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Abstract

Background: In settings with zero community transmission, any new SARS-CoV-2 outbreaks are likely to be the

result of random incursions. The level of restrictions in place at the time of the incursion is likely to considerably affect
possible outbreak trajectories, but the probability that a large outbreak eventuates is not known.

Methods: We used an agent-based model to investigate the relationship between ongoing restrictions and behav-
ioural factors, and the probability of an incursion causing an outbreak and the resulting growth rate. We applied our
model to the state of Victoria, Australia, which has reached zero community transmission as of November 2020.

Results: We found that a future incursion has a 45% probability of causing an outbreak (defined as a 7-day average
of >5 new cases per day within 60 days) if no restrictions were in place, decreasing to 23% with a mandatory masks
policy, density restrictions on venues such as restaurants, and if employees worked from home where possible. A drop
in community symptomatic testing rates was associated with up to a 10-percentage point increase in outbreak prob-
ability, highlighting the importance of maintaining high testing rates as part of a suppression strategy.

Conclusions: Because the chance of an incursion occurring is closely related to border controls, outbreak risk man-
agement strategies require an integrated approaching spanning border controls, ongoing restrictions, and plans for
response. Each individual restriction or control strategy reduces the risk of an outbreak. They can be traded off against
each other, but if too many are removed there is a danger of accumulating an unsafe level of risk. The outbreak prob-
abilities estimated in this study are of particular relevance in assessing the downstream risks associated with increased

international travel.
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Background

Coronavirus disease 2019 (COVID-19) has had dramatic
social and economic impacts since the WHO declared it a
pandemic in March 2020 [1]. Caused by the severe acute
respiratory syndrome Coronavirus-2 (SARS-CoV-2)
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virus, COVID-19 is particularly difficult to contain
because of its high reproduction number in the range of
2.25-3.5 [2, 3], variable and potentially long incubation
period [4—6], and because of pre-symptomatic/asympto-
matic transmission [7, 8]. Several effective vaccines were
developed in late 2020 [9-12] but with limited availabil-
ity and logistical challenges in global distribution [13], in
the near future non-pharmaceutical interventions will
continue to remain the primary mechanism for managing
the pandemic in many countries.
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Strategies to contain SARS-CoV-2 vary from setting
to setting, depending on epidemiological factors, health
system capacity, political will, and the economic feasi-
bility of introducing or maintaining physical distanc-
ing restrictions. In settings with high prevalence, policy
decisions are heavily guided by epidemic indicators
such as the number of diagnoses per day, or the number
of people hospitalized and the health system capacity.
Policy changes affect these indicators within weeks, so
these measures provide feedback to guide scaling inter-
ventions up or down. However, in settings such as New
Zealand and Taiwan, that have effectively eliminated
community transmission of the virus as of December
2020, the situation is different. With zero community
transmission, epidemic indicators are not available to
guide policy, and the risk to the community is difficult
to quantify since even large, high-mixing events will
not lead to an outbreak. Nonetheless, a level of risk per-
sists due to the possibility that an external source can
seed an undiagnosed infection and lead to an outbreak.
This may have important consequences if the outbreak
grows too rapidly or is detected too late to be contained
with a combination of testing, contact tracing and
quarantine. Such an outbreak would likely occur with-
out any advance warning— for example, an individual
who has returned from overseas and was quarantined,
but remained undetected but infectious after the pre-
scribed quarantine period (usually 14 days), or a fail-
ure in quarantine procedure leading to a transmission
event to support staff during quarantine. These kinds
of events have now been observed on several occa-
sions in low prevalence settings, including recent Aus-
tralian outbreaks in Melbourne, Adelaide, and Sydney,
with the Melbourne outbreak leading to considerable
restrictions on movement and social mixing that lasted
almost 6 months.

If an undetected infection is introduced to a setting
with no community transmission, three broad outcomes
are possible: no/limited transmission occurs, and the
outbreak dissipates naturally (perhaps even without
being diagnosed and detected); transmission occurs lead-
ing to a cluster of infections that is eventually contained
with testing, contact tracing and quarantine; or suffi-
cient transmission occurs to create sustained epidemic
growth such that additional restrictions or interventions
are required to regain epidemic control. Which outcome
will occur is stochastic, and depends on a number of fac-
tors including the extent of restrictions imposed at the
time (and hence the extent of individual-level mixing
that is allowed), the capacity and efficiency of the test-
ing and contact tracing system, compliance with quaran-
tine directions, any non-pharmaceutical interventions in
place at the time (e.g. physical distancing policies, mask
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coverage), and the socio-demographic and contact net-
works of the first few infected individuals.

A range of outbreak outcomes have been seen in vari-
ous settings over the second half of 2020. In Australia,
following an initial wave of SARS-CoV-2 infections in
March—April 2020, a variety of restrictions and public
health measures were imposed to reduce transmission,
and by May 2020 all Australian jurisdictions had negli-
gible community transmission. After easing restrictions,
in late June the state of Victoria experienced an epi-
demic resurgence requiring restrictions to be re-imposed
between July and August, with a second wave peak of
687 diagnoses on 4th August [14]. Almost all cases were
able to be traced back to just four incursion events. Over
the same period, the states of NSW and Queensland also
detected instances of community transmission. How-
ever, in these states the outbreak was controlled or con-
tained with testing and contact tracing, without requiring
major restrictions to be imposed. Similarly, New Zealand
experienced several incursion events after reaching zero
community transmission. In August 2020, a single infec-
tion triggered a three-week lockdown in Auckland, with
179 downstream infections in total [15], but subsequent
incursions in October and November did not spread
widely and were contained without community restric-
tions. These different examples highlight how a range
of different outcomes are possible when new cases are
seeded, even under similar circumstances.

Following the late-2020 outbreak in Victoria, the state
has now achieved zero detected community transmission
[14]. As it moves into this transmission regime, decisions
need to be made on which restrictions or interventions
should be maintained longer-term to balance the com-
peting needs of minimizing outbreak risk and maximiz-
ing social and economic freedoms. Maintaining heavier
restrictions is likely to significantly reduce the risk of
an outbreak if a new case is introduced but would have
unsustainable social and economic costs. On the other
hand, with no restrictions in place, high levels of mix-
ing and possible relaxed behaviours combined with likely
low testing rates due to reduced perceived likelihood of
virus transmission, it is possible that a newly introduced
case could go unnoticed for weeks, and hence that the
introduction of a single case could lead to an uncon-
trolled outbreak. A happy medium may be a set of lighter
restrictions (e.g. limits on large events, mandatory masks
in places such as public transport and enclosed public
spaces) that have a lower social and economic cost but
could still reduce outbreak risk in a meaningful way. To
inform what might be appropriate, evidence is needed
to quantify the outbreak risks associated with different
restrictions and policies, so that they can be weighed
against the social and economic cost in an objective way.
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In this study we use an agent-based model, Covasim,
to quantify the outbreak risks associated with a range of
realistic restrictions. For an undetected infection being
introduced to a setting with no community transmission,
we aimed to estimate the risk of an outbreak and how
this risk could be reduced with behavioural changes. The
modelling is undertaken using parameters for the state of
Victoria, Australia, based on a context of no community
transmission.

Methods

Model overview

We used an established agent-based microsimulation
model, Covasim [16, 17], developed by the Institute for
Disease Modeling (USA) and previously adapted by the
Burnet Institute to model the Victorian epidemic [18].
In brief, agents in the model are assigned an age (which
affects their disease prognosis), a household, a school (for
people age 5-18) or a workplace (for people aged 18-65),
and can participate in a number of daily community
activities including attending restaurants, pubs, places
of worship, community sport, and small social gather-
ings. Super-spreading events are a key driver of COVID-
19 transmission [19-22] and are accounted for in the
model mechanistically in two ways. First, Covasim sam-
ples individual infectiousness from a negative binomial
distribution such that some agents are more infectious
and therefore have a higher probability of causing super-
spreading events [16, 18]. Second, the number of contacts
an individual has in each setting is randomly sampled,
with social contacts in particular being sampled from a
negative binomial distribution, so some individuals are
assigned many more contacts than others. This allows
super-spreading events to occur in the model if a highly
infectious individual also has many contacts. The model
also includes testing, contact tracing and quarantine of
close contacts, isolation of confirmed cases, masks, den-
sity limits in venues (e.g. 1 person per 4 square metres
in restaurants), and other policy restrictions to prevent
or reduce transmission in different settings (e.g. closing
schools or venues).

Full details of the model structure and implementation,
contact layers, transmission probabilities, and contact
tracing capability are provided in Additional file 1. Code
to run the simulations is available at https://doi.org/10.
5281/zenodo.4784942.

Testing, contact tracing and quarantine

Testing was modelled such that 50% of people with
symptoms would seek testing, with a delay of 24 h
between first symptoms and test-seeking. We assumed
positive test results take 24 h to become available [23]
and we assumed 75% compliance with self-quarantine
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while waiting for test results. Following a positive test, all
household contacts in the model are notified by the con-
firmed case directly. Contact tracing for other contacts
was assumed to take an additional 24 h (based on esti-
mated average performance; see [24]), and we assumed it
is able to identify 95% of people in workplaces, schools,
childcare, and aged care; 50% in of people in venues such
as restaurants, and 10% of people in community settings
such as public transport. In the model, contact trac-
ing for non-household contacts can be performed for a
maximum of 250 newly diagnosed people per day, which
is an estimate of Victoria’s tracing capacity during the
second wave. Accounting for tracing capacity is impor-
tant in large outbreaks, but we note that the analyses
in this study focus on outbreaks that are much smaller
than the tracing capacity, and thus our findings largely
do not depend on this parameter. People identified as
close contacts of a confirmed case are required to self-
quarantine for 14 days, and we assume full compliance
with this requirement. It was assumed that 90% of people
with symptoms in quarantine would seek testing without
delay. A full listing of tracing parameters by layer is pro-
vided in Additional file 1.

Masks

A comprehensive meta-analysis [25] (conducted after two
others [26, 27]), covering 41 studies of mask effectiveness
concluded that that masks are associated with a reduc-
tion in infection for mask-wearers by a third compared to
control groups. However, mask usage varies with settings,
so we classified each contact layer in the model as hav-
ing high, medium, or low usage. We therefore assumed
masks would provide a reduction in transmission prob-
ability per contact of 30% in workplaces, entertainment
venues, large events, and aged care; 25% in community
settings, places of worship, public parks, social gatherings
and on public transport; and 10% in cafes, restaurants,
pubs and bars.

Restriction levels

We defined a representative range of restriction lev-
els from normal activity (Level 0) to the hard lockdown
(Level 9), as shown in Table 1. These representative lev-
els were based on the staged restrictions used in Victoria,
but map approximately to restriction levels in many set-
tings, such as the four-level alert system in New Zealand
[28] or the three-tier system in the United Kingdom [29].
Full details of each policy and the effect on transmission
in each contact layer are provided in Additional file 1.

Model calibration
The model was calibrated to the outbreak in Victoria over
the June—August period [14], and the associated policy
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Table 1 Combinations of policies included in each policy package examined. The specific effects of each policy on disease

transmission is provided in Additional file 1

Policy Level 0 Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7 Level 8 Level 9
Outdoor gatherings Unrestricted | Unrestricted | Unrestricted <50 <50 <10 <10 <2 people | <2people | <2 people
Small social gatherings | Allowed Allowed Allowed Allowed Allowed Allowed Allowed Banned Banned Banned
Childcare Open Open Open Open Open Open Open Open Open Closed
Schools Open Open Open Open Open Open Open Open Pmlrfflr\z/ * Closed
\Work Unrestricted Work from | Work from | Work from | Work from | Work from Sqmg So.m.e ng_e Hgayy
home home home home home restrictions | restrictions | restrictions | restrictions
Community sports Allowed Allowed Allowed Allowed Allowed Cancelled Cancelled Cancelled Cancelled Cancelled
Places of worship Open Open Open 4sgm Closed Closed Closed Closed Closed Closed
Cafes/restaurants Open Open Open 4sgm Take-away | Take-away | Take-away | Take-away | Take-away | Take-away
Pubs/bars Open Open Open 4sqm Closed Closed Closed Closed Closed Closed
Masks No No Yes Yes Yes Yes Yes Yes Yes Yes
Entertainment venues Open Open Open Open Closed Closed Closed Closed Closed Closed
Mobility restrictions No No No No No No No No No Yes

changes and interventions that were implemented over
that period. Even though this analysis is based around
the introduction of an infection in the context of no
community cases, this calibration was used as a method
for estimating and validating model parameters for the
transmission probability per contact per day in a variety
of settings, and the effectiveness of interventions.

Outbreak analysis

We investigated the probability that a new infection
would cause an outbreak if it were introduced to a com-
munity setting that had no existing infections. A 60-day
period was modelled following the introduction of a
single new infection under each restriction level, to rep-
resent the period at the start of an outbreak where con-
tainment would be managed by ongoing testing, tracing,
and isolating procedures rather than being dominated
by policy responses (e.g. wider lockdowns and closures
prompted by the outbreak, which are uncertain and will
vary from setting to setting).

When a new infection is introduced in the model, the
epidemic trajectory is random and depends on factors
such as who is initially infected (e.g., whether they have
many workplace or community contacts, size of their
household, or their individual transmissibility) and how
quickly they are diagnosed. Therefore 1000 simulations
were run for each restriction level, with different initial
infections each time.

The are many possible ways to define and classify out-
breaks based on metrics such as their size or growth rate.
For the purposes of this analysis we have classified sim-
ulations as either contained’ (the 7-day average of new
cases per day was O after 60 days), ‘under control’ (the
7-day average of new cases per day was >0 after 60 days,
but did not exceed 5 during the simulation), or an out-
break’ (the 7-day average of new cases per day reached >5

within 60 days). These definitions were chosen based on
whether a policy change or additional restrictions/inter-
vention would likely be required. We have used the num-
ber of diagnoses rather than raw number of infections
because this is a measurable quantity that could form the
basis for potential policy responses. Individual daily new
case counts are typically noisy, so policy decisions are
often based on rolling average counts which reflect the
trend of the outbreak. For example, the Victorian state
government previously used the 14-day average as a guide
for relaxing restrictions in late 2020. However, a 14-day
window is likely too long to respond to a growing out-
break in a timely fashion, so we have used a 7-day average
in this study. Australian state governments have imple-
mented policy responses to small outbreaks, although
risk tolerance varies from state to state. Western Austral-
ian and Queensland previously have imposed short lock-
downs in response to single cases, whereas New South
Wales had typically responded with lighter restrictions.
We view 5 cases per day as representing a threshold that
most states would be likely to act on. Finally, the 60-day
simulation timeframe reflects the timescale of typical
outbreaks, that grow or shrink approximately exponen-
tially. The 60-day timeframe provides sufficient time for
the outbreak to either be contained, or for it to grow
much larger than 5 cases/day.

For each simulation it was recorded: (a) whether the
infection was contained, under control, or led to an out-
break (as defined above); (b) days to first diagnosis; (c)
cumulative number of infections at the time of first diag-
nosis; (d) days to reach a 7-day average of 5 cases per day;
and (d) cumulative number of infections after 60 days.

Sensitivity analysis: risk reduction strategies
To examine the scope for behavioural changes to com-
plement restrictions, and the risks associated with
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complacency, we performed sensitivity analyses around
the proportion of people with symptoms that seek test-
ing, test-related delays, and test quarantine compliance,
as shown in Table 2. Test related delays include delay to
test and test turnaround time. The ‘delay to test’ is the
time taken between a person becoming symptomatic,
and seeking a test, if they get tested. The ‘test turnaround
time’ is the time taken between the test being performed
and the results becoming available. In Victoria, individu-
als must self-quarantine if they have been tested and are
awaiting results. Thus, they do not quarantine during
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their delay to test, but do quarantine during the test turn-
around time. The ‘test quarantine compliance’ is the pro-
portion of people that comply with this requirement and
quarantine until they receive their test results.

Results

Outbreak probability

For all restriction levels, a newly seeded undiagnosed
case was contained in at least 50% of simulations (Fig. 1),
but the chance of containment decreased if fewer restric-
tions were in place. As restrictions were eased, the

Table 2 Parameter scenarios examined for each restriction level

Scenario Symptomatic test Delay to test (days)  Test turnaround time Test
proportion (days) quarantine
compliance
Baseline 0.5 1 1 0.75
Better
Best case 0.75 1 1 1
More testing 0.75
More test quarantine compliance 1
Worse
Less test quarantine compliance 0.5
Slower test results 2
Slower to seek testing 2
Less testing 0.25

HEl >5 cases/day
[ <5 cases/day

Level 0 45% 53%

o

0.0 0.2 0.4 0.6 0.8 1.0
Proportion of simulations
Fig. 1 Outbreak probability. For each level of restrictions, the proportion of simulations where introducing an undiagnosed infection to a setting
with zero transmission was contained (blue; defined as a 7-day average of 0 cases per day after 60 days), under control (orange; defines as a 7-day
average of >0 but <5 diagnoses per day after 60 days), or led to an outbreak (red; defined as a 7-day average of > 5 cases per day after 60 days). The
error bars show the 95% binomial confidence interval for the 1000 simulations performed, reflecting uncertainty in the estimation of the probability
for the given number of model runs
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likelihood of the situation not being contained but either
“under-control” or an “outbreak” increased. With no
restrictions, 45% of simulations resulted in an outbreak,
compared to 40% if working from home was in place
(Level 1), 28% with working from home + masks (Level
2), or 23% with working from home + masks+ density
limits on venues (Level 3).

In general, increasing the proportion of sympto-
matic people that seek testing is comparable or better
than increasing restrictions by a single level (Fig. 2).
For example, if a sustainable economic option were
for businesses to operate with density limits (Level 3
restrictions) then the baseline probability of an out-
break is 23%. Increasing restrictions by closing pubs
and restaurants entirely (Level 4 restrictions) would
only decrease the risk by 2 percentage points. How-
ever, if the testing rate was increased such that 75% of
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symptomatic individuals sought testing, rather than
50%, then the risk decreases by 9 percentage points.
Conversely, the ‘Less testing’ scenario in which only
25% of symptomatic people seek testing has an increase
in risk of 11 percentage points, highlighting the large
increase in risk associated with a drop in testing.

Changing the proportion of people that quarantine
while waiting for tests results had a minimal effect on
outbreak probability. At Level 3 restrictions, full com-
pliance only decreased risk by 2 percentage points,
while 50% compliance (rather than 75%) increased risk
by 3 percentage points. This relatively small effect size
is likely because we have assumed that test results are
returned within 24 h, so the required quarantine period
would be very small. The effect of quarantine compli-
ance would likely be more pronounced if tests took
longer to process.

Probability of >5 cases/day within 60 days

Best case

More testing

More test
quarantine compliance

Less test
quarantine compliance

Slower test results

Slower to seek testing

Less testing

Level 0
Level 1
Level 2
Level 3

14%

12% 4% 4% 0% 0% 0%

13% 5% 4% 0% 0% 0%

20% 10% 9% 0% 0% 0%

11% 8% 0% 0% 0%

11% 9% 0% 0% 0%

15% 11% 1% 0% 0%

13% 12% 1% 0% 0%

17% 14% 1% 0% 0%
< n © ~ © o
) K} K} ] K} )
> > > > > >
3 3 3 3 3 3

Less restrictive

Fig. 2 Sensitivity analysis for outbreak probability. Probability of the outbreak reaching > 5 cases/day within 60 days, for each restriction level and

testing/compliance combination

More restrictive

v
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Outbreak time to first diagnosis

The time taken to diagnose the first case reflects the
incubation and pre-symptomatic period for COVID-
19 and is mainly driven by the testing rate. Therefore,
it remained fairly consistent across all of the levels of
restrictions (Fig. 3). The median time to detect the
outbreak was 10 days, which could decrease by up
to 2 days with increased testing, or increase by up to
4 days if testing rates reduced.

Outbreak size at first diagnosis

When there were fewer restrictions and thus more
rapid outbreak growth, the number of transmission
events prior to the first diagnosis was higher (Fig. 4).
With no restrictions and 50% of symptomatic people
seeking testing, there were a median of 6 community
infections by the time the first diagnosis was recorded.
With less testing, this increases to a median of 13 cases
when the first case is diagnosed.

Outbreak time to 5 cases/day

If the outbreak was not contained or controlled, with
no restrictions the outbreak took a median of 22 days
from when the first case was diagnosed to when the
outbreak reached a 7-day average of 5 diagnoses per day
(Fig. 5). With greater restrictions in place, the growth
rate was reduced. At high restriction levels, there were
very few or no simulations that reached this threshold,
so the distributions for Levels 8 and 9 mainly reflect the
small number of samples rather than the growth rate of
the outbreak. A larger number of samples could pro-
vide a more precise estimate of the growth rate, but we
note that outbreaks under hard restrictions are associ-
ated with rare chains of transmission, and therefore the
growth rate would primarily reflect these rare events
rather than more general properties of transmission
under those restrictions.

Overall, increases in symptomatic testing slightly
increased the time to reach a 7-day average of 5 diagno-
ses per day, by around 2-3 days compared to baseline.
This impact appears small compared to the change in
outbreak risk associated with increased testing. How-
ever, increased testing means that more cases are diag-
nosed, which can increase the number of diagnosed
cases per day even for the same total number of cases.
Thus while increased testing is expected to decrease the
growth rate of the epidemic due to more cases being
quarantined and contact-traced, the increased number
of diagnoses may partially mask this effect when look-
ing at diagnosis-based metrics.
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Outbreak size after 60 days assuming no changes

in behaviour or policy

The size of the outbreak after 60 days exhibited consid-
erable variation, highlighting the variability in outcome
depending on the specifics of who is infected and how
quickly they and their contacts are identified (Fig. 6).
The distribution was also extremely long-tailed, with the
largest possible outbreaks for each restriction level being
much larger than the median or mean outcome (noting
the logarithmic y-axis scale).

Even light restrictions (Level 1 and 2) resulted in much
smaller outbreaks after 60 days, with median 7-day
average of 32 diagnoses per day with working from
home + masks (Level 2), compared to 557 diagnoses per
day with no restrictions (Level 0).

We note that the simulations in Fig. 6 represent worst-
case counterfactual scenarios where no policy interven-
tions take place during the 60-day simulation window. In
past Australian outbreaks, interventions such as reintro-
duction of restrictions and suburban testing blitzes have
been implemented fairly quickly (with daily diagnoses
cases < 30 cases/day). Similar responses would likely take
place in future outbreaks, and these would change the
trajectory of the outbreak compared to Fig. 6.

Discussion

We used an agent-based model to investigate possible
trajectories of a newly-seeded undiagnosed COVID-
19 infection in the context of no community transmis-
sion in Victoria, Australia. Our results suggest that with
no restrictions in place, there is a high probability that a
single introduced case could trigger an outbreak. After
a seed infection, it took a median 10 days (IQR=7) to
detect the first case, at which point there were estimated
to be a median 6 cases (IQR=12) already in the com-
munity. In 45% of simulations an outbreak with a 7-day
average of>5 diagnoses/day occurred. The results also
suggest that light restrictions or behavioural changes
could considerably reduce the risk of an outbreak.
Working from home, working from home+ masks,
and working from home+ masks+density limits on
venues reduced the outbreak risk to 40%, 28% and 23%
respectively.

These results suggest that relaxing restrictions even
with no cases in the community may carry a high level
of risk because a single incursion event could trigger
an outbreak, and such incursion events are reasonably
likely even with strict border controls. Travel-related
incursions have already been observed multiple times,
in Vietnam, New Zealand, and in the Australian states
of Victoria, New South Wales, and South Australia. A
number of studies have examined options for quarantine
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Fig. 3 Time to first diagnosis. a For the baseline scenario, the distribution across the 1000 simulations sampled. b Median values for each restriction
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Fig. 4 Outbreak size at first diagnosis. a For the baseline scenario, the distribution across the 1000 simulations sampled, b Median values for each
restriction level and testing/compliance combination
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protocols and border controls [30-35]. A recent analy-
sis suggests that under current Australian 14-day quar-
antine protocols for international arrivals and based on
the prevalence of COVID-19 among arrivals to Australia,
there is estimated to be approximately 2 to 6 infectious
days in the community per 10,000 arrivals due to the
imperfect test sensitivity and possibility of > 14 day incu-
bation period of COVID-19 [34]. This means that any
plans to increase international arrivals from high preva-
lence settings, even with a 14-day quarantine, must be
considered in the context of local measures to maintain
a constant level of outbreak risk within a setting. An inte-
grated risk analysis is needed to inform debates on inter-
national travel, particularly regarding how to repatriate
citizens or promote economic activity (e.g. international
students).

Given the role of super-spreading events in SARS-
CoV-2 transmission, relatively light policies aimed at
reducing super-spreading events would be expected to
greatly reduce transmission potential [36, 37]. We found
that maintaining light restrictions even when there is
no community transmission has ongoing benefits. For
example, by maintaining a work-from-home policy and
mandatory masks, the outbreak probability decreased
to 28%, a decrease of 17 percentage points, with further
decreases seen if bars and restaurants also had density
limits. Moreover, maintaining light restrictions substan-
tially reduced the growth rate of the epidemic if an out-
break did occur, providing more time to implement a
response.

Both restrictions and testing contribute to outbreak
containment—restrictions limit the number of oppor-
tunities for transmission by undiagnosed individu-
als, while testing enables isolation and contact tracing
to effectively apply targeted restrictions on people
at high risk of infection. However, due to the com-
plex trade-off between testing, tracing, restrictions,
and epidemic growth, the effect size of restrictions
relative to increased testing is unknown. Using our
model with a set of restriction levels based on Austral-
ian outbreak responses, we found that maintaining or
increasing symptomatic testing was a highly effective
way to reduce outbreak risk, often comparable with
adding a level of restrictions. For example, promoting
the importance of testing such that 75% of those with
symptoms test resulted in a larger decrease in out-
break risk with Level 2 restrictions than closing bars
and restaurants (Level 4 restrictions). Conversely if
the symptomatic testing rate were to decrease to 25%
then outbreak risk increased considerably, by up to 10
percentage points. These results highlight the impor-
tance of fast, widespread testing. Australian states have
each responded to outbreaks in different ways, and it
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is notable that New South Wales has contained several
outbreaks using an approach that leans on testing and
tracing with only light restrictions to respond to out-
breaks, whereas other states have maintained suppres-
sion with rapid short lockdowns, supporting our result
that restrictions can be traded off against testing.
However, maintaining high levels of testing and timely
testing (e.g. testing soon after the first symptoms) will
be difficult in the context of limited or no community
transmission. If several months have passed without
a detected case, people are likely to assume that their
symptoms are not caused by COVID-19 and may not test
or delay testing to see if their symptoms are mild and/or
naturally resolve. While it is true that in a setting with
zero transmission, symptoms consistent with COVID-
19 are unlikely to be caused by COVID-19 working to
maintain high levels of symptomatic testing is critical. It
increases the chance of detecting a new outbreak early,
at a point when a small number of transmissions greatly
influences the future trajectory of the outbreak.
Interestingly, there was only a small difference in
outbreak risk depending on compliance with require-
ments to quarantine while waiting for test results. This
is likely because in the scenarios we modelled, the num-
ber of infectious days in the community averted is lim-
ited because the test turnaround time is only one day. In
the context of near-zero community transmission, the
majority of people being tested are uninfected, and thus
whether they quarantine or not does not make a differ-
ence to transmission. As a consequence, our results sug-
gest it is worth exploring whether in a zero transmission
setting there is a net benefit of removing the need to
quarantine after testing, to increase symptomatic testing
rates and detect new outbreaks more quickly. Then, if a
new community case is detected, quarantine following
testing could be reintroduced carte-blanche or for con-
tacts of the case or within the relevant geographical area.
Our study builds on early work examining outbreak
trajectories [35, 38-40], incorporating extensive data
from the Victorian second wave that was not previously
available, and including detailed contact layers, testing,
and contact tracing. In March 2020, Hellewell et al. [38]
estimated that with 20 initial cases and 60% of contacts
being traced, less than 50% of outbreaks would be con-
trolled. Huamani [39] examined new outbreaks in Peru in
April 2020, and estimated that there was an 80% chance
that a single infection could be contained, but that this
probability decreases quickly as the number of cases
increases, with only a 20% chance of containment with 10
initial cases. Our findings based on more recent data are
somewhat more pessimistic, with comparable outbreak
probabilities even with just one initial infection, likely
driven by improved estimates of the proportion of cases
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that are asymptomatic, as well as the more detailed trans-
mission dynamics in our model.

While recent studies tend to focus on containment and
management of large epidemics such as those in Euro-
pean or American settings, analyses of new outbreaks
in settings with zero community transmission remain
relevant for a significant number of countries that have
achieved epidemic control. As vaccines against SARS-
CoV-2 become available in 2021, understanding how out-
break risk changes depending on vaccine properties and
coverage will be critical for informing border controls
and outbreak response plans for these settings. Similarly,
the outbreak risk associated with new variants could be
different, if new variants differ in their infectiousness,
incubation period, or their ability to escape prior immu-
nity. Such changes could affect not only the downstream
number of infections, but also the effectiveness of meas-
ures to contain the outbreak, such as contact tracing. The
approaches used in this study can be readily extended to
incorporate vaccines and new variants once data on their
characteristics are available, and we plan to investigate a
range of potential vaccine rollout scenarios and variant
scenarios in future work.

Limitations

The findings presented in this study are derived from an
individual-based simulation model, Covasim. The model
parameters are based on best-available data at the time of
writing, including estimates of social mixing, contact net-
works, adherence to policies and quarantine advice, and
disease characteristics (e.g. asymptomatic cases). There
are several main limitations that impact the reported
likelihood of an outbreak, including:

— It was assumed that after an extended period of low
cases, 50% of symptomatic people would seek test-
ing, which may be an overestimate (and hence the
outbreak risk higher than estimated). However, we
note that the symptomatic test rate here applies to
people with COVID symptoms, and the testing rates
for people with symptoms such as anosmia or fever is
likely to be substantially higher than for people with
mild respiratory symptoms only. Similarly, if the pro-
portion of cases that are asymptomatic is different,
the effectiveness of symptomatic testing in the com-
munity would also change accordingly.

— It was assumed that if a mandatory masks policy
was in effect, compliance would be similar to the
peak of the epidemic wave in August 2020 in Mel-
bourne. However, it is likely that after an extended
period of no community transmission, mask com-
pliance would be somewhat lower. The overall
effect of masks depends on both mask efficacy and
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compliance, and we note that our estimates for
mask efficacy are conservative.

— An outbreak was defined as reaching a 7-day aver-
age of >5 new diagnoses per day within 60 days. If
a different threshold, time frame, or metric (e.g.
infections rather than diagnoses) were used, then
the probability reported would change, although
this would not substantially impact the qualitative
nature of the results.

— We presented some results indicating the likely out-
come after 60 days under a worst-case assumption
that there is no change in official policy, testing, or
other individual behavior during this time. Given
that it is unlikely that a change would not occur, the
results in Fig. 6 should be interpreted as comple-
mentary to the results shown in Fig. 1 and indica-
tive of the potential scale of the outbreak, rather
than the projections for the actual likely scale.

— In this study, we have examined scenarios where
a new infection is randomly seeded into the com-
munity—for example, an interstate traveller. If an
incursion occurs within a sub-population subject to
different testing policies (e.g., hotel quarantine staff
that are regularly tested regardless of symptoms)
then the overall level of risk is likely to be lower
because the case is more likely to be diagnosed
early on.

Conclusions

In a zero-transmission setting, there is an ongoing risk
of a case being introduced into the community, and
this risk is likely to increase as the pandemic worsens
elsewhere in the world. If life ‘returns to normal’ after
a period of no community transmission, there is a con-
siderable chance that even a single introduced case
could trigger an outbreak. To stop an introduced case
becoming an outbreak, it is critical to detect it as early
as possible. Maintaining high testing rates remains
a key factor in managing the risk of future outbreaks.
Further, light restrictions can substantially increase the
likelihood of it remaining contained or under-control.
Testing and non-pharmaceutical interventions such
as masks have a large benefit with minimal impact on
broader well-being and the economy. However, com-
munity support may be difficult to maintain when there
are no active cases, so ongoing government and com-
munity effort/engagement will be required to ensure
that societies can be as open as possible, but at the
same time detect and quickly contain introduced cases
to manage the risk of needing greater restrictions.
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