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Abstract

Background: The coronavirus disease 2019 (COVID-19) pandemic has placed unprecedented -l

demands on local public health units in Ontario, Canada, one of which was the need for in-

house epidemiological modelling capabilities. The objective of this study is to develop a Affiliations
native Windows desktop app for epidemiological modelling, to be used by public health unit ' Ontario Tech University, Oshawa,
epidemiologists to predict COVID-19 transmission in Durham Region. ON

2 Durham Region Health
Methods: The developed app is an implementation of a multi-stratified compartmental Department, Whitby, ON
epidemiological model that can accommodate multiple virus variants and levels of vaccination,
as well as public health measures such as physical distancing, contact tracing followed by
quarantine and testing followed by isolation. It was used to investigate the effects of different *Correspondence:
factors on COVID-19 transmission, including vaccination coverage, vaccine effectiveness, eleodor.nichita@ontariotechu.ca
waning of vaccine-induced immunity and the advent of the Omicron variant. The simulation
start date was November 22, 2021.

Results: For the Delta variant, at least 90% of the population would need to be vaccinated to
achieve herd immunity. A Delta-variant-only epidemiological curve would be flattened from
the start in the absence of immunity waning and within six months in the presence of immunity
waning. The percentage of infections caused by the Omicron variant was forecast to increase
from 1% to 97% in the first month of the simulation. Total Omicron infections were forecasted
to be reduced, respectively, by 26% or 41% if 3,000 or 5,000 booster doses were administered
per day.

Conclusion: For the Delta variant, both natural and vaccination-induced immunity are necessary
to achieve herd immunity, and waning of vaccine-induced immunity lengthens the time
necessary to reach herd immunity. In the absence of additional public health measures, a wave
driven by the Omicron variant was predicted to pose significant public health challenges with
infections predicted to peak in 2-3 months from the start of the simulation, depending on the
rate of administration of booster doses.

Suggested citation: Nichita E, Pietrusiak M-A, Xie F, Schwanke P, Pandya A. Modelling COVID-19 transmission
using IDSIM, an epidemiological-modelling desktop app with multi-level immunization capabilities. Can Commun
Dis Rep 2022;48(10):449-64. https://doi.org/10.14745/ccdr.v48i10a05

Keywords: COVID-19, compartmental epidemiological model, IDSIM app, vaccination levels, immunity waning,
variants
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Introduction

On March 11, 2020, the World Health Organization declared the
coronavirus disease 2019 (COVID-19) epidemic, caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),

a pandemic. Like other affected countries, Canada and its
provinces instituted emergency public health measures to control
virus transmission, in the form of masking mandates, detection,
isolation and quarantine, international travel restrictions, work
from home, school and business closures and even stay-at-home
orders (1). Some of these measures came at great economic

cost and having an inordinately large number of infections was
unacceptable due to the strain they would have placed on
medical services. Therefore, it became very important to model
the pandemic and to use model predictions to assess demands
on the health system and to guide policy decisions around public
health measures.

At the federal level, the Public Health Agency of Canada
created a Canadian COVID-19 modelling network made up of
federal, provincial, territorial and university-based modellers
and epidemiologists (2). Modelling results were used to inform
policies, guide public health action and communicate with the
public.

In the Province of Ontario, the COVID-19 Modelling Consensus
Table was created in March 2020 to bring together multiple
groups of experts, health system leaders and senior decision
makers and to generate consensus estimates based on multiple
modelling results and expert opinions. Such estimates were
used to inform policy decisions on public health measures, to
communicate with the public, and to evaluate health system
status and demands (3).

To model COVID transmission under different scenarios, a vast
number of models were being developed in Canada and around
the world using an array of software packages. For example,
modelling efforts at the Public Health Agency of Canada resulted
in the development of both compartmental (4) and agent-based
models (5). The former was implemented using the Analytica
software package, while the latter was implemented using the
AnyLogic software package. Another compartmental model was
developed by Tuite et al. (6) with the specific aim of modelling
COVID transmission in Ontario. In Europe, a team centred at
the University of Cambridge developed another compartmental
model (7) and implemented it using a pre-packaged

initial-value ordinary-differential solver developed in the Python
programming language. Virtually all available models were
focused on evaluating non-pharmaceutical interventions (e.g.
testing and tracing, physical distancing). They did not have

the ability to simulate the effect of vaccines, especially those
administered in multiple doses, or the waning of vaccine-
induced protection. Available models were also not convenient
for individual public health units (PHUs) because they required
familiarity with specific software packages used to implement
them. In practice, this meant that a multidisciplinary team
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consisting of both epidemiologists and computational scientists
was needed to correctly and efficiently use the models and
corresponding software packages.

In the summer of 2020, as the province of Ontario was
recovering from the first wave of COVID-19 infections, it became
clear that a second wave was developing. Local PHUs were
called upon to make forecasts about the future evolution of
cases, estimate demands on hospitals and recommend public
health interventions at a time when modelling resources, both
computational and human, were scarce. Modelling results
prepared at the national or provincial level by sizeable teams

of epidemiologists and mathematicians were only partially
applicable to local situations.

The Regional Municipality of Durham, which comprises areas

to the east of Toronto and has a population of approximately
750,000, was facing challenges common to all Ontario PHUs. To
alleviate the shortage of modelling resources, Durham Region
Health Department established a collaboration with Ontario
Tech University to develop in-house COVID-19 epidemiological
modelling capabilities. The immediate objective was to create a
model and software package in the form of a Windows desktop
app to be used by staff epidemiologists for making forecasts
and informing policy decisions without the need for high-
performance computing systems or extensive training.

For simplicity and practicality, a dynamic compartmental
(deterministic) model developed by the Public Health Agency
of Canada (4) was initially adopted. This initial model consisted
of seven compartments (susceptible, exposed, exposed
quarantined, infectious, infectious isolated, hospitalized, and
removed), and allowed for only one ancestral strain. It was
implemented as a Modern Fortran (Fortran with object-oriented
programming features) code with an Excel/Visual-Basic user
interface. As variants emerged and vaccines became available,
additional capabilities were added to the model and the
implementation was switched to a native MS-Windows desktop
app with a Modern Fortran computational backend. The app
was named IDSIM (Infectious-Disease SIMulator). This work
presents the (November 2021) IDSIM model and illustrates some
of its capabilities by performing four simulations of COVID-19
transmission under different conditions.
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Epidemiological model

The epidemiological model is a multi-stratified compartmental
model that can accommodate multiple virus variants and levels
of vaccination, as well as public health measures such as physical
distancing, contact tracing followed by quarantine and testing
followed by isolation.

Compartments and flowchart
The diagram of the epidemiological model is shown in Figure 1.

Figure 1: Compartmental model diagram
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Abbreviations: EC, exposed in the community (not quarantined); EQ, exposed quarantined;

D, deceased; HR, hospitalized recovering; HD, hospitalized dying; ICA, infectious, in the
community, asymptomatic; ICPM, infectious, in the community, pre-symptomatic, will progress
to mild symptoms; ICPS, infectious, in the community, pre-symptomatic, will progress to severe
symptoms; ICSM, infectious, in the community, symptomatic, mild symptoms; ICSS, infectious,
in the community, symptomatic, severe symptoms; lIA, infectious isolated asymptomatic; IIPM,
infectious isolated pre-symptomatic, will progress to mild symptoms; IIPS, infectious isolated
pre-symptomatic, will progress to severe symptoms; lISM, infectious isolated symptomatic

mild; IISS, infectious isolated symptomatic severe; IQA, infectious quarantined asymptomatic;
IQPM, infectious quarantined pre-symptomatic, will progress to mild symptoms; IQPS, infectious
quarantined pre-symptomatic, will progress to severe symptoms; IQSM, infectious quarantined
symptomatic mild; IQSS, infectious quarantined symptomatic severe; R, recovered; S, susceptible

The population in each compartment is categorized by combined
stratum (subscript g), immunization status (subscript i) and variant
(subscript v). The differential equations governing transition from
one compartment to another are presented in the Appendix.

Variants
The variant subscript v, applies to all compartments other than
the one comprised of susceptible individuals.

Combined strata

Each combined stratum is a combination of strata corresponding
to multiple stratifications. For example, if a particular population
were stratified by age into two strata, those under 50 years and
those 50 years and older, and by gender into two strata, female
and male, then subscript g would take values between 1 and

4, corresponding to the four combined strata: females under

50 years, females 50 years and older, males under 50 years, and
males 50 years and older.
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Immunization status

The immunization status can have as many levels as necessary,
identified by subscript i. For example, subscript i could take
values between 1 and 5, with the following meanings: 1) not
vaccinated; 2) first dose administered, first dose protection not
yet achieved; 3) first dose protection achieved; 4) second dose
administered, second dose protection not yet achieved and 5)
second dose protection achieved.

Persons advance from one immunization level to the next either
through vaccination or the passing of time. Using the example
above, individuals would move from level 1 to level 2 and from
level 3 to level 4 through vaccination (defined by the number of
people being vaccinated daily), and from level 2 to level 3 and
from level 4 to level 5 by the simple passing of time (defined

by the average time necessary to achieve protection after
vaccination). This is illustrated in Figure 2.

Figure 2: Example of immunization levels

Immunization Level 1
unvaccinated

Dose-1 vaccination

Immunization Level 2
recently vaccinated with dose 1

y

Dose-1 protection development

Immunization Level 3
dose-1 protection achieved

Dose-2 vaccination

Immunization Level 4
recently vaccinated with dose 2

Dose-2 protection development

Immunization Level 5
dose-2 protection achieved

Transmission model

Persons become exposed through contact with one or multiple
infectious individuals. The exposure rate is characterized by the
number of contacts per individual per day and by the probability
of transmission with contact. The former is characterized by an
average number of daily contacts for the population. The latter
is characterized by an average number for the population which
is then modulated by variant-dependent and vaccination-level-
dependent factors.




Stratification parameters
Each stratification can have a different number of strata. Each
stratum is defined by the following parameters:

e  Fraction of population belonging to the stratum

e Susceptibility modulator (a factor that multiplies the
probability of transmission with contact for susceptible
individuals belonging to the stratum)

e Severity modulator (a factor that multiplies the fraction
of symptomatic individuals in the stratum that go on to
develop severe symptoms). For example, in the 80 years
and older age group, a value greater than one would be
appropriate to represent the higher probability of severe
outcomes for that age group

Variant parameters
Each variant, including the ancestral strain, is defined by the
following parameters:

e Latency time (since exposure)

e Incubation time (since exposure)

e Time to hospitalization for severe cases (since exposure)

e Time to recovery for non-severe cases (since exposure)

e Time to recovery after hospitalization (for severe cases that
recover)

e Time to death after hospitalization (for severe cases that do
not recover)

®  Probability of transmission with contact

®  Fraction of infectious individuals that are symptomatic

®  Fraction of infectious symptomatic individuals that have
severe symptoms

®  Fraction of hospitalized individuals that recover

Immunization-level parameters
Each immunization level is defined by the following parameters:

e Transmissibility factor (a factor, usually less than or equal

to one, that multiplies the probability of transmission with

contact for infectious individuals with a specific vaccination

level)

O  For infectious individuals who are unvaccinated or
recently vaccinated (before developing protection),
this factor would be one. For individuals who are
both vaccinated and infectious and who have already
developed some protection, the factor would normally
be less than one to represent the fact that those
individuals are less contagious

e Susceptibility factor (a factor, usually less than or equal to
one, that multiplies the probability of transmission with
contact for susceptible individuals with a specific vaccination
level)

O  For susceptible individuals who are unvaccinated or
recently vaccinated (before developing protection), this
factor would be one. For susceptible individuals who
have already developed some protection, the factor
would normally be less than one to represent the fact
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that those individuals are less likely to become infected.
This factor is essentially equal to one minus the vaccine
efficacy
e Severity factor (a factor, usually less than or equal to one,
that multiplies the fraction of symptomatic individuals with
severe symptoms)

O  For infectious symptomatic individuals who are
unvaccinated or recently vaccinated (before developing
protection), this factor would be one. For infectious
symptomatic individuals who have already developed
some protection, the factor would normally be less than
one, to represent the fact that those individuals are less
likely to develop severe symptoms

* Rate at which individuals move from one immunization level
to the next, expressed as either of the following:

O Persons vaccinated per unit time (day)

O Average time (days) before protection level changes
following vaccination

Parameters for public health measures
Public health measures are characterized by the following
parameters:

e  Fraction of exposed individuals that are successfully
quarantined

e Fraction of infectious individuals that are tested and
successfully isolated

e Coefficient for additional unspecified public health
measures. This general factor, usually less than or equal to
1, appears in the force of infection to account for measures
such as mask wearing or physical distancing. It can also
be manually adjusted to fit model predictions to actual
recorded data

Modelling of decrease in vaccine protection
over time and of third dose

The multi-level immunization status can be used to model the
decrease in vaccine protection and subsequent need for a third
doses once the protection has decreased to a certain level. An
example is to use eight immunization levels as follows:

¢ Not vaccinated

e  First dose administered, protection after first dose not yet
achieved

e  First dose administered, protection after first dose achieved

e Second dose administered, protection after second dose not
yet achieved

e Second dose administered, protection after second dose
achieved

e Second dose protection decreased

*  Third dose administered, protection after third dose not yet
achieved
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e Third dose administered, protection after third dose
achieved

Progression from level 5 to level 6 happens through the passage
of time (e.g. three months for a 20% decrease in vaccine
protection). Progression from level 6 to level 7 happens through
administration of the third vaccine dose. Progression from level 7
to level 8 happens through the passage of time (e.g. two weeks
for increased protection to develop).

Model assumptions
In its current form, the model makes several assumptions:

® Recovery from one variant offers full and permanent
immunity against all variants

®  Breakdown by strata in a particular stratification is
independent of the other stratifications. As with the previous
stratification example, if 50% of the population were female
and 50% of the population were male, that is assumed to
be true both for persons under 50 years and for persons
50 years and older. Similarly, if 60% of the population is
under 50 years and 40% is 50 years and older, then that is
assumed to be true for both male and female populations

e All severe cases are hospitalized

®  The number of contacts per day per person is the same
for all combined strata and independent of the vaccination
level of an individual. Quarantined, isolated and hospitalized
individuals are assumed to have no contacts

Simulation starting and end points

Initial conditions at “Day 0" can be specified in detail, including
the population of each compartment by stratum, vaccination
status and variant. This allows simulations to start from realistic
data acquired in the field rather than from generic assumptions
of one infectious individual. The end point of a simulation can be
saved and used as the starting point of a new simulation, thus
allowing the indefinite extension of the simulation time interval.

Time-dependent epidemiological parameters
Time-dependent parameters can be simulated by assuming them
to be constant over finite time intervals, with step changes from
one interval to the next. For example, the simulation of an entire
year can be performed in 30-day intervals, with parameters
updated at the start of each simulation interval.

COVID-19 transmission simulations

Four simulations were performed to investigate the effect of
specific factors on COVID-19 transmission in Durham Region:

e Simulation 1: Effect of different vaccination coverage values
with vaccination being the only public health measure,
assuming no waning of vaccine-induced immunity over time
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e Simulation 2: Effect of different vaccine effectiveness values
with specified public health measures in place, assuming no
waning of vaccine-induced immunity over time

e Simulation 3: Effect of waning vaccine-induced immunity
after three months, assuming specified public health
measures

e  Simulation 4: Effect of the advent the Omicron variant, and
impact of COVID-19 booster vaccines on transmission and
severity of Delta and Omicron variants assuming specified
health measures and waning of vaccine-induced immunity
over time

Pfizer-BioNTech (Comirnaty, BNT162b2) and Moderna (Spikevax,
mRNA-1273) were the two main types of COVID-19 vaccines
offered in Durham Region. Vaccine effectiveness against
COVID-19 infection dropped between three and six months. It
was assumed that individuals in Durham Region received their
second dose, on average, four months prior to the simulation
start date.

Stratification by age group was not used. This simplification
was adopted because reliable age-dependent data such as
transmissibility, severity and vaccine efficacy were not available.
While age-dependent contact matrices for a period pre-dating
COVID-19 were available (8) they were not used, because such
matrices would have had an effect on the overall simulation
results only if transmissibility and vaccine efficacy were also
broken down by age groups.

General simulation parameters are shown in Table 1 and were
based on information available in November 2021. The best
estimates for some of the parameters in Table 1 (e.g. latency
period, incubation period, duration of hospital stay, vaccine
effectiveness, severity) have since changed. Parameters specific
to individual simulations are shown in Table 2. For all simulations,
Day 0 was November 22, 2021.

Results and discussion

The first simulation was performed to quantify the impact of
different vaccination proportions on COVID-19 transmission
assuming vaccination was the only public health control measure
and no additional vaccinations during the simulation period.



Table 1: General simulation parameters
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Number of strata

1

User specified

Number of infectious individuals on Day 0

200 active cases reported on Day 0. For each reported case, there are
three undetected cases in the community, for a total of 800 infectious
individuals

PHU data, (9)

Number of contacts per day 10 (10,11)
. 3 days for Delta
Latency period 1 day for Omicron (12-14)
L 5 days for Delta
Incubation time 3 days for Ormicron (12-15)
Time to hospitalization (from exposure) 10 days for Delta and Omicron PHU data
Time to recovery for non-severe (from exposure) | 14 days for Delta and Omicron PHU data

Time to recovery after hospitalization

14 days for Delta
10 days for Omicron

PHU data, (14)

Time to death after hospitalization 15 days for Delta and Omicron PHU data
0.058 for Delta (estimated based on R, infectious period and contact

Probability of transmission with contact rate) (16,17)
0.232 for Omicron

Fraction symptomatic (of infectious) 0.85 for Delta & Omicron PHU data

Fraction severe (of symptomatic)

0.03 for Delta
0.012 for Omicron

PHU data, (18)

Fraction recovered after hospitalization

0.6 for Delta
0.8 for Omicron

PHU data, (19)

Transmissibility factor for unvaccinated 1 for Delta and Omicron (20)
Susceptibility factor for unvaccinated 1 for Delta and Omicron (20)
Severity factor for unvaccinated 1 for Delta and Omicron (19)
Transmissibility factor after 1 dose 0.8 for Delta and Omicron (20)
Susceptibility factor after 1 dose 0.7 for Delta and Omicron (20,21)
Severity factor after 1 dose 0.3 for Delta and Omicron (19)

L 0.5 for Delta
Transmissibility factor after 2 doses 0.6 for Omicron (20)

- 0.2 for Delta
Susceptibility factor after 2 doses 0.6 for Omicron (20,22,23)

. 0.2 for Delta

Severity factor after 2 doses 0.3 for Omicron (13,24)

s 0.5 for Delta
Transmissibility factor after 3 doses 0.5 for Omicron (20)

o 0.1 for Delta
Susceptibility factor after 3 doses 0.3 for Omicron (22)

. 0.06 for Delta

Severity factor after 3 doses 0.1 for Omicron (13,24)
Fraction of population with 1 dose on Day O 0.01-0.03 PHU data
Fraction of population with 2 doses on Day 0 0.72-0.74 User specified
Fraction of population with 3 doses on Day 0 0 User specified
Number of exposed individuals on Day 0 218 PHU data

Infectious period

11 days for Delta
13 days for Omicron

Calculated based on
recovery period

Population 738,000 Census data
Number of recovered persons on Day 0 110,700 PHU data
Number of deceased persons on Day 0 389 PHU data

Abbreviation: PHU, public health unit
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Table 2: Specific simulation parameters

Simulation 4:
Evolution of Delta and
Omicron variants and
effect of booster doses

Simulation 1: Simulation 2: Simulation 3:

Parameter Different vaccination Different vaccine Cases with and without
coverage values effectiveness values waning immunity

Distribution of

. 100% Delta 99% Delta and 1% Omicron
variants on Day 0
. Unvaccinated Unvaccinated
. Unvaccinated
L Unvaccinated Dose 1 Dose 1
Vaccination levels Dose 1 . .
Two doses o 9 Dose 2 Dose 2 (reduced immunity)
ose
Reduced immunity Dose 3

Start with a vaccination
coverage of 1% for Dose 1,
74% for Dose 2 and 0% for

Compare transmission Start with a vaccination coverage of 2% for Dose 1, 72% for Dose 3
Vaccination under different vaccination | POS€ 2 500 Dose 1 administrated per
coverage proportions: 70%, 80%, 400 Dose 1 administrated per day day
90% and 100% 300 Dose 2 administrated per day ioo Dose 2 administrated per
ay

3,000 or 5,000 Dose 3
administered per day

Public health Public health measure Public health measure coefficient is 0.8 (fitted to match the estimated value of R=1 for Durham
mueaéireia t coefficient is 1, no isolation | Region on Day 0)
and no quarantine All the cases reported are isolated and 5% of exposed are quarantined

Vaccine effectiveness is Effectiveness at two weeks:

Compare the following:

80% . 33% for Dose 1; 80% for . o .
Vaccine . Effectiveness rate of 33% for | pgse 2 Omicron variant is four times
. Vaccmg r§duces Dose 1 and 80% for Dose 2 o as transmissible as the Delta
effectiveness transmission by 50% . o Transmissibility at two variant
after Dose 2 and reduces Effectiveness rate of 56% for | \yeeks: 83% for Dose 1, 50%
severity by 85% Dose 1 and 87% for Dose 2 for Dose 2

Vaccine effectiveness 12

Waning immunity weeks Dose 2: 45% .Ret?h,!ced protection for
L None None o individuals who had only two
after vaccination Transmissibility 12 weeks doses of vaccine

after Dose 2: 76%

Figure 3 shows simulation results for daily reported new Figure 3: Impact of different vaccination coverage
infections for different vaccination proportions. Results predicted ~ values on COVID-19 transmission
that the number of daily reported COVID-19 cases would

S s . . 1,500 - - 30
significantly decrease with increased vaccination proportions; 1200 [
however, even with an 80% vaccination coverage, there would 1,300 L2

in vaccination coverage can significantly reduce COVID-19 00

1)
. . . = @
still be a very high number of daily reported cases. At least g 1,200 7 N
0 . . © 1,100 2 g
90% of the total population would need to be vaccinated to € oo 20 8
B =
control an epidemic consisting of the Delta variant. In reality, it 2 900 18 3
. . . [}
would have been hard to reach such high vaccination coverage, 5 388 12 <
Q
. . . . £ Q
partl'cula.rly when younger age groups were |ne||g|b|e for § 600 12 té
vaccination. The results suggest that even small increases @ 500 0 9
>
=2 =
5 =
o 8

300 6
transmission but that other control measures would also be 200 4
needed. Public health control measures other than vaccination 100 2

. . . . 0 0
can include case detection, contact tracing and quarantine, 0 10 20 30 40 50 60 70 80 90 100110120130 140 150 160 170 180
physical distancing, limiting social gatherings, mask use, self- Time (days)

M . " ”
monltormg and Other Iockdown measures. — 70% fully vaccinated (left axis) - - = 80% fully vaccinated (left axis)

— 90% fully vaccinated (right axis) -~ 100% fully vaccinated (right axis)

Note: Left vertical axis is used for the plots corresponding to 70% and 80% vaccine coverage and
right vertical axis is used for the plots corresponding to 90% and 100% vaccine coverage
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The second simulation evaluated the impact of two different
vaccine effectiveness values on COVID-19 transmission under
the specific public health control measures in effect in Durham
Region in November 2021, as shown in Table 2. The two sets

of values for vaccine effectiveness were drawn from United
Kingdom (UK) (20) and an Ontario (21) study. The Ontario study
found a higher vaccine effectiveness than the UK study. Under
the control measures in effect in November 2021, the effective
reproduction number, Rt’ estimated based on daily case data, was
approximately 1.0. To account for all public health measures not
explicitly modelled (e.g. masking, physical distancing) the public
health measure coefficient was manually fitted, so on Day 0,

the predicted R, matched the estimated R=1 in Durham Region
for the month of November 2021. The starting population
vaccination fraction was 2% for dose-1 and 72% for dose-2.
Each day, 400 people were assumed to be vaccinated with the
first dose and 300 people vaccinated with the second dose. This
corresponded to 92% of the total population having completed
two doses by the end of the 180-day simulation period.
Simulation results for the two sets of vaccine effectiveness data
are shown in Figure 4.

Figure 4: Impact of different vaccine effectiveness
values on COVID-19 transmission

30

Effectiveness rate of 33% for dose 1, and

25 B 80% for dose 2 (United Kingdom data)

| Effectiveness rate of 56% for dose 1, and‘ Tl .
87% for dose 2 (Ontario data) o

Daily reported new infections

0 . . . . . . . . . . . . . . Pl e

0O 10 20 30 40 50 60 70 80 <90 100 110 120 130 140 150 160 170 180
Time (days)

With then-current (November 2021) vaccination and other
public health control measures, it was projected that the daily
new infections (assuming only Delta variant) would decrease
over time. However, at day 90, the projection based on the UK
vaccine-effectiveness data showed twice the number of daily
reported infections than the projection based on the Ontario
vaccine-effectiveness data.

In addition to comparing the effectiveness of different control
measures, the modelling application can also be used to
understand the impact of waning vaccine-induced immunity on
COVID-19 transmission.

The third simulation was performed to estimate the impact
of decreasing vaccine effectiveness over time. It compared
the case of no immunity waning to the case of immunity
waning after three months. To account for all public health
measures not explicitly modelled, the public health measure
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coefficient was manually fitted so, on Day 0, the predicted R,
matched the estimated R=1 in Durham Region for the month of
November 2021. Results are shown in Figure 5.

Figure 5: Impact of waning vaccine-induced immunity
on COVID-19 transmission
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212 weeks after full vaccination, vaccine effectiveness is assumed to decrease from 80% to 45%
and the reduction of transmissibility in vaccinated people is assumed to drop from 50% to 24%

Under the then-current (November 2021) vaccination program
and other public health measures, assuming no waning of
immunity after vaccination, the epidemiological curve was
projected to be flattened from the beginning and daily reported
new infections to be decreasing. The waning of immunity
reduces the likelihood of being protected from COVID-19
infection (vaccination effectiveness) and increases the likelihood
of fully-vaccinated people transmitting the disease. Assuming
waning immunity, the number of daily reported new infections
was forecast to be higher and the epidemiological curve to
flatten six months into the simulation period.

The modelling application can also simulate disease transmission
with multiple variants. The fourth simulation investigated

the advent of the Omicron variant in addition to the Delta
variant, as well as the effectiveness of a third dose (booster)

of messenger ribonucleic acid (mMRNA) vaccine in preventing
COVID-19 infection, hospitalization and death. The Omicron
variant was assumed to be four times as transmissible as the
Delta variant (21). On Day 0 of the simulation, 99% of the
existing infections were assumed to be due to the Delta variant
and 1% to the Omicron variant. To account for all public health
measures not explicitly modelled, the public health measure
coefficient was manually fitted so, on Day 0, the predicted R,
matched the estimated R=1 in Durham Region for the month of
November 2021. The COVID-19 infections, hospitalizations and
deaths were compared for three scenarios: 1) no third (booster)
dose of mRNA vaccine; 2) 3,000 booster doses administrated
per day; and 3) 5,000 booster doses administrated per day.

The booster-dose coverage was assumed to start at 0% on

Day 0 of the simulation and booster doses were assumed to be
administered until booster coverage reached 93% of the eligible
population (18 years of age or older). It would have taken
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180 days to reach 93% booster coverage with 3,000 booster
doses being administered per day and 110 days to reach that
coverage level with 5,000 booster doses being administered per

day.

Figure 6 shows the forecast impact of the Omicron variant and
the third dose of vaccine on disease transmission. The number
of new Omicron-variant infections was projected to surpass the
number of new Delta-variant infections after just two weeks
from Day O, in the middle of December 2021. Within a month,
Omicron was projected to become the dominant variant and
account for the majority (97%) of infections. Similar results were
found by the Ontario COVID-19 Science Advisory Table (25).

Figure 6: Impact of booster doses on COVID-19
transmission with two variants

Figure 7: Impact of booster doses on severity of
COVID-19 infections with two variants
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Simulation results suggested that booster doses would have a
dramatic impact on COVID-19-related infections, hospitalizations
(including inpatients and intensive care units) and deaths

(Figure 6, Figure 7 and Figure 8). It was forecast that over a
quarter of infections (26%) would be prevented if 3,000 booster
doses were administered each day in Durham Region, and 41%
of infections would be prevented if 5,000 booster doses were
administered each day. Administering 5,000 booster doses

each day was forecast to also prevent more than half of the
hospitalizations and almost half of the deaths (Table 3, Table 4

and Figure 8).

Figure 8: COVID-19 infections, hospitalizations and
deaths by vaccine status with 5,000 booster doses

administered per day
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Figure 8 shows the forecast number of daily reported new
infections, patients in hospital on a given day, and total deaths
by vaccination status for the 5,000 booster-dose per day
scenario. Although vaccinated people were predicted to account
for almost three quarters of the COVID-19 infections by day 180,
they were predicted to account for only 30% of severe cases
(measured by hospitalizations and deaths).

Table 3: Counts of infections, hospitalizations and deaths over the simulation period (180 days) and percentage
decrease compared to the “no-booster” scenario

. %
o, H o, ()
Total Aa.decrease I-!lgl'.\est. % de.cre.ase‘ in Total A:.decrease Total | decrease
. : in total hospitalizations | hospitalization S (Pl in total .
infections | . . . hospitalizations e T deaths | in total
infections | on a single day peak hospitalizations
deaths

No booster 558,841 E 851 - 2,558 - 509
3000 /%‘;‘;Ster 411,500 26% 517 39% 1,766 31% 357 30%
%000 /%2‘;“” 328,533 41% 352 59% 1,354 47% 273 46%

Abbreviation: -, not applicable
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Table 4: Counts and proportion of infections, hospitalizations and deaths over the simulation period (180 days) by
vaccination status assuming 5,000 booster doses administered per day

Indicator

e e o e = = e e

Proportions

Total infections 90,288 74,919 163,327 328,533 27% 23% 50%
Hospitalization peak 256 64 42 362 71% 18% 12%
Total hospitalizations 946 241 167 1354 70% 18% 12%
Total deaths 190 50 33 273 70% 18% 12%

It is informative to compare actual data with the simulation
results that are closest to the scenario that developed in real life,
namely the fourth simulation—assuming 3,000 booster doses
administered per day. Actual hospital occupancy data were not
directly available and were estimated based on daily admissions
data from the PHU assuming an average hospital stay for the
Omicron-dominated wave of five days. The average hospital
stay was estimated based on the age-specific average hospital
length of stay for an Omicron-dominated wave (26) and the age
distribution of hospital admissions for the Durham-Region PHU.
The comparison is shown in Figure 9 for daily reported cases
and hospital occupancy. A detailed analysis of what simulation-
parameter values would lead to the best agreement between
forecast and actual numbers would involve rigorous model
calibration using least square minimization analysis, which was
not part of the work reported here, so only a rough analysis

is provided with the caveat to treat this simple analysis with
caution. Figure 9 shows that the actual daily reported cases
begin to increase substantially approximately two weeks earlier
than predicted by the simulation. We hypothesize that this is
because on Day 0 of the simulation, the Omicron wave was
already more advanced than assumed. In other words, the 1%
Omicron prevalence assumed in the simulation was likely a more
accurate description of the situation on November 8, 2021,
rather than on November 22, 2021. For hospital occupancy, it
would first appear that the forecast and actual numbers increase
at the same time; however, that is an artifact of assuming an
average hospital stay of 10 days, whereas the actual hospital
stay for the Omicron-driven wave was approximately five days.
This means that hospital occupancy was overestimated by a
factor of approximately two. To estimate agreement if the
starting point of the simulation was moved back to November 8,
2021, and if the hospital stay was assumed to be five days
instead of 10, one can look at the dashed lines in Figure 9,
which show the forecast number of reported cases and half the
forecast hospital occupancy with both curves shifted back in
time by 14 days. The agreement between the forecast and the
actual reported daily infections is now quite good for the first
~50 days of the simulation (up to near the end of December).
After December 28, 2021, the forecast and actual curve begin
to diverge markedly, with the actual number of reported new
infections decreasing abruptly while the forecast number
continues to increase. This could be attributed to a combination

of factors such as change in public behaviour (presumably as a
consequence of public messaging, since public health measures
had not been changed at that point) and a change in testing
and reporting rules for new infections on December 31, 2021
(27). Forecast hospital occupancy also looks close to the actual
one for the first two months of the simulation once the time
shift and length of hospital stay are accounted for. The forecast
hospital-occupancy curve leads the actual hospital occupancy
curve by approximately two days, which may be explained by
an underestimation of the time between symptom onset and
hospitalization for hospitalized Omicron cases.

Figure 9: Comparison of simulated results with actual
data
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Limitations

Limitations of the current model include the assumption of full
and permanent immunity after infection and the assumption that
infection with one variant will offer immunity against all other
variants.

Conclusion

A new, easy-to-use epidemiological-modelling desktop app
was developed based on a multi-compartment deterministic
epidemiological model. The app can be downloaded from the
IDSIM website. The app can model different levels of vaccine-
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induced immunity, as well as the developing and waning of
immunity with time after vaccination. The functionality of the app
was demonstrated by using it to simulate the effects of specific
factors on COVID-19 transmission. Simulation results yielded
several conclusions:

e For the Delta variant, herd immunity is not achievable
through vaccination only. To maintain a reproduction number
below one, public health measures need to be in place
until natural immunity achieved through infection with the
virus, along with immunity through vaccination, brings the
overall immunity to the level necessary for herd immunity.
Herd immunity is even harder to achieve with the more
transmissible Omicron variant.

e Waning vaccine-induced immunity prolongs the time
public health measures need to stay in place and the time
necessary to approach herd immunity through additional
infections.

e The Omicron variant quickly outcompeted the Delta variant.
Results suggested this to happen within two weeks of the
simulation start and the number of daily new cases was
projected to start decreasing after two to three months,
depending on the rate of administration of booster doses.

e Booster doses have an important contribution to mitigating
the effects of waning immunity and immune evasion by
reducing COVID-19 infections, hospitalizations and deaths.

e The IDSIM app can assist PHUs by providing control over
what simulations they require depending upon the local
situation and ever-changing face of COVID-19, including
new variants and sub-variants, changing vaccine eligibility,
coverage and effectiveness and shifting public health
measures. The tool provides PHU-specific results that
can be used to enhance other local, provincial, national
and international information. In Durham Region, weekly
projections were produced for Health Department
leadership and shared with the local hospital network to help
prepare for possible surges in cases and hospitalizations.

The model is currently being extended to include options to
model reinfection with either the same or a different variant, as
well as stratum-specific number of contacts per day. The inclusion
of these new features will allow more realistic simulations,
including the study of annual, possibly seasonal, epidemics under
endemic conditions.

While COVID-19 provided the impetus for this work, the
developed model and desktop app are flexible enough to be
applicable to other communicable diseases being monitored by
PHUs. Thus, it is expected that IDSIM will be a welcome addition
to the tools in current use by epidemiologists in PHUs.
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Appendix: Model equations

A.1 Notations

The equations in this appendix use the following notations.

General parameters, quantities and identifiers

N Number of stratifications

Stratification index (k = 1,2NS)

nk Number of strata in stratification k

Sk stratum index for stratification k (Sk = 1’2nk)
g Combined-stratum index (g = {Sl ’SZ"‘SNY })

NS
n Total number of combined strata (nS = H nk)
k=1

Compartment identifier. The compartment identifiers
C are described in section 2.1 of the main paper.
For example, C=EQ denotes the “Exposed
Quarantined” compartment.
NC s .
p (t) Number of individuals in compartment C
belonging to combined stratum g,
with immunization level i, affected by variant v,
at time t. E_Q
For example, &hv denotes the
number of exposed quarantined individuals.

N Total population

Z Probability of transmission with contact (with an
infectious individual)

CD Contact rate (number of contacts [with other individuals]
a [susceptible] individual has per unit time [day])

Stratification parameters

asus Susceptibility modulator for stratum §,  of

Sk stratification k k
asus

g  Susceptibility modulator for combined stratum g

Ny
sus __ sus
(cxg __:[_I:kaﬁk)

k=1

sev

ksi - Severity modulator for stratum Sk of stratification k

IMPLEMENTATION SCIENCE @

sev
Ofg Severity modulator for combined stratum g
NS
sev sev
(ag - H ak,sk )
k=1

Variant parameters

Tlat Latency time (since exposure) for variant v
v

Tinc Incubation time (since exposure) for variant v
v

Time to hospitalization for severe cases (since exposure)
for variant v

hos
T %

Trec_ns Time to recovery for non-severe cases (since exposure)
v for variant v

Thos_rec Time to recovery after hospitalization (for severe cases
v that recover)

Thos—dec Time to death after hospitalization (for severe cases
v that do not recover)

Zv Probability of transmission with contact

sym  Fraction of infectious individuals that are symptomatic

Yy

sey  Fraction of infectious symptomatic individuals that have
Yy severe symptoms

yhos—rec Fraction of hospitalized individuals that recover
v

Immunization parameters

tra  Transmissibility factor for variant v and immunization
LV level i

sus Susceptibility factor for variant v and immunization
iv leveli

sev
i,v

vac
Ri

Severity factor for variant v and immunization level i

Persons with immunity level i vaccinated per unit time
(day)

Tvac Time (days) spent in immunity level i before advancing
i to immunity level i+1
Note: For immunization levels, i, for which progression to
; S d
level i+1 happens through vaccination, Rivac 0 1

TVLIC =
i
For immunization levels, i, for which progression to level i+1
happens through the simple passage of time (such as in the case
of developing protection after vaccination or in the case of
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Rivac — O and 1
];vac

#0

protection waning),

Rvac or Tvac
In short, either 1Y i but not both, apply to any
. . . RVaC
immunity level i, and 1Y
Tvac
! as

Parameters for public health me ures

7/‘1 Fraction of exposed individuals that are successfully
quarantined
}/” Fraction of infectious individuals that are tested and
successfully isolated
phm  Coefficient for additional, unspecified, public health
measures

0

A.2 Force of infection
The force (risk) of infection is a susceptible individual’s probability
of exposure per unit time. The force of infection is denoted by

y) V(t) and has the following expression:

m Sus n)sus ra 1
Aeun()= 0"} 0 Z@,vlﬂ’ —> Z Neou(0) #1
! N 3 N o) i,
#1 g
For a small number of deaths, z Ngv,u v'( ) N ,
gy
the force of infection can be approximated by:
NE. (1) #2

gli'yv

N LY 22T W

g' Ceinfectious in
the commuity

A.3 Vaccination

Only individuals who are susceptible or otherwise in the
community (neither isolated nor quarantined) and not
symptomatic are vaccinated under normal circumstances.
Consequently, the number of “vaccinable” persons with
immunization level i, at any given time is:

N“(1) = Z (t)+ZZN§?V(Z)+ZZNg’CZ‘V

ZZN;?’VM (r)+ZZN;€Pf
g

#3

If exposed and infectious individuals are much fewer than
the susceptible ones, it can be assumed that only susceptible
individuals are being vaccinated and then the number of
vaccinable individuals can be approximated as:

N“(t) D IN? (D) #4
g
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This work assumes that only susceptible individuals are being
vaccinated.

With the above notations, the balance equations for each
compartment are written as below.

A.4 Balance equations

d N N
fN.t:—E/lAth.t+
dt g,l( ) [ g,x,v( )j g,l( ) 45
N3 (¢
lelc gA 1( ) 1 Nsi,l(t)_R,-mc g,l( ) _ 1 NSi(t)
N\m (t) szllc & N[vac (t) T;vac 8

The fourth and fifth terms on the right represent the rate

at which persons with current immunization level i move

to immunization level i+1. As explained in the note for the
immunization parameters, only one of the two terms is nonzero.
Similarly, terms two and three on the right represent the rate

at which persons with current immunization level i-17 move to
immunization level i, and only one of them is nonzero.

d #6
— N0 =(1-7") A, (Ox N2, N (0 N (1)
dt T T
L Nto (0y=y'a,, (%N, (0 (- N (1) #7
d gV }/ g,V gV 7—271 ng\ Tmc gtv
d 1CA sym ti 1 EC 1 c4
a Ve @ = (=7 )17 ) g NGO~ e Vil 0+ #8
N H(t)—TW N
d ICPM 1 sev, sev sym 1 1 EC 1 NI(PW #9
Vo= ( @ )" (1" ) g NSO~ e <N O+
N0 S VO
i—1 i
d ICPS va sev,_ sym 1 EC 1 ICPS
SN0 =al Ty (1—7)T,a, N~ e < Neid 0+ #10
ICPS I(PS
i~ V(t)_ vac lv(t)
e Ny e s
d 114 sym ti 1 EC 1 IIA
;Ngrv(t) ( )7 T{m NgvivV(t)_Trecfns_Tlat gzv(t)+ #11
l[4 l[4
(= N (D)
_7] g -1 T &
SN0 =(1- a“w)y:“"w g Neia O~ e x N O+
#12
e N0~ e NI
i-1
d N[IPS‘ t sev , sev_ sym, ti NEC ) — 1 NIIP? )+
at D=0y "y Tvlm i (D) W i (1)
1 1
e N0 = NI ) #13
i-1 i



d 1

1
104 sym NEC N
V0= (17" g,v(t)—w N0+
N0~ N0

o
d 4 Nrioem 1= o™y 1 NEQ 1 NoPM
g Vei O =(1-a 7" )" T x g,f,v(f)*wx iy (D F

N0 T‘“‘ N2 0
71
d 10PS sev, sev, sym EQ 1 10PS
o Nain O =a "7, ™ Ngw(t)—m Neiv (D+
N @)

o
iNICSM (t) — 1 N[(PM( ) NI(SM (t) +
dt gV Tvmc _ Tvlm &idsv Trec—ns _ I:f”c gV

VO~ VO

i-1
iNICSS = 1 « NICPS () — 1 % NS5 () +
dt g,i,v( )= Tim‘ _ Tlal iV O] Thm _ Tvim g, v( )

P VO NSO
d 1 1
jNg”:S? ( ) Tmc TIH! ;’[P/‘W (Z) - Trecfnx _ Tinc Ng”?‘fl (t) +

1 IISM (t) _ ”S‘V,’ (t)

T\:a(‘ gx -Lv Tnzc szrv
i-1

d

GO N;’f’f(r)—T,m%Tv,m NS 0+
PN 0= LN

SN )= o N )= N
P VO~ VY @

GO ;foo—ﬁ XN 0+
NS0 e N0

d HR hor rec 1 ICYY 1ISS 108S

SN o=7! xﬁx[ NI @O+ NS () + N2 (1) ]-
e VIO e NI O~ e VL

LN (1= (1= Y NS ()4 NS (1) 4 N2

SV e L
1

Thosfdec N:IDV (t) + T\ac N:IKDI v (t) - Tvac N:‘DV( )

#14

#15

#16

#17

#18

#19

#20

#21

#22

#23

#24
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d

1 1
EN;,,V(I):W N0+ TR x NI (1) +
1
_  «xNH (t)+7, NI[SM(Z)+
Tvmcfm _ Tvlar 8.V Trec—m _ Tvmc g0V #25
1
T g XN+ T x N2 (1) +
1 HR
e XN T,l Ny, 1V(t)— NI
d 1
2 Ve (0= S N2 #26

In balance equations #6 to #25, corresponding to any
compartment C other than S, the two terms on the right-hand

1
side of type e gl Lv gl V(Z) represent,

i-1 i
respectively, the rate at which persons with current immunization

level i-1 move to immunization level i and the rate at which
persons with current immunization level i move to immunization
level i+1, through the passage of time. Depending on the
desired type of simulation, one or both terms can be zero (See
also previous note for the immunization parameters).
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