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Evolution is an aspect of infection transmission systems.  Agents and hosts evolve as a result of their interactions in the system.  An important view of such evolution, however, is a view of the evolution of the transmission system and not just the agent or the host.  Many models of transmission systems achieve their objectives while ignoring such evolution.  But models that look at evolutionary process at the level of the system can advance the analysis of transmission systems in several ways.  Relevant to bioterrorist threats, they can

1. Help identify the source of agents in bioterrorist events.

2. Help fit transmission models of common infectious agents so as to

a. Better differentiate a bioterrorist dissemination of agents from a natural dissemination of agents

b. Better prepare public health services to diminish circulation of either naturally disseminated or bioterrorist disseminated infectious agents

3. Help predict the evolution of bioterrorist infectious agents with regard to transmissibility, pathogenicity, immunogenicity, and antimicrobial sensitivity.

Source Identification

With regard to the first area of identifying the source of agents in bioterrorist events, phylogenetic models play a key role by indicating past history of the infectious agent spread through bioterrorism in relation to its evolution from known strains.  The determination of the source of the anthrax in the recent bioterrorism incident is a case in point.  Phylogenetic models first help to identify the subtype of the organism and thus narrow the search.  Since the organism encountered has been cultured between the times it was passed from lab to lab, phylogenetic analysis also has the potential to indicate which lab the organism is coming from.  Admittedly that requires extensive sequencing to find SNPs occurring at the rate of 10-8 per replication.  But in this case, that is very much worth the effort.

Particular needs in improving phylogenetic analysis models include models capable of including more causal model structure while examining high numbers of specimens.  Also needed are better models of crossover and models that can be used for crossover detection.  Also, models that can better estimate phylogenetic distances in the presence of crossover are needed.  Once secondary transmission from multiple foci of a bioterrorist spread agent has occurred, good phylogenetic models should help to better pin down the times and numbers of cases directly caused by bioterrorist dissemination rather than by secondary transmission.

Transmission Model Fitting

With regard to the second area of fitting transmission system models to data, the role of phylogenetic models can help specify transmission dynamic history because the fixation of evolved population variation results from the bottleneck events of transmission.  Within any host, infectious agent evolution leads to variation around consensus nucleotide patterns related to the agent that started the infection.  Transmitted agents come from a part of that variation that most usually establishes a new but related consensus pattern in the new host.  The pattern of consensus sequences or the distribution of sequences in different hosts allow for inferences with regard to transmission distance between agents isolated from different hosts.  

Thus phylogenetic (or in this case of within species analysis more appropriately “genealogic”) distance to the most recent common ancestor parallels transmission distance to the most recent common ancestor.  Each infection transmission system model implies different patterns of transmission distances between the infectious agents isolated from infected individuals at different times.  Thus competing models of a transmission system can be compared to actual data on genealogic distances to see which better fits observations.  Also, when one model form is selected, the pattern of observed genealogic distances can be compared to the pattern of model predicted transmission distances for the purpose of estimating model parameters.

A particular area of mathematical investigation needed here is the elaboration of how virus dynamics within the host and the number of agents involved in transmission events affect the relationship between genealogic distance and transmission distance to the most recent common ancestor.  The classic model of Rogers and Harpending is a bare beginning for what needs to be done.

Patterns of transmission distances will be particularly valuable in distinguishing models of bioterrorist dissemination from models of natural dissemination.  This distinction should be an immediate task when a new infectious agent emerges and one cannot be sure if the enhanced virulence of that agent arose naturally or artificially.

The use of genealogic distances to model the logistics of response to a bioterrorist event depends absolutely on studies of natural transmission.  After a bioterrorist event has occurred, it is too late to undertake such studies.  It is before the bioterrorist event that such studies need to be employed on natural transmission events.  Genealogic distances should be used to fit transmission system models for airborne and enteric infections at local, regional, and national levels.  Particularly useful agents to study in this regard are influenza and caliciviruses.  RSV and rotavirus studies may also be very valuable.  The local, regional and national models of these agents should be adapted to natural history of infection and immunity parameters of the involved bioterrorist agent and to initial immunity and bioterrorist source conditions.

Predicting Evolution of Bioterrorist Agents

The pattern or “network” of contacts that can transmit infection are a key determinant of infectious agent evolution.  Socio-economic change, population growth and population mobility (travel) are changing contact patterns in ways that affect the evolution and the evolvability of infectious agents.  For some kinds of contact, such as airborne transmission, contact patterns are becoming denser and more capable of sustaining altered infectious agents until they can adapt enough to better sustain their circulation with more usual levels of contact.  In these cases there can be a “compression of genome space” in the sense that increased opportunities for genetic exchange accelerate the exploration of genome space.  For some kinds of contact, such as fecal oral, hygienic improvements are diminishing the network connections that sustain transmission and permit evolutionary adaptation. Obviously, characterization of the social landscapes and social landscape dynamics and their role in disease evolution are central. 

The impact of contact dynamic networks on disease evolution is quite relevant. The issue of the evolution of virulence in the case of enhanced bioterrorist organisms is critical.  In most cases, virulence enhancement will decrease transmission fitness.  Thus the chances of the virulence-enhanced agent becoming endemically established may be diminished.  But high transmission environments will increase the opportunity for the bioterrorist organism to adapt and thus increase its transmission fitness.  Priority should be given to bioterrorist agent control in these settings.  A clear analysis of what these settings are should be pursued with studies on the detailed transmission dynamics of naturally circulating agents.  It will be too late once a bioterrorist event has occurred to identify these settings.

For this purpose, models of virulence and its effects on transmissibility are particularly important.  Such models must link infection dynamics within the host to infection dynamics at the population or community level (higher level of organization may be required in a globally connected society).  Such linkage can be sought using brute computational force or by identifying simple algorithms or mathematical principles that facilitate this linkage. The integration of game theory or other decision approaches and models into transmission system models and policy seems like a promising direction.

Relevant to this area in general are the models being developed to assess the evolution of antimicrobial resistance.  They are relevant not only to the issue of adaptation of virulence enhanced organisms but also to combating bioterrorist agents that have been engineered to be resistant to antimicrobials.

A key area for all infectious agent evolution models is how to include a wide variety of cross-reacting strains of infectious agents in a model.  Evolution almost always takes place in such a context and to assess evolution, evolved strains must be modeled separately from source strains.  In most transmission system models, the number of strains increases model complexity in a highly exponential fashion. Some efforts that involved the development of models that incorporate crossimmunity (influenza)  or increase susceptibility have been carried out but additional theoretical and mathematical work is needed.

Specific Mathematical and Computer Science Challenges

The previous discussion has identified the following needs:

1. Better within host infection models that can provide a base for understanding any new agents that might appear as well as helping to better model infection transmission systems 

2. Models relating within host infectious agent dynamics to transmissibility

3. Models relating transmission events to genealogic distances

4. Better models for calculating genealogic distances, especially given crossover

5. Transmission system models with multiple cross-reacting strains

6. Game theory based evolutionary models that can be integrated into infection transmission system models

Other mathematical issues affecting evolution to be addressed include 

7. How network models relate to compartmental models

8. How scalability issues of network structure affect transmission dynamics

9. Optimization models for epidemiological study designs

Concluding Comments

Evolutionary models on networks can be very complex but can be computationally more efficient than complex compartmental models that assume mixing in broad contexts, especially when multiple strains are involved.  It seems that finding ways to integrate network and compartmental modeling approaches will help all areas of infection transmission system modeling, including models of evolution.

Recently there has been interest in human contact patterns that may be non-scalable and therefore have quite different properties than those predicted from compartmental or lattice type models.  Internet connection models have especially kindled this interest.  While we felt that on some dimension all infection transmission contact networks had to be scalable because they all have strong geographic and social space determinants, the issue of risks of very large epidemics should be addressed in terms of network scale.

The final issue relates to the fact that ongoing surveillance systems that elucidate transmission dynamics are essential to bioterrorist control in general and to the risks of evolution in general.  Surveillance systems should be established on the basis of continuous quality improvement from analysis of data using a transmission system model as the base.  For this to be the case, models that can define the optimal sets of data to be collected either on a routine basis in the system or in special studies that will help solidify the surveillance system are needed.

In conclusion, efforts to integrate research in immunology (within host infection models), recent advances in genomics and molecular biology in the context of social networks interactions, and the impact of social landscape structure (at various scales) and their dynamics are critical to disease evolution. The challenge, common to many mathematical efforts, lies not only in this direct question but also in the associated inverse problem, namely, how can we use system transmission information to characterize pathogens’ evolution  in natural as well as in human-induced (bioterrorism) epidemics.
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