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Abstract


Background: Enhanced vaccines (e.g., containing adjuvants) have shown increased immunogenicity and effectiveness in older adults, who often respond sub-optimally to conventional influenza vaccines. In this study, we evaluated the cost-effectiveness of an inactivated, seasonal, MF59-adjuvanted quadrivalent influenza vaccine (aQIV) for use in adults ≥ 65 years in Ireland. Methods: A published dynamic influenza model incorporating social contact, population immunity, and epidemiological data was used to assess the cost-effectiveness of aQIV in adults ≥ 65 years of age compared with a non-adjuvanted QIV. Sensitivity analysis was performed for influenza incidence, relative vaccine effectiveness, excess mortality, and the impact on bed occupancy from co-circulating influenza and COVID-19. Results: The use of aQIV resulted in discounted incremental cost-effectiveness ratios (ICERs) of EUR 2420/quality-adjusted life years (QALYs) and EUR 12,970/QALY from societal and payer perspectives, respectively, both of which are below the cost-effectiveness threshold of EUR 45,000/QALY. Sensitivity analysis showed that aQIV was effective in most scenarios, except when relative vaccine effectiveness compared to QIV was below 3%, and resulted in a modest reduction in excess bed occupancy. Conclusion: The use of aQIV for adults ≥ 65 years old in Ireland was shown to be highly cost-effective from both payer and societal perspectives.
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1. Introduction


Vaccination is the most effective available method of protection against seasonal influenza and its related complications. In Ireland, vaccination is offered free of charge through the National Immunisation Office for high-risk groups, which include older adults (≥65 years); pregnant women; healthcare workers; people with or living with/caring for people who have health conditions that put them at higher risk of influenza (e.g., long-term respiratory diseases, chronic heart conditions, or a weakened immune system); children aged 2 to 17 years; people living in long-term care facilities; and people with close regular contact with pigs, poultry, or waterfowl [1]. Despite a drop in vaccination rates during 2019–2020, vaccination coverage among adults aged 65 years and older has been steadily rising from 54.5% in the 2016–2017 season to 75.4% in the 2021–2022 season [2,3].



The effectiveness of seasonal influenza vaccines varies from season to season, depending at least in part on the degree of match between the vaccine and circulating strains [4]. This varying effectiveness across seasons has been shown to be consistent across age groups and regions, with vaccine effectiveness within any season decreasing with increasing age [5]. Older adults often have a poorer response to vaccines than younger adults, in part due to immunosenescence, the age-related decline in innate and adaptive immune functions [6]. This reduced capacity to effectively respond to influenza infection results in a high proportion of serious cases and deaths in this age group [7,8]. Moreover, older adults respond particularly poorly to the A/H3N2 component of the vaccine [4], the viral subtype that disproportionally affects adults aged 65 years and older [9]. Adjuvanted and high-dose influenza vaccines are now available to help overcome these challenges and increase effectiveness in older adults.



aQIV, an MF59®-adjuvanted quadrivalent influenza vaccine (aQIV), is recommended for use in older adults in many countries worldwide. Originally developed as a trivalent formulation, the vaccine has demonstrated significantly higher effectiveness compared with non-adjuvanted standard-dose influenza vaccines in older adults [10,11,12,13,14,15] and similar or higher effectiveness compared with high-dose quadrivalent influenza vaccines (QIVs) [11,12,16]. While recommended for use in adults 65 years and older in Ireland, aQIV was not available for the 2022–2023 season [1,17]. Analyses in other countries have shown that the use of aQIV in older adults is highly cost-effective in terms of reducing the burden of disease on healthcare services and increasing quality-of-life years (QALYs) gained, despite having higher vaccine costs compared with conventional standard-dose QIVs [18,19,20,21].



Since the start of the COVID-19 pandemic, additional burdens have been placed on healthcare services, with increased rates of hospitalisation and intensive care unit occupancy from infectious diseases compared with pre-pandemic years. The co-circulation of COVID-19 and influenza during the winter seasons has the potential to place additional pressure on healthcare services every year; therefore, the prevention of influenza to reduce the burden on hospital bed availability is especially important in older adults, who are particularly vulnerable to both diseases. In addition, the reduced circulation of influenza viruses related to social distancing measures during the COVID-19 pandemic has reduced population-level immunity [22], meaning that more people may be vulnerable to severe influenza outcomes and disease complications requiring hospital treatment compared with previous years. As vaccination remains the most important tool for disease prevention and reducing disease severity, the selection of the most effective vaccines for each age group is critical for reducing both the individual risk of disease and the burden on healthcare services. In line with the increased risk of severe diseases and complications of influenza in older adults, in this analysis, we evaluate the cost-effectiveness of aQIV in adults aged 65 years and older in Ireland compared with the current use of non-adjuvanted QIVs in this age group.




2. Methods


2.1. Model Design and Parameters


The model used in this analysis was based on that used by Baguelin et al. (2013) [23] and included an adapted dynamic Susceptible–Exposed–Infected–Recovered (SEIR) influenza model that incorporated sentinel data, as well as data from primary and secondary care sources, on epidemiology, social contact, and immunity to influenza viruses in the population (Supplementary Figure S1a). The outcomes of symptomatic infections were assumed to be either non-medically attended, requiring a general practitioner (GP) visit, or requiring hospitalisation (Supplementary Figure S1b). The full details of the model have been reported previously [23,24]. In brief, the model used was an age-structured, four-strain (strains A/H1N1, A/H3N2, B/Victoria, and B/Yamagata) dynamic model, where vaccination was modelled by moving individuals from the susceptible (S) component to the recovered (R) component. In line with a previous analysis, we assumed that 27% of the population started the season (pre-vaccination) protected from influenza infection (subclinical or clinical), and neither infection- nor vaccine-induced protection waned during the season [23].



In order to ensure the model validity, the probability of influenza transmission was calibrated to reflect the variability in influenza circulation over the year, using overall attack rates of 7%, 10%, and 14% based on data reported prior to the COVID-19 pandemic [25]. Attack rates were adjusted by age group based on the varying degrees of mixing estimated via the contact matrix. Based on a total population of Ireland of 5.012 million individuals [26], this reflected a scenario of “no vaccination”, resulting in 428,051 cases for the 7% attack rate, 600,524 cases for the 10% attack rate, and 669,778 cases for the 14% attack rate. The transmissibility parameter q was estimated using the Nelder–Mead simplex procedure and maximum likelihood assessment. UK-specific data from the POLYMOD study were used to estimate the contact matrix between the age groups [27].



In contrast to the original analysis by Baguelin et al., no primary epidemiological data were available; therefore, most of the parameters used in the model were taken directly from estimates of central values of posterior distributions calculated previously by Baguelin and colleagues [23]. Ireland-specific values were used as inputs where available; otherwise, parameters were taken from a recent UK-based analysis [20]. As in the UK analysis, data on hospitalisations during the 2017–2018 influenza season were used to estimate symptomatic cases across six age groups from 6 months to ≥75 years, with the probability of influenza-related GP visits, hospitalisations, and deaths calculated per group and risk category (Supplementary Table S1) [28]. Vaccine coverage parameters were based on data used for a similar analysis in the UK [20,29] and varied per age and risk group, with the highest uptake in the ≥75-year-old low-risk and high-risk groups (Table 1).



Vaccine effectiveness estimates by age were based on those used by Thorrington et al. (2019) [30] and were averaged across strains (Supplementary Table S2). The relative vaccine effectiveness (rVE) of aQIV vs. QIV was also estimated by age group (65–74 years and ≥75 years) (Table 2) based on the values used by Coleman et al. (2021) [15]. Based on this, rVE for the base case scenario was set at 13.9%.




2.2. Scenarios


The current influenza immunisation strategy (current vaccination scenario) was compared to a strategy where aQIV was used in adults ≥65 years of age (aQIV scenario) (Supplementary Figure S2). Both payer and societal perspectives were used for the analysis; the payer analysis included the costs of GP visits, hospitalisation, the vaccine, and vaccine administration, whereas the societal analysis also included the impact of the loss of productivity.



Two vaccines—a non-adjuvanted egg-based QIV and a quadrivalent (intranasally administered) live-attenuated influenza vaccine (QLAIV)—were included in the model, with the addition of aQIV for adults aged ≥65 years of age in the aQIV scenario only. For both scenarios, QLAIV was used for children aged 2–17 years, and QIV was used for at-risk patients 18–64 years old. In the current vaccination scenario, QIV was used for patients ≥ 65 years old, whereas in the aQIV scenario, patients ≥ 65 years old would receive aQIV.




2.3. Economic Evaluations


The economic input parameters were based on estimates used by Sandmann et al. (2022) [31]. GP costs were EUR 50 per event; hospitalisations were EUR 5000 per event, and the quality-adjusted life years (QALYs) associated with outpatient and inpatient visits were 0.0078 and 0.017, respectively. Vaccine prices were set as EUR 10 for QIV, EUR 18 for aQIV, and EUR 18 for QLAIV, based on current average market prices across Europe [32,33]. As workforce absence due to influenza can result in substantial indirect costs (i.e., loss of productivity), we estimated the impact of each scenario based on an average across age groups of 4 days of lost productivity due to a GP visit (low- and high-risk patients) and 11 days and 22 days lost for hospitalisation for low- and high-risk patients, respectively. The costs of lost productivity were based on the average wage in Ireland of EUR 51,676 per annum [34]. As the safety profiles of the vaccines are similar, potential adverse events leading to healthcare usage or absenteeism were not considered in the economic model. While short-term local reactogenicity is higher for aQIV than for the other vaccines, this was not considered to have a measurable impact on the economic outcomes and was excluded from the model for simplicity [35].



The cost-effectiveness of the vaccine was assessed in terms of discounted life years lost, QALYs, and incremental cost-effectiveness ratios (ICERs) against a cost-effectiveness threshold of EUR 45,000/QALY [36,37]. QALYs were discounted at an annual rate of 3%.




2.4. Sensitivity Analysis


As the results from the model are sensitive to input parameters, such as estimates of vaccine efficacy and effectiveness, vaccine cost, and disease incidence, we estimated the impacts of changes in these parameters within probable boundaries. A sensitivity analysis was performed, which included variations in influenza incidence, strain prevalence, aQIV rVE, and excess mortality rates due to the overburdening of healthcare services from the co-circulation of other diseases (e.g., COVID-19). In addition, the impact on hospital and intensive care unit (ICU) bed occupancy from co-circulating influenza and COVID-19 was also evaluated, assuming 14,412 total available hospital beds [38], 350 ICU beds [39], and an 85% occupancy rate for both hospital and ICU beds [40]. Other parameters regarding bed occupancy were the same as those published previously [41]. For strain prevalence, the predominant strain was assumed to be associated with 70% of cases, and the other 30% were split across the remaining strains. For aQIV rVE, values were varied from 3% to 24%. For excess mortality caused by the overburdening of healthcare services (i.e., when ICU bed availability is exceeded), the impact of aQIV on influenza-related deaths, QALYs, and ICERs was estimated for 1.25-, 1.5-, 1.75-, and 2-fold death rates over the base case scenarios.




2.5. Software


The model was developed using R software and C++, as outlined by Nguyen et al. (2022) [41], predominantly using the following packages and corresponding libraries: Rcpp 1.0.9, RcppArmadillo 0.11.2.3.1, and RcppGSL 0.3.11. Model calibration was performed using the nloptr package.





3. Results


The use of aQIV in adults ≥ 65 years old would result in modest reductions in GP visits, hospital visits, and deaths (Table 3). Overall, switching from QIV to aQIV in this age group would reduce the annual number of symptomatic cases by 4107, GP visits by 411, hospitalisations by 156, and deaths by 42. This equates to a reduction in total QALYs lost of 275 compared with the current vaccination scenario.



Overall, the aQIV scenario resulted in cost savings compared with the current vaccination scenario in terms of GP costs, hospitalisation costs, and costs associated with the loss of productivity (Table 3). However, due to the increased costs of the vaccine compared with QIV (EUR 18 vs. EUR 10/dose), the overall costs would be EUR 665,240 higher compared with the current vaccination scenario. From a payer perspective, and based on 275 discounted QALYs gained, the ICER for the aQIV scenario was EUR 12,970/QALY, substantially below the EUR 45,000 threshold (Table 4). When the loss of productivity was also taken into account, the ICER from the societal perspective was EUR 2420/QALY. The cost-neutral price for aQIV would therefore be EUR 16.85 from a societal perspective and EUR 11.50 from a payer perspective.



Sensitivity analysis showed that the use of aQIV in adults ≥65 years of age was cost-effective in most scenarios, except when rVE for aQIV vs. QIV dropped to 3% or below (Figure 1). Excess mortality above that expected from influenza alone (e.g., due to co-circulation of SARS-CoV-2) further increased the benefits of aQIV over QIV, with lower ICER with increasing excess mortality. From a payer perspective, ICER was reduced from EUR 11,461/QALY for 1.25-fold excess mortality to EUR 8495/QALY for 2-fold excess mortality. From a societal perspective, which included the additional impacts of the loss of productivity due to sickness, ICER dropped from EUR 2139/QALY to EUR 1586/QALY. Overall, the use of aQIV had a modest impact on total hospital and ICU bed occupancy from COVID-19 and influenza (Figure 2). Compared with the current vaccination scenario, the use of aQIV in older adults was estimated to result in 34 fewer hospital beds occupied and 5 fewer ICU beds (Table 5).




4. Discussion


In this study, the use of an MF59-adjuvanted quadrivalent influenza vaccine (aQIV) in older adults (≥65 years old) in Ireland was shown to be cost-effective, with an ICER of EUR 2420–EUR 12,970, when clinical and public health benefits were inputted into a published dynamic influenza transmission model. This ICER estimate was robust to sensitivity analysis for the influenza influence and strain prevalence, with all scenarios evaluated with an rVE > 3% for aQIV vs. QIV, resulting in ICERs considerably below the EUR 45,000 threshold recommended by the Government of Ireland [37]. The use of aQIV in older adults was also shown to result in a modest reduction in excess bed occupancy against a background of co-circulating COVID-19 and influenza.



To our knowledge, this is the first evaluation of the cost-effectiveness of an adjuvanted QIV for older adults in Ireland. Previous studies in other countries have also shown aQIV to be more cost-effective for use in older adults compared with standard-dose QIVs [18,19,21,28,42]. While the degree of cost-effectiveness varied with the vaccine price, cost benefits were mainly driven by the higher vaccine effectiveness of aQIV in this age group. As older adults are at the highest risk for influenza-related complications and mortality [43], the use of vaccines with higher effectiveness can have a substantial impact on healthcare utilisation. In light of this, a sensitivity analysis evaluating the effect of co-circulating SARS-CoV-2 and influenza on hospital bed occupancy showed a small but positive impact of aQIV usage in older adults on reductions in both non-ICU and ICU bed occupancy. These findings mirror those seen in similar analyses in the US and UK, where the use of aQIV in adults ≥ 65 years of age resulted in reduced influenza-related bed occupancy, which could potentially be critical in periods of peak viral circulation and hospital resource utilisation [20,41]. In addition, the potential benefits of the use of a more effective vaccine in older adults could also extend to the rest of the susceptible population by increasing population-level immunity and aiding in the protection of other high-risk groups [44]. This could also impact hospital resource utilisation, together with reduced absenteeism of healthcare staff from sickness or caring for sick dependents.



This study used a dynamic SEIR model to simulate the epidemiology of influenza and the effects of vaccination. We feel that this was the most appropriate model for this analysis, as it captures the natural infection process as well as the impact of vaccination on reducing the pool of susceptible individuals. While more complex models could have been used, these would have been limited by the availability of data for robustly estimating parameters. These SEIR models have been used effectively for the cost-effectiveness analysis of influenza vaccines in other situations, thereby making the results of this study comparable with those performed in other countries [20,41]. However, as with all simulations, this study has a number of limitations. Firstly, Ireland-specific data were not available for all the assumptions of the model parameters; therefore, the parameters used by Baguelin et al. (2013) [23] were used when specific parameters were not available. While these were considered the closest evidence available, additional sensitivity analyses were performed to adjust for potential differences between these assumptions and the situation in Ireland. In addition, for simplicity, a fixed value was used to estimate the total available hospital and ICU beds, whereas, in reality, this may vary regionally and annually and may be adaptable within the healthcare system. A second limitation was that our modelling approach was based on the entire country, whereas the circulation of SARS-CoV-2 and influenza, together with the availability and utilisation of healthcare resources, may vary across regions within Ireland at any given time. However, it is possible that disease peaks may vary regionally, allowing the transfer of patients within the country to areas with lower bed occupancy, thereby mitigating any variation in regional bed availability. For simplicity, the current model assumes that peak bed occupancy from COVID-19 and influenza occurs simultaneously, which may not always be the case and would alter the estimates of absolute bed occupancy and whether these would exceed threshold numbers of bed availability. Thirdly, the current model does not consider the association between mortality and access to care and assumes that all deaths from influenza occur in a hospital setting. Finally, circulating strains and influenza vaccine effectiveness vary annually; while we have tried to accommodate this variation using three different influenza attack rates for simplicity, this does not represent the full potential variation in susceptibility to infection. In particular, social distancing measures introduced during the COVID-19 pandemic dramatically changed the epidemiology of respiratory viruses, including influenza, with substantially reduced circulation of influenza viruses worldwide during the 2020–2021 and 2021–2022 seasons [25,45,46]. These low levels of viral circulation have potentially led to an immunity deficit, with the lack of exposure resulting in lower population-level immunity to these viruses [22]. In the 2022–2023 season, detection rates in Ireland appear to be similar to pre-pandemic levels, with a slightly earlier peak compared with previous years [47]. However, hospitalisation and ICU admission rates due to influenza appear to be higher than in recent pre-pandemic seasons, particularly in older adults, and mortality rates in the 2022–2023 season are so far more than double those reported in the 2018–2019 season [25,47]. Therefore, it remains of critical importance that this age group is offered the most suitable vaccine to reduce the burden of influenza and the potential for severe disease outcomes.




5. Conclusions


In summary, the use of an MF59-adjuvanted QIV in adults aged ≥65 years can increase vaccine effectiveness, reduce mortality, and reduce disease-related costs, such as hospitalisations and GP visits. The use of aQIV in older adults, instead of the current non-adjuvanted vaccine, was associated with an ICER of EUR 2420–12,970, which is far below the guideline threshold for Ireland of EUR 45,000. In addition, the use of aQIV has the potential for further reducing costs by helping to decrease the burden of co-circulating influenza and COVID-19 on hospital services, reducing both acute hospital and ICU admissions. Based on the results of this model, the use of aQIV for adults ≥ 65 years old can be considered cost-effective for implementation in Ireland.
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Figure 1. Sensitivity analysis of incremental cost-effectiveness ratios (ICERs) of using aQIV in adults ≥ 65 years over the baseline scenario (current vaccination scenario). Relative vaccine effectiveness (rVE) was varied from the baseline scenario of 13.9% to a range from 3% to 24%. Excess mortality above that expected from influenza alone was varied from 1.25-fold up to 2-fold. EM, excess mortality (fold increase); ICER, incremental cost-effectiveness ratio; QALY, quality-adjusted life year; rVE, relative vaccine effectiveness; ICER societal perspective includes costs associated with general practitioner visits, hospitalisation, loss of productivity, vaccine, and administration; ICER payer perspective includes costs associated with general practitioner visits, hospitalisation, vaccine, and administration. 
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Figure 2. (a) Acute and (b) ICU bed occupancy estimates over time for the current vaccination (QIVe) and aQIV scenarios. Data are presented for number of beds occupied by patients with influenza only, COVID-19 only, and influenza or COVID-19 for the current vaccination (QIVe) and aQIV scenarios. “Acute” refers to hospital beds outside of the ICU. Estimates assume that peak bed occupancy occurs at the same time for both diseases. aQIV, adjuvanted quadrivalent influenza vaccine; ICU, intensive care unit; QIVe, egg-based quadrivalent influenza vaccine. 
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Table 1. Vaccine coverage rates by age group and scenario for low-risk and high-risk groups.
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Current Vaccination Scenario

	
aQIV Scenario




	
Age Group

	
Low Risk

	
High Risk

	
Low Risk

	
High Risk






	
6–23 months

	
0

	
3.10%

	
0

	
3.10%




	
2–17 years

	
27.60%

	
48.6%

	
27.60%

	
48.6%




	
18–49 years

	
-

	
48.6%

	
-

	
48.6%




	
50–64 years

	
-

	
48.6%

	
40%

	
48.6%




	
65–74 years

	
68%

	
68%

	
68%

	
68%




	
≥75 years

	
80%

	
80%

	
80%

	
80%











 





Table 2. Vaccine effectiveness by age group for the three vaccines included in the analysis. Based on current vaccination recommendations, QIVe was assumed to be available for all age groups, aQIV was assumed to be available for adults ≥ 65 years, and QLAIV was assumed to be available for children aged 2–17 years.
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	Age Group
	QIV a
	aQIV
	QLAIV





	6–23 months
	62.5%
	-
	-



	2–17 years
	62.5%
	-
	62.5%



	18–49 years
	54.0%
	-
	-



	50–64 years
	54.0%
	-
	-



	65–74 years
	47.8%
	55.0%
	-



	≥75 years
	45.3%
	52.9%
	-







aQIV, adjuvanted quadrivalent influenza vaccine; QIV, quadrivalent influenza vaccine; QLAIV, quadrivalent live-attenuated influenza vaccine. a Based on estimates in Supplementary Table S2, assuming equal strain circulation.













 





Table 3. Effects of baseline (current vaccination scenario) and aQIV scenario on influenza outcomes, healthcare system usage, quality-adjusted life years lost, and economic costs. All economic values are given in euros.
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	Current

Vaccination

Scenario
	aQIV

Scenario
	Difference:

aQIV−Current Vaccination Scenario





	Symptomatic cases
	492,790
	488,683
	−4107



	GP visits
	49,279
	48,868
	−411



	Hospital visits
	6812
	6656
	−156



	Deaths
	1183
	1141
	−42



	Life years lost
	13,271
	12,949
	−322



	QALYs lost from death
	10,096
	9851
	−245



	QALYs lost from sickness
	3132
	3102
	−30



	Total QALYs lost
	13,228
	12,953
	−275



	GP costs (EUR)
	2,463,948
	2,443,417
	−20,531



	Hospitalisation costs (EUR)
	34,061,699
	33,278,426
	−783,273



	Loss of productivity costs (EUR)
	323,786,375
	320,887,491
	−2,898,884



	Vaccine costs (EUR)
	12,859,341
	17,227,268
	+4,367,927



	Vaccine administration costs (EUR)
	25,908,065
	25,908,065
	0



	Total costs (EUR)
	399,079,428
	399,744,668
	+665,240







aQIV, adjuvanted quadrivalent influenza vaccine; GP, general practitioner; QALY, quality-adjusted life year.













 





Table 4. Incremental cost-effectiveness ratios (ICERs) for aQIV scenario compared with current vaccination scenario.
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	Cost (EUR)
	QALYs Gained (Discounted)
	ICER





	Societal perspective a
	665,240
	275
	2420



	Payer perspective b
	3,564,123
	275
	12,970







ICER, incremental cost-effectiveness ratio; QALY, quality-adjusted life year; a cost estimates include general practitioner, hospital, loss of productivity, vaccine, and administration costs; b cost estimates include general practitioner, hospital, vaccine, and administration costs.













 





Table 5. Excess acute and ICU bed occupancy for patients with COVID-19 or influenza for the current vaccination scenario and use of aQIV in adults ≥ 65 years of age. “Excess” hospital beds prevented refers to the use of aQIV compared with the baseline scenario (current vaccination scenario).
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	Scenario
	Hospital Beds Used
	ICU Beds Used
	Excess Hospital Beds Used
	Excess ICU Beds Used
	Excess Hospital Beds Prevented
	Excess ICU Beds Prevented





	Baseline a
	2713
	353
	552
	23
	Ref
	Ref



	aQIV

scenario
	2680
	348
	518
	18
	34
	5







aQIV, adjuvanted quadrivalent vaccine; ICU, intensive care unit; Ref, reference. a Baseline refers to the current vaccination scenario.
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