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Abstract

This study empirically quantifies dynamics of SARS-CoV-2 establishment and early spread in
Canada. We developed a transmission model that was simulation tested and fitted in a Bayesian
framework to timeseries of new cases per day prior to physical distancing interventions. A hierarchi-
cal version was fitted to all provinces simultaneously to obtain average estimates for Canada. Across
scenarios of a latent period of 2-4 d and an infectious period of 5-9 d, the R, estimate for Canada
ranges from a minimum of 3.0 (95% CI: 2.3-3.9) to a maximum of 5.3 (95% CI: 3.9-7.1). Among
provinces, the estimated commencement of community transmission ranged from 3 d before to
50 d after the first reported case and from 2 to 25 d before the first reports of community transmis-
sion. Among parameter scenarios and provinces, the median reduction in transmission needed to
obtain Ry < 1 ranged from 46% (95% CI: 43%-48%) to 89% (95% CI: 88%-90%). Our results indicate
that local epidemics of SARS-CoV-2 in Canada entail high levels of stochasticity, contagiousness, and
observation delay, which facilitates rapid undetected spread and requires comprehensive testing and
contact tracing for its containment.

Key words: COVID, basic reproductive value, estimation, herd immunity

1. Introduction

The pandemic of COVID-19, caused by the Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2), has spread quickly, straining health care systems and causing societal and economic
upheaval ( ; ; ). After emerging
and quickly spreading in Wuhan City in Hubei Provmce in China in late 2019, cases began appearing
globally through international travellers ( ; ).
Transmission of the virus from asymptomatic and presymptomatic carriers has likely contributed to
its rapid spread ( ; ; ; )-

The global spread of local SARS-CoV-2 epidemics involves immigration of the virus to a new area via
travellers followed by its establishment in the local community where it can spread. Demographic
stochasticity of the local establishment process creates high uncertainty in the onset of a local
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epidemic ( ), which may then go undetected for an uncertain period of time due to a
presymptomatic period and stochastic sampling error, possibly delaying public health interventions.
The early local spread of SARS-CoV-2 was initially estimated in Hubei with a basic reproductive
value, Ry, in the range of 1.4-3.9 ( ), indicating that one infected individual would
on average go on to infect one to four other people. Recent analyses have however indicated that R,
in Wuhan may be higher, in the range of 3.8-8.9 ( ; ), and that
R, may similarly be higher in other countries ( ; ).

We developed a mathematical model of SARS-CoV-2 transmission that separates cases from travel-
lers versus community spread as latent (unobserved) processes and fitted it to timeseries data of
new cases per day in each Canadian province for the time period preceding social distancing inter-
ventions. The model accounts for the initial slow growth of cases prior to the onset of community
transmission and could therefore give a more accurate estimate of the basic reproductive value than
models that assume a specific start date for a local epidemic. The model estimates the rate of intro-
duction of infection into the population via infected travellers (here referred to as the “infection
immigration” rate), the commencement date of community spread, the transmission coefficient,
and the basic reproductive value, Ry. The results quantify the time delays to local establishment
from travellers and from the onset of community transmission to its first reported cases. A hierar-
chical version of the model, fitted to data from all provinces simultaneously, provides a Canada-
level meta-analytic estimate for R, and quantifies the reduction in transmission rate needed to halt
epidemic spread.

2. Methods

We used two models in our analysis, the first is the “estimating model” that we fitted to empirical data
on the number of new cases per day and which constitutes the main set of results in this paper. The
second model is a more complex “simulation model” that we used to simulate data to which the
estimating model was fitted. The purpose of the simulation test was to evaluate estimability and bias
of parameter estimates of the estimating model relative to unobserved processes such as asympto-
matic transmission as well as temporal changes in the immigration rate of infected travelers.
The simulation tests, described below, indicated that estimable parameters were unbiased but that
the latent period and infectious period needed to be specified rather than estimated when fitting the
estimating model to data.

2.1. Estimating model

Demographic stochasticity in the process of infection spilling over from travellers into a community
can create a delay between the appearance of initial cases and the commencement of community
transmission. To account for, and estimate, the potentially long delay in the onset of local epidemics,
the estimating model, which is implemented deterministically within a Bayesian model-fitting
framework, treats cases arising from returning travelers as a separate process from cases arising from
local community spread. The model tracks the numbers of returning infectious travellers (T), and the
numbers of susceptible (S), exposed (E), infectious (I), and recovered (R) people in a local population
over time (t),

Tin=¢-(1-w)T,

St =8 — PSI/N

Eiq1 =pS1:/N + (1 -7)E, (1)
It =F

Ry =R+ wl;
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where the function F, describes the transmission dynamics in relation to the date of spillover of
infection from travellers to local community spread at time ¢, via

0, t<t,
F, = 1, t=t. (2)
yE;+(1—-w),, t>t,

The other parameters of the model describe the immigration rate of infectious travellers (¢), the
duration of the infectious period (1/@) such that 1— is the fraction of infected individuals that re-
cover each day, the latent period (1/y) such that 1—y is the fraction of exposed individuals that become
infectious each day, the transmission coefficient (f), and the population size of each province (N).

The basic reproductive value, R, from this model without interventions is Ry = /. The proportional
reduction, 6, of the transmission rate that arises from physical distancing interventions or vaccination
can be introduced into the model as a coefficient (1-6) on f. This then gives the hypothetical propor-
tion reduction in transmission rate required to prevent an outbreak as @ >1—1/R, (

). Given that an outbreak has already occurred, a suppression strategy should reduce the effective

N
reproductive value R, = (1 — 6,)R, N where N is the population size, below one continuously

( ). This condition translates 6, > 1—N/(R,S), which is lower than @ due to
depletion of susceptibles due to immunity (from previous infections or vaccination).

2.2. Simulation testing

To evaluate parameter estimability, and the robustness of parameter estimates to unobserved asymp-
tomatic transmission and nonconstant rates of infection immigration, we tested the model by fitting it
to data that were simulated by a more complex data-generating model. The data-generating model
expands eq. (1) into asymptomatic (I,), presymptomatic (I,), and symptomatic (), infectious classes,
and also includes a constant mixing of returning infected travellers with the local population such that

Ti=¢-(1-w)T,
St+1 =S = (Balay + Balps + Bsy + BT,)S, /N
Eppr = (Balag + Palpy + By + BT,)S; /N + (1 —y)E,
Lge1 = (1= q)(1 = 7)E; — a1,y (3)
Ip,t+1 = Q(l - }')Et - wplp,t
L =wpl, — ol

Ry =R+l + o,

where g is the fraction of exposed individuals that go on to become symptomatic and the duration of
the infectious classes are 1/w,, 1/@,, and 1/, respectively. The net reproductive value, Ry, for the
data-generating model was calculated using the next generation matrix approach (

), and the model was implemented in a demographic stochastic framework with
all transitions occurring as Poisson (new infections) or binomial (all other transitions) processes. As
such, the onset of community spread is not a specified parameter, but rather an emergent property
of the stochastic process. We fitted the estimating model (eq. (1)) using the same likelihood function
as for the empirical data to 200 simulations of the number of symptomatic individuals per day over
40 d generated by eq. (3) to evaluate if the correct value of R, was recovered despite no information
on asymptomatic transmission being provided to the estimating model. We also considered rates of
immigration that vary with time (¢), and the influence on estimates when the latent period (1/y)
was assumed to be higher or lower than its true value. The parameter values used in the simulations
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were N'=1 000 000, f,=0.3, f,=0.3, f, = 0.8, y = 1/3, 0, = 1/5, @, = 1/1.1, w, = 1/8, and q=0.5,
which give Ry =4.1.

2.3. Onset of community spread in the models

A note is needed regarding a subtle but important difference between the estimating model and the
generating model regarding the onset of community spread, ¢, The generating model was imple-
mented using demographic stochastic simulations to include the inherent randomness of disease
arrival and establishment, and as such the timing of onset of community spread is random and
requires a sufficient cluster of chance to allow deterministic epidemic spread to take hold and then
dominate as exponential growth. In the estimating model, the dynamical model is implemented
deterministically within a Bayesian model fitting framework, and in that case the onset of community
spread is estimated as a parameter of the model that separates the time series into conditions that are
pre-epidemic but with infected individuals arriving (¢ < f.) versus those after community spread
begins. These phases are separated by not allowing transmission from travelers to the local commu-
nity until day f., when one infection in the community is introduced and after which it spreads. Of
course subsequent introductions may also occur; however, under deterministic implementations of
the model they are inconsequential to the growth of the epidemic because the exponential growth in
the community quickly dominates the dynamics.

2.4. Empirical data

The model was then fitted in a Bayesian framework to timeseries of the number of new cases of
COVID-19 per day in two ways, described below. The data used were timeseries of the number of
new provincially confirmed cases of COVID-19 per day, based on quantitative polymerase chain reac-
tion testing, that were maintained by . The first cases in Canada appeared in
Ontario and British Columbia in late January 2020, all associated with international travellers returning
to Canada ( ). Implementation of physical distancing measures in Canada began the week of
16-20 March 2020, when many provinces issued declarations of emergency, and federal government
interventions intensified ( ; ). We did not fit the model for the
territories because there were too few data. We used 1 April 2020 as the end date of the data to which
we fitted the models to constrain the data to a time period that reflects the initial transmission dynamics
preceding the effects of physical distancing. This end date reflects a latent period of 2-4 d from exposure
to the onset of symptoms plus about an average week delay from the onset of symptoms to an individual
seeking a test to the results of the test being reported ( ; ).

2.5. Empirical parameter estimation

The model was implemented in the statistical programming language R version 3.6.3 (R Project for
Statistical Computing, ) using the RJags package ( ,

), and it was fitted to the data in two ways: (i) independently for each province and
(ii) hierarchically for all provinces simultaneously (described below). Initial simulation testing
of the model indicated that not all parameters were estimable from early-epidemic data; this was rein-
forced by convergence problems when fitting the model to the empirical data. We therefore focus on
the estimation of parameters that cannot be obtained from independent patient-level
data—transmission coefficient (), infection immigration rate (¢), and the commencement day of
community transmission (T,). Based on independent patient-level data we constrained the latent
period (1/y) to between 2 and 4 d and infectious period (1/w) to a range between 5 and 9 d (

; ).

The hierarchical version of the model was fitted to all provinces in Canada simultaneously by model-
ling the transmission coefficient and the immigration rate as hyperparameters with a Canadian-level
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Table 1. Dates of the first reported case, dates of the first reported community transmission, are shown for each Canadian province, along with model estimates of the
infection immigration rate (median and 95% credible intervals), the date of onset of community spread (median and 95% credible intervals), the delay (days) from first case to
estimated commencement of community spread, and the time delay (days) from the estimated commencement of community spread to the first provincial report of
community spread.

Delay from estimated

Delay from first onset date of
case to estimated  community spread to
Estimated Estimated onset onset date of first reported case of
. infection immigration date of community community community
First reported rate (¢) spread (2020) spread (days) spread (days)
First reported case of community — - - -
Province case (2020) spread (2020) Med 2.5% 97.5% 2.5% 97.5% Med 2.5% 97.5% Med 2.5% 97.5%
Alberta 5 March 15 March 0.5674 0.3576 0.7968 2 March 2 March 2March -3 -3 -3 13 13 13
British Columbia 28 January 5 March 0.0212 0.0027 0.0459 9 February 4 February 12 February 12 7 15 25 22 30
Manitoba 12 March 1 April 0.0998 0.0000 0.2203 15 March 11 March 20 March 3 -1 8 17 12 21
New Brunswick 12 March 30 March 0.0548 0.0000 0.1526 14 March 9 March 16 March 2 -3 4 16 14 21
Newfoundland 14 March 28 March 0.0318 0.0000 0.1224 11 March 11 March 13 March -3 -3 -1 17 15 17
and Labrador
Nova Scotia 15 March 30 March 0.2007 0.0325 0.3969 13 March 12 March  15March -2 -3 0 17 15 18
Ontario 25 January 10 March 0.2306 0.1682 0.2973 8 March 8 March 8 March 43 43 43 2 2 2
Prince Edward Island 14 March NA 0.0648 0.0015 0.1500 20 March 15 March 25 March 6 1 11 NA NA NA
Quebec 27 February 25 March 0.1520 0.0468 0.2741 7 March 7 March 7 March 9 9 9 18 18 18
Saskatchewan 12 March 24 March 0.1881 0.0237 0.3699 9 March 9 March 12 March -3 -3 0 15 12 15

Note: Estimates are based on an assumed latent period of 3 d and infectious period of 7 d. See Supplementary Material 3 for estimates using latent periods of 2,
3, and 4 d and infectious periods of 5, 7, and 9 d.
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mean and province-level random effects to account for inter-provincial variation. The day of spill-
over to community spread, (T,), was modelled as a fixed effect per province. The hierarchical model
therefore provides an overall estimation of the transmission coefficient and immigration rate for
Canada that consolidates within- and between-province variation in the data.

For the basic model fitted separately to each province, we supplied flat (uniform) priors for the trans-
mission coefficient (f) and immigration rate (¢) that each ranged between 0 and 5, and 16 chains,
with a 60 000 step adaptation, 60 000 step burn-in, and sampling of the chains for 1000 steps. The
prior for the start day of community spread (7.) was modelled as a uniform categorical variable
between day 2 and the second last day of the data timeseries for each province. For the hierarchical
model the transmission coefficient () and immigration rate (¢) were both modeled as log-normal
distributions, with the prior for the mean uniformly distributed between —5 and 5 on a natural log
scale and a standard deviation for inter-provincial variation that was uniformly distributed between
zero and 1 000 000. The likelihood function modeled the observed counts of new cases per day as a
Poisson process with mean rate parameter each day given by T;(f) + I(t), where the subscript i indi-
cates the focal province. The likelihood therefore does not explicitly treat cases from travellers and
nontravellers separately, as this was not consistently reported in the data.

Note that this model did not explicitly consider under-reporting of cases, which could be incorporated
in the model in a couple of ways—with the number of cases reported per day being proportional to
the total number of infected individuals on that day or with subcompartments for infected individuals
in reported and not-reported categories. In both situations, there are unestimable parameters because
the true total number of infected individuals in the population is not known and other data are needed
to inform testing rates and post-testing transmission rates. Our model is based on the first scenario,
where the likelihood function has the number of observed cases per day matched with the number
of predicted cases per day as a Poisson process, and which is an appropriate approximation of a sub-
compartment model if the proportion of infected individuals that get tested and test positive is low,
both reasonable approximations under conditions of frequent asymptomatic infecteds and low testing
rates. Our model does not consider time lags in testing and reporting or a constant under-reporting
rate, as neither affect the estimation of the other parameters; introducing an under-reporting coeffi-
cient only scales the total model but does not affect the relative differences between traveller and com-
munity population parameters that determine the shape of the curve that is fitted.

3. Results

Initial model tests indicated that the latent period (1/y) and infectious period (1/w) were not estimable
(i.e., chains did not converge) and must instead be specified. The simulation testing indicated that
estimates of R, were unbiased despite unobserved asymptomatic cases and presymptomatic transmis-

sion, and that the infection immigration rate, ¢, was slightly underestimated ( ). When the
immigration rate was not constant but rather a wave of travellers, estimates of R, remained unbiased
but contained lower uncertainty under conditions of constant immigration ( and 1c¢). The

nonconstant immigration rates also resulted in a contraction of the distribution of the date of onset
of community spread, T, towards earlier days. Misspecification of the latent period introduced bias
to the estimation of Ry such that a latent period that is too high (low) results in overestimation
(underestimation), and in both cases resulted in slight overestimation of the immigration rate ¢
( and 1d). There is no true value for the infectious period in the simulation testing with which
to test the estimating model as the infectious period is distributed among the three infectious classes.
We therefore evaluated sensitivity of estimates to the specification of the infectious period by refitting
the model to the empirical data under a range of scenarios, with the latent period at 2, 3, and 4 d as
well as the infectious period specified as 5, 7, and 9 d.
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Characteristics of estimates of the infection immigration rate (¢), the day when community spread begins (T.), and the basic reproductive value (Ro),
from simulation tests of the estimating model when the estimating model (egs. (1) and (2)) was fitted to simulated data from the data-generating model
(egs. (3)) 200 times each under conditions of (a) constant immigration rate and correctly specified latent period, (b) immigration rate as a low-magnitude wave
over time (shown in the top panel) and correctly specified latent period, (c) immigration rate as a high-magnitude wave over time (shown in the top panel) and
correctly specified latent period, (d) constant immigration rate but misspecification of the latent period as y = 1/2 in the data generating model and = 1/4 in the
estimating model), and (d) constant immigration rate but with misspecification of the latent period as y = 1/4 in the data generating model and y = 1/4 in the
estimating model. Histograms show the distribution of 200 median estimates for each parameter from the estimating model, and the vertical red lines show
the true value in the data generating model. The immigration rate (¢) in (b) and (c) shows the immigration rate over time (days) for low- and high-magnitude
waves, respectively, and does not have a single true value to compare the estimates against. We therefore plotted the timeseries of ¢ in the simulating model to
illustrate the extent to which we allowed it to vary over time and how allowing it to vary in the simulating model influences the estimates of the other parameters
(T. and Ry).

), and

). The province-level parameter estimates from the hierar-

The fits of the models exhibited good convergence properties (
agreed well with the observed data (
chical model also agreed well with the parameter estimates from the model when fitted to each prov-
ince independently ( ). All provincial data sets and fitted models clearly
show the exponential growth that is consistent with the early epidemic phase that follows variable
periods of constant rates of new cases arising from returning travellers prior to the onset of local com-
munity spread ( ). For less populated provinces, such as Nova Scotia, where case counts were low
but increasing, stochastic variation arising from sampling error resulted in strong uncertainty in the
case counts and the epidemic trajectories. In contrast, for more populated provinces with higher case
counts, such as Ontario and Quebec, variation from stochastic sampling error was diminished as the
deterministic growth of the epidemic became more dominant on variation in the number of new cases

per day ( ).

The estimated rates of immigrating infection, (¢), varied by province ( ), but were not related
to population size. The dates of onset of community transmission also varied ( ): they were
estimated at 12 and 43 d following the first reported case in British Columbia and Ontario,

FACETS | 2021 | 6: 180-194 | DOI: 10.1139/facets-2020-0055

186


http://dx.doi.org/10.1139/facets-2020-0055
http://www.facetsjournal.com

FACETS Downloaded from www.facetsjournal.com by 18.119.11.114 on 06/01/24

ACETS

o
S 4
© | Ontario Quebec
14,570,000 8,485,000
o
34
<~
o4 ——— rrrrrTTITTITITTETTLIYLAALLTY
T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40
34
~ | British Columbia Alberta
5,071,000 4,371,000
o |
N~
o x S G Seas
T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 700 5 10 15 20 25 30
o
¥ Saskatchewan Newfoundland
1,174,000 521,542

T T T T
5 10 15 20

Number of new cases per day

Manitoba Nova Scotia
1,369,000 971,395

=

© -

~ | New Brunswick Vi Prince Edward Island

776,827 y 156,947

w |

~

< |

[}

Days

Fig. 2. The number of new cases of COVID-19 per day (orange points) for each of the 10 provinces of Canada.
Purple solid lines show the median prediction of the fitted model and the density of translucent grey lines show
the model predicted uncertainty in the number of new cases each day using a latent period 1/y of 3 d and infec-
tious period 1/w of 7 d. Uncertainty was generated by propagating the uncertainty in the parameter posteriors
through an implementation of the model where observations of the number of cases occur as a Poisson process.

respectively, but were estimated just before, or within a couple days after, the first reported case in six
of the eight remaining provinces. Among provinces, the model estimates that the onset of community
spread happened 2-25 d earlier than the first reported cases of community spread (Table 1).
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Table 2. Estimated transmission coefficients (), with median and 95% credible interval, the associated values of the net reproductive value (R,), and the
proportion reduction in transmission rate required to obtain R, < 1, for each Canadian province given by 6 = 1-1/R,,.

Transmission reduction

Transmission coefficient Basic reproductive value (R,) for Ry <1
Province Med 2.5% 97.5% Med 2.5% 97.5% Med 2.5% 97.5%
Alberta 0.524 0.514 0.535 3.669 3.595 3.745 0.727 0.722 0.733
British Columbia 0.321 0.298 0.339 2.244 2.083 2.374 0.554 0.520 0.579
Manitoba 0.624 0.435 0.997 4.368 3.047 6.977 0.771 0.672 0.857
New Brunswick 0.451 0.357 0.559 3.157 2.502 3914 0.683 0.600 0.745
Newfoundland and Labrador 0.563 0.514 0.638 3.944 3.598 4.468 0.746 0.722 0.776
Nova Scotia 0.590 0.523 0.703 4.130 3.658 4.920 0.758 0.727 0.797
Ontario 0.979 0.971 0.988 6.854 6.794 6.913 0.854 0.853 0.855
Prince Edward Island 0.518 0.003 1.177 3.628 0.022 8.237 0.724 0.000 0.879
Quebec 1.020 1.013 1.026 7.139 7.093 7.185 0.860 0.859 0.861
Saskatchewan 0.488 0.443 0.549 3415 3.102 3.842 0.707 0.678 0.740

Note: Estimates are given for an assumed latent period of 3 d and infectious period for 7 d. See the supplement for estimates under assumed
latent periods of 2, 3, and 4 d and infectious periods of 5, 7, and 9 d.

Across a latent period of 2-4 d and an infectious period of 5-9 d, the basic reproductive value was
commonly in the range of 3-5 among provinces, with the lowest values observed in British
Columbia and the highest values observed in Ontario and Quebec (Table 2 and Fig. 3). The median

1
reduction in transmission rate needed to obtain Ry < 1, calculated as § =1 — o varied across the
0

parameter space and among provinces from as low as 46% in British Columbia to as high as 89% in
Ontario (Supplementary Material 3). Across parameter scenarios, the hierarchical model estimated
an overall Ry for Canada that ranged between 3.0 (95% CI: 2.3-3.9) to 5.3 (95% CI: 3.9-7.1) for
Canada (Table 3). The reduction in the transmission coefficient needed to obtain an Ry < 1 is then
estimated to be in the range of 67% (95% CI: 57%-74%) to 81% (95% CI: 0.74-0.86) (Table 3).

4. Discussion

Our results indicate that several epidemiological parameters—the transmission coefficient, basic
reproductive value, immigration rate of infection, and commencement of community spread—are
estimable from time-series of new reported cases prior to public health intervention despite unob-
served asymptomatic cases and asymptomatic and pre-symptomatic transmission. The accuracy
of these estimates depends; however, on the accuracy with which the population-average latent
period and infectious period are specified, with potential biases arising from misspecification. The
estimated parameters indicate that the initial process of establishment and spread of SARS-CoV-2
in provinces of Canada is characterized by high uncertainty of onset arising from demographic sto-
chasticity in the commencement of community spread as well as from stochastic sampling error
from testing. That uncertainty creates time lags among establishment, detection, and intervention
during which the virus has a high rate of community spread. The estimated R, implies that inter-
ventions such as physical distancing or vaccination would have needed to reduce transmission rate
by an average of 46%-89% across Canada to contain the virus under the conditions of the initial
outbreak. To halt the current epidemic, the threshold reduction in transmission rate needed will
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Fig. 3. Estimates for Ry, the basic reproductive value estimated by the model for each province separately and for
Canada as a whole via a hierarchical model fitted to all provinces simultaneously. Parameter constraints were an
infectious period 1/w of 5 d (a), 7 d (b), and 9 d (c) and a latent period 1/y of 2 d (triangles), 3 d (circles), and 4 d
(squares). AB, Alberta; BC, British Columbia, MB, Manitoba, NB, New Brunswick; NL, Newfoundland and
Labrador; NS, Nova Scotia; ON, Ontario; PE, Prince Edward Island; QC, Quebec; SK, Saskatchewan.

Table 3. Estimates from the hierarchical transmission model fitted to all provinces simultaneously for the average transmission coefficient (), with median
and 95% credible interval, and the associated estimates of the net reproductive value (R,) and the proportion reduction in transmission rate required to
obtain Ry < 1, given by 6 = 1-1/R,.

Transmission reduction

FACETS Downloaded from www.facetsjournal.com by 18.119.11.114 on 06/01/24

T— s Transmission coefficient Basic reproductive value for Ry <1
period (d) period (d) Med 2.5% 97.5% Med 2.5% 97.5% Med 2.5% 97.5%
2 5 0.60 0.46 0.78 2.99 231 3.90 0.67 0.57 0.74
7 0.52 0.38 0.70 3.61 2.63 4.87 0.72 0.62 0.79
9 0.47 0.34 0.67 4.24 3.02 6.06 0.76 0.67 0.83
3 5 0.67 0.53 0.83 3.33 2.63 4.17 0.70 0.62 0.76
7 0.58 0.44 0.78 4.07 3.06 5.44 0.75 0.67 0.82
9 0.53 0.38 0.73 4.81 3.46 6.59 0.79 0.71 0.85
4 5 0.74 0.59 0.94 3.70 2.97 4.68 0.73 0.66 0.79
7 0.65 0.49 0.84 4.52 3.42 5.88 0.78 0.71 0.83
9 0.59 0.43 0.79 5.30 3.88 712 0.81 0.74 0.86
Note: Estimates are provided for all combinations of a latent period of 2, 3, and 4 d and infectious periods of 5, 7, and 9 d.
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N
be lower, due to the depletion of susceptibles (He =1- ﬁ) from immunity from previous infec-
0

tion. However, it is not currently known the degree of immunity conferred by previous infection
with SARS-Cov2 and potentially other coronavirus nor the true prevalence of infection in the
population.

Since SARS-CoV-2 has already spread in Canada, the realized growth rate, R,, will be less than R, pro-
portional to the extent of depletion of susceptibles due to immunity and to changes in social behav-
iours and environment relative to the conditions during initial invasion. As such, the estimated R,
and associated thresholds for control (6) provide a reference point against which current conditions
or intervention scenarios can be compared. Our estimates therefore provide threshold levels of inter-
vention strength that need to be met or exceeded to ensure that R, < 1, which is needed for contain-
ment so long as the following conditions are met: (i) social behaviour maintains contact rates less than
that during initial transmission, (ii) there is some level of immunity conferred by previous infection,
(iii) changes in environmental conditions such as climate do not increase spread, and (iv) the virus
does not evolve higher transmission rates or infectious period. If those conditions are met then the
effective reproduction rate R, is likely to be less than Ry, and (@) provides a minimum target level
for control above which halting spread is likely achievable.

The early local spread of SARS-CoV-2 in Hubei Province in China was initially estimated as having an

R, in the range of 1.4-3.9 ( ), whereas latter re-analyses have estimated R, to be as high
as 3.8-8.9 ( ) and 5.7-7.2 ( ). The Ry for Italy has been estimated at
3.5-3.8 ( ) and then 4.7-11.4 internationally ( ). Our results

have empirically estimated that R, is between a minimum of 3.0 (95% CI: 2.3-3.9) to a maximum
of 5.3 (95% CI: 3.9-7.1) for Canada as a whole, depending on assumption of the latent and infectious
periods. However, we also estimated substantial variation among provinces in Ry, which falls
within the range of R, estimates for other countries, and is consistent with the variation in rapid increase
among provinces and may reflect interprovincial variation in public health responses to SARS-CoV-2
for which British Columbia has been lauded. However, it is also possible that random unbiased error
in the estimating model, as indicated in the simulation testing, may have simply by chance alone con-
tributed to among-province variation in the parameter estimates. Furthermore, variation among prov-
inces in testing capacity or specificity may contribute to among-province variation in R,.

Theoretical studies using compartmental models, similar to the models we worked with but often with
much more complex transmission dynamics, usually need to specify R, and (or) the transmission
coefficient, and have assumed R, = 2.5 in models of Canada ( ) and the United
States ( ). Our results have empirically estimated that, overall for Canada, there
is a higher level of contagiousness than assumed in these models that assume R, = 2.5.
Consequently, models that assume Ry = 2.5 may have underestimated the strength of intervention
necessary to avoid overwhelming health care systems. In addition, our estimates suggest that trans-
mission needs to be reduced by 46%-89% to obtain R, < 1, which means obtaining herd immunity
requires 46%-89% immunity in the population compared with 60% if Ry = 2.5. However, it is impor-
tant to note that our estimates for R, are contingent on our specification of the latent and infectious
periods. We implicitly assumed the distribution of the latent and infectious periods were exponential,
which if relaxed to allow for gamma distributed periods by including subcompartments in exposed
and infectious classes, can also reduce the value of R ( ). Overall,
despite these uncertainties, our estimates reinforce the high level of contagiousness of SARS-CoV-2.

The parameter estimates from our analysis provide empirical reference points against which estimates
for the effective reproductive rate (R.) under future conditions can be compared to evaluate the effec-
tiveness of interventions. For example, analysis of the outbreak in Germany shows that interventions
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reduced the exponential growth rate 4.8-fold from 0.43 to 0.09 ( ), and our meth-
ods can be similarly expanded to accommodate shifts in transmission rate in response to interven-
tions. Our estimates also allow for revised assessment and planning for testing, case tracking, and
containment as the epidemic unfolds, because the level of contagiousness may be higher than previ-
ously thought. Because it is not possible to estimate the contribution of asymptomatic and presymp-
tomatic transmission from our model given the available data, there is clearly a need for future
analyses to parse out their contributions to the overall transmission rate and R, to inform mathemati-
cal models used for scenario analyses and public health planning. Given the contingency of our esti-
mates on two key parameters that must be specified—latent period and infectious period—a future
direction is to improve the precision and accuracy of those parameters in the context of community
spread rather than from individual data from patients in hospitalized settings.

One limitation of this study is that it does not account for within-province variation in SARS-CoV-2
spread, for example, because of geography, density, demography, or occupation. Rather, our estimates
are at the population level. Other analyses of in R, account for within-population heterogeneity by
combining exponential growth, the generation time of the virus, and a dispersion parameter for the
distribution of generation time ( ). Such heterogeneity is important to quantify and
needs to be coupled with intrapopulation data to identify the conditions of superspreading events,
which would help prioritize intervention strategies to contain spread. As most compartment epi-
demiological models exhibit exponential growth in the early phases of an epidemic, it is therefore
not surprising that the model achieved a good fit to the data. Nonetheless, the parameters estimated
via this exercise should be useful for understanding the level of contagiousness of the virus and mag-
nitude of sustained interventions needed for its containment as evaluated by models for the latter
stages of the epidemic that allow calculation of R,.

Another limitation is that the data on the number of new cases per day, to which the model is fitted,
may not be representative of the population due to limited testing capacity or prioritized testing of
high-risk subpopulations. Further, changes in infection testing methods and reporting procedures
midway through the epidemic add variation to the data such as the high number of cases reported
in Quebec on 22 March 2020 due to removing the requirement for secondary confirmation or in
Ontario on 1 April 2020 due to a switch to reporting from public health units. Our model does not
account for such heterogeneities or under-reporting in the data. However, our estimates should be
representative under conditions prior to physical distancing assuming that case numbers were low rel-
ative to testing capacity and reflected the propensity of symptomatic and exposed individuals seeking
tests, proportional to the prevalence of the virus in the overall population. Finally, another limitation
of our study is a possible bias in under- and overestimating Ry, due to misspecification of the latent
period and infectious period. We therefore provided estimates of the epidemiological parameters
under a range of assumed values for latent period and infectious period that cover the possible realis-
tic range (see ).

In Canada, and in the absence of intervention, SARS-CoV-2 is estimated to be highly contagious.
To contain the epidemic in Canada, the model estimates that the degree of sustained intervention
needed is a 46%-89% reduction in transmission rate relative to conditions early in the outbreak,
which could come from a combination of behavioural change, immunity from previous exposure,
and future interventions such as vaccination. Provinces in Canada vary in policy-relevant ways
regarding SARS-CoV-2 and the strength of interventions that are needed for containment. There
has clearly been a slowdown in most provinces in the rate of new cases per day in response to physical
distancing; as provinces continue to ease restrictions, our results provide guidance and reference
points against which to measure the success of interventions as well as how fast infection could spread
should conditions return to early-epidemic levels.
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