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Background: Globally, nonpharmaceutical interventions for COVID-19, including stay-at-home policies, limitations on gatherings and
closure of public spaces, are being lifted. We explored the effect of lifting a stay-at-home policy on virus resurgence under different
conditions.

Methods: Using confirmed case data from Toronto, Canada, between Feb. 24 and June 24, 2020, we ran a compartmental model
with household structure to simulate the impact of the stay-at-home policy considering different levels of compliance. We estimated
threshold values for the maximum number of contacts, probability of transmission and testing rates required for the safe reopening of
the community.

Results: After the implementation of the stay-at-home policy, the contact rate outside the household fell by 39% (from 11.58
daily contacts to 7.11). The effective reproductive number decreased from 3.56 (95% confidence interval [Cl] 3.02—4.14) on
Mar. 12 to 0.84 (95% CIl 0.79-0.89) on May 6. Strong adherence to stay-at-home policies appeared to prevent SARS-CoV-2
resurgence, but extending the duration of stay-at-home policies beyond 2 months had little added effect on cumulative cases
(25958 for 65 days of a stay-at-home policy and 23461 for 95 days, by July 2, 2020) and deaths (1404 for 65 days and 1353 for
95 days). To avoid a resurgence, the average number of contacts per person per day should be kept below 9, with strict non-
pharmaceutical interventions in place.

Interpretation: Our study demonstrates that the stay-at-home policy implemented in Toronto in March 2020 had a substantial
impact on mitigating the spread of SARS-CoV-2. In the context of the early pandemic, before the emergence of variants of concern,
reopening schools and workplaces was possible only with other nonpharmaceutical interventions in place.

onpharmaceutical interventions for COVID-19,

including stay-at-home policies, isolation of cases

and contact tracing, as well as physical distancing,
handwashing and use of protective equipment such as face
masks, are effective mitigation strategies for preventing
virus spread.'”* Many studies investigating SARS-CoV-2
transmission and nonpharmaceutical interventions point to
the importance of within- and between-household transmis-
sion.’"® Although stay-at-home policies can help curb spread
of SARS-CoV-2 in the community by reducing contacts
outside the household,® they can increase contacts among
family members, leading to higher risk within the house-
hold,’ with secondary infection rates in households shown
to be as high as 30%-52.7%.>!% Furthermore, prolonged
periods of stay-at-home policies may not be practical
because of the essential operations of society, and may
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directly or indirectly harm the economy and the physical
and mental health of individuals.'"'? Therefore, it is impor-
tant to assess the optimal length of policy implementation
for preventing virus resurgence.

During the epidemic, stay-at-home policies have been used to
mitigate virus spread. The proportion of people staying at home
is a paramount factor for evaluating the effectiveness of this pol-
icy implementation. For example, symptomatic individuals,
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those who tested positive for SARS-CoV-2 infection, and traced
contacts are more likely to remain in the home through self-
isolation or quarantine than uninfected or asymptomatic individ-
uals.”® Hence, rates of testing, diagnosis, isolation of cases, con-
tact tracing and quarantine of contacts, as well as public
compliance with stay-at-home policies, are essential factors for
determining virus transmission and the likelihood of epidemic
resurgence after the lifting of restrictive closures.! To allow for
this level of complexity, we developed a household-based trans-
mission model to capture differences in policy uptake behaviour
using confirmed case data from Toronto, Canada.

Throughout the pandemic, Canadian provinces and ter-
ritories have implemented restrictive closures of busi-
nesses, schools, workplaces and public spaces to reduce the
number of contacts in the population and prevent further
virus spread, with these restrictions lifted and reinstituted
at various times.'* On Mar. 17, 2020, Ontario declared a
state of emergency, with directives including stay-at-home
policies."’

We aimed to evaluate the effect of the stay-at-home
policy issued in March 2020 on the transmission of SARS-
CoV-2 in Toronto, accounting for average household size,
the degree of adherence to the stay-at-home policy, and
the length of policy implementation. Additionally, on the
basis of the average family size and local epidemic data, we
estimated the basic reproduction number (R,) and effective
reproduction number (R,) and investigated potential
thresholds for the number of contacts, testing rates and use
of nonpharmaceutical interventions that would be optimal
for mitigating the epidemic. Hence, we conducted simula-
tions of dynamic population behaviour under different
reopening and adherence scenarios, to compare different
public health strategies in hopes of adding those evalua-
tions to the scientific literature.

Study design
We developed a household-based compartmental model of
SARS-CoV-2 transmission dynamics. The model assigns all
individuals in the population to different disease states,
including susceptible, exposed, infected (subclinical, prodro-
mal or with symptoms), recovered or deceased (Figure 1).
Given the importance of asymptomatic and presymptomatic
infection in COVID-19,!¢ both stages are included. We sim-
ulated how individuals move between these compartments,
including individuals in self-isolation (through hospitaliza-
tion for the more severe cases, or through testing or contact
tracing — in either case, the model assumed they were no
longer transmitting the virus). To reflect the local context
better, the model incorporated additional complexity by
including household structure (i.e., average household size).
Demographic changes in the population (i.e., births, deaths)
were ignored.

We used the Consolidated Health Economic Evaluation
Reporting Standards (CHEERS) checklist to report the find-
ings of our study."”
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Study setting and sources

The city of Toronto is the most populous city in Canada,
with a recorded population of 2956024.18 Its first COVID-
19 case was identified in January 2020." Toronto activated
the Emergency Operations Centre on Mar. 12, 2020, in
response to the COVID-19 pandemic, and the stay-at-
home policy was enacted.!” The public health response
gradually relaxed starting on May 6, 2020, after Ontario
released the document “A Framework for Reopening our
Province” on Apr. 27, 2020.*° The province gradually
reopened all workplaces and public spaces. Stage 1 of
reopening, which began on May 19, 2020, allowed the
opening of select workplaces and some small gatherings. On
June 24, 2020, the city of Toronto entered Stage 2 of
reopening, opening more workplaces and outdoor spaces,
allowing gatherings of up to 10 people."’

To estimate the dynamics of transmission before and after
implementation of the stay-at-home policy in Toronto, our
deterministic transmission model was calibrated using pub-
licly available data between Feb. 24 and June 24, 2020. We
used data on daily new and cumulative confirmed cases by
episode date from the open data of the City of Toronto?! and
daily new confirmed cases and cumulative deaths by report
date from open access epidemiologic data.”” We also used
Census data to determine that the average household in
Toronto has 2.4 individuals.?

Model assumptions, variables and parameters

Model assumptions, variables and parameters are presented in
Tables 1 and 2. Additional details on the model structure and
its equations are provided in Appendix 1, Section A, available
at www.cmajopen.ca/content/10/2/E367/suppl/DC1.

Compliance with the stay-at-home policy

To capture differences in policy uptake, we divided the
population into 2 subgroups: individuals following the
stay-at-home policy, indicated by a subscript ¢, and those
not following it, indicated by a subscript 7¢g. To describe
the process of policy implementation, there are some
common simplification methods: introducing different
parameters before and after policy implementation,® or
considering them as either evenly distributed or
dynamic.”® However, because of the influence of a variety
of factors including individual preferences, as well as dif-
ferent socioeconomic and occupational characteristics, not
all people will fully adhere to the stay-at-home policy.
Hence, we assumed compliance to be a gradual process for
individuals in different disease states once the stay-at-
home policy was enacted on Mar. 12, 2020." The reaction
time to compliance of individuals in the susceptible,
exposed and infected groups is a random variable that fol-
lows a T distribution, describing the enforcement process
of stay-at-home policies. We derived the daily stay-at-
home rate, which is described in Appendix 1, Section A2.
The movement between groups compliant and noncom-
pliant with the stay-at-home policy was modelled as the
policy and time varied.
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Figure 1: Transmission model with household structure. Panel A shows the activity and response of different populations. Panel B shows a
schematic diagram of the dynamics of COVID-19 in Toronto. Solid lines indicate movement between classes. Dashed lines represent the virus
transmission routes. All individuals from groups noncompliant (ng) and compliant (q) with stay-at-home policies are in different disease states,

susceptible (S), exposed (E), infected (subclinical [A], prodromal [/,] or with symptoms [/,]), hospitalized (H), isolated (W), recovered (R) or
deceased (D) (i = nq, q).
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Table 1: Model assumptions

General
1. No birth, death or immigration.

q(t)) or going out rate (denoted by g(t)).

symptomatic classes (/,(t)) after a specified period.

Household structure

policy is relaxed.

141(8) or 1,5(t).

2. We divide the population into 2 groups: one consisting of individuals who follow stay-at-home policies (marked by subscript gq) and
another consisting of individuals who do not opt for this intervention (marked by subscript nq). Owing to influences of self-protection
consciousness and severity of the epidemic, people are assumed to move from one group to another with stay-at-home rate (denoted by

3. Each subpopulation is further divided into susceptible (Si(t)), exposed (E(t)), asymptomatic (subclinical) infection (A(t)), infectious
presymptomatic (will eventually show symptoms) (/,(t)) and infectious symptomatic (/,(t)).

4. Both A(t) and /,(t) are infectious virus carriers. Individuals in A(t) will never show symptoms, while individuals in /,(f) develop into

5. Mild symptomatic infections (/,(t)) are a source of infection until recovery. However, they may choose to isolate themselves either at home
or other places. If the quarantine is respected well enough, these infections will be fully isolated (W(t)).

6. The fully isolated (W(t)), and the hospitalized (H(t)) who are severely affected do not contribute to infection transmission.

7. All households contain n (n = 3) individuals, and family members are homogeneously mixing (i.e., contacting each other randomly).
8. The infection rate of the asymptomatic and symptomatic infectious individuals to the susceptible is the same among the household.

9. Every family except for those with symptomatic members has an equal opportunity to be released from quarantine after the stay-at-home

10. Households with infected symptomatic individuals will continue to be quarantined after the stay-at-home policy is relaxed.

11. For family members following stay-at-home policies, susceptible S,(t) will be infected only by infectious individuals in the home A,(t),

12. When no infections are in a household, the family will be safe and will no longer be involved in the transmission of COVID-19.

Symptomatic testing

In Toronto at the beginning of the pandemic, testing was
mainly provided to individuals showing symptoms.” It takes
time for infection to cause symptoms, for an individual to get
tested for SARS-CoV-2 infection, and for a positive test to
return and ultimately enter the case data. With limited testing
resources and wait times, there is a time lag between the epi-
sode (onset) date and the reporting date. A delay in case diag-
nosis results in a delay in implementing control measures,
increasing the risk of transmission.

To capture the effects of this lag in the model, we defined
the ratio of symptomatic diagnosis completion (), calcu-
lated as the ratio of the cumulative number of confirmed
cases by reported date on day # to that by episode date on
day 7. We examined the trend of 4, in Toronto from Feb. 24
to June 24, 2020 (Appendix 1, Section C1). This quantity
was used to inform the stay-at-home rate of detected infec-
tious people (i.e., the rate at which they follow isolation
recommendations).

Statistical analysis

Parameter values including the per-contact transmission
probability, the maximum compliance proportion of the
stay-at-home policy, and the transition rate for compliance
with the stay-at-home policy listed in Table 2 were esti-
mated by minimizing the sum of squared differences®
between the model’s estimates of the cumulative con-
firmed cases and cumulative deaths and data on these 2
indicators.
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We compared the total infections with or without a stay-
at-home policy, and the change of transmission risk over time
with implementation of the stay-at-home policy under the
assumption of different average household sizes, ranging from
2 to 3, to make our model more applicable to a variety of
jurisdictions. We also explored the effect of the stay-at-home
policy on the epidemic for different degrees of compliance
and the length of the stay-at-home policy. We then reported
the trajectories of different reopening scenarios and the
threshold for safe opening. Analyses were carried out using

Matlab (R2020a) and R (version 4.0.1).

Risk indices and reproduction numbers

We calculated the model-free and model-based basic repro-
duction number R,, based on the Toronto case data by epi-
sode date’!*? and total infection data (including symptomatic
and asymptomatic infections) generated by the model, respec-
tively, using an exponential growth method.?*3! The effective
reproduction number R, was estimated by using the method
shown elsewhere,’?** assuming a T distributed serial interval
of 7.5 (standard deviation 3.4) days.?* We then defined a novel
risk index after reopening (R,,,..) to evaluate the risk of
reopening by calculating the reproduction number applying a
next generation matrix’* when the stay-at-home policy is
weakened (Appendix 1, Section B).

Ethics approval
This study is exempt from research ethics approval, as it uses
publicly available data.
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Table 2 (part 1 of 2): Model variables and parameters*

Quarantined rate of /,,,

Notation Description Value Sources

Variables and their initial values

Lgo(t) The number of stay-at-home policy—noncompliant infected individuals with 10 Data?'
symptoms at day ¢

S,(f) The number of stay-at-home policy—compliant susceptible individuals at day ¢ (n—-1)*3 Calculated

E,(t) The number of stay-at-home policy—compliant exposed individuals at day ¢ 0 Assumed

A The number of stay-at-home policy—compliant subclinical infected individuals at 0 Assumed
day t

1,1(8) The number of stay-at-home policy—compliant prodromal infected individuals at day ¢ Assumed

12(f) The number of stay-at-home policy—compliant infected individuals with symptoms Data?'
atday t

H(t) The number of severe infected individuals in hospitals at day ¢ Data®'

W(t) The number of isolated individuals at day t Assumed

R(t) The number of recovered individuals at day ¢ 13 Data?'

D(t) The number of deaths at day t 0 Data?'

P Total population in Toronto 2 956 024 Data'®

S,,(t) The number of stay-at-home policy—honcompliant susceptible individuals at day t 2 955 988 Estimated

E..(t) The number of stay-at-home policy—honcompliant exposed individuals at day t 20 Estimated

A0 The number of stay-at-home policy—noncompliant subclinical infected individuals 1 Estimated
at day t

Lo (t) The number of stay-at-home policy—honcompliant prodromal infected individuals 2 Estimated
atday t

Parameter estimation for COVID-19 in Toronto

T, Average time spent in the exposed state, E,,, E,, d 4 Refs.242

T, Average time spent in prodromal infected state /.., /,,, d 3 Ref.?

a Proportion of infected with prodromal infection 0.9530 Ref.?

Ya Recovery rate of subclinical infected 0.0700 Ref.2

Vom Recovery rate of infections with mild symptoms 114 Ref.¢

Y Recovery rate of hospitalized infections 0.0357 Ref.26

Co Contact rate before stay-at-home policy implemented, 1/day 11.58 Ref.?”

T Time when the stay-at-home policy is implemented Mar. 12 Ref."®

T, Time when the preopening begins May 6 Ref."®

T, Time when the reopening of stage 1 begins May 19 Ref.”®

T, Time of reopening of stage 2 begins June 24 Ref.1®

n Average number of household population 2-3 Ref.z

q(t) Stay-at-home rate of S,,, E,,, A, and /., -

d.(t) Completion ratio of diagnosis of all symptomatic infections - Refs.2:22

g(t) Going out rate of S, E,, A, and /4 -

Q(t) The proportion of population in stay-at-home state to the total population at time ¢ -

Parameter estimation indicated that, at most, 65.1% of Toronto
residents stayed at home because of the stay-at-home policy,
after which the contact rate declined by 39%. After Stage 1
reopening of the city on May 19, 2020, the contact rate gradu-
ally increased to 8.65 daily contacts, corresponding to a 22%

increase compared with the contact rate during the period of the
stay-at-home policy (Figure 2).

Estimation of reproduction numbers

The estimation result of the model-free R, in Toronto was
1.45 (95% confidence interval [CI] 1.43-1.48), and the model-
based R, was 2.36 (95% CI 2.28-2.45). The R, was calculated

CMAJ OPEN, 10(2) E371
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Table 2 (part 2 of 2): Model variables and parameters*

Notation Description Value Sources

Estimated parameters

Brg Probability of transmission per contact outside household Feb. 24—May 18: 3.2984e-02
May 19—June 24: 1.9000e-02t

7] Exponential decreasing rate of contact rate due to stay-at-home policy 7.5000e-01

B, Infection rate of stay-at-home policy—compliant susceptible within household 1.5030e-02

Q Stay-at-home rate of S,,, E,,, A,, and /,,, before stay-at-home policy implemented 3.0001e-04

€ Adjust parameter 7.0000e-01

G Going out rate of S, E,, A, and I, during the period of stay-at-home policy implementation 1.0000e-04

D, Hospitalization rate of /.., /,, 0.0152

[0 Isolation rate of /.., /,» 3.9978e-02

d Disease-induced death rate in hospitals 3.4000e-02

Q Maximum compliance proportion of stay-at-home policy 6.5058e-01

1/AT, The average transition rate of stay-at-home policy compliance 1/9

G, Maximum going out proportion in the period of May 6 to May 19 1.5000e-01

G, Maximum going out proportion in the period of May 20 to June 24 3.0000e-01

G, Maximum going out proportion in the period of reopening Stage 2 starting June 24 3.0000e-01 (assumed)

AT, The average time from stay-at-home policy relaxed to individuals going out 3 (assumed)

*n is the average household size.

te-0x denotes the 10 to the power of —x.

by using episode data varied before and after the implementa-
tion of the stay-at-home policy, and it gradually decreased
from 3.56 (95% CI 3.02—4.14) on Mar. 12, 2020, to below 1.00
on Apr. 22, 2020, and to 0.84 (95% CI 0.79-0.89) on May 6,
2020, corresponding to a 76% (95% CI 71%-81%) reduction
in transmissibility (Figure 2). After entering the Stage 1
reopening on May 19, 2020, with the strengthened use of face
coverings, the R, showed a clear downward trend initally and
gradually decreased to 0.67 (95% CI 0.61-0.73) on June 14,
2020, although the contact rate was expected to be higher. By
the end of reopening Stage 1, the R, had increased to 0.85
(95% CI10.77-0.93).

Effect of the stay-at-home policy

Opverall, the stay-at-home policy reduced the average con-
tact rate outside the household (Figures 2, 3 and 4), which
affected overall transmission. A large reduction in infec-
tions and deaths by May 6, 2020, when the stay-at-home
policy ended, was visible if a large proportion of individu-
als complied with the stay-at-home policy within a short
period (Figure 3). If 75% of the population were compli-
ant within 56 days, we could expect to see 5167 cases and
215 deaths by May 6, 2020, decreased by 63.2% and
57.4%, respectively, compared with 55% compliance. The
mitigation effect on the epidemic could also be seen if the
average transition rate of compliance with the stay-at-
home policy was increased. The length of implementation
of the stay-at-home policy did not affect the spread of the
infection significantly when it was increased from 65 days
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to 95 days, where the cumulative number of infections and
cumulative deaths by July 2 decreased by 9.6% and 3.6%,
respectively.

The cumulative number of infections dropped signifi-
cantly compared with that without the stay-at-home policy
(Appendix 1, Section C2). To make our model more applica-
ble to other jurisdictions, we examined the stay-at-home
policy scenario for average household sizes of 3 and 2 indi-
viduals, whereby the number of infections was 12.5 and 25.9
times greater without the stay-at-home policy compared to
with the stay-at-home policy, respectively. For an average
household of 3 individuals, the stay-at-home policy resulted
in 11 people infected per 1000 households by May 6, 2020,
compared with 4 per 1000 for a household size of 2. How-
ever, in early phases of implementation of the stay-at-home
policy, owing to the higher risk of transmission within fami-
lies, the number of infections was higher than when there
was no stay-at-home policy. The number of infections was
even higher for larger household sizes, where the R,
increased as the maximum compliance proportion increased
after 1 day of the implementation of the stay-at-home pol-
icy, but decreased after 10 days.

Threshold of contact rate and safe reopening

To avoid an epidemic resurgence after the city’s reopening, it
is necessary to reduce the contact rate and probability of
transmission per contact outside of the household. With a
1.9% transmission risk, the contact rate needs to be reduced
to 11 when the symptomatic diagnosis completion ratio is
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the transmission risk after fully reopening. All dates are in 2020.
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97% (Figure 4). However, if the symptomatic diagnosis com-
pletion ratio declines to 40%, the contact rate should be
maintained below 9. In general, with increased risk of trans-
mission, the contact rate must remain low.

Different reopening strategies can result in different
epidemic trajectories, including a resurgence as we
observed in the second wave in Toronto after August 2020.
Using the Toronto stay-at-home policy issued in 2020 as
an example, our model indicates that a safe reopening of
public spaces could be achieved when the contact rate is
reduced to 9, while maintaining strict physical distancing
(Figure 4). With a 97% diagnosis completion ratio and
11.58 daily contacts, if the probability of transmission per
contact was 2.2%, R,,,., was 1.2. This suggests that under
full reopening conditions, the city still faced the risk of epi-
demic resurgence. On the other hand, if the per-contact
transmission probability decreased to 1.6%, R,,,., was 0.87,
and reopening was safe. Here, the claim is based on the sit-
uation in 2020.

Using our compartmental model with household structure,
we analyzed the effect of the stay-at-home policy on SARS-
CoV-2 transmission using Toronto as a case study. Stay-at-
home policies have helped to control the epidemic and pre-
vent the collapse of the health care system. However, in cities
such as Wuhan, China, the stay-at-home policy was not effec-
tive in early stages of the lockdown.? This phenomenon could
be related to the average household size of 3.5 in Wuhan,*
larger than the household size of 2.4 in Toronto.” Hence, the
implementation of a stay-at-home policy needs to be adapted
to local conditions. For areas with large average family size,
additional measures, such as establishing temporary shelter
hospitals, may be needed to reduce transmission.” Moreover, a
lower probability of transmission, provided by keeping man-
datory or highly recommended use of nonpharmaceutical
interventions such as physical distancing and mask-wearing,*®
particularly in indoor public places,’” contributes substantially
to epidemic control.

Our model-based R, estimation captured asymptomatic
transmission, which was higher than the estimate derived by
case data, which underestimated R,. After Toronto reopened
to Stage 1 on May 19, 2020," the R, gradually declined, possi-
bly owing to the strengthening of government regulations on
personal protective equipment (PPE) use, as well as public
messaging around mask-wearing, hand hygiene and physical
distancing.”” Although the contact rate increased after reopen-
ing, the enhancement of PPE appears to have reduced the
probability of infection, thereby reducing the risk of epidemic
resurgence.

We constructed a new indicator, symptomatic diagnosis
completion ratio (4,), which reflects the increased efficiency of
public health response as the pandemic unfolded. We also
observed that the diagnosis completion ratio affected trans-
mission, as measured by the R, being below 1 at reopening.
Indeed, with a small ratio, public health agencies need to
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strengthen nonpharmaceutical interventions and work to
decrease the number of contacts to avoid resurgence.

We found that full reopening without other strengthened
nonpharmaceutical interventions leads to resurgence. When
the average number of contacts in the population exceeded
the threshold found in our analysis after reopening, the num-
ber of cases rapidly increased, explaining the second wave in
Toronto. Such model-driven thresholds can act as early trig-
gers for policy-makers and allow for dynamic intervention to
mitigate the spread of SARS-CoV-2. Our model structure
further allows for the generation of long-term projections to
support decision-making. Though our analysis is a case study
of Toronto, it is applicable to regions where the demographic
characteristics are similar to those of this city and can also
provide some information to any possible new emerging
infections. Our simulation analysis is retrospective, however,
and the results should be interpreted as reflecting the 2020
situation in Toronto.

Limitations

Household size and composition vary greatly within
Toronto and in other regions. The mitigating effect of
stay-at-home policies should be re-examined when apply-
ing to other areas with varying household sizes. The real-
time serial interval may change with policy implementa-
tion,*® which was not considered in our R, calculation. In
addition, age structure was not incorporated, as we aimed
to unpack the impact of the stay-at-home policy on trans-
mission considering the household as a whole, even
though there is emerging evidence suggesting different
transmission among adults and children, with children
being less likely to acquire and transmit the infection.*”
Moreover, the higher transmissibility of emerging variants
of concern is concerning.*” We have considered school and
community reopening with age structure;* therefore, as a
further work, we will consider the variant of concern and
its impact on school opening to support public health
decision-making.

Conclusion

We explored the mitigating effect of a stay-at-home policy
on the spread of SARS-CoV-2 by using a compartmental
model that incorporates household structure and nonphar-
maceutical interventions, with Toronto as a case study. Our
results reflect the 2020 situation in Toronto and have no
current relevance to decision-making. We found that the
effect of the stay-at-home policy was almost wholly evident
after 2 months from implementation. Our study demon-
strated that to control outbreaks, a stay-at-home policy,
combined with physical distancing, PPE, and effective case
diagnosis, contact tracing and isolation, is an effective strat-
egy. Our results show that to reduce the risk of infection
and transmission, if one of the control measures is relaxed,
others may need to be strengthened. Our analysis of thresh-
olds, including contact rates, can be applied to a variety of
settings and can provide early triggers for dynamic public
health response.
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