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A B S T R A C T

Seasonal influenza causes a high disease burden. Many influenza vaccination programmes target the elderly and
persons at high risk of complications. Some countries have recommended or even implemented a paediatric
vaccination programme. Such a programme is expected to reduce influenza transmission in the population,
offering direct protection to the vaccinated children and indirect protection to the elderly.

We study the impact of a child vaccination programme with an age- and risk-structured transmission model,
calibrated to data of 11 influenza seasons in the Netherlands. The model tracks the build-up of immunes and
susceptibles in each age cohort over time, and it allows for seasonal variation in vaccine match and antigenic
drift. Different vaccination strategies are evaluated for three target age groups (2–3, 2–12 and 2–16 year olds)
over the full range of vaccination coverages (0–100%).

The results show that the paediatric vaccination programme has only a limited impact on the elderly age
groups, which account for most influenza morbidity and mortality. This is due to two notable changes in in-
fection dynamics. First, an age shift is observed: influenza infections are reduced in vaccinated children, but are
increased in young adults with limited natural immunity after years of vaccination. These young adults assume
the role of driving the epidemic. Second, a year with low influenza activity can be followed by a large epidemic
due to build-up of susceptibles. This variation of the infection attack rate increases with increasing vaccination
coverage.

The increased variability in the infection attack rate implies that health care facilities should be prepared for
rare but larger peaks in influenza patients. Moreover, vaccinating the group with the highest transmission po-
tential, results in a larger dependency on a secure vaccine supply. These arguments should be taken into account
in the decision to introduce mass vaccination of school-aged children against influenza.

1. Introduction

Seasonal influenza epidemics cause substantial morbidity and
mortality in high-risk groups (World Health Organization, 2016; Iuliano
et al., 2018). In most developed countries, yearly vaccination offers
direct protection to the elderly and persons with an increased risk of
medical complications upon infection with the influenza virus. Such
vaccination programmes have a small impact on the circulation of in-
fluenza virus (Backer et al., 2018). As school-aged children are con-
sidered to drive influenza transmission (Worby et al., 2015), they are
the main target for an additional vaccination programme that aims to
reduce transmission. Such a paediatric vaccination programme has first
been explored in Japan (Reichert et al., 2001) and has recently been
adopted in the United Kingdom (Government, 2012) and Finland
(Heikkinen et al., 2013).

Modelling can contribute to the decision making by evaluating

different strategies and scenarios. To what extent vaccination of chil-
dren will reduce influenza incidence depends on the age group to be
vaccinated, the vaccination coverage and the vaccine efficacy.
Comparison of different modelling studies reveals large discrepancies in
projected outcomes. For example, for a strategy that is targeted at all
school-aged children, a coverage of 50%, and an efficacy of 80%, pro-
jected reductions in influenza incidence can range from 20% (Gibson
et al., 2016) to 84% (Pitman et al., 2012) due to different modelling
choices. Models used for evaluation of child vaccination fall roughly
into two categories: models that capture the long-term infection dy-
namics due to immunity gains and losses over successive seasons
(Weycker et al., 2005; Vynnycky et al., 2008; Pitman et al., 2012; Rose
et al., 2014; Gerlier et al., 2017; Gibson et al., 2016), and models that
capture the high variation in epidemic size between seasons (Baguelin
et al., 2013; Meeyai et al., 2015; Weidemann et al., 2017). Both aspects
are expected to affect the impact of a vaccination programme for
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children (Woolthuis et al., 2017), but no study has evaluated such
programmes with a model that accounts for both aspects.

We evaluate influenza vaccination programmes for children, using a
transmission model that captures the build-up and loss of naturally
acquired and vaccine-induced immunity over seasons, and that allows
for seasonal variation in vaccine match and antigenic drift (Backer
et al., 2018). We vary the age groups to include in the programme and
the vaccination coverage, and we explore the impact of the influenza
vaccination programme on the infection dynamics. Furthermore, we
evaluate the effect of an unexpected interruption of vaccine supply, and

perform a sensitivity analysis on the vaccine efficacy. We will discuss
how our results compare with previous studies that assess the impact of
child vaccination programmes.

2. Methods

The dynamic transmission model was developed previously and
fitted to influenza attack rates from the Netherlands and vaccine ef-
fectiveness values from literature (Backer et al., 2018). In short, a
structured compartmental model is used to calculate the seasonal in-
fection attack rate in each age- and risk-group. The influenza epidemics
end due to depletion of susceptibles rather than seasonal forcing (te
Beest et al., 2013), which allows for the use of final size equations to
approximate the epidemic size. Each time step of one influenza season
consists of three stages of a cycle (Fig. 1). Before the start of the season,
people are vaccinated according to the vaccination coverage of their
risk and age class, but whether they develop an antibody response
depends on their age, captured by the vaccine take. During the season,
the number of infections and distribution over the various groups is
determined by the virus transmissibility and the contact structure be-
tween age and sex classes (Van de Kassteele et al., 2017). Persons that
respond to vaccination can still be infected, depending on the how well
the vaccine strain matches the circulating virus strain. The vaccine
match can vary per season. At the end of the season, the population
ages by one year and newborns enter the population. A part of the in-
fected population becomes susceptible to infection again due to anti-
genic drift, as the circulating strain less and less resembles the virus
strain that caused the initial infection. This is modelled as immunity
waning where individuals go from an immune state to a susceptible
state. The waning immunity rate can also vary per season. Finally,
vaccinated individuals return to an unvaccinated status as vaccine
protection is assumed to last one season.

We do not make a distinction between the currently used vaccine
and the vaccine for children. Currently, trivalent influenza vaccines
(TIV) are used containing two influenza A subtypes (H1N1 and H3N2)
and one influenza B lineage (Yamagata or Victoria). For the paediatric
vaccination programme a quadrivalent live-attenuated influenza vac-
cine (QLAIV) is envisaged, administered by a nasal spray. Because of
the inclusion of both influenza B subtypes, QLAIV mismatches are less
likely, and because of the live vaccine, QLAIV is expected to provide
broader and longer protection. Both effects should translate to a higher
vaccine effectiveness, which was indeed observed in randomised con-
trolled trials (Belshe et al., 2007; Rhorer et al., 2009; Ambrose et al.,
2012). In practice however, lower (Chung et al., 2016; Poehling et al.,
2018), similar (Caspard et al., 2016; Nohynek et al., 2016), and higher
(Helmeke et al., 2015) vaccine effectiveness estimates are reported for
QLAIV compared to TIV. For this reason, we do not make a distinction
between the two vaccines as a conservative choice.

The current vaccination programme in the Netherlands targets
persons of 60 years and older (24% of the population) and other high-
risk individuals (11% of the population). In the targeted population,
46% of the at-risk individuals younger than 60 years and 66% of the
individuals of 60 years and older choose to be vaccinated, resulting in
an overall vaccination coverage of 21%. We study the additional vac-
cination programme for children, in increasingly inclusive age groups
of 2–3, 2–12, and 2–16 year olds. These age groups coincide with the
age limits for day-care, primary school and secondary school.
Vaccination coverage ranges from 0% to 100% in steps of 5%. In the
most extensive strategy (targeting 2–16 year olds, at a 100% coverage)
38% of the total population would be vaccinated. We assume that the
coverage in high-risk children is either the current coverage or the
coverage in low-risk children, whichever is highest. In all strategies,
roll-out of the new vaccination programme starts in 2020. In the first
year all 2- and 3-year olds are targeted for vaccination and each sub-
sequent year the age limit is increased by one year until the age max-
imum is reached, i.e. the introduction method as implemented in

Fig. 1. Overview of the influenza model. A: Compartmental model for discrete
time steps of one year, with classification according to vaccination and infec-
tion status: fully susceptible (S and SV), immune through natural infection (R
and RV), and partially protected by vaccination (PV), where subscript V denotes
a vaccinated compartment. The model lacks an explicit infectious compartment
because of the use of final size calculations. Each compartment is subdivided in
100 age classes (from 0 to 99 years of age), 3 risk groups (low, medium and
high) and 2 sexes. B: Simulation cycle for each season consists of three stages:
vaccination before the start of the season (purple), infection during the season
(red), and age increase and immunity waning at the end of the season (blue).
Outcome measures are the infection attack rate and vaccine effectiveness of that
season. The outer ring shows the model parameters (structured by age, risk
group and/or sex): demographic composition (age, risk, sex), vaccination cov-
erage (age, risk), vaccine take (age), and contact matrix (age, sex), as well as the
estimated model parameters: basic reproduction number R0 (1.8 (1.3–2.7),
median with 95% credible interval), waning immunity rate (average of 0.19
(0.12–0.35) yr−1 and standard deviation of 0.031 (0.011–0.067) yr−1), and
vaccine match (average of 0.56 (0.49–0.66) and standard deviation of 0.11
(0.078–0.14)). See Backer et al. (2018) for model details and parameter esti-
mation.
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Fig. 2. Mean infection attack rate (IAR) per age class before, during and after roll-out of the paediatric vaccination programme for 2–3 (top), 2–12 (middle) and 2–16
year olds (bottom) at an 80% vaccination coverage. In all cases roll-out starts in 2020 with 2–3 year olds, and increases the age limit annually by one year until the
age maximum is reached. Vertical bands with higher or lower infection attack rates are caused by expected changes in demography.
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Fig. 3. Mean infection attack rate (IAR) per age class after roll-out of the paediatric vaccination programme (averaged over the period 2040–2045) for 2–3 (top),
2–12 (middle) and 2–16 year olds (bottom) at various vaccination coverages between 0% and 100%. The grey area shows the age groups targeted in the vaccination
programme.
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Fig. 4. Infection attack rate (IAR) distribution after roll-out of the paediatric vaccination programme (averaged over the period 2040–2045) for 2–3 (top), 2–12 (middle) and
2–16 year olds (bottom) as a function of vaccination coverage; mean (black line), median (white line), interquartile range (dark red area) and 95% range (light red area).

Table 1
Infection attack rate (IAR) for the current vaccination programme, and changes in IAR when vaccinating 40% or 80% of the targeted age groups, either 2–3, 2–12 or
2–16 year olds (averaged over the period 2040–2045). Given are the mean (change in) IAR and the 95% interval between brackets.

Vaccination coverage in low-risk children of

0% 40% 80%
IAR (%) Change in IAR (%) Change in IAR (%)

2–3 year olds
Overall 5.7 (0–12) −0.76 (−49 to +0.58) −1.5 (−75 to +0.83)
Target group 8.5 (0–19) −24 (−64 to −22) −47 (−89 to −42)
Non-target group 5.7 (0–12) −0.021 (−48 to +1.3) −0.022 (−74 to +2.2)

2–12 year olds
Overall 5.7 (0–12) −9.4 (−100 to +12) −18 (−100 to +18)
Target group 10 (0–21) −27 (−100 to −3.1) −51 (−100 to −12)
Non-target group 5.1 (0–11) −4.6 (−100 to +16) −9.4 (−100 to +26)

2–16 year olds
Overall 5.7 (0–12) −15 (−100 to +20) −29 (−100 to +34)
Target group 9.9 (0–20) −29 (−100 to +6.3) −54 (−100 to +2.8)
Non-target group 4.9 (0–11) −8.9 (−100 to +25) −19 (−100 to +45)
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England. Using different parameter sets from the posterior distribu-
tions, 1000 simulations are run from 2015 to 2045 for each strategy.
The outcome measures of interest are the reduction of the infection
attack rate overall, and the infection attack rate in different age groups.

Furthermore, we explore the consequences when the vaccine is
unexpectedly not available. This is tested by simulating a vaccine
supply stop for the additional programme for one season, while the
original target groups of high-risk persons and elderly are vaccinated as
before. Finally, a sensitivity analysis assesses the effect of a higher
vaccine efficacy of the paediatric vaccine compared to the current
vaccine.

3. Results

3.1. Effect on influenza infection dynamics

Fig. 2 shows the mean influenza infection attack rate by age over
time while the vaccination programme for children is implemented at
an 80% coverage. During roll-out, the vaccinated cohort will grow each
year as the age limit increases, reflected by the stair-like transition to a
lower infection attack rate. Once roll-out is complete, the age classes
that were first vaccinated enter the non-vaccination regime with little
natural immunity, resulting in a higher infection attack rate in these age
classes. The specific roll-out strategy does not alleviate this transition
(Fig. S1). The effect is most apparent when vaccinating 2–12 year olds,
but also present when vaccinating 2–3 year olds or 2–16 year olds. The
age distribution of infection thus shifts to higher age classes, that partly
take on the role of epidemic driver. This effect is clearly shown in the
mean infection attack rate as a function of age (Fig. 3). For vaccination
of 2–3 year olds the direct effects are offset by the increased infection
attack rate in 4–6 year olds, leaving the infection attack rate in older
age groups unchanged. Only for larger target groups the vaccination
starts having indirect effects on older age groups.

The limited effect of vaccinating children on the mean infection
attack rate is further explained by considering the distribution of
overall infection attack rates (Fig. 4). When vaccinating larger age
groups at a higher coverage, the distribution mean and median start to
diverge and the variation increases. This means that influenza epi-
demics would become smaller or even absent in some years, but such
seasons could be followed by a very large epidemic due to the build-up
of susceptibility (illustrated in Fig. S2). The overall effect, expressed by
the mean infection attack rate, is therefore limited.

The average infection attack rate decreases with increasing vacci-
nation coverage (Fig. 4 and Table 1). Direct effects of vaccination in the
targeted groups are always larger than the indirect effects in the non-
targeted groups where most influenza morbidity and mortality are ex-
pected. For instance, the overall mean infection attack rate reduction is
29% when vaccinating 80% of the 2–16 year olds, but the average re-
duction in the non-targeted groups is only 19%. Although this is the
best result obtained for the non-targeted group, the variation is also the
largest, ranging from a 100% reduction to a 45% increase of the in-
fection attack rate.

3.2. Effect of influenza vaccine supply stop

The introduction of a child vaccination programme leaves the target
group with little natural immunity, leading to a large potential for an
epidemic. If the yearly vaccination can not take place due to unavail-
ability of the vaccine, or due to an extreme mismatch with the circu-
lating virus, the infection attack rates will be much higher than without
vaccinating children (Fig. 5). This attack rate increases with vaccination
coverage in the years before, and is largest for the target group. If, for
instance, 80% of the 2–16 year olds were vaccinated yearly, on average
4.5 (0–21)% of them would be infected when vaccination is in place. In
a subsequent season without vaccination the attack rate increases to 37
(15–52)%, which is significantly larger than 9.9 (0–20)% if the child-
hood programme were not implemented (Table 1). Note that in these
scenarios only the vaccine supply for the child vaccination programme
is affected, and the vaccination of high-risk groups and elderly persons
continues as before.

3.3. Sensitivity analysis on vaccine efficacy

We have assumed that the vaccine used to vaccinate low-risk chil-
dren is as efficacious as the vaccine used in the current programme. As
the first vaccine has a possibly higher efficacy and presumed longer
protection, we study the effect of a higher vaccine match in a sensitivity
analysis. The vaccine match has little effect on the infection attack rate
at low vaccination coverages (Fig. 6). At higher vaccination coverages,
the mean infection attack rate decreases, and a higher vaccine match
reduces it even further. Conversely, an increase in vaccination coverage
leads to an increased 95th percentile of the infection attack rate, as seen
before (Fig. 4). Only at a vaccination coverage over 70%, a higher
vaccine match is able to counter this effect.

Fig. 5. Effect of a supply stop of the vaccine for 2–16 year
olds. Infection attack rate distribution during a season without
vaccination, as a function of vaccination coverage in the years
before; mean (black line), median (white line), interquartile
range (dark purple area) and 95% range (light purple area).
The infection attack rate distribution when vaccination is in
place is shown in the bottom panel of Fig. 4.
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4. Discussion

In comparison with other modelling studies, our analyses predict a
smaller impact of vaccinating children on the infection attack rate
(Fig. 7). Four notable differences in model structure may explain these
discrepancies. First, the inclusion of variable waning immunity and
vaccine match leads to increased variation in epidemic size which re-
duces the overall impact. Second, studies without multiseason dy-
namics (Baguelin et al., 2013; Meeyai et al., 2015; Weidemann et al.,
2017) do not incorporate the effect of decreasing natural immunity

levels in the long term, which may lead to an overly optimistic as-
sessment of the impact of vaccinating children. Third, the incidence of
infection in the vaccinated age groups decreases but increases in the age
groups that just left the child vaccination programme. This age shift is
observed in our results because the model carries age cohorts from one
season to the next. Studies with a similar model structure have not
mentioned the age shift in their results (Rose et al., 2014; Gerlier et al.,
2017; Gibson et al., 2016). Finally, the assumed vaccine induced pro-
tection affects the impact of the child vaccination programme. The
assumption that the protection by natural infection and vaccination last
equally long results in very high impacts (Vynnycky et al., 2008; Pitman
et al., 2012), but is deemed unrealistic in more recent studies (Rose
et al., 2014; Gerlier et al., 2017; Gibson et al., 2016). We have assumed
the vaccine protection lasts one year, although there is some evidence
that live-attenuated influenza vaccines may provide protection for
longer (Tam et al., 2007). Such a longer vaccine protection would lead
to a larger decrease in the average infection attack rate, and mitigate
the effect of the age shift.

We have assumed one generic influenza strain instead of modelling
specific strains and subtypes. Although a strong assumption, the more
parsimonious model does not require assumptions on the interaction
between the different strains and subtypes. We expect that in an ana-
lysis that does include multiple strains and subtypes, the impact on the
results will be small. First, because the shift in the age of the epidemic
drivers to older unvaccinated children will not be affected, and second,
because the increased variability in infection attack rate for one generic
strain can be considered a conservative estimate. If anything, the
variability is expected to increase even further when multiple strains
and subtypes show more erratic behaviour.

Paediatric vaccination programmes against influenza have recently
been implemented in the UK (Government, 2012) and Finland
(Heikkinen et al., 2013). Early pilot studies in the UK have shown po-
sitive effects of vaccinating children on several influenza indicators
(Pebody et al., 2014, 2015). Roll-out of the new vaccination programme
started in 2013/2014, but due to the variation in seasonal epidemics, it
is probably too early to assess its impact on influenza activity (Public
Health England, 2017). Our study shows that adverse effects, like the
age shift and increased variation of the infection attack rate, are only
expected after the roll-out has been completed.

We use a model that tracks the build-up of immunes and suscep-
tibles in each age cohort over time. This allows us to detect the in-
creased infection attack rate in older age groups with little natural
immunity after years of vaccination. New in our model is the combi-
nation of multiseason dynamics with variation between seasons. This
allows us to detect the increased variation in epidemic size. This finding
implies that with the child vaccination programme in place, there may
be years without any influenza activity followed by an aggravated
epidemic year due to the build-up of susceptibility. Health care facilities
should be prepared for rare but larger peaks in influenza-related health
care demand as compared to the current situation without a child
vaccination programme against influenza.

Our results demonstrate the paradox of paediatric influenza vacci-
nation. The more effectively children are vaccinated, the larger the
average reduction of influenza-induced morbidity and mortality is ex-
pected. The drawback is the lower level of naturally acquired immunity
in the target age group with the highest transmission potential. This
manifests itself as an increased variability of the epidemic sizes, and a
larger dependency on a secure annual supply of vaccines. This study
shows that when deciding to implement a child vaccination pro-
gramme, one should look beyond the expected average impact.

Fig. 6. Sensitivity analysis on vaccine efficacy. Effect on the infection attack
rate (IAR) of the vaccine match ratio between the vaccines used in the child
vaccination programme and the current programme, for different vaccination
coverages in 2–16 year olds. A vaccine match ratio of 1.3 means that in each
season the vaccine for children is 30% more efficacious than the current vaccine
(with a maximum of 100%). Contour plots are shown for the mean infection
attack rate (top) and the 95th percentile of the infection attack rate (bottom).
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