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Abstract

Background Influenza is an infectious disease causing a high annual economic and public health burden. The most efficient
management of the disease is through prevention with vaccination. Many influenza vaccines are available, with varying
efficacy and cost, targeting different age groups. Therefore, strategic decision-making about which vaccine to deliver to
whom is warranted to improve efficiency.

Objective We present the use of a constrained optimization (CO) model to evaluate targeted strategies for providing influenza
vaccines in three adult age groups in the USA.

Methods CO was considered for identifying an influenza vaccine provision strategy that maximizes the benefits at constrained
annual budgets, by prioritizing vaccines based on return on investment. The approach optimizes a set of predefined outcome
measures over several years resulting from an increasing investment using the best combination of influenza vaccines.
Results Results indicate the importance of understanding the relative differences in benefits for each vaccine type within
and across age groups. Scenario and threshold analyses demonstrate the impact of changing budget distribution over time,
price setting per vaccine type, and selection of outcome measure to optimize.

Conclusion Significant gains in cost efficiency can be realized for a decision maker using a CO model, especially for a disease
like influenza with many vaccine options. Testing the model under different scenarios offers powerful insights into maximum
achievable benefit overall and per age group within the predefined constraints of a vaccine budget.

1 Introduction

Seasonal influenza is a highly contagious infectious disease
causing illness across all age groups and social classes, and
inducing a significant disease burden that depends on the
combination of circulating virus strains and the measures
taken to tackle the ensuing public health problem [1]. Pre-
vention through vaccination is considered the best option
for reducing influenza-related morbidity and mortality since
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anti-viral drugs are only effective when they are adminis-
tered during early disease stages and influenza is often diag-
nosed in later stages [2].

Nevertheless, the regular viral mutation processes com-
plicate the development of the vaccines and require annual
vaccination with a vaccine customized to each season-spe-
cific wildtype strain circulation [3]. To overcome eventual
weak responses, researchers developed adjusted vaccines
with a higher dose of antigen, improved adjuvants, and/or
more strains, resulting in many influenza vaccines being
available on the market today [4].

Estimates of the total annual economic disease burden
are not frequently reported at country level in the literature,
except for in the USA, where the burden measured at differ-
ent time points remains high [5-8]. Therefore, the Advisory
Committee on Immunization Practices (ACIP) in the USA
expanded its recommendations for influenza vaccination
from specific high-risk groups to the entire population [9,
10] without recommending a specific vaccine over the other.
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Key Points for Decision Makers

While the number of influenza vaccines available on the
market is expected to stay high, health authorities strug-
gle with prioritizing the introduction of new vaccines in
view of real-life budgetary limitations in their regions.

We developed a methodology for assessing which
influenza vaccines should be introduced and in what
chronological order (i.e., vaccine ranking) to achieve the
greatest possible benefit while still complying with the
constraints of a multi-year financial plan.

This optimization method makes a justifiable economic
argument by comparing the results generated by this
model with those generated from a process where no
programmed vaccine selection was made (i.e., an “unin-
formed” selection process).

We applied this model to the USA setting and explain in
detail the model working and its relevance.

The UK is following the same strategy [11], but the other
European countries have not.

Given the widespread vaccine recommendation and the
variation between vaccines’ effectiveness, cost, and age indi-
cation, healthcare payers and decision-makers could ben-
efit from an economic evaluation method and model that
identify a strategy for implementing an overall influenza
vaccine program in the most cost-efficient way across the
whole population.

The proposed method uses constrained optimization (CO)
to identify the best combination of vaccines across the age
groups for optimizing health outcomes, while considering
multiple constraints [12]. The proposed model, an influenza-
specific CO model, called the Portfolio Model for Manage-
ment of Flu-Vaccines (PMMFV), has been developed, and
addresses the specific needs listed above.

What follows is a detailed explanation of the model and
its application to the USA, where data on influenza disease
are available and multiple influenza vaccines are approved.

The aim of this study was not to make recommendations
about specific strategies for the USA or other countries to
follow; the exercise gives hints on what to expect and how
to explore additional useful information with such a model.
The influenza vaccine market is dynamic and versatile with
the selection of available vaccines changing yearly, and local
demographics and constraints vary considerably. The model
construct and data inputs need to be adapted and adjusted to
local conditions to better assess local recommendations for
being more cost and allocative efficient in an overall influ-
enza vaccination program.
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2 Methods

The PMMFV allows for including six influenza vaccines
to be administered to different age groups by year. It opti-
mizes a specific measure of overall public health impact with
a combination of vaccines given some constraints. These
constraints reflect limitations on the maximum spending
for influenza vaccination per year and a feasible coverage
per age group. Measures of public health impact include
influenza cases, medical visits, hospitalization-days, deaths,
quality-adjusted life years (QALYSs), and disease-manage-
ment costs due to influenza.

The model considers up to ten vaccination strategies at
a time, where a strategy is defined by an age group and a
specific vaccine attributed to it. Only vaccines approved
for each age group are considered. Vaccines are defined by
their effectiveness in preventing symptomatic influenza for
each targeted age group and by the total cost of vaccinating
one person. A maximum budget for spending across all age
groups for each year is specified, and its allocation to the
vaccination strategies is optimized for achieving a maximum
reduction impact on disease burden over the model’s time
horizon. The mathematical formulation of the functional
objective of outcome optimization is available in Supple-
mentary Material Table Al.

2.1 Baseline Numbers

Outcomes in the absence of any vaccination are calculated
using a multi-cohort model (Microsoft Excel, Microsoft,
Redmond, WA, USA) following the annual progression of
the total population until the end of the selected time horizon
or until individuals reach the age of 100 years, whichever
comes first.

The number of influenza cases in the total population is
calculated annually, measuring the total disease burden, as
well as influenza-related outcomes: medical visits, hospi-
talization days, and deaths. Each year, the number of medi-
cal visits and hospitalization days are multiplied by their
unit costs to obtain the total annual cost of disease man-
agement. Annual mortality-related QALY-loss is estimated
by multiplying influenza deaths per year of age with their
quality-adjusted life expectancy at the age of death [13].
The annual number of cases per age group are multiplied by
their QALY-loss per influenza case and the annual number
of hospitalization-days by their incremental QALY-loss to
obtain the total morbidity-related QALY-loss. Those totals
are then summed with mortality-related QALY-loss to obtain
total annual QALY-loss.

The effect of vaccination is implemented via a reduction
in the number of influenza cases versus those that occur in
the absence of vaccination. It is determined by the effect
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of the vaccine in the targeted age group as well as by the
coverage achieved. Adverse events (AEs) associated with
vaccination are not considered in the analysis.

2.2 Methods for Identifying the Strategies to be
Selected

The PMMFYV first calculates for each of the ten vaccination
strategies the total cumulative vaccination cost and the maxi-
mum achievable reduction in the selected outcome over a
pre-specified time horizon, in the absence of any constraint.

A strategy is considered as being dominated and elimi-
nated from further assessment if an alternative for that same
age group results in higher cumulative gains at an equal or
lower vaccination cost. The remaining strategies are then
ranked by their return on investment (ROI), measured by
the estimated reduction in the outcome measure selected per
dollar spent in vaccination.

Within the same age group, a lower ranked vaccine
implies that it provides more benefits (i.e., is more effec-
tive) than a higher ranked vaccine but requires a relatively
higher investment compared with its relative benefit gains.

Funding allocation starts with the vaccination strategy
having the highest ROI, i.e., being ranked first, until (1) its
vaccine coverage reaches the maximum achievable coverage
for that age group, or (2) the entire vaccination budget is
spent, whichever event occurs first.

If budget remains after the first-ranked strategy is funded
to maximum achievable coverage level, the second ranked
vaccination strategy is considered. If this vaccination strat-
egy targets another age group, the same funding principle is
applied. If the second-ranked strategy targets the same age
group as the first-ranked strategy, the first-ranked vaccine
will be replaced by the more expensive one and only the
incremental budget required to switch between vaccines will
be allocated to that age group.

This process is consecutively repeated throughout the
range of ranked vaccines until all the vaccination budget is
spent. Hence, as soon as the maximum achievable coverage
of an age group is attained with the highest ranked vaccine,
the optimization algorithm will consider the next option with
the highest ROI so that either it is initiating vaccination in
another age group and then the absolute benefits and vac-
cination costs of this vaccination strategy are accounted for,
or it is replacing the already implemented vaccine with the
next ranked one in the same age group and then only its
marginal benefits and the incremental cost of switching to
the next ranking vaccine are accounted for.

To demonstrate the application of the PMMFV, an analy-
sis for the USA was conducted with a 10-year budget time
horizon. Estimates for model inputs defining the population
and the vaccines were derived from published literature.

2.3 Population

The population sizes by age at the start of the analysis are
derived from the Centers for Disease Control and Prevention
(CDC) [14]. Each subsequent year, a new birth cohort (with
the same size as those aged < 1 year in the initial population)
is added and the remaining population is aged by 1 year and
reduced in size due to all-cause mortality and influenza-
related mortality [6, 15]. Disease-specific mortality reduc-
tion in cardio-vascular or pulmonary disease due to influenza
is not considered. Migration is not considered.

The population is divided into ten age groups
(0-5 months, 6 months—1 year, 2 years, 3 years, 4 years,
5-8 years, 9-17 years, 18—49 years, 50—64 years, and
65-99 years). These age boundaries were determined by
specific age-dependent influenza vaccine recommendations
and/or differences in vaccine efficacy estimates. For each age
group, all individuals or only a defined at-risk subgroup can
be targeted for vaccination.

The example analysis presented here only considers influ-
enza vaccination targeted to three adult age groups in the
USA: 18-49 years, 50-64 years, and 65-99 years. If all age
groups and all options were considered it would have been
more difficult to clarify the selection procedures made by
the model.

2.4 Vaccination Strategies

The ten strategies included in this analysis are presented in
Table 1. The different vaccines considered are quadrivalent
influenza vaccine [QIV] [16], recombinant QIV [17], triva-
lent influenza vaccine [TIV] [18], TIV-high dose [HD] [19],
QIV cell culture-derived [20], and adjuvanted TIV [21].

All TIVs include an average annual risk of a mismatch
(i.e., not optimally covering the circulating influenza B virus
strains) of 53.1%, calculated based on CDC surveillance data
in the USA [22]. The risk of mismatch lowers expected vac-
cine effectiveness compared to that of QIVs, which better
cover all circulating strains (see Supplementary Material
Table A2 for calculation).

2.5 Data Inputs

Table 2 lists the additional data requirements for the
PMMFV together with their estimates applied in this exam-
ple analysis. Those inputs include symptomatic influenza
incidence rates, clinical pathways of influenza cases, unit
costs associated with disease management, and QALY losses
associated with influenza outcomes.

Maximum budgets for vaccination are defined for each
calendar year included in the time horizon of 10 years.
In this case, we started with a low vaccination budget of
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Table 1 Vaccination strategies considered in this example analysis

Vaccination strategy Age group, population Vaccine name Maximum achievable  Vaccine effective- Cost of vac-

vaccinated (years) coverage (%)* ness (%)° cination (per
person)¢

TIV 18-49 years 18-49 TIV 35.0 62.0 $38.35

QIV 18-49 years 18-49 QIv 35.0 64.7 $38.67

TIV 50-64 years 50-64 TIV 45.0 62.0 $38.35

QIV 50-64 years 50-64 QIvV 45.0 64.7 $38.67

Adj TIV 50-64 years 50-64 Adj TIV 45.0 73.7 $68.96

QIV 65 years+ 65-99 QIvV 65.0 61.5 $38.67

QIV CCD 65 years+ 65-99 QIV CCD 65.0 61.5 $45.67

Recom QIV 65 years+ 65-99 Recom QIV 65.0 73.7 $58.34

TIV HD 65 years+ 65-99 TIV high dose 65.0 69.2 $67.82

Adj TIV 65 years+ 65-99 Adj TIV 65.0 73.7 $68.96

Adj adjuvant, CCD cell culture-derived, HD high—dose, Recom Recombinant, TV trivalent influenza vaccine, QIV quadrivalent influenza vac-
cine, CDC Centers for Disease Control and Prevention, CPT Current Procedural Terminology, WAC wholesale acquisition cost

“Based on approximate influenza coverage rates achieved in the US over the last 10 seasons [23]

bSee Appendix Table Al for vaccine effectiveness calculations by age and vaccine type. Vaccine effectiveness=% reduction in influenza cases.
Those numbers can change significantly from year to year in absolute but also in relative value due to potential mismatch

Includes the cost of vaccine and vaccine administration. Cost of vaccine is based on an average vaccine price across all available vaccines by
vaccine type (e.g., QIV vaccines in the USA in 2018-2019) from the CDC Vaccine Price List for Adults, private price [24]. Vaccine administra-
tion costs ($20.88) are based on CPT code 90471 [25]

9Red Book 2018, Fluad 2018-2019 formula weighted average cost (of WAC) price is used for Adj TIV [26] (“IBM Micromedex RED BOOK”
2018). Fluzone high-dose 2018-2019 formula WAC is used for TIV High dose. Afluria 2018-2019 formula WAC is used for TIV vaccines, as no
TIV vaccines are listed in 2018-2019 CDC Vaccine Price List, and no other TIV vaccines had 2018-2019 formulas listed in Red Book

Table 2 Influenza-related parameter estimates used in the example analysis

Parameter Age group References

18-49 years 50-64 years 65-99 years

Annual per-person clinical influenza incidence in the absence  0.073 0.073 0.093 Average over 9 seasons [27-29]
of vaccination (all symptomatic cases)

% of clinical cases requiring GP visit or outpatient treatment® 38.4% 38.4% 43.3% Average over 9 seasons [27-29]

% of clinical cases requiring hospitalization 0.7% 0.7% 4.9%

% of clinical cases resulting in death 0.009% 0.134% 1.17% [6]

Costs (2018 US$)® [6]; inflated from 2003 US$ to 2018
Cost per GP visit/outpatient treatment $343 $548 $579 USS$ using medical care component
Cost per hospitalization $37,261 $45,717 $22.,661 of CPI

QALY losses Derived from [22]

QALYSs lost per influenza case 0.0060 0.0063 0.0048
Incremental QALY lost per hospitalized case 0.0054 0.0052 0.0045

CPI consumer price index, GP general practitioner, US$ United States dollars, QALY quality-adjusted life year
#Calculated as residual 1 minus the probability of hospitalization minus the probability of a non-medically attended case

"No incremental costs are assigned to influenza-related deaths, to avoid double counting: the cost of death is assumed to be covered in the aver-
age cost estimates for outpatient treatment and hospitalization

USS$1.5 billion in Year 1. This budget was annually increased Costs and outcome measures in the model were not dis-
by a fixed amount of US$570 million, ultimately resulting  counted since nominal budgets were evaluated each year
in a vaccination budget of US$6.63 billion in Year 10, the  and no overall value assessment of the vaccination program
amount that is exactly sufficient to fully cover the most  was considered.

expensive vaccines for all three age groups.
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2.6 Optimization of Influenza Vaccine Budget
Investments

We applied the objective of minimizing QALY losses
(equivalent to maximizing QALY gains) over a time horizon
of 10 years, within the constraints of the annually defined
vaccination budget and the maximum achievable vaccination
coverage in each of the three targeted age groups. The model
was used to determine the annual coverages of each vaccina-
tion strategy that minimize the QALY losses.

We then compared the outcome results of the optimized
set of strategies with those resulting from an alternative allo-
cation of the same annual budget to a random selection of
vaccination strategies, irrespective of their ROI, i.e., vac-
cination strategies were ranked randomly and budgets were
sequentially allocated according to this uninformed rank-
ing. This comparison will demonstrate the potential benefits
of an optimized versus a random approach to allocating a
budget.

2.7 Scenario, Threshold, and Additional Analyses

Scenario analyses were conducted for the example to assess
the impact of the following on the optimal set of vaccine
strategies: (1) higher annual vaccination budgets by doubling
the amount; (2) reducing the level of vaccine mismatch for
TIVs to that of QIVs and; (3) optimizing each of the other
options for health outcome measures, including minimizing
influenza cases, medical visits, hospitalization days, deaths,
and disease-management costs.

We performed threshold analyses to determine the
vaccination cost at which the dominated TIV high-dose
65 years+ vaccination strategy, was no longer dominated
by the alternatives.

Finally, we calculated the incremental costs of funding
the combination of the most effective strategy in each age
group at maximum achievable coverage versus the com-
bination of the second most effective alternative in each
age group. The intent was to balance the marginal benefits
achieved with the most effective but costlier vaccines against
their supplementary budget requirement.

3 Results of Example Analysis

3.1 Outcomes for Each Strategy with 100% Vaccine
Coverage

Table 3 reports the maximum QALYs to be gained by
applying the most efficacious vaccination strategy at 100%
coverage in each age group, the maximum achievable gain
per vaccination strategy, the relative maximum contribu-
tion of each vaccination strategy in attaining the maximum

achievable QALY gains across all age groups, the vaccina-
tion cost with 100% vaccine coverage, the percentage gain
in QALYSs per US$10 billion invested, and the percentage
gain per 100 million vaccinated persons.

The highest QALY gain from vaccination is achieved in
the oldest age group despite their smallest population size.
The relative QALY gain per US dollar invested and per vac-
cinated person is therefore highest for that age group (bold
numbers in Table 3). Among the strategies targeting the
elderly, the relative gain per dollar invested (ROI) is high-
est for QIV 65 years+ (27.64%) and lowest for TIV HD
65 years+ (17.71%).

3.2 Optimization Results

Of the ten strategies considered, only six were allocated
funding during the time horizon of 10 years (QIV 65 years+,
QIV 50-64 years, QIV 18-49 years, Recombinant QIV
65 years+, Adjuvanted TIV 65 years+ and Adjuvanted TIV
50-64 years) (Fig. 1). The remaining ones were excluded
because they were dominated by other strategies (TIV
18-49 years, TIV 50-64 years, QIV cell culture-derived
65 years+, and TIV High Dose 65 years+), i.e., they could
not provide a higher number of QALY gained compared
with an alternative vaccination strategy with a better ROI in
the same age group. In each age group, the top-ranked vac-
cine based on ROI was QIV (i.e., strategies QIV 65 years+,
QIV 50-64 years, QIV 18-49 years, respectively). The eld-
est age group was first selected for vaccination because the
highest ROI of vaccination is achieved in that age group.

Figure 1 shows that with a budget of US$1.5 billion in
the first year and an annual increase of US$570 million over
the remaining time horizon, its allocation across vaccina-
tion strategies changes over time. In Year 1, the maximum
achievable coverage of 65% was obtained for the oldest age
group; with a combination of QIV and the more-expensive-
but-more-effective recombinant QIV, 272,068 QALYs were
gained, which is the maximum gain that can be achieved
with a vaccination budget of US$1.5 billion. The higher
budget in Year 2 resulted in a complete replacement of QIV
by the more expensive recombinant QIV in the 65 years+
age group. The remaining budget was allocated to the
50-64 years age group where QIV was initiated as being
the subsequent option with the highest ROL

With annually increasing budget, the maximum achiev-
able coverage in the 50-64 years age group was reached with
QIV in Year 5. With the remaining budget, vaccination with
QIV was initiated in the youngest age group. From Year 8
onwards, all age groups reached their maximum achievable
coverage and both recombinant QIV 65 years+ and QIV
50-64 years were gradually replaced by costlier strategies
that could provide additional QALY gains but at a lower
ROI. The annually increased funds were shifted to those
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Fig.1 Annual vaccination strategy coverage (bars) and QALYs
gained (solid red line) resulting from the best allocation of funding
to minimize QALY losses from influenza. Adj adjuvanted, Recom

costlier strategies so that by Year 10 the most expensive non-
dominated strategies of Adjuvanted TIV 65 years+, QIV
18-49 years and Adjuvanted TIV 50-64 years were funded,
resulting in a total of 463,591 QALY gains, which is the
maximum achievable with a vaccination budget of US$6.63
billion in Year 10.

Despite a linear annual increase in funding, the resulting
increase in QALY (dotted line in Fig. 1) slows down over
time, reflecting decreasing marginal returns from the strate-
gies funded in later years. This observation is logical, given
that the strategies funded first have the highest ROI.

When comparing the optimized allocation to the worst
scenario of unoptimized conditions while keeping the budget
equivalent, we found that the benefits of considering ROI
varied over the time horizon as well as for the selected out-
come measure to maximize (e.g., savings in disease man-
agement costs). The worst selection, different from the allo-
cation focusing on benefit maximization, never resulted in
better outcomes in any calendar year of the time horizon
(Fig. 2). When sufficient budget was available in Year 10 to
fund the most effective but most expensive strategies for all
three age groups, the same allocation was applied in both
methods and the resulting outcomes were the same.

3.3 Scenario, Threshold, and Additional Analyses
Increasing the annual vaccination budget resulted in an

earlier funding of the more expensive (and more effective)
non-dominated vaccination strategies. Figure 3 represents

recombinant, QIV quadrivalent influenza vaccine, 71V trivalent influ-
enza vaccine, QALY quality-adjusted life year

a situation in which the annual budget increase is twice as
high as in the base-case, i.e., US$1,140 million instead of
US$570 million. In this situation, the maximum benefit
will be reached earlier (Fig. 3: solid red line representing
higher budget versus brown dotted line representing lower
base-case budget; dotted line is equal to the solid red line
in Fig. 1). Depending on the amount of budget increase, the
total number of different vaccination strategies implemented
during the time horizon of 10 years can be reduced from six
to three (not shown in the figure). The latter represents a
situation in which the budget in Year 1 is already sufficiently
high to attain the maximum achievable coverage in each age
group with the most expensive non-dominated vaccine.
When varying the TIV’s degree of mismatch with the cir-
culating B-strains in the two age groups <65 years, we found
that with a perfect match resulting in TIV’s effectiveness
being equivalent to QIV’s, the model ranked the TIVs before
QIVs. QIV will be dominated by TIV because of its slightly
higher price. TIVs normally include an average annual risk
of a mismatch (i.e., not optimally covering the circulating
influenza B virus strains) of 53.1%, calculated based on CDC
surveillance data in the USA [22], and a perfect match with
circulating B-strains is in fact rare. The risk of mismatch low-
ers the expected vaccine effectiveness compared with QIVs,
that better covers all circulating strains (see Supplementary
Material Table A1 for calculation). Figure 4 indicates what
happens when TIV dominates with the QALY-gain equiva-
lent to the selection of QIV (red line). The green line is the
QALY-gain when TIV has the average mismatch (note: the
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coverages reflected in the bar chart only reflect those of a
situation with perfect match). In a situation of a perfect match
between the cheaper TIVs and circulating B-strains, more
budget remains available to spend on non-dominated lower
ranking vaccination strategies that are more efficacious but at
a relatively higher cost. This is reflected in more QALY gains
compared to a situation where QIV dominates TIV because
of its lower efficacy in a situation with average mismatch.
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vaccination budget compared with base-case. Adj adjuvanted, Recom
recombinant, QIV quadrivalent influenza vaccine, 71V trivalent influ-
enza vaccine, QALY quality-adjusted life year, HB high budget, LB
lower (base-case) budget

Meanwhile, the shift from QIV 65 years+ to Recombi-
nant QIV 65 years+ as seen in Fig. 1 before funding TIV
vaccination in another age group, was instigated by the better
ROI of replacing QIV with Recombinant QIV among those
elderly compared with the ROI of initiating any vaccine in
any younger age group.

When the model optimized alternate outcome meas-
ures (e.g., minimizing the number of influenza cases), the
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Fig.4 Annual vaccination strategy coverage (bars) resulting from
the best allocation of TIV with perfect match (equal effectiveness as
QIV) in<65-year-old adults to minimize QALY losses from influ-

vaccination strategies funded over the time horizon var-
ied. The budget allocation differed for an approach where
influenza cases or outpatient medical visits were minimized
compared with those where other outcomes were optimized
(e.g., minimize influenza hospitalizations, minimize influ-
enza deaths, maximize QALY gained). The reason for these
differences is likely due to the more equal spread of the for-
mer across the different age groups compared with the lat-
ter outcomes. For instance, hospitalizations are much more
frequent in the elderly, by which more offset can be obtained
within that age group when introducing a vaccine and by
which a costlier vaccine can be used within that age group.

The difference between the outcome measures selected
and the vaccine selection is illustrated in the comparison of
Fig. 1 with Fig. 5. In the latter figure, medical visits were
minimized. Like the allocation strategy aiming to minimize
QALY losses (Fig. 1), the QIV strategies were funded first.
When medical visits were minimized, however, the youngest
age group was funded earlier and in the 65 years+ age group
replacement of the QIV vaccine by a costlier one occurred
later in time. We also observed that alternative objectives
resulted in higher incremental increases in the objective with
increased funding (as represented by a steeper slope of the
red line in Fig. 5).

In the base-case analysis, TTV high-dose 65 years+ strat-
egy was dominated and hence excluded from funding. In a
threshold analysis, we found that the cost per vaccinee for
this strategy should be decreased from US$67.82 to US$50

enza. Adj adjuvanted, Recom recombinant, QIV quadrivalent influ-
enza vaccine, T1V trivalent influenza vaccine, QALY quality-adjusted
life year

to become eligible for funding. However, it was only funded
in Year 1, with the initial vaccination budget of US$1.5 bil-
lion; with the base-case budget increase, it was immediately
replaced by the second ranking vaccine in the same age
group. To be allocated a funding for 3 years before being
replaced, the cost per vaccinee should be further reduced
to US$45.

When comparing the ROI of the adoption of the
most effective non-dominated strategies (Adjuvanted
TIV 65 years+, Adjuvanted TIV 50-64 years, and QIV
18-49 years) during the 10-year investment period at maxi-
mum achievable coverage with their second best alterna-
tive (Recombinant QIV 65 years+, QIV 50-64 years for
the two oldest age groups, respectively; all alternatives for
18-49 years are dominated), we found that the incremental
funding in vaccination was US$193,869 per QALY gained
(Table 4).

4 Discussion

Many influenza vaccines are available, and new ones are
coming [30]. The PMMFYV, using an optimization heuristic,
identifies the most cost-efficient strategy across different
age groups to maximize a preselected beneficial outcome
cumulative over a finite time horizon. It applies CO methods
that are underutilized in health economics to inform health-
care decision making [31, 32]. The approach links budget
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Table 4 Incremental analysis between the two best overall vaccination strategies

Accumulated funding in vaccination/years

Accumulated Incremental funding

Strategy
QALY gains  in vaccination’/ QALY
gained

Most effective non-dominated strategies (Adj TIV $570,000,000% % 9 =$5,130,000,000 189,956

65 years+, Adj TIV 50-64 years+ QIV 18-49 years+)
Next best alternative (Recom QIV 65 years+, QIV $430,000,000* x 9 =$3,870,000,000 183,456

50-64 years, QIV 1849 years)

$1,260,000,000 6499 $193,869

Difference

Adj adjuvanted, Recom recombinant, QIV quadrivalent influenza vaccine, 71V trivalent influenza vaccine, QALY quality-adjusted life year
#Excludes incremental savings in disease management costs induced by most effective non-dominated strategies compared to the next best alter-

native

allocation to an overall health gain for the population that
should be maximized by proposing the best combination
of interventions. The model looks at different age groups
that differ in influenza epidemiology, evaluates the outcome
on an annual basis, selects vaccination strategies for maxi-
mizing health gains, and replaces them if additional budget
becomes available. The analysis presents the ROI from a
budget-holder perspective and considers a defined budget
for vaccination and benefits to be maximized over a defined
time horizon.

The data inputs applied in the model could vary in real-
life as the influenza environment is dynamic in vaccine

A\ Adis

exposure, price setting, and impact on burden of disease
with annual variations in epidemiology. However, a CO
analysis can still result in more efficient decisions than the
conventional cost-effectiveness analysis (CEA) in which
budget constraints are masked through a willingness-to-pay
threshold selection [12].

Many different scenarios can be tested with a CO model
and their results may be very informative for a decision
maker. Those scenarios may include a change in budget
allocation, optimal annual budget distribution when the
optimization is focused to reach a minimum target in ben-
efits (e.g., reduction of 15% influenza mortality), required
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starting budget, price setting per vaccine type, prioritization
of vaccination for those who are most in need of prevention,
outcome measures aimed to be maximized, or constraints
that are specific for local environments.

CO brings a variety of different factors to be consid-
ered into one analysis. If the price of a vaccine is high, it
is likely to be dominated unless its superior effectiveness
justifies the increase when compared to the ROI of avail-
able alternatives. If dominated, it will be excluded for not
being efficient enough to be financed within the allocated
budget. When excess budget is available, the model may
fund a better and more expensive vaccine, replacing the one
being first selected because of a higher ROI at a lower cost.
The decision maker is then informed about the additional
budget required to achieve a more ambitious health goal,
and must determine if the incremental benefit justifies the
incremental cost. The attractiveness of CO modelling is to
provide an overview in a broad availability of options rather
than a narrow look at one product-specific intervention.

A portfolio approach of different options for managing a
specific problem has been applied in many different domains
outside healthcare such as forest management, fishery plan-
ning, or the search for ecological equilibrium, to name a
few [33]. These methods have been applied to healthcare
recently but are still underutilized [34]. This could be caused
by a past focus on evaluations of one intervention at a time
compared with standard of care and not in combination.
CEA is a form of optimization in that an outcome is searched
for and the intervention that gains more outcome for an
acceptable extra price is selected [35]. However, CEA is not
constrained and therefore has some shortcomings when con-
sidering allocation-related decisions. For example, it does
not directly indicate how much additional budget is required
when selecting a more expensive vaccine and therefore an
additional budget impact analysis will be required.

The attractiveness of CO modelling is that it brings the
different options into one analysis so that a more complete
and informed decision can be made by understanding the dif-
ferent consequences for different target populations at once.
For instance, a more expensive vaccine can generate suffi-
cient gains within its specific target group indication that it
becomes cost-effective and hence eligible for funding; when
considering the entire population, however, there might be
more gains achieved by implementing a less expensive vac-
cine in another target group with the same amount of money
instead, thereby fulfilling the criteria of constrained budget
in a better way.

This approach is very informative to budget holders such
as insurance companies or third-party payers because they
often work with fixed budgets and aim to maximize the ben-
efits of investments to satisfy their members. The number of
members under insurance coverage defines the budget made
available for investments, and how much they likely want to

invest in prevention versus treatment or how much control
they want to over infections. In these situations, a CO model
can be developed within a specific disease area (influenza,
pneumococcal disease, malaria, HPV [36]) or per disease
domain (infectious diseases [37], diabetes [38], cancer [39]),
when different intervention options exist, precise budgets are
known, and the constraints are well specified.

4.1 Limitations

There are limitations with the model as constructed. First,
simplifications were made for demonstration. For example,
while the model could include indirect costs, the current
analysis only considered direct medical costs; as a result,
the societal impact was not considered. Second, annual
mortality in the population is slightly overestimated as
influenza-associated mortality is already included in the
all-cause mortality data and the resulting natural mortal-
ity calculations thereof in the annual model cohorts. Third,
the ranking process considers the ROI of each vaccination
strategy in isolation. By only considering the ROI of the
vaccination strategies in the allocation process, the model
cannot account for what health authorities may consider an
easier way of working by selecting the same vaccine for all
age groups. Fourth, the shelf-life and wastage are not con-
sidered in the analysis. Fifth, potential AEs associated with
vaccination are not included, but the differences in AE rates
between the vaccine types considered are unclear and, in the
USA, with only one exception, ACIP equally recommends
all vaccines marketed in the USA.

In addition, the heuristic used to solve the optimization
problem with a ranking approach is not a conventional way
of analyzing optimization models. The optimization nor-
mally relies on linear or non-linear programming using the
simplex method or other well-established algorithms to
solve the equations. The heuristic is explained in detail in
Sect. 2.2. The simplicity of the ranking analysis method, the
ability to implement it into a spreadsheet, and the possibil-
ity to easily check whether the proposed solution matches
the expected result, made it an attractive and useful option.

Also, herd effect was not applied in the PMMFYV, as we
have done in other portfolio models through approximations
of increased vaccine effectiveness and/or vaccine cover-
age rate [34]. It was not considered as an option because if
one vaccine is more effective, its herd effect will be more
pronounced, thereby inflating its ROI without affecting its
sequence in the ranking.

Finally, it should be noted that the overall benefit could be
larger than what is measured as the effect of vaccination on
the influenza-attributable excess mortality in cardio-vascular
or pulmonary disease has not been considered here and the
age group younger than 18 years was not evaluated.
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5 Conclusion

The PMMFYV is a helpful instrument for decision makers
working under budget constraints, limited vaccination cov-
erage rates, and still searching for optimizing overall health
gains when different options exist and the best combination
of options must be sought. This CO analysis simultaneously
considers available budget and disease/vaccine specifics in
the entire population to improve allocation-based decisions.
It may indicate where in an overall assessment the extra
investment in extra gain is worth its value.
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