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Abstract

Background The universal vaccination of children for

influenza has recently been recommended in the UK and is

being considered in other developed countries.

Objectives The aim of this study was to explore the

potential costs and benefits of childhood influenza vacci-

nation to gain a better understanding of the key drivers of

cost-effectiveness.

Methods As our case study we examined the cost-effective-

ness of vaccination in Australian schoolchildren using an age-

stratified Susceptible Exposed Infectious Recovered model.

Results The results of this study highlight the critical role

that methodological choices play in determining the cost-

effectiveness of influenza vaccination. These choices

include decisions about the structure of the model

(including/excluding herd immunity) and what costs and

benefits to include in the analysis. In scenarios where herd

protection was included we estimated that the program was

likely to be cost-effective. The study also illustrates the

importance of the inherent seasonal variability of influenza,

which can produce counter-intuitive results, with low

transmission seasons being easier to control by vaccination

but resulting in fewer benefits.

Conclusions Universal childhood influenza vaccination is

likely to be cost-effective if a substantial herd protection

effect can be achieved by the program. However, it is

important that decision makers understand the role of sea-

sonal variability and the impact of alternative methodologi-

cal choices in economic evaluations of influenza vaccination.

Key Points For Decision Makers

• If universal childhood influenza vaccination results in

a substantial herd protection effect then the program is

likely to be cost-effective.

• Methodological choices in model structure and the cost

and benefits included in evaluations are influential and

not always definitively specified in guidelines.

• Year to year variation in influenza transmission is an

important factor that needs to be understood alongside

other forms of uncertainty.

1 Introduction

The universal vaccination of children for influenza has

recently been recommended in the UK and is being
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considered in other developed countries [1, 2]. The vacci-

nation of schoolchildren against influenza has the capacity

to reduce the high burden of infection in this age group [3].

It also offers the potential to reduce influenza transmission

in the community through herd protection [4]. These herd

effects have become of increasing interest as doubts persist

about the magnitude of the direct impact of vaccination in

the elderly [5–7], those most at risk of serious complica-

tions [8, 9]. Statistical estimates of disease attributable to

influenza have consistently found that Australians aged

over 65 years have the highest rates of severe disease [10,

11]; however, these estimates can vary by the methodo-

logical approach chosen [8].

The evidence of herd protection effects from the vac-

cination of children against influenza have largely come

from ecological studies [12, 13], with recent clinical trial

evidence in remote communities providing further evi-

dence [14]. The use of dynamic transmission models offers

a way to simulate the effects of vaccination efforts on the

wider population by having the risk of infection vary on the

basis of the proportion of the population infected [15–17].

These methods have been applied to assess control efforts

for both epidemic [18, 19] and pandemic influenza [20–24]

but have rarely been linked to economic models in this

context, with non-dynamic models primarily used in past

studies [4]. In non-dynamic (static) models the risk of

infection is constant in time and benefits are (typically)

restricted to those vaccinated, with infection in the wider

population unaffected by increased childhood vaccination.

In a recent review we identified model structure choices

(static or dynamic) and the scope of included costs and ben-

efits as major drivers of between-study differences in the cost-

effectiveness of childhood influenza vaccination [4]. The

inclusion/exclusion of productivity costs was also found to be

highly influential in these analyses [4]. The productivity losses

which may be prevented by childhood influenza vaccination

and included in a societal perspective [25] result from lost time

caring for sick children and/or from secondary infections in

adults (herd protection) [4]. How productivity costs are

included and the weight that decision makers place on them

varies [25], with some government guidelines specifically

excluding them or restricting them to absenteeism from paid

work. In Australia productivity costs cannot be included in the

primary economic analysis, although the cost of lost work

time can be presented in a supplementary analysis [26].

The aim of this study was to explore the potential costs

and benefits of childhood influenza vaccination to gain a

better understanding of the key drivers of cost-effective-

ness. As our case study we examined the cost-effectiveness

of seasonal vaccination in Australian schoolchildren using

a simplified model. The main focus of the analysis was to

examine the impact of methodological choices and struc-

tural uncertainty (related to including/excluding herd

protection). This was combined with consideration of

seasonal variations in the transmissibility of influenza to

understand how this factor may also influence the cost-

effectiveness of vaccination.

2 Methods

2.1 Model

We adapted a previously constructed age-stratified Suscep-

tible Exposed Infectious Recovered (SEIR) model (descri-

bed in [27]) to estimate the underlying transmission of

influenza under alternative vaccination scenarios. The model

was able to estimate the herd protection conferred to the

population through vaccination. The population was strati-

fied into 5-year age intervals [28] except for the 15 to 19-year

age range which was split into 15 to 17-year and 18 to 19-year

groups to allow targeting of school-age children. Age-spe-

cific infectious contact rates were assumed to be proportional

to average ‘‘all-reported’’ contacts rates (adapted from [29]).

The model was run over a time horizon of a single year.

The age-specific probabilities of health states occurring

(given clinical infection) were equal to the ratio of the

population rate for each health state to the age-specific

clinical attack rate (CAR) generated by the transmission

model under current practice vaccination (Electronic Sup-

plementary Material (ESM) Table A1). Under sensitivity

analysis, these ratios were held fixed, so that variation in

the population occupying these health states was directly

proportional to variation in the CAR. Costs (Australian

dollars, A$) and health effects (Quality-Adjusted Life

Years, QALYs) were attached to health states.

2.2 Vaccination Strategies

We evaluated a hypothetical government funded school-

based influenza (trivalent inactivated vaccine, as currently

approved in Australia) vaccination program targeted at all

Australian children aged 5–17 years. We assumed a base-

case vaccine program uptake of 60 % (varied in sensitivity

analysis). This estimate was below that achieved for other

school-based vaccination programs [30]. The comparator

was that of current practice, where existing vaccination

uptake was assumed (less than 6 months, 0 %—not rec-

ommended; 6 months to 17 years, 5 %; 18–64 years,

22.8 % [31]; 65 and over, 74.6 % [31]). Vaccination was

assumed to occur prior to the epidemic in each simulation.

2.3 Vaccine Efficacy

We assumed an efficacy of 60 % against influenza infec-

tion for children and adults (5–64 years) [32]. In the elderly
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(65 years and older) and in young children (less than

5 years), who are less likely to respond to influenza vac-

cination [7], we assumed an efficacy of 30 and 40 %,

respectively [33]. In our case study, vaccine uptake in these

age groups remained constant and had limited impact on

cost-effectiveness. We implemented vaccination in the

model as a reduction in susceptibility to infection [34] (see

[27] for an exploration of alternative methods).

2.4 Transmission

The transmissibility of influenza varies from year to year

with the circulating strain. The effective reproductive

number (R) for influenza in Australia has previously been

estimated to vary year to year in the approximate range

1.1–1.5, with a mean value of 1.3 [35]. We defined R as the

number of secondary cases that a representative case

infects at the start of an epidemic in a population with the

existing levels of vaccine uptake/natural immunity. We

assumed asymptomatic individuals were half as infectious

as symptomatic individuals [18, 21] and 27 % of the

population were immune prior to an epidemic [36, 37].

2.5 Disease

The transmission model calculates an epidemic curve of

infections and an overall attack rate for each age group

(ESM Table 1A). We assumed that 35 % of individuals

infected would develop clinical (fever) symptoms [38],

which was broadly consistent with the outcomes study

applied (e.g. QALY loss) [39]. The current population rates

of general practitioner (GP) visits for influenza were esti-

mated from a study of general practice activity [10]. Pop-

ulation rates of influenza-attributable hospitalisation and

death were drawn from a time-series regression analysis of

pneumonia and influenza (ICD J10–J18) cases [10, 11].

These rates represent the difference between the observed

disease burden under this category (J10–18) and the esti-

mated burden without influenza circulating. Statistical

methods are frequently used to estimate influenza disease

because of the lack of routine testing in clinical practice. In

those aged less than 50 years, no Australian estimates of

influenza-attributable deaths were available and laboratory-

confirmed influenza deaths were applied [40, 41].

2.6 Costs

We examined two commonly applied perspectives for costs

[25]: that of the healthcare payer, which included all health-

care costs irrespective of who incurred them [26]; and a

societal perspective, which additionally included productivity

losses. All costs are reported in 2010 A$ and adjusted by the

Australian consumer price index (CPI) where appropriate.

The assumed cost of the influenza vaccine under a

hypothetical government-funded school-based program was

set at $9 in the base-case model (approximated from

wholesaler cost [42]). The school-based administration costs

($11.60 per dose) were based on estimates for council-

delivered vaccination in school-aged children [43]. The

small amount of private vaccination in schoolchildren under

current practice was assumed to be delivered via GPs

($15.70 [44] plus patient co-payment $5 [45]), with vaccine

purchased privately ($12, approximated from [46]). The

healthcare costs associated with influenza GP visits ($33.32

[10] plus patient co-payment $5 [45]) and hospitalisation

were based on a previous analysis [10]. Detail on age-spe-

cific parameters values can be found in the ESM (Table A2).

2.7 Productivity Losses

Productivity losses were based on estimated absences from

paid work (consistent with Australian guidelines for sup-

plementary analysis [26]) and were calculated using the

human capital approach [25]. For sick children aged less

than 15 years, caregiver work loss was included in pro-

ductivity losses. This was based on average full-time

weekly earnings [47] and the time off (66 % female, 34 %

male) paid work (0.7 days) caring for a child with clinical

illness [48].

For those aged more than 15 years, the cost of absen-

teeism was based on age-specific average weekly earnings

[47] adjusted for workforce participation rates [49]. Clinical

cases were assumed to be absent from work for 2.6 days for

those who sought GP healthcare [50] and 0.3 days those not

seeking healthcare [51]. Average length of stay was used to

estimate absenteeism for hospitalised cases [52].

2.8 Quality of Life

We applied a QALY loss for influenza illness of 0.008

[39]. QALY losses from influenza death were calculated by

applying quality-of-life norms by age [53] to estimated life

expectancy [54]. Future QALYs gained through averted

mortality have been discounted to the present time (using a

5 % discount rate) [26]. As we project the impact of vac-

cination over a single year, costs and QALY loss from

short-term illness were not discounted.

2.9 Calculation of the Incremental Cost-Effectiveness

Ratio (ICER)

As there is variation in the reproduction number (R) from

year to year, we calculated ICERs (Table 1) that could be

viewed as the average over many seasons. This is prefer-

able to using a single mid-range R value (e.g. 1.3) owing to

the non-linear nature of dynamic model results by variation
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in transmission parameters [55]. To do this, we calculated

the ICER as the ratio of the mean cost and the mean

QALYs, computed as the (numerical) integral of ICERs

generated with R weighted by the log-normal distribution

(l = 0.2429, r = 0.2), chosen to match the mean and

interquartile ranges of R estimates from Australia [35].

2.10 Sensitivity Analysis

The focus of the sensitivity analyses was on methodolog-

ical choices as represented in scenario analyses rather than

parameter uncertainty. This decision was driven by the aim

of the study and our recent review, which identified these

choices as drivers of cost-effectiveness [4].

We examined multiple scenarios (Table 1) including the

perspective for costs (described above). The other primary

scenarios were the inclusion/exclusion of herd immunity.

In the ‘no herd’ scenario the vaccine effects were applied

only against health outcomes in vaccinated individuals

(ESM). We also examined alternative estimates of influ-

enza mortality [11, 40, 41] and restricting QALY loss to

mortality only, by excluding the short-term quality-of-life

impact from clinical illness. While QALY losses may be

used as an outcome measure for non-severe short-term

illness, the weight given to the prevention of such illness

by decision makers is not always clear [56, 57].

We examined the results in combination with the sea-

sonal variability of influenza transmissibility. Cost-effec-

tiveness analyses typically focus on generating results on

‘average’; however, it is also important to understand the

variability in costs and benefits [27] from year to year [4,

55]. Because of our focus on methodological uncertainty,

we did not perform probabilistic sensitivity analysis but we

have sought to identify the differential impact of each

parameter through univariate analysis (ESM, Fig. A1).

Finally, we conducted a simplified ‘pessimistic parameter

scenario’ (Table 1) where the 20 most influential parame-

ters were set to the value least favourable to vaccination

(±25 %, ESM Fig. A1).

3 Results

Figure 1 presents the number of influenza clinical cases,

GP visits, hospitalisations and deaths as a function of the

transmissibility of the epidemic (R). The number of cases

for each of these outcomes increases with R. The number

of cases prevented by school-based vaccination peaks and

then declines moderately for highly transmissible epidem-

ics. The absolute disease burden prevented by vaccination

remains substantial even as R increases, as a result of a

trade-off between the increasing overall risk of disease and

the reduced herd protection.

The age distribution of the prevented cases varies by the

outcome considered (Fig. 1). For influenza clinical cases

and GP visits the majority of cases prevented occur in

schoolchildren and adults, who have the largest overall

disease burden for these outcomes. However, for more

severe outcomes, a larger number of cases are prevented in

the elderly through herd protection. For hospitalisations,

Table 1 Estimated incremental costs, QALYs saved and incremental cost-effectiveness ratios (ICER) of school-based vaccination compared to

current practice

Scenarioa Incremental cost

(A$ million)

Incremental QALY,

discounted

ICER (A$),

discounted

Break-even vaccination

cost (A$)b

Base-case

Healthcare 19 5,354 3,577 13

Societal -56 5,354 Cost saving N/A

Healthcare (without herd immunity) 43 857 50,743 3

Societal (without herd immunity) 33 857 38,687 9

QALY loss from short-term illness excluded

Healthcare 19 1,212 15,807 13

Societal -56 1,212 Cost saving N/A

Healthcare (without herd immunity) 43 11 4,017,064 3

Societal (without herd immunity) 33 11 3,062,655 9

Pessimistic parameter scenario

Healthcare 59 2,206 26,528 6

Societal 30 2,206 13,725 16

Healthcare (without herd immunity) 75 400 187,074 1

Societal (without herd immunity) 71 400 177,553 3

a See ‘‘Methods’’ for a detailed description of all scenarios
b Break-even cost for vaccine and administration rounded up to the nearest A$
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the cases prevented by herd protection to children below

the age targeted in this program and adults were also

substantial.

Figure 2 presents the costs and QALYs saved by school-

based vaccination. When herd protection was included, the

majority of the potential cost savings resulted from pro-

ductivity gains by way of reduced absenteeism in adults

(and to a lesser extent reduced caregiver absenteeism,

related to reduced infections in children). The cost savings

from reduced hospitalisation were also substantial, largely

as a result of the herd protection to adults and the elderly.

The total saving from the program outweighed the cost of

vaccination resulting in a net saving of A$56 million;

however, when productivity gains were excluded (health-

care perspective) the program resulted in a net loss of A$19

million (Table 1). The ICER for the healthcare perspective

was $3,500 per QALY saved. The potential QALY savings

from the program came primarily from the prevention of

short-term illness, with the prevention of death in the

elderly also resulting in a substantial QALY saving

(Fig. 2).

When herd protection was excluded, the benefits were

restricted to the vaccinated schoolchildren. Again, the

majority of the potential cost savings came from produc-

tivity gains (from reduced caregiver absenteeism); but this

was substantially outweighed by the cost of vaccination,

resulting in a net loss of A$33 million (societal perspec-

tive) or A$43 million (healthcare perspective). However,

the ICER for the program remained at (or below) $50,000

per QALY saved for both perspectives, with a break-even

cost of vaccination (vaccine and administration) of $9 and

$3 per dose, respectively (Table 1). The majority of the

QALY savings came from the prevention of short-term

illness in schoolchildren, with this age group having rela-

tively low risk of influenza mortality (Fig. 2).

When the QALY loss from short-term illness was

excluded, the potential QALY savings remained substantial

for scenarios that included herd protection, owing to the

reduced mortality in the elderly. The costs were unchanged

in these scenarios, with the societal perspective remaining

cost saving and the ICER for the healthcare perspective

approximately $15,800 per QALY saved (Table 1).

Fig. 1 Number of influenza clinical cases (a), GP visits (b),

hospitalisations (c) and deaths (d) by seasonal variation in the

transmissibility (R) of the epidemic. The shaded areas indicate the

total number prevented in different age groups and the white area

under the line the cases not prevented
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However, when herd protection was excluded, the only

remaining source for QALY savings was the reduced

mortality in vaccinated schoolchildren, and the ICER

increased to more than $3 million per QALY saved for

both perspectives (Table 1).

We explored the use of two alternative influenza mor-

tality estimates (as available for those older than 50 years),

a higher estimate of influenza-attributable deaths from

time-series regression analysis of a broader category

(respiratory disease) [11] and restricting to laboratory-

confirmed influenza deaths only [40, 41]. The use of these

alternative estimates substantially changed the QALYs

saved under herd protection scenarios but not the ICERs

(results not shown in Table 1). This is because the

denominator (QALYs) from the prevention of short-term

illness was sufficient to maintain a low ICER. However,

when QALY loss from short-term illness was excluded, the

restriction to laboratory-confirmed influenza deaths only

led to an ICER of greater than $100,000 per QALY saved

from a healthcare perspective.

The parameter values that had the most influence on

results were those related to vaccine efficacy, proportion of

cases asymptomatic, vaccination cost, and the quality of

life lost from clinical illness (ESM, Fig. A1). Vaccine

uptake was important in the dynamic model but was not

influential when herd protection was excluded as the costs

Fig. 2 Estimated incremental costs (top) and QALYs (bottom) saved

from school-based vaccination compared to current practice, with

(left) and without (right) herd immunity. The shaded areas indicate

the sources for the costs and QALYs saved. The estimated costs of the

vaccination program are shown on the right

698 A. T. Newall et al.



and benefits of vaccination were then in proportion to doses

supplied. Setting multiple parameters to the value least

favourable to vaccination led to a significant change to

results; however, the ICER remained less than $30,000 per

QALY saved for both perspectives (Table 1, ‘Pessimistic

parameter scenario’). Only when herd protection was also

excluded did the ICER increase to greater than $150,000

per QALY saved.

Figure 3 presents the ICER as a function of R. In sea-

sons with low transmission, the program is less cost-

effective, as the overall risk of disease is low and the

absolute number of disease cases prevented (and costs and

QALYs saved) by a program is limited. The program is

most cost-effectiveness in seasons with moderate trans-

mission before declining in highly transmissible seasons.

As with Fig. 1, this result is due to the decreasing herd

protection as transmissibility increases, which outweighs

the potential benefits from the greater preventable disease

burden.

Figure 3 also shows how the ICER may vary from year

to year with the pathogenicity of the epidemic (i.e. the

severity of cases) and the match of the vaccine. The low

pathogenicity scenario represents a season where cases

were half as likely to suffer complications from influenza

(healthcare use or death), with these outcomes being twice

as likely in a high pathogenicity season. Although vari-

ability in these factors was influential, the cost-effective-

ness of the program was robust to these changes, with the

ICER less than $50,000 per QALY saved for seasons with

low pathogenicity and a relatively poor vaccine match.

4 Discussion

The results of this study highlight the importance of

methodological choices in determining the potential costs

and benefits of school-based influenza vaccination. These

choices include decisions about the structure of the model

(including/excluding herd protection) and the costs (soci-

etal/healthcare perspective) and health effects (QALY loss

from short-term illness and mortality estimates) included in

the analysis. These choices often had more influence on

cost-effectiveness results than variation due to parameter

uncertainty. For example, we found that a single method-

ological decision, such as the choice of model structure to

include or exclude herd protection, could have more

influence on results than simultaneously varying the 20

most influential parameter assumptions to the value least

favourable to vaccination (Table 1).

Understanding the impact of these methodological

decisions is important because a variety of choices (that we

explore) have been made in the published literature and

these choices help to explain the inconsistency in results

between studies [4]. This is true even for analyses con-

ducted for the same country, where government guidelines

may not always offer definitive direction and/or where

Fig. 3 Estimated cost-effectiveness of school-based vaccination

(healthcare perspective) by seasonal variation in the transmissibility

(R) and pathogenicity (see ‘‘Methods’’) of the epidemic. The results

are shown for alternative assumption of vaccine uptake (40, 60 %)

and vaccine efficacy (20, 60, 80 %)
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multiple choices may be acceptable [58]. For example,

QALY loss for short-term illness has often not been

included in economic evaluations of childhood influenza

[4]. The reasons for this may vary from a lack of data and

difficulties in measuring these outcomes [59], to a desire to

avoid ‘double counting’ [60, 61] with productivity costs, or

questions about the value decision makers and society

place on the prevention of these outcomes [56, 57]. Like-

wise, statistical estimates of influenza mortality (and hos-

pitalisation) are dependent on methodological choices with

no consensus approach available [8, 27].

We found that school-based vaccination may have the

potential to produce substantial herd protection effects.

These population effects have largely been ignored in

previous economic evaluations of childhood vaccination

[4]. Failure to include these possible herd benefits could be

seen as a ‘conservative’ approach; however, it leaves

important structural model uncertainties unexplored [4]

and decision makers without potentially important infor-

mation. The potential for herd protection emphasises the

importance of obtaining accurate estimates of influenza-

attributable mortality in the elderly [8, 9]. Our analysis

suggests that if universal childhood influenza vaccination

results in a substantial herd protection effect then the

program is likely to be cost-effective. Further empirical

evidence of herd protection with childhood influenza vac-

cination would help to reduce uncertainty in future analy-

ses. Achieving high uptake may present a major practical

challenge, given the (partly) altruistic nature of the pro-

gram and the potential lack of appeal for parents.

As our analysis focused on the impact of methodological

choices and these choices were more influential than simul-

taneous variation of multiple parameters, we did not perform

probabilistic sensitivity analysis. Our results illustrate, in the

context of infectious disease control, why it is important to go

beyond parameter variation to assess other forms of uncer-

tainty in cost-effectiveness models. Probabilistic approaches

to exploring parameter uncertainty in combination with other

forms of uncertainty, such as alternative model choices and

methodological decisions, are being developed [58]. A

comprehensive approach to sensitivity analysis which

incorporates all known sources of uncertainty will be

important to fully understand the cost-effectiveness of

influenza vaccination, as well as other vaccination programs.

This includes other forms of model uncertainty that were

beyond the scope of this analysis [27, 58].

This study also highlights the importance of under-

standing and appropriately including seasonal variability in

economic evaluations of influenza vaccination. The inher-

ent year-to-year variability in the costs and benefits that are

likely to occur from vaccination is distinct from the

uncertainty as to the correct ‘average’ parameter values

(e.g. the estimated CAR for influenza over long periods)

[27]. This seasonal variability means that in some years the

vaccination program may appear to be a success, largely

preventing influenza circulation, whereas in other years it

may appear to be a failure. However, the results for cost-

effectiveness may often be counter-intuitive, with low

transmission seasons being easier to control by vaccination

but providing fewer cost and QALY savings (Fig. 3). In the

case of influenza this is further complicated because it is

not only the transmissibility that varies from year to year

but also pathogenicity and the efficacy of the vaccine

(Fig. 3).

5 Conclusions

The recommendation by advisory committees, such as the

Joint Committee on Vaccination and Immunisation (JCVI),

to introduce universal vaccination of schoolchildren [1, 2]

highlights the urgent need to understand the factors driving

cost-effectiveness. This study illustrates some important

methodological choices that can have a critical impact on

study outcomes. It is important that decision makers are

aware of these choices and their influence in economic

evaluations of influenza vaccination.
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