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Educational Aims

The reader will come to appreciate that:

� Modelling COVID-19 influenced policy at all stages of the outbreak.
� Greater synthesis of epidemiological models and economic models is needed to assist policy makers.
� Models must be adapted to context, both in terms of disease behaviour and different interventions in different countries.
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Models have played an important role in policy development to address the COVID-19 outbreak from its
emergence in China to the current global pandemic. Early projections of international spread influenced
travel restrictions and border closures. Model projections based on the virus’s infectiousness demon-
strated its pandemic potential, which guided the global response to and prepared countries for increases
in hospitalisations and deaths. Tracking the impact of distancing and movement policies and behaviour
changes has been critical in evaluating these decisions. Models have provided insights into the epidemi-
ological differences between higher and lower income countries, as well as vulnerable population groups
within countries to help design fit-for-purpose policies. Economic evaluation and policies have combined
epidemic models and traditional economic models to address the economic consequences of COVID-19,
which have informed policy calls for easing restrictions. Social contact and mobility models have allowed
evaluation of the pathways to safely relax mobility restrictions and distancing measures. Finally, models
can consider future end-game scenarios, including how suppression can be achieved and the impact of
different vaccination strategies.

� 2020 Published by Elsevier Ltd.
INTRODUCTION

Infectious diseases modelling in the current COVID-19 pan-
demic has had more attention from government and media (both
social and traditional) than for any previous pandemic. This can
be attributed to the huge impact of the pandemic, changes in glo-
bal communication and technical advances in modelling. These
advances encompass new methods, improved computational tools,
public data sharing, improved code availability and better visuali-
sation methods, which have all advanced markedly in the decade
since the H1N1 influenza pandemic in 2009 [1]. Policy makers have
placed greater trust in models than ever before, although models
have also received considerable criticism, and their limitations
need to be acknowledged.

In this paper, we describe ways in which models have influ-
enced policy, from the early stages of the outbreak to the current
date – and anticipate the future value of models in informing sup-
pression efforts, vaccination programs and economic interventions.
TRAVEL RESTRICTIONS

Policy on border closures followed early estimates of trans-
national spread of COVID-19 and was strongly influenced by mod-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prrv.2020.06.013&domain=pdf
https://doi.org/10.1016/j.prrv.2020.06.013
mailto:emma.mcbryde@jcu.edu.au
https://doi.org/10.1016/j.prrv.2020.06.013
http://www.sciencedirect.com/science/journal/15260542


58 E.S. McBryde et al. / Paediatric Respiratory Reviews 35 (2020) 57–60
elling. In January 2020, modelling based on travellers from Wuhan
found that early COVID-19 case rates were significantly under-
reported both in China [2] and overseas [3], and border closure
policies promptly followed. China imposed an internal travel
lock-down on Wuhan on 23rd January and most countries enacted
limited restrictions through February and comprehensive restric-
tions through March; many governments using travel risk models
to anticipate case numbers with and without border closures (see
for example, Shearer et al. [4]).

Fully connected meta-population travel models have provided
additional insights. Retrospective analyses have shown that the
Wuhan lockdown imposed by China did little to delay the outbreak
within China, but had a greater impact on other countries [5]. Mod-
els have also predicted the shifting of epicentres from Asia to Eur-
ope and from the USA to South America and Africa, based on the
connectedness of these regions [6], enabling enhanced surveillance
in vulnerable destination countries.

Currently, almost every country in the world has experienced
local transmission, such that border restrictions are of lesser
importance. However, as countries begin to move out of lockdown
and seek to reignite their economies, travel modelling will again
become helpful for anticipating the risk of reintroduction of cases
to jurisdictions that have successfully reduced transmission.
ESTIMATES OF THE EPIDEMIC POTENTIAL OF COVID-19

Many early models estimated a high reproduction number – the
average number of secondary cases per infected case. Although
precise values differed, in China prior to interventions, these
mostly fell between a value of two and three [7], heralding the seri-
ousness of the pandemic. Based on these estimates, model projec-
tions were consistent in predicting that an unmitigated epidemic
would overwhelm health systems and lead to unacceptable loss
of life [8–10]. A prominent example was the report by Imperial Col-
lege London on the potential of COVID-19 to cause widespread
infection across the UK and the US if a mitigation (reproduction
number greater than one) rather than suppression (reproduction
number less than one) strategy was pursued [9].

Consistent model findings of high infection rates and mortality
collectively resulted in many countries grasping the seriousness of
the epidemic. Consequently, public health interventions and
government-imposed restrictions on human movement were initi-
ated to reduce transmission. Models showing changes in transmis-
sion rates over time have been powerful tools for enabling policy-
makers to demonstrate gains in epidemic control through public
health policy and action. Many media outlets and public health
officials around the world have provided explanations about the
effective reproduction number and its critical threshold of one,
which is the key to escaping from lockdown. Political leaders of
New Zealand [11], Australia [12], the UK [13], Indonesia [14] and
Germany [15] have all used this terminology in communicating
decision making for easing lockdowns, demonstrating the marked
increase in the public’s understanding of infectious disease
modelling.
EXITING LOCKDOWN USING MIXING MODELS

As countries see their epidemic incidence curves decline in
response to changes in behaviour and policy, developing a strategy
to exit lockdown is vital. The aim is to do so gradually, without
pushing the effective reproduction number above one and risking
a second pandemic wave. Models can predict the impact of resum-
ing different activities if the impact of each behavioural interven-
tion is well quantified. Since most interventions were applied
simultaneously, their individual contributions are unknown, and
an alternative approach is required.

One approach is to examine contact patterns and thereby infer
infection risk using age-specific mixing models. In 2008, age-
specific contact patterns were estimated in several European coun-
tries [16], and synthetic matrices were later developed for 152
countries [17]. Changes in contact rates resulting from COVID-19
policy can be estimated using a number of sources: google mobility
data provides the amount of time spent in locations
(https://www.google.com/covid19/mobility/), City-mapper
(http://citymapper.com/CMI) provides regularly updated data on
direction requests, nation-wide behaviour surveys provide infor-
mation on the impact of policies for both the number and duration
of contacts in some countries. Mixing models synthesise these
results to identify age-specific contact rates and use relative infec-
tiousness and susceptibility to infer age-specific infection rates.

The findings that children are probably less likely to acquire
infection and are much less likely to show symptoms when
infected [16] have been incorporated into these models to assist
with policy development. In particular, mixing models have shown
that school closure has a modest impact on disease transmission at
most, which has encouraged several jurisdictions to accelerate
school re-openings, or avoid school closure [18–20].
LOW- AND MIDDLE-INCOME COUNTRIES (LMICS)

Models designed to inform policy in low- and middle- income
countries [LMICs] need to capture variation in transmissibility of
COVID-19 with socio-demographic features. Models forecasting
the COVID-19 epidemic in LMICs indicate that transmission is
likely to be delayed by the relatively low travel numbers and the
higher proportion of children in these countries [19]. This delay
has given countries critical time to prepare and strengthen their
often limited health infrastructure and diagnostic and surveillance
capacity [21]. For example, there are only 0.23 ventilators per
100,000 of population in Uganda, compared with nine in Australia
and eleven in Europe [8,22]. Despite the delay, models predict that
any natural protection offered by a younger population is likely to
be offset by weaker health systems, overcrowding and comorbidi-
ties [23]; hence LMICs have been advised to prepare for a ‘‘slow
burn” COVID-19 epidemic.

Brazil has been one of the LMICs most severely affected by
COVID-19 (thus far), and its epidemic trajectory provides some
insight into the different pandemic trajectories of LMICs compared
to higher income settings. The first case of COVID-19 occurred in
Brazil on 25th February, 2020 and by early May there were over
100,000 reported cases and 7000 deaths, an estimated epidemic
doubling rate for deaths of five days (the highest of 48 countries
analysed) [24]. The rapid transmission in Brazil is attributed to a
combination of inadequate policy response, high population den-
sity, close living quarters, limited access to clean water, informal
employment, and transmission to indigenous populations through
encounters with illegal miners and loggers in the Amazon rain-
forest [25].

On top of the direct COVID-19-related morbidity and mortality,
indirect effects associated with disruptions to other critical medi-
cal services are anticipated. In some LMICs, health care systems
will be faced with concurrent outbreaks, such as dengue in Ecua-
dor, Brazil and other Latin American countries [26]. Models can
also help estimate the indirect effects of COVID-19, such as through
interruptions to the supply of antiretroviral therapy (HIV treat-
ment) in South Africa due to COVID-19. It has been estimated that
this disruption could cause a death toll on the same order of mag-
nitude as the deaths that would be averted by physical distancing
interventions for COVID-19 itself [27]. Similarly, disruptions to
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vaccine delivery in LMICs could lead to major outbreaks of vaccine
preventable diseases, such as measles, for many years to come [28].

Policies that have been effective in developed countries may not
translate to impact in LMICs. This has been attributed to physical
distancing often being impractical due to large household sizes,
overcrowded settlements, and informal economies [23]. Lock-
downs that severely restrict movement outside the home are less
feasible and more harmful in countries where work is essential
for survival.
MODELLING THE POTENTIAL IMPACT OF VACCINATION

It seems almost certain that a vaccine will be needed if COVID-
19 is to be eliminated globally. As of 2nd June, 2020, there are ten
clinical trials for COVID-19 vaccines in different stages of develop-
ment and 123 molecules in preclinical evaluations [29]. Modelling
can be useful in evaluating the efficacy of vaccines during clinical
trials and diminishing biases [30,31].

Models have already shown that an immunity of 60% is desir-
able to protect those who cannot or choose not to become vacci-
nated. However, once a vaccine becomes available, an
implementation strategy will be required as supply scales up.
Should we vaccinate the most vulnerable groups, those at the
front-line of control or those contributing the most to transmission
first? While ethical and equity considerations will appropriately
drive much of this debate, modelling has a role to play. Modelling
can help to assess the potential effectiveness of different vaccina-
tion strategies, such as location-specific ring-vaccination for Ebola
[32], age-specific vaccination for influenza [33] and assessing long-
term risks and benefits of dengue vaccination [34]. For COVID-19,
strategies may differ between countries depending on the acuity
of the epidemic, the age groups driving the infection or at higher
risk for severe disease, and the age structure of the population.
ECONOMIC MODELS FOR COVID-19

The containment and mitigation measures implemented by
countries around the world to slow the spread and reduce mortal-
ity due to COVID-19 have resulted in a worldwide economic crisis,
with the cost likely to exceed the damage from the Global Financial
Crisis of 2007–2008. Unlike previous such crises, the COVID-19
pandemic has simultaneously created major downturns in both
supply and demand across the world [35]. This creates significant
policy challenges for governments to design strategies that take
into account both the effectiveness of public health intervention
measures and their negative socioeconomic consequences [36].

Containment and mitigation efforts, which are aimed at saving
lives, avoiding human capital losses and flattening the epidemic
curve, also reduce economic activity [37,38]. This intentional
reduction of economic transactions has been undertaken by many
governments as a necessary public health measure, at least in the
early stages of the epidemic. Apart from the humanitarian perspec-
tive, there are economic benefits to counter some of the losses of
these policies, such as avoiding loss in income due to premature
deaths, workplace absenteeism, and reduction in productivity.
Contractions in supply and demand also come from physical dis-
tancing, travel restrictions, non-essential business closures and
other measures, as people work and consume less [39].

Some studies have used early estimates of infection rates and
case fatality ratios to assess healthcare costs due to the pandemic
and provide cost-benefit analysis of non-pharmaceutical interven-
tions [40]. Others have used simulations to model epidemiological
scenarios in inter-temporal general equilibrium models [41]. For
example, a dynamic stochastic general equilibrium model is used
to model global economic outcomes under different scenarios of
the pandemic’s evolution over the remainder of this year [42]. A
limitation of this modelling approach is that it requires a large
number of inputs and assumptions on economic relationships
and epidemiological characteristics. As economic consequences
from the COVID-19 pandemic originated from epidemiological fac-
tors and these factors will continue to play a role in the dynamics
of control, the economic trade-offs between public health and eco-
nomics should be considered and analyses that combine epidemi-
ological and economic modelling will be valuable.
CHALLENGES IN DEVELOPING MODELLING FOR POLICY

Much of the value of models in the COVID-19 pandemic is in
informing immediate policy decisions. A collaborative relationship
between modellers and policy-makers ensures that models focus
on priority questions. Providing modellers with a clear view of
the policy environment allows them to propose and develop mod-
els that support decision making. This may go beyond policy-
makers outlining the policy questions of interest and the interven-
tions under consideration, and should ideally create an environ-
ment where modellers and policy makers work in partnership.

Modelling analyses may also play a role in broadening the scope
of options under consideration. For example, modellers advising
the UK health authorities did not initially explore a strategy that
involved increased testing because they had been advised that
there were limits on the extent to which testing capacity could
be scaled up [43]. However, modelling more ambitious scenarios
can provide high benefits at low cost, even if the strategies simu-
lated are not immediately able to be enacted – if models had
shown that increasing testing, tracing, and isolation would result
in dramatically better outcomes, these activities may have been
prioritised sooner in the UK [44]. Similarly in Australia, models
presented to the Australian Government in March 2020 examined
only mitigation strategies [45]. Had these early models shown the
enormous impact potential for suppression, earlier and shorter
lockdowns may have been planned.

The current pandemic crisis has led to a resurgence of interest
in modelling, and an increase in its use for guiding policy. Model-
ling advice should always be developed and considered in context,
allowing for setting-specific limitations in capacity. Early analyses
have been biased towards high-income settings where both mod-
elling expertise and reported cases have been concentrated. How-
ever, as the pandemic now shifts towards highly-vulnerable LMICs,
a concerted effort is required to provide international modelling
support to local containment efforts.
DIRECTIONS FOR FUTURE RESEARCH

Models will continue to be relevant in future for assessing:

� strategies for exiting lockdown.
� vaccination scale up decisions.
� opening international travel
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