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Abstract

Background: There is mounting evidence that the third wave of COVID-19 incidence is declining, yet variants of concern
(VOCs) continueto present public health challengesin Canada. The emergence of VOCs has sparked debate on how to effectively
control their impacts on the Canadian population.

Objective: Provincial and territorial governments have implemented awide range of policy measuresto protect residents against
community transmission of COVID-19, but research examining the specific impact of policy countermeasures on the VOCsin
Canadais needed. Our study objectivewasto identify provinces with disproportionate prevalence of VOCsrelativeto COVID-19
mitigation efforts in provinces and territories in Canada.

Methods: We analyzed publicly available provincial- and territorial-level dataon the prevalence of VOCsin relation to mitigating
factors, summarized in 3 measures: (1) strength of public health countermeasures (stringency index), (2) the extent to which
people moved about outside their homes (mobility index), and (3) the proportion of the provincia or territorial population that
wasfully vaccinated (vaccine uptake). Using spatial agglomerative hierarchical cluster analysis (unsupervised machinelearning),
provinces and territorieswere grouped into clusters by stringency index, mobility index, and full vaccine uptake. The Kruskal-Wallis
test was used to compare the prevalence of VOCs (Alpha, or B.1.1.7; Beta, or B.1.351; Gamma, or P.1; and Delta, or B.1.617.2
variants) across the clusters.

Results: Weidentified 3 clusters of vaccine uptake and countermeasures. Cluster 1 consisted of the 3 Canadian territories and
was characterized by a higher degree of vaccine deployment and fewer countermeasures. Cluster 2 (located in Central Canada
and the Atlantic region) was typified by lower levels of vaccine deployment and moderate countermeasures. The third cluster,
which consisted of provincesin the Pacific region, Central Canada, and the Prairies, exhibited moderate vaccine deployment but
stronger countermeasures. The overall and variant-specific preval ences were significantly different across the clusters.

Conclusions: This “up to the point” analysis found that implementation of COVID-19 public health measures, including the
mass vaccination of populations, is key to controlling VOC prevalence rates in Canada. As of June 15, 2021, the third wave of
COVID-19 in Canada s declining, and those provinces and territories that had implemented more comprehensive public health
measures showed lower VOC prevalence. Public health authorities and governments need to continue to communicate the
importance of sociobehavioural preventive measures, even as popul ationsin Canada continue to receive their primary and booster
doses of vaccines.

https://publichealth.jmir.org/2022/5/e31968 JMIR Public Hedlth Surveill 2022 | vol. 8 |iss. 5| €31968 | p. 1
(page number not for citation purposes)


mailto:nazeem.muhajarine@usask.ca
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR PUBLIC HEALTH AND SURVEILLANCE

Adeyinka et al

(JMIR Public Health Surveill 2022;8(5):€31968) doi: 10.2196/31968

KEYWORDS

COVID-19; variants of concern; stringency index; mobility index; vaccination coverage; machine learning; Canada

Introduction

Background

The devastating impacts of COVID-19 cannot be
overemphasized. With an estimated 423 million cases and 6
million deaths (as of February 21, 2022) worldwide [1], the
pandemic isone of theworst in human history. In Canadaalone,
about 3.2 million people, representing 8.4% of residents, have
been infected with COVID-19 [2]. Canada's case fatality rate
for COVID-19is1.1% (ie, 36,000 deaths) [2].

At thetime our analyses were performed (June 15, 2021, when
the third wave was waning), there were 3 forces in “tension”:
vaccine uptake, newly emerging variants of COVID-19, and
callsto “re-open the economy.” Since then, the emergence and
spread of additional variants of concern (VOCs) and the
expansion of vaccination campaigns have changed the
complexion of the pandemic. Variants, as expected, have added
complexity to the nature of COVID-19. At the same time,
following a slow start to vaccination rollouts, vaccine uptake
has been increasing in Canada, and many provinces and
territories, who arelargely responsiblefor vaccination and public
health policy in Canada s decentralized federation, have become
eager to relax public health countermeasures. However, public
health experts remain uneasy about variant-led surges and
outbreaksand are calling for the reapplication of some measures.

Asof February 21, 2022, 5 phylogenetic VOCs declared by the
World Health Organization are being tracked in Canada. The
Alpha (B.1.1.7), Beta (B.1.351), Gamma (P1), Delta
(B.1.617.2), and Omicron (B.1.1.529) variants, first detected
in the United Kingdom, South Africa, Brazil, India, and South
Africa, respectively, are spreading in Canada and the rest of the
world [3]. Canada confirmed itsfirst cases of the Alphavariant
in a couple from Toronto who had contact with atraveler from
the United Kingdom on December 26, 2020 [3]. The Beta
variant wasfirst reported in Albertaon January 8, 2021 [3]. The
Gammavariant wasfirst confirmed in Ontario in an international
traveler from Brazil on February 8, 2021 [3]. On April 4, 2021,
the Deltavariant wasfirst reported in British Columbia[3]. The
latest variant (Omicron) was first detected in Ontario from 2
travelers from Nigeria on November 28, 2021 [3].

Although much dtill remains to be learned about the
epidemiology, diagnosis, management, and sequalae of these
5 VOCs, using the data available at the time of analysis, we
sought to understand the spread of VOCs in Canada and how
they might be heldin check by vaccine uptake and public health
countermeasures. Although lab-based research and modeling
have shown the need to combine public health countermeasures
with vaccination to achieve epidemic control [4,5], there has
been a paucity of population-level studies to assess the effects
of nonpharmaceutical public health measures on VOCs. In a
mathematical model of COVID-19 transmission in New York
City, public countermeasures such as mask wearing and social
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distancing were shown to have immediate impact on the
epidemic [5]. The synergistic effects of vaccination and public
countermeasures in reducing new COVID-19 cases cannot be
overemphasized [5]. Alpha and Delta variants are more
transmissible than theinitial strainsof thevirus, but the Gamma,
Beta, and Delta variants hugely impact vaccine effectiveness.
A major concern isthe continuous genetic evol ution of thevirus,
which complicates reopening plans across Canada. Although
studies are underway to determine the degree of virulence of
Omicron variants, it isbelieved that a subvariant known as BA.2
is more contagious than its predecessor, BA.1, and currently
dominating in Canada [6].

Objectives

This “up to the point” analysis of VOCs in Canada (ie, during
the downward trajectory of the third wave) examines (1)
clustering patterns of COVID-19 mitigation efforts and (2)
cluster differences in the prevalence of COVID-19 VOCs in
Canada. In doing so, it aimed to provide insights into the
differences in the subnational responses to inform ongoing
policy and public health interventions at the provincial and
territorial levels of government.

Methods

Ethics Approval

This analysis centered on publicly available data with no
identifiable information about the people studied. Therefore,
research ethics board approval was not required for this study.

Data Sources

Weanalyzed provincia- and territorial-level dataon COVID-19
VOCs in Canada aong with data on COVID-19 mitigating
strategies from publicly available data sources. Our outcome
variable—prevalence of VOCsby type and total—was estimated
as the proportion of cases with VOC per 1 million population
as of June 15, 2021. The cumulative number of VOC cases for
Alpha, Beta, Gamma, and Delta variants was extracted from a
COVID-19VOC tracker in Canada[7]. Populations at risk were
predefined as the first quarter, 2021, provincia population
estimates obtained from Statistics Canada[8]. Our independent
variables—vaccine uptake (the percentage of each provincia
or territorial population fully vaccinated against COVID-19),
policy response (stringency index—seethefollowing paragraphs
for more details), and behavioral changes (mobility index) were
mapped with the VOC prevalence outcome. These mitigating
factors were selected based on growing evidence that uptake of
primary series of vaccination (2 doses) [9-15], reduction in
human mobility [16-18], and social distancing policies[19,20]
are effective in curtailing community transmission of
COVID-19.

During the study period, 3 COVID-19 vaccines (ie, AstraZeneca,
Moderna, and Pfizer-BioNTech) were authorized and in usein
vaccination campaigns in Canada. Full vaccination coverage
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rates were retrieved from the COVID-19 Tracker Canada[21].
As opposed to first dose (ie, partial immunization) rates, full
vaccination (2 doses) rates were analyzed in this study because
complete vaccination is widely believed to offer greater
protection than partial vaccination in slowing down COVID-19
transmission, hospitalizations, disease sequalae, and fatalities
[22].

The stringency index is a composite score generated by the
researchers at the University of Oxford to document how the
governments’ coronavirus responses are changing around the
world and over time. The metric is an additive score of 9
indicators (ie, school and workplace closures, restrictions on
public transport, cancellation of public events and gatherings,
stay-at-home policies, travel restrictions, public information
campaigns, testing policies, contact tracing, and masking),
measured on an ordinal scale, and rescaled to vary from O to
100. The lowest possible score is 0 (mildest), and the highest
score is 100 (strictest). The policy index was publicly available
a the Oxford COVID-19 Government Response Tracker
(OXCGRT) website [23]. The constituent variables used in
generating the stringency index are summarized in Multimedia
Appendix 1. It should be noted that the stringency index is not
ameasure of effectiveness of government policies in response
to COVID-19 but rather a measure of the degree to which and
the comprehensiveness of governmental response. To account
for the changing patterns of COVID-19 containment policies,
average stringency indices for the period of January 1, 2021, to
June 15, 2021 were reported.

To assessindividuals compliance with government stringency
measures (especially reduction in human movement to slow the
spread of the virus), we obtained mobility reports from Google
LLC [24]. Recent infodemiological and infoveillance studies
[25-29] have utilized mobility reports from Google [24] to
observe changes in the movement of people to places designed
as high risk based on relative frequency, time, and duration of
visits during the pandemic. The technical details of data
aggregation and anonymization procedures have been fully
described by Aktay et al [30]. Through Google Map’s location
history feature, daily anonymized data on people's movement
to places such as retail and recreation, grocery stores and
pharmacies, parks, transit stations, workplaces, and residential
areas were collected from smartphones and compared to the
baseline 5-week prepandemic period (January 3, 2020, to
February 6, 2020). Due to privacy issues, Google could not
provideinformation ontheinter- or intraprovincial and territorial
movement [30]. Also, in a bid to ensure additional privacy
protections, a metric for a given place is discarded when the
counts of the opted-in Google users are less than 100 people or

the geographical areaislessthan 30 km?[30]. Asdeemed useful
by public health researchers to make critical decisions about
COVID-19, the Google community mobility reports help
provide insights into how busy certain places are and, thus, the
extent to which individuals are engaging in social distancing
[30].

To determine mobility patterns across the provinces and
territories, we estimated the average number of visits to each
category of place (eg, park or workplace) between January 1,
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2021, and June 15, 2021. The average of the mobility patterns
across the entire study period was estimated to account for
changes in movement due to weather and holidays, as well as
any within-province variations of public health countermeasures.
Using the first component of principal component analysis
(PCA), thedimensions of the 6 variablesthat measured changes
in movement of people relative to the pre-COVID era were
reduced with the singular value decomposition method and
z-score transformation (ie, mean of 0 and variance of 1). The
first component (interpreted as the mobility index) explained
60% of thetotal variance, and its eigenvalue was 3.60. Thefirst
component had positive loadings on residential areas (0.47) and
parks (0.36), but negative |oadings on workplace (—0.5), transit
stations (—0.49), grocery stores (—0.11), and retail or recreational
centers (—0.39). For each variable, a positive loading suggests
a higher mobility index, and negative |oading indicates alower
mobility index.

Statistical Analysis

Descriptive statistics were generated. We conducted a spatial
agglomerative hierarchical cluster analysis (unsupervised
machine learning) to detect clusters of spatial (dis)similarities
in COVID-19 mitigating factorsin GeoDaversion 1.18 software
[31]. Furthermore, we determined differences in prevalence of
VOCsacrosstheclusters. A symmetrical distance-based weight
matrix with an optimal arc distance of 7000 km was generated.
After many calibrations, single-linkage clustering with an
Euclidean distance function and geometric centroid weight of
1 was considered appropriate and used.

A spatia hierarchical cluster analysis was performed using the
mitigating factors (ie, vaccine uptake, public health
countermeasures, and mobility). With the single linkage,
intercluster distance was determined by the closest distance
between the observations (ie, closest neighbor clustering). The
first step was to transform the independent variables using
z-score standardization since they were in different scales.
Z-score standardization is an important preprocessing step for
a machine learning algorithm, which involves rescaling the
features to have a normal distribution. Data standardization
before PCA has been shown to outperform an unscaled data set
[32]. Inan attempt to select the number of clustersthat provided
the best fit (distinct clustering), we used a stopping rule—the
Duda-Hart index. We selected groups with the highest
Duda-Hart index (0.6) and lowest pseudo T-squared (4.4). The
stopping rule corresponds to the 3 clusters reported.

The Kruskal-Wallis equality-of-population rank test was used
to determine the differencesin the prevalence of VOCs among
the clusters using Stata version 17.0 software [33]. A rank-based
nonparametric test was used because the sample size is small
(ie, 11 provinces and territories). Post hoc pairwise (posteriori)
comparisons of the clusterswere performed with the Dunn test;
fase detection rates were minimized by using
Benjamini-Hochberg adjustment. The statistical significance
was set at 2-sided P<.05. To visualize therel ationships between
the prevalence of VOCs, vaccine uptake, and countermeasures,
bivariate choropleth maps were generated in QGIS version
3.12.1 software [34]. The bivariate maps were based on a
guantile classification (ie, tertile); see Figures 1-3. As shown,
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the 3x3 2D color palette density becomes progressively darker
as it moves from lower to higher tertiles and highlights the
differences in relative position of features. The tertile
classification is based on the sample distribution. We report the
observed value ranges for each tertile classification.

Results

Descriptive Statistics

Table 1 showsthe distribution of COVID-19 VOCsin Canada.
Asof June 15, 2021, when our analysiswas performed, 4 VOCs
(Alpha, B.1.1.7; Beta, B.1.351; Gamma, P1; and Delta,
B.1.617.2) had been identified, for a prevalence of 6157.5 per
1 million population and 16.7% of al cases. Nova Scotia
reported the lowest, at 89.9 per 1 million population, to Alberta
the highest, at 10,848.1 per 1 million population. At 91.4% of
all VOCs, the Alpha variant was the predominant strain in
Canada. The Gamma variant accounted for 6.5%, Beta variant
for 0.8%, and Delta variant for 0.8% of the mutant strains.
Although Alberta and Ontario had a higher prevalence of the

Adeyinka et al

Alphavariant, lower prevalence of this strain was observed in
Yukon and Nova Scotia. The prevalence of the Betavariant was
highest in Ontario, followed by Quebec. The Gammaand Delta
variants were more common in British Columbia and Alberta.

Compared with the baseline (January 3, 2020-February 6, 2020),
mobility related to home or residential areasincreased by 12.7%
between January 1, 2021, and June 15, 2021, among Canadians.
On average, movement of people to parks and outdoor spaces
increased by 38.8%; however, in Prince Edward Island, it
decreased (average trend=—45%). Overall, mobility related to
visits to grocery or pharmacy stores decreased by 4.6% across
Canada but increased in Nova Scotia (by 2.6%), British
Columbia (2.5%), and Saskatchewan (1.9%). Across Canada,
movement related to public transport stations decreased by
56.5%, retail and recreational centers by 29.4%, and workplaces
by 31.3%. The average nationa stringency index for COVID-19
was 73.6% (lowest in Yukon at 47.2% and highest in Ontario
at 90.7%). The Canadian population fully vaccinated against
COVID-19 was 13.8% (lowest in Newfoundland and Labrador
at 5.7% and highest in Yukon at 61.6%).

Table 1. Geographic-specific distribution of COVID-19 variants of concern in Canada, June 15, 2021 (per 1,000,000 population).

Location Overal AlphaB.1.1.7 BetaB.1.351 GammaP1 DeltaB.1.617.2
Nunavut 532.9 532.9 0 0 0
Newfoundland and L abrador 374.68 359.31 11.53 192 192
Prince Edward Island 175.2 162.68 0 0 1251
Nova Scotia 89.85 74.53 12.25 1.02 204
New Brunswick 236.55 230.16 511 1.28 0
Quebec 900.43 791.63 47.81 56.9 4.08
Ontario 9919.34 9530.06 77.06 280.38 31.85
Manitoba 4597.61 4371.68 32.59 120.21 73.14
Saskatchewan 5461.34 5200.06 8.48 195.96 56.84
Alberta 10,848.11 10,122.95 35.16 609.52 80.47
British Columbia 3626.21 1963.5 26.2 1465.35 171.16
Yukon 189.61 71.10 0 118.51 0
Northwest Territories 1705.96 1683.8 0 22.16 0
Canada (overall) 6157.47 5655.01 50.33 401.75 50.38
Yukon, Northwest Territories, and Nunavut—the first

Spatial Hierarchical Clustering

Cluster analysis with the single-linkage method identified 3
cluster profiles of VOC prevalence, vaccine uptake, public
health countermeasures, and mobility among Canadian provinces
or territories (see Table 2). The clusters were significantly
different from one another in their average prevalence of
COVID-19 variant cases and variant-specific prevalence,
vaccine uptake, and public health countermeasures (see Table
2). Multimedia Appendix 2 shows the frequency distribution
of the variables after Benjamini-Hochberg correction for post
hoc pairwise comparisons.
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cluster—had a moderate prevalence of VOCs, high vaccine
uptake (fully vaccinated), and low countermeasures. The 4
Atlantic provinces, New Brunswick, Newfoundland and
Labrador, Nova Scotia, Prince Edward Island, and Quebec—the
second cluster—had a low prevalence of VOCs, low vaccine
uptake (fully vaccinated), moderate mobility, and moderate
countermeasures. The 4 western provinces, British Columbia,
Alberta, Saskatchewan, and Manitoba, along with Ontario—the
third cluster—showed a high prevalence of VOCs, moderate
vaccine uptake, high mobility, and high countermeasures.
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Table 2. Characteristics of clusters from spatial hierarchical clustering analysis of mitigating factors.

Cluster 1: YT NT?, NU¢  Cluster 22 NBY NL®, NS',  Cluster 3: AB', BC, MB¥, P

Characteristics All clusters (n=13) (n=3) PEY, QC" (n=5) ON', SK™ (n=5) value"
Variants of concern (cases per 1 million population), median (IQR)
All (B.1.1.7,B.1.351, 900.43(236.55t04597.61) 532.9 (189.61t0 1705.96) 236.55 (175.20t0 374.68) 5461.33(4597.61109919.34) .01
P1, and B.1.617.2)
Only AlphaB.1.1.7  791.63(230.16t04371.68) 532.9 (71.1to 1683.8) 230.16 (162.68 to 359.31) 5200.06 (4371.68t09530.06) .01
Only BetaB.1.351 11.53 (0 to 32.59) 0 11.53 (5.11 to0 12.25) 32.59 (26.20 to 35.16) .04
Only GammaP.1 56.9 (1.28 to 195.96) 22.16 (0to 118.51) 1.28(1.02t0 1.92) 280.38 (195.96 to 609.52) .01
Only DeltaB.1.617.2 4.08 (0 to 56.84) 0 2.04 (1.92t0 4.08) 73.14 (56.84 to 80.47) .007
2-dose vaccine cover- 13.83 (10.85 to 18.89) 58.53 (40.39 to 61.56) 10.49 (5.67 t0 10.85) 15.85 (13.83t0 17.98) 0
age (%), median
(IQR)
Stringency index (%), 67.411 (11.41) 58.49 (9.78) 68.61 (10.09) 71.57 (12.55) o
mean (SD)
Mobility index (z- 0.41 (-1.04 t0 1.25) —2.09 (-3.22t0-1.04) 0.41 (-1.04t00.7) 1.25(1.19t0 1.31) o
score change), median
(IQR)

aYT: Yukon.

ONT: Northwest Territories.

°NU: Nunavut.

dNB: New Brunswick.

eNL: Newfoundland and Labrador.
NS: Nova Scotia.

9PE: Prince Edward Island.

hQC: Quebec.

IAB: Alberta

IBC: British Columbia.

KMB: Manitoba.

|ON: Ontario.

MSK : Saskatchewan.

M ntercluster differences assessed with the Kruskal-Wallis test.

®Analyses of the differencesin vaccine coverage, stringency index, and mobility index across the clusters were not conducted because they contributed
to the cluster analysis. Probabilistic assessment of the differences of these 3 variables across the clusters, therefore, was inappropriate.

Cluster Profile 1 (Yukon, Northwest Territories, and
Nunawvut; 23% of Variance): Moderate Prevalence of
VOCs, High Vaccine, Low Stringency, and Low Mobility

Compared with the other clusters, the Northwest Territories,
Nunavut, and Yukon were characterized by a moderate
preval ence of aggregated VOCs and the Alphavariant (533 per
1 million population) and the Gamma variant (22 per 1 million
population). It is important to note that the Beta and Delta
variants had not been identified in the 3 territories of cluster 1.
In addition, cluster 1 had the highest proportion of Canadians
who had received 2 doses of COVID-19 vaccines (58.5%),
lowest mobility index (—2.1), and lowest stringency index
(58.5%).

Cluster Profile 2 (New Brunswick, Newfoundland and
Labrador, Nova Scotia, Prince Edward | dand, and
Quebec; 38.46% of Variance): Low Prevalenceof VOCs,

https://publichealth.jmir.org/2022/5/€31968

Low Vaccination, Moderate Stringency, and Moderate
Mobility

Compared with the other clusters, cluster 2 was characterized
by the lowest preval ence of aggregated VOCs (237 per 1 million
population), the Alpha variant (230 per 1 million population),
and the Gammavariant (1 per 1 million population). However,
it had relatively moderate levels of the Beta (12 per 1 million
population) and Delta (2 per 1 million population) variants. In
addition, cluster 2 had the lowest full vaccination coverage rates
(10.5%), a moderate mobility index (0.4), and a moderate
stringency index (68.6%).

Cluster Profile 3 (Alberta, British Columbia, Manitoba,
Ontario, and Saskatchewan; 38.46% of Variance): High
Prevalence of VOCs, Moderate Vaccination, High
Stringency, and High Mability

Compared with the other clusters, cluster 3 had the highest

prevalence of VOCs (5461 per 1 million population) and
variant-specific prevalences—Alpha (5200 per 1 million
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population), Beta (33 per 1 million population), Gamma (280
per 1 million population), and Delta (73 per 1 million
population). Also, cluster 3 had moderate fully vaccinated
coverage rates (15.9%), the highest mobility index (1.3), and
the highest stringency index (71.6%).

COVID-19 Variants of Concern and Vaccine Uptake

Figure 1 shows the distribution of VOCs and the proportion of
Canadians who received the complete schedule of COVID-19
vaccine by province. Provinces shown in the darkest color
(towardsthetop right in the legend in map) haverelatively high
VOC prevalences and high vaccination rates; thosein the lightest
color (bottom left) have low VOC prevalences and low
vaccination rates.

Of al provincesand territories, Albertawas classified as having
a marginally higher vaccine rate and high VOC prevalence:
18.9% of peoplefully vaccinated and VVOC prevalence of 10,848
per 1 million population. Ontario (9919 per 1 million
population), Saskatchewan (5461 per 1 million population), and
Manitoba (4598 per 1 million population) had the high

Adeyinka et al

prevalences of VOCs and relatively moderate vaccine uptake
rates (Ontario: 13.8%; Manitoba: 15.9%; and Saskatchewan:
18%).

At the opposite end, meaning low VOC prevalences and low
vaccinerates, the Atlantic provinceswith low VVOC prevalences
and low vaccine rates were Nova Scotia (VOC prevalence of
90 per 1 million population and 5.6% vaccine rate), Prince
Edward Island (175 per 1 million population and 10.9%), New
Brunswick (237 per 1 million population and 10.5%), and
Newfoundland and L abrador (374 per 1 million population and
5.7%).

Québec and British Columbia had moderate VOC prevalences
and vaccine uptake rates (Quebec, VOC prevalence of 900 per
1 million population and vaccine rate of 11.9%, and British
Columbia, VOC prevalence of 3626 per 1 million population
and vaccine rate of 12.8%). Yukon had a low prevalence of
VOCs (190 per 1 million population) and high vaccine rate
(41.6%), followed by the Northwest Territories (1706 per 1
million population and 58.53%) and Nunavut (533 per 1 million
population and 40.4%).

Figure 1. Association between variants of concern and 2 doses of COVID-19 vaccine in Canada as of June 15, 2021.

COVID-19 Variants of Concern and Public Health
Countermeasures

Figure 2 showsthe rel ationship between the prevalence of VOCs
and government stringency measures to curb COVID-19. The
provinces of Ontario and Manitoba showed higher prevalences
of VOCs (9919 and 4598 per 1 million population, respectively)
and high scores on the stringency index—Ontario: 90.7% and
Manitoba: 75.9%. Saskatchewan recorded a higher prevalence
of VOCs (5461 per 1 million population) and lower stringency
(57.9%). Alberta had a high prevalence of VOCs (10,848 per
1 million population) and moderate stringency (68.5%).

The province of Quebec had a moderate level of VOC
preval ence (900 per 1 million population) with high stringency
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(73.2%). British Columbia and Northwest Territories had
moderate prevalences of VOCs (3626 per 1 million population
and 1706 per 1 million population, respectively) and moderate
levels of stringency—British Columbia: 64.8% and Northwest
Territories: 64.8%.

At the low end of VOC prevalence, Yukon, Prince Edward
Island, and New Brunswick had lower stringency—Yukon:
47.2%; Prince Edward Island: 58.3%; and New Brunswick:
58.3%. Nova Scotia reported alower prevalence of VOCs (90
per 1 million population) and relatively higher stringency
(81.5%), and Newfoundland and Labrador had a lower
prevalence of VOCs, at 374 per 1 million population, and
moderate stringency, at 71.8%.
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Figure 2. Association between variants of concerns and stringency measures in Canada as of June 15, 2021.

COVID-19 Variants of Concern and Mobility Index

Figure 3 presents the association between the prevalence of
VOCs and changes in movement of people in relation to the
beginning of the pandemic (mobility index). Among the
provinces reporting higher VOC prevalences, populations in
Ontario and Alberta showed higher mobility indices—Ontario:
3.0 and Alberta: 1.3. In this higher-prevalence VOC group,
Manitobaand Saskatchewan popul ations had moderate mobility
indices—1.2 and 0.2, respectively.

Stringency index (%) High

(71.8-90.7)

Moderate

(63.4-71.7)

L

Low Moderate
(89.8-374.6) (374.7-3626.1) (3626.2-10848.1)
Variants of concern (per | million population)

Low

(47.2-63.3)

High

Among the provinces and territories reporting moderate VOC
prevalences, Quebec and British Columbia recorded higher
mobility indices—Quebec: 2.1 and British Columbia
1.3—while Northwest Territories (—1.0) and Nunavut (-3.2)
had lower mobility indices.

Two of the 4 Atlantic provinces, Prince Edward Island and
Newfoundland and Labrador, and Yukon recorded low VOC
prevalences and low mobility indices—Prince Edward Island
at —2.7, Newfoundland and L abrador at —1.0, and Yukon at —2.1.
Nova Scotia and New Brunswick recorded low preval ences of
VOCs and moderate mobility, at 0.7 and 0.4, respectively.

Figure 3. Association between variants of concern and mobility index in Canada as of June 15, 2021.
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Discussion

Principal Findings

This study shows markedly elevated prevalence of COVID-19
VOCs in Canada and wide geographical variation across the
provinces and territories. We observed that the provinces in
cluster 3—the Pacific region, Central Canada, and the Prairie
provinces—were hot spots of VOCs as determined by the
highest cluster-level prevalence of aggregated and
variant-specific VOCs. We aso observed that there was
“north-south” disparity between theterritories and the provinces
in the prevalence of variant-specific VOCSs, vaccine coverage,
and public health countermeasures.

As with most COVID-19 research, this study sought to
understand the disease asit isunfolding: specifically, COVID-19
VOCsin Canadian provinces and territories. By June 15, 2021,
the daily new caseratesin all Canadian provinces and territories
were declining, indicating the resol ution phase of the third wave
of the epidemic curve. Many provinces set in motion plans to
relax public health countermeasures, relying on vaccination
rates as the criterion for reopening. At the same time, however,
there was since-validated concern that the VOCs, in particular
the Deltavariant, could trigger widespread outbreaks, especially
among the unvaccinated or partially vaccinated.

Across Canadian provinces and territories, we have shown a
pattern of VOC spread, vaccine uptake (both doses), and policy
countermeasures that can be profiled in 3 clusters. The first
cluster, comprising all 3 Canadian territories, is characterized
by moderate VOC prevalence, higher degree of vaccine uptake,
and lesser degree of governmental countermeasures. The second
cluster, comprising the Atlantic provinces of Nova Scotia, Prince
Edward Island, Newfoundland and Labrador, and New
Brunswick, along with the province of Quebec, ischaracterized
by low VOC prevalence, low vaccine uptake, and moderate
stringency of countermeasures. The third cluster, comprising
Ontario, Manitoba, Saskatchewan, Alberta, and British
Columbia, is characterized by high prevalence of VOCs,
moderate vaccine uptake, and more stringent countermeasures.
Strikingly, intercluster disparity in the prevalence of VOCsiis
more evident for cluster 3, making the provincesin that group
VOC hot spots.

As governments across Canada continue to enact plans for
easing public health countermeasures, there is concern that
provinces and territories need to have much higher rates of
vaccination with both primary and booster doses. Although per
capita case rates are declining across Canada, there has been a
recent increase in the highly transmissible VOCs, Delta and
Omicron, in provinces[35,36]. Theserecent regional outbreaks
were seen mostly among unvaccinated people [37].

As Canadian hedlth officials strive to get as many people
vaccinated within the shortest time possible, policy
countermeasures may need to be further calibrated depending
on thelocal spread of VOCs and vaccine hesitancy and refusals
[38,39]. There have been several alarms raised that the B.A2
subtype of Omicron variant could become dominant if an
insufficient proportion of the population did not complete the
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full COVID-19 primary vaccination regimen and receive booster
doses[13]. In apast study conducted in Scotland, the first dose
was shown not to confer complete immunity against the
emerging variants versus the Alpha variant; however, full
vaccination (2 doses) combined with booster shots improves
immune effectiveness [38]. Our present study confirmsthat, in
the postvaccine period in Canada (ie, December 2020),
vaccination coverage rates are uneven across the country.

At least three strains of VOC with different transmission risks
and responses to COVID-19 vaccines were concomitantly
identified in more than half of the provinces. Likein the United
States[15], in thefirst quarter of 2021, the dominant variant in
Canada was the Alpha variant. According to Davies et a [14],
the Alphavariant had a high reproductive number (43%-90%).
However, a more worrying observation during the study period
was the identification of 2 highly virulent variants (Beta and
Delta) in 77% of the provinces. Due to the key mutations at
E484K and K417N receptor-binding sites of the spike proteins
for Beta [10-13] and L452R receptors for Delta [40], both
variants are capable of escaping recognition by neutralizing
antibodies (nAbs), thus evading both natura and
vaccine-induced immunity. Also, T478K isnot well recognized
as responsible for immune evasion for Delta variants and may,
like N501Y, be more relevant for angiotensin-converting
enzyme 2 (ACE2) binding; however, additional mutations at
K417N have been reported for the Deltavariant [41]. Given the
relatively high prevalence of the Gamma variant in some
provinces or territories (ie, British Columbia, Alberta, Ontario,
Saskatchewan, Manitoba, and Yukon), the Gamma variant also
evades the immune system (but less so than the Beta variant)
through a significant change in an nAb epitope (E484K and
K417T).

This observation has far-reaching consequences on health
outcomes and prolongation of the epidemic due to new
infections. Considering the high prevalence of Beta, Gamma,
Delta, and Omicron variants in some provinces (ie, Ontario,
Quebec, Alberta, British Columbia, Saskatchewan, and
Manitoba), stakeholders should continue to emphasize 2-dose
vaccine uptake combined with booster shots and maintenance
of public health countermeasures such as mask wearing and
social distancing. Although the structural and operational
barriers to vaccination (eg, vaccine stock shortages, long wait
times, and vaccine refusal or hesitancy) need to be tackled,
people must be adequately sensitized to complete the second
and booster dosesto offer full population protection against the
VOCs (especially Beta, Gamma, Delta, and Omicron), thereby
reducing future risk of new variants.

The discordance between VOC prevalence and stringency
measures warrants cautious interpretation. Our analysis could
not show whether the relaxation of countermeasures in the
territories of Canada was informed by declining COVID-19
cases and progressive vaccinerollout, or viceversa. Thisinverse
relationship, which is quite possible, means the timing of
implementation of polices in relation to the changing
epidemiological contexts of the pandemic is important. The
degree of social compliance with government stringency
measures might also depend on seasonality effects. Stringency
measures may reduce COVID-19 incidence not only directly,
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for example, by reducing mobility, exposure, and public
circulation but also indirectly through weather on mobility
patterns [18,42]. Although we attempted to reduce the effect of
weather by taking the average of mobility indicesfrom January
2021 to June 2021, there might be someresidual effects because
of the varying daily temperatures across the provinces and
territories. In our study, we observed low mobility index and
stringency index in the territories, in contrast to the provinces.

At the time of conducting this study, no comprehensive time
series data were easily available for Canada. Further
investigation with time series will shed more light on the
observed phenomenon. However, we could establish that
successful immunization campaigns and reducing human
mobility in theterritoriesin northern Canada have played arole
in lowering VOC cases. Fast tracking second-dose vaccination
not only is key to return to normalcy but also has been shown
in previous studies[14,43] to curtail transmission of COVID-19
variants.

Our results noted some spatial outliers (ie, discordant areas) for
the relationship between the selected public health measures
and VOCsin Ontario and in the Canadian Prairie provinces. To
optimize public health impacts, these provinces need to revisit
some of their approaches and reprioritize specific interventions.
It is also noteworthy to further examine the intraprovincial
variations between the public health measures and patterns of
VOCsfor the spatial outliers.

Strengths and Limitations

The novelty of this study isthat no known published study has
described spatial clusters based on VVOCs, vaccination coverage,
and public health measuresfor Canadian jurisdictions. Overall,
this study contributes to the current information needs to guide
stakeholders on preventive measures to curtail VOCs during
subsequent waves of the COVID-19 pandemic. Specifically,
evidence from this study could serve as a comparison point for
informing interventionsfor future variant-driven outbreaks and
surges. Also, the bivariate choropleth map eased readability of
spatial patterns, compared with proportional symbol maps. This
study has some limitations. The recommendations for
administration of different vaccine products (eg, messenger
ribonucleic acid [mMRNA]-based, vira vector—based) have been
quite fluid in Canada; we have not taken into consideration the
spatial associations between different vaccine products and
VOCs. Further research is needed to specifically assess the
geographical patterns of vaccine productsand VOCs, especially
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for the Beta, Gamma, Delta and Omicron variants. As
mentioned, this is an ongoing information need, rather than a
one-time project.

The biggest limitation, however, isthe time lag and the uneven
testing, detecting, and sequencing efforts to identify VOCs in
Canada. Whole genomic sequencing (WGS) efforts to identify
VOCs by large volumes are currently lagging in Canada. Also,
thereis selection bias of the samplesthat are sent for sequencing.
The provinces and territories have different criteriafor sending
samples for sequencing, which could delay detection and bias
the proportion of VOCs associated with the Beta and Gamma
variants. For example, in Ontario, the WGSwastriggered from
guantitative polymerase chain reaction (QPCR) testing for E48K.
The sampleswith the E4A8K mutationswere prioritized for WGS.
However, in May 2021, the WGS algorithm changed to
randomly selected sampling of 10% positives, with the
proportion then increasing to 50% and now to al positives. This
calls for new and rapid detection methods for VOCs even as
Canada continuesto fully vaccinate its populations. Also, there
is possibility of systematic bias in the Google mobility index
being underestimated among peopl e without smartphones, who
opted-out of the Google's location history feature, or who had
poor internet connection (especialy in the territories). Due to
how the mobility patterns were captured by Google
LLC—geographical jurisdiction—it is challenging to delineate
international travelsand interprovincial and territorial mobility.

Conclusions

This study found that COVID-19 VOCsin Canadian provinces
and territories, to date, show discernible geographical clustering
patterns. Theterritoriesrecorded low VOC prevalences, Atlantic
provinces and Quebec recorded moderate VOC prevalences,
and the Western provinces and Ontario recorded high VOC
prevalences. A fuller picture of VOC emerges when its
prevalence is correlated with the proportions of populations
having received 2 doses of vaccines, governmental
countermeasures, and mobility. The implementation of
COVID-19 public heath measures including mass full
vaccination of populations are key to controlling VOC
prevalence rates in Canada. Surveillance of VOCs should
continue across Canada, while accel erating the rollout of second
and booster doses of vaccines. Achieving abalancein relation
to lifting and relaxation of public health countermeasures and
full-dose vaccine coverage is prudent to preempt any
VOC-driven COVID-19 surges.
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Data Availability

Data on the cumulative number of variant of concern (VOC) cases can be downloaded from CTV News COVID-19 variants of
concern tracker [7], and vaccine coverage rates are available at the COVID-19 Vaccination Tracker [21]. Provincia- and
territorial-level population estimates are available from Statistics Canada[8]. The stringency index can be obtained at the Oxford
COVID-19 Government Response Tracker (OXCGRT) website [23]. The mobility reports can be downloaded from Google LLC
[24]. Researchers who require access to the study data can contact the corresponding author for further information.

Authors Contributions

The corresponding author and supervisor for thisstudy isSNM. NM and DA A were responsible for the conception and devel opment
of the study. DAA extracted and completed the statistical analysis of the data. DAA drafted the manuscript, and NM, CAC, CN,
and WNM revised the manuscript for important intellectual content. All the authors approved the final version for publication
and agreed to be accountable for the work.

Conflictsof Interest
None declared.

Multimedia Appendix 1

Description of variables.
[DOCX File, 18 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Post-hoc pairwise comparison of the clusters.
[DOCX File, 18 KB-Multimedia Appendix 2]

References

1.  Coronavirusdisease (COVID-19) pandemic. World Health Organization. URL: https.//www.who.int/emergencies/diseases/
novel-coronavirus-2019 [accessed 2021-06-03]

2. COVID-19 daily epidemiology update. Government of Canada. URL : https://health-infobase.canada.ca/covid-19/
epidemiol ogical-summary-covid-19-cases.html ?stat=rate& measure=total _|ast7& map=pt#a? [accessed 2022-02-22]

3. Updates on COVID-19 Variants of Concern. National Collaborating Centre for Infectious Diseases. URL: https.//nccid.cal
covid-19-variants/ [accessed 2022-02-22]

4.  Macintyre CR, Costantino V, Trent M. Modelling of COVID-19 vaccination strategies and herd immunity, in scenarios of
limited and full vaccine supply in NSW, Australia. Vaccine 2022 Apr 14,40(17):2506-2513 [FREE Full text] [doi:
10.1016/j.vaccine.2021.04.042] [Medline: 33958223]

5. RainaMacIntyre C, Costantino V, Chanmugam A. The use of face masks during vaccine roll-out in New YorkCity and
impact on epidemic control. Vaccine 2021 Oct 08;39(42):6296-6301 [FREE Full text] [doi: 10.1016/j.vaccine.2021.08.102]
[Medline: 34538699]

6.  Payne E. More contagious BA.2 sub-variant spreading in Canada, complicating opening plans. Ottawa Citizen. 2022 Feb
19. URL: https://ottawacitizen.com/news/l ocal-news/
more-contagious-ba-2-sub-vari ant-spreading-in-canada-compli cating-opening-plans [accessed 2022-02-22]

7. Tahirai J. COVID-19 variant tracker: Charting variants of the novel coronavirusin Canada. CTV News. URL: https.//Awww.
ctvnews.calhealth/coronavirus/tracking-variants-of -the-novel -coronavirus-in-canada-1.5296141 [accessed 2021-06-16]

8.  Population estimates, quarterly. Statistics Canada. URL : https.//www150.statcan.gc.ca/t/tbl 1/en/tv.action?pid=1710000901
[accessed 2021-06-16]

9. GarciaBdtran WF, Lam EC, St DenisK, Nitido AD, GarciaZH, Hauser BM, et a. Multiple SARS-CoV-2 variants escape
neutralization by vaccine-induced humoral immunity. Cell 2021 Apr 29;184(9):2372-2383.€9 [FREE Full text] [doi:
10.1016/j.cell.2021.03.013] [Medline: 33743213]

10. Madhi SA, BaillieV, Cutland CL, Voysey M, Koen AL, Fairlie L, NGS-SA Group, Wits-VIDA COVID Group. Efficacy
of the ChAdOx1 nCoV-19 Covid-19 vaccine against the B.1.351 variant. N Engl J Med 2021 May 20;384(20):1885-1898
[FREE Full text] [doi: 10.1056/NEJM 0a2102214] [Medline: 33725432]

11. CeleS, Gazyl,JacksonL, Hwas, Tegaly H, Lustig G, Network for Genomic Surveillancein South Africa, COMMIT-KZN
Team, et al. Escape of SARS-CoV-2 501Y.V2 from neutralization by convalescent plasma. Nature 2021
May;593(7857):142-146. [doi: 10.1038/s41586-021-03471-w] [Medline: 33780970]

12. Fontanet A, Autran B, Lina B, Kieny MP, Karim SSA, Sridhar D. SARS-CoV-2 variants and ending the COVID-19
pandemic. Lancet 2021 Mar 13;397(10278):952-954 [FREE Full text] [doi: 10.1016/S0140-6736(21)00370-6] [Medline:
33581803]

https://publichealth.jmir.org/2022/5/e31968 JMIR Public Health Surveill 2022 | vol. 8 |iss. 5| €31968 | p. 10
(page number not for citation purposes)

RenderX


https://jmir.org/api/download?alt_name=publichealth_v8i5e31968_app1.docx&filename=ed7cb908db74acc402ff797df8786a76.docx
https://jmir.org/api/download?alt_name=publichealth_v8i5e31968_app1.docx&filename=ed7cb908db74acc402ff797df8786a76.docx
https://jmir.org/api/download?alt_name=publichealth_v8i5e31968_app2.docx&filename=0dbf8b9321c4f470f264f9d9ec4573b6.docx
https://jmir.org/api/download?alt_name=publichealth_v8i5e31968_app2.docx&filename=0dbf8b9321c4f470f264f9d9ec4573b6.docx
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://health-infobase.canada.ca/covid-19/epidemiological-summary-covid-19-cases.html?stat=rate&measure=total_last7&map=pt#a2
https://health-infobase.canada.ca/covid-19/epidemiological-summary-covid-19-cases.html?stat=rate&measure=total_last7&map=pt#a2
https://nccid.ca/covid-19-variants/
https://nccid.ca/covid-19-variants/
https://linkinghub.elsevier.com/retrieve/pii/S0264-410X(21)00501-6
http://dx.doi.org/10.1016/j.vaccine.2021.04.042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33958223&dopt=Abstract
http://europepmc.org/abstract/MED/34538699
http://dx.doi.org/10.1016/j.vaccine.2021.08.102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34538699&dopt=Abstract
https://ottawacitizen.com/news/local-news/more-contagious-ba-2-sub-variant-spreading-in-canada-complicating-opening-plans
https://ottawacitizen.com/news/local-news/more-contagious-ba-2-sub-variant-spreading-in-canada-complicating-opening-plans
https://www.ctvnews.ca/health/coronavirus/tracking-variants-of-the-novel-coronavirus-in-canada-1.5296141
https://www.ctvnews.ca/health/coronavirus/tracking-variants-of-the-novel-coronavirus-in-canada-1.5296141
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=1710000901
https://linkinghub.elsevier.com/retrieve/pii/S0092-8674(21)00298-1
http://dx.doi.org/10.1016/j.cell.2021.03.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33743213&dopt=Abstract
http://europepmc.org/abstract/MED/33725432
http://dx.doi.org/10.1056/NEJMoa2102214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33725432&dopt=Abstract
http://dx.doi.org/10.1038/s41586-021-03471-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33780970&dopt=Abstract
http://europepmc.org/abstract/MED/33581803
http://dx.doi.org/10.1016/S0140-6736(21)00370-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33581803&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR PUBLIC HEALTH AND SURVEILLANCE Adeyinkaet al

13. Moore JR, Offit PA. SARS-CoV-2 Vaccines and the Growing Threat of Viral Variants. JAMA 2021 Mar 02;325(9):821-822.
[doi: 10.100V/jama.2021.1114] [Medline: 33507218]

14. DaviesNG, Abbott S, Barnard RC, Jarvis Cl, Kucharski AJ, Munday JD, CMMID COVID-19 Working Group, COVID-19
Genomics UK (COG-UK) Consortium, et al. Estimated transmissibility and impact of SARS-CoV-2 lineage B.1.1.7 in
England. Science 2021 Apr 09;372(6538):1 [FREE Full text] [doi: 10.1126/science.abg3055] [Medline: 33658326]

15. Galloway SE, Paul B, MacCannell DR, Johansson MA, Brooks JT, MacNeil A, et a. Emergence of SARS-CoV-2 B.1.1.7
lineage - United States, December 29, 2020-January 12, 2021. MMWR Morb Mortal Wkly Rep 2021 Jan 22;70(3):95-99
[EREE Full text] [doi: 10.15585/mmwr.mm7003e2] [Medline: 33476315]

16. PremK, LiuY, Russell TW, Kucharski AJ, Eggo RM, Davies N, Centre for the Mathematical Modelling of Infectious
Diseases COVID-19 Working Group, et a. The effect of control strategies to reduce social mixing on outcomes of the
COVID-19 epidemic in Wuhan, China: a modelling study. Lancet Public Health 2020 May;5(5):€261-e270 [FREE Full
text] [doi: 10.1016/S2468-2667(20)30073-6] [Medline: 32220655]

17. FangH, Wang L, Yang Y. Human mobility restrictions and the spread of the novel Coronavirus (2019-nCoV) in China. J
Public Econ 2020 Nov;191:104272 [FREE Full text] [doi: 10.1016/j.jpubeco.2020.104272] [Medline: 33518827]

18. Damette O, Mathonnat C, Goutte S. Meteorological factors against COVID-19 and the role of human mobility. PLoS One
2021;16(6):e0252405 [FREE Full text] [doi: 10.1371/journal.pone.0252405] [Medline: 34086744]

19. Mendalia S, Stavrunova O, Yerokhin O. Determinants of the community mobility during the COVID-19 epidemic: The
role of government regulations and information. J Econ Behav Organ 2021 Apr;184:199-231 [FREE Full text] [doi:
10.1016/].jeb0.2021.01.023] [Medline: 33551525]

20. Engle S, Stromme J, Zhou A. Staying at home: mobility effects of COVID-19. SSRN Journal 2020 Apr 15. [doi:
10.2139/ssrn.3565703]

21. COVID-19 Vaccination Tracker. COVID-19 Tracker Canada. URL: https://covid19tracker.ca/vaccinationtracker.html
[accessed 2021-06-19]

22. Citroner G. Your second vaccine dose is key to fighting off COVID-19 variants. Healthline. 2021 May 27. URL: https:/
/www.healthline.com/heal th-news/your-second-vacci ne-dose-is-key-agai nst-covid-19-variants [accessed 2021-06-26]

23. COVID-19 Government Response Tracker. Blavatnik School of Government. URL : https://www.bsg.ox.ac.uk/research/
research-projects/covid-19-government-response-tracker [accessed 2021-06-16]

24. COVID-19 Community Mobility Reports. Google. URL : https.//www.google.com/covid19/moability/ [accessed 2021-06-16]

25. Woskie LR, Hennessy J, EspinosaV, Tsai TC, Vispute S, Jacobson BH, et al. PLoS One 2021;16(6):€0253071 [FREE Full
text] [doi: 10.1371/journal.pone.0253071] [Medline: 34191818]

26. Abouk R, Heydari B. Theimmediate effect of COVID-19 policies on social-distancing behavior in the United States. Public
Health Rep 2021;136(2):245-252 [FREE Full text] [doi: 10.1177/0033354920976575] [Medline: 33400622]

27. Wellenius GA, Vispute S, Espinosa V, Fabrikant A, Tsai TC, Hennessy J, et al. Impacts of social distancing policies on
mobility and COVID-19 case growth in the US. Nat Commun 2021 May 25;12(1):3118 [FREE Full text] [doi:
10.1038/s41467-021-23404-5] [Medline: 34035295]

28. Paez A. Using Google Community Mobility Reportsto investigate theincidence of COVID-19 in the United States. Findings
2020:1 [FREE Full text] [doi: 10.32866/001c.12976]

29. Brown KA, Soucy JR, Buchan SA, Sturrock SL, Berry I, Stall NM, et a. The mobility gap: estimating mobility thresholds
required to control SARS-CoV-2 in Canada. CMAJ 2021 Apr 26;193(17):E592-E600 [FREE Full text] [doi:
10.1503/cmaj.210132] [Medline: 33827852)

30. Aktay A, Bavadekar S, Cossoul G. Google COVID-19 community mobility reports: anonymization process description.
arXiv Preprint published on November 3, 2020.

31. GeoDaon Github. URL: https://geodacenter.github.io/download windows.html [accessed 2018-12-01]

32.  Why It'sImportant to Standardize Your Data. Humans of Data. 2018 Dec 10. URL : https://humansofdata.atlan.com/2018/
12/data-standardization/ [accessed 2022-05-18]

33. Stata. URL: https://www.stata.com/ [accessed 2022-05-18]

34. QGISdownloads. QGIS Geographic Information System. URL: https://ggis.org/downloads/ [accessed 2022-05-18]

35. AidloR. COVID-19 cases on the decline across most of Canada, new modelling shows. CTV News. 2021 May 28. URL:
https://www.ctvnews.calheal th/coronavirus/covid-19-cases-on-the-decline-across-most-of -canada-new-model ling-shows-1.
5446611 [accessed 2021-06-18]

36. Treble P COVID-19in Canada: How our battle to stop the pandemic is going. Maclean's. 2021 Jul 15. URL : https:.//www.
macl eans.ca/soci ety/heal th/covid-19-in-canada-how-our-battle-agai nst-the-second-wave-is-going/ [accessed 2022-05-18]

37. Atter H. Magjority of peoplein Sask. hospitals with COVID-19 unvaccinated or recently vaccinated: health authority. CBC.
2021 Jun 09. URL: https://www.cbhc.ca/news/canada/saskatchewan/hospitalizati ons-unvaccinated-people-1.6058273
[accessed 2021-06-26]

38. Sheikh A, McMenamin J, Taylor B, Robertson C, Public Health Scotland and the EAVE |1 Collaborators. SARS-CoV-2
Delta VOC in Scotland: demographics, risk of hospital admission, and vaccine effectiveness. Lancet 2021 Jun
26;397(10293):2461-2462 [ FREE Full text] [doi: 10.1016/S0140-6736(21)01358-1] [Medline: 34139198]

https://publichealth.jmir.org/2022/5/e31968 JMIR Public Health Surveill 2022 | vol. 8 |iss. 5| 31968 | p. 11

(page number not for citation purposes)


http://dx.doi.org/10.1001/jama.2021.1114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33507218&dopt=Abstract
http://europepmc.org/abstract/MED/33658326
http://dx.doi.org/10.1126/science.abg3055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33658326&dopt=Abstract
https://doi.org/10.15585/mmwr.mm7003e2
http://dx.doi.org/10.15585/mmwr.mm7003e2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33476315&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2468-2667(20)30073-6
https://linkinghub.elsevier.com/retrieve/pii/S2468-2667(20)30073-6
http://dx.doi.org/10.1016/S2468-2667(20)30073-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32220655&dopt=Abstract
http://europepmc.org/abstract/MED/33518827
http://dx.doi.org/10.1016/j.jpubeco.2020.104272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33518827&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0252405
http://dx.doi.org/10.1371/journal.pone.0252405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34086744&dopt=Abstract
http://europepmc.org/abstract/MED/33551525
http://dx.doi.org/10.1016/j.jebo.2021.01.023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33551525&dopt=Abstract
http://dx.doi.org/10.2139/ssrn.3565703
https://covid19tracker.ca/vaccinationtracker.html
https://www.healthline.com/health-news/your-second-vaccine-dose-is-key-against-covid-19-variants
https://www.healthline.com/health-news/your-second-vaccine-dose-is-key-against-covid-19-variants
https://www.bsg.ox.ac.uk/research/research-projects/covid-19-government-response-tracker
https://www.bsg.ox.ac.uk/research/research-projects/covid-19-government-response-tracker
https://www.google.com/covid19/mobility/
https://dx.plos.org/10.1371/journal.pone.0253071
https://dx.plos.org/10.1371/journal.pone.0253071
http://dx.doi.org/10.1371/journal.pone.0253071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34191818&dopt=Abstract
https://journals.sagepub.com/doi/10.1177/0033354920976575?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
http://dx.doi.org/10.1177/0033354920976575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33400622&dopt=Abstract
https://doi.org/10.1038/s41467-021-23404-5
http://dx.doi.org/10.1038/s41467-021-23404-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34035295&dopt=Abstract
https://findingspress.org/article/12976-using-google-community-mobility-reports-to-investigate-the-incidence-of-covid-19-in-the-united-states
http://dx.doi.org/10.32866/001c.12976
http://www.cmaj.ca/cgi/pmidlookup?view=long&pmid=33827852
http://dx.doi.org/10.1503/cmaj.210132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33827852&dopt=Abstract
https://geodacenter.github.io/download_windows.html
https://humansofdata.atlan.com/2018/12/data-standardization/
https://humansofdata.atlan.com/2018/12/data-standardization/
https://www.stata.com/
https://qgis.org/downloads/
https://www.ctvnews.ca/health/coronavirus/covid-19-cases-on-the-decline-across-most-of-canada-new-modelling-shows-1.5446611
https://www.ctvnews.ca/health/coronavirus/covid-19-cases-on-the-decline-across-most-of-canada-new-modelling-shows-1.5446611
https://www.macleans.ca/society/health/covid-19-in-canada-how-our-battle-against-the-second-wave-is-going/
https://www.macleans.ca/society/health/covid-19-in-canada-how-our-battle-against-the-second-wave-is-going/
https://www.cbc.ca/news/canada/saskatchewan/hospitalizations-unvaccinated-people-1.6058273
http://europepmc.org/abstract/MED/34139198
http://dx.doi.org/10.1016/S0140-6736(21)01358-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34139198&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR PUBLIC HEALTH AND SURVEILLANCE Adeyinkaet al

39.

40.

41.

42.

43.

Bendix A. Delta coronavirus variant may be biggest threat yet to vaccinated people. Insider. 2021 Jun 17. URL: https:/
Iwww.businessinsider.com/del ta-coronavirus-vari ant-strongest-threat-vaccinated-peopl e-2021-6 [accessed 2021-06-19]
SARS-CoV-2 Variant classifications and definitions. Centers for Disease Control and Prevention. URL: https.//www.
cdc.gov/coronavirus/2019-ncov/variants/variant-info.html [accessed 2021-07-07]

Zimmer K. A Guide to Emerging SARS-CoV-2 Variants. The Scientist. 2021 Jan 26. URL: https://www.the-scientist.com/
news-opinion/a-guide-to-emerging-sars-cov-2-variants-68387 [accessed 2021-07-07]

Hyldig HL, Lykke RT, Villesen P. Social compliance during high stringency periods efficiently reduces COVID-19
incidencevidence from Google mobility reports. Research Square Preprint published on May 13, 2021. [doi:
10.21203/rs.3.rs-501561/v1]

Sah P, Vilches TN, Moghadas SM, Fitzpatrick MC, Singer BH, Hotez PJ, et al. Accelerated vaccine rollout isimperative
to mitigate highly transmissible COVID-19 variants. EClinicaMedicine 2021 May;35:100865 [FREE Full text] [doi:
10.1016/j.eclinm.2021.100865] [Medline: 33937735]

Abbreviations

ACE2: angiotensin-converting enzyme 2

CIHR: Canadian Institutes of Health Research

CoVaRR-Net: CIHR Coronavirus Variants Rapid Response Network
MRNA: messenger ribonucleic acid

nAbs. neutralizing antibodies

OxCGRT: Oxford COVID-19 Government Response Tracker

PCA: principal component analysis

gPCR: quantitative polymerase chain reaction

VOC: variant of concern

WGS: whole genomic sequencing

Edited by T Sanchez, A Mavragani; submitted 12.07.21; peer-reviewed by L Nweke, J Park; comments to author 02.02.22; revised
version received 23.02.22; accepted 26.04.22; published 31.05.22

Please cite as:

Adeyinka DA, Neudorf C, Camillo CA, Marks WN, Muhajarine N

COVID-19 Vaccination and Public Health Counter measures on Variants of Concernin Canada: Evidence Froma Spatial Hierarchical
Cluster Analysis

JMIR Public Health Surveill 2022;8(5): 31968

URL: https://publichealth.jmir.org/2022/5/€31968

doi: 10.2196/31968

PMID: 35486447

©Daniel A Adeyinka, Cory Neudorf, Cheryl A Camillo, Wendie N Marks, Nazeem Muhajarine. Originally published in IMIR
Public Health and Surveillance (https://publichealth.jmir.org), 31.05.2022. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work, first published in IMIR Public Health and
Surveillance, is properly cited. The complete bibliographic information, a link to the original publication on
https://publichealth.jmir.org, as well as this copyright and license information must be included.

https://publichealth.jmir.org/2022/5/e31968 JMIR Public Health Surveill 2022 | vol. 8 |iss. 5| €31968 | p. 12

RenderX

(page number not for citation purposes)


https://www.businessinsider.com/delta-coronavirus-variant-strongest-threat-vaccinated-people-2021-6
https://www.businessinsider.com/delta-coronavirus-variant-strongest-threat-vaccinated-people-2021-6
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html
https://www.the-scientist.com/news-opinion/a-guide-to-emerging-sars-cov-2-variants-68387
https://www.the-scientist.com/news-opinion/a-guide-to-emerging-sars-cov-2-variants-68387
http://dx.doi.org/10.21203/rs.3.rs-501561/v1
https://linkinghub.elsevier.com/retrieve/pii/S2589-5370(21)00145-0
http://dx.doi.org/10.1016/j.eclinm.2021.100865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33937735&dopt=Abstract
https://publichealth.jmir.org/2022/5/e31968
http://dx.doi.org/10.2196/31968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35486447&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

