Understanding human behaviour for pandemic preparedness with
epigames
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Infectious diseases that spread from person to person by direct transmission, respiratory pathogens
such as influenza and coronaviruses among them, impose a large global health burden and remain the
most likely causative agents for future devastating pandemics'. For many such diseases, transmission
occurs when individuals are in close proximity for a sufficient time and through highly structured
social contact networks>*. Data on the properties of these networks, including their temporal and
spatial structure, how pathogens spread on them, and how interventions may alter this spread are
scarce” or inconsistent’, and seldom incorporate behavioural features. This produces a knowledge gap
between policy-relevant models of pathogen transmission and the data they require: contact networks
in high spatial and temporal resolution and their variability and malleability under different
conditions.

We propose a solution that leverages mobile technology to measure contact networks across social
settings, environmental conditions, and various contexts, while explicitly integrating behavioural data.
Digital smartphone-based platforms that enable collection of human behaviour and environmental and
contextual factors during experimental epidemic games (“epigames”) can generate data on real-life
dynamic social contact networks, arguably the closest proxy for observing pathogen transmission in
human populations. Epigames are controlled situations in which participants join a simulated
epidemic via a gamified smartphone app. Over the course of the game, participants interact with each
other, enabling the Bluetooth signal between phones to measure mutual proximity, contact duration,
and social connection. As the game progresses, participants may become infected by a hypothetical
pathogen, moving through susceptible, infectious, and then recovered states. Furthermore, they can
make decisions that affect their own and others’ quantifiable outcomes. For example, whether they
choose to isolate after being told they are infected, or if they use a vaccine or antivirals, in response to
the simulated spread and the rewards/penalties built-into the app (such as earning points for isolating,



losing points for getting infected or infecting others, and winning prizes at the end of the game).
Participants can also respond to survey questions administered through the app about their knowledge
and attitudes regarding public health interventions, disease risk, perceived norms, shared identity, and
other factors. This would make epigames uniquely capable of gathering not only real-life contact
networks, but also behavioural and attitudinal data from the participants, and thus give insight beyond
the game context into how people may respond during real outbreaks.

This approach originates in classic behavioural experimentation in economics and game theory (e.g.,
prisoner’s dilemma)® but has recently been gaining recognition as a valuable source of data in both
environmental science’ and public health®. Moreover, during the COVID-19 pandemic, it was applied
to study attitudinal and behavioural choices by means of online psychological experiments seeking to
replicate disease spread”'’. The epigames approach is different from these predecessors in that
epigames are a form of field experiment'' that take place in naturalistic settings, including college
campuses, scientific conferences, community organisations, and congregate workplaces. Furthermore,
epigames have a high degree of mechanistic realism (i.e., the simulated disease spreads over proximal
interactions just as direct contact pathogens do). This provides real-world action fidelity, the
correspondence between actions in a real and simulated environments'?, addressing many concerns
about the external validity of the data from these experiments'?, an issue affecting all behavioural
experimentation methods'*.

Epigames’ data can be analysed with established game theory and network science techniques, as well
as with novel machine learning methods like mechanistically informed deep learning'®, to characterise
the different networks that form across settings and contexts and identify the key features that
influence their construction. Epigames also provide an adaptable mechanism for testing a wide range
of interventions to reduce disease spread. By implementing epigames with different incentive
structures to “nudge” participants to take decisions that modify their susceptibility to infection or
transmission rates during the game, researchers would be able to test hypothesis on individual
perceptions’ and network factors'® that influence behaviour. As mentioned earlier, the game could
involve the decision to wear a mask, take a diagnostic test, or receive a vaccine, with varying costs
and benefits associated to each one. From a network intervention perspective, epigames could be used
to evaluate the effect of individual measures (e.g., messages targeting to the most connected
individuals), group-based strategies (e.g., behavioural nudges addressing all member of densely knit
cliques), and induction approaches (e.g., introducing opinion leader “seeds”) to stimulate peer-to-peer
diffusion of protective behaviours. Finally, the high-resolution data from these intervention
experiments can beget environmentally- and behaviourally calibrated realistic agent-based models of
epidemics that will enable an unprecedented assessment of the role of behaviour in pathogen
transmission and response to interventions.

The concept of app-based epidemic games builds upon prior efforts, while explicitly designed to
overcome their limitations to study contact networks, human behaviour, and the interplay between the
two. Traditional methods like manual contact diaries have been successful in measuring the social
mixing patterns of large numbers of individuals® across age cohorts and geographical locations'”, but
they are limited by their reliance on self-reporting, which is subject to recall bias and low temporal
resolution. Sensor-based technologies offered a way to address these limitations. Research projects
using Radio Frequency Identification (RFID) tags such as SocioPatterns'® and Bluetooth-enabled
mobile phones like the FluPhone Project'’ and the Copenhagen Networks Study®’, made it possible to
capture high-resolution, objective proximity data. However, all these projects had a narrower focus on
the physical contact network itself; they could measure potential transmission pathways but were not



designed to simultaneously capture health-related preferences, attitudes, and decisions of the
individuals forming those networks. Furthermore, many of the studies required specialised hardware
(e.g., RFID tags, loaner phones) or were confined to specific settings like schools®! or cruise ships®,
restricting their scalability and generalizability.

More recent projects leveraging participants’ own smartphones, such as SafeBlues* and Operation
Outbreak (O0)*, can be considered the closest predecessors to app-based gamified epidemiology
experiments. Yet, their primary objectives were different: SafeBlues focused on using virtual spread
to forecast epidemics in real-time, and OO was first designed for experiential education in outbreak
science and public health. While subsequent work?+*® demonstrated the potential of the OO platform
for epidemiology research, neither was originally conceived as a flexible, reusable infrastructure for
systematically testing hypotheses about human behaviour and networks during epidemics.

The epigames approach addresses these gaps by generating four interrelated data streams: (1) high-
resolution, real-life contact networks, (2) quantifiable behavioural data from in-game decisions (e.g.,
choices to self-isolate or vaccinate), (3) attitudinal data from integrated questionnaire surveys, and (4)
environmental data that may influence person-to-person interactions (e.g., weather). While this
approach is not without its own limitations, such as the Hawthorne effect (study-induced changes in
participant behaviour) and network sampling inaccuracies due to sensor heterogeneity in consumer
devices, it represents a significant advance by creating a unified experimental framework to study not
only how a pathogen could spread, but also why it spreads in the patterns it does, driven by human
choices. More broadly, open and reproducible science standards make it an essential requirement that
the infrastructure for the epigames be built to avoid reimplementation of the basic methods to
reproduce and extend past results. Constructed correctly, such infrastructure can provide a powerful
tool to test hypotheses and validate new models that incorporate human behaviour and environmental
factors in a more principled and data-driven manner, bridging epidemiological modelling with the
biological, social, and ecological sciences.

To illustrate the potential of an experimental platform addressing these gaps, Figure 1 describes a
hypothetical epigame, the "Quarantine Game" (QG), that could be designed with such a platform to
empirically investigate quarantine-seeking behaviour. This QG would facilitate the generation of
high-resolution data on evolving disease risk, social influence, and protective health behaviours. In
terms of external validity, this experimental design also addresses the issue of indicator mapping: how
much in-game behaviours reflect, or map over to, real-world counterparts, by proposing pre- and post-
game surveys that allow researchers to quantify behaviour parallelism and the attitude-behaviour
gap"’ by comparing survey responses to in-game behavioural choices. Large-scale OO research pilots
conducted over the past five years were either observational®® or exploratory in nature rather than
employing rigorous experimental design®®; however, they successfully collected both network and
behavioural data, supporting the feasibility of this approach.
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Figure 1: Proposed study protocol for the Quarantine Game (QG), a scenario-based experimental epidemic
game (epigame) in which participants face decisions about whether to self-isolate after exposure to a simulated
digital pathogen, with varying levels of peer behaviour information and in-game incentives. In the QG, physical
proximity and contact network structure determine transmission of the pathogen among participants; however,
they do not need to physically isolate to quarantine, as it would be unrealistic to ask them to do so. Rather, they
isolate in the world of the game by choosing the quarantine behaviour in the app. Thus, the costs and benefits of
the gamified quarantine need to map to some extent to those of real-life quarantine. One such possible mapping
(but not the only one) could be introduced via a point system where an immediate penalty due to quarantine
would reflect lost opportunities for work, socialization, etc., and a steeper penalty for getting sick later in the
game, representing the health burden of disease. Final point scores could result in prizes (e.g., gift cards) via a
lottery to introduce a tangible incentive. The general study protocol would comprise the following stages: (1)
recruitment, during which participants install the epigames app and complete baseline attitudinal surveys, (2)
calibration, when participants complete parallel surveys reframed in the epigame context, and the app
constructs the empirical distribution to Bluetooth signal strengths (RSSI) between participants to estimate the
parameters of the RSSI-to-distance mapping by leveraging the known peaks of socially-determined pairwise
physical separation, (3) group assignment, via graph-cluster randomization methods to minimize cross-talk
between groups, (4) experimental manipulation, where each group is exposed to different experimental
conditions (e.g., presence or absence of information about peer behaviour, aggregate vs. individual-level peer
compliance data, local vs. global risk of infection or number of cases), and (5) data analysis comprising a mixed
methods and synthesis approach to evaluate behavioural parallelism and network data fidelity prior to
developing downstream network and behavioural models. (Figure credits: Yinan Dong and Mansi Khandpekar
from Colubri Lab)
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Concluding remarks

The COVID-19 pandemic underscored a significant asymmetry in our scientific arsenal against
infectious diseases. On one hand, we have powerful experimental and computational tools to sequence
new viral genomes in a matter of weeks, study the immune response of human cells in minute detail,
and determine the structure of host receptor molecules with unprecedented precision, all while we aim
to develop vaccines in just 100 days from the moment a novel pathogen emerges. On the other hand,
we lack robust, scalable methods to study the human behaviours and social structures that mediate
transmission. This is a major gap that needs to be addressed to enable the construction of more
realistic and sophisticated models, e.g., agent-based models that include individual behaviour and
social interactions.

Gamified app-based studies carried out with an experimental platform for infectious disease
research—one that enables interdisciplinary teams to design, deploy, and refine studies integrating



behavioural, network, environmental, and biological data at scale—can fill this gap. The platform will
not only allow generation of dynamic real-life social contact networks that are crucial for modelling
pathogen spread but also enable linking with behavioural and attitudinal data, as well as more
rigorous testing of public health interventions. Writing in 2013, Edmunds, Eames, and Keogh-Brown
identified the challenge of constructing epidemiological models that meaningfully incorporates human
behaviour, given the trade-offs between observational studies with limited generalizability and
mechanistic models without a clear theoretical basis due to the multiplicity of behavioural change
theories. They concluded that “understanding which of these [theories] are most applicable and in
what circumstances will be a significant undertaking for which high-quality empirical information
will be essential if these models are to be used to guide future decision-making "*’. More than 12 years
later and in the aftermath of a worldwide pandemic, the challenge remains. Developing a platform that
addresses this persistent challenge and allows collation of dynamic real-life contact networks will
represent a significant advance for the scientific community in bridging the gap between experiments
and models in infectious disease research.

Epigames offer a promising path forward. They can provide a unique combination of control, realism,
and scalability. By combining behavioural decision-making, real-time network dynamics, and
structured incentives within simulated outbreak scenarios, epigames can investigate critical questions:
What drives protective action? How do social norms and peer influence shape health decisions? What
interventions change behaviour and network structure? To answer these questions and be better
prepared for the next pandemic, we need investment in interdisciplinary research that brings together
epidemiologists, behavioural scientists, game designers, computer scientists, among other experts, as
well as in the development and maintenance of the necessary infrastructure. Just as genome
sequencing became a global priority during COVID-19 and the avian influenza outbreaks,
behavioural-epidemiological experimentation via digital technology must now be elevated to a core
capability in pandemic preparedness.
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