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O n Mar. 11, 2020, the World Health Organization 
declared coronavirus disease 2019 (COVID-19), 
caused by severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2), a pandemic.1,2 By June 28, the pan-
demic included more than 10 million confirmed cases and 
about 500 000 deaths across 188  countries and territories.3 
Those who acquire SARS-CoV-2 may be asymptomatic or may 
experience disease manifestations ranging from mild to 
severe.4 Hospital admissions and deaths occur more com-
monly among older and immunocompromised individuals.5,6 
Evidence suggests that asymptomatic individuals can transmit 

the virus7 and that symptomatic individuals are infectious 
before developing symptoms.8–10 These characteristics of 
SARS-CoV-2, unlike previously known coronaviruses in 
humans, have posed substantial challenges to controlling 
local and global spread.

Canada’s initial public health response emphasized screen-
ing of incoming travellers to contain imported cases, with the 
first case of COVID-19 reported on Jan. 25 in a returned travel-
ler.11 Early cases detected in February were linked to returning 
travellers and their close contacts.12 Locally acquired infections 
were soon noted with cases rapidly increasing in March and 
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ABSTRACT
BACKGROUND: Continual efforts to elim-
inate community transmission of severe 
acute respiratory syndrome coronavi-
rus  2 (SARS-CoV-2) will be needed to 
prevent additional waves of infection. 
We explored the impact of nonpharma-
ceutical interventions on projected 
SARS-CoV-2 transmission in Canada.

METHODS:  We developed an age-
structured agent-based model of the 
Canadian population simulating the 
impact of current and projected levels 
of public health interventions on SARS-
CoV-2 transmission. Interventions 
included case detection and isolation, 
contact tracing and quarantine, physical 
distancing and community closures, 
evaluated alone and in combination.

RESULTS: Without any interventions, 
64.6% (95% credible interval [CrI] 63.9%–
65.0%) of Canadians will be infected with 
SARS-CoV-2 (total attack rate) and 3.6% 
(95% CrI 2.4%–3.8%) of those infected 
and symptomatic will die. If case detec-
tion and contact tracing continued at 
baseline levels without maintained phys-
ical distancing and reimplementation of 
restrictive measures, this combination 
brought the total attack rate to 56.1% 
(95% CrI 0.05%–57.1%), but it dropped 
to 0.4% (95% CrI 0.03%–23.5%) with 
enhanced case detection and contact 
tracing. Combining the latter scenario 
with maintained physical distancing 
reduced the total attack rate to 0.2% 
(95% CrI 0.03%–1.7%) and was the only 
scenario that consistently kept hospital 

and intensive care unit bed use under 
capacity, prevented nearly all deaths 
and eliminated the epidemic. Extending 
school closures had minimal effects but 
did reduce transmission in schools; how-
ever, extending closures of workplaces 
and mixed-age venues markedly 
reduced attack rates and usually or 
always eliminated the epidemic under 
any scenario.

INTERPRETATION: Controlling SARS-
CoV-2 transmission will depend on 
enhancing and maintaining interven-
tions at both the community and indi-
vidual levels. Without such interven-
tions, a resurgent epidemic will occur, 
with the risk of overwhelming our 
health care systems.
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overtaking travel-related cases by Mar. 15.12 Consequently, 
Canada’s public health response shifted from containment to 
miti gation. Nonpharmaceutical interventions have been 
employed, such as detection and isolation of infected individ-
uals, tracing of contacts to quarantine exposed individuals, 
physical distancing measures including community closures, 
restrictions on travel and large gatherings, and other measures 
aimed at reducing contacts among individuals. All provinces 
and territories implemented strict physical distancing measures 
in mid-March. These efforts have succeeded in controlling the 
epidemic to date.13 However, it is anticipated that without con-
tinued efforts to eliminate community transmission, subsequent 
waves of infections will occur. Given that the interventions used 
to control COVID-19 are unprecedented and their effectiveness 
remains unknown, modelling their likely effects across a range 
of scenarios can guide decision-making.14–16

Transmission dynamics of infectious diseases are typically 
modelled using compartmental models at the population 
level.17,18 In contrast, agent-based models are computer simula-
tions composed of agents that can represent people, places and 
objects. These models are stochastic, and agents are pro-
grammed to interact with other agents within the model 
environ ment. Agent-based models allow agents to have unique 
characteristics and heterogeneity, which makes them suitable 
for simulating events that occur by chance, for example, 
whether infection propagates in the early stages of emergence 
or whether elimination occurs in the final stages. Agent-based 
models are particularly suited for studying the effectiveness of 
interventions as these are highly dependent on community 
structure and population dynamics.19,20 We present an agent-
based model developed at the Public Health Agency of Canada 
to estimate projections of SARS-CoV-2 transmission with varying 
interventions in Canada.

Methods

Technical details of the model, including parameters derived 
from published studies and Canadian data, are presented in 
Appendix 1 (available at www.cmaj.ca/lookup/suppl/doi:10.1503/
cmaj.200990/-/DC1). Our model was developed in AnyLogic 8 Pro-
fessional  8.5.2 (The AnyLogic Company). As there are multiple 
outbreaks currently occurring across Canada, our model is a gen-
eralized estimate of the situation and does not account for the 
geographic dispersion of cases seen across jurisdictions.

Interventions and model scenarios
The model explored 4 interventions (case detection and isolation, 
contact tracing and quarantine, personal physical distancing to 
reduce the daily contact rate, and community closure) individually 
and together (Table 1). The efficacy of each intervention was com-
pared against a “no intervention” scenario, in which no interven-
tions were applied to explore the unchecked progression of 
COVID-19 in a naïve population. We modelled interventions sepa-
rately to explore their individual impact, and we estimated the cur-
rent levels of interventions in Canada to generate a baseline repre-
senting the Canadian situation from Feb. 7 to May 10, 2020, when 
restrictive community closures began being lifted. During the 
baseline period, we estimate about 20% of symptomatic cases 
were identified via case testing and isolated for their remaining 
infectious period;21 50% of household members of identified cases 
also isolated (estimate); 50% of exposed cases were identified via 
contact tracing and quarantined before being infectious (esti-
mate); 100% of schools, 40% of workplaces and 50% of mixed-age 
meeting venues were closed from Mar. 16 to May 10;22,23 and there 
was a further 20% reduction in contact rate from physical distanc-
ing outside of home.24,25 The baseline was validated against locally 
acquired cases in Canada (Appendix 1, Figure S2).

Table 1: Nonpharmaceutical interventions explored in the model

Intervention 
type Impact of intervention

Model 
component

Case detection 
and isolation

Case testing to identify symptomatic cases resulting in isolation of these individuals in their household, 
thereby reducing community transmission. Agents that are identified via case testing are isolated at home for 
14 days. In addition, a proportion of household members also isolate unless they have been previously 
infected and are immune.

Mild 
symptoms*

Note that by the time agents arrive in the mildly symptomatic state, they have already been infectious for 1 to 
3 days, but isolating them in this state will prevent a further 3 to 7 days of potential community transmission. 
Isolated agents can continue to infect household members, but at a reduced contact rate of 50% as we assume 
sick individuals will impose some form of physical distancing in the household.

Contact tracing 
and quarantine

Contact tracing to identify individuals who have been exposed and infected but are not yet infectious. This 
intervention is one of the most effective because an agent who is quarantined for 14 days in the exposed state 
will not be a source of community infection at any point during their infection.

Exposed

Physical 
distancing

Reduce the number of contacts per day; can be applied to the entire population or targeted by age group. 
Physical distancing was applied only outside of the household.

All agent 
states

Community 
closure

Closure of schools, workplaces and mixed-age venues either as a proportion (e.g., 100% of schools) or as a 
threshold (e.g., workplaces with 50 or more assigned agents). Agents who are assigned to a community 
environment that is closed are forced to stay at home until closure has ended.

NA

Note: NA = not applicable. 
*Individuals with severe symptoms are assumed to be too ill to be out in the community; therefore, case testing and isolation applies only to agents with mild symptoms.
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Building on the baseline, we modelled 4 scenarios from 
May 11, 2020, to Jan. 7, 2022, to explore potential trajectories of 
SARS-CoV-2 transmission in Canada under varying levels of con-
trol put in place to compensate for lifting of community closures 
(Figure 1). Scenarios represented minimal control (case detection 

and isolation, and contact tracing and quarantine remain at 
baseline levels and physical distancing is not maintained), main-
tained physical distancing, enhanced case detection and contact 
tracing, and combined interventions (maintained physical dis-
tancing and enhanced case detection and contact tracing) 
(Table  2). The 4  scenarios were developed based on realistic 
Canadian targets according to our current effort. Scenarios were 
then used to compare and explore the impact of extended school 
and community closures. We modelled extending closures until 
September 2020. When extending school closures, we lifted clos-
ures on workplaces and mixed-age venues, and vice versa. Since 
schools are closed over summer, this allowed for comparison on 
the same time scale.

Model output and statistical analyses
The model produced daily cumulative and incident counts for 
each age group for each health state. Outcomes that we evalu-
ated included the total attack rate (the total number of new 
cases divided by the total population), clinical attack rate, 
asymptomatic attack rate, hospital admissions, ICU admissions 
and mortality rate by age group. We also constructed epidemic 
curves of daily case incidence or prevalence per 100 000 people. 
The stochastic outputs are presented as medians from 50 realiza-
tions (simulations) per scenario, and values from the 2.5th and 
97.5th  percentiles are presented as the 95% credible interval 
(CrI). The transmission parameter was fitted to Canadian data 
producing a reproduction number (R0, the average number of 
additional people who will become infected from each infected 
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Figure 1: The baseline is applied to all 4 scenarios in the first 94 days of 
model runs. On day 95 (May 11, 2020), a different combination of public 
health interventions are explored in each scenario. Note: The full model 
run is 700  days from Feb.  7, 2020, to Jan.  7, 2022. The green bar repre-
sents the 8 weeks of restrictive closures (workplace, schools, mixed-age 
venues representing public spaces, malls, libraries, etc.) within the base-
line period, Mar. 16 to May 10, 2020.

Table 2: Summary of the Canadian baseline and varying levels of public health interventions applied in the 4 scenarios studied

Intervention 
type

Canadian baseline
(Feb. 7 to May 10, 

2020)

Scenarios and varying levels of public health interventions applied (May 11, 2020, to Jan. 7, 2022)

Minimal control 
(no change to interventions 
once closures are lifted and 

physical distancing not 
maintained)

Maintained physical 
distancing

Enhanced case 
detection and 

contact tracing
Combined 

interventions

Case detection 
and isolation

20% detected and 
isolated (50% 

household 
co-isolate)

20% detected and isolated 
(50% household co-isolate)

20% detected and 
isolated (50% 

household 
co-isolate)

50% detected and 
isolated* (50% 

household 
co-isolate)

50% detected and 
isolated* (50% 

household co-isolate)

Contact tracing 
and quarantine

50% of 20% cases 
detected traced 

and quarantined

50% of 20% cases detected 
traced and quarantined

50% of 20% cases 
detected traced and 

quarantined

100% of 50% cases 
detected traced 

and quarantined*

100% of 50% cases 
detected traced and 

quarantined*

Physical 
distancing 
(reducing daily 
contact rate)

20% reduction in 
contact rate for 

8 weeks (Mar. 16 to 
May 10, 2020)

NA 20% reduction in 
contact rate 
maintained*

N/A 20% reduction in 
contact rate 
maintained*

Community 
closure

100% schools, 40% 
workplaces, 50% 

mixed-age venues 
closed for 8 weeks 

only (Mar. 16 to 
May 10, 2020)

NA NA NA NA

Note: NA = not applicable. 
*Interventions that have been enhanced or maintained from the baseline scenario. 
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person) of 2.7; we performed sensitivity analyses to explore the 
impact of varying R0 values between 2.0 and 3.0 for each of the 
4  scenarios. Statistical analyses and graphs were created using 
Stata 16 (StataCorp). 

Ethics approval
No ethics approval for our study was required because all data 
were from published literature and publicly available aggre-
gated data.

Results

The population total attack rate for community-acquired trans-
mission with no intervention was 64.6% (95% CrI 63.9%–65.0%) 
and the mortality rate of those who were symptomatic was 3.6% 
(95% CrI 2.4%–3.8%) (Appendix 1, Figure S3). Interventions were 
modelled individually to explore their effectiveness indepen-
dently. The most effective individual intervention was partial com-
munity closure (total attack rate 7.6%, 95% CrI 0.36%–13.2%), 

Table 3: Summary of model outputs for the 4 scenarios studied*

Variable Minimal control
Maintained physical 

distancing

Enhanced case 
detection and 

contact tracing
Combined 

interventions

Total attack rate, % (95% CrI) 56.1 (0.05–57.1) 41.6 (0.04–43.4) 0.36 (0.03–23.5) 0.25 (0.03–1.7)

Clinical attack rate, % (95% CrI) 34.5 (0.03–35.1) 25.4 (0.03–26.6) 0.23 (0.02–14.3) 0.16 (0.02–1.0)

Asymptomatic attack rate, % (95% CrI) 21.6 (0.01–22.1) 16.2 (0.01–16.9) 0.13 (0.01–9.2) 0.09 (0.01–0.7)

Proportion of asymptomatic cases of total cases, 
% (95% CrI)

38.5 (26.7–42.5) 38.8 (28.6–40.2) 38.9 (24.1–40.5) 36.9 (28.6–42.8)

Clinical cases that are mild (not admitted to 
hospital), % (95% CrI)

89.1 (4.1–21.2) 89.5 (84.0–94.9) 89.7 (80.0–93.0) 90.0 (60.9–93.6)

Clinical cases that are admitted to hospital 
(includes ICU), % (95% CrI)

10.9 (4.1–21.2) 10.5 (5.1–16.0) 10.3 (7.0–20.0) 10.0 (6.5–39.1)

Clinical cases admitted into the ICU, % (95% CrI) 2.8 (0.0–7.9) 2.7 (0.0–5.9) 2.6 (0.0–5.0) 2.7 (0.0–6.2)

Hospital-admitted cases admitted into the ICU, 
% (95% CrI)

25.4 (0.0–50.0) 25.4 (0.0–50.0) 25.4 (0.0–40.0) 24.1 (0.0–57.1)

Mortality rate of clinical cases, % (95% CrI) 3.2 (0.0–3.5) 2.9 (0.0–4.8) 1.7 (0.0–4.0) 1.4 (0.0–5.3)

Total cases (clinical and asymptomatic) per 
100 000, median (95% CrI) 

56 148 (45–57 068) 41 579 (44–43 455) 358 (29–23 408) 247 (28–1679)

Total clinical cases per 100 000, median (95% CrI) 34 463 (31–35 087) 25 413 (30–26 626) 227 (22–14 301) 157 (20–991)

Total asymptomatic cases per 100 000, median 
(95% CrI)

21 615 (12–22 101) 16 152 (14–16 881) 129 (7–9249) 94 (8–688)

Total hospital-admitted cases per 100 000, 
median (95% CrI)

3747 (2–3903) 2661 (3–2824) 25 (2–1464) 16 (4–105)

Total cases admitted into the ICU per 100 000, 
median (95% CrI)

950 (0–1031) 665 (0–748) 7 (0–387) 4 (0–28)

Total deaths per 100 000, median (95% CrI) 1113 (0–1208) 739 (0–830) 4 (0–296) 2 (0–13)

Infections acquired at school, % (95% CrI) 9.1 (1.7–9.7) 8.9 (0.0–9.4) 9.1 (0.0–13.3) 4.8 (0.0–10.8)

infections acquired at work, % (95% CrI) 14.2 (9.1–20.5) 13.7 (5.3–19.5) 13.1 (5.8–25.8) 13.3 (5.8–19.4)

Infections acquired in mixed-age venues, 
% (95% CrI)

25.4 (14.3–28.2) 24.0 (12.3–27.2) 23.2 (11.1–27.8) 22.4 (13.6–30.3)

Infections acquired in the household, % (95% CrI) 51.2 (50.8–68.2) 53.3 (52.9–64.9) 56.2 (53.1–69.2) 58.4 (51.6–69.7)

No. of infections acquired at school per 100 000, 
median (95% CrI)

5134 (1–5336) 3759 (0–3920) 18 (0–2365) 11 (0–159)

No. of infections acquired at work per 100 000, 
median (95% CrI)

7947 (4–8239) 5655 (2–6000) 43 (2–3107) 33 (3–217)

No. of infections acquired in mixed-age venue per 
100 000, median (95% CrI)

14 225 (6–14 694) 9941 (6–10 503) 83 (2–5511) 56 (3–371)

No. of infections acquired at home per 100 000, 
median (95% CrI)

28 659 (24–29 137) 22 176 (23–23 080) 210 (16–12 591) 142 (15–942)

Note: CrI = credible interval, ICU = intensive care unit.
*Median values from 50 realizations are presented in the table with 2.5th percentile and 97.5th percentile values representing the 95% CrI. Wide range in the 95% CrI indicates 
dichotomous outcomes across the model runs (i.e., epidemic v. epidemic elimination). The median values indicate the most likely outcome out of 50 realizations.
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then sustained physical distancing (total attack rate 54.0%, 95% 
CrI 53.0%–54.7%), 20% case detection and isolation with 50% 
household co-isolation (total attack rate 59.3%, 95% CrI 0.04%–
60.0%) and 50% contacts traced and quarantined (total attack 
rate 62.5%, 95% CI 62.0%–63.3%) (Appendix  1, Figures  S4–S7). 
The only intervention able to extinguish the epidemic on its 
own was partial community closure (though we note that it 
would take 18  months to extinguish the epidemic, which is 
likely unrealistic for such a restrictive intervention), while all 
other interventions delayed the epidemic. For comparison, we 
modelled these baseline-level interventions (excluding partial 
community closure) together; the total attack rate was 42.3% 
(95% CrI 0.03%–43.3%), a 22.3% reduction in total attack rate 
versus 17.8% when applied separately (Appendix  1, Figure  S8; 
additional data available on request from the authors). 

The total attack rate under the minimal control scenario was 
56.1% (95% CrI 0.05%–57.1%) (Table 3). The highest total attack 

rate, driven by high asymptomatic infections (~ 50%), occurred in 
the 10–19  years age groups, the highest clinical attack rate 
occurred in the 20–54 years age groups, hospital admission and 
mortality rates were highest in those 75 years and older, and the 
ICU admission rate was highest in the 65–84  years age groups 
(because most of those 85 years and older died before reaching 
the ICU) (data available on request from the authors). The min-
imal control scenario, which represents case detection and con-
tact tracing interventions maintained at current levels, was effec-
tive in reducing the overall total attack rate, but was not 
sufficient to cause the epidemic to die out or to control a resur-
gence of the epidemic when restrictive measures (closures) are 
lifted (Figure 2).

Under the scenario of minimal control with the additions of 
maintained physical distancing, the total attack rate was 
reduced to 41.6% (95% CrI 0.04%–43.4%). In contrast, the scen-
ario of enhanced case detection and contact tracing attenuated 
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the total attack rate markedly to 0.4% (95% CrI 0.03%–23.5%). In 
the final scenario combining this with maintained physical dis-
tancing, the total attack rate was 0.2% (95% CrI 0.03%–1.7%). 
However, only in the combined interventions scenario was the 
epidemic projected to die out completely, although a few realiza-
tions indicated that epidemic control may not occur until fall 
2021 (Figure 2).

The comparative effects of the 4 scenarios on clinical cases, 
hospital admissions and ICU admissions paralleled their effects 
on the total attack rate (Table 3). Total deaths per 100 000 were 
1113 (95% CrI 0–1208) with minimal control, 739 (95% CrI 
0–830) with maintained physical distancing, 4 (95% CrI 0–296) 
with enhanced case detection and contact tracing and 2 (95% 
CrI 0–13) with combined intervention. In comparison to no 
interventions, minimal control resulted in 5312 fewer clinical 
cases, 798 fewer hospital admissions and 320 fewer deaths per 
100 000, while combined interventions resulted in 39 618 fewer 
clinical cases, 4529 fewer hospital admissions and 1431  fewer 

deaths per 100 000 (data available on request from the 
authors). With minimal control or maintained physical distanc-
ing, hospital and ICU use would exceed maximum capacity (Fig-
ure 3 and  Figure 4). With enhanced case detection and contact 
tracing, hospital and ICU use remained within capacity on aver-
age, but exceeded capacity in several model realizations. Only 
with combined interventions did hospital and ICU use remain 
consistently within capacity.

Addition of extended school closures to the minimal control 
or maintained physical distancing scenarios reduced the total 
attack rate minimally compared with these scenarios alone 
(Table  4) and simply delayed the epidemic (Figure  5). Com-
pared with minimal control alone, adding school closures 
resulted in 924 fewer clinical cases, 95 fewer hospital admis-
sions and 26 fewer deaths per 100 000 (Table 3, Table 4). Com-
pared with maintained physical distancing alone, adding 
school closures resulted in 351 fewer clinical cases, 71 fewer 
hospital admissions and 28 fewer deaths per 100 000. While 
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Figure 3: Projected hospital bed use showing daily hospital admission prevalence per 100 000 people for the 4 scenarios. Note: Prevalent cases include 
those requiring general hospital admission in addition to those requiring pre–intensive care unit (ICU) and post-ICU hospital admission resulting from 
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extended school closure reduced the number of infections 
acquired in schools by 935 per 100 000 under minimal control 
and 310 per 100 000 under maintained physical distancing, 
compared with these scenarios without school closures, the 
overall impact of school closure on the epidemic is minor owing 
to continued community transmission. School closures 
resulted in higher transmission at home (379 and 287 addi-
tional infections per 100 000, respectively), which compensated 
partly for reduced transmission in schools. Under the enhanced 
case detection and contact tracing scenario or the combined 
interventions scenario, extended school closures controlled the 
epidemic in most realizations (Figure 5).

In comparison, extended closures of workplace and 
mixed-age venues tended to result in much lower total 
attack rates under minimal control (0.4%, 95% CrI 0.1%–
57.0%) and maintained physical distancing (0.3%, 95% CrI 
0.04%–43.3%) (Table 5). More than half of the realizations for 
workplace and mixed-age venue closures under these scen-
arios eliminated the epidemic, while under enhanced case 

detection and contact tracing or combined interventions, 
the epidemic was eliminated in all realizations (Figure  6). 
The greater effectiveness of partial closures of workplaces 
and mixed-age venues compared with full school closures 
was due to a higher proportion of infections being acquired 
in the workplace (12.4%–14.4%) and mixed-age venues 
(22.5%–25.6%) than in schools (3.3%–9.0%) under either 
type of community closure across scenarios, given that there 
are many more individuals in the workforce and the commu-
nity than in school and that community transmission and 
household transmission continue to occur during extended 
school closures.

The sensitivity analysis indicated that the model results 
were dependent on the transmission parameter (β) and its 
associated reproduction number (R0). When R0 was lowered to 
2.4 (from the baseline estimate of R0 = 2.7), both the enhanced 
case detection and contact tracing scenario and the combined 
interventions scenario eliminated the epidemic and kept hospi-
tal and ICU bed use within capacity in all realizations. When R0 
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Figure 4: Projected intensive care unit (ICU) bed use showing daily ICU prevalence per 100 000 people for the 4 scenarios. Note: The maximum Canadian 
ICU bed capacity is represented by the dashed horizontal red lines. Median values are represented by the black line. Each grey line represents 1 model 
realization out of 50 per scenario.
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was lowered further to 2.0, hospital and ICU bed use also 
remained below capacity under the maintained physical dis-
tancing scenario and even in most realizations under the 
minimal  control  scenario.  In  contrast ,  when R 0 was 
increased to 3.0, none of the scenarios controlled the epi-
demic and only the combined interventions scenario kept 
hospital and ICU bed use within capacity (Appendix  1, 
Figures S13–S24).

Interpretation

Our objective was to estimate the national situation of SARS-
CoV-2 transmission and model the challenges we are likely to 
face as we begin to lift restrictive closures in Canada that 
have been effective, but also have negative economic, social 
and health effects on society. The timing of easing of restric-
tive closures will largely depend on the regional situation in 

Table 4: Summary of model outputs for the 4 scenarios studied with extended school closures*

Variable Minimal control

Maintained 
physical 

distancing

Enhanced case 
detection and 

contact tracing
Combined 

interventions

Total attack rate, % (95% CrI) 54.7 (0.02–57.2) 41.0 (0.04–42.6) 0.3 (0.05–22.5) 0.3 (0.03–1.0)

Clinical attack rate, % (95% CrI) 33.5 (0.02–35.1) 25.1 (0.02–26.2) 0.2 (0.04–13.7) 0.19 (0.0–0.6)

Asymptomatic attack rate, % (95% CrI) 21.1 (0.0–22.1) 15.8 (0.01–16.7) 0.1 (0.02–8.8) 0.11 (0.01–0.4)

Proportion of asymptomatic cases of total cases, 
% (95% CrI)

38.5 (16.7–42.6) 38.7 (31.5–43.9) 38.1 (28.6–43.5) 37.3 (25.0–44.5)

Clinical cases that are mild (not admitted to hospital), 
% (95% CrI)

89.0 (78.0–93.2) 89.5 (80.0–91.4) 89.8 (81.2–94.2) 89.9 (81.2–94.7)

Clinical cases admitted to hospital (includes ICU), 
% (95% CrI)

11.0 (6.8–22.0) 10.5 (8.6–20.0) 10.2 (5.8–18.8) 10.1 (5.3–18.8)

Clinical cases admitted into the ICU, % (95% CrI) 2.8 (0.0–6.2) 2.7 (0.0–8.7) 2.8 (0.9–12.5) 2.4 (0.0–6.9)

Hospital-admitted cases admitted into the ICU, 
% (95% CrI)

25.6 (0.0–50.0) 25.5 (0.0–66.7) 29.3 (9.1–66.7) 22.5 (0.0–50.0)

Mortality rate of clinical cases, % (95% CrI) 3.2 (0.0–4.0) 2.9 (0.0–4.0) 1.6 (0.0–5.3) 1.4 (0.0–4.0)

Total cases (clinical and asymptomatic) per 100 000, 
median (95% CrI) 

54 668 (24–57 177) 41 003 (35–42 579) 313 (56–22 533) 297 (28–990)

Total clinical cases per 100 000, median (95% CrI) 33 539 (20–35 083) 25 062 (23–26 158) 198 (37–13 722) 191 (18–625)

Total asymptomatic cases per 100 000, median  
(95% CrI)

21 082 (4–22 064) 15 955 (12–16 661) 118 (22–8811) 110 (8–365)

Total hospital-admitted cases per 100 000, median 
(95% CrI)

3652 (5–3979) 2490 (3–2835) 21 (4–1409) 19 (2–67)

Total cases admitted into the ICU per 100 000, median 
(95% CrI)

930 (0–996) 658 (0–727) 6 (1–348) 4 (0–17)

Total deaths per 100 000, median (95% CrI) 1088 (0–1203) 712 (0–790) 3 (0–252) 3 (0–12)

Infections acquired at school, % (95% CrI) 8.0 (0.0–9.2) 8.5 (0.0–9.4) 4.4 (1.2–10.0) 3.3 (0.0–12.3)

infections acquired at work, % (95% CrI) 14.4 (5.6–15.6) 13.6 (5.6–20.6) 13.4 (5.5–20.0) 13.9 (0.0–20.6)

Infections acquired in mixed-age venues, % (95% CrI) 25.6 (16.8–32.8) 24.2 (19.4–31.0) 23.3 (14.7–32.1) 23.6 (15.4–31.8)

Infections acquired in the household, % (95% CrI) 51.8 (51.0–64.0) 53.5 (52.9–72.2) 59.7 (51.1–64.5) 58.9 (51.5–68.2)

No. of infections acquired at school per 100 000, 
median (95% CrI)

4199 (0–5169) 3449 (0–3874) 12 (2–2114) 10 (0–40)

No. of infections acquired at work per 100 000, 
median (95% CrI)

7943 (1–8340) 5611 (2–5930) 43 (6–3008) 44 (0–124)

No. of infections acquired in mixed-age venue per 
100 000, median (95% CrI)

14 190 (7–14 618) 9924 (7–10 450) 63 (10–5286) 68 (5–254)

No. of infections acquired at home per 100 000, 
median (95% CrI)

28 280 (10–29 259) 21 889 (17–22 795) 186 (32–12 074) 167 (15–580)

Note: CrI = credible interval, ICU = intensive care unit.
*Median values from 50 realizations are presented in the table with 2.5th percentile and 97.5th percentile values representing the 95% CrI. Wide range in the 95% CrI indicates 
dichotomous outcomes across the model runs (i.e., epidemic v. epidemic elimination). The median values indicate the most likely outcome out of 50 realizations.
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provinces and territories.13,26 Our agent-based model found 
that all interventions studied were effective at reducing 
transmission to some degree, but enhancing case detection 
and isolation to capture 50% of all cases, while enhancing 
contact tracing to capture and quarantine all contacts of 
these cases, was most effective, especially when combined 
with maintaining physical distancing to reduce the contact 
rate among individuals in the population by 20%. These inter-
ventions would need to be maintained until the epidemic is 
extinguished (either via herd immunity or vaccination), or 
there will be a resurgence.

Partial community closure was the only intervention explored 
that was capable of driving the epidemic to extinction on its own. 
Our results suggest this would be driven primarily by workplace 
and mixed-age venue closures rather than school closures. 
School closures, while useful to prevent transmission in schools, 
added little to the effects of partial community closures and were 
not effective on their own to reduce the overall attack rate and 

control the epidemic, particularly if community transmission  — 
driven by individuals who are asymptomatic or presymptomatic 
but infectious — persists. Without additional public health meas-
ures, school closures will only delay an epidemic.14 Our findings 
are consistent with early studies that suggest closing schools 
may not be as effective as other less restrictive measures.27 Work-
place and general community closures were shown to be much 
more effective, because transmission is occurring predominantly 
in these settings. 

Consistent with international studies,14,28 we found that with-
out any intervention, about two-thirds of Canadians will become 
infected. Realistic interventions consistent with current efforts 
being made in Canada were projected to reduce the proportion 
of the population infected only slightly or almost entirely, 
depending on the trajectory of our efforts in the coming months, 
consistent with other models.14,16 The actual attack rate we will 
see will depend on the degree to which case detection and isola-
tion and contact tracing and quarantine are ramped up,21,29 and 
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Figure 5: Projected epidemic curves showing daily case incidence per 100 000 people for for the 4 scenarios with extended school closures. Note: Each 
scenario progressively applies increasing public health measures. The green bar represents the period from Mar. 16 to May 10, 2020, corresponding to 
restrictive closures. The yellow bar represents the period from May 11 to Sept. 8, 2020, corresponding to school closures only. Median values are repre-
sented by the black line. Each grey line represents 1 model realization out of 50 per scenario. The y-axis scale for the enhanced case detection and con-
tact tracing scenario and the combined interventions scenario is 10 times smaller.
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the degree to which the Canadian public adheres to personal 
physical distancing and other personal protective meas-
ures.22,24,30 If we release restrictive closures without ramping up 
other public health measures, the epidemic will resurge with a 
magnitude depending on our future effort, and could exceed the 
capacity of our health care system and require the reimplemen-
tation of lockdown restrictions.

Limitations
Many key epidemiologic characteristics of SARS-CoV-2 remain 
unknown, particularly whether children are less susceptible to 
infection than adults, the true proportion of asymptomatic 
infections and whether recovery from COVID-19 confers lasting 
immunity to SARS-CoV-2. We developed a national model that 
attempts to aggregate heterogenous regional epidemics; as 

Table 5: Summary of model outputs for the 4 scenarios studied with extended community (workplace and mixed-age venue) 
closures*

Variable Minimal control

Maintained 
physical 

distancing

Enhanced case 
detection and 

contact tracing
Combined 

interventions

Total attack rate, % (95% CrI) 0.4 (0.1–57.0) 0.3 (0.04–43.3) 0.2 (0.03–0.9) 0.2 (0.07–0.9)

Clinical attack rate, % (95% CrI) 0.3 (0.06–34.9) 0.2 (0.03–26.5) 0.1 (0.02–0.6) 0.2 (0.05–0.5)

Asymptomatic attack rate, % (95% CrI) 0.2 (0.03–22.2) 0.1 (0.01–16.8) 0.1 (0.01–0.3) 0.1 (0.02–0.3)

Proportion of asymptomatic cases of total cases, 
% (95% CrI)

38.5 (33.8–42.6) 38.8 (28.0–43.6) 37.9 (25.3–44.7) 37.5 (27.4–44.3)

Clinical cases that are mild (not admitted to hospital), 
% (95% CrI)

89.0 (85.5–93.1) 89.6 (83.3–93.8) 89.5 (82.2–93.2) 89.6 (79.7–93.1)

Clinical cases admitted to hospital (includes ICU), 
% (95% CrI)

11.0 (6.9–14.5) 10.4 (6.2–16.7) 10.5 (6.8–17.8) 10.4 (6.9–20.3)

Clinical cases admitted into the ICU, % (95% CrI) 2.8 (0.7–5.2) 2.6 (0.0–42.9) 2.7 (0.0–7.4) 2.8 (0.4–6.1)

Hospital-admitted cases admitted into the ICU, 
% (95% CrI)

25.6 (5.3–57.1) 24.7 (0.0–42.9) 25.9 (0.0–55.6) 23.8 (4.0–46.7)

Mortality rate of clinical cases, % (95% CrI) 3.2 (0.0–4.7) 1.7 (0.0–4.8) 1.4 (0.0–4.3) 1.5 (0.0–5.1)

Total cases (clinical and asymptomatic) per 100 000, 
median (95% CrI) 

436 (96–56 988) 290 (42–43 333) 237 (30–886) 226 (70–869)

Total clinical cases per 100 000, median (95% CrI) 263 (58–34 923) 169 (29–26 531) 143 (22–549) 145 (46–543)

Total asymptomatic cases per 100 000, median  
(95% CrI)

166 (34–22 192) 119 (13–16 802) 89 (7–337) 91 (22–326)

Total hospital-admitted cases per 100 000, 
median (95% CrI)

27 (4–3922) 18 (5–2758) 16 (2–54) 15 (5–60)

Total cases admitted into the ICU per 100 000, 
median (95% CrI)

11 (1–1019) 5 (0–705) 5 (0–15) 4 (1–16)

Total deaths per 100 000, median (95% CrI) 5 (0–1218) 3 (0–784) 2 (0–12) 2 (0–9)

Infections acquired at school, % (95% CrI) 9.0 (1.0–11.6) 4.2 (0.0–9.4) 4.0 (0.0–8.2) 4.0 (0.0–8.7)

infections acquired at work, % (95% CrI) 14.2 (3.8–20.5) 13.6 (8.3–18.4) 12.4 (5.3–18.9) 12.5 (7.1–23.0)

Infections acquired in mixed-age venues, % (95% CrI) 25.3 (13.1–33.9) 22.8 (16.3–28.4) 22.5 (12.2–29.1) 22.5 (16.2–30.5)

Infections acquired in the household, % (95% CrI) 54.7 (50.9–62.7) 59.6 (53.0–67.1) 60.2 (56.7–75.0) 59.8 (52.2–64.1)

No. of infections acquired at school per 100 000, 
median (95% CrI)

29 (1–5307) 11 (0–3900) 9 (0–53) 10 (0–60)

No. of infections acquired at work per 100 000, 
median (95% CrI)

62 (5–8194) 41.5 (5–5948) 30 (1–105) 31 (6–125)

No. of infections acquired in mixed-age venue per 
100 000, median (95% CrI)

109 (17–14 513) 60 (8–10 461) 52 (4–201) 47 (14–199)

No. of infections acquired at home per 100 000, 
median (95% CrI)

243 (52–29 116) 173 (22–22 991) 138 (15–541) 139 (35–508)

Note: CrI = credible interval, ICU = intensive care unit.
*Median values from 50 realizations are presented in the table with 2.5th percentile and 97.5th percentile values representing the 95% CrI. Wide range in the 95% CrI indicates 
dichotomous outcomes in model runs (i.e., epidemic v. epidemic elimination). The median values indicate the most likely outcome out of 50 realizations.
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such, our model may not accurately describe SARS-CoV-2 trans-
mission across all communities in Canada. However, Canadian 
data were used to calibrate the model, and results show good 
fit to locally acquired cases. Our model does not account for 
transmission among health care workers and residents of long-
term care facilities, which are the source of multiple outbreaks 
across Canada. As transmission in health care workers and 
long-term care facilities are occurring at varying magnitude 
across provinces and territories, a national model is not suit-
able to address these regional and localized clusters. Further, 
the settings in which these localized outbreaks are occurring 
face unique challenges often requiring more intensive infection 
prevention and control interventions that are not implemented 
at the population level.31 This model is representative of the 
general Canadian situation and provides a baseline projection 
of community transmission in Canada. Our results will there-
fore need to be interpreted recognizing that in some circum-
stances localized outbreaks may result in higher numbers of 
cases, hospital admissions and deaths than projected.

Conclusion
The model provides early estimates of COVID-19 transmission in 
the Canadian population and the impact of combining interven-
tions to reduce and eliminate transmission in Canada. Early 
efforts to control the epidemic in Canada were largely successful, 
but as restrictive measures across the country are lifted, enhance-
ment of other control measures is needed to prevent transmis-
sion, minimize cases, and ensure Canada’s health systems are not 
overwhelmed.
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