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1. Introduction

On May 14-18, 2007, a workshop on “Spatio-temporal and Network Modeling of Diseases” was held at the International Centre for Mathematical Sciences (ICMS), Edinburgh, UK, as part of the DIMACS Special Focus on Computational and Mathematical Epidemiology. The meeting was a follow-up to one held April 22-26, 2003, at the DIMACS Center, Rutgers University. The aim of the meeting was to present and discuss recent developments in spatial models for the spread of infectious diseases among human, animal and plant populations, with a particular emphasis on the spread of disease in both space and time and through networks of individuals. 

The meeting brought together a medium-sized group representing a wide range of outlooks (from the largely theoretical through to mainly applied) and who employ a wide range of methodologies (including graph theory, percolation theory, simulation-based approaches, statistical analyses of data). The composition of the group was balanced between established and early-career researchers, with the attendance of a significant number of graduate students and postdocs.

The development of epidemiological models started with simple descriptions of a population and its interactions, imagining a population to be well-mixed and homogeneous: individuals are equally likely to encounter any other individual in the population and individuals do not differ in their susceptibility to the infection or their infectiousness once infected. This leads to transmission being described by mass-action or standard incidence terms, with the rate at which new infections arise being proportional to the numbers or densities of susceptible and infectious individuals. Comparison of these models to real-world data has revealed many inadequacies of such simple descriptions: in reality, populations, and the interactions of their members, exhibit a large amount of structure and heterogeneity, and disease transmission occurs at a number of different scales (e.g. within families, workplaces or schools, cities or countries, and between these). Numerous approaches have been developed to account for this structure, such as multi-group and metapopulation models, network models—which describe the members of a population and their interactions as a graph—or large scale individual-based simulation models.

The meeting had several main themes, which are discussed in more detail below. These included the quantification of both population structure and the spread of infection through structured populations, mechanisms for incorporating such structure into modeling frameworks, and analytic techniques that can be deployed to understand the behavior of structured population models. Numerous real-world applications and settings were discussed, including human infections such as dengue and influenza, infections of animals, both in farm and wildlife settings, and diseases of plants. Several speakers addressed public and veterinary health examples in which modeling has played, or is playing, a major part in decision-making processes. 

2. Program of the Meeting

Abstracts and/or presentations are available online at http://www.ma.hw.ac.uk/epi/edinburgh07/talks/index.html

Monday 14th May

Morning: 1 hour talks

Denis Mollison   Small worlds and giant epidemics: an overview of spatio-temporal and network models

Mark Handcock   Statistical modeling of networks

Martina Morris   Application of network methods to infectious disease modeling

Afternoon
“Introductions” session: each participant was given 3 minutes to outline their interests

1 hour talk:

Tom Britton   Networks, epidemics and vaccination: a review

Tuesday 15th May

Morning: 1 hour talks

Chris Gilligan Parameter estimation for spatio-temporal models of botanical epidemics

Phil O'Neill   Statistical inference for spatial and structured population epidemic models

Frank Ball   From individuals to populations

Discussion

Afternoon: "Approaches to modeling structured and spatio-temporal data"

A session of short talks, focusing on basic approaches to modeling and analysis rather than results obtained. 

Glenn Marion: Relating contact networks to underlying biological processes

Damian Clancy: E. coli 0157 in a dairy herd

Alex Cook: Modeling host heterogeneity in spatiotemporal populations

Theodore Kypraios: Avian influenza 

Luca Giuggioli: Beyond the diffusion approximation

(Followed by workshop social event: Edinburgh Botanical Garden)

Wednesday 16th May

Morning: "R0 for networks and other structured populations". Talks from 

Mick Roberts: Spatio-temporal and network modelling of diseases 

Rowland Kao: The Council of Elrond: A data-based commentary on R0 on social networks 

Pete Neal:  R0 in 2-level and random graph models

Gian-Paolo Scalia-Tomba: The statistics of generation times in epidemic spread

"Random graphs - static and dynamic". Talks from 

Pieter Trapman: Construction of random graphs with given clustering

Christian Steglich: Statistical inference for jointly evolving networks and actor characteristics

Markus Schwehm: Simulation using EpiDyNet and InterSim

Nina Fefferman & Ng Kah Loon: Self-organizing dynamic networksNg Kah Loon

Afternoon: Second session on "From individuals to populations". Talks from 

Peter Dodd: Coarse graining in biological problems 

Lorenzo Pellis: Threshold parameters for a model with households and workplaces 

Schweta Bansal: Does individual behavior matter?

Thursday 17th May

Morning: "Strategies for looking for patterns in spatio-temporal data". Talks from 

Derek Cummings: Strategies for looking for patterns in spatio-temporal data 

Lisa Sattenspiel: Spanish influenza on the island of Newfoundland

Katie Hampson: Reconstructing networks of rabies transmission

Stephen Riley:  Spatial networks of individuals, households and workplaces

Martina Morris: Inferring transmission networks from incomplete data

Afternoon: 1 hour talks "Disease challenges of the 21st century"

Tommi Asikainen: ECDC and modeling of infectious diseases

Mark Woolhouse: Population dynamics of pathogen emergence

Neil Ferguson: Disease challenges of the 21st century: challenges for modelling

Friday 18th May

Discussions and working sessions

3. Themes of the Meeting

· From individuals to populations

A wide range of model frameworks can be used to account for population structure. Ball reviewed many of these, including locally large models, lattice models, network/random graph models, metapopulation models and complex simulation models. The feasibility of analysis decreases with increasing complexity so an important issue is the selection of a model that incorporates sufficient structure while still being analytically tractable. A notable class of structured models that allows analysis considers setting in which mixing occurs at two levels (such as within and between families). 

Much of this discussion relates to the question of appropriate scales at which to model.


· Network models: Describing the structure of a population in terms of a network and the construction of network models that exhibit particular structure
 
The use of network approaches has a long history in the social sciences, with the use of graph theory based metrics to describe social networks, such as friendship networks. Talks from Handcock, Morris and Steglich discussed network structure from this viewpoint, together with the estimation of such metrics from real-world data, including a discussion of the types of data that allow for this estimation and the statistical issues involved. 

Having characterized the structure of a real-world network, one then wants to construct model networks that exhibit certain structure. Handcock discussed a flexible statistical approach, exponential random graph models, that can be used. Britton and Trapman discussed random graph constructions, many based on the configuration model of Molloy and Reed, that are amenable to rigorous analysis. Riley presented work that included the use of MCMC to generate networks with given structure.

Several speakers considered approaches that examine how behavior specified at the individual level leads to contact networks. Marion discussed an example in which a network describing contact between cattle arises from certain behavioral characteristics of the animals. Fefferman asked what kinds of networks arise from simple mathematical rules in the context of self-organizing dynamic networks.

Several speakers emphasized the differences between the contact networks that describe the structure of a population and the disease transmission networks that result from the spread of infection across contact networks.


· Static versus dynamic networks

Several speakers made the point that real-world networks are dynamic, whereas network models often treat them as being static. Networks of the type used to model sexually transmitted infections have dynamic structure, modeling partnership formation and break up. Steglich discussed dynamic networks in the social setting. Fefferman presented a dynamic network model, based on various interaction rules, examining the emergent structure. She and Ng Kah-Loon discussed the spread of infection on such networks.



· Analytic and approximation techniques to describe the spread of infection

The use of results from percolation theory and branching process theory were discussed by several speakers, including Ball, Bansal, Britton, Kao, Mollison and Trapman. In many cases, threshold results can be obtained. 

Several speakers discussed limitations of the R0 concept in network settings. Kao discussed R0 and transmission thresholds for networks, largely in relation to a network obtained from data on the movement of cattle in the UK.

Roberts considered R0 in settings involving multiple groups (or types) of individuals, reviewing the calculation of R0 using the “next generation” approach and introducing the “type reproduction number” and a reduced next generation matrix. 

Approximate methods for the study of spread on networks were broadly discussed. The pair approximation approach, and its limitations, was discussed by Mollison. Bansal covered a number of techniques, including modified compartmental models, asking the question “when does individual-level behavior matter?”

Several speakers (Ball, Ferguson, Mollison, Pellis and Riley) discussed threshold results for the multi-level mixing model.


· New approaches from statistical physics

A number of approaches from statistical physics were discussed, including anomalous diffusion models for movement and generalizations of the diffusion equation (Giuggioli), and coarse-graining approaches based on projection operators (Dodd).


· Parameter estimation, statistical inference and spatio-temporal data

O’Neill gave an overview of statistical methodologies used in infectious disease settings, including maximum likelihood and Bayesian approaches. The particular issues raised in spatial contexts were discussed, as were the benefits and drawbacks of MCMC. Kypraios provided illustrations in the settings of avian influenza and foot and mouth disease. 

Several speakers, including Ferguson and Riley, discussed attempts to quantify and model human movement patterns, such as distributions of commuting distances, using a range of ingenious methods such as tracking cell-phone location.

Scalia-Tomba discussed the estimation of infection generation time from outbreak data, with particular reference to sampling issues and biases in estimates.


· Biological settings: Extracting information from data

Network models have a long history of use in the setting of sexually transmitted diseases. Morris discussed the structure of sexual partnership networks in terms of a number of measures, including the distributions of numbers of partners and the durations of partnerships, the mixing pattern and concurrency. The impacts of these structures were discussed in relation to a long-running project that examines the spread of HIV amongst a number of communities. This effort is particularly interested in examining the extent to which these structures can explain differing prevalences of infection in different communities.

Hampson presented spatio-temporal data on the spread of rabies among wild and domesticated dogs in Serengeti, and an approach for the reconstruction of disease transmission networks.

Cummings described the spread of dengue and dengue hemorrhagic fever in Thailand, the transmission dynamics of which are strongly influenced by seasonality. Spatial waves and changing patterns of incidence over time were discussed.

Sattenspiel discussed the spread of Spanish Influenza on the island of Newfoundland using data collected from mortality records.

Gilligan discussed spatio-temporal spread of infection in botanical settings, together with estimation issues.

Clancy and Kao both described networks related to cattle population, although on quite different scales. Clancy presented data on the interactions between members of a dairy herd and modeled the effect of the social structure of the herd on the spread of E. Coli O157. Kao discussed the movement of cattle between different farms in the UK, the resulting network structure and its implications for the spread of foot and mouth disease.


· Informing Public Health and Policy: Disease Challenges of the 21st Century

Numerous speakers discussed the implications of spatio-temporal structure for the control of infection, discussing applications in high profile settings such as smallpox, influenza and foot and mouth disease.

Asikainen talked about the work of the European Centre for Disease Prevention and Control, their modeling and surveillance efforts and their interaction with the European modeling community. 

Schwehm presented a spatio-temporal epidemic simulation tool intended for use by public health officials in the design of control policies.

Woolhouse discussed emerging infectious diseases, including the role of zoonotic infections and the risk factors for the emergence of new human pathogens.

Ferguson addressed the challenges when modelers become involved in the public policy setting. The need for improved models, in terms of details of the description of the transmission process, human movement and interaction, the demands placed on inference techniques and the need for better data, collected with modeling needs in mind, were discussed.  
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