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ABSTRACT With the recent licensure of mRNA vaccines against COVID-19 in the 5-
to 11-year-old age group, the public health impact of a childhood immunization
campaign is of interest. Using a mathematical epidemiological model, we project
that childhood vaccination carries minimal risk and yields modest public health ben-
efits. These include large relative reductions in child morbidity and mortality,
although the absolute reduction is small because these events are rare. Furthermore,
the model predicts “altruistic” absolute reductions in adult cases, hospitalizations,
and mortality. However, vaccinating children to benefit adults should be considered
from an ethical as well as a public health perspective. From a global health perspec-
tive, an additional ethical consideration is the justice of giving priority to children in
high-income settings at low risk of severe disease while vaccines have not been
made available to vulnerable adults in low-income settings.

IMPORTANCE Countries have recently begun implementation of childhood vaccina-
tion against SARS-CoV-2 with the Pfizer/BioNTech mRNA vaccine in children 5 to
11 years of age. Because SARS-CoV-2 disease severity is remarkably age dependent,
vaccinating children may have modest public health benefits, relative to the
unequivocal benefit of vaccinating vulnerable older adults. Furthermore, vaccinating
children to “altruistically” increase herd immunity should be considered from an ethi-
cal as well as a public health perspective. An additional question is related to global
social justice: should priority be given to vaccinating children in high-income set-
tings while older adult populations in low-resource settings have limited access to
vaccine? To address the risks and benefits of childhood vaccination, we provide a
balanced commentary, supported by a mathematical epidemiological model, using
Australia and Alberta, Canada, as case studies. We give highlights of the modeling
findings in the commentary and include details in the supplemental materials for
interested readers.
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Recently, Pfizer and BioNTech provided evidence that their mRNA vaccine against
SARS-CoV-2 is safe and immunogenic in children 5 to 11 years of age (https://www

.businesswire.com/news/home/20210920005452/en/Pfizer-and-BioNTech-Announce
-Positive-Topline-Results-From-Pivotal-Trial-of-COVID-19-Vaccine-in-Children-5-to-11-Years).
As countries prepare to incorporate school-age children into their vaccination schedules,
the public health risks and benefits, as well as ethical considerations, should be carefully
weighed.
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One of the most distinguishing features of the SARS-CoV-2 pandemic is the dra-
matic correlation between age and disease severity. Early in the pandemic, a study in
Switzerland from February to June 2020 demonstrated that the infection fatality rate
for those over 65 years was 5.6 per 100 (1). This compared with a rate of 0.0016 per
100 in those aged 5 to 9 years and only 0.00032 per 100 for those aged 10 to 19 years
(1). Data from the United States show that over 19 months, there were 349 deaths in
those aged 0 to 17 years from a total of 606,389 deaths (2). Based on these figures, the
chances of a child (,18 years old) dying from COVID-19 was ;2,500 times less than that
of an older American (.65 years old). Clearly, early on in the pandemic, although children
were dying of COVID-19, it was at a very low rate. On the other hand, the emergence of
the more infectious SARS-CoV-2 delta variant has led to increased cases in children, and
there is increased recognition of pediatric morbidity associated with the multisystem
inflammatory syndrome in children (MIS-C). Nonetheless, based on these figures, the ben-
efits of vaccination are far greater for the elderly than for children, but there is a dynamic
interplay of benefits and risks that needs to be considered.

Vaccines against SARS-CoV-2 are highly effective in clinical trials and real-world
settings (3). Pfizer and BioNTech recently announced that their mRNA vaccine is safe
and generates robust neutralizing antibody levels in children 5 to 11 years of age
(https://www.businesswire.com/news/home/20210920005452/en/Pfizer-and-BioNTech
-Announce-Positive-Topline-Results-From-Pivotal-Trial-of-COVID-19-Vaccine-in-Children-5
-to-11-Years).

The public health benefits of vaccination are 2-fold, to protect the health of vaccin-
ees and to contribute to herd immunity. Herd immunity occurs when the percentage
of the population who are unable to transmit the virus as a result of immunity is suffi-
cient to extinguish the epidemic. R0 is the basic reproduction number for a virus in a
nonimmune population. Immunity in the population occurs as a result of vaccination
and natural immunity (as a result of infection). Using the number of “cases” as a proxy
for the number of infections and, hence, the number with natural immunity, in the
United States and the United Kingdom, approximately 10% of the population has natu-
ral immunity, whereas in Australia, 0.16% have natural immunity. However, these num-
bers are underestimates, as many people who have been infected remain asymptom-
atic and do not become cases (4).

If vaccinated individuals cannot transmit the virus, then the fraction of the popula-
tion that needs to be vaccinated to end the epidemic is approximately 1 2 1/R0. The
R0 for the dominant delta strain of SARS-CoV-2 has been reported to be between 5
and 8 (5). This means that between 80% and 87.5% of the entire population needs to
be immune and nontransmitting. Even if ;10% of the population were to develop im-
munity as a result of natural infection, then still between 70 and 80% of the population
will need to be vaccinated and nontransmitting. There will be a need to vaccinate chil-
dren of all ages, as well as adults, to reach 70 to 80%. Furthermore, recent reports
show that the risk of household transmission is reduced by only ;50% among vacci-
nated people who develop breakthrough SARS-CoV-2 infection (6).

While herd immunity is unlikely to be attainable through vaccination, higher levels
of immunity will reduce the spread. Combined with social distancing and wearing of
masks, we will be able to control focal epidemics (7).

To hasten and enhance the development of herd immunity, vaccination of children
5 to 11 years of age may be contemplated (;10% of the entire population). However,
vaccinating young children will have limited direct benefit to them as outlined above,
but this population, by being immune, will protect the older and more vulnerable and,
in particular, the nonvaccinated.

We hypothesize that childhood vaccination against SARS-CoV-2 will be associated
with reductions in disease burden in children (directly, through disease attenuation
among vaccinees) and in adults (indirectly, through herd immunity). We use mathe-
matical modeling to support this hypothesis and provide quantitative estimates of the
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public health effects of childhood vaccination over 1 year in two jurisdictions, Australia
and Alberta (Canada).

RESULTS

We modeled the course of SARS-CoV-2 delta variant (R0 = 5.08) in Australia
(Table 1) and Alberta (Table 2) for 1 year, with and without childhood vaccination. The
expected epidemic curve was observed, with infections eventually extinguishing to
zero (Fig. 1).

Circulation of SARS-CoV-2 strains with different transmissibility could alter model
predictions. We therefore ran the model assuming an R0 of 2.79, corresponding to the
alpha variant (Table S1 in the supplemental material). We also examined the scenario
in which a higher proportion of adults was vaccinated (90%) (Table S2).

Next, we performed sensitivity analyses to examine how model outputs varied with
(i) the proportion of children vaccinated, and (ii) the intensity of concurrent public
health measures. As the proportion of children vaccinated was varied between 0 and
1, an approximately linear relationship was observed in the reduction in cases, hospi-
talizations, and deaths across all age and vaccine classes (Fig. S1). As the intensity of
concurrent public health measures was varied, we found a nonlinear relationship, with
a local maximum in the reduction in cases at intermediate values of “social distancing”
index (u ) (Fig. S2). A qualitatively similar pattern was observed for hospitalizations and
deaths in all age and vaccine classes (Fig. S3).

DISCUSSION

In light of the recent introduction of childhood vaccination against SARS-CoV-2, we
forecast the effect on child and adult COVID-19 cases, hospitalizations, deaths, compli-
cations, and vaccine adverse events in two jurisdictions. Based on our mathematical
model (Tables 1 and 2), several observations can be made for children 5 to 11 years of
age as follows: (i) high relative (percent) reduction in hospitalizations and deaths; (ii)
lower relative reduction in cases because of imperfect vaccine efficacy for prevention

TABLE 1 Simulation for Australia (R0 = 5.08, 80% of adults vaccinated), including projected differences in cases, hospitalizations, deaths due
to COVID-19, multisystem inflammatory syndrome in children (MIS-C), and vaccine adverse events associated with childhood vaccinationc

Parameter
No. of patients with
childhood vaccination

No. of patients with
childhood vaccination
(80% coverage)

No. of patients with
absolute reduction

Relative
reduction (%)

Cases of COVID-19 (�1,000)
All age groups 12,200 (3,790 to 18,200) 10,500 (1,610 to 17,400) 1,760 (845 to 2,560) 14 (4.6 to 59)
5–11 yrs old 729 (262 to 1,030) 233 (25.9 to 564) 496 (241 to 563) 68 (45 to 91)
Vaccinated adults 7,800 (1,440 to 13,000) 6,860 (635 to 12,700) 932 (258 to 1,440) 12 (2 to 58)
Unvaccinated adults 3,530 (1,820 to 3,950) 3,220 (850 to 3,850) 305 (104 to 993) 8.6 (2.6 to 54)

Hospitalizationsa

All age groups 532,000 (152,000 to 857,000) 472,000 (68,800 to 834,000) 60,600 (23,200 to 97,700) 11 (2.7 to 56)
5–11 yrs old 78.4 (28.2 to 110) 25.1 (2.78 to 60.6) 53.3 (25.9 to 60.5) 68 (45 to 91)
Vaccinated adults 360,000 (62,700 to 650,000) 314000 (27,700 to 630,000) 46,500 (17,700 to 65,800) 13 (2.9 to 58)
Unvaccinated adults 172000 (79,000 to 208,000) 158,000 (37,700 to 204,000) 14,000 (3,860 to 42,500) 8.2 (1.9 to 53)

Deathsa

All age groups 30,100 (12,900 to 39,000) 27,200 (6,230 to 38,000) 2,870 (1,020 to 6,740) 9.6 (2.6 to 52)
5–11 yrs old 22.0 (7.79 to 31.0) 3.53 (0.589 to 6.24) 18.5 (7.19 to 24.8) 84 (80 to 93)
Vaccinated adults 1,830 (289 to 3680) 1,590 (133 to 3,560) 241 (103 to 333) 13 (3.3 to 58)
Unvaccinated adults 28,200 (12,300 to 35,600) 25,600 (6,060 to 34,800) 2,610 (893 to 6,500) 9.3 (2.5 to 51)

MIS-C cases (0–19 yrs old) 230 (82.9 to 325) 73.7 (8.19 to 178) 157 (76.1 to 178) 68 (45 to 91)

Vaccine-related adverse events
Myocarditis 20 (9.0 to 123) 38 (18 to 237) 218 (23 to2112)b 293 (215 to2570)b

Anaphylaxis 22 (9.8 to 35) 42 (19 to 68) 220 (28.1 to250)b 292 (237 to2230)b

aDue to acute COVID-19.
bNegative sign indicates increase in cases with vaccination.
cNumbers in the table represent estimate (95% confidence interval).
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of transmission (8); (iii) the absolute reduction in hospitalizations, deaths, and MIS-C
was small, given the rarity of these events, even in unvaccinated children (9); and (iv)
cases of vaccine-associated myocarditis and anaphylaxis were few (10). For adults,
modest herd immunity effects were observed, with relative reduction in hospitaliza-
tions and deaths on the order of 8 to 13%. Nonetheless, these correspond to nontrivial
reductions in absolute numbers of hospitalizations (;3,700) and deaths (;170), mostly
among the unvaccinated. Cases of vaccine-associated myocarditis and anaphylaxis
were predicted to increase, though case counts remained low.

In addition to projected population health impact, public acceptability will likely
play an important role in the implementation of childhood vaccination against SARS-
CoV-2. Seasonal influenza provides a benchmark vaccine-preventable respiratory virus
against which SARS-CoV-2 public health impacts and vaccination can be compared.
There were 349 SARS-CoV-2-related deaths in the first 19 months of the SARS-CoV-2
pandemic in the United States and 116 influenza deaths in the 2019 to 2020 season,
respectively (11, 12). Currently, many children in Australia and Alberta do not receive
vaccination for seasonal influenza, suggesting that a substantial fraction of parents
would be similarly reluctant to vaccinate their children against COVID-19.

Ethical considerations also arise around childhood vaccination. As shown in our
model, by vaccinating children, they are benefiting the rest of the community. The
argument in favor of this perspective is, however, difficult to prosecute because the
people they will be protecting are those older individuals who refuse to be vaccinated
or the small percentage of vaccinated people in whom the vaccine is ineffective. An
additional ethical question is that of global social justice when administering vaccines
to children in high-income settings while vulnerable elderly populations have limited
access to vaccine in low-resource settings.

A higher relative impact of childhood vaccination (20 to 30% reduction in overall
cases, hospitalizations, and deaths) was observed in models using the SARS-CoV-2
alpha variant with lower transmissibility (R0 = 2.79) (Table S1; Text S2) and a higher
baseline proportion of vaccinated adults (90%) (Table S2). Moreover, childhood

TABLE 2 Simulation for Alberta (R0 = 5.08), including projected differences in cases, hospitalizations, deaths due to COVID-19, multisystem
inflammatory syndrome in children (MIS-C), and vaccine adverse events associated with childhood vaccinationc

Parameter
No. of patients with
childhood vaccination

No. of patients with
childhood vaccination
(80% coverage)

No. of patients with
absolute reduction

Relative
reduction (%)

Cases of COVID-19 (�1,000)
All age groups 1,950 (788 to 2,870) 1,750 (595 to 2,760) 206 (114 to 237) 11 (4 to 25)
5–11 yrs old 97.3 (45.8 to 140) 34.6 (9.16 to 78.1) 62.7 (36.7 to 72.7) 64 (43 to 82)
Vaccinated adults 1,190 (284 to 1,990) 1,090 (217 to 1,950) 104 (35.5 to 129) 8.7 (1.9 to 24)
Unvaccinated adults 608 (405 to 667) 575 (327 to 654) 33.3 (12.6 to 76.8) 5.5 (1.9 to 19)

Hospitalizationsa

All age groups 76,800 (27,100 to 123,000) 70,600 (21,700 to 120,000) 6,180 (2,770 to 7,900) 8 (2.2 to 21)
5–11 yrs old 10.5 (4.92 to 15) 3.72 (0.984 to 8.39) 6.74 (3.94 to 7.81) 64 (43 to 82)
Vaccinated adults 55,200 (12,500 to 98,800) 50,000 (9,510 to 96,000) 5,210 (2,260 to 6,210) 9.4 (2.6 to 24)
Unvaccinated adults 21,600 (13,800 to 24,400) 20,600 (11,300 to 24,200) 959 (247 to 2,460) 4.4 (1 to 18)

Deathsa

All age groups 3,870 (2,540 to 4,570) 3,700 (2,160 to 4,500) 177 (63.4 to 376) 4.6 (1.4 to 15)
5–11 yrs old 3.04 (1.48 to 4.32) 0.61 (0.286 to 0.964) 2.43 (1.2 to 3.36) 80 (78 to 81)
Vaccinated adults 259 (57 to 512) 234 (42.7 to 498) 25.2 (11.5 to 30.6) 9.7 (2.9 to 24)
Unvaccinated adults 3,610 (2,450 to 4,090) 3,460 (2,090 to 4,040) 149 (46.7 to 358) 4.1 (1.1 to 15)

MIS-C cases (0–19 yrs old) 30.7 (14.5 to 44.2) 10.9 (2.89 to 24.7) 19.8 (11.6 to 23) 64 (43 to 82)

Vaccine-related adverse events
Myocarditis 2.8 (1.3 to 18) 5.8 (2.8 to 36) 23.0 (20.48 to218)b 2105 (217 to2650)b

Anaphylaxis 3.1 (1.4 to 5.1) 6.4 (2.9 to 10) 23.3 (21.3 to28.1)b 2105 (242 to2260)b

aDue to acute COVID-19.
bNegative sign indicates increase in cases with vaccination.
cNumbers in the table represent estimate (95% confidence interval).
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FIG 1 Projected wave of SARS-CoV-2 in Australia without (solid lines) and with (dashed lines) childhood vaccination (80% of children under 12 years of
age). Using the SIR model, the epidemic curve was modeled over 1 year. (A to L) Results for the population (all age groups) are shown (A to C) and

(Continued on next page)
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vaccination interacted synergistically with public health measures (u ) to produce a
peak relative reduction in cases at intermediate values of u (Fig. S2). Taken together,
these model predictions illustrate that under less intense epidemic conditions
(when the effective reproduction rate, R*, is greater than, but close to, 1), modest
reductions in the susceptible fraction (as occurs with childhood vaccination) can
drive the epidemic toward extinction (R* , 1), resulting in large relative reductions
in the disease burden. On the other hand, when R* is high, exponential growth con-
tinues with the modest reductions in transmission associated with childhood vacci-
nation; therefore, the relative reduction in disease burden is minor. When R* is less
than 1, the epidemic trends toward extinction with or without childhood vaccina-
tion; therefore, the relative reduction in disease burden is again minor. The implica-
tion for immunization programs is that childhood vaccination likely has the greatest
potential for population-wide impact when coupled with other measures (e.g., social
distancing, masking, adult vaccination).

Our modeling study has several limitations. The model was based on a deterministic
compartmental susceptible-infected-recovered (SIR) model; thus, stochastic effects
were not considered (13). The system of 49 ordinary differential equations (ODEs) was
parameterized with vital statistics from Australia or Alberta; therefore, extrapolation to
other regions should be done with caution. On the other hand, the age structure and
age-specific mortality rates were similar to other high-income, urbanized settings. Age-
assortative mixing was incorporated into the model using social contact matrices; how-
ever, these were based on prepandemic surveys (14). Other investigators have demon-
strated changes in contact rate with evolution of the pandemic and have considered
context-specific changes in contact rates (e.g., school closures) (15, 16). We used a
composite social distancing index (u ) to capture the combined effects of physical isola-
tion, face masks, and improved hand hygiene on the contact rate (7). This represents a
simplification but is justified in the absence of data on the efficacy and uptake of var-
ious public health interventions in different age groups. The duration of infection
prior to death or recovery was assumed to follow an exponential distribution.
Recovered individuals in our model were considered immune (removed permanently
from the susceptible pool); we did not incorporate waning immunity in the model.
More complex mathematical formulations would be needed to reflect alternative dis-
tributions of the duration of infection and immunity. The cocirculation of several vi-
rus strains with different transmissibility was not incorporated into the model; how-
ever, for the simulation in Australia, we separately considered scenarios with
circulating alpha variant (R0 = 2.79) and delta variant (R0 = 5.03). Vaccine efficacy
may differ between strains of SARS-CoV-2, which could alter the model predictions.
The impact of other vaccines (e.g., adenovirus-vectored vaccines) was not included in
the model; however, mRNA vaccines are the primary vaccine product offered in
Australia and Alberta currently.

In summary, our modeling results suggest that childhood vaccination yields mod-
est benefits with minimal risk. Vaccination is predicted to result in substantial relative
reductions in child morbidity and mortality, although the absolute reduction is small
because these events are rare. Furthermore, the model predicts “altruistic” absolute
reductions in adult cases, hospitalizations, and mortality, particularly among the
unvaccinated, in whom the risk of these adverse outcomes is high.

MATERIALS ANDMETHODS
Description of the model and model parameters. We used a deterministic susceptible-infected-

recovered (SIR) compartmental model with age structure (seven strata, under 5 years of age, 5 to 11, 12
to 19, 20 to 39, 40 to 59, 60 to 74, and 75 and older) and vaccine with imperfect efficacy (Text S1). The

FIG 1 Legend (Continued)
subdivided according to age and vaccine classes as follows: children under 12 (D to F), vaccinated adults (G to I), and unvaccinated adults (J to L). Model
outcomes included daily incident cases (A, D, G, and J), hospitalizations (B, E, H, and K), and deaths (C, F, I, and L). The expected waves of cases,
hospitalizations, and deaths was reflected in the model, with modest reductions associated with childhood vaccination. Hospitalizations and deaths were
infrequent in children under 12.
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flowchart for this model is shown in Fig. 2. This model accounts for vital dynamics, births (K), aging
between strata (ai), and age-specific natural death rate (m i). The model includes the following infection
parameters: standard incidence ratio (b), contact rate based on published social contact matrices (14)
(cmij), age-specific relative infectiousness (t i), age-specific relative susceptibility to infection (s i), dura-
tion of infection (1/d ), and age-specific infection fatality rate (fi). The effect of vaccination was modeled
as relative reduction in infectiousness («t), susceptibility to acquiring infection («s), probability of hospi-
talization («h), and mortality (« f). To model the changes in the contact rate due to public health meas-
ures, we used a social distancing parameter, u , which varied from zero (complete lockdown) to 1 (com-
plete mixing in the population), as described in a previous modeling study (7). The mathematical
properties of this model have been previously discussed (13).

Parameter estimates are shown in Table 3. We used realistic estimates based on vital statistics in
Australia and Alberta, as well as biological characteristics of SARS-CoV-2. We modeled both the currently
dominant and highly infectious delta variant (R0 = 5.08) and the historically important alpha variant
(R0 = 2.79).

A system of 49 ordinary differential equations (ODEs) describes the flow between compartments:

dS1
dt

¼ K2a1S1 2 bus 1S1

X7

j¼1

t jcmijIj
Ni

1
t jð12 «t ÞcmijIvj

Ni

� �
2m1S1

For i = 2,. . .,7,

dSi
dt

¼ ai21Si21 2aiSi 2 bus iSi

X7

j¼1

t jcmijIj
Ni

1
t jð12 «t ÞcmijIvj

Ni

� �
2miSi

For i = 1,2,. . .,7,

dIi
dt

¼ ai21Ii21 2aiIi 1 b us iSi

X7

j¼1

t jcmijIj
Ni

1
t jð12 «t ÞcmijIvj

Ni

� �
2 d Ii 2m iIi

dRi

dt
¼ ai21Ri21 2aiRi 1 d 12 fið ÞIi 2m iRi

dVi

dt
¼ ai21Vi21 2aiVi 2 bus ið12 «s ÞVi

X7

j¼1

t jcmijIj
Ni

1
t jð12 «t ÞcmijIvj

Ni

� �
2miVi

FIG 2 Flowchart for model. The susceptible-infected-recovered (SIR) compartmental model was
divided into 7 age classes. This allowed us to incorporate age-specific parameters in the model,
including birth rate (K), aging between strata (ai), natural mortality rates (m i), social contact matrix
(cmij), relative infectiousness with SARS-CoV-2 (t i), relative susceptibility (s i), hospitalization (hi), and
fatality rates (fi). Estimates for the transmission rate (b) and the duration of infection (1/d ) were taken
from previous studies. A parameter theta (u ), reflecting the intensity of public health measures to
prevent transmission (e.g., social distancing, mask mandates, service closures) was included to
account for reduction in the contact rate from the assumption of perfect mixing. The effect of
vaccination was modeled by four parameters, including proportional reduction in infectiousness («t),
susceptibility («s), hospitalization («h), and mortality (« f).
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TABLE 3Model parameters: values and rationale

Parameter Estimate Valuec Reference
K
Birth rate

143 day21 (Alberta) 52,334 births in Alberta (2018)a 21
863 day21 (Australia) 315,147 births in Australia (2018)a

Population age structure (millions [%])
Vital statistics
Australia 22
N1 1.5 (5.9) ,5
N2 2.3 (8.9) 5–11
N3 2.5 (9.5) 12–19
N4 7.4 (29) 20–39
N5 6.4 (25) 40–59
N6 3.8 (15) 60–74
N7 1.8 (7.1) $75
NT 25.7 (100) Total

Alberta 17
N1 0.27 (6.6) ,5
N2 0.37 (9.1) 5–11
N3 0.39 (9.5) 12–19
N4 1.2 (30) 20–39
N5 1.1 (27) 40–59
N6 0.52 (13) 60–74
N7 0.21 (5.2) $75
NT 4.1 (100) Total

Aging rate from class i to i1 1 (per yr)a

a0 0 13
a1 1/5 ,5
a2 1/7 5–11
a3 1/8 12–19
a4 1/20 20–39
a5 1/20 40–59
a6 1/15 60–74
a7 0 $75 (oldest class)

Natural mortality rate (no. per 1,000 population per yr)
Vital statistics
Australia 22
m1 1.1 ,5
m2 0.10 5–11
m3 0.22 12–19
m4 0.63 20–39
m5 2.5 40–59
m6 9.8 60–74
m7 54 $75

Alberta 17
m1 1.1 ,5
m2 0.10 5–11
m3 0.22 12–19
m4 0.88 20–39
m5 2.8 40–59
m6 11 60–74
m7 64 $75

Age-specific relative susceptibility to SARS-CoV-2
s1 0.34 ,5 16
s2 0.34 5–11
s3 0.75 12–19
s4 1.0 (reference) 20–39
s5 1.0 (reference) 40–59
s6 1.26 60–74
s7 1.47 $75

(Continued on next page)
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dIvi
dt

¼ ai21Ivi21 2aiIvi 1 b us ið12 «s ÞVi

X7

j¼1

t jcmijIj
Ni

1
t jð12 «t ÞcmijIvj

Ni

� �
2 d Ivi 2miIvi

dRvi

dt
¼ ai21Rvi21 2aiRvi 1 d 12 fvið ÞIi 2miRvi

dDi

dt
¼ d fiIi 1 d fviIvi

Ni ¼ Si 1 Ii 1Ri 1Vi 1 Ivi 1Rvi

hvi ¼ hið12 «hÞ

fvi ¼ fið12 « f Þ

Initial conditions and time horizon. To model the course of a future “wave” of SARS-CoV-2, we
began with initial conditions which included the total population of Australia or Alberta, divided into
age classes, and further subdivided into vaccinated and unvaccinated compartments (17). The propor-
tion of actively infected individuals was calculated based on the number of known active cases in
Australia or Alberta in August 2021, proportionally divided among the age classes. We assumed that all
these cases would be isolated and, therefore, would not contribute to the infectious pool. We further

TABLE 3 (Continued)

Parameter Estimate Valuec Reference
Age-specific relative infectiousness
t 1 0.85 ,5 23
t 2 0.85 5–11
t 3 0.85 12–19
t 4 1.0 (reference) 20–39
t 5 1.0 (reference) 40–59
t 6 1.0 (reference) 60–74
t 7 1.0 (reference) $75

SARS-CoV-2 hospitalization rate (%)
h1 0 ,5 9
h2 0.011 5–11
h3 0.041 12–19
h4 2.3 20–39
h5 6.2 40–59
h6 12 60–74
h7 16 $75

SARS-CoV-2 infection mortality rate (%)
f1 0.0016 ,5 9
f2 0.0030 5–11
f3 0.0070 12–19
f4 0.059 20–39
f5 0.38 40–59
f6 2.4 60–74
f7 6.4 $75

Model parameters (%)b

b 0.027 Estimated based onR0 = 5.08, d = 1/14 days,
and avg contact rate of 13 per day

14, 24

d 1/14 days21 Mean duration of infection, 14 days to
recovery or death

9

u 0.75 Varied between 0 (complete lockdown) to 1
(perfect mixing) in sensitivity analysis

7

Vaccine efficacy (% [95%CI])
«s 67 (37–83) Reduction in susceptibility 8
«t 27 (0–62) Reduction in infectiousness 8
«h 86 (82–88) Prevention of hospitalization 20
« f 96.7 (96.0–97.3) Prevention of fatality 3

aAges are based on time in each age class.
bb , Standard incidence ratio; d , rate of recovery from infection; u , social distancing parameter.
cData in the “Value” column represent years of age unless otherwise indicated.
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assumed that a 5-fold higher number of undiagnosed cases would be present in the community. This
assumption is based on a previous study, which estimated that the number of infections in the United
States was 3 to 20 times higher than the number of confirmed cases (4). The proportion of recovered
individuals was based on seroprevalence surveys (18, 19). In hypothetical scenarios for Australia, 80% or
90% of adults were presumed to be vaccinated at baseline. In the Alberta scenario, the proportion of
vaccinated individuals in each age stratum in October 2021 was used as the baseline. The model was
run with no childhood vaccination and with 80% childhood vaccination. The model was run for a period
of 365 days. In the absence of an analytical solution to the system of ODEs, we used numerical simula-
tions (package deSolver) in the R statistical environment (R version 3.6.2).

Confidence intervals for model outputs. To account for uncertainties in the vaccine efficacy, we
used a multiway sensitivity analysis, varying the four key parameters (efficacy to prevent transmission,
susceptibility, hospitalization, and death) over their 95% confidence interval, based on published studies
(3, 8, 20). We assumed that each proportion followed a beta distribution. We randomly sampled from
the distribution of each parameter, used these as inputs for the model, and ran the SIR model 1,000
times. Using the distribution of model outputs that was generated, the 95% confidence interval for each
output was defined by the 2.5th percentile and the 97.5th percentile.

Variation of model estimates with vaccine uptake and concurrent public health measures. The
proportion of vaccinated children and public health measures may vary widely over time and geography.
Therefore, we varied these key parameters from 0 to 1 (over the entire possible range) and plotted the
resulting model outputs. Graphical methods were used to examine the dependence of model outputs on
key parameters.
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