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Background: Shutdowns are enacted when alternative public
health measures are insufficient to control the epidemic and the
population is largely susceptible. An age-stratified agent-based
model was developed to explore the impact of shutdowns to
control SARS-CoV-2 transmission in Canada under the
assumption that current efforts to control the epidemic remains
insufficient and in the absence of a vaccine. Methods: We
estimated the current levels of interventions in Canada to
generate a baseline scenario from 7 February to 7 September
2020. Four aspects of shutdowns were explored in scenarios that
ran from 8 September 2020 to 7 January 2022, these included the
impact of how quickly shutdowns are implemented, the
duration of shutdowns, the minimum break (delays) between
shutdowns and the types of sectors to shutdown. Comparisons
among scenarios were made using cases, hospitalizations,
deaths and shutdown days during the 700-day model runs.
Results: We found a negative relationship between reducing
SARS-CoV-2 transmission and the number of shutdown days.
However, we also found that for shutdowns to be optimally
effective, they need to be implemented fast with minimal delay,
initiated when community transmission is low, sustained for an
adequate period and be stringent and target multiple sectors,
particularly those driving transmission. By applying shutdowns
in this manner, the total number of shutdown days could be
reduced compared to delaying the shutdowns until further into
the epidemic when transmission is higher and/or implementing
short insufficient shutdowns that would require frequent re-
implementation. This paper contrasts a range of shutdown
strategies and trade-offs between health outcomes and economic
metrics that need to be considered within the local context.
Interpretation: Given the immense socioeconomic impact of
shutdowns, they should be avoided where possible
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and used only when other public health measures are insufficient to control the epidemic. If used, the

time it buys to delay the epidemic should be used to enhance other equally effective, but less
disruptive, public health measures.
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1. Introduction
As coronavirus disease (COVID-19) continues to spread globally with the resurgence of cases in many
countries, multiple public health interventions that were employed during the initial months of the
epidemic are being re-implemented [1]. A key intervention that contributed to the control of the initial
epidemic was unprecedented restrictive shutdowns that limited person-to-person contacts. In Canada,
these shutdowns included school closures, limiting public and personal gatherings, and shutting
down non-essential businesses [2]. While shutdowns are one of the most disruptive measures to be
implemented with widespread socioeconomic impacts, they are also the most effective non-
pharmaceutical measures for controlling the exponential spread of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [3,4].

Studies have projected that when restrictive closures are lifted in Canada, if alternative public health
measures such as detection and isolation of cases, and tracing and quarantining of close contacts of cases
are insufficient, subsequent waves of infections will occur [5–7]. These modelled projections have
unfolded in reality in recent months across Canada as many provinces struggle to regain control of
the epidemic [8]. As of August 2020, only 1% of the Canadian population is estimated to have been
infected with SARS-CoV-2 [9]. December 2020 marked the arrival of multiple vaccines on the global
market with the first vaccine approved, procured and administered in Canada [10]. While vaccines
offer hope that restrictive shutdowns will be temporary, because it will take most of 2021 to vaccinate
the population to reach herd immunity, the high proportion of the population that will remain
susceptible in 2021 will make the control of the epidemic difficult without the use of restrictive
shutdowns to complement other less disruptive measures. Further, the recent emergence of a mutated
strain of SARS-CoV-2 with 40–70% greater person-to-person transmission than pre-existing variants
indicate strict measures will need to be imposed in countries experiencing a resurgence in order to
regain control [11]. However, shutdowns cannot be implemented indefinitely given the immense
socioeconomic cost and should be used by governments to keep healthcare systems at capacity and to
build capacity for alternative public health measures.

In this study, we used an age-stratified agent-based model developed for the Canadian population to
explore restrictive shutdowns to control the epidemic when alternative public health measures are
insufficient. We focused on specific aspects of shutting down including the impact of speed, duration,
delays and types of shutdowns on COVID-19 transmission.
2. Methods
The methods describing the agent-based model used in this study have been published [5]. Briefly, the
model is an age-stratified agent-based simulation model for SARS-CoV-2 transmission in Canada. The
model is a simplified approximation of the Canadian situation and does not consider the details of
varying geographical dispersion of cases seen across provinces and territories. Technical details of the
model including parameters derived from published studies and Canadian data are presented in the
electronic supplementary material. The definition for controlling an epidemic in this study was to
prevent the epidemic from exponential growth and exceeding a clinical attack rate of over 10% over
the 2-year model period (February 2020 to January 2022).

2.1. Canadian baseline and estimating current levels of interventions
Four interventions were applied in the baseline; these include case detection and isolation, contact tracing
and quarantine, closures and personal physical distancing (electronic supplementary material, table S8),
representing the Canadian situation from 7 February to 7 September 2020 (figure 1). During the baseline
period, we assume approximately 20% of symptomatic cases are detected via case testing and isolated for
the remainder of their infectious period. This was estimated from studies on Canadian under-reporting
showing approximately 20–25% of cases are detected [12–14] with around 75% of identified cases
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Figure 1. Baseline scenario. (a) Projected epidemic curve showing daily clinical incident cases per 100 000 people for the baseline
model. The black line represents the median value across 50 model realizations. The grey area represents the 95% credible interval
across 50 model realizations. The green bar represents 16 March to 10 May (initial shutdown), the yellow bar represents 11 May to
30 June (easing of shutdown) and the orange bar represents 1 July to 7 September (changes in summer). (b) Comparison between
locally acquired Canadian cases by onset date (blue dots) and the median modelled clinical cases from the baseline model from 50
model realizations (red line). The grey area represents the 95% credible interval across 50 model realizations. Note that the baseline
model was fitted to Canadian levels of interventions up until 8 September (the end of the orange bar) and does not consider
additional interventions occurring across the country beyond 8 September.
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voluntarily self-isolating [15]. We assume 50% of contacts with detected cases are traced and quarantined
and when cases reach 50 active cases per 100 000, contact tracing ceases based on the threshold at which
Canadian jurisdictions have been overwhelmed within contact tracing capacity [16]. Restrictive closures
are implemented in three phases from 16 March to 7 September 2020: 100% of schools, 50% workplaces
(teleworkers) and 50% mixed-age venues (non-essential businesses and shared public facilities) are closed
in phase 1 (16 March to 10 May), 100% of schools remain closed and 40% of individuals continue to
telework and non-essential businesses and shared public facilities reopen in phase 2 (11 May to 30
June), 65% of schools in the model reopen to represent summer camps and activities bringing children
together over the summer and 36% of individuals continue to telework in phase 3 (1 July to 7
September). Changes in closures were modelled based on the decline in mobility observed during the
corresponding time periods using Google mobility data and Statistics Canada’s surveys [17,18]. Personal
physical distancing was also introduced in three phases with changes in contact rate and compliance
from 16 March to 7 September 2020: 30% contact rate reduction with 100% compliance when outside of
the household during the initial shutdown in phase 1 (15 March to 10 May) reflecting precautions
Canadians were taking during the initial shutdown [19], compliance remained at 100% but contact rates
were reduced to 80% when outside the household to reflect the gradual lifting of closures but continued
adherence to physical distancing in phase 2 (11 May to 30 June) [20,21], contact rates were reduced to
only 55% with compliance shifting by age group in phase 3 (1 July 2020 to model end): 0–4 (33%), 5–9
(33%), 11–14 (33%), 15–19 (33%), adult1 (50%), adult2 (75%), adult3 (85%), senior1 (90%), senior2 (95%),
elderly (95%) [20,22]. Changes to contact rate reduction and compliance were estimated from Canadian
survey data on behavioural variations to physical distancing over time [20–23] and the observed
changes in COVID-19 cases by age groups over time [24]. In the baseline scenario, we assume
everything reopens on 8 September 2020; which in reality is not the case as a large proportion of
Canadians continue to telework [17] and subsequent shutdowns have occurred [1,2]. This was
intentional to explore the impact of further shutdowns. We also assume the last phase of physical
distancing contact rate reduction and compliance continues for the remaining model run. Last, the
baseline assumes an importation rate of one case per 100 000 per week estimated from internal
modelling (Public Health Agency of Canada Modelling group biweekly report (2021)). Additional
information on the baseline including model fitting is in the electronic supplementary material.
2.2. Shutdown scenarios
Building on the baseline, the model explored four shutdown scenarios separately to explore the impact of
further shutdowns on the resurgence of SARS-CoV-2 transmission in Canada. The scenarios explored
shutdowns occurring from 8 September 2020 (day 214) to the model end (7 January 2022, day 700); a
period of 487 days (table 1). Shutdowns, unless otherwise stated, included the closure of 100% of
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schools, 50% workplaces (teleworkers) and 50% mixed-age venues (non-essential businesses and shared

public facilities) [17]. Shutdown scenarios were developed based on realistic Canadian targets according
to previous and current shutdown efforts and shutdown strategies implemented globally [1,2,17].

Scenario 1 (S1) explored the speed of shutdowns when the following triggers were reached, reflecting
some Canadian thresholds that have been set to trigger shutdowns [24–26]: (A) 50 active cases per
100 000 (fast response), (B) 100 active cases per 100 000, (C) 150 active cases per 100 000 and (D)
200 active cases per 100 000 (slow response). Active cases in the model represented the total number
of cases that were symptomatic or hospitalized on a given day, i.e. clinical cases once symptoms have
begun. These thresholds were selected to reflect thresholds used by some provinces in Canada while
recognizing some jurisdictions use healthcare system capacity as a trigger for shutdowns, which are
also considered jointly with economic impacts. Shutdowns were implemented for 42 days at a time
and re-implemented when the threshold for shutting down was reached again with no minimum
break in between.

Scenario 2 (S2) explored the duration of shutdowns by shutting down for (A) 28 days, (B) 42 days, (C)
56 days and (D) 70 days at a time with shutdowns triggered when active cases reached 100 per 100 000
with no minimum break between consecutive shutdowns. Shutdowns were released after the
corresponding period of shutdown ended regardless of the number of active cases per 100 000
remaining and re-implemented when 100 active cases per 100 000 was reached again.

Scenario 3 (S3) explored the delays between shutdowns by shutting down with a minimum break
between consecutive shutdowns. Shutdowns were modelled with a minimum of (A) 28 days between
shutdowns; (B) 56 days between shutdowns; (C) 84 days between shutdowns and (D) 112 days
between shutdowns. Shutdowns were triggered when active cases reached 100 cases per 100 000 and
the minimum time between shutdowns had lapsed regardless of the number of active cases per
100 000 remaining.

Scenario 4 (S4) explored the extensiveness of shutdowns by shutting down different sectors
individually and in combination with each other: (A) Canadian baseline, no further shutdown, (B) all
shutdown (100% schools, 50% workplaces and 50% mixed-age venues), (C) 50% workplaces only
(teleworkers), (D) 100% schools only, (E) 50% mixed-age venues only (nonessential businesses and
shared public facilities) and (F) 50% mixed-age venues and 50% workplaces together. Shutdowns were
modelled on the decline in mobility observed during March to May [17]. Shutdowns were triggered at
100 active cases per 100 000, imposed for 42 days at a time with no minimum break between
subsequent shutdowns.

2.3. Model output
The model produced daily cumulative and incident counts for each age group for each health state. The
stochastic outputs are presented as medians from 50 realizations (simulations) per scenario and values
from the 2.5th and 97.5th percentiles are presented as the 95% credible interval (CI). The model was
developed and simulated in AnyLogic. Statistical analyses and graphs were created using
StataCorp 2019, Stata Statistical Software: Release 16, College Station, TX: StataCorp LLC.
3. Results
Results on the total attack rate, clinical attack rate, asymptomatic attack rate, total hospitalizations (acute
and intensive care unit (ICU)), acute hospital admissions, ICU admissions and mortality rate by age
groups for each scenario and model (16 in total) are presented in the electronic supplementary
material, table. Summary tables on key model outputs for scenarios are presented in tables 2–6.
Figures present epidemic curves of daily clinical (i.e. symptomatic) incident cases per 100 000 people
for each model (figures 2–5).

3.1. Scenario 1: speed of shutdowns
When current public health measures are insufficient to control an epidemic, the faster to shutdown (50
active cases per 100 000), the lower the number of cases, hospitalizations and deaths, but the higher the
number of shutdown days due to shutting down more often (table 2 and figure 2). Earlier shutdowns
prevent more cases, hospitalizations and deaths (2.56% clinical attack rate when shutting down at 50
active cases per 100 000; 4.55% at 100 active cases per 100 000; 6.33% at 150 active cases per 100 000
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Figure 2. Projected epidemic curves showing daily clinical incident cases per 100 000 people for Scenario 1 at different thresholds to trigger
shutdowns: 50 active cases per 100 000 (a); 100 active cases per 100 000 (b); 150 active cases per 100 000 (c) and 200 active cases per 100 000
(d ). The black line represents the median clinical incident value across 50 model realizations. The shaded grey area represents the 95% credible
interval. The red dash line represents the median of prevalent active clinical cases used as the threshold for shutting down.
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and 7.88% at 200 active cases per 100 000). However, they require an increasing number of shutdowns
days (255 out of a possible 487 days when shutting down at 50 active cases per 100 000; 216 days at
100 active cases per 100 000; 213 days at 150 active cases per 100 000 and 194 days at 200 active cases
per 100 000). Prevalent cases are on average three-fold higher at the beginning of the epidemic when
shutting down at 200 active cases compared to shutting down at 50 active cases per 100 000. This
difference gradually drops to two-fold as the immunity level increases in the higher threshold
scenarios (figure 2). In a few model runs when shutting down at 50 active cases per 100 000
(figure 2a), the shutdown impact was not always immediate, resulting in a larger epidemic peak
despite shutdown being implemented (though this was notably smaller compared to the baseline—
figure 1a). This phenomenon was also observed in scenarios when shutting down at 100 active cases
per 100 000 (not visible as the few extreme runs are not captured in the 95% CIs) and occasionally at
150 or 200 active cases per 100 000. This is due to shutdowns having a direct impact on inter-
household transmission but not within-household transmission; the latter will continue when
shutdowns are implemented because household members do not physically distance from each other.
Therefore, at 50 active cases per 100 000, a larger proportion of household members remain
susceptible to infection, whereas at 150 or 200 active cases per 100 000, many household members
have succumbed to infection and there is a high level of immunity at the population level.
3.2. Scenario 2: duration of shutdowns
When public health interventions are insufficient, shorter shutdowns are triggered more frequently:
seven complete cycles of shutdowns were observed for the 28-day shutdown model; five cycles of
shutdowns for the 42-day model; four cycles of shutdowns for the 56-day model and three to four
cycles of shutdowns for the 70-day model when the trigger for shutting down was set to 100 active
cases per 100 000 (figure 3). These cycles are observed in both the median incident and prevalent
clinical cases. The total number of shutdown days were slightly higher the longer the shutdown
period: for the 70-day shutdown the total number of shutdown days was 256, and 229 days, 218 days,
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Figure 3. Projected epidemic curves showing daily clinical incident cases per 100 000 people for Scenario 2 at different lengths of
shutdowns: 28 days (a); 42 days (b); 56 days (c) and 70 days (d ). The black line represents the median clinical incident value across
50 model realizations. The shaded grey area represents the 95% credible interval. The red dash line represents the median of
prevalent active clinical cases.
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211 days when the shutdown duration was set at 56-days, 42-days and 28-days, respectively (table 3). The
total clinical attack rate was higher when shutting down for shorter periods across many cycles compared
to shutting down for longer periods across fewer cycles (5.17% for seven cycles of 28-day shutdowns;
4.65% for five cycles of 42-day shutdowns; 4.22% for four cycles of 56-day shutdowns and 3.86% for
three cycles of 70-day shutdowns). Unlike S1, the initial prevalent clinical case count at which
shutdowns were triggered were similar across scenarios in S2. Shorter period of shutdowns, when
alternative public health measures are insufficient, resulted in more cases, hospitalizations and deaths
compared to sustained periods of shutdowns in S2. Comparison of the duration of shutdowns (S2)
and the timing of the shutdown (S1) show a higher impact of timing quick re-implementation of the
shutdowns. In all four scenarios, a decrease in prevalent cases is observed, with each subsequent
shutdown indicating a gradual increase in immunity level in the population.
3.3. Scenario 3: delays between shutdowns
When the population is naive and current measures are insufficient, delays between shutdowns will
result in progressively larger epidemics (figure 4). The number of shutdown days was higher when
the duration between shutdowns were shorter due to more frequent shutdowns being needed: 233
days (28-day break), 186 days (56-day break), 128 days (84-day break) and 127 days (112-day break).
Although it appears the effects of an 84-day break and 112-day break between shutdowns is
negligible, further analysis from a longer model run showed that a significantly higher number of
shutdown days is needed to control the epidemic in the 84-day break scenario (electronic
supplementary material, appendix). The clinical attack rate was considerably lower when the duration
between shutdowns were shorter: 4.78% with a 28-day break, 9.36% with a 56-day break, 13.24% with
an 84-day break and 15.45% with a 112-day break (table 4). In the 56-day break model, a large
proportion of the population remained susceptible after the wave in winter 2021, the subsequent wave
in spring 2021 was, therefore, larger (figure 4b). In comparison, in the 84-day and 112-day break
models, a larger proportion of the population were infected during the winter 2021 wave, thus, the
subsequent wave in summer 2021 was smaller despite the same shutdown conditions imposed
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Figure 4. Projected epidemic curves showing daily clinical incident cases per 100 000 people for Scenario 3 with different minimum
breaks between shutdowns: 28-day break (a); 56-day break (b); 84-day break (c) and 112-day break (d ). The black line represents
the median clinical incident value across 50 model realizations. The shaded grey area represents the 95% credible interval. The red
dash line represents the median of prevalent active clinical cases.
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Figure 5. Projected epidemic curves showing daily clinical incident cases per 100 000 people for Scenario 4 at varying extensiveness
of shutdowns: baseline—no further shutdowns (a); all shutdown (100% schools, 50% workplaces and 50% mixed-age venues) (b);
50% workplaces only (c); 100% schools only (d ); 50% mixed-age venues only (e) and 50% mixed-age venues and 50% workplaces
together ( f ). The black line represents the median clinical incident value across 50 model realizations. The shaded grey area
represents the 95% credible interval. The red dash line represents the median of prevalent active clinical cases.
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(figure 4c,d ). The magnitude of subsequent waves is determined by the proportion of the population that
remains susceptible. Delaying a shutdown when a large proportion of the population remains naive can
result in up to ten times the number of prevalent clinical cases at peak compared to a no-delay approach
(approx. 800 per 100 000 with a 112-day break compared to 80 per 100 000 with a 28-day break), thus
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overwhelming the healthcare system (figure 4). Total hospitalizations increased by three-fold in the
112-day break scenario compared to the 28-day break scenario, while deaths increased by six-fold.
3.4. Scenario 4: sectors to shutdown and extensiveness of the shutdown
The clinical attack rate for the baseline scenariowith no further shutdownwas 25.13% (figure 5a and table 5).
In comparison, the clinical attack rate for the total shutdownmodel (50%mixed-age venues, 50%workplaces
and 100% schools) was 3.97% (figure 5b and table 5). By sector, the closure of 50%workplaces alone was the
least effectivewhen exploring shutting down sectors individually (clinical attack rate of 20.36%). The closure
of 100% of schools was moderately effective on its own (clinical attack rate of 13.31%) and the most effective
was the closure of 50% of mixed-age venues alone (clinical attack rate of 6.49%) (figure 5 and tables 5 and 6).
Combining the closure of 50% workplaces with 50% mixed-age venues together improved effectiveness
(clinical attack rate of 5.45%) contributing to a 93% reduction in clinical cases compared to the total
shutdown model (5.45% versus 3.97%; panel (f) versus panel (b)). In other words, the additional closure
of 100% schools to 50% workplaces and 50% mixed-age venues contributed to a further 7% reduction in
clinical cases. The closure of sectors individually contributed to reducing transmission, but contributions
were not equal and combining sectors to shut down together were the most effective. Individual closures
reduced the proportion of transmission in their respective locations (1.41% in schools when schools
were closed, 7.21% in workplaces when workplaces were closed and 17.23% in mixed-age venues when
mixed-age venues were closed compared to 10.23%, 12.26% and 21.96% in the baseline; tables 5 and 6)
but averted cases from closed locations were not completely prevented due to continued transmission in
other locations that remained open, and in the household. Differences in the effectiveness of closures by
sector is driven by the community and household structure of the population, age demographics of the
population and the types of contacts they have, and the proportion of sectors that were shut down.
3.5. Comparison across scenarios
In general, shutdowns are effective in reducing transmission and all models reduced cases,
hospitalizations and deaths compared to the baseline. To contrast the different scenarios by deaths per
100 000 and number of shutdown days, figure 6 shows the health and economic trade-off as the ‘price’
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of a shutdown day in deaths per 100 000 for each modelled scenario. Markers on the lower left quadrant

represents the best overall scenario; these represent scenarios with the lowest number of shutdown days
combined with the lowest number of deaths. Of the scenarios modelled, only five were found within the
lower left quadrant; one scenario (S4, model B— total shutdown) had 54 deaths per 100 000 with a trade-
off of 195 shutdown days. The majority of scenarios were in the upper left quadrant indicating lengthy
shutdowns of 200–350 days often result in fewer than 100 deaths per 100 000. In comparison, the baseline
no further shutdown scenario (S4, model A) found in the lower right quadrant had 740 deaths per
100 000 with zero extra shutdown days.

Some shutdown strategies failed to control the epidemic as demonstrated in the workplaces-only
shutdown model (figure 5c). In this model, shutdown reduced transmission compared to the baseline
(table 5), but a considerable proportion of the population acquired infection despite 255 days of
shutdowns (20.36% clinical attack rate versus 25.13%). The impact of the shutdowns in this model is
not visibly notable (figure 5c), but the epidemic curve is flattened compared to baseline (figure 5a).
Other models where shutdowns did not control the epidemic (prevent the clinical attack rate from
exceeding 10%) include the 84-day break, 112-day break and schools-only shutdown models
(figure 4c,d and figure 5d, respectively).

In a few model realizations (S1 model A, S4 models D and E), the impact of shutting down was not
always immediate resulting in a higher peak than observed in March to May 2020 despite shutdown
being implemented (figures 2 and 5). While the peaks are smaller compared to the baseline (figure 1a),
these models suggest there may be a delay between shutting down and observing a decrease in cases.
0233
4. Discussion
This study used an age-stratified agent-based model to explore the impact of shutdowns to control SARS-
CoV-2 transmission in Canada. Shutdowns were shown to be an effective tool for reducing and delaying
community transmission of SARS-CoV-2 in a largely susceptible population where alternative measures
were assumed to be insufficient, and in the absence of vaccines. Effectiveness varied depending on the
speed, duration, delay and extensiveness of the shutdown, but in general, there were no models in which
shutdowns did not produce a better outcome in terms of the reduced number of cases, hospitalizations
and deaths. Globally, there have been many examples showing shutdowns are an effective means for
controlling SARS-CoV-2 [1]. Nationally, most Canadians have experienced at least one shutdown
during the first wave with success over the summer [2]. However, as we have shown in this paper,
shutdowns do not guarantee control of the epidemic.

The main study findings are that there are several shutdown characteristics, health outcomes and
socioeconomic costs to balance when selecting a strategy. While some scenarios clearly perform better
than others and all shutdowns had some impact on the epidemic, the trade-offs are important to
consider based on the local context and situation. Shutdowns were shown to largely delay the
epidemic with growing cases, hospitalizations and death rates when the response is slow (either due
to a higher threshold for shutting down (S1) or delaying a shutdown (S3)). Whereas the lowest cases,
hospitalizations and deaths were seen in scenarios that had higher shutdown days (S1, S2 and S3),
which have substantial socioeconomic impact on society and to individuals and families [27,28]. We
showed shorter periods of shutdowns and delays between shutdowns when alternative measures are
insufficient resulted in less time before a subsequent shutdown is needed to regain control of the
epidemic; thus, requiring shutdowns to occur more often and for a longer period than shutting down
for a sustained period (S1, S2 and S3). Although there are strong justifications for imposing
shutdowns for a limited time only, the lifting of shutdowns too early and without the enhancement of
alternative public health measures may result in a longer total shutdown period over the course of the
epidemic. Our findings are consistent with the strategies adopted in countries such as New Zealand
and Australia who have successfully eliminated COVID-19 cases for months at a time by imposing
strict shutdowns without delay when local transmission levels increased beyond low threshold levels,
and have applied shutdowns for a sustained period until the local transmission was eliminated [1]. In
comparison, the total number of shutdown days these countries have experienced, though lengthier
than any single shutdown period imposed in Canada (for example, three and a half months in
Melbourne, Australia over summer 2020), have been shorter than the total number of shutdown days
experienced by Canadians since March 2020.

The final scenario indicated that the design of partial shutdowns are not equal. Shutdowns of certain
sectors were more effective than others, and some combinations performed well when compared to a full
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shutdown (S4). The stringency, that is, the sector type and the proportion of those sectors in shutdown,

determines the effectiveness of a shutdown. We found workplace-only shutdowns in our models did not
contribute significantly to reducing community transmission. This is supported by the fact that the
proportion of Canadians who have been teleworking since March 2020 has not changed drastically,
suggesting that under the initial rates of teleworking, workplaces are not a main contributor to
current transmission [17]. The shutdowns of schools contributed more, but it is mixed-age venues in
our models that contribute the most to current transmission, and therefore contributed most in
reducing transmission in the models when closed. Similarly, the closures of schools, non-essential
businesses and shared public facilities during the first wave contributed to the success in driving
community transmission down and their reopening appears to mirror the resurgence in Canada after
the summer. At the end of 2020, many provinces in Canada are experiencing a resurgence of SARS-
CoV-2 transmission and have imposed a second shutdown but with less success than the first one.
This is because the second shutdown has not been as stringent as the initial one and was enacted
much later when transmission levels were higher [1,2], thus, despite many provinces have been placed
in some form of shutdown for at least a few months and for a longer period than in spring 2020, our
cases per capita continue to rise to record levels [1,24]. Additionally, it has been bolstered by declining
compliance to personal physical distancing [20–23].

Our study demonstrates the most effective shutdowns were those that were implemented quickly,
with minimal delay (S1 and S3), initiated when community transmission is low (S1), sustained for an
adequate period (S2) and had a high level of stringency targeting multiple sectors, particularly those
driving transmission (S4). Countries that have successfully eliminated SARS-CoV-2 transmission for
months at a time have implemented extremely stringent shutdowns during times when community
transmission has been low (in some cases when one locally acquired case was identified), applied for
months at a time even when only a handful of cases were reported and lifting only when no locally
acquired cases had been reported for an extended period [1,29,30]. Shutdowns have widespread
negative socioeconomic impacts and should only be used when necessary. To avoid future
shutdowns, alternative public health measures should be enhanced during the delay in the epidemic
afforded by the closures [5,7]. The precise shutdown strategy will vary depending on the community
and household structures, population demographics, background transmission level and human
behaviour in adhering to public health measures (which is changing over time and hard to plan for)
[20]. The optimal shutdown strategy will also depend on the goal, whether it is to eliminate
transmission in the population, to temporarily regain control, to buy time to ramp up other measures,
to avoid overwhelming healthcare systems, to minimize the impact on the economy, communities,
families and individuals or a combination of these objectives.

Study limitations include uncertainty in some epidemiological characteristics of SARS-CoV-2, such as the
role of children and asymptomatic infections in disease transmission or hownew SARS-CoV-2 variantsmight
evolve in Canada. We rely on estimates from Canadian data and the literature and assume that these do
not change over time. The model does not consider transmission in healthcare and long-term care facility
settings because transmissions in these settings vary widely across Canada and are subject to unique
infection control and prevention strategies that are not implemented at the population level [31]. While
localized outbreaks in healthcare and long-term care facilities may diminish the effectiveness of shutdowns
by driving community transmissions higher, the trends in shutdowns identified in this study will still hold
true. Further, as most SARS-CoV-2 transmission in Canada is occurring within the community and in
households [24], our study remains relevant for Canada. We ran the model for 700 days, which allowed for
a certain level of immunity to build up in the population but the level of immunity reached was different
for each scenario. The comparisons presented are, therefore, tied to outcomes reported on the model’s last
day, when immunity levels varied across scenarios. As the impact of interventions will change as herd
immunity is reached (S3 scenarios), the results and trends presented should be interpreted with this
constraint in mind, that is, the findings presented are estimates of the impact of shutdowns on SARS-CoV-
2 transmission in a predominantly naive population and interventions applied to the population at other
immunity levels may have a different impact to the scenarios explored. Last, an additional analysis in the
electronic supplementary material, appendix shows that health outcomes and shutdown days can be
impacted by the duration of model runs, particularly when scenarios have reached different levels of
immunity by the end of the model run. Although some differences were observed when exploring longer
model runs, there was no deviation in the trends observed in a 700-day model run so the findings
presented remain unchanged despite some variations in outcomes.

Our study explores the impact of shutdowns on the resurgence of SARS-CoV-2 transmission in
Canada under the assumption that current efforts to control the epidemic remain insufficient in the
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absence of a vaccine. We explored and identified shutdown factors that can minimize negative health

outcomes, but also showed that there is a trade-off between reducing health outcomes and the
number of shutdown days and some strategies may balance both better than others. Given the
immense socioeconomic impact of shutdowns, they should be avoided where possible and used
wisely as needed to bolster the capacity of other less disruptive public health measures for controlling
the epidemic. Although this study is Canadian, our findings are consistent with those observed
beyond Canada’s border (for example, countries such as Australia and New Zealand who have
consistently applied lockdowns when case incidence have been in the single digits) and can be
generalized to any country faced with controlling SARS-CoV-2 transmission in their population.
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