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Preliminaries

Our discussions focused on models as tools for public policy decision making, within the following context: agent release, spread, detection, analysis (modeling), advice, and action.  Models could be used to prepare for possible terrorist attacks, as well as to aid in responding optimally in real-time. 

We perceive this as an opportunity for direct service (i.e., to ensure optimal deployment of available resources in the event of attack) rather than the development of mathematical innovations only loosely inspired by policymaking need.  Recognizing that simplicity always is a virtue, our sessions were dominated by discussions of possible means of identifying the simplest model that would address policy issues responsibly (other than anticipating questions and reducing realistic models via sensitivity analyses). 

We assumed that releases would be deliberate, and undertaken by intelligent, knowledgeable people.  With smallpox, for instance, variolation generally produces a mild disease that nonetheless is infectious, enabling those variolated to move about places where susceptible people congregate.  Terrorists are willing to blow themselves up, so surely they would risk variolation, which is only occasionally fatal. 

Nature of Threat

The nature of threats affects the strategies that must be evaluated.  Deliberately introduced pathogens differ from natural ones in some respects, offering special modeling challenges.  We focused on smallpox, whose potential as a terrorist weapon has been described (in, e.g., J.B. Tucker, Scourge: the Once and Future Threat of Smallpox, Atlantic Monthly Press, 2001), and recognize that our thoughts may apply less well to other pathogens. 

Introduced pathogens may be unfamiliar, and may become known only via observation during the early epidemic phase.  They may be diseases that occur elsewhere, for which we have little native immunity (e.g., many tropical diseases in the Northern Hemisphere); natural or induced mutations may enhance virulence.  With advances in molecular engineering technologies, a truly determined and skilled adversary could turn even commensal microbes into weapons (see, e.g., Tim Beardsley’s piece in Scientific American, http://www.sciam.com/1999/0499issue/0499infocus.html). 

In their delivery of familiar pathogens, terrorists are not limited to the means by which they are or were transmitted naturally: for instance, smallpox (historically person-to-person, but also via scabs or fomites), pneumonic plague (respiratory), anthrax (aerosolized), and bioengineered influenza (presumably respiratory).  Pathogens might be disseminated at a single or multiple sites, or over wide areas.  The utility of historical experience in this context remains unclear. 

One response to these uncertainties might be to develop generic models with which to simulate the behavior of any agent or agent combination, given some idea of its properties.  The most useful "model" for the kind of near-real time operational support needed would be essentially pathogen-independent.  This appears tractable, given our collective experience modeling contagious diseases for which interventions exist, but see the “Possible Modeling Approaches” section below. 

Nature of Response

Possible response strategies (more or less in order pre- and post-event), and other issues that should be considered include: 

· When the vaccine stockpile suffices (as it may now for smallpox given the discovery of additional vaccine), permitting purchase under informed consent 

· Vaccinating first responders and selected others pre-event (e.g., healthcare workers, bus drivers), becoming more inclusive as the risk increases

· Targeting super-spreaders (people who are very infectious, or who have many contacts, possibly because they are highly mobile) 

· Isolating febrile or all contacts (including asymptomatic ones), quarantining households, schools, workplaces, neighborhoods, communities 

· Vaccinating contacts, locales (e.g., households, …), everyone 

· Initiating chemotherapy, if any exists and is available 

· Composite strategies (e.g., the contribution of population immunity, attained via mass vaccination or disease, to the success of search and containment at eliminating smallpox in South Asia [where R0 was high]) 

· Dealing with vaccine adverse events (via, e.g., vaccinia hyper-immune globulin, etc.)

We realize that another group focused on response logistics.  Nonetheless, when introductions suffice to overwhelm the ability to search for cases and vaccinate/isolate to contain spread, the need to switch strategies and vaccinate locally or even indiscriminately may be obvious and/or irrelevant (because public reaction may force the issue).  It is not clear what these thresholds are, however, and on what else they may depend (e.g., R0, side effects of vaccination, speed of propagation, etc.). 

Human Behavior

Our most daunting challenge may be accounting for the behavior of terrorists before and during attacks and the behavior of victims and the general public afterwards.  We should involve social scientists to anticipate behavior and increase the probability of people responding as directed. 

Appropriate modeling of index infections is extremely important, especially in bioterrorist scenarios (e.g., if they are terrorists).  Attacks could involve anywhere from a few people up to many thousands, who might initially be localized (within a single city) or dispersed (throughout several).  The non-uniform progression of index infections is another key influence on disease transmission and control strategies, particularly if unnaturally high doses affect progression. 

How might people respond to an act of bioterrorism and to governmental disease control strategies?  Because emergency declarations and federal responses affect state/local, community, and individual compliance, clear, panic-quelling, if not confidence-inspiring, instructions are interventions in themselves.  How could such responses affect the implementation, and hence effectiveness, of control strategies?  (The public's response to macroeconomic policies during deflationary or inflationary periods and the corresponding econometrics appears analogous.) 

Mathematical Challenges

We make some comments about challenges facing us in the use of mathematical models.

Analytical Tools for Transient Behavior

Traditional mathematical approaches to the long-term behavior of epidemics and the persistence of endemic states (such as stability analysis near equilibria) will be of little value.  Policymakers will need estimates of early transient behavior (number initially infected, cases per week, consequences of more or less efficient implementation of more or less timely vaccination and containment policies, probable outbreak durations, magnitudes, and costs under several scenarios).  At present, few analytical tools are available for transients.  Once developed, however, these would have other applications. 

Possible Modeling Approaches

It is unlikely that any single model/approach could address all options or serve all purposes; furthermore, diversity enriches our appreciation of phenomena.  The pros and cons of various mathematical models and methods should be considered, among which we discussed the following issues: 

Simple versus realistic: 


1. Simplicity facilitates communication, and parameters often can be estimated with precision, but the failure of realistic models (i.e., hypotheses about natural phenomena) can increase understanding; 

2. The premise of applied population biology (i.e., epidemiology, demography) is that a relatively small number of characteristics (e.g., age) suffice to account for major patterns in disease.  Models of populations composed of types (e.g., age groups, behavior classes, habitation densities) are relatively simple compared to ones composed of individuals; 

3. Superficial versus true complexity (e.g., a system of many ODEs may be no more complex than a few integro-differential equations or PDEs). 

Deterministic versus stochastic:

(NB: The issue is not if God plays dice, but if policymakers need realistic confidence intervals.  They do if results encompass more than one option being contemplated, or force consideration of others.  The “trick” is finding ways of considering variances, rather than one-point answers, when these matter within this broad decision-focused framework.) 

1. Stochastic models are useful not only for confidence bounds, but information about the covariance of fluctuations enters into formulae for the mean (i.e., feedback into the calculation of mean values); 

2. Complex probabilistic approximations may reside within deterministic ODE models, as in mean-field determinations; 

3. Experience suggests that one can learn almost as much from proper sensitivity analysis of deterministic models (except close to bifurcations) as from stochastic ones; 

4. Stochastic models may distinguish between minor and major outbreaks (and false alarms).  Because decision makers are especially sensitive to the risk of catastrophic events, this may be of great help in the wider context. 

Game-theoretic methods:  

These have great potential in decision-making contexts, especially in adversarial situations where opponents value costs and benefits differently (or there are different or changing cultural norms).  Statistical risk analysis offers tools that estimate the payoffs needed as inputs to either the extensive or normal, tree or matrix, forms of two-person non-zero-sum games.  What other mathematical tools and techniques would be useful in representing post-attack behavior across the spectrum of epidemic models (deterministic, stochastic, spatial, ...)? 

Data, Validation, and Sensitivity Analysis

What data would be useful in developing and refining these models?  And how would we know if our results were qualitatively incorrect? 

1. The NIAID has developed a Counter-Bioterrorism Research Agenda (http://www.niaid.nih.gov/dmid/pdf/biotresearchagenda.pdf) within which opportunities may exist for interaction/collaboration with scientists in other disciplines on studies to gather data useful for the development and evaluation of mathematical models. 

2. Decision makers may be familiar with modeling when full-scale testing is infeasible (of, e.g., nuclear weapons); can we validate models experimentally (e.g., using role-playing exercises as experiments to validate computer simulations with independently-generated data and parameters) as well as against historical data (that may or may not be wholly relevant)? 

3. It may also be possible to validate simpler models by comparing them to more complex ones. For instance, deterministic models, using average values can duplicate the results of more complex stochastic models.

4. Sensitivity to assumptions (e.g., whether spatial heterogeneity matters), as well as to parameter values, must be checked, as must the influence of initial conditions. 

Collegial Relations

We discussed the extent to which modelers should cooperate versus compete, and most agreed that cooperation on important common topics (e.g., biological details, public policies being contemplated) was best, but that groups modeling in different ways (e.g., as sketched above) would provide a sort of global sensitivity analysis in a situation with too much uncertainty to place proper confidence intervals on results of interest. 

1. By having such working groups, DIMACS provides a forum for modelers to critique one another’s work without needlessly confusing policy-makers.  Having quasi-independent groups model foot-and-mouth in the UK was particularly instructive.  But what would have happened had conclusions differed, particularly with respect to their implications for policy? 

2. Could individual-level details in EpiSims (or superficially similar models, e.g., the one under development at Purdue) be mapped onto individual types (e.g., age groups) and the corresponding contact matrix be determined and provided to others for use in their simpler models?  Similarly, could such information be obtained from proximity detectors, and similarly shared? 

A minority view was that a competition of the sort exemplified by bi-annual computational modeling of protein three-dimensional structure (CASP, Community Wide Experiment on the Critical Assessment of Techniques for Protein Structure Prediction; http://predictioncenter.llnl.gov/casp4/doc/casp4-announce.html) would improve the quality of our work.  Other examples are the computational modeling of intermolecular interactions (CATFEE, Critical Assessment of Techniques for Free Energy Evaluation; http://uqbar.ncifcrf.gov/~catfee/) and a recently announced blind test of protein docking algorithms (CAPRI, Critical Assessment of PRedicted Interactions; http://capri.ebi.ac.uk/).  

One member of our group opined that CASP’s impact on computational approaches for protein structure prediction had been immense, that CATFEE was expected to have a large impact too, and that an analogous competition could similarly affect development of epidemiological models.  He imagined, for example, annual ranked competitions focused on prediction of each year's influenza and/or pneumonia outbreaks (predictions that would be assessed and ranked against subsequently available data) and annual un-ranked competitions focused on prediction of bioterror/biowarfare attacks (predictions that--one would hope--could not be similarly assessed and ranked). 

� See, for example, Longini, et. al., Math Biosci., 38 (1978), 141-157.
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