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A B S T R A C T

During the early stages of an emerging disease outbreak, governments are required to make critical decisions
on how to respond, despite limited data being available to inform these decisions. Analytical risk assessment is
a valuable approach to guide decision-making on travel restrictions and border measures during the early phase
of an outbreak. Here we describe a rapid risk assessment framework that was developed in February 2020 to
support time-critical decisions on the risk of SARS-CoV-2 importation into Australia. We briefly describe the
context in which our framework was developed, the framework itself, and provide an example of the type of
decision support provided to the Australian government. We then report a critical evaluation of the modelling
choices made in February 2020, assessing the impact of our assumptions on estimated rates of importation,
and provide a summary of ‘‘lessons learned’’. The framework presented and evaluated here provides a flexible
approach to rapid assessment of importation risk, of relevance to current and future pandemic scenarios.
1. Introduction

When a novel pathogen with pandemic potential emerges, govern-
ments need to make critical decisions about how to respond, despite
limited data being available to inform these decisions. For countries
in which the pathogen is not yet present, preventing or delaying
importation and local transmission can buy valuable time for health
authorities to establish response measures.

Key decisions that must be made in the context of disease importa-
tion include: the level of screening that should be applied to incoming
travellers; quarantine arrangements for incoming travellers, including
self-isolation advice and managed quarantine; epidemiological case def-
initions, which can include recent travel in a list of affected countries,
and can determine how potentially scarce testing resources are used;
and finally, the possibility of restricting travel. Each of these may be
applied in a targeted fashion based on the country in which travel
originated.

For a previously uncharacterized pathogen, these decisions are ham-
pered by at least two key sources of uncertainty. The first is the
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1 Code for analyses reported here is available from https://figshare.com/s/f06e55e23574bdb4e5b8.

natural history of a novel pathogen, which may be poorly understood,
including factors such as the duration of latent and infectious periods,
and the relationship between infectiousness and symptoms. The second
is the effectiveness and capacity of health and political systems in
different countries, in particular with respect to their ability to detect
imported and locally acquired infections, and to report identified cases
in an accurate and timely manner.

Given these uncertainties, analytical risk assessment is a valuable
approach to guide decision-making on travel restrictions and border
measures during the early phase of an outbreak. While multiple studies
have described mathematical and statistical tools developed to estimate
importation risk (Chinazzi et al., 2020; Lai et al., 2020; Gilbert et al.,
2020), critical evaluation of such tools is less common. However, such
evaluation is beneficial as it can review and assess the design decisions
that were made at the time, and provide useful guidance for future
practitioners (Kerkhove and Ferguson, 2012; Chowell et al., 2017).

In this paper we describe a rapid risk assessment framework that
was developed in February 2020 to support time-critical decisions on
vailable online 24 February 2022
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the risk of SARS-CoV-2 importation into Australia. In Section 2 we
briefly describe the context in which our framework was developed,
the framework itself, and provide an example of the type of decision
support provided to the Australian government, here framed in terms
of estimated rates of importation into Australia.1

Due to limitations of both development time and data availability,
ur framework necessarily made a number of simplifying assumptions
bout pathogen characteristics, global epidemiology, and health system
apacity. In Section 3, we revisit these assumptions to evaluate their
mpact on our estimates of importation rate. This study thus makes
wo contributions: first, it presents a flexible approach to rapid risk
ssessment, specifically designed with communication in mind; second,
t provides an honest appraisal of the strengths and limitations of the
roposed approach, based on our subsequent critical evaluation.

. Case study — arrival of SARS-CoV-2 in Australia

.1. Context

On 29 December 2019, Chinese authorities reported a cluster of
ases of atypical pneumonia in the city of Wuhan, Hubei Province, later
dentified to be caused by a novel coronavirus, SARS-CoV-2 (World
ealth Organization, 2020a). The disease caused by this virus is now
nown as Coronavirus disease 2019 or COVID-19 (World Health Or-
anization, 2020b). By 31 January 2020, 9720 cases of COVID-19
ad been reported in mainland China. A further 120 cases had been
onfirmed outside of China, including 95 cases in countries of the South
ast Asia and Western Pacific regions (World Health Organization,
020c). Australia had detected and managed 9 imported cases, all
ith recent travel history from, or a direct epidemiological link to,
uhan (Australian Government Department of Health, 2020a; World
ealth Organization, 2020c).

On 1 February 2020, Australian authorities placed restrictions on all
ravel to Australia from mainland China, to reduce the risk of impor-
ation of the virus. Only Australian citizens and residents (and their
ependants) were permitted to travel from China to Australia (Aus-
ralian Government Department of Health, 2020b). At that time, models
stimated that 75,815 individuals (95% CrI 37,304–130,330) had been
nfected in Greater Wuhan up to 25 January (with WHO reporting
320 confirmed cases for the same time period) and projected that
he epidemic could peak in Wuhan as early as late February (Wu
t al., 2020). Before the restrictions, Australia was expecting to receive
pproximately 200,000 air passengers from mainland China during
ebruary 2020 (Australian Bureau of Statistics, 2019a). Travel numbers
ell dramatically following the imposed travel restrictions.

With air-travel from China restricted and strict quarantine measures
n place for those who did return, a remaining concern for Australia was
he epidemic status of other countries in the Asia-Pacific region with
arge, and at that stage unrestricted, travel volumes to Australia. We
herefore developed a risk analysis framework to estimate importation
isk to Australia from countries other than China.

.2. Rapid risk assessment framework

We introduce a modular framework for assessing the risk of SARS-
oV-2 being imported from a source country (here China) to a country
f interest (here Australia) via other intermediary countries in the
egion. The framework was developed very rapidly to provide a rational
asis for decision-making on border measures and case definitions
n Australia at a time when global transmission of SARS-CoV-2 was
ot yet established. In developing this framework, we focused on the
isk of (potentially undetected) spread to countries in the South East
sia and Western Pacific regions because they are highly connected

o both China and Australia, relative to the rest of the world. Our
nalysis takes into account the COVID-19 epidemiological situation and
2

mobility restrictions imposed as of mid-February but is adaptable to
other contexts for future outbreak response.

The framework includes a series of analyses based on epidemiolog-
ical evidence at the time, patterns of air travel, and model components
described by De Salazar and colleagues (De Salazar et al., 2020) and
developed by the authors. Our framework considered a single point
of origin for all exported infections, as China was the only country
reporting uncontained transmission at the time of analysis. Each step
of the analysis is outlined in Fig. 1 and described in more detail below.

Step 1: Importation risk from China to intermediary countries
SARS-CoV-2 first emerged in China (World Health Organization,

2020a) and hence the risk of importation for countries in the South
East Asia and Pacific regions, in the early stages of the outbreak, was
primarily dependent on travel from China. The expected numbers of
imported cases in each intermediary country was estimated using an
approach proposed by De Salazar and colleagues based on air travel
volume estimates from China since COVID-19 emergence (De Salazar
et al., 2020). Their model estimates the expected number of imported
cases in countries by regressing the number of imported cases reported
by each country against their relative incoming travel volumes from
China (under unrestricted travel). They assume that the expected case
count would be linearly proportional to air travel volume. Bootstrap
sampling was used to estimate 95% prediction intervals. We fitted the
model to reported cumulative case counts for each country extracted
from WHO situation reports 2, 9, 16, 23, and 30 (i.e., one per week
from 22 January to 19 February 2020).

Step 2: Number of potentially undetected cases in intermediary countries
The number of potentially undetected introductions in each inter-

mediary country was based on the discrepancy between expected (Step
1) and reported cases (noting that cases due to local transmission were
excluded from these counts). Under the assumption that all reported
cases were effectively isolated (24 h after symptom onset) with reduced
risk to onward transmission, the difference between the expected and
reported numbers of cases per country provided a crude estimate of
the number of unreported cases. We assumed unreported cases were
undetected and therefore more likely to contribute to local transmission
and potentially a large outbreak.

Step 3: Probability of an outbreak in intermediary countries
A branching process model was used to generate stochastic projec-

tions of the initial stages of an outbreak for each intermediary country.
This model incorporates country-specific rates of SARS-CoV-2 importa-
tion (as estimated in Step 1) and country-specific detection probabilities
based on the ratio of reported cases to expected cases (with a maximum
detection probability of 1). We assumed an 𝑅0 of 2.68 (within the range
estimated for SARS-CoV-2 in Wuhan in early January Wu et al., 2020),
no individual-level variation in transmission and independence of all
undetected introductions (Chinazzi et al., 2020). The probability of
local transmission was defined as the proportion of simulations with no
locally transmitted cases five weeks after simulation commenced (i.e.,
6 February).

The model assumes individuals can be either Exposed (𝐸), Infec-
ious (𝐼), Recovered (𝑅), or isolated (𝑉 ). The exposed and infectious
lasses are split into two compartments (giving them an Phase-type
istribution) and symptom onset is taken to correspond to the transition
etween exposed and infectious states (see Fig. 2).

Imported cases are assumed to be in the first exposed class. At the
ime on symptom onset there is a probability, 𝑝(𝑡), that the individual
s detected (either from direct contact tracing efforts or enhanced case
inding) and hence with probability 1 − 𝑝(𝑡), the case is missed. This
robability depends on the current public health system workload and
ence time. Once the case is detected there is a 24-h period before they
re completely isolated during which it is possible for them to infect
thers.
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Fig. 1. Key quantity estimated at each step of the full analysis of SARS-CoV-2 importation risk to Australia (country of interest) via countries in the South East Asia and Western
Pacific regions (intermediary countries), given travel restrictions from mainland China (source country) (top). A brief indication of the relevant data and/or method used at each
step (bottom).
Fig. 2. The Susceptible, Exposed, Infected, Recovered model with isolation and external importation of cases. The average duration of time spent in each state is indicated over
the circles. The class 𝑉 represents isolated cases that can no longer transmit.
The probability of detection is related to the workload, 𝑥(𝑡) = 𝐼3(𝑡)+
(𝑡), by

(𝑡) =

{

𝑝0, 𝑥(𝑡) < 𝑤𝑐 ,
𝑝0

𝑤𝑐
𝑥(𝑡) , 𝑥(𝑡) ≥ 𝑤𝑐 ,

(1)

where 𝑝0 is the baseline probability of detection and 𝑤𝑐 is the workload
capacity. So while the workload is less than the capacity, the prob-
ability of detection remains high, but decreases once the capacity is
exceeded.

For each country, the import rate is calculated as the weighted
mean of daily expected cases, with weights set according to the time
intervals between data points. The initial detection probability (𝑝0) of
ach country was calculated as the mean of the ratio of cumulative
eported cases to the cumulative expected cases starting from 29 Jan-
ary. The maximum value of 𝑝0 was 1.0. The public health system
orkload capacity 𝑤𝑐 , used for updating the detection probability, was

conservatively set to 10 detected infections per day.

Step 4: Estimated size of an uncontained outbreak in intermediary countries
The stochastic transmission model described in Step 3 was also

used to estimate the likely number of locally transmitted cases in each
intermediary country, conditional on local transmission occurring. This
model assumed no public health intervention (beyond case isolation),
and that both importation rate and detection probability were con-
stant over time. The transmission model was run from 22 January,
with epidemic curves (separated by imports and local transmission)
projected forward by one week beyond the last data collection date (19
February).

Step 5: Importation risk from intermediary countries to a country of interest
The likelihood that a passenger arriving in Australia from a country

in the South East Asia or Western Pacific region would be infected by
SARS-CoV-2 was then estimated based on the likely source prevalence
in a particular country and the travel volume from that country to
3

Australia. Samples of the estimated epidemic state of each interme-
diary country (from Step 4) were used to set a rate of importation
of exposed individuals, where the rate of importation is the product
of the number of exposed individuals in the country and the rate of
travel from the country, divided by the country population size. We
assumed that prevalence in each country was growing exponentially
with a doubling time of seven days; hence imports from each country
grew exponentially. Accordingly, we modelled the importation times
into Australia as an inhomogeneous Poisson process. The doubling time
of seven days was consistent with early estimates (Wu et al., 2020; Li
et al.). We then computed the expected number of imported infections
per day into Australia, and here we report the date that this number
exceeded a seven-day moving average of five per day.

Travel volumes from countries within the South East Asia and
Western Pacific regions to Australia were extracted from the Australian
Bureau of Statistics (Australian Bureau of Statistics, 2019a,b).

2.3. Risk assessment outputs

We presented the outputs from our framework as a ranked table
of aggregate risk of SARS-CoV-2 infections being imported into the
country of interest (Australia), based on sustained transmission occur-
ring in the source country (China) by originating country of travel
(Fig. 3). The table includes key quantities estimated at Steps 1 to 5
of the analysis outlined in the methods and depicted in Fig. 1. The
potential number of undetected imported cases (as of 19 February
2020) in each country of the South East Asia and Western Pacific
regions (intermediary countries) is displayed in Fig. 4.

Projected epidemic curves for selected countries are shown in Fig. 5,
with reported imported and local cases also shown for context. All four
countries shown have high levels of expected imported cases (Fig. 3).
Thailand and Indonesia have fewer reported cases than expected, and
hence a higher estimated number of undetected cases (Fig. 4), leading
to projection of considerable undetected local transmission. In contrast,
Malaysia and Singapore both reported a number of cases equal to or
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Fig. 3. Summary table of indicators for assessing importation risk of SARS-CoV-2 to Australia from locations in the South East Asia and Western Pacific regions. Analysis as of
19 February 2020. At this time, the only country reporting uncontained/sustained transmission was China and restrictions to travellers from mainland China to Australia were
imposed. Relative risks are indicated by colour shading, with red representing the highest risk and green the lowest. Note that for efficiency, this rapid analysis used the limited
case data provided in World Health Organization situation reports. We did not make use of more detailed local data available from individual country health agencies, and therefore
these analyses may not have reflected the epidemiological situation in each location at the time. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
Fig. 4. Estimated number of undetected imported cases and 95% prediction intervals
for each location in the South East Asia and Western Pacific regions as of 19 February
2020, based on the method described in De Salazar and colleagues (De Salazar et al.,
2020). The De Salazar model evaluates detection capacity against an average case-
detection capacity across countries. It is therefore possible for the estimated number
of undetected imports in settings with strong surveillance systems to be zero with high
confidence (as in Hong Kong and Singapore). This limitation was communicated to
decision-makers at the time.

greater than expected, and hence have a lower estimated number of
undetected cases, leading to projection of more modest levels of local
transmission. Note that the projected levels of local transmission in
Singapore are lower than the actual reported local cases. These known
local cases were not further incorporated into our analysis, but rather
signalled to decision makers that the likelihood of further undetected
transmission was relatively low. Furthermore, for efficiency, our rapid
4

analysis used the limited case data provided in World Health Organi-
zation situation reports. We did not make use of more detailed local
data available from individual country health agencies and therefore
our analyses may not have accurately reflected the epidemiological
situation in each location at the time.

3. Critical evaluation

The outputs from our risk assessment framework contributed to an
evidence base for decisions on COVID-19 border measures and case
definitions in Australia up until late February. These outputs were used
alongside other evidence streams, including dedicated reporting on the
epidemiological and health system statuses of other countries. During
the month of February 2020, with travel restricted from mainland
China, extensive testing informed by an evolving case definition, and
case targeted interventions (case isolation and contact tracing) in place,
Australia detected and managed only 17 cases of COVID-19.

By early March, it was apparent that widespread transmission of
SARS-CoV-2 was occurring in many countries outside of China, and re-
gions beyond Asia and the Western Pacific. As more data became avail-
able on observed outbreaks, our estimates of potential undetected out-
breaks in intermediary countries became less relevant to the decision-
making process. In early March, Australia imposed travel restrictions
on three countries with large uncontained outbreaks: Iran (as of 1
March), South Korea (as of 5 March) and Italy (as of 11 March). As
transmission continued to escalate globally, Australia experienced a so-
called ‘‘first wave’’ epidemic in March and April, largely comprising of
cases in returned travellers. With prevalence increasing in Australia and
an increasing threat of importation from all global regions, Australia
closed its borders to all non-citizens and non-residents on 19 March.

The combined strategy of early, proactive management of the risk
of importation, case targeted interventions, and physical distancing
effectively contained Australia’s first epidemic wave of COVID-19. By
May 1, 2020, Australia had reported 6808 confirmed cases of COVID-
19, including 98 deaths. A peak daily incidence of 456 cases was
reported on 29 March. The epidemic was driven by importations, with
more than two thirds of cases acquired overseas. A detailed description
of the early phase of Australia’s COVID-19 epidemic and the public

health response is provided in Price et al. (2020).
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Fig. 5. Imported cases (left panels) and epidemic curves (right panels) from 22 January using WHO data up to 24 February, and projecting forward to 4 March, for selected
countries. Lines and shaded regions in each panel show median and 95% quantiles for the estimated cumulative number of cases (imported or locally transmitted). Black points
show cumulative imported cases (left panels) and cumulative local cases (right panels) for each country, as reported by the World Health Organization (WHO). In the right hand
panels, reported local cases (black dots) are shown for additional context, they are not incorporated into our analysis. The epidemic curves represent an estimate of the likely size
of the local epidemic and not the estimated number of detected cases. Our estimates of outbreak size are informed by the number of undetected infections as estimated by the
De Salazar model, which evaluates detection capacity against an average case-detection capacity across countries (De Salazar et al., 2020). It is therefore possible for projected
levels of local transmission in settings with strong surveillance systems to be lower than the actual reported local cases (as in Singapore). This limitation was communicated to
decision-makers at the time.
By November 2020, local case incidence was at zero or very low
in all of Australia’s eight state and territories. At that time, we con-
ducted additional analyses to critically evaluate the impact of model
assumptions on the evidence provided in February 2020.

3.1. Evaluation approach

To evaluate our original framework, we assessed the impact of
a range of alternate modelling choices on a selected risk assessment
outcome: the expected date of exceeding a seven-day moving average
of five imported infections per day into Australia from mainland China
via intermediary countries.

Estimating undetected cases
At the time of our rapid risk assessment, we used a method de-

veloped by De Salazar and colleagues (De Salazar et al., 2020) to
estimate the number of potentially undetected cases in each inter-
mediary country at Step 2 of the framework. This method evaluates
detection capacity against an average case-detection capacity across
countries. A consequence of this approach is that it is possible for the
estimated number of undetected imports in settings with strong surveil-
lance systems, such as Hong Kong and Singapore, to be zero with high
5

confidence. Around the same time, Bhatia and colleagues (Bhatia et al.,
2021) proposed an alternate approach to estimating the likelihood of
undetected cases of COVID-19 in countries outside of mainland China.
Bhatia and colleagues showed Singapore to be an outlier in terms of
surveillance performance, with relatively many detected imported cases
of COVID-19 compared to their incoming traveller volume. They there-
fore constructed a statistical model to estimate the expected number of
imported cases in a given country, relative to Singapore (or a group of
countries with best detection effectiveness). Because this approach esti-
mates imported cases relative to a location with ‘‘optimal’’ detection it
systematically increases the number of potentially undetected imported
cases in each intermediary country compared to the method developed
by De Salazar and colleagues, leading to higher estimated numbers of
imports into Australia at earlier time points. We therefore evaluated the
impact of the Bhatia and colleagues’ approach on our risk assessment
outcome.

Uncertainties in disease model parameters
Early in the emergence of a novel pathogen, many uncertainties

exist around key pathogen characteristics and thus the most appropriate
structure of a disease model. This was the case for SARS-CoV-2 in early
February 2020. Two key uncertainties were the timing of symptom
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Table 1
Model variants explored in the evaluation exercise.

Model Latent period Pre-symptomatic Infectious period Effective infectious
infectious period period

February 2020 model (baseline) 5.2 0 7.68 1
- no pre-symptomatic transmission
- isolation 24 h after symptom onset

Model variant 1 5.2 0 7.68 0
- no pre-symptomatic transmission
- isolation at symptom onset

Model variant 2 3.2 2 9.68 2
- pre-symptomatic transmission
- isolation 24 h after symptom onset

Model variant 3 3.2 2 9.68 3
- pre-symptomatic transmission
- isolation at symptom onset
onset relative to infectiousness and the individual-level variation in
transmission. The branching process model used in Steps 3 and 4 of our
February risk assessment assumed that the onset of symptoms coincides
with the onset of infectiousness, i.e., no pre-symptomatic transmission.

e now know that a considerable proportion of SARS-CoV-2 transmis-
ion occurs prior to symptom onset (He et al., 2020). Furthermore, in
he absence of information on the degree of individual-level variation in
he transmission of SARS-CoV-2, we assumed this to be uniform. Studies
ave since suggested that there is high individual-level variation (i.e.,

over-dispersion) in the number of secondary infections (Endo, 2020).
In our evaluation exercise, we explored variants of the branching

process model, based on our updated knowledge of SARS-CoV-2, that
were anticipated to impact epidemic timescales and thus potentially
impact our risk assessment outcome. Specifically, in the rapid risk
assessment conducted in February 2020, we had used a single 𝑅0 value
f 2.68. Here we explored the impact of a lower (𝑅0 = 2) and higher
𝑅0 = 3) value of 𝑅0. We also varied the timing of infectiousness
nd case isolation relative to symptom onset. These variant models
llowed us to explore the impact of different durations of the effective
nfectious period, i.e., the time from onset of infectiousness to isolation
f detected cases, on our risk assessment outcome. Table 1 shows the
ean duration in days of latent, pre-symptomatic infectious, infectious

nd effective infectious periods of the branching process model used
t Steps 3 and 4 of the risk assessment framework for the original
odel and the three model variants. For the rapid risk assessment, we

ssumed no individual-level variation in offspring distribution. Here we
ncorporated over-dispersion in offspring distribution by sampling 𝑅0’s

for infected individuals from a gamma distribution with a mean of 2.68
and shape parameter of 0.1.

Our branching process model also incorporates a parameter for
public health system workload capacity. For the rapid risk assessment
conducted in February, this parameter was set to a conservative 10
detected infections per day. Here we explored the impact of increasing
workload capacity to 20, 50, and 100 detected infections per day on
the rate of importation into Australia.

3.2. Outputs of evaluation exercise

The expected dates of exceeding a seven-day moving average of five
imported infections per day into Australia from mainland China via
intermediary countries for each evaluation scenario are displayed in
Table 2.

The baseline model used in our rapid risk assessment in February
2020 estimated that the threshold would be exceeded between March
27 and April 27 (lower and upper 95% credible intervals). Across
the parameter values and model variants explored in our evaluation
exercise, the threshold was exceeded within a date range from March
16 to April 30. The directions of shift in the expected date intervals
for exceeding the threshold are intuitive. For lower and higher values
6

of 𝑅0, the threshold was more likely to be exceeded later and earlier
Table 2
Estimated timing of exceeding a seven-day moving average of five imported infections
per day into Australia from mainland China via intermediary countries as of 19
February 2020 (expressed as lower and upper bounds of 95% credible intervals).

Sensitivity analysis Date range (95% CIs)

February 2020 model (baseline) (March 27, April 27)

Bhatia et al at Step 2 (March 22, April 12)

𝑅0 = 2 (April 5, April 30)
𝑅0 = 3 (March 23, April 25)

Effective infectious period = 0 (March 28, April 30)
Effective infectious period = 2 (March 20, April 22)
Effective infectious period = 3 (March 18, April 19)

Over-dispersion in offspring distribution (March 16, April 30)

Workload capacity = 20 (March 28, April 28)
Workload capacity = 50 (March 28, April 28)
Workload capacity = 100 (March 28, April 28)

respectively. Model variants with a shorter or longer effective infectious
period of detected cases were more likely to exceed the threshold
later or earlier respectively. Incorporating over-dispersion in offspring
distribution increased uncertainty in the estimated timing of exceeding
the threshold (i.e., wider 95% credible intervals) with the lower 95%
credible interval corresponding to the threshold being exceeded 11
days earlier than for the baseline model. Increasing the public health
system workload capacity from 10 to 20 detected infections shifted the
expected timing of exceeding the threshold marginally later. Increasing
it further from 20 to 50 and 100, did not change the expected timing,
indicating that the maximum workload reached in each intermediary
country was not substantially greater than 10 detected infections per
day.

The potential number of undetected imported cases (as of 19 Febru-
ary 2020) in countries in the South East Asia and Western Pacific
regions based on the model described in Bhatia and colleagues (Bhatia
et al., 2021) are displayed in Fig. 6. As anticipated, the absolute num-
bers of potentially undetected cases are systematically higher compared
to the estimates used in our February 2020 risk assessment (Fig. 4).
This increase is most marked in two intermediary locations, Taiwan and
Malaysia. Consequently, the estimated date of exceeding the threshold
of five imported infections per day into Australia is seven days earlier
compared to when the De Salazar approach is used at Step 2 (Table 2).

4. Discussion

We developed a framework to assess the importation risk of SARS-
CoV-2 into Australia during the early phase of the epidemic, from
late January to mid-February 2020. The dominant importation risk to
Australia at the time of analysis was directly from China, as the only
country reporting uncontained transmission. With travel restrictions
from mainland China to Australia imposed from 1 February 2020,
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Fig. 6. Estimated number of undetected cases and 95% confidence intervals for each country in the South East Asia and Western Pacific regions as of 19 February 2020, using
the method described by De Salazar and colleagues (De Salazar et al., 2020) (in red) and by Bhatia and colleagues (Bhatia et al., 2021) (in blue). Note that in the Bhatia model
implementation, Singapore is the reference country and is therefore assumed to have perfect detection. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
our framework was designed to consider the importation risk from
China (source country) into Australia (country of interest) via potential
intermediary countries. We focused on countries in the South East Asia
and Western Pacific regions as potential intermediary countries since
they are highly connected to both China and Australia, relative to the
rest of the world.

The primary output of our framework was a risk table (Fig. 3) that
was updated and provided to the Australian government each week.
The risk tables had two main purposes. First, to provide evidence of
likely exposure over the preceding week to inform the epidemiological
case definition for use in near patient decision making for practitioners
caring for returned travellers. Second, by projecting the likely future
epidemic course in intermediary countries, to inform travel advisories
and the likely utility of border restrictions.

Our risk assessment as of 19 February 2020 estimated that the
number of infections imported into Australia from the intermediary
countries considered in this exercise would exceed a weekly average
of five cases per day between 27 March and 27 April, 2020. In reality,
this threshold was reached on 5 March 2020, largely driven by impor-
tations from countries not included in our initial risk analysis. When
considering only importations from countries included in our analysis,
the threshold was reached later in March, but still earlier than our
originally estimated range.

Our initial analysis focused on identifying undetected epidemics
rather than modelling observed epidemics (other than in the source
country). Thus from late February, the risk appraisal shifted focus to
observed case data from many countries, leading to the imposition of
travel restrictions on specific countries and culminating in a blanket
travel ban on 19 March 2020.

In November 2020, we revisited our original analysis to evaluate
the impact of model assumptions on the evidence provided in Febru-
ary 2020 (Fig. 2). We considered the impact of assumptions about
transmissibility (𝑅0), the effective infectious duration, health work-
force and screening capacity, and dispersion of secondary cases on the
expected date of exceeding five imported infections per day into Aus-
tralia from mainland China via intermediary countries. We observed
that the direction of change aligned with expectations, with increased
7

transmissibility, longer effective infectious duration, decreased health
workforce and screening capacity, and over-dispersion of secondary
cases bringing forward the expected time. The magnitude of changes
was found to be relatively modest, with the greatest shifts occurring
when we varied the model used to estimate the number of undetected
imports in each intermediary country, and the over-dispersion of sec-
ondary cases, which brought the lower limits of the 95% CIs forward
to 22 March and 16 March respectively.

In the remainder of this discussion, we summarize strengths and
limitations of our framework, and lessons learned for future rapid-
response efforts (Table 3). While these lessons are supported by our
experience with the framework described here, we believe they are
more generally applicable to policy-engaged modelling.

A key strength of our approach is its transparency with respect to
both individual factors that contribute to overall risk and the relation-
ship between model projections and the reported epidemiology. This
enables decision-makers to incorporate their own expertise when inter-
preting the estimates. Even when limited or highly uncertain data are
available to inform absolute estimates of risk associated with plausible
importation routes, comparisons of relative risk using our approach
are still possible and valuable. In addition, each analysis component
has modest data requirements and low computation cost, making rapid
preliminary assessment across a range of countries feasible. As the out-
break progressed, mismatches between model projections and observed
epidemiology could be readily observed and incorporated into decision
making.

A strength of our modular approach is that it enables individual
components to be adapted as new data and models become available, or
as information needs change in response to the evolving situation. The
breakdown of our workflow (Fig. 1) provides clear guidance on how to
adjust the method. Importantly, the framework itself still applies, but
components of the analysis would need to be adapted.

A further strength of our approach is its use of a stochastic model,
including control efforts, for early epidemic response in intermediate
countries. Here, without access to detailed additional information on
intermediate country’s capacity to respond, we used a simple model
of country response capacity. As outbreaks progress, differences in
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Table 3
Strengths, limitations, and lessons learned.

Transparency Separately reporting the individual factors contributing to importation risk, while increasing the size and complexity of the risk tables, enabled
decision-makers to incorporate their own expertise in interpreting estimates.

Simplicity The simplicity of each individual component of the framework, while requiring abstraction of a more complex reality, was critical for its rapid
development and deployment. The simplicity of the overall framework also made it relatively straightforward to explain to decision-makers how risk
estimates had been arrived at. Eventually, this simplicity was also a limitation, as the framework was not equipped to incorporate emerging empirical
data on local transmission in intermediary countries. The constrained focus on the Asia-Pacific region also proved to be a limitation when it emerged
that transmission, and hence sources of importation to Australia, were more widespread than initially thought.

Flexibility Decoupling the calculations involved in each component of the framework enabled specific sub-models to be substituted without extensive modification
of other components. As exemplified in the critical evaluation reported here, this decoupling also allowed ready comparison of the impact of alternative
sub-models. While this modular approach allowed incorporation of existing models—for example, for estimating undetected cases (De Salazar et al.,
2020)—that did also entail accepting limitations of those models, such as specific assumptions around baseline case-detection capacity.

Uncertainty The use of stochastic models in several components of the framework (estimating undetected cases and local epidemic growth) enabled quantification of
uncertainty around risk estimates. Conveying this uncertainty to decision-makers was critical as there was considerable uncertainty about key
epidemiological parameters for COVID-19 during this period. A key omission of our initial analysis was the over-dispersion of secondary cases, which
proved to be both an important characteristic of COVID-19 transmission, and a factor to which our risk estimates were particularly sensitive.

Data One of the most time-consuming aspects of developing and applying the analytical framework involved locating and processing relevant data sources on
mobility, policy response, epidemiology, and so on. As has been recognized elsewhere (Kraemer et al., 2021), streamlining the consolidation,
standardizing and sharing of epidemiological data will play a vital role on supporting rapid-response analysis in the event of future pandemics.

Timeliness Decision-making in the early stages of a pandemic is time-critical. Using this framework to produce initial risk estimates within days of request provided
a foundation for subsequent engagement. These initial estimates were then extended and refined with the addition of emerging data and methods. At the
other end of the life-cycle, transparency around the limitations of the framework enabled a transition to risk forecasts based on emerging
epidemiological data both internationally and locally.
t
N
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A

how effectively countries are able to respond, both in terms of their
health system capacity, and their ability to implement population-based
measures such as social distancing may introduce systematic effects
that are not captured by the framework. Additional information or
dedicated further research in anticipation of future global events could
be incorporated into the framework (at Steps 3 and 4) to improve
predictive capabilities. It is also worth noting that here we used a
stringent definition of outbreak control (truly no cases) compared to
other approaches in the literature, which may define control as a
substantially smaller number of cases compared to baseline (Hellewell
et al., 2020).

The time pressure under which our risk assessment framework was
developed required us to make several strong assumptions, limiting the
generality of the framework.

As implemented, our estimates of importation rates into countries
only consider air travel (Step 1). Several countries/regions have high
volumes of land travel, for example mainland China and Hong Kong.
By not accounting for these, it is likely that our framework would
underestimate importation risk to these countries/regions. Further-
more, the estimated importation rates are relative to global reports of
imported cases of COVID-19. Given the systematic under-detection of
COVID-19 across all countries at the time of analysis (Niehus et al.,
2020), we would expect further underestimation of undetected cases
and importation rates. Our approach did not attempt estimate rates of
import prior to 22 January when case counts for countries started being
reported by the WHO.

Our analysis framework is specific to a scenario in which the
dominant source of infection can be mitigated by border measures.
Once established outbreaks occur in countries other than the primary
source, assessing importation risk becomes more complex. Further to
this, we primarily focused on identifying undetected epidemics — over
the course of time emerging observed data from many countries became

ore influential in the risk appraisal. Thus, as it stands, our analysis is
nly applicable in the early stages of an outbreak. By late February
020, substantial transmission had been reported in a number of addi-
ional countries, in particular Iran, Italy and South Korea (World Health
rganization, 2020d). In order for our tool’s risk assessment to reflect

he true risk of importation to the country of interest, components of
he analysis, specifically Steps 1 and 2, would need to be adapted to
ccount for high levels of known local transmission in countries other
han the initial source country.

When developing the framework in February 2020, we faced a
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rade-off between the need for a general approach that could be rapidly C
applied to a wide range of countries and a more complex approach that
could make use of richer data in a subset of those countries. Incorpo-
rating methods that can better account for heterogeneous data quality
would enable the use of more detailed individual country data (where
available) and more accurate estimates of the evolving epidemiological
situation in each location. Ultimately, our analysis made a number of
simplifying assumptions about global epidemiology and health system
capacity, due to limitations in both time and data, constraining its
relevance to a specific phase of the early COVID-19 pandemic.

The framework we have developed provides a risk assessment from
solely from an epidemiological perspective. It does not consider the
potential social, political and economic implications of future border
measures and mobility restrictions which are both substantial (Errett
et al., 2020) and will exert an influence on epidemiology as people
change their behaviour (Funk et al., 2015). This framework is therefore
only one key element to be considered by decision-makers contem-
plating possible border policies and mobility restrictions, which are
ultimately a political determination.

In conclusion, by developing a modular framework that describes
not only the underlying mathematical models of transmission and
control, but how each component integrates with the next to generate
an overall assessment of importation risk of an emerging disease, we
have provided a decision-making tool that is flexible to the analysis
requirements at different phases of an outbreak. The framework pro-
vides an evidence base for time-critical decisions on border measures
and case definitions, and it has been successfully used during the early
phase of the COVID-19 response in the Australian context, when limited
cases had been reported outside of mainland China.

Rapid-response modelling analyses will continue to be an essential
input to emergency outbreak decision-making. Using existing frame-
works enables researchers to rapidly pull together the available data
in order to provide timely advice that reflects uncertainties, and is
communicated in a transparent and effective manner. Additionally,
retrospective, documented evaluation of these frameworks is critical to
their improvement and utility for future outbreak response.
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