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Abstract

We provide one of the first formalizations of a vaccination campaign in a decision-
theoretic framework. We analyse a model where an ambiguity-averse individual must
decide how much effort to invest into prevention in the context of a rampant disease.
We study how ambiguity aversion affects the effort and the estimation of the vaccine
efficacy in clinical trials and immunization campaigns. We find that the behaviours of
individuals participating in a clinical trial differ from individuals not participating. In-
dividuals who are more optimistic toward vaccination participate more in trials. Their
behaviours and efforts are also affected. As a result, because vaccine efficacy depends
on unobserved behaviours and efforts, the biological effect of the vaccine becomes dif-
ficult to evaluate. During the scale-up phase of a vaccination campaign, provided that

vaccine efficacy is established, we show that vaccine hesitancy may still be rational.
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1 Introduction

The coronavirus vaccines approved in Europe are considered as remarkably effective. Several
studies undertaken in real-world conditions indicate that overall, COVID-19 vaccination has
reduced the number of new SARS-CoV-2 infections, with the largest benefit received after
two vaccinations and for symptomatic and high viral burden infections (Chodick et al.,
2021; Haas et al., 2021; Lustig et al., 2021; Milman et al., 2021; Pritchard et al., 2021).
However, there is continuing concern about vaccine hesitancy in some countries and some
communities within them (Kluge & McKee, 2021). Proving that a COVID-19 vaccine is
safe and effective can only be a turning point if the uptake of the vaccine is high enough to
stop the circulation of the virus (Chevallier, Hacquin, & Mercier, 2021). Therefore, there is
an urgent need to better understand how to reach out to those who have the opportunity
to be vaccinated but refuse to do so. Previous research has identified several promising
levers for reducing vaccine hesitancy. These include the motivation to be altruistic (Shim,
Chapman, Townsend, & Galvani, 2012), emphasis on the dangers of the disease (Horne,
Powell, Hummel, & Holyoak, 2015), rational calculation of pros and cons, and anticipated
regret at not having been vaccinated (Betsch, Bohm, & Chapman, 2015; Brewer, DeFrank,
& Gilkey, 2016). However, analysing cepticism about vaccination is difficult, because of the
critical issue of disentangling so many factors involved in vaccination decisions.

In this paper, we provide one of the first formalizations of a vaccination campaign in a
decision-theoretic framework. We build a model that can be used to compare self-protection
and behaviours before a vaccine trial is implemented, during the trial and when immunization
is scaled-up. In a nutshell, we analyze a model in which an ambiguity averse individual must
decide how much effort to invest in prevention in the context of a rampant disease. The
individual may decide to participate in a randomized vaccination clinical trial and later in
a vaccination campaign. The main objective is to study how ambiguity aversion affects
the effort exerted by the individual and the estimation of the vaccine efficacy. The model
shows that individuals participating in clinical trials behave differently than individuals not
participating, with behavioural differences owing to risk attitude. These differences may
in turn compromise the validity of the vaccine efficacy calculation. The paper also finds

that vaccine hesitancy may persist even if vaccination has beneficial effects. Specifically,



our benchmark model in the absence of a vaccine simply starts by showing that efforts (to
invest in prevention) increase with income and decrease with exogenous improvements in the
probability of not developing a severe form or dying from COVID-19.

The extension of this simple model includes vaccination and adverse effects during a
clinical trial. As perceived adverse events may differ across individuals, we introduce a certain
degree of pessimism related to vaccination. We show that when individuals participate in a
clinical trial, the more pessimistic they are, the more they will invest in prevention, whereas
optimists make fewer efforts. This is indeed crucial in clinical trials as informed participation
is on a voluntary basis. Another consequence of voluntary participation is that the utility of
participating in a clinical trial is greater than not participating. Clearly, this may depend
on the health system. Participating in a trial may mean access to free care in the US,
whereas in France, this type of motivation does not exist. This may generate selection
bias and also differential efforts between optimists and pessimists in an endogenous way.
Put differently, only people with relatively low pessimism may participate in the trial. We
show that the share of pessimists in the trial may in turn affect vaccine efficacy. When
the probability of catching COVID-19 and the probability of developing a severe form after
being infected, are two independent features, we show that it is indeed possible to identify the
treatment (vaccine) effect. Otherwise, the treatment effect remains undetermined. Whether
these events are independent is debatable (Chidambaram et al., 2020; Izcovich et al., 2020;
Liu et al., 2020; Pijls et al., 2021; Rozenfeld et al., 2020). There are probably some joint
confounding factors and the availability and evolution of screening guidelines, individual
factors, or clinical judgement may also affect who is tested (Rozenfeld et al., 2020). The
amount of evidence remains limited on this question, though comparing age groups, children
seem to be infected in large numbers without developing such severe symptoms as the elderly.

Lastly, we examine widespread inoculation in society. We show that during an immuniza-
tion campaign, when the risk premium associated with wealth, expressed in terms of effort,
is lower than the level of effort without any vaccine, then the individual may get vaccinated
under certain conditions related to factors that are exogenous to individual behaviours. We
therefore provide a discussion on vaccination hesitancy between genders.

Section 2 relates our work to the literature. Section 3 provides a benchmark model

before an infectious threat is introduced to society and therefore before any clinical trial is



undertaken. Section 4 extends this model during an experimental phase aiming at finding
new vaccines. The optimal effort (to invest in prevention) during the vaccination clinical trial
is examined. Section 5 examines optimal efforts and vaccine efficacy during the vaccination
campaign. Section 6 discusses the COVID-19 vaccine’s gender paradox to illustrate the

model and concludes.

2 Background literature

This paper contributes to several strands of the literature. First, various approaches have
been used in economics to model vaccination decisions. In deciding whether to get vaccinated
or not (a binary choice), individuals consider the risk of morbidity from vaccination, the
probability of becoming infected, and the risk of morbidity or mortality from that infection.
The decisions of individuals are indirectly influenced by externalities, i.e. the decisions of
all other individuals, because the sum of these decisions yields the vaccine coverage levels
in the population and hence the course of epidemics. One interesting prediction from this
literature is that it is impossible to eradicate a disease through voluntary vaccination when
individuals act according to their own interests (Geoffard & Philipson, 1997; May, 2000).
Game theory has also explored vaccination decisions in such settings (Bauch & Earn, 2004;
Bauch, Galvani, & Earn, 2003). Interestingly, Auld (2003) indicates that a partially effective
prophylactic vaccine (one which reduces probability of infection) may alter incentives and
induce perverse behaviours (see Peltzman (1975) for a similar discussion on car safety and
traffic accidents). In particular, pessimistic expectations over the future of the epidemic
induce more current risky behaviour. Medical researchers recognize that such reactions can
occur, and this concern has contributed to some existing vaccines not being made available
(Blower & McLean, 1994). Direct evidence from clinical trials of prophylactic vaccines also
suggests that vaccination leads to increased risk behaviours (Chesney, Chambers, & Kahn,
1997; Johnson, 1999).

Second, a key factor in explaining vaccination success is the perception of risks associ-
ated with infection and vaccination (Brewer et al., 2007; Streefland, Chowdhury, & Ramos-
Jimenez, 1999; Wheelock, Thomson, & Sevdalis, 2013). Voinson, Billiard, and Alvergne

(2015) show for instance that sceptical individuals (negative opinion) overestimate infec-



tion cost, while pro-vaccine individuals (positive opinion) overestimate vaccination cost. In
decision theory under risk, vaccination is similar to self-protection. In both cases, the in-
dividual’s objective is to reduce the probability of occurrence of an undesirable event. The
literature on health risk attitudes has explored self-protection and prevention following the
seminal paper by Ehrlich and Becker (1972). Health models in health economics have also
used a similar framework (Brianti, Magnani, & Menegatti, 2018; Courbage & Rey, 2016).
However, for vaccination there is a new cost that may be important, namely the risk of side
effects (Crainich, Eeckhoudt, & Menegatti, 2019).

Risk assessment is likely to be related to many factors that may or may not be related
to the infection. These factors are psychological and social: media coverage, salient past
experiences, beliefs about contagion and information, family and peers, trust in health care
providers, health care professionals, and the state. The link between the environment and
the cognitive or meta-cognitive mechanisms underlying decisions - rather than the health
outcomes of decisions - has also been highlighted as a critical factor (Oraby & Bauch, 2015).
We argue rather that in the case of COVID-19, the overall picture is better described as one
of ambiguity than of risk. In particular, the informational structure can be represented by
a set of available scenarios that describe the effect of vaccination and the possible negative
side effects due to vaccination, each associated with a distribution function. Among models
that have been put forward to represent preferences under uncertainty, we have opted for the
widely used a-Maxmin Expected Utility criterion (a-MEU) that generalizes the Hurwicz cri-
terion (1951) and whose properties have been studied by Ghirardato and Marinacci (2002).!
This model has the advantage of allowing a separation between ambiguity and ambiguity
attitudes, and also between risk and ambiguity attitudes.? Moreover, the a-MEU model is of
great interest for the applied decision-theoretic literature as it can model ambiguity aversion
and ambiguity seeking.

Third, in the experimental context, vaccination has also been shown to be an efficient
way of reducing infection, and this is naturally the first step before market authorization.

However, some authors have warned about the effects of behaviours in experimental con-

1See Etner, Jeleva, and Tallon (2012) or Gilboa and Marinacci (2013), for a survey on ambiguity literature.

2Although the a-MEU model is one of the most popular models in decision making under ambiguity,
there is no known axiomatic characterization in a general domain of preference actions. However, axiomatic
foundations have recently been better understood (Klibanoff et al., 2021).



texts. Malani (2006) focuses on these beliefs. By manipulating an individual’s beliefs while
holding constant the pharmacological effects, he shows that it is possible to generate and
identify placebo effects. Indeed, Malani (2006) points out a neglected feature of clinical
trials, namely that they manipulate patient expectations, and suggests that this feature can
be used to identify the effects of expectations on outcomes, that is, placebo effects. He
next uses variation in probability of treatment to identify placebo effects in several trials,
and also advocates for incorporating variation in treatment probabilities into randomized
trials (Malani, 2006, 2008). Similarly, Chassang, Snowberg, Seymour, and Bowles (2015)
address complementarity between treatment and behaviour. They show that the gold stan-
dard double-blind randomized controlled trial (DBRCT) fails to fully account for the efficacy
of treatment if there are interactions between treatment and behaviour, for example, if a
treatment is more effective when patients change their exercise or diet. The decision to drop
out of a trial may also be affected. Chan and Hamilton (2006) exploit drop-outs to esti-
mate the subject’s utility associated with the receipt of treatment, as revealed by drop-out
behaviour, and evaluate treatment effects.

Fourth, some exogenous characteristics may be particularly important in vaccination
decisions. This is the case of gender for instance. Gender heterogeneity with respect to pref-
erences, risk and ambiguity has been widely debated in the economic literature. In general,
most results from abstract gamble experiments indicate that women are more risk averse
than men (Croson & Gneezy, 2009; Eckel & Grossman, 2008a). With respect to ambiguity
aversion, the results are inconclusive on whether women are more ambiguity averse than men
(Aggarwal & Damodaran, 2020; Agnew, Anderson, Gerlach, & Szykman, 2008; Borghans,
Golsteyn, Heckman, & Meijers, 2009; Kray & Gelfand, 2009; Yang & Zhu, 2016). Borghans
et al. (2009) find that women initially respond to ambiguity much more favourably than men
(i.e. their reservation price does not decline), but as ambiguity increases, men and women
show similar marginal valuations of ambiguity. While the evidence from abstract gamble ex-
periments suggests greater risk aversion among women, the evidence from experiments with
a contextual environment is less conclusive (among others, see Eckel and Grossman (2008b);
Schubert, Gysler, Brown, and Brachinger (2000)). With respect to ambiguity aversion, Schu-
bert et al. (2000) find that women are more ambiguity averse in an investment context but

not in an insurance context. Kocher, Lahno, and Trautmann (2018) find that ambiguity



attitudes depend on the outcome domain and likelihood range, and no evidence for universal
ambiguity aversion as is assumed in many applications in economics. Most of the ambigu-
ity aversion evidence involves money, and there is little evidence on ambiguity and health.
Curley, Eraker, and Yates (1984) found ambiguity aversion for health, which differed from
ambiguity aversion for money. This domain specificity of ambiguity preferences is consistent
with studies on risk and time preferences, which found that findings for money cannot be
directly translated to health (Attema, Bleichrodt, L’Haridon, Peretti-Watel, & Seror, 2018;
Chapman, 1996; Weber, Blais, & Betz, 2002). Attema, Bleichrodt, and L’Haridon (2018)
show that individuals are more pessimistic under ambiguity in the loss domain, but little is

said on gender heterogeneity.

3 A benchmark model prior to vaccination

We start with a model where individuals decide about their optimal behaviour in the presence

of an epidemic disease that may have an impact on their health.

3.1 Definitions and notations

Let us consider two health states, H; with ¢ € {0, 1}, which are such that H; > H,. In state
Hy, individuals are infected and have a severe form of the disease, while in H;, they have not
been infected or do not have a severe form of the disease. The probability of being in good
health (i.e. in H; state) is given by a function A(e, ), which increases with the preventive
behaviour of individuals, denoted e, and with an exogenous biological factor, denoted p; both
e and (1 are positive real numbers. We thus have A, (e, 1) > 0 and A, (e, ) > 0. Prevention
may be interpreted as the effort such as physical distancing, wearing a mask, etc. Parameter
1 combines all factors that are, by nature, exogenous to individual behaviour such as age,
sex, immunity characteristics and also the existence of an efficient preventive treatment or
vaccine. To keep the model general, we allow for substitution effects between behaviour
and biological factors in the probability function. We do not at this stage impose a sign

on \.,, even if it is reasonable to think that a more efficient biological parameter reduces

eps

the efficiency of the preventive behaviour. Taking the example of age as a proxy for the

biological parameter, this means that the effect of preventive behaviors on the probablility



to be in good health increases with age. This appears to be true for COVID-19 as suggested
by the efficiency of vaccination. It mostly benefited to old and very old adults (Bernal et al.,
2021; Heaton, 2020; Soiza, Scicluna, & Thomson, 2021). However, this assumption can be
discussed and is certainly not valid in all settings (Burton, Shapiro, & German, 1999; Levy
& Myers, 2004).

Individuals derive utility from consumption, ¢ := w — e, where w > 0 is the endowment,
and from their health status, H;. We suppose that the utility function, denoted U (c, H;),
is an increasing function of consumption and health, U, (¢, H;) > 0, Uy (¢, H;) > 0, and is
strictly concave with respect to both arguments, U.. (¢, H;) < 0, Uyg (¢, H;) < 0. Hence,
individuals are risk averse towards health risk. Moreover, we suppose that the second cross
derivative is non-negative, U.g(c, H;) > 0, which corresponds to correlation loving, namely
the complementarity between wealth and health. This relationship has been empirically
supported by Viscusi and Evans (1990), Sloan, Kip Viscusi, Chesson, Conover, and Whetten-
Goldstein (1998) and Finkelstein, Luttmer, and Notowidigdo (2009) among others.

3.2 Optimal effort

We assume that the epidemic has been present for a sufficiently long time and that the value
of the biological parameter p is known. In the case without vaccination, we set it equal to

1o- The expected utility of a non-vaccinated person is:
Wie)=A(e,uo)U(w—e, Hy)+ (1 — X(e, o)) U (w — e, Hp) . (1)
We denote by e* the optimal effort, that is the solution of max W (e).

Proposition 1 There exists a unique €* if Aee (€, o) > 0. Moreover, e* € (0, w) iflim A, (0, o) =
lim U, (0, H;) = +c0.

As the effort is costly, there is an optimal effort that is obtained provided that its marginal
effect on the probability of being in the good health state is infinite at the origin and decreas-
ing. Moreover, an infinite marginal utility when consumption tends to zero makes it possible
to ensure that the effort is lower than the endowment. One could extend this framework to

a pure utility cost of the effort, but the results we derive below will be unchanged.
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Proposition 2 The optimal effort increases with the endowment and, provided that Ac, < 0,

decreases with the biological parameter.

Proposition 2 is intuitive. We find that effort increases with income and decreases with
exogenous improvements in the probability of not developing a severe form. For example,
wearing a mask will certainly increase with income (the poorest households cannot afford
to buy several masks per day even subsidized) and will also decline with the probability of
dying from COVID-19 or developing a severe form. As a result, older individuals are more
likely to wear a mask (Haischer et al., 2020). If ., > 0, the effort may increase with y, but

this is less intuitive.

4 Randomized vaccination clinical trials

When a new epidemic emerges, the research community immediately looks for treatments
and preventive solutions. Vaccine development during COVID-19 is one such example, as
they reduce the likelihood of developing a severe form of infection with COVID-19. More
specifically, vaccination makes it possible to act on the value of the biological parameter g,
and possibly improve it by increasing the immune defences of vaccinated people. But, we
do not know the new value of u before testing the vaccine. The gold standard in clinical
trials is the double-blind placebo control clinical trials. This is a medical study involving
human participants in which neither side knows who is getting treatment and who the
placebo. In pragmatic trials, people who participate are not the same as those who do
not participate (Schwartz & Lellouch, 2009). The trial population also differs from the
non-enrolled population, especially in randomized, blinded trials (much more so than in
observational studies). This may be assimilated to the Hawthorne effect, in which the results
of an experiment are due not to the experimental factors but to the fact that subjects are
aware that they are participating in an experiment in which they are being tested, which
usually results in greater motivation.

Below, we propose to characterize the behaviour of participants in such a test using a
decision theory framework. To our knowledge, there is in the literature no model of this

type under uncertainty and ambiguity.



4.1 The optimal effort of participants in a trial

We consider here that p is likely to increase with vaccination. We consider it as a random
variable, fi, of support [ug,1]. A the lower bound, pg, vaccination does not modify the
probability of suffering from a severe form. At the uppur bound p = 1, the vaccination
means never undergoing a serious form, which is translated into A(e, 1) = 1. However, prior
to the trial, the distribution of yx is not known.

COVID-19 vaccines validated in Europe and North America are considered safe globally
but negative side effects or adverse events, such as arterial thromboembolic and haemorrhagic
events, have been observed for some vaccines. Moreover, even if adverse effects are relatively
low in practice, individuals may overweight them. In the case of vaccination, one may
experience an adverse reaction that reduces health; it is noted that one experiences the
adverse reaction whether infected with COVID-19 or not, and that this adverse effect depends
on one’s health status. Adverse effects on health are measured with the random variable & of
support [0, €] if one is in state H; and by 6 with 6 > 0 if one is in state Hy. Again, we assume

that the distribution of € is unknown. The probability of experiencing an adverse event

max]

(regardless of health status) is noted ¢.. It is also a random variable of support Q, = [0, ¢

whose distribution is not known. We are aware that drop-outs induced by adverse effects
may generate selection bias and imbalance in randomized average characteristics (Chan &
Hamilton, 2006), thus revealing preferences. But we do not consider this here, as we are
studying a static framework.

We consider the a-MEU model of preferences representation under ambiguity. This
model evaluates decisions as a weighted sum of the highest and the lowest expected utility
compatible with the set of priors. The weight granted to the lowest expected utility measures
the DM’s ambiguity aversion. To this end, we compute the worst possible expected utility
of a participant. It is characterized by a vaccine that has no effect (when the realization of
fiis 119) and adverse effects that are the highest possible (when the realization of £, is ) and
that occur which the highest probability (when the realization of . is ¢***). This state of

nature provides the following expected utility:

U™n(e) = ¢ [Ae, uo)U(w — e, Hi — &) + (1 — Xe, 1) )U(w — e, Hy — 0¢)]
+(1 =) [Me, po)U(w — e, Hi) + (1 = Ae, o)) U(w — e, Ho)] . (2)

10



Conversely, the best possible expected utility is given for a vaccine whose effect is maximal
(when the realization of fi is 1) and has no adverse effects (when the realization of g. is 0).

This gives the following satisfaction:
Un™(e) = U(w — e, Hy). (3)

Each individual displays a degree of ambiguity aversion (or pessimism) about vaccination,
which is denoted by « € [0,1]. Some articles of the literature document a differential
vaccination hesitancy across genders, hesitancy being higher among women despite the fact
that they are more likely to perceive the pandemic as a very serious health problem and to
agree and comply with restraining measures (Galasso et al., 2020). This might partly explain,
along with sex-based immunological differences, the share of women in specific sectors, or
other health-related behaviours such as smoking (Wenham, Smith, & Morgan, 2020), why
women die less than men of COVID-19. Still vaccine hesitancy is higher amongst women, an
observation that has been called the COVID-19 vaccine’s gender paradox (Galasso, Profeta,
Foucault, & Pons, 2021), as women are more concerned about COVID-19 and more likely
to believe themselves to be infected and become seriously ill. We note that gender might
not be the only source of heterogeneity in the aversion towards vaccination. In France,
where vaccination hesitation is historically high (Neumann-Béhme et al., 2020), Hacquin,
Altay, Araujo, Chevallier, and Mercier (2020) show that vaccine-hesitant individuals are
more likely to be women, young, less educated, vote for political extremes, be dissatisfied
with the government’s response to the COVID-19 crisis, and feel less at risk of COVID-19.
In our framework, those differences translate as different «.

The objective function of a person who is vaccinated is given as the convex combination

of the expected utilities in the worst and best cases:

V(e;a) = alU™™(e) + (1 — o) U™ (e). (4)

Since we are considering double-blind placebo control clinical trials, not all participants
in the trial are vaccinated. Let p be the probability of being vaccinated during the trial,
which is known by the participant as it is defined by the trial organizer and usually has

to be disclosed. The problem of an individual with a degree of ambiguity aversion o who
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participates in the trial is:
max pV (e;a) + (1 —p) W (e). (5)

Let e** (a) be the solution of this problem. We first show this solution exists.

Proposition 3 There exists a unique e** (o) € (0, 1) if the conditions in Proposition 1 are

satisfied and if Hy — Hy > € (1 —0).

The conditions that guarantee the existence of an optimal effort for the participants in
the trial are the same as those that prevail in the benchmark model, except one that is
related to the adverse effects associated with the trial. More precisely, it is required that
minimal health in the good health state, H; — ¢, should be better than that in the bad
health state, Hy — 6c. We observe that it is always the case for § > 1, which means that the
maximal adverse effect is greater in the bad health state than in the good one. Notice that
if Hy — Hy < ¢ (1 —6), the optimal effort might be equal to zero.

We now assume that the conditions stated in Proposition 3 are satisfied and propose

some comparative statics.

Proposition 4 The optimal effort e** decreases with o if Aep(e, o) < 0, increases with

max

0, and increases with ¢ and q>

if 0 > 1. Moreover, the effort increases with ambiguity

aversion, «.

Since U,y (w, h) > 0, the marginal utility of wealth is lower in the disease state. First, the
reduction in the probability of disease, by changing g, raises the expected marginal utility
of wealth and thus lowers the level of effort. Second, when u rises, it changes the efficiency
of effort on probability of disease, 1 — A.. If it increases efficiency, ., < 0, this second effect
reinforces the first one and the effort increases with py. Otherwise, we cannot conclude.

When 6 increases, the side effects on bad health status increase, as does the gap between
good and bad health status. This incites individuals to increase their effort.

The effect of side effects, €, on optimal effort depends on the way it impacts initial
health status, whether bad or good health. First, when e rises, U.(w — e, Hy — ¢) and

U.(w — e, Hy — 0¢) fall since we assume that U.y(w, H) > 0, lowering the expected marginal

12



utility of wealth and thus the marginal cost of effort. This incites the individual to increase
the level of effort. Second, an increase in ¢ raises the gap between being sick and being
healthy, Hy — Hyp + (@ — 1) if # > 1. Thus, it raises the marginal benefit of effort. If
0 < 1, an increase in € decreases the gap between being sick and being healthy, decreases the
marginal benefit of effort and goes in the opposite direction to the first effect. Therefore, we

cannot conclude.

max

g"* is the worst scenario in the sense that it is the highest probability of adverse side

effects occurring. In our set-up, a change in the degree of ambiguity/model uncertainty
corresponds to a change in the size of the set €2, without affecting the probability distributions

that already belong to the set. The arrival of a new worst scenario potentially alters the

max

WA increases, the worst scenario is even worse, and this ”bad

optimal level of effort. If ¢
news” encourages individuals to raise their level of effort if # > 1 (else we cannot conclude).
Similarly, if ¢2"** decreases, the worst scenario is less severe, and this ”good news” encourages
individuals to reduce their level of effort (if > 1).

Finally, ambiguity aversion encourages individuals to increase their level of effort. This
result is similar to the ones obtained by Alary, Gollier, and Treich (2013) or Berger and
Bosetti (2020) in different contexts.

We now characterize the behaviour of those who participate in the trial with respect to

the average behaviour e* observed prior to the trial.

Proposition 5 There exists § € (1 — (H, — Hy) /e,1) such that (i) e (o) < e* for all
a € [0,1] if @ < 0; (i) there exists a unique @ € (0,1) such that e (a) > e* < a > a if

0>0.

As a result, the most optimistic individuals (or least ambiguity-averse) make less effort
during the trial. We note that they may still make an effort because they do not know if
they received the vaccine dose during the trial or only a placebo. They are just doing less
than what was observed before the clinical trial.

If 6 is sufficiently high, that is, the adverse effect is larger in the bad health state than in
the good one, the more pessimistic individuals are, the more they will invest in prevention
and make efforts. If @ is low, all the participants will invest less in prevention whenever their

level of pessimism.

13



The level of ambiguity aversion (or seeking) is a major determinant of the effort made by
individuals participating in the trial. In addition, it is a determining factor in the decision
whether or not to participate in these trials. Since the participants are volunteers, we
introduce a participation constraint, that is the utility of participating in the trial is greater
than the one of not participating:

pV (e™ (a);a) + (1 —p) W (e™ (a)) = W (e"). (6)
Proposition 6 For sufficiently high p, there exists a unique @ € (0,1) such that agents with

relatively low pessimism « € [0, @] participate in the trial whereas those with relatively high

pessimism « € [a, 1] do not participate.

We show that only the less pessimistic will participate in the trial. Since effort increases
with pessimism, one may expect that those who participate will not do much prevention and
particularly less than those who do not participate. Actually, this intuition is not entirely
correct. Indeed, there are two cases. Either, @ > @: all participants involved in a clinical
trial have a lower level of effort compared to the one that prevailed before the trial, i.e. we
have e** < e*. Or, @ < @: some participants (those with o € [0,a]) have a lower level of
effort and some (those with a € [@,@]) have a higher level of effort. The difficulty here is
that both @ and @ are endogenous variables. We thus claim that the amount invested in
prevention does not only depend on ambiguity aversion but also on the adverse effect size.
The change in behaviour according to whether or not individuals participate in the trial is
thus linked to an external effect, ¢, and preferences, . We highlight the role of adverse

effect in the following.

Proposition 7 If the adverse effect ¢ is sufficiently weak, then & < @. If € is sufficiently

large, it is possible to have & > @.

Importantly, the behaviour of the participants in the trial does not necessarily imply a
lower effort than in the population that does not participate in the trial. Combining the
results of propositions 6 and 7, we obtain that there are two thresholds to note for ambiguity
aversion. First, only the most optimistic participate in the vaccine trial (« < @). On the
other hand, the most optimistic of them decrease their level of effort by participating (o < @).

Figure 1 summarizes these results.
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Fig. 1. Participating in trial and effort

However, many concerns have been raised about the heterogeneity of vaccine hesitancy,
vaccine efficacy and vaccine side effects, most notably across genders. Although COVID-19
vaccines have been demonstrated to be safe and effective in both clinical trials and widespread
inoculation for both males and women with limited side effects, our model proposes a po-
tential framework and explanation to fuel this debate. It might not be so surprising that
vaccine-hesitant individuals are more likely to be women rather than men, at least declara-
tively, as men may be more optimistic or less adverse to ambiguity. In our model, optimistic
individuals participate more in a trial. However, our model suggests that it will be difficult
to predict efforts and vaccine efficacy, a result that has been partly explored in the liter-
ature. Malani (2006) argues that “more optimistic patients may modify their behaviour -
like the ulcer patient who reduces their consumption of spicy food or the cholesterol patient
who exercises more often - in a manner that complements their medical treatment. If an
investigator does not measure these behavioural changes (as is commonly the case), the more
optimastic patient will appear to have a better outcome, that is, to have experienced placebo
effects.” Understanding how women differ from men in response to treatment is clearly crit-
ical for enhancing treatment efficacy. However, gender-specific efforts and behaviours are
rarely measured during clinical trials, where only the medical outcome is measured. One

avenue for research might be to develop protocols and measures of efforts that would help
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to understand this gender paradox.

We now turn to the evaluation of vaccine efficacy.

4.2 Estimating Vaccine Efficacy

Let z («) be the share of persons with ambiguity avecrsion o within the population, with
fol z(a)da = 1. In a clinical trial, the vaccine is considered effective if the proportion of
uninfected is higher in the treated group than in the control group. Let us note i, the true
value of p in case of vaccination, it is enough that f > p for it to be the case because the
probability of not having a severe form of COVID-19 in the treated group is A (e™, /1) while
the same probability in the control group is A (e**, ).

At the end of the clinical trial, the efficacy of the vaccine is determined by counting the
infected among the treated and among the controls. We note that, a priori, we observe
neither the e* behaviours of the participants, nor the "true’ state of nature .

Vaccine efficacy V FE is defined as the (number of people in the control group developing
a severe form - number of people in the vaccinated control group developing a severe form
) / number of people in the control group developing a severe form . If the distribution of
« is the same among the controls and the vaccinated -which is justified if the samples are

large enough and nobody drops out -, we obtain:

ve — Joz@ =X (e (), o)) da — [z (@) (1= A(e” (), 72)) da
B Jo (@) (1= A@(@%mﬂa
Jo 2 (@) M (€ (@), i) = A (e (), po)] da

Jo 2 (@) (1= A(e*(a)), o) dev

Remark. Let us assume that 1 — A(e, u) = (1 —m(e))(1 — p), which can be interpreted as
the product of two independent probabilities: 1 —7(e) is the probability of catching COVID-
19 and (1 — p) is the probability of developing a severe form if one is infected by COVID-19,
then we have:

vE=HF"H
1 —po

But if A\ is not separable, we cannot deduce i because we do not observe e*. As a

result, after clinical trials and during the scale-up phase of a vaccination campaign, precise
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vaccine efficacy may be unknown, and we revert to the previous trial case. This may happen
because vaccine efficacy depends on unobserved behaviours and efforts, but also for many
other reasons, including .for instance, fake news that will introduce noise around vaccine
efficacy. In this case, our results show that preventive efforts are extremely difficult to
predict, a result that is consistent with the literature (Courbage, Rey, & Treich, 2013). This
may call for further trials connected with real clinical practice.

Thus, provided that A is separable, the trial enables researchers to determine the values
of € and 6 and the probability of occurrence of an adverse reaction, noted ¢. Because this

case differs from the trial case, the next section discusses this option.

5 Optimal efforts during the vaccination campaign

As explained above, in this section, we assume that the probabilities A are separable, which
implies that the uncertainties associated with vaccination have been removed. The biological
parameter and side effect characteristics are now assumed to be known and given by the
triplet (11, €, ¢-). The expected utility of an agent vaccinated during the vaccination campaign

is:

EU(e;,6.3) = @ [Me,i)U(w — e, Hy —8) + (1 — e, i) U(w — e, Hy — 67)]

+(1 =) [Me, m)U(w — e, Hy) + (1 = Ale, 1)U (w — e, Ho)] . (7)

Let e*** be the solution of: max, FU (e; i, €, q.) while e* is the effort of a non-vaccinated
agent, who solves max, W (e) where W (e) is given by (1).
Let us now examine under what conditions an individual will come forward for vaccina-

tion. The condition for voluntary participation in the campaign is:
EU (™ 1E3) > W (). (8)

Let us define the wealth risk premium in a bi-dimensional environment, expressed in terms

of effort, e, as the difference between the initial health and the global certainty equivalent
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of health risk. € is therefore the solution of the following equation:

(1— @) Uw, H) + GU(w, H, — &) = Ulw — &, H,). 9)

We can state that:

Proposition 8 If the wealth risk premium, expressed in terms of effort, is lower than the
level of effort without any vaccine, i.e. if € < e*, then individuals get vaccinated if i is high

enough.

The relationship between the demand for vaccination and the degree of risk aversion is
unclear. This is consistent with the well-known results on the ambiguous impact of risk aver-
sion on self-protection (Dionne & Eeckhoudt, 1985). However, in the context of vaccination,
our result is close to the one obtained by Crainich et al. (2019). In our set-up, the vacci-
nation trial reveals the value of the effect of vaccines on the probability of having a severe
form of the disease. We show that if the risk premium is relatively low, that is for weakly
risk-averse individuals, then individuals decide to get vaccinated if the impact of vaccines
is sufficiently high. Otherwise, they prefer not to get vaccinated and make more effort (e.g.
protective measures). Our setting extends standard cost-benefit analysis, which considers
only the health impacts of vaccination, by introducing risk aversion toward the possible ad-
verse effects induced by vaccination. This may help in understanding why some individuals
may still be reluctant about vaccination even if the balance between health benefits and

costs is positive.

6 Conclusion

In this paper, we propose a novel theoretical framework to analyze vaccination trials and
campaigns. It emphasizes the role of ambiguity and ambiguity attitudes by using a a-MEU
model of preferences that captures the ambiguous nature of adverse effects of vaccination.
This attitude is assumed to be heterogeneous within the population. We show that individ-
uals enrolled in a clinical trial are not likely to be representative of the total population in
terms of risk exposure to the disease and, during the trial, will behave differently accord-

ing to their own attitude towards ambiguity. After the trial, we characterize the condition
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that establishes the biological effect of the vaccine. Under that latter condition, we analyse
whether the general population is likely to participate in the vaccination campaign and we
show the crucial role of the degree of risk aversion of the population.

What are the implications of these findings for how to design clinical trials and vacci-
nation campaigns? Although we do not yet have a toolkit, this article could motivate an
entire research agenda on how to anticipate the expansion of clinical trials to vaccination
campaigns from a behavioral perspective. Chassang et al. (2015) for example, proposes a
research design when there are interactions between treatment and behaviours. Optimism
bias has previously been studied in clinical research, but not in relation to ambiguity aver-
sion (Chalmers & Matthews, 2006; Sharot, 2011). Innovative research designs accounting
for ambiguity-aversion could thus be one avenue for research. Clinical trials should also aim
at estimating and classifying the bias in vaccine efficacy more systematically so that the
vaccination campaign could adjust this bias in information campaigns. This may be antici-
pated at an early stage of randomized controlled trials (RCTs) - when patients are invited
to participate - by improving data collection on ambiguity measurements (Izhakian, 2020;
Jewitt & Mukerji, 2017). Finally, vaccination campaigns could naturally run out of steam if
vaccine hesitancy persists despite the effectiveness of the treatment. Recently, some studies
have shown the efficiency of nudges on vaccination decisions (Dai et al., 2021; Patel, 2021).
Experimenting different ways to nudge decision making and communicating risks in such
context is certainly crucial (Kahneman, 2017).

Last but not least, this paper complements other frameworks that have e.g. studied
the political economy of vaccination (Iverson, Karp, & Peri, 2022; Manski, 2017; Ngan-
meni, Pongou, Tchantcho, & Tondji, 2022). Our model is used to illustrate the vaccination
episode of the COVID-19 pandemic but do not consider other preventive behaviors such that
antibody testing (Guimaraes, 2021) or self-isolation (Baril-Tremblay, Marlats, & Ménager,
2021). Moreover, our work could be usefully extended by introducing a dynamic framework
in which uncertainty evolves over time. This would make it possible to characterize the
waiting strategies of part of the population. It could also be extended to a more economic
framework that would evaluate the cost and benefits of vaccination, and their consequences

for firms and markets (see, e.g. Morimoto and Suzuki (2022)).

19



7 Data Availability Statement

Data sharing not applicable to this article as no datasets were generated or analysed during

the current study.

References

Aggarwal, D.; & Damodaran, U. (2020, March). Ambiguity attitudes and myopic loss aver-
sion: Experimental evidence using carnival games. Journal of Behavioral and Ezxperi-
mental Finance, 25, 100258. Retrieved 2021-07-12, from https://www.sciencedirect
.com/science/article/pii/S2214635019300747 doi: 10.1016/j.jbef.2019.100258

Agnew, J. R., Anderson, L. R., Gerlach, J. R., & Szykman, L. R. (2008, May). Who
Chooses Annuities? An Experimental Investigation of the Role of Gender, Framing,
and Defaults. American Economic Review, 98(2), 418-422. Retrieved 2021-07-12,
from https://www.aeaweb.org/articles?id=10.1257/aer.98.2.418 doi: 10.1257/
aer.98.2.418

Alary, D., Gollier, C., & Treich, N. (2013). The Effect of Ambiguity Aversion on Insurance
and Self-protection. The Economic Journal, 123(573), 1188-1202. Retrieved 2022-
02-03, from http://onlinelibrary.wiley.com/doi/abs/10.1111/eco0j.12035 doi:
10.1111/ec0j.12035

Attema, A. E., Bleichrodt, H., & L’Haridon, O. (2018, November). Ambiguity preferences for
health. Health Economics, 27(11), 1699-1716. Retrieved 2021-07-12, from https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC6221042/ doi: 10.1002/hec.3795

Attema, A. E., Bleichrodt, H., IL'Haridon, O., Peretti-Watel, P., & Seror, V. (2018, April).
Discounting health and money: New evidence using a more robust method. Journal of
Risk and Uncertainty, 56(2), 117-140. Retrieved 2021-07-12, from https://doi.org/
10.1007/s11166-018-9279-1 doi: 10.1007/s11166-018-9279-1

Auld, M. C. (2003). Choices, beliefs, and infectious disease dynamics. Journal of Health
Economics, 22(3), 361-377. Retrieved 2014-07-25, from http://www.sciencedirect
.com/science/article/pii/S0167629602001030

Baril-Tremblay, D., Marlats, C., & Ménager, L. (2021, March). Self-isolation. Jour-
nal of Mathematical Economics, 93, 102483. Retrieved 2022-07-15, from https://

20


https://www.sciencedirect.com/science/article/pii/S2214635019300747
https://www.sciencedirect.com/science/article/pii/S2214635019300747
https://www.aeaweb.org/articles?id=10.1257/aer.98.2.418
http://onlinelibrary.wiley.com/doi/abs/10.1111/ecoj.12035
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6221042/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6221042/
https://doi.org/10.1007/s11166-018-9279-1
https://doi.org/10.1007/s11166-018-9279-1
http://www.sciencedirect.com/science/article/pii/S0167629602001030
http://www.sciencedirect.com/science/article/pii/S0167629602001030
https://www.sciencedirect.com/science/article/pii/S0304406821000215
https://www.sciencedirect.com/science/article/pii/S0304406821000215

www.sciencedirect.com/science/article/pii/S0304406821000215 doi: 10.1016/
j.jmateco.2021.102483

Bauch, C. T., & Earn, D. J. D. (2004, September). Vaccination and the theory of games.
Proceedings of the National Academy of Sciences of the United States of America,
101(36), 13391-13394. doi: 10.1073/pnas.0403823101

Bauch, C. T., Galvani, A. P., & Earn, D. J. D. (2003, September). Group interest versus
self-interest in smallpox vaccination policy. Proceedings of the National Academy of
Sciences, 100(18), 10564-10567. Retrieved 2021-07-12, from https://www.pnas.org/
content/100/18/10564 doi: 10.1073/pnas.1731324100

Berger, L., & Bosetti, V. (2020, December). Characterizing ambiguity attitudes using
model uncertainty. Journal of Economic Behavior & Organization, 180, 621-637. Re-
trieved 2022-02-03, from https://www.sciencedirect.com/science/article/pii/
S0167268120300524 doi: 10.1016/j.jebo.2020.02.014

Bernal, J. L., Andrews, N., Gower, C., Robertson, C., Stowe, J., Tessier, E., ... Ramsay, M.
(2021, May). Effectiveness of the Pfizer-BioNTech and Oxford-AstraZeneca vaccines
on covid-19 related symptoms, hospital admissions, and mortality in older adults in
England: test negative case-control study. BMJ, 373, n1088. Retrieved 2022-07-15,
from https://www.bmj.com/content/373/bmj.n1088 doi: 10.1136/bmj.n1088

Betsch, C., Béhm, R., & Chapman, G. B. (2015, October). Using Behavioral Insights
to Increase Vaccination Policy Effectiveness. Policy Insights from the Behavioral and
Brain Sciences, 2(1), 61-73. Retrieved 2021-08-09, from https://doi.org/10.1177/
2372732215600716 doi: 10.1177/2372732215600716

Blower, S. M., & McLean, A. R. (1994, September). Prophylactic vaccines, risk behavior
change, and the probability of eradicating HIV in San Francisco. Science, 265 (5177),
1451-1454. Retrieved 2021-07-07, from https://science.sciencemag.org/content/
265/5177/1451 doi: 10.1126/science.8073289

Borghans, L., Golsteyn, B. H. H., Heckman, J. J., & Meijers, H. (2009). Gender Differences
in Risk Aversion and Ambiguity Aversion. Journal of the European Economic Associ-
ation, 7(2/3), 649-658. Retrieved 2021-07-12, from http://www.jstor.org/stable/
40282781

Brewer, N. T., Chapman, G. B., Gibbons, F. X., Gerrard, M., McCaul, K. D., & Weinstein,

21


https://www.sciencedirect.com/science/article/pii/S0304406821000215
https://www.sciencedirect.com/science/article/pii/S0304406821000215
https://www.pnas.org/content/100/18/10564
https://www.pnas.org/content/100/18/10564
https://www.sciencedirect.com/science/article/pii/S0167268120300524
https://www.sciencedirect.com/science/article/pii/S0167268120300524
https://www.bmj.com/content/373/bmj.n1088
https://doi.org/10.1177/2372732215600716
https://doi.org/10.1177/2372732215600716
https://science.sciencemag.org/content/265/5177/1451
https://science.sciencemag.org/content/265/5177/1451
http://www.jstor.org/stable/40282781
http://www.jstor.org/stable/40282781

N. D. (2007). Meta-analysis of the relationship between risk perception and health
behavior: The example of vaccination. Health Psychology, 26(2), 136-145. doi: 10
.1037/0278-6133.26.2.136

Brewer, N. T., DeFrank, J. T., & Gilkey, M. B. (2016, November). Anticipated Regret
and Health Behavior: A Meta-Analysis. Health psychology : official journal of the
Division of Health Psychology, American Psychological Association, 35(11), 1264—
1275. Retrieved 2021-04-30, from https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC5408743/ doi: 10.1037/hea0000294

Brianti, M., Magnani, M., & Menegatti, M. (2018). Optimal choice of prevention and cure
under uncertainty on disease effect and cure effectiveness. Research in FEconomics,
72(2), 327-342.

Burton, L. C., Shapiro, S., & German, P. S. (1999, November). Determinants of physical ac-
tivity initiation and maintenance among community-dwelling older persons. Preventive
Medicine, 29(5), 422-430. doi: 10.1006/pmed.1999.0561

Chalmers, 1., & Matthews, R. (2006, February). @~ What are the implications of
optimism bias in clinical research? The Lancet, 367(9509), 449-450.  Re-
trieved 2022-07-16, from https://www.thelancet.com/journals/lancet/article/
PIIS0140-6736(06)68153-1/fulltext doi: 10.1016/50140-6736(06)68153-1

Chan, T. Y., & Hamilton, B. H. (2006, December). Learning, Private Information, and
the Economic Evaluation of Randomized Experiments. Journal of Political Economy,
114(6), 997-1040. Retrieved 2014-09-22, from http://search.ebscohost.com/login
.aspx7direct=true&db=bth&AN=23428431&lang=fr&site=ehost-1live

Chapman, G. B. (1996, May). Temporal discounting and utility for health and money.
Journal of Experimental Psychology. Learning, Memory, and Cognition, 22(3), 771-
791. doi: 10.1037//0278-7393.22.3.771

Chassang, S., Snowberg, E.; Seymour, B., & Bowles, C. (2015, June). Accounting for
Behavior in Treatment Effects: New Applications for Blind Trials. PLOS ONFE,
10(6), e0127227. Retrieved 2018-11-05, from https://journals.plos.org/plosone/
article?id=10.1371/journal.pone.0127227 doi: 10.1371/journal.pone.0127227

Chesney, M. A., Chambers, D. B., & Kahn, J. O. (1997, December). Risk Behav-

ior for HIV Infection in Participants in Preventive HIV Vaccine Trials: A Cau-

22


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5408743/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5408743/
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(06)68153-1/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(06)68153-1/fulltext
http://search.ebscohost.com/login.aspx?direct=true&db=bth&AN=23428431&lang=fr&site=ehost-live
http://search.ebscohost.com/login.aspx?direct=true&db=bth&AN=23428431&lang=fr&site=ehost-live
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0127227
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0127227

tionary Note. JAIDS Journal of Acquired Immune Deficiency Syndromes, 16(4),
266-271. Retrieved 2021-07-07, from https://journals.lww.com/jaids/fulltext/
1997/12010/risk_behavior_for hiv_infection_in participants_in.7.aspx

Chevallier, C., Hacquin, A.-S., & Mercier, H. (2021, May). COVID-19 Vaccine Hesitancy:
Shortening the Last Mile. Trends in Cognitive Sciences, 25(5), 331-333. doi: 10.1016/
j.tics.2021.02.002

Chidambaram, V., Tun, N. L., Haque, W. Z., Majella, M. G., Sivakumar, R. K., Kumar,
A., ... Galiatsatos, P. (2020, November). Factors associated with disease severity and
mortality among patients with COVID-19: A systematic review and meta-analysis.
PLOS ONE, 15(11), e0241541. Retrieved 2022-02-03, from https://journals.plos
.org/plosone/article?id=10.1371/journal.pone.0241541 doi: 10.1371/journal
.pone.0241541

Chodick, G., Tene, L., Rotem, R. S., Patalon, T., Gazit, S., Ben-Tov, A., ... Muhsen,
K. (2021, May). The effectiveness of the TWO-DOSE BNT162b2 vaccine: analysis
of real-world data. Clinical Infectious Diseases(ciab438). Retrieved 2021-07-12, from
https://doi.org/10.1093/cid/ciab438 doi: 10.1093/cid/ciab438

Courbage, C., & Rey, B. (2016, January). Decision Thresholds and Changes in Risk for
Preventive Treatment. Health Economics, 25(1), 111-124. doi: 10.1002/hec.3127

Courbage, C., Rey, B., & Treich, N. (2013). Prevention and precaution. Handbook of
insurance, 185-204.

Crainich, D., Eeckhoudt, L., & Menegatti, M. (2019, October). Vaccination as a trade-off
between risks. Italian Economic Journal, 5(3), 455-472. Retrieved 2021-07-12, from
https://doi.org/10.1007/s40797-019-00089-w doi: 10.1007/s40797-019-00089-w

Croson, R., & Gneezy, U. (2009, June). Gender Differences in Preferences. Jour-
nal of Economic Literature, 47(2), 448-474. Retrieved 2021-08-09, from https://
www.aeaweb.org/articles?id=10.1257/jel.47.2.448 doi: 10.1257/jel.47.2.448

Curley, S. P., Eraker, S. A., & Yates, J. F. (1984, December). An Investigation of Pa-
tient’s Reactions to Therapeutic Uncertainty. Medical Decision Making, 4(4), 501—
511. Retrieved 2021-08-09, from https://doi.org/10.1177/0272989X8400400412
doi: 10.1177/0272989X8400400412

Dai, H., Saccardo, S., Han, M. A., Roh, L., Raja, N., Vangala, S., ... Croymans,

23


https://journals.lww.com/jaids/fulltext/1997/12010/risk_behavior_for_hiv_infection_in_participants_in.7.aspx
https://journals.lww.com/jaids/fulltext/1997/12010/risk_behavior_for_hiv_infection_in_participants_in.7.aspx
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0241541
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0241541
https://doi.org/10.1093/cid/ciab438
https://doi.org/10.1007/s40797-019-00089-w
https://www.aeaweb.org/articles?id=10.1257/jel.47.2.448
https://www.aeaweb.org/articles?id=10.1257/jel.47.2.448
https://doi.org/10.1177/0272989X8400400412

D. M. (2021, September). Behavioural nudges increase COVID-19 vaccinations.
Nature, 597(7876), 404-409. Retrieved 2022-07-16, from https://www.nature.com/
articles/s41586-021-03843-2 doi: 10.1038/s41586-021-03843-2

Dionne, G., & Eeckhoudt, L. (1985, January). Self-insurance, self-protection and increased
risk aversion. Economics Letters, 17(1), 39-42. Retrieved 2022-02-03, from https://
www.sciencedirect.com/science/article/pii/0165176585901235 doi: 10.1016/
0165-1765(85)90123-5

Eckel, C. C., & Grossman, P. J. (2008a, January). Chapter 113 Men, Women and Risk
Aversion: Experimental Evidence. In C. R. Plott & V. L. Smith (Eds.), Hand-
book of Experimental Economics Results (Vol. 1, pp. 1061-1073). Elsevier. Re-
trieved 2021-07-12, from https://www.sciencedirect.com/science/article/pii/
S1574072207001138 doi: 10.1016/S1574-0722(07)00113-8

Eckel, C. C., & Grossman, P. J. (2008b, October). Forecasting risk attitudes: An experimen-
tal study using actual and forecast gamble choices. Journal of Economic Behavior &
Organization, 68(1), 1-17. Retrieved 2021-07-12, from https://www.sciencedirect
.com/science/article/pii/S0167268108000978 doi: 10.1016/j.jebo.2008.04.006

Etner, J., Jeleva, M., & Tallon, J.-M. (2012). Decision theory under ambiguity. Journal of
Economic Surveys, 26(2), 234-270.

Finkelstein, A., Luttmer, E. F. P.,; & Notowidigdo, M. J. (2009, May). Approaches to Esti-
mating the Health State Dependence of the Utility Function. American Economic
Review, 99(2), 116-121. Retrieved 2021-07-07, from https://www.aeaweb.org/
articles?id=10.1257/aer.99.2.116 doi: 10.1257/aer.99.2.116

Galasso, V., Pons, V., Profeta, P., Becher, M., Brouard, S., & Foucault, M. (2020, Novem-
ber). Gender differences in COVID-19 attitudes and behavior: Panel evidence from
eight countries. Proceedings of the National Academy of Sciences, 117(44), 27285~
27291. Retrieved 2021-08-09, from https://www.pnas.org/content/117/44/27285
doi: 10.1073/pnas.2012520117

Galasso, V., Profeta, P.; Foucault, M., & Pons, V. (2021, March). COVID-19 Vaccine’s
Gender Paradox. medRxiv, 2021.03.26.21254380. Retrieved 2021-08-09, from https://
www.medrxiv.org/content/10.1101/2021.03.26.21254380v1 doi: 10.1101/2021.03
.26.21254380

24


https://www.nature.com/articles/s41586-021-03843-2
https://www.nature.com/articles/s41586-021-03843-2
https://www.sciencedirect.com/science/article/pii/0165176585901235
https://www.sciencedirect.com/science/article/pii/0165176585901235
https://www.sciencedirect.com/science/article/pii/S1574072207001138
https://www.sciencedirect.com/science/article/pii/S1574072207001138
https://www.sciencedirect.com/science/article/pii/S0167268108000978
https://www.sciencedirect.com/science/article/pii/S0167268108000978
https://www.aeaweb.org/articles?id=10.1257/aer.99.2.116
https://www.aeaweb.org/articles?id=10.1257/aer.99.2.116
https://www.pnas.org/content/117/44/27285
https://www.medrxiv.org/content/10.1101/2021.03.26.21254380v1
https://www.medrxiv.org/content/10.1101/2021.03.26.21254380v1

Geoffard, P.-Y., & Philipson, T. (1997). Disease eradication: private versus public vac-
cination. The American Economic Review, 222-230. Retrieved 2014-07-31, from
http://www.jstor.org/stable/2950864

Ghirardato, P., & Marinacci, M. (2002). Ambiguity made precise: A comparative foundation.
Journal of Economic Theory, 102(2), 251-289.

Gilboa, I., & Marinacci, M. (2013). Ambiguity and the bayesian paradigm, advances in
economics and econometrics: theory and applications. In Tenth world congress of the
econometric society, d. acemoglu, m. arellano, and e. dekel (eds.).

Guimaraes, L. (2021, March). Antibody tests: They are more important than we thought.
Journal of Mathematical Economics, 93, 102485. Retrieved 2022-07-15, from https://
www.sciencedirect.com/science/article/pii/S0304406821000239 doi: 10.1016/
j.jmateco.2021.102485

Haas, E. J., Angulo, F. J., McLaughlin, J. M., Anis, E., Singer, S. R., Khan, F.,

. Alroy-Preis, S. (2021, May). Impact and effectiveness of mRNA BNT162b2
vaccine against SARS-CoV-2 infections and COVID-19 cases, hospitalisations, and
deaths following a nationwide vaccination campaign in Israel: an observational
study using national surveillance data. The Lancet, 397(10287), 1819-1829. Re-
trieved 2021-07-12, from https://www.thelancet.com/journals/lancet/article/
PIIS0140-6736(21)00947-8/abstract doi: 10.1016/S0140-6736(21)00947-8

Hacquin, A.-S., Altay, S., Araujo, E. d., Chevallier, C., & Mercier, H. (2020, November).
Sharp rise in vaccine hesitancy in a large and representative sample of the French
population: reasons for vaccine hesitancy. (Tech. Rep.). PsyArXiv. Retrieved 2021-08-
09, from https://psyarxiv.com/r8h6z/ (type: article) doi: 10.31234/osf.io/r8h6z

Haischer, M. H., Beilfuss, R., Hart, M. R., Opielinski, L., Wrucke, D., Zirgaitis, G., ...
Hunter, S. K. (2020, October). Who is wearing a mask? Gender-, age-, and location-
related differences during the COVID-19 pandemic. PLOS ONE, 15(10), €0240785.
Retrieved 2022-07-13, from https://journals.plos.org/plosone/article?id=10
.1371/journal.pone.0240785 doi: 10.1371/journal.pone.0240785

Heaton, P. M. (2020, November). The Covid-19 Vaccine-Development Multiverse. New Eng-
land Journal of Medicine, 383(20), 1986-1988. Retrieved 2022-07-15, from https://
doi.org/10.1056/NEJMe2025111 doi: 10.1056/NEJMe2025111

25


http://www.jstor.org/stable/2950864
https://www.sciencedirect.com/science/article/pii/S0304406821000239
https://www.sciencedirect.com/science/article/pii/S0304406821000239
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)00947-8/abstract
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)00947-8/abstract
https://psyarxiv.com/r8h6z/
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0240785
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0240785
https://doi.org/10.1056/NEJMe2025111
https://doi.org/10.1056/NEJMe2025111

Horne, Z., Powell, D., Hummel, J. E., & Holyoak, K. J. (2015, August). Countering
antivaccination attitudes. Proceedings of the National Academy of Sciences, 112(33),
10321-10324. Retrieved 2021-07-12, from https://www.pnas.org/content/112/33/
10321 doi: 10.1073/pnas.1504019112

Iverson, T., Karp, L., & Peri, A. (2022). Optimal social distancing and the economics of
uncertain vaccine arrival. Journal of Public Economic Theory, n/a(n/a). Retrieved
2022-08-16, from http://onlinelibrary.wiley.com/doi/abs/10.1111/jpet.12606
doi: 10.1111/jpet.12606

Izcovich, A., Ragusa, M. A., Tortosa, F., Marzio, M. A. L., Agnoletti, C., Bengolea, A.,
... Rada, G. (2020, November). Prognostic factors for severity and mortality in pa-
tients infected with COVID-19: A systematic review. PLOS ONE, 15(11), e0241955.
Retrieved 2022-02-03, from https://journals.plos.org/plosone/article?id=10
.1371/journal .pone.0241955 doi: 10.1371/journal.pone.0241955

Izhakian, Y. (2020). A theoretical foundation of ambiguity measurement. Journal of Eco-
nomic Theory, 187, 105001.

Jewitt, I., & Mukerji, S. (2017). Ordering ambiguous acts. Journal of Economic Theory,
171, 213-267.

Johnson, M. O. (1999, August). Belief of vaccine receipt in HIV vaccine trials: further
cautions. Journal of acquired immune deficiency syndromes (1999), 21(5), 413-416.
Retrieved 2021-07-07, from https://doi.org/10.1097/00126334-199908150-00009
doi: 10.1097/00126334-199908150-00009

Kahneman, D. (2017). Thinking, fast and slow. New York: Farrar, Straus and Giroux.

Kluge, H., & McKee, M. (2021, May). COVID-19 vaccines for the European re-
gion: an unprecedented challenge.  The Lancet, 397(10286), 1689-1691. Re-
trieved 2021-07-12, from https://www.thelancet.com/journals/lancet/article/
PIIS0140-6736(21)00709-1/abstract doi: 10.1016/S0140-6736(21)00709-1

Kocher, M. G., Lahno, A. M., & Trautmann, S. T. (2018, January). Ambiguity aversion is
not universal. European FEconomic Review, 101, 268-283. Retrieved 2021-07-12, from
https://www.sciencedirect.com/science/article/pii/S001429211730185X doi:
10.1016/j.euroecorev.2017.09.016

Kray, L. J., & Gelfand, M. J. (2009). Relief versus regret: The effect of gender and negotiating

26


https://www.pnas.org/content/112/33/10321
https://www.pnas.org/content/112/33/10321
http://onlinelibrary.wiley.com/doi/abs/10.1111/jpet.12606
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0241955
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0241955
https://doi.org/10.1097/00126334-199908150-00009
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)00709-1/abstract
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)00709-1/abstract
https://www.sciencedirect.com/science/article/pii/S001429211730185X

norm ambiguity on reactions to having one’s first offer accepted. Social Cognition,
27(3), 418-436. doi: 10.1521/s0c0.2009.27.3.418

Levy, B. R., & Myers, L. M. (2004, September). Preventive health behaviors influenced
by self-perceptions of aging. Preventive Medicine, 39(3), 625-629. doi: 10.1016/
j.ypmed.2004.02.029

Liu, T., Liang, W., Zhong, H., He, J., Chen, Z., He, G., ... Ma, W. (2020). Risk factors
associated with COVID-19 infection: a retrospective cohort study based on contacts
tracing. Emerging Microbes & Infections, 9(1), 1546-1553. Retrieved 2022-02-03,
from https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7473290/ doi: 10.1080/
22221751.2020.1787799

Lustig, Y., Nemet, 1., Kliker, L., Zuckerman, N., Yishai, R., Alroy-Preis, S., ... Mandel-
boim, M. (2021, April). Neutralizing Response against Variants after SARS-CoV-
2 Infection and One Dose of BNT162b2. New England Journal of Medicine. Re-
trieved 2021-07-12, from https://www.nejm.org/doi/10.1056/NEJMc2104036 doi:
10.1056/NEJMc2104036

Malani, A. (2006, April). Identifying Placebo Effects with Data from Clinical Trials. Jour-
nal of Political Economy, 114(2), 236-256. Retrieved from https://www.journals
.uchicago.edu/doi/10.1086/500279 doi: 10.1086/500279

Malani, A. (2008, June). Patient enrollment in medical trials: Selection bias in a ran-
domized experiment. Journal of Econometrics, 144(2), 341-351. Retrieved from
http://www.sciencedirect.com/science/article/pii/S0304407608000328 doi:
10.1016/j.jeconom.2008.04.002

Manski, C. F. (2017). Mandating vaccination with unknown indirect effects. Jour-
nal of Public Economic Theory, 19(3), 603-619. Retrieved 2022-08-16, from
http://onlinelibrary.wiley.com/doi/abs/10.1111/jpet.12234 doi: 10.1111/
jpet.12234

May, R. (2000, January). Simple Rules with Complex Dynamics. Science, 287(5453), 601—
602. Retrieved 2021-07-12, from https://science.sciencemag.org/content/287/
5453/601 doi: 10.1126/science.287.5453.601

Milman, O., Yelin, 1., Aharony, N., Katz, R., Herzel, E., Ben-Tov, A., ... Kishony, R. (2021,

June). Community-level evidence for SARS-CoV-2 vaccine protection of unvaccinated

27


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7473290/
https://www.nejm.org/doi/10.1056/NEJMc2104036
https://www.journals.uchicago.edu/doi/10.1086/500279
https://www.journals.uchicago.edu/doi/10.1086/500279
http://www.sciencedirect.com/science/article/pii/S0304407608000328
http://onlinelibrary.wiley.com/doi/abs/10.1111/jpet.12234
https://science.sciencemag.org/content/287/5453/601
https://science.sciencemag.org/content/287/5453/601

individuals. Nature Medicine, 1-3. Retrieved 2021-07-12, from https://www.nature
.com/articles/s41591-021-01407-5 doi: 10.1038/s41591-021-01407-5

Morimoto, K., & Suzuki, S. (2022). Ambiguity in a pandemic recession, asset prices, and
lockdown policy. Journal of Public Economic Theory, n/a(n/a). Retrieved 2022-
07-15, from http://onlinelibrary.wiley.com/doi/abs/10.1111/jpet.12591 doi:
10.1111/jpet.12591

Neumann-Bohme, S., Varghese, N. E., Sabat, I., Barros, P. P., Brouwer, W., van Exel, J., ...
Stargardt, T. (2020, September). Once we have it, will we use it? A European survey
on willingness to be vaccinated against COVID-19. The Furopean Journal of Health
Economics, 21(7), 977-982. Retrieved 2021-08-09, from https://doi.org/10.1007/
$10198-020-01208-6 doi: 10.1007/s10198-020-01208-6

Nganmeni, Z., Pongou, R., Tchantcho, B., & Tondji, J.-B. (2022). Vaccine and inclu-
sion. Journal of Public Economic Theory, n/a(n/a). Retrieved 2022-07-15, from
http://onlinelibrary.wiley.com/doi/abs/10.1111/jpet.12590 doi: 10.1111/
jpet.12590

Oraby, T., & Bauch, C. T. (2015, June). Bounded rationality alters the dynamics of paedi-
atric immunization acceptance. Scientific Reports, 5(1), 10724. Retrieved 2021-07-12,
from https://www.nature.com/articles/srep10724 doi: 10.1038/srepl0724

Patel, M. S. (2021, September). Text-message nudges encourage COVID vaccination. Na-
ture, 597(7876), 336-337. Retrieved 2022-07-16, from https://www.nature.com/
articles/d41586-021-02043-2 doi: 10.1038/d41586-021-02043-2

Peltzman, S. (1975, August). The Effects of Automobile Safety Regulation. Journal of
Political Economy, 83(4), 677-725. Retrieved 2021-07-07, from http://www. journals
.uchicago.edu/doi/abs/10.1086/260352 doi: 10.1086,/260352

Pijls, B. G., Jolani, S., Atherley, A., Derckx, R. T., Dijkstra, J. I. R., Franssen, G. H. L.,

. Zeegers, M. P. (2021, January). Demographic risk factors for COVID-19 infec-

tion, severity, ICU admission and death: a meta-analysis of 59 studies. BM.J Open,
11(1), e044640. Retrieved 2022-02-03, from https://bmjopen.bmj.com/content/11/
1/e044640 doi: 10.1136 /bmjopen-2020-044640

Pritchard, E., Matthews, P. C., Stoesser, N., Eyre, D. W., Gethings, O., Vihta, K.-D., ...
Pouwels, K. B. (2021, June). Impact of vaccination on new SARS-CoV-2 infections

28


https://www.nature.com/articles/s41591-021-01407-5
https://www.nature.com/articles/s41591-021-01407-5
http://onlinelibrary.wiley.com/doi/abs/10.1111/jpet.12591
https://doi.org/10.1007/s10198-020-01208-6
https://doi.org/10.1007/s10198-020-01208-6
http://onlinelibrary.wiley.com/doi/abs/10.1111/jpet.12590
https://www.nature.com/articles/srep10724
https://www.nature.com/articles/d41586-021-02043-2
https://www.nature.com/articles/d41586-021-02043-2
http://www.journals.uchicago.edu/doi/abs/10.1086/260352
http://www.journals.uchicago.edu/doi/abs/10.1086/260352
https://bmjopen.bmj.com/content/11/1/e044640
https://bmjopen.bmj.com/content/11/1/e044640

in the United Kingdom. Nature Medicine, 1-9. Retrieved 2021-07-12, from https://
www.nature.com/articles/s41591-021-01410-w doi: 10.1038/s41591-021-01410-w

Rozenfeld, Y., Beam, J., Maier, H., Haggerson, W., Boudreau, K., Carlson, J., & Medows, R.
(2020, July). A model of disparities: risk factors associated with COVID-19 infection.
International Journal for Equity in Health, 19(1), 126. Retrieved 2022-02-03, from
https://doi.org/10.1186/s12939-020-01242-z doi: 10.1186/s12939-020-01242-7

Schubert, R., Gysler, M., Brown, M., & Brachinger, H. W. (2000). Gender specific attitudes
towards risk and ambiguity: an experimental investigation. , 19 S. Retrieved 2021-
07-12, from http://hdl.handle.net/20.500.11850/145018 doi: 10.3929/ETHZ-A
-004106791

Schwartz, D., & Lellouch, J. (2009, May). Explanatory and pragmatic attitudes in ther-
apeutical trials. Journal of Clinical Epidemiology, 62(5), 499-505. doi: 10.1016/
j-jclinepi.2009.01.012

Sharot, T. (2011, December). The optimism bias. Current Biology, 21(23), R941-R945.
Retrieved 2022-07-16, from https://www.cell.com/current-biology/abstract/
S0960-9822(11)01191-2 doi: 10.1016/j.cub.2011.10.030

Shim, E., Chapman, G. B., Townsend, J. P., & Galvani, A. P. (2012, Septem-
ber). The influence of altruism on influenza vaccination decisions. Journal of The
Royal Society Interface, 9(74), 2234-2243. Retrieved 2021-07-12, from https://
royalsocietypublishing.org/doi/10.1098/rsif.2012.0115 doi:  10.1098 /rsif
.2012.0115

Sloan, F. A., Kip Viscusi, W., Chesson, H. W., Conover, C. J., & Whetten-Goldstein,
K. (1998, August). Alternative approaches to valuing intangible health losses: the
evidence for multiple sclerosis1This article was written when Chesson was a stu-
dent at Duke University.l. Journal of Health Economics, 17(4), 475-497. Re-
trieved 2021-07-07, from https://www.sciencedirect.com/science/article/pii/
S0167629697000258 doi: 10.1016/S0167-6296(97)00025-8

Soiza, R. L., Scicluna, C., & Thomson, E. C. (2021, March). Efficacy and safety of COVID-
19 vaccines in older people. Age and Ageing, 50(2), 279-283. Retrieved 2022-07-15,
from https://doi.org/10.1093/ageing/afaa274 doi: 10.1093/ageing/afaa274

Streefland, P., Chowdhury, A. M. R., & Ramos-Jimenez, P. (1999, December). Pat-

29


https://www.nature.com/articles/s41591-021-01410-w
https://www.nature.com/articles/s41591-021-01410-w
https://doi.org/10.1186/s12939-020-01242-z
http://hdl.handle.net/20.500.11850/145018
https://www.cell.com/current-biology/abstract/S0960-9822(11)01191-2
https://www.cell.com/current-biology/abstract/S0960-9822(11)01191-2
https://royalsocietypublishing.org/doi/10.1098/rsif.2012.0115
https://royalsocietypublishing.org/doi/10.1098/rsif.2012.0115
https://www.sciencedirect.com/science/article/pii/S0167629697000258
https://www.sciencedirect.com/science/article/pii/S0167629697000258
https://doi.org/10.1093/ageing/afaa274

terns of vaccination acceptance. Social Science & Medicine, 49(12), 1705-1716. Re-
trieved 2021-07-12, from https://www.sciencedirect.com/science/article/pii/
S0277953699002397 doi: 10.1016/S0277-9536(99)00239-7

Viscusi, W. K., & Evans, W. N. (1990). Utility Functions That Depend on Health Status:
Estimates and Economic Implications. The American Economic Review, 80(3), 353~
374. Retrieved 2021-07-07, from http://www. jstor.org/stable/2006671

Voinson, M., Billiard, S., & Alvergne, A. (2015, November). Beyond Rational Decision-
Making: Modelling the Influence of Cognitive Biases on the Dynamics of Vaccina-
tion Coverage. PLOS ONE, 10(11), e0142990. Retrieved 2021-07-12, from https://
journals.plos.org/plosone/article?id=10.1371/journal .pone.0142990  doi:
10.1371/journal.pone.0142990

Weber, E. U., Blais, A.-R., & Betz, N. E. (2002). A domain-specific risk-attitude scale:
measuring risk perceptions and risk behaviors. Journal of Behavioral Decision Making,
15(4), 263-290. Retrieved 2021-07-12, from http://onlinelibrary.wiley.com/doi/
abs/10.1002/bdm.414 doi: 10.1002/bdm.414

Wenham, C.; Smith, J., & Morgan, R. (2020, March). COVID-19: the gen-
dered impacts of the outbreak. The Lancet, 395(10227), 846-848. Re-
trieved 2021-08-09, from https://www.thelancet.com/journals/lancet/article/
PIIS0140-6736(20)30526-2/abstract doi: 10.1016/S0140-6736(20)30526-2

Wheelock, A., Thomson, A., & Sevdalis, N. (2013, August). Social and psychological factors
underlying adult vaccination behavior: lessons from seasonal influenza vaccination in
the US and the UK. FEzpert Review of Vaccines, 12(8), 893-901. Retrieved 2021-07-
12, from https://doi.org/10.1586/14760584.2013.814841 doi: 10.1586/14760584
.2013.814841

Yang, X., & Zhu, L. (2016, March). Ambiguity vs risk: An experimental study of overconfi-
dence, gender and trading activity. Journal of Behavioral and FExperimental Finance,
9, 125-131. Retrieved 2021-07-12, from https://www.sciencedirect.com/science/
article/pii/S2214635016000095 doi: 10.1016/j.jbef.2016.01.003

30


https://www.sciencedirect.com/science/article/pii/S0277953699002397
https://www.sciencedirect.com/science/article/pii/S0277953699002397
http://www.jstor.org/stable/2006671
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0142990
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0142990
http://onlinelibrary.wiley.com/doi/abs/10.1002/bdm.414
http://onlinelibrary.wiley.com/doi/abs/10.1002/bdm.414
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30526-2/abstract
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30526-2/abstract
https://doi.org/10.1586/14760584.2013.814841
https://www.sciencedirect.com/science/article/pii/S2214635016000095
https://www.sciencedirect.com/science/article/pii/S2214635016000095

8 Appendices

A Proof of Proposition 1

The first order condition is W’ (e) = 0, where W’ (e) can be written as:

W' (e) = Ae (e, 110) [U (w — e, Hy) — U (w — e, Hy)]
- [/\ (67M0) Ue (w -6 Hl) + (1 - A (67 MO)) Ue (w -6 HU)] :

(A1)

The second order condition is W” (e) < 0, where W (e) can be written as:

W (e) = Aee (€, p10) [U (w — e, Hy) — U (w — e, Hy)]
=2 (e, po) [Ue (w — e, Hy) — U, (w — e, Hy)] (A.2)
+A (e, o) Uee (W — e, Hy) + (1 — A (e, o)) Uee (w — €, Hp) .

Given the assumptions U, (¢, H;) > 0, Uy (¢, H;) > 0, U.y(c, H;) > 0 and U, (¢, H;) < 0,
a sufficient condition for W” (e) to be negative is A (€%, 19) > 0. Moreover, e* > 0 if
W’ (0) > 0, which is obtained if lim A, (0, o) = 400 and e* < w if W/ (w) > 0, which is
obtained if lim U.. (0, H;) = +o0. O

B Proof of Proposition 2

We use equation (A.1) as an implicit function and derive the following relation:

. de* . Ae (6*711“0) [UC (w_e*7H1) - Ue (w_e*7H0)]
sign—— = sign , (B.3)
w - [)‘ (e*alu0) Ucc (w - 6*7 Hl) + (1 —A (6*,,u0)) Ucc (w - 6*7 HO)}

which is positive since U.y(c, H;) > 0 and U, (¢, H;) < 0. Similarly, we have:

de | e m) U (w— et Hy) — U (w— e, Hy)
= sign , (B.4)
Ao A (e, o) [Ue (w — e*, Hy) — Ue (w — e*, Hy)]

sign

which is negative since A, < 0. [
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C Proof of Proposition 3

The first order condition is:

max

pa{—=g2 [Me, po)Uc(w — e, Hy — £) + (1 = Ae, po) )Uc(w — €, Hy — bz)]
—(1 = ¢ [Me, po)Uc(w — e, H1) + (1 = Ale, po) ) Ue(w — €, Ho)]
(€, o) [ (U(w — e, Hy —€) = U(w — e, Hy — 0z))

+(1 =) (U(w — e, H1) = U(w — e, Ho))|}

—p(1—a)Usw—-e,Hy) + (1 —p) W' (e) = 0. (C.5)

We note that the left-hand side of the above expression is strictly positive for e = 0 if
lim X\, (0, o) = 400 and U(w, Hy —¢) > U(w, Hy—0¢), which reduces to Hy— Hy > ¢ (1 — 0).

It is strictly negative for e = w if lim U/ (0, H;) = +o00. Moreover, the second order condition

18

pa{ =22 (e, o) [Ue(w — €, Hy — &) — Ue(w — €, Ho — 0¢)]

—2(1 = ¢") Ae(e, po) [Ue(w — €, Hy) + Ue(w — e, H)]

+7 [Me, po)Uee(w — €, Hy — €) + (1 = Ae, o)) Uce(w — €, Hy — 0¢)]
+(1 = ¢ [Me, po)Uce(w — €, Hy) + (1 = e, po) ) Uee(w — €, Ho)]
+Ace(€, o) (g7 (U(w — e, Hy — ) = U(w — e, Hy — b))

+(1 =) (U(w — e, Hy) = U(w — e, Ho))[}

+p(1 — @) Uee(w — e, Hy) + (1 —p) W (e), (C.6)

which is negative if A.e(e, o) < 0and Hy — Hy > (1 —6). O
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D Proof of Proposition 4

We use equations (A.1) and (C.5) as implicit functions and compute the following:

d *kk
sign de = sign[pa{—¢"N.(e, o) [Uc(w — e, Hy —€) — Uc(w — e, Hy — 6¢)]
Ho

—(1 = ¢™)Au(e; po) [Ue(w — e, Hr) — Ue(w — €, Ho)]
+Aenle, o) [ (U(w —e,Hy —e) — U(w — e, Hy — b¢))
+(1 = ¢") (U(w — e, Hy) — U(w — e, Hy))|}

+ (1 —p) Aep (€, 00) [U (w — e, Hy) = U (w — e, Hy)]
— (1 =p) Au (e, o) [Ue (w — e, Hy) = Ue (w — e, Hy)]] (D.7)

which is negative if A, (e, 10) < 0 (as in Proposition 2). We also have:

k%

do

sign = sign [(1 — A(e, po))Uer(w — e, Hy — 02) + Ae(e, o) U (w — e, Hy — 0¢)], (D.8)

which is positive. Moreover, we have:

6**

sign A sign [A(e, po)Uenr(w — e, Hy — £) + (1 — A(e, 10))0Ucr (w — €, Ho — be)

—Xe(e, o) [Ug(w —e, Hy —e) — Uy (w — e, Hy — 0¢)]], (D.9)

which is positive if § > 1 (as we have U.y > 0 and Uy < 0). Finally, we have:

d )k
sign © = sign [A(e, o) [Uc(w — e, Hy) — U(w — e, H; — €)]

dq;nax

+(1 — Xe, po)) [Ue(w — €, Hy) — Uo(w — e, Hy — 0¢)]
=Xe(e, o) [(U(w —e, Hy) —U(w — e, H — ¢))
—(U(w —e,Hy) —U(w — e, Hy — 0¢))]] . (D.10)

The latter expression is equal to 0 for e = 0 and is increasing with ¢ if —Uy(w —e, H; —&) +
OUy(w — e, Hy — 0e) > 0, which is the case if # > 1. We therefore conclude that the sign is

positive if 6 > 1.
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£ OVe(e

Finally, the sign of % is given by the sign o %) Using equation (A.1), we obtain:

[oe"
Ve (e
Tl o — e H) g™ Ale™ o) (U — ™ By — ) = Uluw — ™, Hy — 02)]
—C]énax [)‘(6**7 NO)UC(w - 6**, Hy, - 5)
+(1 = A(€e™, o)) Ue(w — €™, Hy — be)] , (D.11)
or equivalently:
oV, (e*; )

o = [U(w— e, Hy) — ¢@*U(w — €™, Hy — 0¢)]
+q N (€, o) [U(w — e, Hy —e) — U(w — €**, Hy — 0¢)]

_’_q;naX)\(e**’ MO) [Uc(w - 6**, HO - (95) - Uc(w - 6**, Hl - 6)] . (D12)

In the previous equation, the first expression in brackets is positive since ¢*** < 1 and
Ueg > 0; due to Uy > 0 the second is also positive if one assumes that H; — Hy > ¢ (1 — 0),
as required in Proposition 3; finally, due to U,y > 0, the third is also positive under the

same assumption. We conclude that 0V, (e**;a) /0o > 0. O

E Proof of Proposition 5

To characterize the difference between e** () and e*, we use the concavity of both optimiza-
tion problems to state that V. (e*;a) > 0 < e () > e*. It is thus sufficient to analyse the

sign of V, (e*; ), noting that e* is independent of «, e and §. We have:

Ve (e;a) = aA(e) — U(w — e, Hy), (E.13)

where:

A(e) = Udw—e, Hy)— g [Me, po)Uc(w —e, Hy — ) + (1 — Ae, o)) Ue(w — e, Hy — 6¢)]
—(1 = ¢) [Ae, po)Ue(w — €, H1) + (1 = A(e, po))Ue(w — e, Ho)]
(e, ) [ (U(w — e, H —e) — U(w — e, Hy — 6¢))

+(1 = ¢ (U(w — e, Hy) — U(w — e, Hy))] . (E.14)
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The proof proceeds in three steps. First, we note that V, (e;0) < 0 whatever e, which implies
that V. (e*;0) < 0 and therefore that e** (0) < e*. Second, following the previous proposition,
we know that OV, (e*; «) /0a > 0.

Third, we examine the sign of V. (e*;1). If V, (e*; 1) < 0, we can conclude that e** (o) < e*
for all a € [0,1]. If V. (e*;1) > 0, we can conclude that there exists a unique & € (0, 1] such

that e (o) > e* < o > a. We have:

Ve(e*;1) = ¢ Ne(€", o) [U(w —e*, Hy —e) — U(w — e*, Hy — 6¢)] (E.15)

—q ™ (A", po)Ue(w — e*, Hy —€) + (1 — Ae", po))Ue(w — €, Hy — b)) .

Let us compute

% = ¢ e [Ae(€”, o) U (w — €%, Hy — 0e) + (1 — A(e™, o)) Uerr (w — €*, Hy — 0¢)],
(E.16)
which is positive due to Uy > 0 and U.g > 0. Let us now evaluate:
Vol i Dl = @ N(e o) [U(w — €, Hy — £) = Ulw — e, Hy — )
=™ Me", po)Uc(w — €, Hy — €)
+(1 = A(e*, o)) Up(w — e*, Hy — €)] . (E.17)

Since Ve (€51)[g_y g = ¢ W' (€”) = 0 and since

8‘/6 *a 1 max * * max * %
éeg ) = ¢ N (€™, pwo)eUp(w—e*, Hy—e) + ¢ (1 — A(e*, po) )eUe (w — e, Hy—€) > 0

and

oV (6*§ 1)|9:1

e = —q::nax)\e(e*, o) [UH(U/ - H — 5) - UH(w —e*, Hy — 5)]

+a ™ (e, po)Ue(w — €, Hy — €) 4+ (1 — A(e", o)) Uerr(w — €, Hy — €)]

is positive due to Ugy < 0, we can conclude that V, (e*;1) > 0 for ¢ > 0 and 6§ > 1. Now,
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the minimal value for 6 is max {1 — (H; — Hy) /¢,0}. Let us first compute:
Ve (e 1),y m-ny = =0 U(w — e, Hy — ¢) < 0. (E.18)
Moreover, we have:

Vo(e's Dlpsy = @™ Nle', o) [U(w — ¢, Hy —2) = Ulw — e, Hy)] (E.19)

=@ [(A(e*, po)Ue(w — €%, Hy — ) + (1 — A(e*, po) ) Uc(w — €, Hp)]

which is equal to 0 for ¢ = 0 and is negative for the maximal value of ¢, i.e. for ¢ =
Hy; — Hy. Thus, V. (e*1)],_, < 0 if ¢ is sufficiently large. Therefore, there exists 6 €
(1 — (Hy — Hy) /e, 1) such that V, (e*;1) > 0 <=0 > 0.

F Proof of Proposition 6

Let the function f(«) be defined as:
fle) =pV (e (@) ;) + (1 = p) W (e™ () = W (e"). (F.20)
The agent participates in the trial if and only if f(a) > 0. Since we have:
flla) =p [U™(e () = U™™(e™ ()] <0, (F.21)
it is sufficent to evaluate f(0) and f (1) to conclude. We have

F(1) = pU™(e™ (1)) + (1 —p) W (™ (1)) — W (€)
= pg™ Me™ (1), po)U(w — (1), Hy —€)
H(L =A™ (1), po))U(w — (1), Ho — 0) = W (e7)]
(1= pg™™) W (e (1)) = W (e")]. (F.22)
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The first term in square brackets is negative since:

Ae™ (1), po)U(w —e™(1), Hy — &) + (1 — A(e™ (1), po))U(w — e**(1), Hy — 0¢)
< Me™(1), po)U(w —e™(1), Hy) + (1 — A€ (1), o)) U(w — €™ (1), Hy) = W(e*™ (1))

and by definition, W (e**(1)) < W(e*). As a result, f(1) < 0. Moreover,

f(0) = pU™(™(0)) + (1 —p) W (e™(0)) — W (e")
= plU(w—e7(0), Hy) =W (e")] + (1 —p) [V (e7(0)) =W (e")]  (F.23)

The first term between brackets is positive because ¢**(0) < e* implies U(w — **(0), H;) >
U(w—e*,Hy) > W (e*). The second term between brackets is negative by definition. We
conclude that f (0) > 0 if p is sufficiently high. In that case, there exists @ € (0, 1) such that
f(@)=0and: fla) >0 a<a O

G Proof of Proposition 7

We evaluate in @ = & the sign of pV (e** (a);a) + (1 —p) W (e™ () — W (e*); In @, we
have e** (@) = e*, which implies that one must evaluate the sign of V' (e*; @) — W (e*). We

get:

Viega)=Wi(e) = aU™(e)+ (1 —a)U™(e) — W (e)
= ag {[Me, po)U(w — e, Hy —€) + (1 — Ae, o)) U(w — e, Hy — 0¢)]
— [Ae, po)U(w — e, Hy) + (1 = Ale, 1)) U(w — e, Ho)l}
+(1—a)(1—Xe, p) [U(w —e, Hy) —U(w — e, Hy)] . (G.24)

We note that this expression is positive for ¢ = 0 (no adverse event) and that it is decreasing
in e. This implies that if € is sufficiently small, then & < @. On the other hand, if ¢ is large,
it should be possible to have @ > @. This can be shown for a specific case such that 6§ = 0,
i.e. there is no adverse reaction for those who got the disease, and, ¢ = H; — Hy the adverse

reaction leads to a deterioration in the health of a healthy person as much as the disease
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would do. Then, equation (G.24) rewrites:

V(era) = W (e) = [(1— ) (1— Ae, o)) — aq? Ao, o)) [U(w — e, Hy) — Ul — e, Hy)].
(G.25)
Thus, we have a@ < @, for all € € [0, H, — Hp| if A(e*, o) < 1/ (1 + ag™>/ (1 — a)). Other-

wise, there is a value, € in |0, Hy — Hyl[, such that e > < a >a. O

H Proof of Proposition 8

Let us define g(u) := EU (e***; u,€,q) — W (e*), or

gp) = @™, wU(w— e Hy — &)+ (1 — XN, ) U(w — €, Hy — 02)]
+(1=g-) [Me™, )U(w — ™, Hy) + (1 =A™, 1)) U(w — €™, Ho)]

—[A (e u)U(w—e*,Hy) + (1= X(e", po)) U (w — €*, Hy)] .

We have g(uo) < 0 and ¢'(1) > 0. Therefore, if g(1) > 0, there exists @ € (uo, 1) such that
agents participate in the vaccination campaign p > 1z and do not participate otherwise. If
g(1) < 0, agents do not participate in the vaccination campaign. Since A(e,1) = 1, and

e™* =0 for y =1, we can write:

9(1) = @U(w,Hi =€) + (1 - q)U(w, Hy)
—[A(e" o) U (w—e€*,Hy) + (1 = X(e*, o)) U (w — €, Hy)l . (H.26)

Thus, a sufficient condition for g(1) > 0 is:

¢U(w, H —8)+(1—q)U(w,Hy) > U (w—e€*, Hy). (H.27)

Or using (9), U(w — e, Hy) > U (w — €*, Hy) , which is equivalent to e < e*. [J
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