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Influenza vaccination is vital for reducing infection-mediated morbidity and mortality. To maximize effectiveness, vaccination programs must anticipate the effects of public perceptions and attitudes
on voluntary adherence. A vaccine allocation strategy that is optimal
for the population is not necessarily optimal for an individual. For
epidemic influenza, the elderly have the greatest risk of influenza
mortality, yet children are responsible for most of the transmission.
The long-standing recommendations of the Centers for Disease Control follow the dictates of individual self-interest and prioritize the
elderly for vaccination. However, preferentially vaccinating children
may dramatically reduce community-wide influenza transmission. A
potential obstacle to this is that the personal utility of vaccination is
lower for children than it is for the elderly. We parameterize an
epidemiological game-theoretic model of influenza vaccination with
questionnaire data on actual perceptions of influenza and its vaccine
to compare Nash equilibria vaccination strategies driven by selfinterest with utilitarian strategies for both epidemic and pandemic
influenza. Our results reveal possible strategies to bring Nash and
utilitarian vaccination levels into alignment.
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V

accination is the principal strategy for reducing the public
health burden of influenza. However, a fundamental but often
neglected component of implementing an optimal community
vaccination program is human psychology, which influences adherence to vaccination recommendations. The utilities of vaccination
decisions for individuals and for their communities are governed by
the interplay between epidemiological and social systems. An
individual’s vaccination decisions are driven by their perceptions of
the epidemiological system. Individual decisions collectively determine the level of population immunity and thus the magnitude of
an epidemic.
Vaccination protects not only those who are vaccinated but also
others in the community who are thereby less likely to be infected.
Unmitigated pursuit of self-interest can lead to suboptimal vaccination coverage for a community (1, 2). Previous studies have
applied game theory to vaccination under the assumption that
individuals are fully rational decision-makers with perfect and
complete knowledge (1, 2). However, our psychological data reveals that there are significant discrepancies between individuals’
perceptions of influenza and its vaccine and the epidemiological
facts. Here we parameterize an epidemiological game-theoretic
model of influenza vaccination with empirically collected psychological data to incorporate perceptions of influenza epidemiology
and vaccination (see Methods).
The policy of the Centers for Disease Control (CDC) has been
to prioritize the elderly for influenza vaccination (3), because they
are at highest risk of influenza mortality. However, most transmission occurs between children and within the adult workforce as a
consequence of frequent contact with greater numbers of individuals at school and work, respectively (4–11). Thus, influenza
vaccination targeted at the young can dramatically reduce community-wide transmission (4, 12, 13). Here, we show that the discor-
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dance of vaccination incentives between the young (who perpetuate
epidemics) and the elderly (who are at greatest risk of influenza
morbidity and mortality) obstructs utilitarian vaccination.
In a game-theoretic context, individuals seek to maximize their
personal utility, which is a tradeoff between anticipated benefits and
costs, discounted by the diminished value of the future relative to
the present. Accordingly, survey data indicates that individuals
attempt to minimize their perceived risks (14). For example, the
decision to vaccinate is positively associated with perceived vaccine
effectiveness and is negatively associated with perceived side effects
(14, 15). People are also more likely to vaccinate if they perceive a
high likelihood or severity of influenza (16). Thus, an individual’s
decisions may be affected by discrepancies between perceived and
actual risks. Survey studies have found that people often believe
that diseases are less risky than their respective vaccines (17, 18).
Some parents believe that childhood vaccination is not necessary
because other parents have vaccinated their children, and because
childhood diseases are under control (18), indicating at least a
conceptual understanding of the indirect protection that is attained
from the vaccination of others via herd immunity.
We broadly define vaccine costs to include both direct costs and
anticipated risks. For influenza vaccination, costs to individuals
include monetary cost, opportunity costs associated with time and
inconvenience of vaccine administration, and potential adverse
health effects. The actual medical risks of influenza vaccination are
generally minor. Potential adverse effects include arm soreness
(19), rhinorrhea, nasal congestion, and fever (20). However, public
perceptions of risk may be elevated beyond actual risks. There has
been public concern about a reputed causative link between the
influenza vaccine and Guillain–Barré syndrome, a disorder of the
peripheral nervous system that can lead to paralysis and even death
(22). There has also been widespread concern that thimerosal, a
mercury-containing preservative, could have adverse effects, including neurodevelopmental disorders (23). Our survey data suggests that risks associated with influenza vaccination are overestimated by the public compared with actual risks estimated in
epidemiological studies. Thus, we predict an effect of overestimated
vaccine risks on the optimality of vaccine demand.
Without public health intervention, vaccination choices of individuals are expected to tend toward the Nash equilibrium, at which
no individuals can improve their utility by switching to a different
strategy (24). When driven by self-interest, an individual’s utility is
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Table 1. Mean responses to selected questionnaire items from the Health Promotion at Work study
Questionnaire item

t test;
df ⫽ 594

Mean

SD

Epidemiological value

Symbol

Imagine that the flu shot is unavailable, and you are therefore
unable to get the shot this fall. Given that you have had no shot,
what would say is the likelihood that you will get the flu this
winter?
Perceived effectiveness of vaccine (relative risk reduction)

48%

22%

15% (42)

Translated into ␤

50.28**

0.34

0.75

Vj

⫺8.76**

Imagine you catch the flu from another person. How long do you
think it would take from the time you were exposed to the
other person until the time you got the flu?
If a person gets a flu shot, for how long does the shot protect the
person from the flu? That is, for how long is the shot effective?
If you were to get the flu this winter, how long would it last? That
is, for how many days would you experience flu symptoms?

4.4 days

2.6 days

80% ⬍65 years of age (10, 37)
60% for the elderly (38)
1.2 days (39)

⁄

30.52**

8 months (i.e. one
influenza season)
5 days

3.7 months

12 months (43)



⫺25.94**

2.7 days

4–5 days (40)

␦

3.90**

1

not increased by its contribution to herd immunity. However, the
positive externality of herd immunity does improve the utilitarian
vaccination strategy, which is defined as the strategy that achieves
the highest population utility. Thus, the utilitarian strategy generates higher utilities, for both the community and the individual, on
average. Nevertheless, the utilitarian strategy may not be socially
stable, because at the utilitarian level of vaccination ‘‘free-riders’’
who do not vaccinate but benefit from herd immunity can yield a
higher utility than ‘‘cooperators’’ who vaccinate.
Previous epidemiological game-theoretic studies have neither
considered populations with heterogeneous incentives, nor influenza vaccination. Calculating mixed-strategy Nash equilibria requires determining the best response strategy for each individual in
the population simultaneously, dependent on the strategy of every
other individual, an operation that is recalcitrant to analytical
solution. Thus, we developed a Monte Carlo algorithm for determining both Nash equilibria and utilitarian vaccination strategies.
We reveal the impact of perceived vaccine cost and risk on the
discrepancy between Nash equilibria and utilitarian vaccination
strategies. Relative to utilitarian vaccination against epidemic influenza, we predict that much more vaccine will be desired by the
elderly and much less vaccine sought by the young, at the expense
of the community overall. We find that the utilitarian and Nash
strategies are in closer alignment during a pandemic than during an
epidemic.
To determine the likely impact of improved education about
influenza and its vaccine, we compare actual epidemiological
parameter values with perceived parameter values obtained
from our psychological data. We reveal common misperceptions
of influenza epidemiology, some of which reduce the discrepancy between utilitarian and Nash vaccination levels and others
of which act against utilitarian vaccination. Interestingly, the
vaccination threshold beyond which transmission is eliminated
can be achieved with lower incentives if the public misestimates
certain epidemiological parameters identified in our survey.
Results
Questionnaire Results. Questionnaire results are reported for 595

university employees. The questionnaire results are not necessarily
a representative sample of the United States population at large.

derestimate vaccine efficacy. They tend to overestimate the incubation period and underestimate the duration of vaccine protection.
They only slightly overestimate the duration of the infectious
period.
Some questionnaire items used five-point Likert response scales,
and thus it was difficult to compare participants’ responses to an
objectively correct value. In some cases, however, it was nevertheless possible to establish that participants misperceived parameters.
One item asked, ‘‘How likely do you think it is that the flu shot
would cause a person to have a severe reaction?’’ The mean
response was 2.06 on a scale from 1 (not at all likely) to 5 (very
likely). A response of 2 corresponds to ‘‘a little likely.’’ The
normatively correct response is ‘‘very unlikely,’’ and thus the 70%
of participants who gave a higher response were overestimating
vaccine risk. Accordingly, we examined model output with vaccine
risk elevated by varying degrees above the actual risk.
Predictors of Vaccination. Older participants were more likely to be
vaccinated (r ⫽ 0.30, n ⫽ 595, P ⬍ 0.0001). Among participants ⱖ65
years of age (n ⫽ 35), 71% were vaccinated, compared with 47%
among younger participants (n ⫽ 560). We asked participants how
many of the adults and how many of the children (⬍18 years of age)
in their household were vaccinated. For the 214 households with
children, the average household adult vaccination rate was 0.35
(median ⫽ 0.29), compared with an average household child
vaccination rate of only 0.13 (median ⫽ 0.00). The average difference within a household of adult versus child vaccination rate was
0.22 (median difference ⫽ 0.00), which was significant (Wilcoxon
rank–sum test, T ⫽ 2,134.5, P ⬍ 0.0001, n ⫽ 214). Thus, the
questionnaire study reveals a vaccination pattern that parallels the
CDC guidelines, with high vaccination rates for the elderly, moderate rates for younger adults, and low rates for children. This
vaccination pattern corresponds more closely to a Nash equilibrium
than to a utilitarian strategy identified by our model. As an
indication that vaccination decisions are driven by perceived risks
and benefits, vaccination was positively associated with perceived
likelihood of infection (r ⫽ 0.37, n ⫽ 595, P ⬍ 0.0001) and perceived
vaccine efficacy (r ⫽ 0.29, P ⬍ 0.0001), and negatively associated
with perceived adverse effects of the vaccine (r ⫽ ⫺0.29, P ⬍
0.0001).

Subjective Perceptions of Parameters. We examined whether people

Model Results

misperceive key epidemiological parameters for influenza. Mean
responses for questionnaire items of interest are shown in Table 1,
along with actual epidemiological values for each variable. Single
sample t tests indicate whether mean perceived values differ significantly from the actual values. The data indicate that people
greatly overestimate the incidence of influenza infection and un-

Epidemic Influenza. For the perceived parameters of epidemic
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influenza, the utilitarian strategy is to allocate all vaccine to the
young (Fig. 1A). However, Nash vaccination levels for the young are
much lower than those that are optimal for the community for a
given vaccine cost. Conversely, vaccination demand by the elderly
is much higher than that of the utilitarian strategy. Nash and
PNAS 兩 March 27, 2007 兩 vol. 104 兩 no. 13 兩 5693
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n ⫽ 595. The perceived effectiveness of vaccine (relative risk reduction) was computed from responses to the previous item and another similar item that asked
about the likelihood of infection if one were to be vaccinated. **, P ⬍ 0.0001.

A

A

B

B

Fig. 1. Effects of vaccine cost/risk on vaccination probabilities and infection
incidence for pandemic influenza. (A) Probability of vaccination against epidemic
influenza by young and elderly when vaccination levels are at the Nash equilibrium and the utilitarian optimum for perceived parameters, with increasing
vaccine relative to actual ($37.26) cost. Note that vaccine cost is on a log scale, so
a value of 1 represents its actual cost. (B) Annual infection incidence and mortality
when vaccination levels are at the Nash equilibrium and the utilitarian optimum
for perceived parameters of epidemic influenza, with increasing vaccine cost.

utilitarian vaccination by the young falls exponentially with greater
vaccine cost (a function of the severity and probability of all
potential costs and risks), whereas Nash vaccination by the elderly
is inelastic to increasing cost over the wide range examined
(Fig. 1 A).
When both age groups are vaccinated according to the Nash
equilibrium, levels of disease incidence and mortality are significantly higher than when vaccination adheres to the utilitarian
strategy (Fig. 1B). For the current vaccine cost (value of 1 on the
log scale of the x axis of Fig. 1B), 170 more infections and two more
deaths per million individuals occur if vaccination is guided by the
Nash equilibrium than if vaccination adheres to the utilitarian
strategy. If the vaccine were 10 times more risky/costly (as was the
case for the swine influenza vaccine in 1976), further-reduced
vaccination levels are predicted by the Nash solution that would
cause 43,144 more infections and 24 more deaths per million
individuals than would the utilitarian optimum.
For actual epidemiological parameters of epidemic influenza,
there are also differences in vaccination levels between the utilitarian optimum and Nash equilibria (Fig. 2A). Furthermore, vaccination levels are lower for actual parameters than for perceived
parameters, because people tend to greatly overestimate their
infection probability (Figs. 1 A and 2 A). Nash vaccination of the
elderly in Fig. 2 A reveals the tradeoff between vaccine cost and risk
5694 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0606774104

Fig. 2. Effects of vaccine cost/risk on vaccination probabilities and infection
incidence for actual parameters of epidemic influenza. (A) Probability of
vaccination against epidemic influenza by young and elderly when vaccination levels are at the Nash equilibrium and the utilitarian optimum for actual
parameters, with increasing relative vaccine cost. (B) Annual infection incidence and mortality when vaccination levels are at the Nash equilibrium and
the utilitarian optimum for actual parameters of epidemic influenza, with
increasing vaccine cost.

of infection. At low vaccine costs, all elderly seek vaccination.
However, at higher vaccine costs, the demand for vaccination drops
slightly. This dip occurs until the decline in herd immunity resulting
from the concomitantly falling vaccination of the young generates
a rebound in vaccine demand by the elderly. The lower actual
infection probability results in lower incidence and mortality than
when our model is parameterized with perceived values, particularly at high vaccine costs (Figs. 1B and 2B).
Another comparison of interest is the Nash solution, based on
perceived parameters (Fig. 1 A) relative to the utilitarian solution
based on epidemiological parameters (Fig. 2B). Because the utilitarian solution is the normatively optimal solution (often determined at a policy level), one might argue that it should be based on
best estimates of epidemiological parameters. The Nash solution, in
contrast, represents the self-interested behavior of individuals who
act according to their own beliefs. When the Nash equilibrium is
calculated by using perceived parameters, the discrepancy between
the Nash and utilitarian vaccination levels is reduced. That is, in the
Nash solution, the self-interest that reduces vaccination of the
young is to some extent offset by the overestimation of infection
risk.
Reducing vaccine cost promotes vaccination at the Nash equilibrium (Figs. 1 A and 2 A). Based on actual epidemiological parameters, 77% vaccination of the young would eliminate both
perpetuated transmission and mortality. For perceived parameters,
Galvani et al.

B

Fig. 3. Effects of vaccine cost/risk on vaccination probabilities and infection
incidence for pandemic influenza. (A) Probability of vaccination against pandemic influenza by young and elderly when vaccination levels are at the Nash
equilibrium and the utilitarian optimum, with relative increasing vaccine cost.
Parameters were as in the perceived epidemic case, except that the probability
of infection was assumed to be higher and biased toward the young (see
Methods). (B) Annual infection incidence and mortality when vaccination
levels are at the Nash equilibrium and the utilitarian optimum for pandemic
influenza, with increasing vaccine cost.

this vaccination level is achieved by reducing the vaccine cost to
10% of the current cost. For actual parameters, vaccination of the
young to the 77% threshold is predicted to occur at 0.9% of the
current cost.
Pandemic Influenza. For pandemic influenza, as for epidemic influenza, utilitarian vaccination is achieved by vaccinating the young.
The Nash and utilitarian vaccination strategies of complete vaccination for the young are in alignment over a range of lower vaccine
costs (Fig. 3A). At both the utilitarian optimum and the Nash
equilibrium, the elderly are not vaccinated, unless the vaccine cost
is low. In the pandemic case, the young have more incentive to
vaccinate than the elderly. The young vaccinate up to a level of herd
immunity at which point the elderly have no incentive to vaccinate.
Elevations in infection incidence (Figs. 1B and 3B) at the Nash
equilibrium relative to the utilitarian strategy during a pandemic are
lower than those for epidemic influenza for a given vaccine cost.
The greater virulence of pandemic influenza boosts incentives to
vaccinate. However, pandemic influenza’s higher proportion of
fatal cases results in greater mortality for pandemic influenza than
for epidemic influenza (Fig. 1B and 3B).

Discussion
Community-wide protection is optimally achieved by vaccinating
the proportions of the population most responsible for influenza
transmission, i.e., the young (4, 12, 13). However, we found that this
Galvani et al.

utilitarian strategy faces obstacles in population adherence if individuals act according to self-interest, because the personal utility of
vaccination is lower for the young than for the elderly.
We identified two sources of discrepancies that affect vaccination
levels for both epidemic and pandemic influenza. First, discrepancies generated by discordant incentives to vaccinate between the
young and the elderly lead to misalignments between Nash and
utilitarian vaccination levels. For epidemic influenza, in both our
model and survey results, the young tend to under-vaccinate and the
elderly to over-vaccinate, relative to the utilitarian strategy, paralleling CDC recommendations. The differences between utilitarian
and Nash vaccination strategies arise because the positive externalities of indirect protection by herd immunity effects are encompassed in the optimization of the utilitarian strategy, but only an
individual’s internalized costs and benefits come into play at the
Nash equilibrium. Herd immunity is fundamental to reducing the
public health burden of infectious diseases, but creates an incentive
for individuals to free-ride on the vaccination of others. Consequently, the overall level of population vaccination is lower at the
Nash equilibrium than at the utilitarian community optimum. Thus,
the current CDC policies that focus on the elderly are reinforced by
self-interest, but are not the most effective for curtailing transmission and minimizing influenza morbidity and mortality.
For a pandemic avian influenza outbreak, Nash and utilitarian
strategies are in closer alignment, relative to an epidemic outbreak.
During pandemics, the young are responsible for most transmission,
but they also experience disproportionately more severe infection
(5, 25, 26). Hence, individual and community incentives are in
greater accord than for epidemic influenza. Although a pandemic
vaccine will likely be of higher cost and risk than a typical influenza
vaccine, the Nash vaccine demand is probably above the number of
avian influenza vaccine doses that will be available during a
pandemic.
A second source of discrepancy that affects vaccination levels is
the difference between perceived and actual epidemiological parameters. We revealed that misperceptions of some epidemiological parameters promote vaccination, whereas others discourage
vaccination. For a given vaccine cost, vaccination levels under both
the Nash equilibrium and the utilitarian optimum are actually lower
for realistic epidemiological parameters than for perceived parameters. People greatly overestimate influenza infection probability
and vaccine risks, whereas they underestimate influenza vaccine
efficacy. Thus, education about actual infection probabilities without education about actual vaccine efficacy and risks could actually
expand the discrepancy between Nash and utilitarian vaccination
levels.
We found that the threshold of vaccination at which perpetuated
transmission is terminated could be achieved with a higher cost of
vaccination for perceived parameters than for actual epidemiological parameters. For perceived parameters, vaccination of the young
to this threshold is predicted to occur at 10% of the current cost. For
actual parameters, the vaccine must be reduced to ⬍1% of its
current cost to achieve this critical vaccination level. Thus, for a
given vaccine cost, less incentive is required (or a higher cost
permitted) to promote vaccination for the inaccurately perceived
parameters identified in our survey.
Achieving these reductions in vaccine costs and real or perceived
risks might be accomplished in a combination of ways. Convenience
of vaccination is positively associated with the decision to vaccinate
(27). To make vaccination more convenient, one approach would
be to provide vaccination in schools. The Advisory Committee on
Immunization Practices recommends removal of administrative
and financial obstacles (28). Greater vaccine availability and initiation of Medicare reimbursement are credited with increasing
population vaccination levels (29).
Our survey results indicate that vaccine demand is positively
correlated with perceived vaccine efficacy. However, we found that
people perceive a lower influenza vaccine efficacy than is actually
PNAS 兩 March 27, 2007 兩 vol. 104 兩 no. 13 兩 5695
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Table 2. Parameterization of infection cost, if infected with epidemic influenza

Outcome
Illness without
medical care

Outpatient visits
Hospitalization
Elderly
Mortality

Total cost of
infection if
infected

Refs.

Product of relative
cost and
probability if not
vaccinated

Product of relative
cost and
probability if
vaccinated

(45, 47, 48, 50)

0.000109

0.000159

0.000185
0.000128
0.000068
0.000063

0.000261
0.000051
0.000034

0.000242

0.000171

0.00351

0.002106

Young

0.000542

0.000415

Elderly

0.003981

0.002493

Age class

Cost of
outcome, $

Relative cost
of outcome

Young

201

0.000192

Elderly
Young
Elderly
Young
7653
Young

327
322
458
5861
0.007321
1045278

0.000313
0.000308
0.000438
0.005607
0.016
1

Elderly

1045278

1

Probability (if
infected and
not vaccinated)

Probability (if
infected and
vaccinated)

0.57 (0.55 for
pandemic
influenza)
0.59
0.42
0.39
0.011
0.0079
0.000242 (0.02 for
pandemic
influenza)
0.00351 (0.015 for
pandemic
influenza)

0.826

0.834
0.168
0.156
0.0058
0.000116
0.000171

(45, 47, 48, 50)
0.00017
(46, 47, 50)
0.000058
(46, 47, 50, 51)

0.0021

For pandemic influenza, the costs of infection are dominated by the product of the cost and the probability of mortality if infected, giving the total cost of infection
as 0.02 for the young and 0.015 for the elderly (5). Vaccination reduces the severity of infection, if infected. Thus, outcomes such as illness without medical care become
more likely, and mortality becomes less likely. Relative cost is the cost of the outcome divided by the cost of mortality. The probability of infection is additionally greatly
reduced by vaccination. The vaccination cost includes the cost of the vaccine ($14), associated travel expenses ($4), and time cost to the individual ($16) (10).

the case. The discrepancy between utilitarian and Nash strategies is
exacerbated by elevated perceptions of vaccine risk. Indeed, people
report apprehension about side effects as a primary deterrent to
receiving influenza vaccination (20, 30). For both epidemic and
pandemic influenza, aligning the Nash and utilitarian strategies
could be promoted by public education to counteract the current
overestimation of vaccine risks. Additionally, replacement of
thimerosal, the mercury-containing preservative, might allay concerns about vaccine safety, whether or not these concerns are
overestimated.
We found that influenza vaccination driven by self-interest and
promoted by current CDC recommendations compromises utilitarian programs that would minimize transmission, disease incidence and mortality for the young, the elderly and overall. We also
identified discrepancies between predictions generated by using
perceived and actual parameters that reveal the importance of
parameterizing models of vaccine uptake with psychological data.
Ultimately, policy makers must balance public health, social, economic, and ethical considerations when developing optimal public
health policies (31). Assessing the interplay among biological systems, decision-making processes and social influences will generate
more accurate predictions of vaccine policy adherence, which
should facilitate improved interventions.
Methods
Questionnaire. To establish empirical parameters for the model, we

analyzed survey responses from the Health Promotion at Work
longitudinal study of university employees (15, 27, 32). Six hundred
seventy-three participants indicated whether they had received a flu
shot during fall 2001 and answered a variety of other questions. For
a more complete description of the study and procedures, see ref.
15. The questionnaire items used in the parameterization of our
model are summarized in Table 1. We compared predictions for
when the epidemiological model is parameterized by using point
estimates of psychological questionnaire data reflecting the perceptions that inform individuals’ decisions regarding influenza
vaccination with predictions for when the model is parameterized
by using epidemiological estimates from published data. The epi5696 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0606774104

demiological estimates are equivalent to the decisions of rational
individuals with complete knowledge.
Model. Our epidemiological game-theoretic analysis consists of four
main components. We first developed a population-level, agestructured, seasonal epidemiological model of influenza transmission and vaccination. The dynamics of young and elderly susceptible, vaccinated, naturally immune, latently infected, and infectious
compartments of the population are described by this model. We
then used infection prevalences predicted by the epidemiological
model to parameterize a Markov process description (33, 34) of
vaccination decisions at the level of the individual. Thirdly, we
calculated expected utilities of all possible vaccination decisions,
based on cost data (Table 2). Finally, a Monte Carlo algorithm
parameterized with these utilities was used to determine the
convergently stable Nash equilibria. Please see the supporting
information (SI) for a detailed description of the model equations
and methodology.
Epidemiological population model. To capture the seasonal timing of
vaccination and the annual cycle of influenza epidemics, we combined a discrete-time model of vaccination with a differential
equation model of a seasonal influenza epidemic (35). The population was divided into two age classes: one with all individuals ⬍65
years of age and the other with all individuals ⱖ65 years of age,
parameterized from U.S. census data (36). The older age class
corresponds to the CDC’s defined target group for vaccination (3).
We assumed that parents make decisions in the best interest of their
children.
Upon infection, individuals enter a latency period, the perceived
duration of which is 4 days (Table 1), compared with an actual value
of 1.2 days (39). Latently infected individuals proceed to become
infectious. The perceived duration of the infectious period is 5 days
(Table 1), which is close to the actual value of 4–5 days (40).
The perceived annual infection probability was 0.48 (Table 1),
compared with an actual infection probability of 0.15 (42) for
epidemic influenza and of 0.5 for pandemic influenza (derived from
refs. 5, 25, and 26 and 1918 census data). The model incorporated
the finding that younger individuals are twice as likely to transmit
influenza to others (9, 10). For epidemic infection, younger and
older individuals are equally likely to contract infection, whereas for
Galvani et al.

populations, calculations of Nash equilibria are achieved through
single parameter optimization. No such simplification is available,
however, for age-structured populations with two or more strategyparameters. Other methods rely on the calculation of local derivatives, which cannot be analytically obtained in closed form for our
model. Thus, we adapted a Monte Carlo algorithm (62) to calculate
A and B at the Nash equilibrium.
At the Nash equilibrium, no individual can improve their expected utility by changing their vaccination probability. Thus, the
utility of vaccination is equal to the utility of vaccine refusal for each
age class. We found solutions to the equations through minimization of the squared difference between utilities of vaccination
refusal versus acceptance for each age class over the parameter
solution space. Random perturbations of the proposed vaccination
probabilities were drawn sequentially for each class from triangular
distributions that added or subtracted at most 0.01. For each
iteration, perturbations were accepted when the ratio of the proposed to current squared difference in the specific age class was
greater than uniform variates between 0 and 1. The algorithm
tended to converge on the solution within ⬇100 iterations. The best
result from 10,000 iterations of this algorithm was considered a
numerical solution. We verified the algorithm on a simplified
version of our model and found that its estimate of the Nash
equilibrium was the same as that determined algebraically. Additionally, solutions were examined by further manual perturbation
and by starting from different initial conditions to ensure that each
solution was a global rather than a local equilibrium. For any given
set of parameters, only one Nash equilibrium was observed. To find
the utilitarian optimum, the search procedure was the same, but the
optimization criterion was the maximization of the population
utility.
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pandemic influenza, the attack rate in the young is increased
threefold relative to epidemic influenza (5, 25, 26). The case fatality
proportion for epidemic influenza is typically 0.3% for the elderly
and 0.03% for the young (5, 10). The case fatality proportion for
pandemic influenza is 5% for the elderly and 2% for the young (5).
Vaccination was assumed to occur each fall, three months before
transmission reaches its maximum. Because influenza rapidly
evolves new antigenic variants (43), immunity tends to wane from
one year to the next. People perceive that vaccine protection lasts
for 8 months (Table 1), the duration of an influenza season.
Individual model of vaccination and infection. Our epidemic model
describes the average population dynamics of vaccination and
influenza transmission, but the infection future of an individual is
stochastic. Therefore, using predicted infection prevalences from
our population-level epidemic model, we parameterized a Markov
process for an individual’s decision dynamics. This process predicts
annual probabilities of vaccination and infection for an individual
within an age class.
Utility calculation. The individual-level model predicted the probability of future infection and vaccination events. We then used
Markov process theory (34) to calculate an individual’s expected
utility by summing the products of the discounted costs and
probabilities for each possible event. We assumed an annual
discount rate of 3% (44).
In contrast to the CDC’s analysis of infection costs (10), we
assumed that all individuals value their life equally, irrespective of
their age, although we also compared this result with a lower
valuation of elderly life consistent with the CDC’s analysis of
infection costs ($74,146 versus $1,045,278) (SI). We parameterized
the utility calculations with age-specific distributions of infection
costs and vaccine efficacy in reducing influenza morbidity and
mortality (5, 10, 37, 38, 45–60) (Table 2).
Calculation of Nash equilibria. We used our utilities of vaccination
decisions to calculate convergently stable Nash equilibria of the
population game in which individuals of a given age class choose
vaccination rates. For some simple problems in homogeneous

