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ABSTRACT

Background: A large number of economic evalua-
tions have already confirmed the cost-effectiveness of
different human papillomavirus (HPV) vaccination
strategies. Standard analyses might not capture the
full economic value of novel vaccination programs
because the cost-effectiveness paradigm fails to take
into account the value of active management. Man-
agement decisions can be seen as real options, a term
used to refer to the application of option pricing
theory to the valuation of investments in nonfinancial
assets in which much of the value is attributable to
flexibility and learning over time.

Objective: The aim of this article was to discuss the
potential advantages shown by using the payoff
method in the valuation of the cost-effectiveness of
competing HPV immunization programs.

Methods: This was the first study, to the best of our
knowledge, to use the payoff method to determine the
real option values of 4 different HPV vaccination
strategies targeting female subjects aged 12, 15, 18,
and 25 years. The payoff method derives the real option
value from the triangular payoff distribution of the
project's net present value, which is treated as a
triangular fuzzy number. To inform the real option
model, cost-effectiveness data were derived from an
empirically calibrated Bayesian model designed to assess
the cost-effectiveness of a multicohort HPV vaccination
strategy in the context of the current cervical cancer
screening program in Italy. A net health benefit approach
was used to calculate the expected fuzzy net present value
for each of the 4 vaccination strategies evaluated.

Results: Costs per quality-adjusted life-year gained
seemed to be related to the number of cohorts
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targeted: a single cohort of girls aged 12 years
(€10,955 [95% CI, –1,021 to 28,212]) revealed the
lowest cost among the 4 alternative strategies eval-
uated. The real option valuation challenged the cost-
effectiveness dominance of a single cohort of 12-year-
old girls. The simultaneous vaccination of 2 cohorts of
girls aged 12 and 15 years yielded a real option value
(€17,723) equivalent to that attributed to a single
cohort of 12-year-old girls (€17,460).

Conclusions: The payoff method showed distinctive
advantages in the valuation of the cost-effectiveness of
competing health care interventions, essentially deter-
mined by the replacement of the nonfuzzy numbers
that are commonly used in cost-effectiveness analysis
models, with fuzzy numbers as an input to inform the
real option pricing method. The real option approach
to value uncertainty makes policy making in health
care an evolutionary process and creates a new
“space” for decision-making choices. (Clin Ther.
2013;]:]]]–]]]) & 2013 Elsevier HS Journals, Inc. All
rights reserved.

Keywords: human papillomavirus, multicohort,
real option, vaccination, valuation.
INTRODUCTION
Invasive cervical cancer is a major threat to women’s
health and accounts each year for 4500,000 new
cases and 275,000 deaths worldwide.1 The oncogenic
1
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strains of the human papillomavirus (HPV) are now
conclusively recognized as the etiologic cause of
cervical cancer and other malignant genital tumors.2–4

Since the earliest approvals of anti-HPV vaccines in
2006, access to the HPV vaccination program has
become a critical priority for public health authorities
worldwide. The main benefit of an expanded HPV
vaccination program would be a significant reduction
in the HPV infection rate, with a consequent decrease in
the incidence and mortality rate of HPV-induced malig-
nancies. Although the vaccination of all women for
whom HPV vaccines are indicated (those aged 9–26
years) would be the most equitable approach, it might not
be cost-effective. A large number of economic evaluations
have already confirmed the cost-effectiveness of different
vaccination strategies.5–14 However, standard economic
analyses might not capture the full economic value of
novel vaccination programs15 because even the most
sophisticated cost-effectiveness models are ultimately con-
ducible to the accounting paradigm of the net present
value (NVP). The NPV is the difference between a single-
point discounted mean value for cash inflows and a
single-point discounted mean for cash outflows, including
the initial investment. The NPV decision rule is simple:
assuming that cash inflows and outflows have been
discounted at the opportunity cost (usually, but not
necessarily, the cost of capital), we should accept the
investment if the NPV is positive. When comparing 2 or
more exclusive investments, all having positive NPV, the
1 with highest NPV should be accepted.16 An important
criticism of NPV analysis is that it fails to take into
account the value of active management. Active manage-
ment aims to produce valuable information, thereby
reducing uncertainty over the future. Furthermore,
subsequent to making an investment, management can
revise operating plans that underlay an original NPV
forecast, such as altering input and output mixes or
shutting down plants temporarily to maximize operating
cash flows. Thus, active management can affect a
project's value, but it is not accounted for in conven-
tional NPV analysis. By leading an investment from
beginning to end, management may be able to squeeze
its cash flow distribution toward a higher rate of return.17

This method has led to the development of the idea that
because management control can affect a project's payoff
in terms of potential profits and losses, control opportu-
nities can be seen as being analogous to financial options
and, therefore, may be analyzed by using options pricing
theory.18 Real option valuation is treating the different
2

types of managerial flexibility as options and valuing
them with option pricing models.

The logic of option pricing is straightforward: the
value of an option is the present value of the chance of
occurrence-weighted distribution of the positive future
option values, while mapping the negative values as
zero. The reason for considering the negative values of
the future option value distribution as zero is that the
holder of the option has the right, but not the
obligation, to exercise the option contract. The holder
will not exercise if it would cause a loss but exercises
only if profit is created, thus making the downside
zero at maximum. Such options and the calculation of
their potential value would not be included in the
usual NPV analysis. The fuzzy payoff method for real
option valuation is a new method for valuing real
options, based on the use of fuzzy logic and fuzzy
numbers for the creation of the payoff distribution of
an investment.19

This was the first study, to the best of our knowledge,
to use the payoff method to determine the real option
values of 4 different HPV vaccination strategies, targeting
female subjects aged 12, 15, 18, and 25 years. The aim of
the article was to discuss the potential advantages shown
by the payoff method in the valuation of the cost-
effectiveness of competing HPV immunization programs.
METHODS
Background Procedure

Before discussing the real option valuation, 3
critical methodologic questions must be addressed20:
1.
 When is there a real option embedded in the invest-

ment decision?

After making an investment decision in health care

(eg, to initiate a national vaccination program), policy

makers can continuously monitor the actual costs and

benefits over time and terminate the program if its

incremental cost-effectiveness ratio (ICER) falls be-

low a commonly accepted maximum threshold. This

option is valuable because it limits the losses that

could be accumulated over time without management

intervention, whereas the calculation of its potential

value would not be included in the usual NPV

framework, which assumes that the program would

continue for the estimated length of its life. Moreover,

management can decide to change the implementation

choices made ex ante, on the basis of information that

only became available after the investment decision.

As an example, when the chosen vaccine becomes
Volume ] Number ]
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available at a price lower than anticipated, as an effect

of market competition, the coverage rate can be

extended to maximize the economic benefits of the

budget allocated to HPV immunization.21
2.
 When does the option have significant economic value?

In a perfectly competitive market, no option will

generate positive NPV because it can be easily

duplicated by anyone. At the limit, real options are

most valuable when the owner of the option has market

exclusivity. In the case of a national immunization

program, we can assume that the payer (the Italian

National Health Service [NHS]) has exclusivity on the

implementation of the HPV vaccination.
3.
 Can the real option value be estimated by using an

option pricing model?

Real options are most commonly valued with the

Black-Scholes option pricing formula22 or the binomial

option valuation method.23 These 2 models are based on

the assumption that the processes they use to model the

markets of the underlying asset can accurately create a

correct probability distribution of the outcomes at

maturity for the underlying asset. This assumption may

hold for some efficiently traded financial securities but

may not hold for real investments that do not have

existing markets, or have inefficient markets, in which

traded prices fail to reflect all available information. The

application of the Black-Scholes or binomial option

pricing method would be particularly problematic in

health care, in which costs and benefits are typically

non-normally distributed and often incomplete, therefore

violating 2 critical conditions of the replicating portfolio

process.24 A recently developed real option pricing

method, the Datar-Mathews method (DMM), is based

on simulation-generated probability distributions for the

NPV of future project outcomes. The DMM shows that

the real option value can be understood as the

probability-weighted average of the payoff distribution.

It is proposed that the probability distribution of the

project is generated with a Monte-Carlo simulation.25 As

an example, by drawing a large number of pseudo-

random uniform variables from the interval (0, 1),

and assigning values 0.50 as heads and 40.50 as tails,

behavior of repeatedly tossing a coin is a Monte-Carlo

simulation. The main issue with the use of Monte-Carlo

simulations to inform the payoff distribution of innova-

tive health care interventions is related to the relatively

uninformative nature of the initial NPV scenarios, in

which only the most likely or representative outcomes

are likely to be modeled.

All of the aforementioned models use probability

theory in their treatment of uncertainty, but there are
also other ways (other than probability) to treat
2013
uncertainty or imprecision in future estimates. The fuzzy
payoff method is similar to the probability theory based
on the DMM, but the real option value can be derived
from the NPV without any simulation. A fuzzy number
is an extension of a regular number in the sense that it
does not refer to 1 single value but rather to a connected
set of possible values, in which each possible value has its
own weight between 0 and 1. Thus, fuzzy numbers can
be used to formalize inaccuracy that exists in human
decision making and as a representation of vague,
uncertain, or imprecise knowledge (eg, future cash flow
estimations). The fuzzy payoff method is described in
depth in the Methods section, but its intuitive advantage
over the commonly used financial models is that there is
no need to estimate uncertainty from simulations.26 The
real option value is calculated as the mean of the positive
side of the fuzzy number. The main features and
characteristics of the option pricing method described
here are reported in Table I.

In summary, the valuation of 4 different HPV
vaccination strategies can be formalized as a real
option valuation, because:
1.
 There is an option embedded in the investment decision:

management actions and decisions made during the life

of the investment are valuable because they can push the

payoff of the initial investment closer to its upper possible

threshold, rather than accept a probabilistic mean value.
2.
 The real option is likely to have a significant

economic value: the payer (the Italian NHS) has

market exclusivity regarding implementation of the

HPV vaccination.
3.
 The real option value can be estimated by using an

option pricing method: the newly developed fuzzy

payoff method seems to present a distinct advantage

over the probability theory–based algorithms, such as

the Black-Scholes method, the binomial method, or

the DMM, related to its approach to uncertainty. The

fuzzy payoff method minimizes the number of infer-

ences related to the determinants of option value;

consequently, it also minimizes the need for inference

incumbent on the valuation of an innovative inter-

vention in health care.27

The Payoff Method
Fuzzy set theory is an extension of classical set

theory, a logic based on 2 truth values (true and false).
Fuzzy logic uses the full interval between 0 (false) and
1 (true) to describe human reasoning. A fuzzy set is
any set that allows its members to have different
3



Table I. Brief description of real option pricing models presented in the paper.

Model

Process to create future

value discribution Distribution type

Discounting of the

expected value

Black & Scholes (1973) Geometric Brownian

Motion

Continuous log-normal

probability distribution

Continuous discounting

with risk free

Binomial (1979) Binomial tree process Quasi log-normal

probability distribution

Compound discounting

with risk free

Datar-Mathews (2004) Cash flow scenarios and

Monte-Carlo

Probability distribution of

various shapes

Flexible, user selectable

Fuzzy pay-off method (2009) Cash flow scenarios

-creation of fuzzy

number

Fuzzy number Flexible, user selectable
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degrees of membership, called membership function,
in the interval (0, 1). A fuzzy set A in R (real line) is
defined to be a set of ordered pairs A ¼{(x,μA (x)) | x ∈
R} , where μA (x) is called the membership function for
the fuzzy set. Then x is called “not included” in the
fuzzy set A if μA (x) ¼ 0 , while x is called “fully
included” if μA (x) ¼ 1.

A fuzzy set A is called normal if there is at least 1
point x on the real line (x ∈ R) with μA (x) ¼ 1, so that
the fuzzy set A is nonempty. A fuzzy set A in R is
convex if for every pair of points within the object,
every point on the straight line segment that joins
them is also within the set. A fuzzy number is a
normal, convex fuzzy set whose referential set is the
real numbers X ∈ R.28

This method can be likened to the game The Price
Is Right, a popular television show in which contest-
ants compete to win cash and prizes by guessing the
pricing of merchandise, with closer guesses being
more correct and with the actual price being com-
pletely correct (mapping to 1 by the membership
function). By replacing the nonfuzzy (or “crisp” in
fuzzy terminology) numbers that are commonly used
in financial models with fuzzy numbers, we embed
the inaccuracy of our forecasts and projections into
the models themselves, as they do not simplify
uncertain distribution-like observations to a single
point estimate that conveys the sensation of no-
uncertainty. The payoff method derives the real
option value from the triangular payoff distribution
of the project’s NPV, which is treated as a triangular
fuzzy number.
4

A triangular payoff distribution is created by using
3 NPV scenarios: (1) a base case scenario with the
estimations of the most likely values for cost and
benefits; (2) a worst case scenario, based on the lowest
credible estimates for cost and benefits; and (3) a best
case scenario, based on the highest credible estimates
for cost and benefits.

The payoff method will not consider outcomes
outside the minimum and maximum scenarios; there-
fore, the values included define the payoff distribution
of the project’s NPV, which is treated as a fuzzy
number. The payoff method defines the triangular
payoff distribution as a triangular fuzzy number by
denoting the following: a corresponds to the base case
mean NPV value; a represents the distance between a
and the minimum possible NPV value; and β is the
distance between a and the maximum possible
NPV value.

By using these methods, we can denote the trian-
gular payoff distribution that is a triangular fuzzy
number as (a, α, β). The highest possibility (fully
possible) is assigned to the base case and the lowest
(near-zero) possibility to the minimum (a – α) and the
maximum (a þ β) values of the distribution. The result
is thus a triangular fuzzy distribution (A) that is
equivalent to the fuzzy NPV of the project. The height
of the payoff distribution reflects the degree of
membership of each value of the distribution in the
set of possible values for the NPV of the investment
(Figure 1).

Looking at the payoff distribution, we observed
that the mean value of the positive values of the fuzzy
Volume ] Number ]
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Figure 1. Triangular distribution of fuzzy set A. The fuzzy set A is defined by 3 values: a (the best-case
scenario [net present value (NPV)]), α (the distance between the minimum and the best case
scenario NPV), and β (the distance between the maximum and the best-case scenario). The area
between a and α represents the distribution of all possible negative NPV values whereas the
opposite side, between 0 and a þ β, shows the distribution of positive NPV values. The mean value
of the positive fuzzy NPV values EðAþ Þ is the fuzzy mean value of the NPV. Min ¼ minimum;
Max ¼ maximum.
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NPV, E(Aþ), is the mean value of the positive fuzzy
NPV values.29

Based on the triangular fuzzy number arithmetic,
E(Aþ) is calculated as shown here30:
EðAþ Þ¼

aþ β�α
6

; if 0oa�α ‘all NPV positive’

ðα�aÞ3
6α2

þaþ β�α
6

; if a�αo0oa ‘some negative NPV; positive peak’

ðα�βÞ3
6β2

if ao0oaþβ ‘some positive NPV; negative peak’

0; if aþβo0 ‘all NPV negative’

8>>>>>>>>>><
>>>>>>>>>>:
The real option value calculated from the fuzzy
NPV is the mean value of the positive fuzzy NPV
values E(Aþ) multiplied by the positive area of the
fuzzy NPV over the total area of the fuzzy NPV.

Real option valuation¼
R∞
0 AðxÞdxR∞
�∞ AðxÞdxEðAþ Þ

In this equation, A represents the fuzzy NPV,
EðAþ Þ is the mean of the positive area of the payoff
distribution,

R∞
0 AðxÞdx is the positive area of the

payoff distribution, and
R∞
�∞ AðxÞdx is the whole area
] 2013
of the payoff distribution. This way of calculation is
aligned with the real option valuation method, which
implies that management will interrupt or modify a
program when its payoff becomes negative.
Sources of Data

To inform the real option model, cost-effectiveness
data were derived from an empirically calibrated
Bayesian model designed to assess the cost-
effectiveness of a multi-cohort HPV vaccination strat-
egy in the context of the current cervical cancer
screening program in Italy. The model, developed to
predict (for a 90-year period) the health benefits and
economic consequences of a quadrivalent vaccination
of 2, 3, and 4 cohorts of girls and women, has been
previously described.31
5



Table II. Incremental cost-effectiveness ratio (ICER) per quality-adjusted life year (QALY) gained for a
multicohort vaccination strategy. Data are given in Euros.

Parameter

1 Cohort

(12 years)

2 Cohorts

(12, and 15 years)

3 Cohorts

(12,15, and 18 years)

4 Cohorts

(12, 15, 18, and

21 years)

ICER (mean) 10,955 12,013 13,232 15,890

5% �1,021 2,364 4,432 7,179

95% 28,212 22,481 22,939 25,139

Clinical Therapeutics
Probabilities with which patients move across the
states were constructed by using a set of clinical data,
demographic statistics, and time-dependent character-
istics of HPV infection and related induced diseases. All
unknown quantities (model parameters) were associ-
ated with plausible probability distributions that reflect
the state of science currently available. These distribu-
tions were updated by using the relevant available data,
and uncertainty was propagated through the entire
model via a Markov chain Monte-Carlo procedure.

The Bayesian model was used to assess the cost-
effectiveness of a multi-cohort HPV vaccination strat-
egy on the basis of a simulation of a large number of
possible future scenarios under probabilistic assump-
tions. These simulations were used to derive a com-
plete posterior distribution of outcomes, adopting the
NHS perspective. Among other summaries, the assess-
ment was performed by determining the ICER and the
quality-adjusted life-years (QALYs) gained. The out-
comes of the standard cost-effectiveness analysis are
reported in Table II.

The Real Option Model
Because none of the 4 HPV vaccination strategies

evaluated is expected to be cost saving, any NPV
scenario calculated by deducting vaccination costs
from an estimate of costs avoided will be negative;
consequently, the real option value of each strategy
is zero.

However, such an approach would not capture the
perspective of the Italian NHS, which is willing to
fund health interventions priced in the range of
€20,000 to €40,000 per QALY gained.

To calculate the expected fuzzy NPV for each of the
4 vaccination strategies evaluated, we used a net
health benefit approach.27 In essence, a credible
range of ICER per QALY was deducted from a
6

commonly accepted range of values representing
good value for money: this difference is ultimately a
measure of the value created for public welfare
expressed in monetary terms.

For each vaccination strategy, the mean ICER was
deducted from a commonly accepted value for money
(€30,000 per QALY gained) to obtain the middle
value of the fuzzy NPV distribution. The upper value
of the fuzzy NPV distribution was obtained by
deducting the discounted (present) value (PV) of the
lowest cost estimate [5% Confidence Interval (CI) of
ICER] from the highest value for money considered
(€40,000 per QALY gained), while the lowest value
was obtained by deducting the PV of the highest cost
estimate (95% CI of ICER) from the PV of the lowest
acceptable level of value for money (€20,000 per
QALY). Graphical representations of the payoff dis-
tributions of the 4 HPV vaccination strategies are
shown in Figure 2.

All of the 4 payoff distributions evaluated resulted
partly above zero; therefore, zero was between the
minimum possible NPV value and the base case NPV
value, a was above zero, but a – α was below zero.
The formula used to estimate the mean value of the
positive distribution E(Aþ) was32:

EðAþ Þ¼
ðα−aÞ3
6α2

þaþ β−α
6

RESULTS
The outcomes of the standard cost-effectiveness anal-
ysis allow us to conclude that all the vaccination
strategies may be considered as cost-effective inter-
ventions. The ICERs per QALY gained remained
below the cutoff point of €20,000 to €40,000 adopted
as a benchmark of good value for money from the
perspective of the Italian NHS (Table II).
Volume ] Number ]
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Figure 2. Pay-off distribution of the 4 HPV vaccination strategies evaluated in the real option valuation. The
left-hand side of the distribution shows the distance (α) between the minimum net present value
(NPV) and the base-case scenario NPV (a) for the 4 vaccination options evaluated, as identified in
the data legend located in the upper right-hand corner of the graph. The right-hand side of the
distribution reports the distance (β) between the maximum NPV value and the base-case scenario
NPV (a). The dotted lines in the center of the distribution show the real options value for each
option, which is the mean value of the positive fuzzy NPV values multiplied by the positive area of
the fuzzy NPV over the total area of the fuzzy NPV. The highest real option value (€17,723 [red
dotted line]) was attributed to the 2-cohort vaccination, followed by the single-cohort (€17,461
[blue dotted line]), and, more distantly, by the 3-cohort (green dotted line) and 4-cohort (orange
dotted line) cohort vaccination (€16,440 and €13,576, respectively).
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The cost per QALY gained seemed to be related to
the number of cohorts targeted: the mean ICER per
QALY gained for a single cohort of girls aged 12 years
(€10,955 [95% CI, –1,021 to 28,212]) was the lowest
compared with all the alternative strategies. A sensitiv-
ity analysis of the cost-effectiveness model showed that
with a probability of cost-effectiveness of 80%, the cost
per QALY gained remained below the range of thresh-
old values for all the vaccination strategies evaluated.

The outcomes of real option valuation reported in
Table III seem to show a different result. The highest
real option value (€17,723) was attributed to the 2-
cohort vaccination strategy, although the single-cohort
strategy showed a similar real option value (€17,460).
Similarly to the standard cost-effectiveness analysis,
the 3- and 4-cohort strategies showed lower real
option values (€16,439 and €13,577, respectively).

The substantial equivalence of the real option value for
the 1- and 2-cohort strategy was confirmed when the
boundaries of good value for money were shifted to
higher rates, between €30,000 and €45,000, which is the
same as the benchmark used in the cost-effectiveness
acceptability curves. This time, however, it was the
] 2013
single-cohort strategy that produced the highest real
option value (€25,655), followed closely by the 2-cohort
(€25,351), and further behind, by the 3-cohort (€24,117)
and 4-cohort (€21,520) immunization strategies.

DISCUSSION
The common approach by decision makers when
deciding whether to invest in a national vaccination
program is to determine whether the cost incurred by
society of gaining a QALY is less than the amount
accepted to represent an intervention worthy of im-
plementation, which is commonly set at less than
€40,000 per QALY. A further possible element for
discussion is that of the choice of a single- or multi-
cohort approach to immunization and the implications
for disease prevention of vaccinating different age
cohorts.33 Although the outcomes of the Bayesian
model reported in the cost-effectiveness analysis could
not be directly compared with any previous evaluation,
the range of incremental cost per QALY gained for a
single cohort of girls aged 12 years confirmed the cost-
effectiveness dominance of immunizing this cohort
compared with the alternative strategies.
7



Table III. Real option valuation of a multicohort vaccination strategy using the payoff method. Data are given
in Euros, unless otherwise indicated.

Parameter

1 Cohort

(12 years)

2 Cohorts

(12, and

15 years)

3 Cohorts

(12,15, and

18 years)

4 Cohorts

(12, 15, 18, and

21 years)

Threshold value per QALY gained

Mean 30,000 30,000 30,000 30,000

Minimum 20,000 20,000 20,000 20,000

Maximum 40,000 40,000 40,000 40,000

Cost

ICER (mean) 10,955 12,013 13,232 15,890

5% –1,021 2,364 4,432 7,179

95% 28,212 22,481 22,939 25,139

Fuzzy (NPV)s

a: the ‘base case’ NPV value 19,045 17,987 16,768 14,110

Minimum NPV value –8,212 –2,481 –2,939 –5,139

Maximum NPV value 41,021 37,636 35,568 32,821

Triangular fuzzy distribution (A)

α: the distance between a and the

minimum NPV value

27,257 20,468 19,707 19,249

β: the distance between a and the

maximum possible value

21,976 19,649 18,800 18,711

E(Aþ): the fuzzy mean value of

the positive side of (A)

18,375 17,857 16,629 14,085

Positive area of A (% of total) 95.02% 99.25% 98.86% 96.39%

Real option value 17,460 17,723 16,439 13,577

ICER ¼ incremental cost-effectiveness ratio; NPV ¼ net present value; QALY ¼ quality-adjusted life-year.

Clinical Therapeutics
To reduce the shortcomings of a standard cost-
effectiveness paradigm, for the first time we applied a
real option model to the economic evaluation of a
multicohort HPV vaccination strategy. As with cost-
effectiveness analysis, the real option approach involves
projecting future streams of costs and economic benefits,
but its paradigm assumes that managers can influence the
outcome by interventions that add value over time.34 The
4 strategies evaluated represent alternative options
available to policy makers, the value of which may be
determined by application of the payoff method with the
aim of identifying the vaccination strategy that embeds
the highest real option value.

The method uses fuzzy numbers to determine the
distribution of the expected values of a given inter-
vention. By taking into account only the positive side
of the distribution in the real option value, the payoff
8

method explicitly recognizes the ability of managers to
interrupt the intervention as soon as its NPV becomes
negative and thus avoid further losses. The different
approach to uncertainty and the recognition of the
economic value of the active role of management
differentiate the payoff pricing method for real op-
tions from the cost-effectiveness paradigm.

The real option pricing of the 4 HPV vaccination
strategies evaluated here offers new insights into the
implementation of a national immunization program
from the perspective of the NHS. The payoff method
assigned the highest real option value to the 2-cohort
strategy (€17,723), closely followed by the single-
cohort option (€17,460). The substantial equivalence
of the 2 leading options in terms of value created is
not irrelevant in the choice of the vaccination strategy,
in the absence of other noneconomic considerations.
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There are 3 reasons why a single-cohort strategy may
not be preferable, however. First, less time would be
required to reduce HPV-related outcomes by using a
multicohort vaccination program than by the vacci-
nation of a single cohort of 12-year-old girls. In
particular, the clinical benefits of vaccination, espe-
cially the prevention of low-grade cervical intraepi-
thelial neoplasia and anogenital warts, would be
expected to occur 3.8 years earlier with a 2-cohort
strategy.31 Second, access to the HPV vaccination
program would be doubled by adding 272,387 girls
aged 15 years to the 12-year-old cohort (272,791
girls).35 Increasing vaccination coverage in girls aged
o14 years may be expected to reduce the incidence of
cervical cancer.36

Lastly, a vaccination program that includes both
boys and girls can be considered to be a 2-cohort
strategy. In light of the results of the real option
evaluation, involvement of both girls and boys aged
12 years in a national HPV program should be
reconsidered. Our review of the multicohort HPV
vaccination strategy established that the application
of real option valuation requires a careful consider-
ation of cost-effectiveness scenarios to identify rele-
vant developments in the external environment and
their impact on the value of the options.

Although cost-effectiveness analysis focuses on the
impacts of external factors that are usually beyond the
control of management, real option analysis creates a
“space” for decision making. It engages management in
a better understanding of the value consequences of
different networks of choice than would be afforded by
cost-effectiveness analysis.37 As opposed to the
nonlinear pathway of value determined at any given
time by cost-effectiveness analysis, which fixes the mind
on whether to implement a program, real option
analysis affords value-improving benefits in terms of
the opportunities for choice created by such thinking.38

Although the Bayesian framework adopted here
provided credible estimates of the cost-effectiveness of
each vaccination strategy, the choice of the cost-
effectiveness economic outcomes to inform the real
option analysis represented the main limitation of this
analysis. The fuzzy NPV is a distribution of the possible
value that can take place for NPV; thus, outcomes
perceived as impossible at the time of the cost-effective
analysis are not included in the real option valuation.
Extreme tails should be included in the real option
analysis, because even low-probability outcomes
] 2013
should be taken into consideration. Second, the cost-
effectiveness analysis of the multicohort HPV vaccina-
tion strategy did not take into account the effect of herd
immunity, hence potentially underestimating the cost-
effectiveness of multicohort vaccination strategies.39

Moreover, the outcomes of the dynamic model
should have been compared with those of a static
model because the severity of disease state and age may
lead to a more favorable estimate of cost-effectiveness
than the use of a dynamic approach.40

CONCLUSIONS
The real option valuation of a multicohort HPV
vaccination strategy challenges the accepted domi-
nance of cost-effectiveness for a single cohort of 12-
year-old girls. The simultaneous vaccination of 2
cohorts of girls aged 12 and 15 yielded a real option
value (€17,723) equivalent to that attributable to a
single cohort of 12-year-old girls (€17,460). Although
all 4 vaccination strategies considered here showed a
positive real option value, a national vaccination
program targeting 2 cohorts should be the implemen-
tation method of choice when the impact on access,
coverage, and, ultimately, time to prevention of HPV-
induced diseases is taken into account. Although
national anti-HPV immunization programs have al-
ready been initiated in most European Union coun-
tries, the outcomes of real option analysis suggest that
policy makers should reassess the value created by a 2-
cohort HPV vaccination program targeting boys and
girls 12 years of age.

Generalizing the outcomes of our discussion, we
should conclude that the payoff method showed 4
distinctive advantages in the valuation of the cost-
effectiveness of health care interventions. First, the fuzzy
payoff method uses expert-generated cash flow scenarios
as an input to inform the real option pricing method.
This method allows for the process of future value
distribution to include information that is outside the
flexibility offered by probabilities-centered methods,
such as hedging strategies to reduce risk, subjective
probability to shape uncertainty, and game theory to
include the economic effect of market competition on
the valuation. Second, although the main output of a
cost-effectiveness model is a relative measure of cost, real
options are expressed in terms of value attributed to
welfare. This difference is not semantic; to be better
understood by policy makers and more easily commu-
nicated to society, economic evaluations should focus on
9
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the value of the benefits delivered by health programs
rather than their cost. Third, the fuzzy payoff method
derives the real option value simply as the mean of the
positive side of the fuzzy number. Its intuitive advantage
over the commonly used financial models is that there is
no need to estimate uncertainty from distribution-like
observations. By doing so, the fuzzy payoff method
moves away from probabilistic calculus to create a
triangular future value distribution that is treated as a
fuzzy number. Lastly, as with NPV analysis, the payoff
perspective involves projecting future cash flows and
choosing an appropriate discount rate. However, unlike
NPV analysis, the payoff method assumes managers can
influence the outcome by making a series of successive
decisions (“options”) that add value over time. The
merit of the real option approach to value uncertainty is
appealing: it makes policy making in health care an
evolutionary process, flexibly moving from 1 choice
point to the next through time and creating a new
“space” for decision-making choices.
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