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Abstract

Mathematical models of infectious diseases are frequently used as a tool to support public health
policy and decisions around implementation of interventions such as school closures. However,
most publications on policy-relevant modelling lack an ethical framework and do not explicitly
consider the ethical implications of the work. This creates a risk that unintended consequences
of interventions are overlooked or that models are used to justify decisions that are inconsistent
with public health ethics. In this article, we focus on the case study of school closures as a
commonly modelled intervention against pandemic influenza, COVID-19, and other infectious
disease threats. We briefly review some of the key concepts in public health ethics and describe
approaches to modelling the effects of school closures. We then identify a series of ethical
considerations involved in modelling school closures. These include accounting for population
heterogeneity and inequalities; including a diversity of viewpoints and expertise in model design;
considering the distribution of benefits and harms; and model transparency and contextualisation.
We conclude with some recommendations to ensure that policy-relevant modelling is consistent
with some key ethics values.
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1. Introduction

Infectious disease modelling had a prominent influence on government policy in many countries
during the COVID-19 pandemic (Hadley et al. 2024). However, relatively few publications on
policy-relevant modelling explicitly consider the ethics of this work (Silva, 2023, Smith et al. 2023,
Zacherson et al. 2024). Unlike clinical research, there is no regulatory or agreed-upon ethical
framework to guide mathematical modelling or its application by policymakers.

Mathematical models are frequently (though not always) presented in technical and ostensibly
value-neutral terms (Rennie et al. 2024). Yet public health modelling is rarely, if ever, an entirely
objective scientific endeavour. Modelers must make practical and subjective decisions about
which processes and variables to include in the model and which sources of evidence to prioritize
in informing model assumptions and parameter estimates. The questions that a model seeks to
answer are often determined by governments or other decision makers and these are inherently
value-laden, thus shaping the range of possible outcomes of a model via values from its outset
(Silva, 2023).

If modelling is being done purely as a scientific activity, omission of specific ethical considerations
relating to the public health implications of the model (beyond adhering to fundamental research
ethics) may be permissible. However, when models are designed specifically to inform public
policy decisions, the ethics and value judgements embedded in both the design of the model and
presentation of its outputs warrant explicit consideration (Zachreson et al. 2024).

In the context of new pandemic threats, modellers understand that their work provides potential
solutions that simplify a complex reality, not just in terms of health impacts, but also in terms of
other socioeconomic and political dimensions. In this article, we ask: what responsibilities do
modellers, and decision makers who rely on their work, bear when preparing for and responding
to infectious disease outbreaks and pandemics?

In §2, we introduce some key concepts in public health ethics to develop a lens through which
the limitations of models could be assessed. In §3, we focus on modelling the effects of school
closures as an important case study of infectious disease modelling for policy advice. In §4, we
detail several ethical considerations involved in modelling school closures. We argue that greater
sophistication of models could potentially be achieved through interdisciplinary collaboration with
humanities and social science scholars, as well as affected communities. We also discuss the
importance of addressing population heterogeneity and inequalities, considering the distribution
of benefits and harms in the short and long term, and promoting transparency and
contextualisation of model assumptions and results. In §5, we conclude with a series of
recommendations for improving the ability of models to support decision-making in a way that is
consistent with ethical principles when responding to infectious disease outbreaks.



2. Key concepts in public health ethics

Public health can be differentiated from other areas of healthcare, including clinical medicine and
medical research, given its emphasis on population level challenges. Moreover, public health is
‘public’ in that solutions to population-level challenges require collective action (e.g., vaccination
campaigns that aim at herd protection or immunity) or collective organization of individual actors
(e.g., governments collecting taxes to fund vaccination programs) (Verweij and Dawson 2007).

Infectious disease dynamics can give rise to unique ethical dilemmas. For example, it is possible
for a behavioural intervention, such as reducing social contacts, to have a net cost for a single
individual, but a net benefit, if adopted by everyone (Gersovitz and Hammer, 2004). This raises
questions about whether it is ethical to make such an intervention mandatory (Roberts et al.,
2023). Furthermore, so-called trolley problems can arise when deciding whether to implement a
public health intervention that is expected to reduce the total number of infections during an
epidemic but increase the number in a particular subpopulation (Kollepara et al., 2024).

From an ethics viewpoint, the attention to collective action means reimagining or deemphasizing
principles and values usually associated with clinical medicine. For example, the four classical
principles of biomedical ethics of Beauchamps and Childress (2013) - i.e., beneficence,
nonmaleficence, justice, and autonomy - were created primarily to address challenges at the
bedside. If we are to use these principles in the public health context, then they need to be
adjusted, or perhaps new principles should be used instead.

Over the last 25 years, the public health ethics literature can be grouped into roughly one of three
broad categories. First, some scholars have proposed new ethical principles to guide public health
practice, either in general or principles designed for specific purposes. For example, Upshur’s
(2002) use of the harm principle, least restrictive means, reciprocity, and transparency. Another
example is the principles of Dawson et al. (2020) for addressing challenges during COVID-19,
which included attention to solidarity, autonomy, and equity. Second, some authors have
proposed frameworks or tools to guide decision-making around ethical questions and quandaries,
such as those by Childress et al. (2002) and Kass (2004). Third, philosophers have written about
the foundations of public health and public health ethics, generally centring on notions of justice
and the need to provide greater attention to the needs of vulnerable or marginalised persons and
populations (e.g., Daniels (2012), Venkatapuram (2011), Powers and Faden (2008)).

Perhaps the greatest point of departure between public health ethics and other areas of health
ethics is the emphasis on the fundamentally relational nature between people, i.e., the collective
in-and-of-itself and the collective vis-a-vis individuals. The English-language idiom that ‘no person
is an island’ is central to thinking about public health, whether it be how one person’s actions
affect others, or how people can coexist, thrive, and be healthy in their community. From this
generally agreed-upon starting point, certain key principles or values come to the fore (we
acknowledge that the descriptions below are cursory and important details and nuance are
absent):



Justice: at its most basic and historic origins, justice is simply the idea of giving each person their
due, or what they are owed. For example, does society owe greater attention to those in need or
those who are most productive? The answer to this and similar questions turn on other equally or
more fundamental questions about the nature of society and the state, as well as the nature of
need and what people deserve. We can also think about justice in terms of the right distribution
of goods and harms (i.e., distributive justice), setting up the right social structures (i.e., social
justice), and having fair and legitimate procedures for law and public policy (i.e., procedural
justice), to name but a few subcategories.

Equity: in the context of health, equity denotes just and acceptable inequalities in access to
healthcare or health outcomes, while inequities are unjust inequalities. There are two key ideas
to note regarding equity in health: first, not all inequalities are unjust or unfair (e.g., it is trivially
true that more Canadians suffer frostbite than Australians per year). Second, claiming that
something is equitable or inequitable requires engaging in discussions of justice, or what people
are owed. In practice, and as it relates to health, appeals to equity must include descriptions of
what factors make an inequality unjust, e.g., Aboriginal persons in Australia have poorer clinical
outcomes because of systemic racism and a discounting of local/community knowledge; persons
of lower socioeconomic status have less access to nutritious food because public transportation
is deprioritized by local governments, etc.

Solidarity: the need for collective action requires persons or groups to stand with or beside others
for common causes, while aiming to centre the voices of marginalized persons or communities.
Sometimes, or often, these acts of solidarity - and solidarity is generally understood to require
action - necessitates incurring costs on behalf of others. This can include persons or groups in
positions of power standing in solidarity with socio-politically or economically marginalised groups,
as well as marginalised persons standing in solidarity together to fight against various forms of
corrupt power. In public health, solidarity is used to champion causes of persons or groups with
poorer (inequitable) health outcomes due to discrimination or prejudice, e.g., harm reduction
efforts, such as safe drug injection sites and needle-exchange programs.

Freedom and autonomy: freedom is often understood as having an ‘adequate’ range of choices,
such that one is free from undue restrictions, and ensuring individuals retain agency within the
context of enacted public health measures. Critically, freedom is always bound by other people’s
freedom, i.e., freedom can only be exercised reciprocally with other people’s freedom. In other
words, other people’s right to be free means there exists an intrinsic limit to freedom from the
outset. This matters when thinking about public health modelling since instituting various public
health measures can mean that different people’s freedoms are affected differently and
sometimes (though not always or often) in mutually exclusive ways. Autonomy, on the other hand,
means to be self-law giving, or in practice, to make one's life as one sees fit. It assumes freedom
and choice but is more than that; it is a person’s ability to have values and long-term life goals,
and to plan according to those values and goals. Autonomy is often understood as highly
relational, not only in the sense that one person’s autonomy must coexist with that of others (as
in the case of freedom), but that our values and goals are shaped in relation to others, including
family, friends, and broader social groups. Properly understood, freedom and autonomy are



central concepts in public health and public health ethics, since many of the measures we institute
to promote public health restrict choices, e.g., quarantine orders or the mandatory use of contact
tracing apps; or speed limits and restrictions on the sale of alcohol and tobacco in the context of
non-communicable diseases. But critically, public health also promotes autonomy (Wilson, 2021):
a life of good health is important as an end-in-itself, perhaps, but also instrumental to attaining
many other life goals. Public health measures, like mass vaccination programs, function in the
background of our lives but allow us to be more fulsomely autonomous as individuals by protecting
population-level health.

In the next section, we briefly review previous approaches to modelling the effect of school
closures as a public health intervention during outbreaks. We consider some of the limitations of
modelling in respect of the ethics principles described in this section, before moving on to describe
some ways these can be addressed in §4.

3. Policy case study: school closures

School closures are widely recognized as an important control measure for severe pandemics of
airborne viruses, given the congregated nature of schools and their potential to act as
transmission hubs (WHO, 2005, Holmberg et al. 2006, Cauchemez et al. 2009, Qualls et al. 2017).
Numerous mathematical epidemiological models have explored the use of school closures to
mitigate the spread of influenza epidemics and hypothetical influenza pandemics (Halloran et al.
2008). These models have also sought to estimate the economic impacts of such closures
(Sadique, 2008, Xue et al. 2012, Dauelsberg et al. 2024, Pangalo et al. 2024) highlighting both
their potential effectiveness in reducing transmission and the significant societal disruptions they
may cause.

During the COVID-19 pandemic, nearly every country implemented school closures, with the
exceptions of Burundi, Tajikistan, and Turkmenistan (Hale et al., 2021). These decisions were
predominantly informed by pre-existing research for influenza and real-time modelling studies of
school closure impacts (e.g. Ferguson et al., 2020; Lee et al., 2020; Brooks-Pollock et al., 2021).
However, while many models effectively demonstrated the benefits of school closures in
controlling viral spread, they often lacked ethical frameworks that adequately balanced public
health objectives with educational equity and broader societal well-being (Germann et al. 2022).
Specifically, models often excluded marginalised populations, inadvertently amplifying
educational inequities.

Traditional epidemiological models, such as susceptible-infectious-recovered (SIR) models
(Hethcote, 2000), tend to simplify the complexities of real-world interactions by assuming
homogeneously mixing populations. This oversimplification often results in overestimating the
potential for disease transmission, particularly in heterogeneous settings where individual
behaviours and localized contexts play a significant role (Koopman, 2002). By contrast, agent-
based models (ABMs) (Tracy et al. 2018) offer a granular representation of transmission
dynamics, simulating the individual interactions within specific environments, such as schools,



neighbourhoods, and workplaces. These models can account for varying transmission risks
based on factors such as age, mobility, occupation, and social networks. These factors make
ABMs particularly effective for evaluating targeted interventions, such as partial school closures,
staggered schedules, or hybrid learning approaches (Germann et al. 2022). However, ethical
considerations such as societal impacts of school closures (e.g., disruptions to education, mental
health challenges, parental burden, and exacerbation of inequities) often fall outside their scope.
Typically, neither SIR-type models nor ABMs account for the social and economic inequities
exacerbated by closures, the harm to children’s education and socialization, or for the values and
priorities of affected communities. Not only are these challenges likely left implicit within models,
but what it means to balance them against the important benefits of school closures (namely,
reduced transmission and associated morbidity and mortality) also remains underexplored or
merely assumed. As a result, even the most sophisticated models may offer incomplete guidance
for policy decisions in complex, ethically charged scenarios. Bridging this gap requires integration
of model outputs with qualitative assessments from social scientists, educators, and affected
communities.

While mathematical models can provide powerful insights, they must be designed to anticipate
unintended consequences, particularly for marginalised groups, and to align with ethical
principles. Although students from across the socioeconomic spectrum bore the negative impact
of school closures (Mazrekaj et al. 2023), the consequences often disproportionately impacted
marginalised groups, such as low-income families, single-parent households, students with
disabilities, and those relying on school meals or internet access for learning (Goudeau et al.
2021; AITSL 2021; UNESCO 2022; Galasso and Watts 2022). For instance, school closures can
exacerbate educational inequalities, increase mental distress among students and teachers
(AITSL 2021, Mazrekaj et al. 2023), disrupt access to critical services (e.g., access to subsidized
school breakfasts or lunches), and impose severe economic burdens on families without
adequate childcare support (Darmody et al. 2021). Furthermore, the psychological impacts of
prolonged closures on students, including social isolation and learning loss, remain difficult to
quantify within traditional or agent-based modelling frameworks. For example, McGlynn and Stout
(2022) examined the challenges faced by four school districts in the United States, emphasizing
the pronounced impact of the digital divide on marginalised communities and its implications for
equitable access to education during school closures. Still, these harms need to be balanced
against the likely reduction in morbidity and mortality associated with school closures, particularly
vulnerable persons often at greater risk to the impacts of the virus, e.g., those who are
immunocompromised. In short, models play an important role in trying to better predict how these
trade-offs might eventuate.

4. Ethical considerations in modelling the effects of school closures
In this section, we describe various ethical considerations as they relate to modelling the effect of

school closures as a disease control measure. We highlight issues that need to be considered by
modellers and by policymakers using modelling results to inform decisions.



4.1 Population heterogeneity and inequalities

To address some of the challenges identified above, particularly those relating to justice and
equity, models should where possible incorporate variables relating to socioeconomic deprivation,
race, and ethnicity (Ma et al. 2021), household composition (e.g., single-parent or
multigenerational households), or occupation type (e.g., essential worker status) (Menkir et al.
2021). These attributes shape individuals' risk exposure, contact networks, ability to comply with
interventions (Capasso et al. 2022), and access to resources and healthcare services (Richard
and Liptisch, 2024), providing a more realistic and equitable framework for modelling pandemic
responses.

In addition, model outputs should expand beyond traditional health metrics, such as cases and
deaths, to include indicators such as educational attainment gaps, income and employment
losses, and mental health impacts. Furthermore, integrating feedback loops between social and
economic stressors and disease dynamics, whilst challenging from a modelling point of view, can
help not only to enhance realism but to better align with ethical principles by highlighting inequities
and guiding more just interventions.

Finally, models should evaluate alternative interventions, such as improved ventilation, masking,
or outdoor learning, to compare their impacts with school closures. This approach can highlight
trade-offs between public health outcomes, enabling policymakers to make more informed,
balanced decisions. For instance, a model comparing the effectiveness of enhanced ventilation
systems versus complete school closures might reveal opportunities to reduce transmission
without disproportionately harming marginalised groups. This kind of comparison would also help
facilitate solidarity by acknowledging that we need to model better ways of sharing the load of
protecting populations.

4.2 Diversity of viewpoints: community engagement and multidisciplinary model design

Effective model design requires a multidisciplinary approach that incorporates both technical
expertise and diverse community perspectives. Developing mathematical models requires critical
decisions about which processes and variables to include and which to exclude, and which health
metrics to report (e.g., hospitalisations, deaths, years of lives lost). These decisions are influenced
by the objectives of the model, data availability and practical considerations, and involve value
judgements. Engaging social scientists, educators, and representatives of affected communities
ensures that model assumptions and outputs align with ethical principles, such as equity and
autonomy. For example, incorporating parental input into school closure models can uncover
challenges and open the discussion for alternative solutions.

In addition to selecting variables and processes, modellers typically also make choices about
which scenarios or counterfactuals to include. For example, when modelling school closures, the
main scenarios for comparison might be to close schools for some period of time or to keep them
open. However, these binary comparisons may overlook more nuanced and actionable policy



choices. Additional scenarios could include age-specific closures, staggered reopenings,
exceptions for children of essential workers, or keeping schools open while closing hospitality
venues. Again, multidisciplinary input alongside close collaboration with policymakers and
representation from parents (in this instance) are critical to ensure an appropriate set of scenarios
are explored. Without such collaboration, there is a risk that important alternatives may be
inadvertently excluded from the analysis. Finally, multidisciplinarity and community engagement
might also help promote freedom and autonomy by trying to ensure that the value sets of different
peoples are best understood and incorporated so that choices are only curtailed, when necessary,
thereby also attending to the relationship between different members of a community.

It is important to consider unintended consequences, which will not be apparent in the model
results themselves if the relevant variables or processes are not included. For example, one
potential unintended consequence of school closures is that children spend more time with
parents or grandparents than they would have if schools remained open. Could this potentially
accelerate transmission into more vulnerable groups? Such interactions are often not explicitly
represented in models but can have significant implications for both public health and policy
outcomes. Other anticipatable harms arising from school closures could include harms related to
disruption of education, mental health challenges, and the exacerbation of socioeconomic
inequalities.

These types of unintended effects are typically not included in traditional mathematical models
due to their complexity and difficulty of quantification. However, their exclusion can lead to an
incomplete understanding of the trade-offs associated with school closures (discussed further
below). Incorporating these broader effects into mathematical models poses significant
challenges, both conceptually and methodologically. For instance, how should educational
disruption or mental health harms be quantified, and how should they be weighed against health
outcomes like reduced transmission or mortality? While directly integrating such variables into
models may not always be feasible, their omission does not absolve decision makers from
considering them. Instead, modellers can collaborate with social scientists, psychologists,
educators, and parents to ensure these harms are described in detail and presented alongside
model outputs. This multidisciplinary community-centred approach ensures that policymakers are
fully informed of potential consequences, leaving no room for the justification that ‘nobody told us
that was going to happen'. It may also help identify ways to design and implement the policy so
that the benefits of the intervention can be realised whilst minimising the risk of harm and
mitigating anticipatable side-effects.

4.3 Transparency and contextualization

Transparency is critical not only for scientific credibility but for ethical accountability. Clearly
outlining assumptions, parameter sources, and model limitations enables stakeholders and the
public to understand both the strengths and gaps in the analysis. For example, acknowledging
excluded variables, such as mental health impacts of school closures, ensures decision makers
do not overestimate benefits.



When model results are being communicated to policymakers who are not modelling experts, the
responsibilities for transparency and accurate communication of model results are broader than
in purely academic research. It is important to ensure that stakeholders have a thorough
understanding of model limitations, variables that the model excludes or ignores, and uncertainty
in model outputs. This is necessary to avoid non-experts placing undue confidence in a particular
model output. If parameter selection or scenario choices need to be refined after looking at
preliminary results, modellers should be transparent about how and why this was done.

Effective communication will typically require a plain-language description (written and verbal) of
model assumptions and results, and will be supported by a strong and trusted relationship
between modelling teams and stakeholder organisations. A range of model descriptions with
differing levels of technical detail may be required for different audiences, including technical
experts, policy specialists, government decision makers, the media and the general public.

Models frequently present results with some measure of uncertainty such as confidence intervals,
credible intervals or sensitivity analyses. Clearly communicating to stakeholders how these should
be interpreted can be challenging (McCaw and Plank, 2022), particularly when they relate to a
time-dependent quantity being plotted on a graph (Juul et al. 2021). It is also important to be clear
about sources of uncertainty that confidence intervals do not capture. Frequently, confidence
intervals incorporate uncertainty arising from stochastic variability or uncertainty in model
parameters after conditioning on available data. They often do not capture uncertainty arising
from potential model misspecification or unforeseen changes that invalidate model assumptions.

Where models are being used to inform controversial and high-stakes decisions, such as school
closures, there is an onus on modellers to actively consider ways in which their model outputs
could be misinterpreted or taken out of context (inadvertently or deliberately) and take steps to
prevent this. This can include an explicit description of conclusions that cannot be drawn from
model results.

4.4 Modelling the distribution of benefits and harms: the example of time-scales

One of the key challenges in responding ethically to any infectious disease outbreak will be
balancing the trade-offs of particular interventions, or perhaps more specifically, how to justify the
distribution of an intervention’s benefits and harms. This is squarely a question of justice. Models
can quantify some aspects of these distributions. For example, an age-stratified model can
quantify the avoided health burden (measured by metrics such as deaths, years of life lost, or
disability-adjusted life years) in each age group. This could be directly compared with an estimate
for the age distribution of costs, e.g. quantified by the number of school days missed. Such an
approach can help models reflect ethical dimensions of intervention impacts. However, it is worth
noting that this process itself requires value judgements to determine which variables to stratify
on, and which metrics to use to quantify costs and benefits.



An important case of justice-based considerations for modellers has to do with time-scales of
pandemics and outbreaks. The dynamic nature of epidemics means that the choice of time period
over which to compare alternative policy options can potentially skew the results. The health
benefits from reducing transmission may be immediate but some of the harms from disruption to
education may take years to play out. If school closures reduce transmission rates, then the model
will typically conclude that this reduces the aggregate health burden in a fixed time period.
However, the infections and associated harms may, in reality, be simply delayed beyond the
model’s time horizon rather than avoided altogether. This could lead the model to overstate the
benefits of the intervention or understate the harms, and furthermore, may obfuscate who gets
the benefits and who bears the burdens.

There are various ways that modellers can avoid these justice-related challenges associated with
time-scales. At a basic level, these include: choosing a longer time horizon or running sensitivity
analyses on the choice of time horizon; explicitly modelling what happens after the intervention is
removed; reporting the size of the susceptible population as a model output, so that the effect of
the intervention on potential future risk is transparent. Ideally, model design will also take account
of the strategic aims of the public health response, for example: preventing healthcare system
capacity being exceeded; minimising infections until a vaccine becomes available; or eliminating
an outbreak so that control measures can subsequently be relaxed. These will affect the important
trade-offs, the relevant time frames, and counterfactual scenarios to consider.

5. Discussion

An important theme in §4 is the interplay between epidemiological models and ethical principles.
Models not only need to be informed by ethics principles and values but also play a critical role in
clarifying how to uphold those values in practice. Moreover, they help us understand how subtle
system changes can influence the principles that communities and decision makers prioritize. For
example, when trying to promote justice, policymakers can use models to predict how school
closures during an outbreak affect different parts of a community unequally. As such, the
soundness of models becomes imperative not only as a public health tool but as a way of
promoting ethical and socially responsive decision-making. While models generally cannot
independently determine the right course of action, they play a role in understanding the ethical
consequences of alternative policy options. In this context, modellers need ethical input through
multidisciplinary collaboration and community engagement to create better, more inclusive
models. At the same time, policymakers and communities need robust models to help guide
decisions that align with their values (Silva et al 2018).

The lack of explicit ethical frameworks to guide decision-making in a pandemic response is not
an issue that is unique to mathematical modelling. For example, New Zealand’s Inquiry into
COVID-19 (New Zealand Royal Commission, 2024) found that, while decision makers did
consider ethical principles, this process was largely done intuitively rather than systematically.
The report concluded that there should be more explicit use of ethical principles to “consistently
and transparently guide decision makers” (New Zealand Royal Commission, 2024). This
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recommendation applies to the use of mathematical modelling to support policy-making, where
including ethical frameworks can ensure that both models and the broader pandemic response
are aligned with societal values.

INTERROGATE
MODEL
QUESTIONS &

OBJECTIVES \

Ethical Principles

ENGAGE WITH BE
IMPACTED

COMMUNITIES TRANSPARENT
Justice

Freedom &

Solidarity Autonomy

INCLUDE MULTI- TEST DIVERSE &
DISCIPLINARY REALISTIC
EXPERTISE SCENARIOS

LINK OUTPUTS
TO UNINTENDED
CONSEQUENCES

Figure 1. Schematic representation of key ethical principles (justice, equity, solidarity, and
freedom/autonomy) and the corresponding actions that modelers can take to address these in
their models.

Drawing on the ethical issues described in this article, we make some recommendations (see
Figure 1 and below) that we believe will improve decisions and ensure that modelling activity is
consistent with ethical principles. We do not intend this to be an exhaustive list or a set of “tick
boxes”, but rather as a series of prompts for modellers to consider in advance of undertaking
modelling for policy advice.

e Include multidisciplinary expertise. Modellers should partner with experts in disciplines
such as social sciences, humanities, and ethics to identify important population
characteristics and provide qualitative and quantitative assessments of impacts that
cannot be included in the model itself. These better-informed models can then help
decision makers better understand the impacts of public health measures on persons
freedoms and how to uphold justice in the balancing of various peoples’ interests.

11



e Engage with impacted communities. Modelling teams and stakeholders should actively
collaborate with representatives from impacted communities. This engagement will help
ensure that diverse perspectives and value sets are accounted for, enabling the design of
interventions that minimize negative consequences. By fostering these relationships,
modellers can better align their models with the needs and priorities of the communities
they intend to serve, demonstrating solidarity and a commitment to ethical decision-
making.

e Interrogate model questions and objectives. The questions that the model seeks to
answer may be initially put forward by an external decision maker whose strategic
objectives may not always be clear to modelling teams. Modellers should feel able to
interrogate and refine model questions in tandem with the decision maker and to seek
clarity, as far as is feasible, about their strategic objectives and ensure equity remains at
the forefront of decision-making even during emergencies.

e Be transparent. Modellers need to be transparent about how the scope and design of a
model was chosen and how any post-hoc validation was carried out, clear about the
limitations of the model and, where possible, explicit about conclusions that cannot be
drawn from the model results. Transparency is a key aspect of maintaining and promoting
just and fair procedures.

e Test diverse and realistic scenarios. A wider range of policy scenarios should be
developed and tested to capture the trade-offs between different interventions, ensuring
that models reflect realistic and nuanced policy options. Scenarios should also consider
the potential short- and long-term impacts of the recommended policies, including their
unintended consequences.

e Link outputs to unintended consequences. Modellers should focus on developing
approaches that explicitly link model outputs to broader societal impacts and the various
inequities that different measures might inadvertently introduce. This includes identifying
and documenting potential unintended consequences that may arise from the modelled
interventions, even if these are not directly quantified within the model.

By adopting these practices, models can provide a more comprehensive basis for policy-making
and decision support, providing a nuanced understanding of both the intended outcomes of
interventions and their potential risks and trade-offs. The goal is not to make models all-
encompassing, but to ensure they are embedded within a broader decision-making process that
integrates diverse perspectives and expertise.

Finally, adopting and developing the practices described in this article requires time and a
foundation of trust among researchers in different disciplines, as well as between academia,
communities, and public health policymakers. Attempting to establish these collaborations during
an emergency, when modelling outputs are likely to be required in short time frames to inform
urgent decision making, is unlikely to yield optimal outcomes. Therefore, sustained efforts during
non-emergency periods are critical to ensure ethical, effective, and well-informed pandemic
responses in the future. This requires ongoing investment in building and maintaining modelling
capabilities, collecting more detailed social and demographic data to support more nuanced
models such as ABMs, and ensuring routine maintenance of both new and existing tools. One
concrete step forward is to proactively foster relationships among modellers, social scientists, and
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public officials. Such interdisciplinary partnerships not only enhance ethical and contextual
sophistication of models but can also strengthen advocacy for allocating resources. Justifying
these investments in the absence of immediate crisis is difficult but essential if models are to
serve as trustworthy and ethically sound tools in future pandemics.
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