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A B S T R A C T

Background: Many European countries prioritize groups for annual influenza vaccination based on risk of severe 
disease and death. This has resulted in relatively high influenza vaccination coverage in older adults in Belgium. 
However, coverage is much lower in younger adults and negligible in children. Children and young adults are 
known to play a major role in the transmission dynamics of influenza. Thus, an important policy question is how 
influenza vaccines can be optimally allocated across age groups, taking indirect effects into account.
Methods: We adapted a dynamic transmission model to reproduce influenza seasonality in Belgium comparing 
6720 mutually exclusive vaccination options, including current practice. Vaccination options were defined by 
different combinations of coverage level changes in nine age groups. We performed an economic evaluation 
comparing all options from a healthcare payer perspective. Quality-adjusted life-years (QALYs) were the primary 
health outcome. We expressed parametric uncertainty using the Incremental Net Monetary Benefits (INMB) 
approach.
Results: Of all the vaccination options considered, over 90 % dominated the current Belgian vaccination strategy 
in terms of cost-effectiveness. Children were estimated to contribute a substantial indirect protective effect to the 
overall population. The most cost-effective program increases vaccination coverage rates for children to 90 %, 
50–64 years old to 48 %, and 65–74 years old to 75 %.
Discussion: Overall QALY gains can be maximized in seasonal influenza vaccination programs at acceptable costs 
by achieving high vaccination coverage in childhood age groups. Programmatic and ethical concerns towards 
such an implementation in the Belgian context need to be separately considered.

1. Introduction

Influenza is an acute respiratory illness that manifests with varying 
severity, ranging from relatively mild illness to severe disease requiring 
hospitalization, and death. For many years, vaccination has been a 
widely accepted and practiced method to prevent influenza morbidity 
and mortality. This is achieved with varying degrees of success as the 
ever-changing nature of the virus requires annual vaccine reformula
tions to match concurrently circulating virus strains and vaccine uptake 
depends on willingness to be vaccinated, which in turn is influenced by 

perceptions of the severity of influenza and of vaccine associated 
adverse events (Verelst et al., 2018; Kim et al., 2018a). As influenza 
affects people of all ages, and its vaccination requires important annual 
investments, policy makers seek to optimize influenza vaccine allocation 
over different age groups given their budget constraints.

Three standard-dose quadrivalent influenza vaccines (SD-QIV) and 
one high dose quadrivalent influenza vaccine (HD-QIV) have been 
approved for use in persons over 6 months and in high risk groups, 
respectively, in Belgium (Belgisch Centrum, 2024). The Belgian Superior 
Health Council’s guidelines prioritize vaccination for people with a 
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higher risk of severe illness due to influenza infection, such as older 
adults, persons living in institutions, and patients with underlying dis
eases. In addition to the priority group, Belgian governmental organi
zations subsidize vaccination for healthcare workers, pregnant women, 
older, healthy adults, and farmers (Hanquet et al., 2011). A 2018 na
tional household survey (Berete et al., 2019) found no significant dif
ferences in self-reported influenza vaccine uptake between men and 
women in Belgium, but uptake increased with age, from less than 10 % 
in 15–24 year-olds, rising gradually up to about 50 % in 65–74 year-olds 
and 70 % in the 75-year-olds and older.

Priority groups differ globally. As of 2018, 118 World Health Orga
nization (WHO) member countries had a national influenza immuniza
tion policy in place, targeting all persons older than 6 months (Morales 
et al., 2021). Of the 118 WHO countries, 29 countries recommend 
vaccination for everyone over 6 months of age while 76 countries 
included children as a priority group (Morales et al., 2021). Children and 
the general adult population have been shown to play an important role 
in the propagation and circulation of the pathogen, resulting in an 
increased interest in the benefits of vaccinating children, adolescents, 
and young adults (Fisman and Bogoch, 2017). The United States Advi
sory Committee on Immunization Practices has recommended universal 
influenza vaccination in the US for basically everyone over 6 months 
since 2010 (CDC, 2024a), and the United Kingdom’s (UK) influenza 
vaccination program has been extended to include healthy children and 
adolescents aged 2 to <17 years from 2013 onwards (Sinnathamby 
et al., 2023). In the 2018–19 season in Belgium, over 92 % of GP visits 
due to influenza-like illness were patients under the age of 65 years 
(Sciensano, 2023), but the estimated vaccine uptake for that age group 
remains low in comparison to those in the high-risk group (Demarest 
and Charafeddine, 2013).

Cost-effectiveness analyses (CEA) are widely used to inform decision 

makers on the health and monetary benefits of alternative targeted 
influenza vaccination campaigns (Drummond et al., 2015). However, 
many previous analyses of influenza vaccination evaluate only a single 
target group. To determine the optimal universal vaccination strategy, 
it’s essential to simultaneously compare various vaccination options for 
all age groups in a single analysis. The analysis of a wide variety of 
vaccination programs using a dynamic transmission model that accounts 
for herd immunity, while accounting for uncertainty in a probabilistic 
way, presents computational challenges that have not been addressed in 
existing literature. With the overall aim to develop and demonstrate a 
workable approach to allow such extensive analyses more swiftly in 
future, we evaluate simultaneously over 6000 influenza vaccination 
programs, each reflecting different coverage rate increases in one or 
more age groups, and/or stopping vaccination in working adults.

2. Materials and methods

We employ a dynamic transmission model fitted to Belgian surveil
lance data to estimate the age-specific number of influenza cases seeking 
ambulatory care in Belgium for 6720 influenza vaccination options. The 
results of the dynamic model are combined with data on health care use, 
treatment and vaccination costs, loss in quality of life and mortality due 
to influenza, to estimate the effectiveness and cost-effectiveness of each 
of the vaccination options against the current vaccination strategy and 
against each other.

2.1. Dynamic disease transmission model

We adapted the dynamic transmission model from a study commis
sioned by the Belgian Health Care Knowledge Centre (KCE) reported in 
Beutels et al. (2013). and with modeling details reported in Goeyvaerts 

Table 1 
Parameters for Economic Evaluation (€2023 price level).

Parameter Value Reference

Baseline scenario vaccination coverage by age Less than 6 months 0 % (Beutels et al., 2013; Hanquet et al., 2011)
6 months to 17 years 0.066 %
18–49 years 11 %
50–64 years 28 %
65–74 years 50 %
75 + years 71 %

QALY Loss for Hospitalized Patientᵅᵝ 0.009 (0.008) [0.003–0.017] (SD=0.0036) (Bilcke et al., 2014; Mao et al., 2022)
QALY Loss for Patients Seeking Medical Careᵅᵝ age<=60: 0.005 (0.005) [0–0.032] 

(SD=0.0082) 
age> 60: 0.011 (SD=0.0123)

QALY Loss for Patients Not Seeking Medical Careᵅᵝ age<=60: 0.005 (0.004) [0–0.047] 
(SD=0.012) 
age> 60: 0.009 (SD=0.0113)

Cost of Quadrivalent Vaccine Dose €17.02 (RIZIV, 2023a)
Cost of Vaccine Administration (assumed equivalent to cost of a GP visit in Belgium) €30.00 (RIZIV, 2023b)
Cost of Influenza-related Hospitalization (in €)ᵞ 6 months to 1 year: 3254.67 

2–5 years: 2733.51 
6–15 years: 2136.24 
16–35 years: 2324.58 
36–55 years: 3453.62 
56–69 years: 5347.05 
70–79 years: 6451.29 
80 + years: 7728.39

(Beutels et al., 2013; Bilcke et al., 2014)

Cost of Ambulatory Care for Hospitalized Patientsᵅᵞ Highest Costs: N(mean = 180.52, sd =
20.19) 
Lowest Costs: N(mean = 154.35, sd = 17.69)

Cost of Ambulatory Careᵅᵞ Highest Costs: N(mean = 82.3, sd = 1.34) 
Lowest Costs: N(mean = 65.84, sd = 1.18)

Cost of Non-Medically Attended Influenzaᵅᵞ Highest Costs: N(mean = 9.25, sd = 0.37) 
Lowest Costs: N(mean = 4.37, sd = 0.21)

Discount Rate (QALY Loss) 0.015 (Cleemput, 2012)

ᵅIndicates sampled parameters.
ᵝmean (median) [minimum-maximum] (standard deviation).
ᵞ2012 value adjusted for inflation using 2023 Belgium Health Price Index.
ᵟCosts with high and low estimates were sampled with equal probability.
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et al. (2015). This model simulated influenza spread in Belgium from the 
beginning of the 2003 influenza season to the end of 2010. For 
computational efficiency, in the current analysis we limited the time 
frame to a single representative season based on initial model parame
ters (Supp. Table 1) derived from the average incidence of the afore
mentioned 7 influenza seasons, such as rates of infection and recovery, 
and waning immunity for infections and vaccinations (Goeyvaerts et al., 
2015). The model employs a time independent social contact matrix 
from the 2006 Belgian POLYMOD contact survey (Mossong et al., 2008; 
Hens et al., 2009; Goeyvaerts et al., 2010) to allow for age-specific 
infection dynamics. Contacts were limited to conversational contact 
lasting longer than 15 minutes that involved skin-to-skin touching. 
Initial population size and age-specific all-cause mortality rates (Supp. 
Figure 1) were updated to Belgian figures from the Eurostat 2021 census 
(Lahti et al., 2017). In the current analysis we assume that future 
influenza seasons exhibit similar characteristics as those studied in 
depth in Belgium in the period 2003–2010, including any lasting 
changes on seasonal influenza transmission dynamics under the influ
ence of the pandemic emergence of 2009 H1N1 influenza and 2019 
SARS-CoV-2. Probabilistic sensitivity analysis was carried out 
throughout the analysis. A single simulation represents an independent 
set of model input parameters consisting of fixed parameters, single 
sampled values from the five randomized parameters (Appendix 1.1, 
Supp. Table 1), single cost and QALY loss values sampled from the dis
tributions in Table 1, and a single set of age-specific vaccine efficacy 
estimates sampled from a multivariate normal distribution (Appendix 
1.3.2). The dynamic model was initialized for each set of input param
eters and scenarios and ran for 6 seasons to allow dynamics to stabilize. 
An evaluation of optimal simulation counts (Appendix 1.1.1) deemed 
600 simulations per scenario sufficient to obtain stable results.

2.2. Vaccination program options

Alternative vaccination programs were defined with respect to age 
group and coverage rate. Coverage rates for children were adjusted from 
a baseline value of 0.066% to 90% coverage in 10 % increments for the 
following 5 age groups: < 1 year, 1 year, 2–4 years, 5–11 years, and 
12–17 years, based on the Belgian school system. Coverage for children 
in the less than 1 year age group was held fixed at 0.033 % to account for 
the ineligibility for influenza vaccination of children under 6 months old 
(Table 1), taken to represent half of the cohort size of infants < 1 year 
old. Adult coverage rates were adjusted following recommendations 
from stakeholders (Hanquet et al., 2011). For the 50–64 year old age 
group coverage rate changes were investigated in 10 % increments from 
28 % up to 48 %. For the age group of 65 years and older, coverage rate 
changes from the baseline values (50 % for 65–74 years; 71 % for 75+
years) are explored to 75%. Furthermore, a vaccination coverage 
decrease is investigated in the 18–49 year age group from a baseline of 
11% to 0%. As no dramatic changes in seasonal influenza vaccination 
coverage by age have been reported since then (Berete et al., 2019), the 
age-specific vaccination coverage estimated by Hanquet et al. (2011)
was set as the standard of care and served as the baseline program. 
Including this baseline scenario, 6720 programs were considered based 
on 280 possible combinations of childhood vaccination (Supp. Table 3) 
and 24 combinations of adult vaccination (Supp. Table 4).

2.3. Vaccine efficacy

Age-specific vaccine efficacy was sampled from a multivariate 
normal distribution with 3 dimensions for 3 age groups - 6–35 months, 
18–64 years, and > 65 years (Appendix 1.3.2). The marginal distribu
tions of vaccine efficacy for 6–35 month olds were estimated from a 
meta-analysis of the three corresponding QIVs currently used in Belgium 
(Claeys et al., 2018; Colombo et al., 2024; Esposito et al., 2022; Pepin 
et al., 2019; EudraCT Identifier: 2016-004904-74; ClinicalTrials.gov 
identifier: NCT01439360) (Appendix 1.3.1). One vaccine brand 

reported a 61.6 % efficacy rate for 18–64 years for the equivalent 
trivalent formulation (Beran et al., 2009; EudraCT Identifier: 
2012-001230-34) and a trial reported that the added strain in the QIV 
formulation resulted in comparable vaccine efficacy (Kieninger et al., 
2013; ClinicalTrials.gov identifier: NCT01204671) thus was applied to 
the respective age groups. Linear interpolation of vaccine efficacy esti
mates for 6–35 month olds and 18–64 year olds was used to estimate 
vaccine efficacy for the 4–17 year age group.

In the latest Cochrane review on elderly influenza vaccination, 
trivalent influenza vaccines (TIV) were estimated to have a mean effi
cacy of 58% (34%-73%) against influenza based on 9 randomized and 
controlled clinical trials (Demicheli et al., 2018). Several studies 
(Gaglani et al., 2021; Kim et al., 2018b) have consistently reported that 
QIVs have demonstrated comparable, if not improved, effectiveness 
compared to the previously available TIVs. For the purposes of the 
current analysis, we adopted a pragmatic conservative approach, by 
applying the TIV vaccine efficacy estimate produced by the most recent 
Cochrane review for age groups 65 years and up (Demicheli et al., 2018).

2.4. Economic evaluation

In line with Belgian guidelines for economic evaluation (Cleemput, 
2012), the analysis was conducted from a healthcare payer perspective. 
Since the time horizon for vaccinations and infections was limited to a 
single influenza season, discounting of direct intervention and medical 
costs and acute non-fatal health outcomes was not needed. However, a 
discount rate of 1.5 % was applied to future life-years lost due to 
influenza-related mortality, in accordance with Belgian guidelines 
(Cleemput, 2012).

The number of ambulatory influenza infections was estimated from 
the number of new influenza-like illness (ILI) cases generated by the 
dynamic model, using the “no medical care fraction” (0.492) estimated 
from a survey in Belgium (Beutels et al., 2013; Bilcke et al., 2014) (Supp. 
Figure 4). This estimate of influenza infections along with the total 
number of vaccinations by age group, over time, for each vaccination 
scenario were used to generate incremental direct costs and incremental 
health outcomes, including the number of influenza cases (ambulatory 
and no medical care), hospitalizations and deaths averted, 
Quality-Adjusted Life Years (QALYs) gained, and Incremental Net 
Monetary Benefits (INMB).

The input parameters of the economic evaluation are summarized in 
Table 1. As reported in Hanquet et al. (2011), hospitalization and 
case-fatality ratios (Supp. Figure 5) were calculated based on regression 
analyses of reported lab-confirmed influenza cases and influenza and 
pneumonia-related hospitalizations and deaths over the 
2000–2009 seasons using Belgium’s national hospital database and 
death certificate registry. Direct health care costs for ambulatory, hos
pitalized, and no medical care patients consist of hospital stay, di
agnostics, medication and consultation costs borne by the public 
National Institute for Health and Disability Insurance (NIHDI), the pa
tients, and their private insurers. The age-specific hospitalization costs 
for patients with a primary diagnosis of influenza was estimated by 
coupling the national hospital and financial administrative databases as 
described in Beutels et al. (2013). Ambulatory costs for hospitalized and 
non-hospitalized patients and ILI related costs for patients who did not 
seek medical care were obtained from Bilcke et al. (2014) (Table 1). All 
costs were adjusted to the 2023 price level using Statbel’s Health Index 
(STATBEL) (Appendix 1.4.1).

Average QALY loss incurred by non-medically attended ILI cases for 
all age groups, by ambulatory influenza cases under 60 years of age, and 
by hospitalized cases under 60 years of age were obtained from a 2012 
survey on influenza burden in Belgium (Bilcke et al., 2014). Average 
QALY loss due to influenza related healthcare seeking (GP consultation 
or hospitalization) for over 60 year olds was based on a prospective 
study by Mao et al.(2022). The QIV cost was set to €17.02, which is the 
2023 public price for individuals not in the high risk groups as reported 
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by NIHDI (RIZIV, 2023a). Vaccines were assumed to be administered by 
a GP for all age groups and therefore vaccine administration costs were 
age independent and based on primary care consultation tariffs (RIZIV, 
2023b).

Uncertainty around the input parameters of the economic evaluation 

was accounted for with probabilistic sensitivity analysis. Cost estimates 
consist of an equal number of values, randomly ordered, drawn from the 
highest and lowest cost estimates, which were assumed normally 
distributed. The uncertainty around the mean QALY loss was assumed to 
follow a beta distribution, with distinct alpha and beta parameters 

Fig. 1. Age-stratified impact of adjusted target age group vaccination coverage on cases, hospitalizations and deaths* 
*Results based on 600 simulations (Appendix 1.1.1)
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derived from reported mean and standard deviations for hospitalized 
[Beta(6.285, 691.96)], ambulatory care [<= 60 years old: Beta(0.37,
73.29); >60 years old: Beta(0.79, 70.21)], and no medical care [<= 60 
years old: Beta(0.17, 33.44); >60 years old: Beta(0.68, 71.31)] in
dividuals among certain age groups.

The main measure of cost-effectiveness was INMB (Appendix 1.3.2), 
which assesses the monetary impact of implementing one vaccination 
program by comparing its additional costs and outcomes against stan
dard of care, given a single willingness-to-pay value (k) of €35,000 per 
QALY gained.

3. Results

3.1. Costs and effects of all alternative vaccination programs

Out of the 6719 alternative vaccination programs considered, 6047 
(90 %) resulted in fewer cases, 6294 (94 %) resulted in fewer hospital
izations, 6287 (94 %) resulted in fewer deaths, and 6137 (91 %) resulted 
in a gain in QALYs when compared to the baseline program (Supp. 
Table 5). The most effective vaccination program assumed increased 
coverage to the predetermined age-specific maxima and averted 
297,742 cases, 1856 hospitalizations, 81 deaths, and resulted in 4594 
QALYs gained per year (Supp. Table 8).

There were 582 programs that resulted in QALY losses, 46 of which 
were costlier compared to the baseline. These consist of programs with 
minimal or non-existent increases in coverage rates among childhood 
age groups and decreased vaccination coverage for 18–49 year olds. 
Overall, 341 programs resulted in a higher disease burden in all its as
pects (i.e. more cases, hospitalizations, deaths, and QALY losses). These 
programs stop vaccinating 18–49 year olds and achieve only low 
coverage improvements in other age groups (Supp. Table 10).

From the health care payer’s perspective, there were 1620 cost- 
saving programs when compared to the baseline. Of these, 772 (48 %) 
reduced only treatment costs, 535 (33 %) reduced only vaccination 
costs, and 313 (19 %) reduced both vaccination and treatment costs 
(Supp. Table 11). Programs with lower treatment and vaccination costs 
than baseline predominantly reduced vaccination coverage rates for 
adults 18–49 years old to 0 %.

The program with the greatest overall reduction in vaccination 
coverage compared to the baseline scenario saved €11.2 million in 
vaccination costs on average, but incurred an additional €6.7 million in 
direct treatment costs. In contrast, the program with decreased vacci
nation coverage for 18–49 year olds (11% to 0%) and increased 
coverage for children under 2 years old to 60 % resulted in the most 
vaccination cost savings while also saving treatment costs, but ranks 
5595 among all programs based on INMB. A similar program but with 
90 % coverage for children under 2 resulted in the most overall cost 
savings (Supp. Table 9). Alternatively, the program with the maximum 
considered vaccination coverage for all age groups saved an average of 
€30.6 million in direct treatment costs, despite an average of €60.4 
million added vaccination costs.

3.2. Herd Immunity

Widespread influenza vaccination will yield indirect benefits to un
vaccinated persons due to herd immunity. By studying individual stra
tegies’ ability to reduce the overall number of cases, we can assess these 
indirect impacts over the season. Based on age-stratified results from 
600 simulations (Appendix 1.1.1), the program that increases vaccina
tion coverage in school-aged children alone seemed to show the greatest 
overall impact on caseload, averting 146,501 ambulatory influenza 
cases. Following closely was the program that increases vaccination for 
children under 5 (140,471 cases averted). Further breakdown of school- 
age children showed that bringing vaccination coverage up to 90 % in 
5–11 year olds averted only marginally more cases (85,896) than 
achieving 90 % uptake in 12–17 year olds (84,746 cases averted). For 
comparative cost-effectiveness, it is important to remember that the 
5–11 year target group contains one more age cohort to vaccinate than 
the 12–17 year target group. A comparably smaller increase in vacci
nation coverage for older, working adults (33,168 cases averted) and 
elderly (12,860 cases averted) yielded marginal protective benefits for 
other adult age groups, with much less discernible impact observed for 
children under 18.

The program that increases vaccination coverage for children under 
5 had the greatest number of influenza cases averted beyond the target 
age groups compared to programs that target other age groups (Fig. 1). 
The program that increases vaccination coverage for 5–11 year olds had 
better protective effects on children under 5 and adults aged 50–74 
years, while the program that increases coverage for 12–17 year olds 
had better protective effects on 18–49 year olds and the elderly aged 
75+ (Supp. Table 14). Increasing vaccination coverage for all children 
and adults aged 50–74 years old as in the most cost-effective program 
(Table 2) averted an average 284,681 influenza cases in one season, 
43 % of which were among age groups where vaccination coverage was 
kept at baseline (Supp. Table 14).

3.3. Cost-effectiveness

There were 6191 (92 %) cost-effective vaccination programs based 
on INMB (INMB > 0) when compared to the baseline program. Among 
all considered vaccination programs, the most cost-effective at a 
willingness-to-pay threshold of €35,000 is the program that increases 
vaccination coverage for all children to 90 % and for adults aged 50–64 
years to 48 % and aged 65–74 years to 75 %, with an INMB of 
€131,047,736. The cumulative herd effects from increased vaccination 
of these age groups maximizes protection for all target groups (Supp. 
Table 14). The program that increases vaccination coverage for all 
children to 80 % dominates the programs which increase vaccination 
coverage for all but one childhood age group up to 90 % (Supp. Table 6). 
Among adults, the program in which vaccination coverage is increased 
to the largest considered values for all adult age groups dominates all 
other programs (Supp. Table 7). Table 2 lists only the top 10 programs in 
terms of INMB for illustrative purposes. The full table of results, with 

Table 2 
Top 10 (i.e. top 0.15 %) programs based on Incremental Net Monetary Benefit given a willingness-to-pay value of €35,000 per QALY gained.

Assumed vaccination coverage by age group Incremental QALY Gain Incremental Cost Incremental Net Monetary Benefit

<1 1 2–4 5–11 12–17 18–49 50–64 65–74 75–99

90 % 90 % 90 % 90 % 90 % 11 % 48 % 75 % 71 % 4,586 €29,445,042.70 €131,047,736
90 % 90 % 90 % 90 % 90 % 11 % 48 % 75 % 75 % 4,594 €29,834,381.68 €130,971,948
90 % 90 % 90 % 90 % 90 % 11 % 48 % 50 % 71 % 4,472 €26,249,771.13 €130,264,271
90 % 90 % 90 % 90 % 90 % 11 % 48 % 50 % 75 % 4,482 €26,636,688.07 €130,216,257
90 % 90 % 90 % 90 % 90 % 11 % 38 % 75 % 71 % 4,454 €26,365,203.48 €129,533,655
90 % 90 % 90 % 90 % 90 % 11 % 38 % 75 % 75 % 4,464 €26,751,973.25 €129,487,478
90 % 90 % 90 % 90 % 90 % 11 % 38 % 50 % 71 % 4,331 €23,222,362.38 €128,354,359
90 % 90 % 90 % 90 % 90 % 11 % 38 % 50 % 75 % 4,341 €23,606,526.43 €128,338,162
90 % 90 % 90 % 90 % 90 % 11 % 28 % 75 % 71 % 4,311 €23,355,037.31 €127,540,008
90 % 90 % 90 % 90 % 90 % 11 % 28 % 75 % 75 % 4,322 €23,739,047.14 €127,525,826
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uncertainty, is available in the accompanying web application.
Among the top 1 % programs based on INMB, less than a fifth (18 %) 

reduce vaccination coverage for the young adults (18–49 years) to 0 %. 
Programs that reduce overall vaccination coverage compared to baseline 
have an average rank of 6068. The program with the maximum 
considered vaccination coverage for all age groups ranks 2nd among all 
programs. The program with the lowest possible INMB that remains 
cost-effective compared to baseline increases coverage for 1–4 and 
12–17 year olds to 10 %, decreases 18–49 year old coverage to 0 %, 
increases 50–64 year old coverage to 38 %, and increases coverage for 
65 and older to 75 %.

4. Discussion

We developed and demonstrated an approach to allow many imag
inable scenarios to be compared based on effectiveness and cost- 
effectiveness in a single analysis, and found this approach to be 
feasible, yet challenging when it comes to summarizing the results of 
such elaborate analyses. In future work we will develop further auto
mation in the execution of these comparisons, include aspects that will 
substantially increase the number of scenarios (like ranges of willingness 
to pay for a QALY with associated cost-effectiveness acceptability, value 
of information and net loss analyses (Bilcke and Beutels, 2022), an 
additional societal perspective, and more differential coverage options 
across child age groups) and focus on parallel sub-analyses using se
lections of scenarios policy makers may want to focus on. The joint 
consideration of different outcome criteria such as cost-effectiveness, 
budget-impact, effectiveness on morbidity and mortality outcomes 
under uncertainty will further guide our work in this area. We chose 
influenza as the topic of application since it requires consideration of all 
ages, and is a highly topical and a complex subject for policy makers.

The results of this analysis show that the most cost-effective pro
grams are characterized by achieving high vaccination coverage in all 
children (up to 90 % from 0.07 % current uptake). Our findings on the 
benefits of including universal childhood vaccination in influenza 
vaccination programs are broadly in line with other literature (Boccalini 
et al., 2021). It is well aligned with the 2013 study for Belgium by 
Beutels et al. (2013). on which the current analysis was built, and a 2021 
study for The Netherlands by de Boer et al. (2021) using 50 % coverage 
to compare three overlapping childhood age groups (2–6, 2–12, and 
2–17 years) with vaccination costs per dose of €16.74 and a willingness 
to pay per QALY of €20,000, de Boer et al. (2021) concluded that 
increasing QIV/Q-LAIV vaccination coverage in children aged 2–17 
years old was cost-effective from a healthcare payer’s perspective.

Our work further subdivided pediatric age groups and included 
healthy children aged 6 months to 2 years, for whom the SD-QIVs have 
also been deemed safe and efficacious (Belgisch Centrum, 2024; OECD, 
2024). This allows for more detailed evaluation of variations in 
age-specific vaccination coverage within the pediatric population than 
in de Boer et al. (2021) and Pitman et al. (2012). Pitman et al.’s 
modeling work focusing on health outcomes of the live attenuated 
influenza vaccine (LAIV) only, considered two childhood age groups 
(2–4 or 2–18 years) with varying coverage rates and found improve
ments in clinical outcomes with increasing coverage rates (Pitman et al., 
2012). Their suggestion that expanding vaccination among 2–18 year 
olds by 10 % can have similar population-wide effects as expanding 
vaccination among 2–4 year olds by 80 % is noteworthy. Our results 
showed that a program that only increases vaccination for 2–4 year olds 
to 80 % is more effective and cost-effective, with 356 more QALYs 
gained and €896,265 saved, than a program that expands vaccination 
coverage to 10 % for 2–17 year olds, all else being equal. Increasing 
coverage to 50 % in 2–17 year olds substantially improves health out
comes compared to the aforementioned programs, but still ranks 2384 
among all programs based on INMB due to limited herd effects we es
timate when coverage remains low in children under 2 years and only 
moderate in all other children.

The benefits of herd immunity are evident in the age-stratified 
analysis of a subset of the vaccination programs considered (Fig. 1). 
Comparisons of the number of ambulatory influenza cases averted for 
programs which increase vaccination coverage for selected target age 
groups to the maximum considered rates show substantial differences. 
Increased vaccination in children led to most reductions in influenza 
incidence beyond the target group. We found that the program 
increasing coverage rates for all children alone to 60 % fell within the 
top 5 % based on cost-effectiveness. Programs that concurrently in
crease vaccination coverage for some children and for older adults still 
dominate, thus increased vaccination for older age groups can amplify 
the additional protection conferred by vaccinating children. Herd im
munity implications, however, are sensitive to the contact patterns and 
their interpretation for use in a dynamic transmission model. The 
disproportionate protection conferred by children aged 4 and younger 
seems to stem predominantly from the social contact matrix used, and 
perhaps also to some extent from potential overreporting of ILI in 
younger children (Goeyvaerts et al., 2015; Loedy et al., 2027) (Supp. 
Figure 3).

The subsequent programs in our top 25 cost-effective results increase 
coverage in at least one of the adult target groups - 21 programs 
increased coverage for 50–64 year olds, 16 increased coverage for 65–74 
year olds, 13 increased coverage for 75 years and up. Despite the sub
stantial increase in coverage rates for children and the high baseline 
coverage rates considered for the 65 and older group, the second and 
fourth most cost-effective programs from this analysis further increased 
vaccination coverage for those aged 75 and up by 4 %. Cost- 
effectiveness studies for influenza vaccination for the elderly and 
other risk groups are ubiquitous as influenza-related mortality is highest 
amongst this group (Hanquet et al., 2011; Dilokthornsakul et al., 2022), 
but few explore coverage changes in other age groups. Ting et al., (2017)
found only two studies deemed of high quality that considered the 
overall population; however, they did not review official HTA govern
ment advisory reports such as Beutels et al. (2013) for Belgium.

Our model accounts for seasonal, age-specific variations in vaccine 
efficacy in an average influenza season in Belgium, but assumes the 
same vaccine efficacy for different clinical outcomes. This assumption 
can lead to an overestimation of the benefits conferred by the vaccina
tion programs we considered as vaccine efficacy against severe out
comes (e.g. hospitalizations and deaths) may vary from vaccine efficacy 
against infection (Ainslie et al., 2019). A 2009 randomized trial in 
Canada found that immunizing children and adolescents with the TIV 
resulted in 61 % indirect protective effectiveness (Loeb et al., 2010). A 
2024 study quantifying vaccine effectiveness against onward infections 
during the 2017–2020 influenza seasons among US households, how
ever, estimated 5% [− 22.3%, 26.3%] vaccine effectiveness against 
influenza A, 56.4% [30.1%, 72.8%] against influenza B, and 21% [1.4%, 
36.7%] overall (Grijalva et al., 2024). Quantifying the effects of QIV 
efficacy on onward influenza transmission requires further investiga
tion. We also assumed QIV efficacy for the adults is equivalent to that of 
the TIVs due to limited data from clinical trials (Pitkala and Strandberg, 
2022). Moreover, our model did not account for changes in 
exposure-related immunity over multiple seasons. Vaccine effectiveness 
is susceptible to factors such as waning immunity and changes in 
circulating virus strains. Backer et al. (2019). modeled high childhood 
vaccination coverage rates over multiple seasons and found reductions 
over time in mean influenza attack rates (IAR) and increased variation in 
IAR and epidemic size by age, which affects age-specific morbidity and 
mortality.

Numerous studies have determined season-specific vaccine effec
tiveness (Stuurman et al., 2020, 2021, 2023), but such estimates remain 
rare for QIVs. Our reference vaccine efficacy estimates were ascertained 
from laboratory-confirmed influenza caused by any influenza subtype 
when applicable. The sensitivity of our results to a potential mismatch 
between the predominantly circulating influenza subtype and vaccine 
strains was not separately considered. Tricco et al. determined that TIVs 
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reduced the risk of laboratory-confirmed influenza in seasons where 
vaccines were mismatched from the circulating virus strains by 56% 
(Tricco et al., 2013), but an influenza lineage B mismatch is less likely to 
result in decreased effectiveness with a QIV than with a TIV (Carregaro 
et al., 2023). Additionally, some studies (de Boer et al., 2016; Zeevat 
et al., 2021) assuming higher efficacy for QIVs against influenza B 
strains, found QIVs to have better cost-effectiveness than TIVs, although 
this also depends on assumed price differences.

Vaccine cost and administration costs were assumed uniform across 
all age groups, though alternative vaccine delivery approaches could be 
elaborated, such as administration via pharmacies, school-based pro
grams for children under 18 (WHO, 2024) or expanded workplace 
vaccination for the working-age population. Workplace vaccination has 
been found to have a protective effect beyond the workplace and can 
address barriers to access that could limit vaccination coverage in that 
age group (Verelst et al., 2021). Consideration of such costs requires 
detailed numeration of relevant variables such as employment and 
school-attendance but also a different payer perspective than considered 
here. The HD-QIV has been approved for use in high risk groups and 
individuals over 65 in Belgium since the 2022–23 season (Hoge 
Gezondheidsraad, 2022). It was not included in this analysis, but cost 
€40.87 per dose during the 2023–24 season (Belgisch Centrum, 2024).

There is little heterogeneity in the childhood vaccination strategies 
we considered. Vaccination coverage rates follow an either-or approach, 
which may not be representative of real-life situations. Surveys con
ducted by the Centers for Disease Control (CDC) on vaccination coverage 
estimates in 7 consecutive influenza seasons in the United States 
(Santibanez et al., 2020; Srivastav et al., 2014) show that childhood 
coverages follow a downward trajectory as age increases. Backer et al. 
suggest that high childhood vaccination coverage rates can cause shifts 
in susceptible groups in future influenza seasons and an increased reli
ance on vaccines due to fewer exposures stimulating natural immunity 
(Backer et al., 2019). There is conflicting evidence to suggest that 
repeated vaccination of the same persons may (Ohmit et al., 2014; 
Skowronski et al., 2017; Kwong et al., 2020) or may not (Valenciano 
et al., 2018; Domínguez et al., 2017) reduce per-person vaccine efficacy 
in subsequent seasons. We did not address this issue with our approach. 
This question, however, warrants further scrutiny from the biomedical 
research community, so that it could unequivocally inform future 
simulation models.

To our knowledge, this work is one of the first that evaluates the cost- 
effectiveness of national influenza vaccination policy, considering all 
target age groups at varying coverage rates. This underscores the po
tential in economic evaluations of influenza vaccine optimization. Our 
results demonstrate the significant role children can play in the cost- 
effective design of influenza vaccination programs. Influenza vaccina
tion coverage among childhood age groups averaged 50 % in the United 
Kingdom (UK Health Security Agency, 2023) and 56 % in the United 
States for the 2023–24 season (CDC, 2024b). A program with similar 
childhood coverage considered under our approach is within the top 
10 % based on cost-effectiveness. Nonetheless, these coverage rates are 
markedly lower than the coverage rates in our top results. Achieving 
high coverage rates among children is a task that extends beyond the 
children themselves and relies on cooperation among a wider group of 
stakeholders such as parents, educators, and healthcare providers. Such 
an undertaking can be influenced by factors, such as access to and at
titudes towards vaccination, in a decision context involving ethics and 
preferences for interventions in childhood (Verelst et al., 2018; Luyten 
and Beutels, 2016) that exceed effectiveness and cost-effectiveness, and 
were beyond the scope of the current paper.
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