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Key public health message

What did you want to address in this study?

Scenario modelling enables policy makers to consider a range of possible future outcomes of an event in their decisions. We wished
to guide a policy decision to extend the COVID-19 vaccination programme to adolescents and children in the Netherlands in summer
2021, should new infection waves occur in late 2021 and early 2022.

What have we learnt from this study?

Our scenario modelling, done before the SARS-CoV-2 Omicron variant appeared, projected that extending vaccination to adolescents
would reduce the rates of infections and severe disease in the population and extending it to children under 12years old, would
reduce these rates further. However, vaccination alone would not prevent future COVID-19 waves.

What are the implications of your findings for public health?

Vaccination for children and adolescents was recommended while other measures such as mask-wearing remained. In hindsight,

our approach was important, considering that Omicron emerged in late November 2021 and subsequent infection waves occurred.
Scenario modelling can support future policy decisions on COVID-19 vaccine booster doses or inform on what one might expect in

the event of the emergence of other variants.

Background: Since the roll-out of COVID-19 vaccines
in late 2020 and throughout 2021, European govern-
ments have relied on mathematical modelling to inform
policy decisions about COVID-19 vaccination. Aim: We
present a scenario-based modelling analysis in the
Netherlands during summer 2021, to inform whether
to extend vaccination to adolescents (12-17-year-olds)
and children (5-11-year-olds).Methods: We developed
a deterministic, age-structured susceptible-exposed-
infectious-recovered (SEIR) model and compared
modelled incidences of infections, hospital and inten-
sive care admissions, and deaths per 100,000 people
across vaccination scenarios, before the emergence of
the Omicron variant. Results: Our model projections
showed that, on average, upon the release of all non-
pharmaceutical control measures on 1 November 2021,
a large COVID-19 wave may occur in winter 2021/22,
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followed by a smaller, second wave in spring 2022,
regardless of the vaccination scenario. The model
projected reductions in infections/severe disease
outcomes when vaccination was extended to adoles-
cents and further reductions when vaccination was
extended to all people over 5years-old. When exam-
ining projected disease outcomes by age group, indi-
viduals benefitting most from extending vaccination
were adolescents and children themselves. We also
observed reductions in disease outcomes in older age
groups, particularly of parent age (30-49years), when
children and adolescents were vaccinated, suggesting
some prevention of onward transmission from younger
to older age groups. Conclusions: While our scenarios
could not anticipate the emergence/consequences of
SARS-CoV-2 Omicron variant, we illustrate how our
approach can assist decision making. This could be
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useful when considering to provide booster doses or
intervening against future infection waves.

Introduction

Since the roll-out of coronavirus disease (COVID-19)
vaccinesin late 2020 and throughout 2021 [1], European
governments have relied on mathematical modelling to
inform policy decisions about COVID-19 vaccination [2].
Examples include how to best allocate limited num-
bers of vaccines to achieve maximum impact, if vac-
cination should be extended beyond adults (=18years
old), and when and who to re-vaccinate (boost) [3].
Scenario modelling, in an infectious disease context,
aims to provide long-term projections of epidemic tra-
jectories under different scenarios [4], and can provide
useful insight about the likely direction and magni-
tude of change (between scenarios) and the trade-offs
between different interventions [5]. Unlike, forecasting,
which aims to predict what will happen in a short time
frame (typically, a few weeks) [6,7], scenario modelling
usually covers many months [8], providing bounds for
outbreak trajectories. This provides policymakers with
more insight and perspective to make decisions, which
are usually most effective with regards to epidemics if
they can be made before the modelled scenarios actu-
ally occur.

In this work, we present an analysis to inform a policy
decision during summer 2021, specifically whether to
extend vaccination to adolescents (12—17-year-olds)
and children (5—11-year-olds). To this end, we devel-
oped a deterministic, age-structured susceptible-
exposed-infectious-recovered (SEIR) model. We briefly
describe the debate surrounding this policy decision to
motivate this analysis and then present the results of
our scenario modelling. Finally, we discuss the impli-
cations of our findings and reflect on our modelling
conclusions in light of the emergence of the Omicron
(Phylogenetic Assignment of Named Global Outbreak
(Pango) lineage: B.1.1.529) variant.

Motivation and setting

In the summer months of 2021 in the northern hemi-
sphere, following the roll-out of COVID-19 vaccination
programmes and the achievement of high COVID-19
vaccination coverage among adults in high-income
countries, there was concern over future waves of
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infections. In the Netherlands, COVID-
19 vaccines had been approved for adolescents [9]
and children [10], but not yet administered to healthy
members of these two population groups. One of
the main policy decisions under consideration in the
country was the extension of COVID-19 vaccination
to healthy adolescents due to the risk of increased
transmissibility during the winter months [11], wan-
ing natural immunity and vaccine-induced protection
[12], and reduced vaccine effectiveness against new
variants [13]. According to a report from the European
Centre for Disease Prevention and Control (ECDC), up

to 6 May 2021, 12 countries in the European Union/
European Economic Area (EU/EEA) had started to vacci-
nate individuals under 18years-old [14]. In an effort to
limit severe disease incidence in these young people,
half of the 12 countries targeted for vaccination, either
individuals with underlying conditions, or in healthcare
facilities, or vulnerable/at risk of severe COVID-19 out-
comes [14]. In the Netherlands, as in most countries,
the decision to vaccinate healthy adolescents and chil-
dren took into account the potential risks/benefits for
these age groups, as well as indirect positive effects
on other groups in the population [3].

Some vaccinated adolescents may experience adverse
events, such as myocarditis (heart inflammation), fol-
lowing vaccination with a COVID-19 vaccine [15,16];
however, occurrence of myocarditis in adolescents is
rare. A study evaluating 192,405,448 persons receiving
a total of 354,100,845 mRNA-based COVID-19 vaccines
in the United States (US) from December 2020 to August
2021 found that the rate of myocarditis was 70.7 per
million doses of the Comirnaty (BNT162b2, BioNTech-
Pfizer, Mainz, Germany/New York, US) vaccine in ado-
lescent males aged 12-17years and 105.9 per million
doses of the BNT162b2 vaccine in adolescent males
aged 16-17years [16]. Healthy adolescents and chil-
dren can be infected by and transmit SARS-CoV-2 [17],
but are much less likely to experience severe disease
[18,19] and die [20] following infection with SARS-CoV-2
compared with adults. Despite their reduced risks of
severe outcomes, adolescents and children may expe-
rience symptoms lasting months after infection (‘long
COVID’) [21]. Estimates of the prevalence of long-COVID
in children and adolescents range from 0% [22,23] to
27% [21]. Excluding long COVID, the disease burden
of COVID-19 in 2021 among adolescents and children
in the Netherlands has been shown to be similar to
seasonal influenza [3], while in the US, hospitalisa-
tion rates in adolescents and children due to COVID-19
between March 2020 and December 2021 were similar
to or higher than those from the 2017/18, 2018/19, and
2019/20 influenza seasons [24-26]. Therefore, a direct
benefit of vaccinating adolescents and children is to
reduce incidence of severe disease and long COVID, as
well as infections, in these age groups.

Another objective for vaccinating adolescents and
children is to reduce transmission from these groups
to other, more vulnerable, groups. Adolescents and
children make a high number of daily contacts [27];
therefore, they are likely to be larger contributors to
transmission compared to older adults during out-
breaks, as was seen in late June and early July 2021
in the Netherlands [28]. In the United Kingdom (UK),
an increase in infections in adolescents and young
adults preceded the second and third COVID-19 pan-
demic waves, where infections later spread to older

age groups [29].
In this work, using the Netherlands as an example,

we present an analysis anticipating the quantitative
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FIGURE 1

Model projected daily (A) infections, (B) hospital admissions, (C) intensive care admissions, and (D) deaths, for each
vaccination scenario®, by age group® for the Netherlands, simulation period of 22 June 2021-31 March 2022
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impacts of vaccinating adolescents and children, on
SARS-CoV-2 infection and disease outcomes (e.g. hos-
pital admissions, and intensive care (IC) admissions),
before the emergence of the Omicron variant. We com-
pare the obtained incidences of disease outcomes in
extended vaccination scenarios to those when only
adults are vaccinated.

Methods

Model description

We developed a deterministic age-structured com-
partmental SEIR model extended to include states for
severe disease outcomes and vaccination status. The
population was partitioned into 10-year age groups
(0-9,10-19, ..., 70—79, 280). Within each age group we
further stratified the population into those who were
unvaccinated, separately, those who were vaccinated
with one to five doses, and then finally into disease
states: susceptible (S), infected but not yet infec-
tious (E), infectious (1), hospitalised (H), in intensive
care (IC), returned to the hospital ward after intensive
care (H,), recovered (R), and dead (D) (Supplementary
Figure S1; Basic conceptual model diagram). The model
considered that when a person is vaccinated, they first
enter a hold state where they are vaccinated, but not
yet (fully) protected. After a delay period, they enter
the vaccinated and protected state for the dose they
have received. In the model, natural immunity to infec-
tion wanes by 60% after 8 months [30] and follows an
Erlang distribution. Therefore, individuals who have
recovered transition back to the susceptible compart-
ment. Only susceptible individuals can enter a vacci-
nated compartment.

The model is designed to incorporate a single vaccine
product with up to five doses that (i) reduces suscepti-
bility to infection, (ii) reduces risk of hospitalisation if a
vaccinated individual is infected, and (iii) reduces risk
of infecting others (transmission) if a vaccinated person
is infected. The vaccine provides ‘leaky’ protection (i.e.
the vaccine reduces the probability of infection and
severe disease in vaccinated individuals). We incor-
porate different vaccine products by taking the daily
weighted average of the number of people with each
vaccine product (and dose), the corresponding delay
to protection of each vaccine product, and the vaccine
effectiveness against each outcome (Supplementary
Table S1; Vaccine effectiveness for each vaccine by
dose based on observational studies). Rate of vacci-
nation by vaccine product and dose is a model input
(Supplemental Material; Outcome equations).

The model uses different contact matrices from the
Pienter Corona Study [27,31,32] estimated in April
2017 and throughout 2020 and 2021 to approximate
contact patterns under different levels of non-phar-
maceutical interventions within and between age
groups (Supplementary Table S2; Timeline of meas-
ures and advice during the COVID-19 outbreak in the
Netherlands). These contact matrices are converted

to transmission matrices by multiplying rows and col-
umns by estimates of the relative susceptibility and
infectiousness of each age group compared with the
0-9-year-old age group (Supplementary Table S4; Age-
dependent model parameters).

To account for the seasonal pattern of SARS-CoV-2
transmission whereby, transmission is lower in summer
and higher in winter, we define the transmission rate at
time t, B(t), as a sinusoidal function of seasonality [11]
(Supplemental Material; Outcome equations).

Model fit

The baseline (non-seasonal) transmission rate B, and
initial conditions for forward simulations are estimated
by fitting the model to daily cases from the national
notification database Osiris from 01 January 2020 to 22
June 2021, when vaccination in 12—-17-year-olds began
inthe Netherlands (Supplementary Figure S2; Fit to case
notification data). The model is fitted to data piece-
wise to incorporate the different non-pharmaceutical
interventions within each time window (Supplementary
Table S2; Timeline of measures and advice during the
COVID-19 outbreak in the Netherlands). We estimate
the baseline transmission rate 8, within each time win-
dow using maximum likelihood estimation. We assume
daily cases follow a negative binomial distribution with
mean p and overdispersion parameter ¢.

Scenarios

We compare three different vaccination scenarios: vac-
cination of adults only (=18 years), vaccination of adults
and adolescents (=12years) and vaccination of adults,
adolescents, and children (25years). Vaccination of
children and adolescents does not impact the con-
tinued vaccination of other groups. In the scenarios
in which 12-17-year-olds are vaccinated, adolescents
receive the Comirnaty and Spikevax (mRNA-1273,
Moderna, Cambridge, United States) vaccines begin-
ning 22 June 2021 and reach an overall coverage of 75%
by 23 August 2021 as per the Dutch vaccination distri-
bution schedule (Supplementary Figure S3; Vaccination
coverage over time by dose, vaccine type, and age
group for the different vaccination scenarios). When
we hypothetically extend vaccination to 5-11-year-
olds (=5years), vaccination of 5—11-year-olds starts on
24 October 2021 with an allocation of 50,000doses
per day reaching a final vaccination coverage of 75%.
Children receive Comirnaty.

Simulations

Forward simulations are performed from 22 June 2021
to 31 March 2022 with the initial conditions (i.e. the
number of people in each compartment when the simu-
lation begins) based on the last day of the model fit-
ting. The simulations begin with the same baseline
transmission rate that was estimated from the last fit-
ted time window (5 June to 22 June) and with contact
patterns estimated during June 2021. All non-pharma-
ceutical control measures are relaxed on 1 November
2021 and not reimplemented. Therefore, the contact
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TABLE A

Absolute and per cent difference of cumulative modelled disease outcomes per 100,000 people comparing vaccination in
adults (= 18years old) only, with vaccination in >5year-olds and vaccination in > 12 year-olds, respectively, the Netherlands,
cumulative disease outcomes calculated from 22 June 2021-31 March 2022

Vaccination scenario Disease outcome

Absolute difference (95% Cl)

Age group Per cent difference (95% Cl)

0-9 -20,683.0 (-31,186.0 to —12,131.0) -30.4 (—41.2 to —23.4)
10-19 -45,308.0 (-68,890.0 to —25,118.0) -30.3 (-45.0 to -18.7)
20-29 -11,966.0 (-43,497.0 to —102.0) -8.1(-29.6 t0 -0.1)
30-39 -11,084.0 (-33,800.0 to —1,282.0) -8.9 (-26.7 to -1.0)
Infections 40-49 -11,494.0 (-31,856.0 t0 —1,073.0) -9.2 (-26.5to —-1.0)
50-59 -10,724.0 (-31,024.0 to —842.0) -8.6 (-26.0 to —1.0)
60-69 -10,362.0 (-34,265.0 to 384.0) -7.6 (-25.8 t0 0.3)
70-79 -9,596.0 (-32,182.0 to 895.0) -7.1(-24.8 t0 0.6)
>80 -9,831.0 (-37,006.0 t0 1,486.0) -6.7 (-26.0 t0 0.9)
0-9 -64.2 (-98.0 to —37.7) -32.4 (-44.0 t0 —24.8)
10-19 -6.8 (-10.1t0 -3.8) -34.6 (-46.3 t0 —24.1)
20-29 -4.6 (-14.31t0 -0.2) -8.9 (-25.9t0 -0.3)
30-39 -14.9 (-43.3 to —0.7) -9.4 (-26.6 to —0.4)
Hospital admissions | 40-49 -29.2 (-83.1t0 —2.2) -9.6 (-26.9 to —0.7)
50-59 -57.9 (-179.0 to -1.9) -9.1(-26.7t0 -0.3)
60-69 -88.9 (-297.0 to 2.4) -8.2 (-25.6 t0 0.2)
70-79 -149.0 (-520.0 t0 12.5) -7.6 (-25.3 t0 0.5)
>80 -182.0 (-616.0 t0 19.4) -7.4 (-24.9 t0 0.8)
Vaccination in 25year-olds
0-9 0.0 (0.0 t0 0.0) NA
10-19 -1.2 (-1.7t0 -0.7) -34.1 (-44.5 to —26.0)
20-29 -1.2 (-3.2to —0.1) -8.9 (-23.8 t0 —0.6)
30-39 -4.1(-11.6 to -0.4) -9.1(-23.4 to —1.0)
1C admissions 40-49 -10.9 (-30.0 to -1.2) -9.4 (-23.8 to -1.1)
50-59 -25.3 (-74.6 to -1.7) -8.9 (-23.7t0 -0.8)
60-69 -44.8 (-139.0 to —0.1) -8.1(-23.0t0 0.0)
70-79 -64.3 (-204.0 to 4.0) -7.6 (-23.1t0 0.4)
>80 -18.6 (-58.0t0 0.8) -7.3(-22.3t00.3)
0-9 -0.1(-0.2t0-0.1) -31.8 (-41.7 to —25.5)
10-19 -0.1(-0.2t0-0.1) -32.0 (-39.5 to —26.3)
20-29 -0.1(-0.31t00.0) -72.7 (-18.5 t0 —0.6)
30-39 -0.6 (-1.5t0 -0.1) -7.6 (-18.7t0 -1.2)
Deaths 40-49 -1.3 (3.4 to -0.2) -7.7 (-18.8 to -1.0)
50-59 -4.1(-11.1t0 -0.4) -7.2 (-18.5t0 -0.8)
60-69 -29.8 (-83.8 to —0.5) -6.1(-16.5 to —0.1)
70-79 -41.8 (-124.0 t0 2.8) -6.4 (-17.7 t0 0.4)
>80 -60.0 (-181.0 t0 2.3) -7.0 (-21.0t0 0.3)

Cl: confidence intervals; IC: intensive care; NA: not applicable.

We report mean differences and 95% Cl calculated as quantiles from 200 simulations.

patterns change to those estimated pre-COVID-19 pan-
demic in April 2017. We use a value for the baseline
transmission rate in the absence of other non-phar-
maceutical interventions that is consistent with the
basic reproduction number of the Delta (Pango line-
age: B.1.617.2) variant (R =5.08, B, =0.00087) [33]. To
incorporate uncertainty in the transmission rate, j_ is
drawn from a normal distribution with mean 0.00087
and standard deviation 7.11e-6 (corresponding to the
estimated standard deviation of B, from the last time
window during model fit).

We perform 200 simulations for each vaccination sce-
nario, and sample from the posterior distribution of

www.eurosurveillance.org

the contact matrices to incorporate uncertainty regard-
ing contact patterns [34]. We simulate infections,
hospital admissions, IC admissions, and deaths for
each vaccination scenario. We calculate the cumula-
tive sum of each outcome per 100,000 people for the
entire simulation period. We calculate the absolute
and per cent differences in cumulative sum of each dis-
ease outcome for the different vaccination scenarios
(212yearsand =5years) compared with vaccination in
adults only (=18years). Due to the stratification of the
model population in 10-year age bands, we cannot sep-
arate 12—17-year-olds from the 10-19-year age group
or 5—11-year-olds from the o—9 and 10-19-year age
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TABLE B

Absolute and per cent difference of cumulative modelled disease outcomes per 100,000 people comparing vaccination in
adults (= 18years old) only, with vaccination in >5year-olds and vaccination in > 12 year-olds, respectively, the Netherlands,
cumulative disease outcomes calculated from 22 June 2021-31 March 2022

Vaccination scenario Disease outcome Age group Absolute difference (95% CI) Per cent difference (95% Cl)
0-9 -6,212.0 (-14,504.0 to -1,676.0) -9.3 (-21.8 to —2.9)
10-19 -28,643.0 (-51,316.0 t0 —14,960.0) -19.3 (-34.0 to —10.0)
20-29 -9,190.0 (-39,056.0 to —919.0) -6.3 (-24.5 to —0.5)
30-39 -8,484.0 (-27,668.0 to —475.0) -6.9 (-24.1t0 —0.3)
Infections 40-49 -8,809.0 (-29,475.0 to —632.0) 7.1 (-23.7 to —0.4)
50-59 -8,326.0 (-27,609.0 to -506.0) -6.8 (-23.5t0 -0.4)
60-69 -8,235.0 (-29,647.0 t0 133.0) -6.1(-23.3t00.1)
70-79 -7,759.0 (-29,535.0 t0 426.0) -5.8 (-22.7t0 0.3)
>80 -7,917.0 (-32,926.0 t0 406.0) -5.4 (-23.9 t0 0.2)
0-9 -18.9 (—44.4 to —4.6) -9.5 (-22.0to -3.2)
10-19 -4.39 (-6.88 to —2.3) -22.5(-34.9 to —14.0)
20-29 —-3.63 (-11.7 to —0.3) —7.1 (-23.6 to —0.5)
) 30-39 -11.7 (-33.0 to —1.0) -7.5 (-21.0 to -0.9)
;Igrsnl?lstsa}lons 40-49 -23.0 (-65.3t0 —2.0) -7.7 (-21.2 to -0.9)
50-59 -46.4 (-137.0 to —3.0) -7.3 (20.7to -0.7)
60-69 -73.0 (-232.0 to -3.2) -6.8 (-20.7t0 —0.3)
70-79 -124.0 (-398.0 t0 0.3) -6.5(-20.3t0 0)
Vaccination in 280 -152.0 (-498.0 t0 10.5) -6.2 (-20.8 t0 0.4)
z12year-olds 0-9 0.0 (0.0 t0 0.0) NA
10-19 -0.8 (-1.2 to —0.4) -22.4 (-33.2 to -15.3)
20-29 -1.0 (-2.9 to —0.1) -7.5 (-21.2 to -0.7)
30-39 -3.3 (8.9 to —0.3) -7.5 (-20.6 to —0.9)
IC admissions 40-49 -8.9 (-25.0 to —0.8) -7.7 (-20.9 to -1.0
50-59 -20.9 (-60.8 to —-1.4) 7.4 (-20.7 to —0.7
60-69 -37.9 (-121.0 to -1.3) -6.9 (-20.4to -0.3
70-79 -55.2 (-178.0 to —0.7) -6.6 (-20.4 to —0.1)
>80 -16.2 (-54.2 to —0.1) —-6.4 (-19.2 t0 0.0)
0-9 0.0 (-0.1t0 0.0) -8.9 (-19.0 to —3.3)
10-19 -0.1(-0.1t0 0.0) -20.6 (-28.3 to —15.5)
20-29 -0.1(-0.3t00.0) -6.2 (-15.1t0 -0.7)
30-39 -0.5 (-1.2 t0 0.0) -6.2 (-15.0 to —0.8)
Deaths 40-49 -1.1(-2.9to -0.1) -6.3 (-15.2 to —1.1)
50-59 -3.4 (-9.2t0 —0.4) -6.0 (-14.6 to —0.8)
60-69 -25.8 (-73.6 to —-1.6) -5.3 (-13.9 t0o —0.4)
70-79 —-36.5 (-106.0 to —0.7) -5.6 (-16.1t0 -0.1)
280 -52.5 (-170.0 to —0.5) —6.2 (-18.5 t0 0.0)

Cl: confidence intervals; IC: intensive care; NA: not applicable.

We report mean differences and 95% Cl calculated as quantiles from 200 simulations.

groups; therefore, we report the effects of the different
vaccination strategies separately for each age group.

The model is coded in R 4.1.0 [35] as a system of ordi-
nary differential equations (Supplemental Material;
Model equations). Model input parameters are shown
in Supplementary Table S3 (Model parameters that do
not vary with age) and Supplementary Table S4 (Age-
dependent model parameters). Code is available on
GitHub as an R package vacamole (https://github.com/
kylieainslie/vacamole).

Results

There was considerable variability in modelled trajec-
tories of infections in the different age groups, regard-
less of vaccination scenario, but on average there was
a large wave of infections from late November 2021 to
early January 2022 after non-pharmaceutical control
measures were released on 1 November 2021, followed
by a second, smaller wave in spring (March/April) 2022
(Figure 1A). The trajectories for incidences of severe
disease outcomes were similar to those for infections
(Figure 1B — D). We observed a delay and reduction in
peak incidence in all age groups when vaccination was
extended beyond adults (Table). Reductions in peak
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FIGURE 2

Heatmaps of mean per cent difference in cumulative disease outcomes by age group when (A) vaccination is administered
in > 12year-olds compared with >18year-olds and (B) vaccination is administered in > 5year-olds compared with
adults > 18 years old, the Netherlands, simulation period of 22 June 2021-31 March 2022

A. Vaccination in 2 12 year-olds vs in 2 18 year-olds

Daily deaths -

ICU admissions -

Outcome
Outcome

Hospital admissions |

Daily infections -

0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 = 80
Age group in years

ICU: intensive care unit; NA: not applicable.

Daily deaths -

ICU admissions -

Hospital admissions -

Daily infections -

B. Vaccination in 2 5 year-olds vs in 2 18 year-olds

Per cent difference

o

-03

N

-0.2

-0.15
-o0.1

- 0.05

0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 = 80
Age group in years

Darker colours indicate that a greater reduction in disease outcomes was observed when extending vaccination beyond adults compared with

only vaccinating adults. Grey indicates an NA value.

incidence were greatest in 0—9- and 10-19-year-olds.
Only small reductions were observed in individuals
aged greater than 1g9years. A longer delay and reduc-
tion in peak incidence was seen when all individuals
aged 5years and above were vaccinated compared to
when only individuals aged 12years and above were
vaccinated (Figure 1A-D).

To determine the overall impact of extending vaccina-
tion beyond adults we calculated the cumulative num-
ber of disease outcomes per 100,000 people over the
entire simulation period (22 June 2021 to 31 March
2022) and determined the per cent difference in dis-
ease outcomes comparing vaccine programme exten-
sions (z12yearsand =5years) with vaccination in only
adults (=18years). We observed the greatest reduction
in cumulative disease outcomes in the target groups for
the vaccination programme extensions (0—9-year-olds
and 10—19-year-olds) (Figure 2A-B, Table). When vacci-
nation included individuals aged 5years and above, we
observed reductions of 30.4% (95% confidence inter-
val (CD): 23.4% to 41.2%) in infections, 32.4% (95%
Cl:24.8% to 44.0%) in hospital admissions, and 31.8%
(95% Cl:25.5% to 41.7%) in deaths in 0—9-year-olds;
we observed reductions of 30.3% (95% Cl:18.7% to
45.0%) in infections, 34.6% (95% Cl:24.1% to 46.3%)
in hospital admissions, 34.1% (95% Cl:26.0% to
44.5%) in IC admissions, and 32.0% (95% Cl:26.3% to

www.eurosurveillance.org

39.5%) in deaths in 10—19-year-olds (Table). When vac-
cination included individuals aged 12years and above,
we observed more modest reductions in disease out-
comes in 10—19-year-olds: 19.3% (95% Cl:10.0% to
34.0%) in infections, 22.5% (95% Cl:14.0% to 34.9%)
in hospital admissions, 22.4% (95% Cl:15.3% t0 33.2%)
in IC admissions, and 20.6% (95% Cl:15.5% to 28.3%)
in deaths (Table).

An additional motivation for vaccinating adolescents
and children is to reduce incidence of disease out-
comes in the remainder of the population by prevent-
ing onward transmission. When individuals aged
syears and above were vaccinated, we saw slightly
greater reductions (ca6-10%) in disease outcomes in
the remaining age groups, particularly those of par-
ent age (30—49years), than when individuals 12years
and above were vaccinated (reductions of ca5—8%)
(Figure 2, Table). However, Cls of estimates of absolute
differences and per cent difference in the oldest age
groups contained zero, suggesting that there was little
impact of vaccinating adolescents and children on dis-
ease outcomes in these groups (Table). We observed
the greatest reduction in disease outcomes in hospi-
tal admissions and IC admissions in 10—19-year-olds
(Figure 2, Table).
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Discussion

In this work, we performed a scenario modelling anal-
ysis to guide policy surrounding the extension of the
COVID-19 vaccination programme to include adoles-
cents and children in the Netherlands in summer 2021,
before the emergence of the Omicron variant. Using the
example of extending vaccination to adolescents and
children we show what information can be provided by
scenario modelling, while also highlighting the many
uncertainties within scenario modelling. We simulated
disease outcomes from 22 June 2022 to 31 March 2022
in which an event occurred in November 2021 (here,
non-pharmaceutical interventions were relaxed) that
may cause a new wave of infections. We compared
disease outcomes between vaccination scenarios to
quantify the projected impact of extending COVID-19
vaccination to adolescents and children.

Our model projections showed that, on average, upon
the release of all non-pharmaceutical control measures
on 1 November 2021, a large wave in COVID-19 disease
outcomes may occur in winter 2021/22, followed by
a smaller, second wave in spring 2022, regardless of
vaccination scenario. Therefore, despite reductions in
incidences of infection and various severe disease out-
comes when younger age groups were included in the
COVID-19 vaccination programme (Table), extension
of vaccination alone would not prevent future waves
of infection. These model projections indicated that
future policy would have to balance vaccination with
non-pharmaceutical interventions to prevent future
waves of infections.

When we examined projected disease outcomes by age
group we saw, unsurprisingly, that the individuals who
benefitted most from extending vaccination were ado-
lescents and children themselves (Figure 2) due to the
direct protection against infection and severe disease
provided by vaccination. We also observed reductions
in disease outcomes in older age groups, particularly
those of parent age, when children and adolescents
were vaccinated, suggesting that some prevention
of onward transmission from younger age groups to
older age groups is a reasonable expectation if model
assumptions about vaccine effectiveness against
transmission are realistic. However, the prevention of
onward transmission may not extend to the oldest age
groups, where confidence intervals of absolute and
per cent difference included zero (Table). Therefore,
if the aim of policy is to protect the elderly, then vac-
cination of adolescents and children may not be the
most effective policy decision. Previous work has high-
lighted that, due to the large number of contacts made
by adolescents and children [27], physical distancing
measures will be most effective if they are targeted at
age groups that contribute most to further spread [36].

In hindsight, with the emergence of the Omicron vari-
ant in late November 2021 [37] and subsequent waves
of infection in winter 2021/22 and spring 2022 [28],
this model-based approach to help inform policy was

extremely important. While our modelling did not
endeavour to predict the emergence of a new variant
or precisely when a new peak might occur, we did con-
sider the impact of extending vaccination to adoles-
cents and children in the event of additional waves of
infections. As a result of the scenario modelling and
the evolving epidemiological situation at the time, vac-
cination was extended to younger age groups in the
Netherlands and non-pharmaceutical interventions
remained in place [38].

This study has a number of limitations. The analysis
presented here was performed in summer 2021 and the
model assumptions reflected the available knowledge
at that time, particularly based on the characteristics of
the Delta variant. The model did not take into account
the emergence of the Omicron variant, which was first
detected in November 2021 [39]. Our projections con-
sidered the scenario whereby non-pharmaceutical
interventions were relaxed and never re-implemented.
In reality, if severe disease outcomes rose enough to
stress healthcare systems, control measures would be
re-implemented; therefore, the projections here can
be viewed as an upper boundary on disease outcome
projections.

In conclusion, we highlight the importance of sce-
nario modelling to inform future policy and illustrate
how scenario modelling can be used to guide policy.
Looking in hindsight, we see that model projections do
not predict the future but can be very helpful when con-
sidering a range of possible future outcomes. The value
of scenario modelling has received growing attention
and several collaborative scenario modelling hubs
have recently been initiated to better inform policy in
the US [4,8] and Europe [39] by harnessing projections
from multiple models to better project future epidemic
trajectories. These initiatives, in addition to the model
and framework presented here, can continue to guide
future policy decisions, such as whether and when to
provide booster doses or what to expect in the event of
the emergence of another variant.
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