness of varicella and HZ immunization programmes.
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Investigating Social Contact Structures and Time Use Patterns in the
Manicaland Province of Zimbabwe
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Milan, Italy

Abstract
The demographic transition (i.e., declining fertility and mortality, increasing
urbanization) that is charecterising Sub Saharan African (SSA) countries is clearly
affecting population social structures, such as households, schools and
workplace enviornments. As a consequence of these changes, individual daily
routines and social mixing patterns, which are both key determinants of
infectious disease transmission, are also expected to evolve over time,
potentially affecting, in the long term, the outcomes of public health
interventions. Diary-based data on social contact patterns and time use were
collected in two sites, one rural and one urban, from Manicaland, Zimbabwe to
quantify mixing patterns and daily routines relevant to infection transmission,
to assess within country differences, and to investigate the key determinants of
the numbers of contacts in key socio-demographic settings (home, school, work,
and the general community).
In total 1139 diaries were collected and included detailed information on
background socio-demographic characteristics, contact and time use data.
Overall, the estimated number of daily contacts was found to be 10.8, with a
significant difference between urban and rural sites (11.6 vs. 10.2). Students and
workers resulted as the most socially active groups with respectively an average
number of contacts of 13.5 and 12.8.
In comparison with previous EU studies, the ensuing contact matrix showed a
lower age assortativeness, detectable almost exclusively among school-aged
children, and relatively higher intergenarational contacts (i.e.; parents/relatives
with children). These differences are possibly the consequence of the younger

age distribution, the higher proportion of extended families and the different
use of time (67.3% of overall daytime spent at home and only 2.5% at work).
Finally, whereas differences in the number of work-related contacts can be
ascribed to differences in the time at work, variations in the number of contacts
at school are explained by school attendance and class-size. The current work
represent the first attempt to gather and combine social contacts and time use
data with the aim of better understanding the key determinants of infection
transmission within populations still characterised by extremly high burden of
diseases and childhood mortality . These data are critical to evaluating
realistically the effects of public health interventions such as vaccination
strategies in low income settings. Moreover, the generated social contact
matrices in a urban and a rural setting of SSA will contribute to strengthening
our knowledge on the evolution of mixing patterns in changing demographic
environments.

Understanding EVD in West Africa: epidemiological investigation and
computational modeling
Stefano Merler
Fondazione Bruno Kessler, Trento (Italy)
Abstract
The 2014 epidemic of Ebola virus disease in West Africa defines an
unprecedented health threat. In July 2014 an outbreak of EVD started in Pujehun
district (Sierra Leone) and on January 10th 2015 the district was the first to be
declared Ebola-free by local authorities. Here we combine epidemiological
investigation and modeling techniques to reconstruct the main characteristics
of the outbreak and to evaluate the impact of the implemented intervention
measures. Specifically, i) we reconstructed the transmission chain in the district
(obtaining information on the main routes of infection transmission and on the
distribution of the basic reproduction number); ii) we estimated the key time
period of the epidemic (e.g. incubation period, serial interval); iii) we estimated
the impact of all intervention measures (e.g. the probability of hospitalization of
Ebola cases, the probability of unsafe burials, the percentage of cases detected
and isolated through contact investigation); iv) we calibrated a detailed model
of EVD transmission informed with all the above information to estimate the
impact of all considered interventions in the Pujehun district. This allowed us to
clarify the reasons behind the successful local containment of the outbreak and
to give quantitative insights into the best options for containing an emerging
Ebola epidemic at the source.

Differing social encounter profiles by local government area of residence in
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Abstract
Background: Models of infectious disease increasingly seek to incorporate
heterogeneity of social interactions to more accurately characterise disease
spread. We measured attributes of social encounters in two areas of Greater
Melbourne, using a telephone survey.
Methods: A market research company conducted computer assisted telephone
interviews (CATIs) of residents of the Boroondara and Hume local government
areas (LGAs), which differ markedly in ethnic composition, age distribution and
household socioeconomic status. Survey items included household
demographic and socio-economic characteristics. Respondents reported
locations visited during the preceding day, including social encounters involving
two-way conversation or physical contact.
Results: The overall response rate was 37.6%, higher in Boroondara [n=650,
(46%)] than Hume [n= 657 (32%)] residents. Survey complexity made conduct
through the CATI format challenging, with implications for representativeness
and data quality. Marked heterogeneity of encounter profiles was observed
across age groups and locations. Household settings afforded greatest
opportunity for prolonged close contact with others, particularly between
women and children of pre- and primary-school age. Young and middle-aged
men, on the other hand, reported more age-assortative mixing, often with nonhousehold members. Preliminary comparisons between LGAs suggested that

mixing occurred in different settings. In addition, gender differences in mixing
with household and non-household members, including strangers, were
observed by area.
Conclusions: Survey administration by CATI was challenging, but rich data were
obtained, revealing marked heterogeneity of social behaviour. Marked
dissimilarities in patterns of prolonged close mixing were demonstrated by
gender. In addition, preliminary observations of between-area differences in
socialisation warrant further evaluation.

Control Strategies for TB Epidemics

Fabio Augusto Milner
School of Mathematical and Statistical Sciences
Arizona State University

Abstract
A model for tuberculosis incorporating migration of susceptible and infected
individuals into the population is presented and analyzed. Infected individuals
are structured by time since infection to include a long and variable latency
period, and individuals with active TB have an increased mortality rate. A control
problem is formulated and analyzed, minimizing the impact of infection by
controlling immigration and/or treating infected individuals before they develop
active TB.

Optimal Resource Allocation for Infectious Diseases Prevention
Programs
Semu Mitiku (PhD), Department of Mathematics, Addis
Ababa University, P.O.Box 80333, Addis Ababa, Ethiopia
Abstract
Developing countries get the major part of the fund for their
disease prevention programs from global funding organizations. The
allocation of such funds usually pass through several levels of decision
making bodies who have their own specific parameters to control and
specific objectives to achieve. However, these decisions are made mostly in
a heuristic manner and may lead to non-optimal allocation of the scarce
resources. In this work we will address the issue of optimal way of
allocating resources for disease prevention and control programs in
developing countries where the allocation passes through several levels.
Combining existing epidemiological models with the kind of interventions
being on practice, we propose a 3-level hierarchical decision making model
in optimally allocating such resources. The optimality will be checked in
terms of the effectiveness of the interventions carried out and the actual
impact of the intervention both at international and community levels.
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Estimating the protective effect of case isolation: A case study of smallpox

Hiroshi Nishiura, The University of Tokyo, Japan

Abstract
There has been an enourmous progress in the study design and theory that allow
us to estimate the protective effect of vaccination both at individual and
population levels. On the contrary, the effectiveness of case isolation has never
been explicitly estimated, and it is technically not feasible to randomly assign
infected individuals to isolation. Here I propose an epidemiological modeling
method to infer the effectiveness expressed as the relative reduction in the
frequency of secondary transmissions in the presence of isolation measure.
Using the renewal equation model, two pieces of information are extracted, i.e.,
the time interval between successive cases and the distribution of the number
of secondary cases produced by a single primary case. For the exposition, we
analyze the infection tree of a smallpox epidemic in 1950s that involves not only
the time of illness onset and time of isolation for each case but also the network
that shows who acquired infection from whom. It is shown that the serial
interval and generation time are shortened by effective isolation, and moreover,
the average number of secondary cases per single primary case is also reduced.
The proposed method allows us to estimate the effectiveness from
retrospectively collected contact tracing data.
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Optimal Control for the NIV Virus
Filipa N. Nogueira and Maria do Rosario de Pinho
Abstract
NiV virus was initially isolated and identified in 1999 during an outbreak of
encephalitis
and
respiratory
illness in Malaysia and Singapore. In 2001, NiV was again identified as the
causative
agent
in
an
outbreak
of human disease occurring in Bangladesh. Since 2001 many outbreaks have
been reported in Asia.
Outbreaks occur almost annually
in Bangladesh with a dead rate of almost 100%. It is known that infected bats’
droppings, urine and saliva contaminate
date palms in Bangladesh.
The drink of raw sap or fruits is much appreciated in Bangladesh. These can be
contaminated and so humans become infected when they drink it.
Once a individual gets infected the disease easily spreads by
horizontal transmission: through sneezing, coughing and body fluids.
There is no cure or vaccine to such virus.
Here we propose an optimal control approach to the control of such disease via
education
campaigns
and
isolation
of
infected
individual.
Our starting point is the paper [1], where real data is used.
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Abstract
We study the diffusion of epidemics on networks, describing the epidemic
process as a continuous-time Markovian individual-based SIS model. We use a
first-order mean-field approximation (NIMFA) of the exact model, appeared
recently in literature [1,2,3], to represent the time-dependent infection
probability of each individual in the network.
First we provide a complete analysis of the global dynamics, in the
homogeneous case, that allows us to identify the epidemic threshold. This kind
of rigorous analysis was missing for NIMFA in literature. The same type of
analysis can be extended effortless in the case of heterogeneity setting [4].
Our main objective is understanding how the spatial structure of a population
determines the systems’ dynamics. To this respect, a network structure
describes the proximity relation of individuals. In turn, proximity determines
individual’s interactions which can spread the contagion within the population.
In this context, we explore a specific spatial regime: we consider a model for the
diffusion of epidemics in a population that is partitioned into local communities
(clouds, households,...). The model we are interested in may well represent the
diffusion of computer viruses or epidemics among families or schools. For such
a reason, we neglect the effect of migration between communities as in some
recent works [5,6].

The gross structure of hierarchical networks of this kind can be described by a
quotient graph. The rationale of this approach is that the epidemic process
within communities is faster compared to the rate at which it spreads across
communities [7].
One of the main results is that the spectral radius of this much smaller quotient
graph (which only captures the macroscopic structure of the community
network) is all we need to know in order to decide whether the overall healthystate defines a globally asymptotically stable or an unstable equilibrium. Indeed
the spectral radius is related to the epidemic threshold of the system.
Moreover we prove that above the threshold exists another steady-state that
can be computed using a lower-dimensional dynamical system associated with
the evolution of the process on the quotient graph. Our investigations are based
on the graph-theoretical notion of equitable partition and of its recent and
rather flexible generalization, that of almost equitable partition.
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A simple model of HIV epidemic in Italy: the role of the anti-retroviral
treatment.
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Abstract
A simple model is proposed to describe the HIV epidemic in Italy for the
years 2003-2023. To represent the intra-host disease progression, the
infected (not treated) population is distributed over four compartments in
cascade according to the CD4 counts. The last compartment represents
individuals in the AIDS state. A further compartment is added to account
for infected people under ART (anti-retroviral therapy). As a first
simplifying assumption we take as susceptible the general population. Data
from the Italian Operative AIDS Center (COA) of the National Institute of
Health (ISS) [1], from the National Institute for Statistics (ISTAT) and
from ARCA database, concerning the years 2003-2013, have been used to
calibrate the model. A satisfactory agreement with the data has been
obtained. Predictions for the years 2014-2023 are then done evidencing the
role of ART, in particular evaluating the influence of early treatments on
the epidemic evolution. The model is intended as an initial step towards a
more complex model for the evolution of anti-retroviral drug resistance, in
which, following the approach outlined in [2], susceptible individuals can
be infected by different virus strains resistant to different drug classes,
and mutations can occur during treatment.
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Application of Large Deviations to Epidemiological models
Etienne Pardoux, Brice Samegni Kepnou
I2M, Aix–Marseille University

Abstract
:
The goal of this talk is to present the application of Large Deviations, and more
specifically of the Freidlin–Wentzell theory [1] to epidemiological models.
We start from a stochatic compartmental epidemiological model driven by
Poisson processes, whose solution Z(t) takes values in Rd, d being the number
of compartments (for instance 3 in the case of a SIR model), and describes the
proportions of the population of total size N (which for instance can be assumed
fixed)
in the various compartments. The equation is driven by mutually independent
standard Poisson processes, and involves the rates Nβj(z), where this is the rate
at which the proportions of the population in the various compartments jump
from z to z + hj/N, 1 ≤ j ≤ k.
It is well known that if the βj’s are bounded and locally Lipschitz continuous,
then as N → ∞, Z(t) converges a.s. locally uniformly in t towards the solution X(t)
of the ODE with coefficient b(x)=\sum_{j=1}^k \beta_j(x) h_j.
The stochastic equation for Z(t) is then a small random perturbation of the ODE.
In order to apply here the Freidlin–Wentzell theory, we need to develop a theory
of Large Deviations for Poisson driven SDEs, where the rates are allowed to
vanish as they do at the boundary of the set {z ∈ Rd, zi ≥ 0,\sum_i zi ≤ 1}. This is
the content of [3], which develops the generalization necessary for
epidemiological models of the results in [7].
With those results in hand, we can precise the time it takes for the process Z(t)
to make a large deviation from the solution X(t) of the ODE, e.g. to leave the
basin of attraction of a local equilibrium of the ODE.
The application which we have in mind, and which we intend to describe in this
talk, is to evaluate the time it takes for an endemic situation to cease. We intend
to illustrate our results on specific examples of variants of the classical SIS
model, like the SIV model [4] and the SIS model with two levels of susceptibility
[6].
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Density dependent diffusion and spread of epidemics in a metapopulation
model
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Abstract:
In this work we explain the results of the recent paper [2], in which we extend
the previous works [1] and [3] to a model where the impact of a densitydependent diffusion on the spread of the epidemics is considered. This is, to our
knowledge, the main novelty of the present work.
More concretely, we are dealing with a mean-field type model as a system of
ordinary differential equations which combines (random, memoryless) the
movement of individuals among patches (nodes) with a local SIS-epidemics
within each patch and a density-dependent number of contacts. The main
difference now is a diffusion coefficient that depends in a non-linear way on the
density of individuals of the departing patch. Actually, two types of such a
dependence are considered: namely, the positive and negative ones. They allow
us to model two types of observed migration phenomena: emigration from
heavily populated locations (due to competition, for instance) or from lowdensity areas (due to aggregation or conspecific attraction, for instance),
respectively.
We determine the equilibrium driven by the migration process without
epidemics and quantify the percentage of heavily/lightly populated areas
corresponding to each migratory diffusion pattern. Our analytical approach
reveals that the optimal migratory diffusion for controlling the epidemic
spreading consists in strengthen the emigration from populous areas to sparse
ones. Moreover, depending on the migration pattern, epidemic outbreaks not
always occur in more populated patches as one may expect, but it may happen
only in mid-size ones or even only in the lowest populated ones.
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A multi-strain multi-scale approach to HIV evolutionary epidemiology
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Abstract

The long infectious period and the high mutation rate characteristic of human
immunodeficiency virus (HIV) offer ample opportunity for within-host evolution
to change the composition of pathogen genotypes within a host during the
course of an infection. This alters the availability of genotypes at the time of
transmission and hence affects the pathogen genotype distribution at the
population level. Therefore, in order to understand the evolution of HIV at the
epidemiological level, a multi-scale modelling approach is needed.

I will present a model that can simultaneously include an explicit description of
the within-host evolutionary dynamics of a large number of competing strains,
their impact on between-host transmission events and the resulting epidemic
dynamics.

I will conclude that the topology of the within-host adaptive landscape strongly
affects how virulence evolves at the epidemiological level. If viral reproduction
rates increase significantly during the course of infection, the viral population
will evolve a high level of virulence even though this will reduce the probability
for the virus to transmit between hosts (short-sighted evolution). However, if
reproduction rates increase more modestly, as data suggest, our model predicts
that HIV virulence will be only marginally higher than the level that optimises
between-host transmission (long-sighted evolution).

This work provides a clear mathematical tool to investigate the contrasting
evolutionary pressures a pathogen might be subjected to when comparing
evolution at the within- versus between-host scale, and identifies or suggests
possible reasons that can explain the currently observed HIV virulence patterns.

Time permitting, I will also show how multi-scale models can also explain the
extraordinary variation in HIV viral load (several orders of magnitude) among
untreated individuals.

Agent-based models and ill-posed problems
Perminov V. D., BioTeckFarm LtD., Moscow, Russian Federation
Abstract
It is well known that evaluation of parameters for any mathematical model is
always a difficult problem. This is especially true for agents-based models
(ABMs) because an evaluation of agent’s parameters can be made only based
on available information from a higher level of a complex system. Because of
information at a higher level is an aggregation of data at the agents level such
problems can be ill-posed ones. It means a problem under consideration can
have a non-unique or unique but unstable solution. In the latter case numerical
solution of the problem has to be based on very special algorithms.
In this talk I am going to overview problems that arise for ABMs with different
numbers of emergent patterns. In particular I am going to tell about new
approach to creation of the ABM for an influenza epidemic spreading in cities.
The proposed ABM can be used for past epidemics to estimate the efficiency or
inefficiency of undertaken interventions, to propose new ones and to reveal its
advantages, shortcomings and cost. This ABM is the first one that under some
conditions can be used to model the possible dynamics of coming epidemics or
pandemics.

Evaluating vaccination strategies for reducing infant respiratory
syncytial virus infection in low-income settings
Piero Poletti (a,b), Stefano Merler (b), Marco
Ajelli (b), Piero Manfredi (c), Patrick K. Munywoki (d), David J. Nokes
(d,e), Alessia Melegaro (a)
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Abstract:
Respiratory syncytial virus (RSV) is a leading cause of lower respiratory
tract disease and related hospitalization of young children in least
developed countries [1,2]. Individuals are repeatedly infected, but it is
the first exposure, often in early infancy, that results in the vast
majority of severe RSV disease [3,4]. Unfortunately, due to immunological
immaturity, infants are problematic RSV vaccine targets. Several trials are
ongoing to identify a suitable candidate vaccine and target group, but no
immunization program is yet in place [5,6]. In this work, an
individual-based model that explicitly accounts for the socio-demographic
population structure is developed to investigate RSV transmission patterns
in a rural setting of Kenya and to evaluate the potential effectiveness of
alternative population targets in reducing RSV infant infection. We find
that household transmission is responsible for 39% of infant infections and
that school-age children are the main source of infection within the
household, causing around 55% of cases. Moreover, assuming a
vaccine-induced protection equivalent to that of natural infection, our
results show that annual vaccination of students is the only alternative

strategy to routine immunization of infants able to trigger a relevant and
persistent reduction of infant infection (on average, of 35.6% versus 41.5%
in 10 years of vaccination). Interestingly, if vaccination of pregnant
women boosts maternal antibody protection in infants by an additional 4
months, RSV infant infection will be reduced by 31.5%. These preliminary
evaluations support the efforts to develop vaccines and related strategies
that go beyond targeting vaccines to those at highest risk of severe
disease.

Bibliography
1. Nair H, Nokes DJ, Gessner BD, Dherani M, Madhi SA, Singleton RJ, *et al*.:
Global burden of acute lower respiratory infections due to respiratory
syncytial virus in young children: a systematic review and meta-analysis.
*Lancet* 2010, 375:1545-55.
2. Nokes DJ, Ngama M, Bett A, Abwao J, Munywoki PK, English M, *et al*.:
Incidence and severity of respiratory syncytial virus pneumonia in rural
Kenyan children identified through hospital surveillance. *Clin Infect Dis.*
2009, 49:1341-9.
3. Ohuma EO, Okiro EA, Ochola R, Sande CJ, Cane PA, Medley GF, *et al*.:
The natural history of respiratory syncytial virus in a birth cohort: the
influence of age and previous infection on reinfection and disease.* Am J
Epidemiol.* 2012, 176:794-802.
4. Berkley JA, Munywoki P, Ngama M, Kazungu S, Abwao J, Bett A, *et al*.:
Viral etiology of severe pneumonia among Kenyan infants and children. *J Am
Med Assoc.* 2010, 303:2051-7.
Polack FP, Karron RA: The future of respiratory syncytial virus vaccine
development.
*Pediatr
Infect
Dis
J.*
2004,
23:65-73.
5. Anderson LJ, Dormitzer PR, Nokes DJ, Rappuoli R, Roca A, Graham BS:

Strategic priorities for respiratory syncytial
development. *Vaccine* 2013, 31:209-15.

virus

(RSV)

vaccine

6. Polack FP, Karron RA: The future of respiratory syncytial virus vaccine
development. *Pediatr Infect Dis J.* 2004, 23:65-73.

Epidemic models with multiple strains and partial cross-immunity
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Abstract
For many infectious diseases there exist different strains, with some degree of
cross-immunity among them. Recognizing this factor may be relevant both for
understanding infection dynamics, and for public health policy.
Here I analyse two model:
- in the first I consider two pathogen strains with complete cross-immunity, and
study the potential effects of a vaccine with differential efficacy againts the two;
- the second is a simplified model for flu, with two strains with partial crossimmunity, aspecific temporary immunity and waning of specific immunity. I
show, mainly through simulations, the effects of these factors on the infection
dynamics.

Lessons from past influenza pandemics: signature features from the third
pandemics

Caterina Rizzo
National Institute of Health, Rome, Italy

Inferring pertussis epidemiology

Pejman Rohani
University of Michigan, USA

Abstract
In this talk I will focus on pertussis, a bacterial respiratory infection whose
incidence has increased in a number of countries that have achieved high
vaccine coverage. In many countries, the finger of suspicion has been pointed
towards modern acellular vaccines and consequently booster doses have been
introduced into the routine immunization schedule. To identify effective
pertussis booster schedules, in terms of the frequency, age and coverage, we
used an age-stratified transmission model within a genetic algorithm setting.
We found that effective strategies were sensitive to the assumed underlying
cause of vaccine failure, including low coverage, primary or secondary failure or
bacterial evolution. This work emphasized the need to pinpoint the precise
immunological traits of pertussis vaccines. To achieve this, we then used
likelihood-based inference to fit a family of transmission models to incidence
reports from different regions of Italy, with the aim of establishing the mode of
vaccine failure and its overall impact on pertussis epidemiology. While we were
unable to uniquely identify the mechanism behind vaccine failure, we were able
to demonstrate that the acellular pertussis vaccine has achieved high impact in
Italy, with a substantial reduction in transmission.

Impact of heterogeneity in sexual behavior on possible elimination of HIV
transmission with test-and-treat strategy
Ganna Rozhnova 1, Maarten F. Schim van der Loeff 3,4, and Mirjam E.
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1 Julius Center for Health Sciences and Primary Care, University Medical Centre
Utrecht, 3584CX, Utrecht, The Netherlands
2 Centre for Infectious Disease Control, National Institute of Public Health and
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3 Department of Infectious Disease Control, Public Health Service Amsterdam,
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1105AZ, Amsterdam, The Netherlands
Abstract
Recently, a large trial conducted in 34 countries provided evidence that starting
antiretroviral therapy as soon as possible is advantageous for health prospects
of HIV infected persons. It is expected that new treatment guidelines will
recommend implementation of a test-and-treat strategy globally [1]. While
much work has been devoted to investigation of conditions under which a testand-treat strategy would eventually lead to elimination of HIV from a population
[2,3], behavioral determinants of HIV transmission dynamics and how
heterogeneity in sexual behavior influences the impact of treatment on HIV
transmission have received less attention. Using a deterministic model, we
present a framework which allows a systematic investigation into the effects of
various mixing patterns in a population of men who have sex with men, stratified
by rates of partner change, on the basic reproduction number, treatment effects
and prospects of elimination. We find that both the level of overdispersion in
the distribution of the number of sexual partners and mixing between
population subgroups have a large influence on the elimination threshold and
endemic prevalence of HIV. Higher assortativeness of mixing and more
heterogeneity in risk behavior lead to higher elimination threshold as quantified
by the effective reproduction number. As assortativeness of mixing increases,
the distribution of HIV infection across risk groups becomes more skewed with
high prevalence in small high risk subgroups. Increasing the level of screening
and treatment uptake decreases the effective reproduction number. The

specific value of treatment coverage at which it becomes smaller than 1, and
thus elimination is feasible, depends on the type of mixing pattern. In particular,
we conclude that it is not feasible to eliminate HIV from populations with high
levels of assortative mixing by activity level without additional intervention
strategies, even if treatment uptake is as high as 90% annually. Finally, we
discuss how to use the developed framework as a way of extracting information
on behavioral heterogeneity from existing data, particularly assortativeness of
mixing, which are otherwise hard to measure in population surveys.
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How to analyze epidemic data in the emerging phase

Gianpaolo Scalia-Tomba
Department of Mathematics, University Rome “Tor Vergata”, Rome, Italy

Abstract
The increasing interest in initial phase inference on disease outbreaks
has generated a corresponding interest in the concept of generation time
as a descriptor of the "time scale" of the disease. The standard
definition of generation time is simple, viz. the average time between the
infection of a secondary case and that of the primary. However, a closer
study reveals many interesting complications, in particular regarding how
to observe and do statistics on generation times. These complications and
possible remedies will be presented and discussed.

Chaos and noise in population biology

Nico Stollenwerk
Lisbon University, Portugal

Computational epidemiology does more than forecast

Alessandro Vespignani
Department of Physics, Northeastern University, USA

Abstract
Recent years have witnessed the development of data driven models of
infectious diseases rooted in the combination of large–scale data mining
techniques, computational approaches and mathematical modeling.
Although these models are increasingly used to support public-health decisions
they are often under debate by only considering their value as forecasting tools.
Here I will discuss, by using specific modelling examples of the H1N1 pandemic
and the West Africa Ebola epidemic, how computational models can be used in
real time to provide situational awareness, intervention planning and
projections, and the identification of factors that fundamentally influence the
course of an outbreak.

Coinfection by opportunistic diseases: a time scales approach.

Ezio Venturino
Dipartimento di Matematica ``Giuseppe Peano'',
Universita’ di Torino, Italy.
Email: ezio.venturino@unito.it

Abstract

We present an approach for the investigation of opportunistic diseases, i.e.
those ailments that better affect a population when in it already another
epidemic spreads, the primary disease.
The main reason is due to the already damaged or weakened immune system of
the individuals caused by the first epidemic, or to the resistance developed to
antibiotics.
When two infections coexist in an individual, there are two possibilities.
A superinfection phenomenon arises if the second invasion is possibly
performed by a different strain of the established disease.
Superinfection by different strains of HIV results in coinfection with tuberculosis.
Another example is AIDS involving coinfection of end-stage HIV with
opportunistic parasites and polymicrobial infections like the vector-borne Lyme
disease.
Coinfection occurs instead when individuals are simultaneously infected by two
independent pathogens irrespective of whether they arise at the same time or
one of them favors the secondary invasion. Examples are for instance bacterial
superinfection in a viral respiratory disease or infection of a chronic hepatitis B
carrier with hepatitis D virus.

The primary disease in general weakens over a long period the individual
immune system, allowing the sudden appearance of the opportunistic disease.

This feature suggests the use of time scales separation in the model,
distinguishing respectively in it a slow and a fast process.

Approximate aggregation techniques can then be applied to get a reduced,
lower dimensional system showing the same asymptotic information of the
complete model.

Our findings indicate that the outcome of the primary infection is deeply
affected by the secondary disease.

An outbreak of the opportunistic disease may allow the primary disease to
persist, but for some parameter values ranges the opportunistic disease may
drive infected individuals to extinction.
Under certain conditions, the model behavior is more sensitive to the
opportunistic disease recovery rate than to the transmission rate, suggesting a
way to fight coinfection problems.
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Heterogeneous Population Dynamics and Scaling Laws near Epidemic
Outbreaks
A.Widder (1), C. Kuehn (2)
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University of Technology
(2) Institute for Analysis and Scienti?c Computing, Vienna, University of
Technology

Abstract
In this paper, we focus on the influence of heterogeneity and stochasticity of the
population on the dynamical structure of a basic susceptible-infectedsusceptible (SIS) model. First we prove that, upon a suitable mathematical
reformulation of the basic reproduction number, the homogeneous system and
the heterogeneous system exhibit a completely analogous global behaviour.
Then we consider noise terms to incorporate the fluctuation effects and the
random import of the disease into the population and analyse the influence of
heterogeneity on warning signs for critical transitions (or tipping points). This
theory shows that one may be able to anticipate whether a bifurcation point is
close before it happens. We use numerical simulations of a stochastic fast-slow
heterogeneous population SIS model and show various aspects of heterogeneity
have crucial influences on the scaling laws that are used as early-warning signs
for the homogeneous system. Thus, although the basic structural qualitative
dynamical properties are the same for both systems, the quantitative features
for epidemic prediction are expected to change and care has to be taken to
interpret potential warning signs for disease outbreaks correctly.

Intervening in Heterogenous Epidemics: Insights from the Renewal Equation,
and Application to Acute HIV Transmission
Chris Wymant
Department of Infectious Disease Epidemiology, Imperial College London, UK
Joint work with Francois Blanquart, Christophe Fraser, and the BEEHIVE
Collaboration
Abstract
The severity of HIV infection varies considerably between individuals. Set?point
viral load (SPVL) - a predictor of clinical outcomes such as time to progression to
AIDS - varies over several orders of magnitude. While estimates of the extent of
SPVL heritability vary widely (6% to 59%), the fact that it is heritable shows that
it is in part controlled by the virus itself. We investigate how, and how much,
using viral whole-genome data and clinical follow up for around 700 patients
from the Netherlands and the UK, sampled between 1985 and 2014. The
patients were identified as recently infected; the samples were taken less than
two years after the first positive test and before antiretroviral therapy. I will
present a novel pipeline for high-throughput, accurate reconstruction of whole
viral genomes from the raw genetic data. Phylogenies derived from these data
provide a more precise dating of the origin of HIV in Europe, and give a picture
of viral mixing. By fitting evolutionary models to the phlyogenetic and
phenotypic data we estimate that the heritability of SPVL increased from 17% in
1990 to 34% in 2010, due to increasing genetic variance. This means that
extreme values of SPVL become more frequent over time, with potential
implications for transmission and disease progression. The special case of
multiply-infected individuals and its clinical relevance will also be discussed.
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