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Abstract: A total of 475,214 COVID-19 cases, including 13,659 deaths, had been recorded in Canada as
of 15 December 2020. The daily reports of confirmed cases and deaths in Canada prior to 15 December
2020 were obtained from publicly available sources and used to examine regional variations in case
fatality rate (CFR). Based on a factor of underestimation and the duration of time from symptom
onset to death, the time-delay adjusted CFR for COVID-19 was estimated in the four most affected
provinces (Quebec, Ontario, Alberta, and British Columbia) and nationwide. The model-based
adjusted CFR was higher than the crude CFR throughout the pandemic, primarily owing to the
incorporation in our estimation of the delay between case reports and deaths. The adjusted CFR
in Canada was estimated to be 3.36% nationwide. At the provincial level, the adjusted CFR was
the highest in Quebec (5.13%)—where the proportion of deaths among older individuals was also
the highest among the four provinces—followed by Ontario (3.17%), British Columbia (1.97%),
and Alberta (1.13%). Provincial-level variations in CFR were considerable, suggesting that public
health interventions focused on densely populated areas and elderly individuals can ameliorate the
mortality burden of the COVID-19 pandemic.
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1. Introduction

Since severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) was identified
in China in December 2019, more than 70 million cases of coronavirus disease 2019 (COVID-
19) have been reported globally by the World Health Organization, with 1,599,922 related
deaths as of 15 December 2020 [1]. In Canada, the federal government established its
Emergency Operations Centre on 15 January 15 2020, and the first case of the virus was
confirmed on 27 January 2020, when an individual who had returned to Toronto from
Wuhan, Hubei, China tested positive [2]. On 27 February, the Federal/Provincial/Territorial
Public Health Response Plan for Biological Events was activated, and it was at level 3–
“escalated,” which triggered response planning [3]. Until March, all cases were linked to
recent travel to an endemic country; however, on 5 March, Canada’s first known case of
community transmission was reported in British Columbia (B.C.). On 7 March, Canada’s
first long-term care (LTC) facility outbreak was recorded in B.C., followed by Canada’s
first death related to COVID-19, confirmed on 9 March in B.C. [4] As cases of community
transmission were confirmed, the government of Ontario was the first to announce that
public schools would be closed from 14 March to 5 April 2020 [5]. Public health emergencies
were announced in Quebec on 13 March, followed by Ontario and Alberta on 17 March,
and British Columbia on 18 March. As a result, by mid-March, all of Canada’s provinces
and territories had declared states of emergency.

Following the announcement of public health emergencies, provinces and territories
implemented school closures, restrictions on entry, closures of non-essential businesses,
prohibitions on gatherings, and mandatory self-isolation for travelers. On 21 March,
Canada closed its border with the United States, with some exceptions for freight movement
and essential workers [6]. In addition, the Canadian government restricted border access in
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general, barring entry to almost all travelers from all countries [6]. By mid-to-late summer,
it appeared as though Canada had flattened the curve of the pandemic, with a steady
decline in active cases. However, near the end of the summer, a resurgence of cases was
observed in most provinces and territories. Across all provinces, Canada recorded a sudden
spike in the number of COVID-19 cases, from approximately 300 per day in August to a
record high of over 6000 in December. The daily number of new cases was over 3.5 times
more than it was at its peak in April, with deaths averaging approximately 120 per day. On
23 September, it was declared that Canada was experiencing a second wave of the virus.
As a result, new restrictions and response measures from provincial governments were put
in place, including new regional lockdowns.

As of 15 December 2020, 475,214 cases of COVID-19 had been reported in Canada,
including 385,975 recoveries and 13,659 deaths. Although confirmed cases had been
reported in all of Canada’s provinces and territories, with Nunavut being the last to report
its first confirmed case on 6 November, most of these cases have been in Canada’s two most
populous provinces, Ontario and Quebec. The Canadian government anticipates 11,000–
22,000 deaths over the course of the pandemic, assuming intensive epidemic control [2].
In Canada, outbreaks of COVID-19 in LTC facilities have contributed substantially to the
mortality associated with COVID-19 [7]. Syed et al. reported that 81% of COVID-19-
related deaths in Canada have occurred in LTC facilities—almost twice the average rate of
countries within the Organization for Economic Cooperation and Development (OECD) [8].
Residents in LTCs are mostly elderly, and thus, are more likely to have comorbidities than
the average Canadian. In addition, it was found that nursing home residents are five
times more likely to die of COVID-19 compared with community-dwelling older adults [9].
Moreover, it was estimated that nursing home residents accounted for 35% of COVID-19
deaths in the United States and 66%–81% of deaths in Canada [10]. In Ontario, for instance,
COVID-19 has resulted in over 1400 deaths of residents and caregivers in LTC facilities [11].
In addition, the risk of transmission of COVID-19 within and among LTC facilities is much
higher than that among the general population, as has also been observed in outbreaks of
other respiratory infections [12]. As a result, these factors amount to a relatively high case
incidence and case fatality rate (CFR) among LTC facility residents compared to the general
population, which has had a large influence on the average CFR observed in Canada.

The CFR is defined as the proportion of people who die from a disease among all
those diagnosed over a certain period of time. Thus, the CFR is an important measure
for judging the extent and severity of diseases such as COVID-19, allowing public health
officials to set priorities in targeted interventions to reduce risk severity. Estimates of
the crude CFR for COVID-19 show considerable variations among different countries,
in different regions of the same country, and at different stages of the outbreak. This is
partially owing to differences in health control policies, healthcare availability, medical
standards, and detection efficiency. Initial studies have reported an estimated 3% for the
global CFR of COVID-19 [13], whereas country-specific crude CFRs range from the lowest
rates in Germany (0.7%) and South Korea (2.4%), to the highest rates in Canada (4.9%), the
United States (5.4%), Spain (6.0%), the Netherlands (7.4%), and Italy (9.3%) [14–16].

Traditionally, the CFR is calculated by dividing the number of deaths attributable to a
disease by the total number of diagnosed individuals. However, this method is known to
result in biased CFR estimates, caused by the delay between disease onset and knowledge
of the final outcome [17]. In this study, given the need for timely CFR estimates when
making public health decisions, we provide real-time estimates of the CFR during the
COVID-19 pandemic in Canada—nationwide and in its four most affected provinces—
through 15 December 2020, while adjusting for the delay between disease onset and death.
These estimates were then used to assess provincial-level variations in the pandemic’s
severity in Canada.
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2. Methods

In this study, the virulence of COVID-19 was assessed by measuring the risk of death,
expressed as CFR. The daily number of confirmed cases and deaths associated with COVID-
19 in Canada from 31 January to 15 December 2020 was obtained from publicly available
sources [18–22]. These data were categorized by geographic area, including Canada
(national) and the four individual provinces where 95% of the total deaths associated with
COVID-19 nationwide have occurred: Quebec, Ontario, Alberta, and British Columbia.

The CFR is interpreted as the conditional probability of death caused by infection from
the virus. However, the denominator of the CFR formula also includes infected people who
have not yet died from the disease, but will do so in the future. Thus, the delay between
infection and death might result in bias when calculating the CFR. In statistics, the need to
account for the amount of time required for cases to die is referred to as right censoring [23].
Specifically, during the course of updating epidemiological observations, the case count
data is right censored.

To minimize this bias, the following equation was used:

pt =
bt

ut
(1)

where pt is the unbiased estimator of the CFR, bt is a crude biased estimated CFR cal-
culated at time t, and ut is the factor of underestimation [24]. To calculate the factor of
underestimation ut, incidence data and the distribution of time from disease onset to death
were used. Specifically, it was assumed that the factor of underestimation, ut, was given
by the distribution of the time from onset to death, f (s), where f (s) was the density of a
gamma distribution with mean T and coefficient of variation v [24]. Here, a mean (T) of
13.59 days and a standard deviation (v2) of 7.85 days were assumed [15,25]. To account
for the uncertainty in time from disease onset to death, the distribution f (s) was varied
in the CFR estimates by sampling the mean from a normal distribution with a mean of
13.59 days and a standard deviation of one day. With this standard deviation, the mean
survival interval from disease onset to death varied between 2 and 5.5 weeks, consistent
with recent findings [26,27].

Based on this assumption, we calculated the factor of underestimation,

ut =
(

1 + rTv2
)−1/v2

, (2)

where r is the growth rate. The growth rates of the epidemic during COVID-19 outbreaks
at the provincial and national levels were calculated based on the maximum likelihood
method. The moment-generating function was then used to determine the underestimation
factor for the adjusted CFR on each calendar day by running Monte Carlo simulations with
1000 independent replications [24].

3. Results

As of 15 December 2020, a total of 475,214 cases of COVID-19 had been reported in
Canada, including 13,659 deaths. British Columbia was initially considered most at risk
because of its interconnectivity with Asia; however, the province reported 43,463 cases
(869 per 100,000, or 9% of COVID-19 cases in Canada) and 668 deaths. Ontario and Quebec,
Canada’s two most populous provinces, reported the majority of the infections (66%),
with 144,396 (1006 per 100,000) and 167,276 (1994 per 100,000) cases, respectively (Table 1).
Alberta reported 83,327 cases (1935 per 100,000). Confirmed cases have been reported in all
of Canada’s provinces and territories.
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Table 1. Number of confirmed COVID-19 cases and deaths in Canada as of 15 December 2020,
by province or territory. As of 15 December 2020, there had been 475,214 confirmed cases and
13,659 deaths attributed to COVID-19 in Canada, with confirmed cases in all provinces and territories;
Quebec had reported the highest number of confirmed cases. Ten of Canada’s 13 provinces and
territories had reported deaths, with Quebec and Ontario reporting the highest numbers.

Location Total Cases Deaths

Canada (total) 475,214 13,659
Quebec 167,276 7571
Ontario 144,396 3992
Alberta 83,327 744

British Columbia 43,463 668
Manitoba 21,535 508

Saskatchewan 12,432 98
Nova Scotia 1426 65

New Brunswick 559 8
Newfoundland and Labrador 359 4

Nunavut 258 0
Prince Edward Island 89 0

Yukon 59 1
Northwest Territories 22 0

The cumulative cases and deaths in Canada (nationwide), Quebec, Ontario, Alberta,
and British Columbia are shown in Figure 1. The curve of the cumulative number of
deaths grows after the cumulative number of cases grows, although there was a more rapid
increase in the number of deaths in Quebec. Furthermore, the associated mortality burden
appears to be much higher in Quebec than in other provinces; specifically, among the 13,659
COVID-19-associated deaths in Canada, 55.4% were in Quebec and 29.2% were in Ontario,
while 5.4% and 4.9% were in Alberta and British Columbia, respectively (Table 1). Notably,
the fatality risk increased dramatically with age, with the crude CFR among individuals
aged 80 and above reaching 25.71% (Table 2).
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Table 2. Distribution of COVID-19 cases by age group in Canada (as of 15 December 2020). Of the
475,214 cases reported in Canada, age information was available for 424,202 cases.

Confirmed
Cases, n (%) Deaths, n (%) Fatality Rate

(%)

Total 424,202 (100.0) 13,280 (100.0) 3.13

Age Group

0–19 66,580 (15.7) 3 (0.0) -
20–29 78,782 (18.6) 15 (0.1) 0.02
30–39 65,735 (15.5) 30 (0.2) 0.05
40–49 61,657 (14.5) 86 (0.6) 0.14
50–59 56,704 (13.4) 325 (2.4) 0.57
60–69 36,072 (8.5) 977 (7.4) 2.66
70–79 22,157 (5.2) 2456 (18.5) 11.08
≥80 36,515 (8.6) 9388 (70.7) 25.71

The crude CFR across all age groups in Canada was estimated to be 3.13% on 15
December 2020 (Table 2 and Figure 2). At the provincial level, the crude CFR was the
highest in Quebec (4.5%), followed by Ontario (2.8%), British Columbia (1.5%), and Alberta
(0.9%; Figure 3). When the survival interval was accounted for, the 15 December estimate
of adjusted CFR in Canada was 3.36%, with a 95% credible interval (CrI) of 3.29–3.43%
(Table 3 and Figure 2). The adjusted CFR tended to vary over the course of the epidemic,
and it had considerably higher values than crude CFR in the early stage, likely owing to
the delay in reporting confirmed cases, followed by a decreasing trend in all regions. The
15 December adjusted CFR varied considerably among provinces, ranging from 1.13% (95%
CrI 1.09–1.17%) in Alberta to 5.13% (95% CrI 5.04–5.23%) in Quebec (Table 3). In addition
to the adjusted CFR, the age distribution of cases and deaths differed at the provincial level,
as indicated by the proportion of cases among elderly individuals (80 years and over),
ranging from 3.5% in Alberta to 11.8% in Quebec (Table 4).
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Figure 2. Crude case fatality rate (CFR; red line) and adjusted CFR estimates (black line) in Canada
up to 15 December 2020. The shaded area around the black line illustrates the 95% credible interval
(CrI) for the adjusted CFR.
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Table 3. Time-delay adjusted case fatality rate (CFR) of COVID-19 in four provinces of Canada
(Quebec, Ontario, Alberta, and British Columbia) and nationwide (as of 15 December 2020).

Area Latest Estimate Range of Median Estimates
during the Study Period

Quebec 5.13% (95% CrI: 5.04–5.23%) 4.64–25.22%
Ontario 3.17% (95% CrI: 3.10–3.24%) 2.58–18.26%
Alberta 1.13% (95% CrI: 1.09–1.17%) 1.12–7.23%

British Columbia 1.97% (95% CrI: 1.89–2.05%) 1.61–30.38%
Canada (nationwide) 3.36% (95% CrI: 3.29–3.43%) 3.36–12.30%

Table 4. Distribution of COVID-19 cases and deaths in Canada by age group and province (as of 15 December 2020).

Confirmed Cases (%) Deaths (%)

Quebec Ontario Alberta British
Columbia Quebec Ontario Alberta British

Columbia

Age
group

0–19 17.0 12.6 19.4 12.9 0.0 0.0 0.0 0.0
20–39 29.2 36.5 38.6 41.5 0.1 0.4 1.1 0.2
40–59 28.0 28.7 27.8 28.0 2.2 4.0 3.0 3.8
60–79 14.0 14.4 10.7 12.7 24.5 26.3 31.3 25.0
≥80 11.8 7.8 3.5 4.9 73.2 69.4 64.6 71.0
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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4. Discussion

The estimates suggest that the adjusted COVID-19 CFR in Canada is likely to be less
than 4%; however, the estimates at the provincial level vary considerably. The results
indicate that the most severely affected province in terms of confirmed cases and deaths
has been Quebec, followed by Ontario, whereas Alberta and British Columbia have been
less severely affected (Table 1). The latest estimates of the delay-adjusted CFR were highest
in the two most populous provinces (i.e., Quebec and Ontario), where outbreaks were
largely driven by infection transmission in LTC facilities. Specifically, it was reported
that 709 LTC facilities (or 51% of all LTC facilities) in Ontario were affected, leading to
11,031 cases among residents, including 2800 deaths. There were 6467 reported cases
among staff, including 8 deaths [28]. Similarly, in Quebec, COVID-19 cases were confirmed
in 17,741 residents and 6324 staff members in 882 LTC facilities, leading to 6080 deaths
among residents and 8 deaths among staff [28]. As a result, the proportion of elderly
individuals among confirmed cases is relatively high in Quebec (11.8%) and Ontario (7.8%;
Table 4). However, higher proportions of younger adults (aged 20−39) among confirmed
cases were reported in Alberta and British Columbia. Thus, the results indicate variation in
the age distribution of cases among provinces.

Although the estimates of delay-adjusted CFRs presented in the current study con-
sider individuals of all ages in Canada, COVID-19 CFR estimates are known to be highly
dependent on age and gender. The mortality distribution found in this study indicates that
death from COVID-19 is age-dependent. Compared to younger groups, the crude CFR was
considerably higher among elderly individuals, at an estimated 25.71%, and the proportion
of deaths was also considerably higher (Tables 2 and 4). Therefore, the adjusted CFR in
Quebec and Ontario, where the proportion of elderly individuals among confirmed cases
has been relatively high, tends to be higher than in other provinces.

In the current COVID-19 pandemic overall, it has been indicated that older age is a
major risk factor for mortality. In particular, an age of over 70 years is associated with a
markedly higher CFR [29–31]. In a prior study where the disease burden associated with
COVID-19 was analyzed in 20 severely affected European countries, the United States, and
Canada, it was shown that the crude CFR of COVID-19 is predominantly determined by
patients aged 75 years or more [29]. It is also suggested that detailed information regarding
the age distribution among confirmed COVID-19 cases needs to be taken into account,
especially for countries with relatively low CFRs [29].

A large proportion of COVID-19-related deaths occurred through mid-June in Canada,
of which approximately 80% involved residents of LTC facilities [32]. Our estimates of
adjusted CFR are lower than prior estimates based on Canadian data—5.5% (95% CrI:
4.9−6.4%) from February to April 2020 [15]—partially because the estimates include data
from recent outbreaks during the second wave, during which the average age of confirmed
cases shifted towards younger age groups; therefore, there were fewer deaths that occurred
compared to the first wave. Furthermore, recent data from British Columbia, Ontario,
Alberta, Saskatchewan, Quebec, and Manitoba show an increase in COVID-19 infections
among those aged 20−29 years, with more cases among women. Thus, further analysis of
CFR stratified by age and gender would provide a more accurate measure of virulence and
prediction of the burden of SARS-CoV-2.

A prior analysis attempted to adjust the delay in time between diagnosis and death,
and estimated the CFR for 82 countries outside of China to be 4.24%, based on the number
of cases in the 13 days prior to the assessment date [33]. Another study, using data from
mainland China, adjusted for under-ascertainment and time delay, obtained a CFR of 1.38%
for all ages, with a CFR of 6.4% for those older than 64 years [26]. Estimates of time-delay
adjusted CFR in other countries were 5.33% (95% CrI: 5.00%−5.68%) in Japan [34], 6.1%
(95% CrI: 5.4%−6.9%) in the United States [15], 9.1% (95% CrI: 8.9%−9.3%) in Peru [35],
10.2% (95% CrI: 9.0%−11.5%) in South Korea [16], 10.8% in Spain [36], 3.85% in China [37],
12.2% in Wuhan, China [38], and 17.8% in Lombardy, Italy [36]. These differences in
CFR estimates could be associated with factors such as the timing of the estimates, age
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distribution within populations, different testing strategies, and the intensity of public
health and social measures. Indeed, age differences in confirmed cases across Canadian
provinces can also be partly attributed to different COVID-19 testing strategies. Quebec
and Ontario primarily tested symptomatic individuals until March, after which they shifted
their focus to healthcare workers and elderly patients in April to contain outbreaks in LTC
facilities. Alberta, however, tested healthcare workers and LTC facility staff in early March,
then expanded testing to all symptomatic individuals, and recently asymptomatic ones as
well.

Some limitations of this study should be noted. It is likely that asymptomatic or very
mild cases of COVID-19 were not reported, and thus not included in our analysis, possibly
leading to an overestimated CFR; the transmission of SARS-CoV-2 from asymptomatic
individuals (or individuals in the incubation period) has been well documented. In a prior
study with a large-scale COVID-19 diagnostic testing of 9199 persons in Iceland, it was
found that 43% of positive cases were asymptomatic [39]. Similarly, in another study, where
a total of 215 pregnant women were tested, 29 of 33 (88%) who tested positive at admission
were asymptomatic [40]. Nevertheless, asymptomatic individuals and individuals with
mild symptoms are not routinely tested, leading to a potential overestimation of the CFR.
In addition, the distinction between the number of tests performed and the number of
individuals tested is not always clear in public data, which might reduce the impact of
the bias because of the ascertainment of cases. Therefore, the preferential ascertainment of
severe case bias in COVID-19, in addition to underreporting of cases, may have spuriously
increased our estimated CFR, as has been shown in other studies [35,41]. Furthermore,
a decreasing CFR might be reflective of increasing testing and a shift towards testing
individuals with mild symptoms or asymptomatic cases [42].

Underreporting of causes of death may have potentially resulted in an underestimation
of the CFR. For instance, the death tolls in Wuhan were revised on 17 April 2020, with
1300 fatalities added to the initial official count because of the inclusion of deaths that
occurred at home or at institutions [43]. Similarly, it was estimated that approximately
4100 deaths of elderly people in LTC homes in Madrid, Spain were not counted in official
reports because their reported symptoms were thought to be incompatible with COVID-
19 [44]. In a prior study, to address the bias associated with the underreporting of the cause
of death, all-cause mortality estimates were compared with those in previous years, and
approximately 25% of comparative excess mortality was shown to be possibly attributed to
COVID-19 in Germany and Portugal [45].

The reported CFR of COVID-19 tends to vary over the course of the epidemic. In
general, the upward trend of the CFR during the early phase indicates increasing ascer-
tainment bias. During a growing epidemic, the true CFR is underestimated early in the
epidemic because the final clinical outcome of most reported cases is unknown. This
pattern was observed in our results, as well as in prior studies of epidemics of respiratory
pathogens, including SARS and H1N1 influenza [17,46]. The time-varying values of CFR
could indicate that the risk of dying of COVID-19 (among detected cases) changes over
time, but it could also imply compositional differences in the detected infections [47].
Nevertheless, an adjusted CFR is often relatively constant during a long period of imposed
social distancing, providing useful insights for the prediction of fatalities and designing
COVID-19 mitigation strategies.

5. Conclusions

The COVID-19 pandemic continues to impose a large death toll in Canada, dispro-
portionately affecting the most populous provinces. When the delay between disease
onset and death was accounted for, the estimates of the adjusted CFR (3.36% with 95%
CrI: 3.29−3.43%) were higher than the crude CFR (3.13%), and varied substantially across
provinces. Importantly, in Quebec, where the proportion of elderly cases was greater than
10%, the adjusted CFR was shown to be above 5%, and this estimate exceeded previous
estimates for the global average CFR (2.9−3.1%) [48], as well as the average CFRs in Japan
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and the United States. Given the regional variations in CFR and its dependency on age,
further studies with patient-level data on mortality and risk factors could provide a more
detailed understanding of the factors shaping the risk of death related to COVID-19 in
Canada.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) [No. 2018R1C1B6001723].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: We obtained the daily number of confirmed cases and deaths associated
with COVID-19 in Canada from publicly available sources, available at https://health-infobase.
canada.ca/covid-19/epidemiological-summary-covid-19-cases.html (accessed on 10 January 2021).

Conflicts of Interest: The author declares no conflict of interest.

References
1. WHO. COVID-19 Weekly Epidemiological Update. Available online: https://www.who.int/emergencies/diseases/novel-

coronavirus-2019/situation-reports (accessed on 6 January 2021).
2. Meehan, M.T.; Rojas, D.P.; Adekunle, A.I.; Adegboye, O.A.; Caldwell, J.M.; Turek, E.; Williams, B.M.; Marais, B.J.; Trauer, J.M.;

McBryde, E.S. Modelling insights into the COVID-19 pandemic. Paediatr. Respir. Rev. 2020, 35, 64–69. [CrossRef]
3. Hansen, G.; Cyr, A. Canada’s Decentralized “Human-Driven” Approach During the Early COVID-19 Pandemic. JMIR Public

Health Surveill 2020, 6, e20343. [CrossRef]
4. Tracking every Case of COVID-19 in Canada. Available online: https://www.ctvnews.ca/health/coronavirus/tracking-every-

case-of-covid-19-in-canada-1.4852102 (accessed on 7 February 2021).
5. Vogel, L. COVID-19: A timeline of Canada’s first-wave response. CMAJ News, 12 June 2020.
6. Coronavirus: One in Five Americans Ordered to Stay at Home. Available online: https://www.bbc.com/news/world-us-canada-

51980681 (accessed on 7 February 2021).
7. Liu, M.; Maxwell, C.J.; Armstrong, P.; Schwandt, M.; Moser, A.; McGregor, M.J.; Bronskill, S.E.; Dhalla, I.A. COVID-19 in

long-term care homes in Ontario and British Columbia. CMAJ 2020, 192, E1540–E1546. [CrossRef] [PubMed]
8. Syed, I.U.; Ahmad, F. COVID-19 and Healthcare Workers’ Struggles in Long Term Care Homes. J. Concurr. Disord. 2020. Advance

Online Publication. Available online: https://concurrentdisorders.ca/2020/11/08/covid-19-and-healthcare-workers-struggles-
in-long-term-care-homes/ (accessed on 13 January 2021).

9. Fisman, D.N.; Bogoch, I.; Lapointe-Shaw, L.; McCready, J.; Tuite, A.R. Risk Factors Associated With Mortality Among Residents
With Coronavirus Disease 2019 (COVID-19) in Long-term Care Facilities in Ontario, Canada. JAMA Netw Open 2020, 3, e2015957.
[CrossRef]

10. Brown, K.A.; Jones, A.; Daneman, N.; Chan, A.K.; Schwartz, K.L.; Garber, G.E.; Costa, A.P.; Stall, N.M. Association Between
Nursing Home Crowding and COVID-19 Infection and Mortality in Ontario, Canada. JAMA Intern. Med. 2020. [CrossRef]

11. Gupta, T.D. Inquiry into Coronavirus Nursing Home Deaths Needs to Include Discussion of Workers and Race; The Conversation:
Parkville, Australia, 2020; Volume 2021.

12. Dougherty, B.P.; Smith, B.A.; Carson, C.A.; Ogden, N.H. Exploring the percentage of COVID-19 cases reported in the community
in Canada and associated case fatality ratios. Infect. Dis. Model. 2021, 6, 123–132. [CrossRef] [PubMed]

13. Wang, C.; Horby, P.W.; Hayden, F.G.; Gao, G.F. A novel coronavirus outbreak of global health concern. Lancet 2020, 395, 470–473.
[CrossRef]

14. Sudharsanan, N.; Didzun, O.; Barnighausen, T.; Geldsetzer, P. The Contribution of the Age Distribution of Cases to COVID-19
Case Fatality Across Countries: A Nine-Country Demographic Study. Ann. Intern. Med. 2020, 173, 714–720. [CrossRef]

15. Abdollahi, E.; Champredon, D.; Langley, J.M.; Galvani, A.P.; Moghadas, S.M. Temporal estimates of case-fatality rate for
COVID-19 outbreaks in Canada and the United States. CMAJ 2020, 192, E666–E670. [CrossRef] [PubMed]

16. Shim, E.; Mizumoto, K.; Choi, W.; Chowell, G. Estimating the Risk of COVID-19 Death During the Course of the Outbreak in
Korea, February-May 2020. J. Clin. Med. 2020, 9. [CrossRef] [PubMed]

17. Garske, T.; Legrand, J.; Donnelly, C.A.; Ward, H.; Cauchemez, S.; Fraser, C.; Ferguson, N.M.; Ghani, A.C. Assessing the severity of
the novel influenza A/H1N1 pandemic. BMJ 2009, 339, b2840. [CrossRef]

18. BC. COVID-19 Data; Authority, P.H.S., Ed.; BC Centre for Disease Control: Vancouver, BC, Canada, 2020.
19. Government of Canada. Coronavirus Disease 2019 (COVID-19): Epidemiology Update, 8 September 2020 ed.; Government of Canada:

Ottawa, ON, Canada, 2020.
20. Gouvernement du Québec. Situation of the coronavirus (COVID-19) in Québec; Gouvernement du Québec: Québec, QC,

Canada, 2020.
21. Government of Alberta. COVID-19 Alberta Statistics; Government of Alberta: Edmonton, AB, Canada, 2020.
22. Government of Ontario. COVID-19 Case Data: All Ontario; Government of Ontario: Toronto, ON, Canada, 2020.

https://health-infobase.canada.ca/covid-19/epidemiological-summary-covid-19-cases.html
https://health-infobase.canada.ca/covid-19/epidemiological-summary-covid-19-cases.html
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
http://doi.org/10.1016/j.prrv.2020.06.014
http://doi.org/10.2196/20343
https://www.ctvnews.ca/health/coronavirus/tracking-every-case-of-covid-19-in-canada-1.4852102
https://www.ctvnews.ca/health/coronavirus/tracking-every-case-of-covid-19-in-canada-1.4852102
https://www.bbc.com/news/world-us-canada-51980681
https://www.bbc.com/news/world-us-canada-51980681
http://doi.org/10.1503/cmaj.201860
http://www.ncbi.nlm.nih.gov/pubmed/32998943
https://concurrentdisorders.ca/2020/11/08/covid-19-and-healthcare-workers-struggles-in-long-term-care-homes/
https://concurrentdisorders.ca/2020/11/08/covid-19-and-healthcare-workers-struggles-in-long-term-care-homes/
http://doi.org/10.1001/jamanetworkopen.2020.15957
http://doi.org/10.1001/jamainternmed.2020.6466
http://doi.org/10.1016/j.idm.2020.11.008
http://www.ncbi.nlm.nih.gov/pubmed/33313456
http://doi.org/10.1016/S0140-6736(20)30185-9
http://doi.org/10.7326/M20-2973
http://doi.org/10.1503/cmaj.200711
http://www.ncbi.nlm.nih.gov/pubmed/32444481
http://doi.org/10.3390/jcm9061641
http://www.ncbi.nlm.nih.gov/pubmed/32485871
http://doi.org/10.1136/bmj.b2840


Int. J. Environ. Res. Public Health 2021, 18, 1839 10 of 10

23. Kobayashi, T.; Jung, S.M.; Linton, N.M.; Kinoshita, R.; Hayashi, K.; Miyama, T.; Anzai, A.; Yang, Y.; Yuan, B.; Akhmetzhanov, A.R.;
et al. Communicating the Risk of Death from Novel Coronavirus Disease (COVID-19). J. Clin. Med. 2020, 9. [CrossRef] [PubMed]

24. Nishiura, H.; Klinkenberg, D.; Roberts, M.; Heesterbeek, J.A. Early epidemiological assessment of the virulence of emerging
infectious diseases: A case study of an influenza pandemic. PLoS ONE 2009, 4, e6852. [CrossRef] [PubMed]

25. Sanche, S.; Lin, Y.T.; Xu, C.; Romero-Severson, E.; Hengartner, N.; Ke, R. High Contagiousness and Rapid Spread of Severe Acute
Respiratory Syndrome Coronavirus 2. Emerg. Infect. Dis. 2020, 26, 1470–1477. [CrossRef] [PubMed]

26. Verity, R.; Okell, L.C.; Dorigatti, I.; Winskill, P.; Whittaker, C.; Imai, N.; Cuomo-Dannenburg, G.; Thompson, H.; Walker, P.G.T.;
Fu, H.; et al. Estimates of the severity of coronavirus disease 2019: A model-based analysis. Lancet Infect. Dis. 2020, 20, 669–677.
[CrossRef]

27. Wang, W.; Tang, J.; Wei, F. Updated understanding of the outbreak of 2019 novel coronavirus (2019-nCoV) in Wuhan, China. J.
Med Virol. 2020, 92, 441–447. [CrossRef]

28. Sinha, S.K.; Doherty, R.; McCleave, R.; Dunning, J. NIA Long Term Care COVID-19 Tracker; National Institute on Ageing, Ryerson
University: Toronto, ON, Canada, 2020.

29. Hoffmann, C.; Wolf, E. Older age groups and country-specific case fatality rates of COVID-19 in Europe, USA and Canada.
Infection 2020. [CrossRef]

30. Livingston, E.; Bucher, K. Coronavirus Disease 2019 (COVID-19) in Italy. JAMA 2020, 323, 1335. [CrossRef]
31. Wu, J.T.; Leung, K.; Bushman, M.; Kishore, N.; Niehus, R.; de Salazar, P.M.; Cowling, B.J.; Lipsitch, M.; Leung, G.M. Estimating

clinical severity of COVID-19 from the transmission dynamics in Wuhan, China. Nat. Med. 2020, 26, 506–510. [CrossRef]
32. Detsky, A.S.; Bogoch, I.I. COVID-19 in Canada: Experience and Response. JAMA 2020. [CrossRef] [PubMed]
33. Wilson, N.; Kvalsvig, A.; Barnard, L.T.; Baker, M.G. Case-Fatality Risk Estimates for COVID-19 Calculated by Using a Lag Time

for Fatality. Emerg. Infect. Dis. 2020, 26, 1339–1441. [CrossRef]
34. The Centre for Evidence-Based Medicine. Global Covid-19 Case Fatality Rates; The Centre for Evidence-Based Medicine: Oxford,

UK, 2020.
35. Munayco, C.; Chowell, G.; Tariq, A.; Undurraga, E.A.; Mizumoto, K. Risk of death by age and gender from CoVID-19 in Peru,

March–May, 2020. Aging 2020, 12, 13869–13881. [CrossRef] [PubMed]
36. Hauser, A.; Counotte, M.J.; Margossian, C.C.; Konstantinoudis, G.; Low, N.; Althaus, C.L.; Riou, J. Estimation of SARS-CoV-2

mortality during the early stages of an epidemic: A modeling study in Hubei, China, and six regions in Europe. PLoS Med. 2020,
17, e1003189. [CrossRef] [PubMed]

37. Spychalski, P.; Blazynska-Spychalska, A.; Kobiela, J. Estimating case fatality rates of COVID-19. Lancet Infect. Dis. 2020, 20,
774–775. [CrossRef]

38. Mizumoto, K.; Chowell, G. Estimating Risk for Death from Coronavirus Disease, China, January–February 2020. Emerg. Infect.
Dis. 2020, 26, 1251–1256. [CrossRef] [PubMed]

39. Gudbjartsson, D.F.; Helgason, A.; Jonsson, H.; Magnusson, O.T.; Melsted, P.; Norddahl, G.L.; Saemundsdottir, J.; Sigurdsson,
A.; Sulem, P.; Agustsdottir, A.B.; et al. Spread of SARS-CoV-2 in the Icelandic Population. N. Engl. J. Med. 2020, 382, 2302–2315.
[CrossRef]

40. Sutton, D.; Fuchs, K.; D’Alton, M.; Goffman, D. Universal Screening for SARS-CoV-2 in Women Admitted for Delivery. N. Engl. J.
Med. 2020, 382, 2163–2164. [CrossRef] [PubMed]

41. Lipsitch, M.; Donnelly, C.A.; Fraser, C.; Blake, I.M.; Cori, A.; Dorigatti, I.; Ferguson, N.M.; Garske, T.; Mills, H.L.; Riley, S.; et al.
Potential Biases in Estimating Absolute and Relative Case-Fatality Risks during Outbreaks. PLoS Negl. Trop. Dis. 2015, 9, e0003846.
[CrossRef] [PubMed]

42. Kim, D.H.; Choe, Y.J.; Jeong, J.Y. Understanding and Interpretation of Case Fatality Rate of Coronavirus Disease 2019. J. Korean
Med Sci. 2020, 35, e137. [CrossRef]

43. Chang, R. China Increases Wuhan’s Official Coronavirus Death Toll by 1290 Amid Lingering Mistrust of Its Numbers. Time, 17
April 2020.

44. Mas Romero, M.; Avendano Cespedes, A.; Tabernero Sahuquillo, M.T.; Cortes Zamora, E.B.; Gomez Ballesteros, C.; Sanchez-Flor
Alfaro, V.; Lopez Bru, R.; Lopez Utiel, M.; Celaya Cifuentes, S.; Pena Longobardo, L.M.; et al. COVID-19 outbreak in long-term
care facilities from Spain. Many lessons to learn. PLoS ONE 2020, 15, e0241030. [CrossRef]

45. Krelle, H. Understanding Excess Mortality. The Health Foundation, 6 May 2020.
46. Donnelly, C.A.; Ghani, A.C.; Leung, G.M.; Hedley, A.J.; Fraser, C.; Riley, S.; Abu-Raddad, L.J.; Ho, L.M.; Thach, T.Q.; Chau, P.;

et al. Epidemiological determinants of spread of causal agent of severe acute respiratory syndrome in Hong Kong. Lancet 2003,
361, 1761–1766. [CrossRef]

47. Dudel, C.; Riffe, T.; Acosta, E.; van Raalte, A.; Strozza, C.; Myrskyla, M. Monitoring trends and differences in COVID-19
case-fatality rates using decomposition methods: Contributions of age structure and age-specific fatality. PLoS ONE 2020, 15,
e0238904. [CrossRef] [PubMed]

48. Abou Ghayda, R.; Lee, K.H.; Han, Y.J.; Ryu, S.; Hong, S.H.; Yoon, S.; Jeong, G.H.; Lee, J.; Lee, J.Y.; Yang, J.W.; et al. Estimation of
global case fatality rate of coronavirus disease 2019 (COVID-19) using meta-analyses: Comparison between calendar date and
days since the outbreak of the first confirmed case. Int. J. Infect. Dis. 2020, 20, S1201–S9712.

http://doi.org/10.3390/jcm9020580
http://www.ncbi.nlm.nih.gov/pubmed/32098019
http://doi.org/10.1371/journal.pone.0006852
http://www.ncbi.nlm.nih.gov/pubmed/19718434
http://doi.org/10.3201/eid2607.200282
http://www.ncbi.nlm.nih.gov/pubmed/32255761
http://doi.org/10.1016/S1473-3099(20)30243-7
http://doi.org/10.1002/jmv.25689
http://doi.org/10.1007/s15010-020-01538-w
http://doi.org/10.1001/jama.2020.4344
http://doi.org/10.1038/s41591-020-0822-7
http://doi.org/10.1001/jama.2020.14033
http://www.ncbi.nlm.nih.gov/pubmed/32790824
http://doi.org/10.3201/eid2606.200320
http://doi.org/10.18632/aging.103687
http://www.ncbi.nlm.nih.gov/pubmed/32692724
http://doi.org/10.1371/journal.pmed.1003189
http://www.ncbi.nlm.nih.gov/pubmed/32722715
http://doi.org/10.1016/S1473-3099(20)30246-2
http://doi.org/10.3201/eid2606.200233
http://www.ncbi.nlm.nih.gov/pubmed/32168464
http://doi.org/10.1056/NEJMoa2006100
http://doi.org/10.1056/NEJMc2009316
http://www.ncbi.nlm.nih.gov/pubmed/32283004
http://doi.org/10.1371/journal.pntd.0003846
http://www.ncbi.nlm.nih.gov/pubmed/26181387
http://doi.org/10.3346/jkms.2020.35.e137
http://doi.org/10.1371/journal.pone.0241030
http://doi.org/10.1016/S0140-6736(03)13410-1
http://doi.org/10.1371/journal.pone.0238904
http://www.ncbi.nlm.nih.gov/pubmed/32913365

	Introduction 
	Methods 
	Results 
	Discussion 
	Conclusions 
	References

