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Abstract

Declines in vaccination coverage for vaccine-preventable diseases, such as measles and
chickenpox, have enabled their surprising comebacks and pose significant public health
challenges in the wake of growing vaccine hesitancy. Vaccine opt-outs and refusals are
often fueled by beliefs concerning perceptions of vaccine effectiveness and exagger-
ated risks. Here, we quantify the impact of competing beliefs — vaccine-averse versus
vaccine-neutral — on social imitation dynamics of vaccination, alongside the epidemio-
logical dynamics of disease transmission. These beliefs may be pre-existing and fixed,

or coevolving attitudes. This interplay among beliefs, behaviors, and disease dynamics
demonstrates that individuals are not perfectly rational; rather, they base their vaccine
uptake decisions on beliefs, personal experiences, and social influences. We find that the
presence of a small proportion of fixed vaccine-averse beliefs can significantly exacer-
bate the vaccination dilemma, making the tipping point in the hysteresis loop more sensi-
tive to changes in individuals’ perceived costs of vaccination and vaccine effectiveness.
However, in scenarios where competing beliefs spread concurrently with vaccination
behavior, their double-edged impact can lead to self-correction and alignment between
vaccine beliefs and behaviors. The results show that coevolution of vaccine beliefs and
behaviors makes populations more sensitive to abrupt changes in perceptions of vac-
cine cost and effectiveness compared to scenarios without beliefs. Our work provides
valuable insights into harnessing the social contagion of even vaccine-neutral attitudes to
overcome vaccine hesitancy.

Author summary

Vaccination is one of the most cost-effective interventions for preventing and controlling
infectious diseases, yet the world is experiencing declines in vaccination rates due to
growing vaccine hesitancy. This hesitancy is often fueled by beliefs about vaccine effec-
tiveness and perceived risks. Here, we study how these preexisting or coevolving beliefs,
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combined with social influences and personal experiences, shape vaccination behavior
and affect disease spread. We find that even a small fraction of individuals with fixed
vaccine-averse beliefs can create significant hurdles, making populations more sensitive
to changes in perceived vaccine costs or effectiveness. Interestingly, this tipping-point
fragility becomes less pronounced when vaccine beliefs coevolve and spread inter-
personally. Our work underscores the importance of addressing both individual and
social factors in promoting vaccination confidence and demand in the face of vaccine
hesitancy.

Introduction

Mass vaccination is one of the most cost-effective pharmaceutical interventions for the pre-
vention and control of infectious diseases [1,2]. Long before the advent of modern vaccine
technology, people in China, around 1000 AD, used pus from cows infected with cowpox

to inoculate humans against smallpox [3]. Fast forward to today, the worldwide deployment
of modern vaccines has drastically reduced morbidity and mortality, particularly for child-
hood diseases. Despite the fact that vaccines have saved millions of lives over decades—most
notably with the record-breaking innovation of mRNA vaccines during the recent COVID-19
pandemic [4-6]—achieving widespread population immunity through voluntary vaccination
remains a persistent public health challenge [7].

In recent years, for example, the world has seen a resurgence of vaccine-preventable dis-
eases, such as measles [8], polio [9] and pertussis (whooping cough) [10]. Notably, measles
has recently reached the very verge of an endemic disease in France [8]. Polio, once on the
brink of global eradication, remains endemic in Afghanistan and Pakistan [9]. Whooping
cough is on the rapid rise in North America and Europe [11]

Such resurgent outbreaks of measles and other diseases suggest substandard vaccination
compliance [12], despite tremendous efforts to address vaccine hesitancy [13,14], especially
given how cost-effective these vaccines actually are. For instance, prior study estimates that,
as compared to the cost of one measles vaccine $20, the cost to treat each measles infection is
$10, 376, while the total cost to contain each outbreak is $124, 517 [15]. Even though resur-
gent measles outbreaks impose huge risks for those unvaccinated and even in some European
regions it has become an endemic disease [8,13], the coverage of measles vaccination still
remains insufficient [12], for more than a decade following the infamous MMR vaccination
and autism controversy [16].

Notably in the aftermath of a sharp decline in vaccination coverage triggered by concerns
regarding vaccine safety and efficacy, the recovery of vaccination rate from nadir to levels
needed to attain herd immunity has been remarkably slow. For example, it takes almost two
decades for the recovery in the uptake of whole-cell pertussis vaccine from rock bottom 30%
in 1978 to 91% in 1992 in England and Wales [17-19]. This suggests that the recovery of vac-
cination rate depends not just on the extent of mitigating perceived cost of vaccination and
improving vaccine efficacy, but also on the past vaccination trajectory, hence possibly hinder-
ing a rapid increase. To shed light on this puzzling phenomenon, recent theoretical study finds
that social imitation dynamics of vaccination can exhibit hysteresis [20], namely, the depen-
dence of population vaccination rate on its past trajectory. Such a hysteresis effect makes the
population sensitive to changes in factors that drives vaccination behavior, such as cost and
effectiveness. The presence of hysteresis also can hinder the recovery of vaccine uptake, in
spite of decreases in the perceived cost of vaccination or improvement of vaccine efficacy, as
the vaccination trajectory can get stuck in the hysteresis loop.
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Among others, over the past decade, researchers have proposed behavioral epidemiology
as a means of integrating the study of epidemiology with the influence of human behavior
including but limited to health decisions made by individual actors responding to infection
risks [21,22]. As such, a feedback loop exists between health behaviors and the spread of an
epidemic: individuals may take preventative measures, such as vaccination or reduced con-
tact with others, in response to perceived risks. These responses in turn modify the spread of
infection. The interplay between changing opinions of vaccination and epidemic spreading on
social networks constitutes a “dueling contagion” process [23-25]. It is of fundamental signif-
icance to achieve a comprehensive understanding of the rich dynamics generated by this sort
of dueling contagion [26,27].

In particular, the use of behavior-disease interaction models has become an important
approach to study how vaccine compliance can be influenced by a wide range of factors [20,
28-45], ranging from vaccine scares [46] to disease awareness [47]. Prior work shows that a
misalignment between individual interest and the population interest can cause suboptimal
vaccination coverage [48-52], thereby leading to a tragedy of the commons in vaccination
uptake [53,54].

An individual’s vaccination contributes to herd immunity, meaning these who forgo vacci-
nation can be indirectly protected by the presence of herd immunity. The problem of vaccine
compliance is thus often represented as a public-goods dilemma. A misalignment between
individual self-interest and population interest can yield the “free rider” problem in vaccine
uptake [48,49,55-58], thereby causing suboptimal vaccination coverage [59]. Moreover, the
long-standing dilemma of voluntary vaccination is exacerbated by spreading concerns about
vaccine safety and efficacy [20,31,60-64]. Recently, considerable attention has been paid to
72].

Understanding the impact of social networks on public health behavior and especially vac-
cination choices is of particular interest [26]. A vaccin€’s success can become its own demise.
Once the incidence of vaccine-preventable common childhood diseases becomes rare, par-
ents who are unfamiliar with the diseases pay more attention to concerns regarding the risks
of vaccination rather than the disease itself [7]. This leads to social contagion of vaccine scares
or skepticisms, which can hinder vaccination efforts [65,73]. Vaccine-averse attitudes amplify
the costs of vaccination due to heightened concerns about vaccine safety and risks [62]. The
issue is further complicated by anecdotes or personal experience regarding vaccine effective-
ness, as vaccines may be imperfect and confers only partial protection against diseases [20,74].
The impact of heterogeneous beliefs on vaccination dynamics remains poorly understood,
particularly when a small fraction of individuals hold pre-existing, fixed belief as opposed to
vaccine-neutral attitudes.

Motivated by these considerations, here we investigate the social imitation dynamics of
vaccination in well-mixed and spatial populations driven by vaccine effectiveness and beliefs.
We quantify and compare the sensitivity and fragility of vaccination coverage in the presence
of pre-existing or coevolving vaccine beliefs. Our work shows that even a small fraction of
individuals with fixed vaccine-averse beliefs can exacerbate the hysteresis effect, causing vac-
cination coverage to be more sensitive to changes in the perceived cost of vaccination and
vaccine effectiveness, compared to cases without any beliefs. Furthermore, the coevolution
of vaccine beliefs and behavior choices has a lesser impact than rigid, fixed beliefs but still
reduces the population’s resilience to perturbations in perceived vaccination cost and effec-
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tiveness. By revealing the interference between epidemic spreading and the social contagion
process of vaccine beliefs that shape public perceptions of vaccine safety and risk, our work
provides deep insights into the social factors that drive vaccination decisions and as well as
barriers to boosting vaccine uptake.

Results

To begin, we first study how social imitation dynamics of vaccination, where individuals are
not perfectly rational, can be impacted by the presence of an imperfect vaccine. In addition
to weighing the perceived cost of vaccination with the risk of infection, the effectiveness of
vaccination is also an important factor driving vaccination decisions. Specifically, we model
the vaccination dynamics under imperfect vaccines as a two-stage game as shown in Fig 1.
At stage 1 (vaccination choice), a proportion Vj of the population decides to vaccinate. Vac-
cination costs C, and provides imperfect protection against the infectious disease. At stage 2
(health outcome), we use the Susceptible-Infected-Recovered (SIR) model with preemptive
vaccination in stage 1 to simulate the epidemiological process:

ds

= = _psl,

dt p
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Fig 1. Model schematic. We model the vaccination dynamics under imperfect vaccine as a two-stage game. At stage 1
(vaccination choice), a proportion Vj of the population decides to vaccinate. Vaccination costs C, and provides imperfect
protection against the infectious disease. At stage 2 (health outcome), we use the Susceptible-Infected-Recovered (SIR)
model with preemptive vaccination to simulate the epidemiological process. Every individual faces the risk of infection,
which depends on their vaccination status and the number of infectious neighbors, I(t), they have. The transmission rate of
the disease (per day per infectious neighbor) to unvaccinated individuals is 3, as compared to 3(1 - €) for vaccinated. Here,
the parameter € € [0, 1] denotes the level of vaccine effectiveness. The cost of infection is C;. Without loss of generality, we
use the relative cost of vaccination, ¢ = C,/Cy € [0, 1] in the remainder of this paper. Those unvaccinated individuals who
remain healthy are free-riders off the vaccination efforts of others, as they are indirectly protected to some extent by herd
immunity.

https://doi.org/10.1371/journal.pchi.1013586.9g001
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dv
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Here, the transmission rate of the disease to an unvaccinated individual is 3, as compared
to (1 - €)p for a vaccinated individual. Denote by y the disease recovery rate. We assume
recovered individuals remain immune to the disease throughout the current epidemic season.

After stage 1, every individual faces the risk of infection, which depends on their vacci-
nation status and the number of infectious neighbors, I(t), they have. Thus the parameter €
quantifies the effectiveness of vaccination in protecting against the disease during the epi-
demic season modeled by the SIR-V model above. For perfect vaccines, ¢ = 1, vaccinated indi-
viduals have zero risk of infection, as already analyzed in previous studies [32]. For imper-
fect vaccines, 0 < € < 1, vaccinated individuals still face the risk of getting infected but with
a reduced likelihood compared to unvaccinated individuals [20]. The cost of infection is C;.
Those unvaccinated individuals who remain healthy are free-riders off the vaccination efforts
of others, as they are indirectly protected to some extent by herd immunity [32].

Without loss of generality, we assume the relative cost of vaccination to infection is
¢ = C,/Cr€(0,1). As shown in Fig 1, there are four possible health outcomes, and thus, we
have four different payoffs at the end of the current season. Up to a positive constant factor,
the payoff for a vaccinated individual who remained healthy during the epidemic (denoted by
the fraction xp) is —c, the payoft for a vaccinated individual who still contracted the disease
(denoted by the fraction x;) is -1 - ¢; the payoft for an unvaccinated individual who became
infected (denoted by the fraction y, ) is -1 while the payoff for an unvaccinated individual
who remained healthy (denoted by the fraction yj) is 0. The proportions of these four types of
outcomes are determined by the SIR-V dynamics as given in Eq. (1) and the vaccination level
x (see Materials and Methods). At the end of stage 2 (the current epidemic season), individu-
als revisit their vaccination choices through social imitation, a social learning process based
on pairwise comparison [75]. Therefore, stage 1 (vaccination decision) starts off again, fol-
lowed by stage 2 (health outcomes determined by the unfolding epidemic season), and so on
until the population reaches an equilibrium vaccination coverage.

Regarding vaccination strategy updating, an individual i with strategy S; and payoft 7;
randomly chooses one of their neighbors j with strategy S; and payoft 77; and switches to j’s
vaccination choice with the probability ¢s,_.s; given by the Fermi function [76-78]:

1
1 +exp[-K(7mj - ;)]

)

¢Sj—>5i =

where the parameter K > 0 can be seen as the inverse of the temperature in the original
Fermi function [77,78]. In the context of individual decision-making or social imitation,
K represents the intensity of selection and quantifies the level of rationality. For K — 0, the
switching probability ¢s;-.s, approaches 1/2, corresponding to random choices. At the other
extreme, K — oo indicates perfect rationality: individuals only switch to vaccination strategies
with strictly higher payoffs. For 0 < K < o0, individuals exhibit bounded rationality: they adopt
vaccination strategies with higher payoffs with probability greater than 1/2 but less than one,
but also can adopt strategies with lower payoffs with nonzero probability, albeit less than 1/2.
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In a well-mixed population, the replicator-like equation for the evolution of vaccination
choice is given by:
. K K
X = XoYo tanh[E(—c—O)] + Xo)1 tanh[g(—c+ 1] (3)
K K
+ X1)0 tanh[z(—c -1-0)]+xin tanh[g (-c-1+1)], 4)
where xo + x; =xand yo +y;1 =1 - x.

We now proceed with bifurcation analysis and identify parameter regions that enable bista-
bility and thus allow the hysteresis loop to occur. We present stochastic agent-based simula-
tion results in Fig 2 along with the numerical theoretical analysis based on the system of dif-
ferential equations. As predicted by the theoretical analysis, the population exhibits bistability
with respect to varying the relative cost of vaccination ¢ and vaccination effectiveness € and
the population abruptly transitions from high vaccination level to complete opt-outs when ¢
increases beyond a threshold and € drops below a threshold (the descending path). However,
to recover the vaccination level to previously high coverage, the ascending path takes a differ-
ent route instead of reversing the descending path, requiring an even lower threshold in cost
and higher vaccine effectiveness. Here, we confirm the occurrence of this hysteresis effect for
social learning that allows irrationality (with K = 1 in Fig 2), where individuals imitate with
higher probability those with higher payoffs but still can imitate those with lower payoffs.

Opverall, our simulations agree well with the theoretical predictions (Fig 2); the discrepan-
cies are partly due to finite size effects arising in agent-based simulations. The discrepancy is
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Fig 2. Bistability of equilibrium vaccination levels and the emergence of hysteresis loops in well-mixed populations.
We simulate the social imitation of vaccination dynamics in a finite, well-mixed population and obtain hysteresis loops,
composed of the ascending and descending paths, in response to variations to model parameters: (A) the relative cost of
vaccination, ¢, and (B) vaccine effectiveness, €. The population can exhibit bistability within certain ranges of the model
parameters ¢ and €. Stochastic agent-based simulation results align with theoretical analysis, with noticeable discrepancies
attributable to finite population effects. Parameters: population size N = 1000, infection seeds Iy = 10. For the first simu-
lation, the initial number of vaccinated individuals is Vo = 500. For subsequent simulations, the results of the preceding
simulations are used as the initial conditions, while the model parameters are varied in a prescribed sequence of increasing
and then decreasing values. Disease transmission rate 3N = 0.25, recovery rate ¥ = 0.1, intensity of selection K = 1. (A)
effectiveness € = 0.4, (B) ¢ = 0.35. Simulation results are averaged over 100 independent runs.

https://doi.org/10.1371/journal.pcbi.1013586.9002
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more pronounced along the descending path of the hysteresis loop with respect to varying

¢ (Fig 2B). This is partly because low vaccine effectiveness amplifies the impact of the initial
infection seeds (Ip = 10 used in simulations) on disease outcomes, thus making the popula-
tion more sensitive to reductions in € compared to the infinitely large well-mixed populations.
Together, this leads to a smaller value of € below which universal vaccine opt-out occurs,
compared to the threshold predicted by theory.

Aside from well-mixed populations, we also study vaccination dynamics in spatial pop-
ulations, where, for example, individuals are situated on a square lattice with the von Neu-
mann neighborhood [77]. Such population structure restricts whom individuals can imitate,
or be infected by, to just their immediate neighbors. Individuals’ vaccination decisions and
health outcomes determine their payoffs. They can revisit their vaccination choices by imitat-
ing more successful strategies among their immediate neighbors. It is straightforward to study
vaccination dynamics in a variety of networks, including random networks and scale-free
networks [32]. In general, we confirm the existence of a threshold for vaccine effectiveness ¢,
below which multiple stable vaccination equilibria emerge. We use simulations to determine
whether population structure, as compared to the well-mixed case, can strengthen the hystere-
sis effect, thereby further hindering the recovery of vaccine uptake. In what follows, we detail
these results to better understand the role of population structure in vaccine uptake behavior,
especially in the presence of imperfect vaccines as well as fixed or coevolving vaccine beliefs.

We observe a high sensitivity of vaccination coverage in structured populations. For com-
parable disease impact without vaccination, the spatial population manifests drastic fragility
to changes in the perceived cost of vaccination, even for more effective vaccination (Fig 3A)
and requires much more improvement in vaccination effectiveness in order to boost high
vaccination levels, even for a smaller cost of vaccination (Fig 3B). One reason is that popu-
lation structure promotes assortment, and clusters of unvaccinated and vaccinated individu-
als together (see Fig 3C and 3D) strengthen the vaccination coverage’s sensitivity to changes,
indicating a double-edged sword effect of population structure [32].

We emphasize that social contagions may also promote the spread of misinformation and
bad health behaviors, as well [73]. The spread of vaccine scares among parents (via social con-
tagion) has caused the vaccination rates of newborns to plunge from high levels [62], which,
in turn, has increased the incidence of several childhood diseases (via biological contagion).
These fears are fueled not only by face-to-face interaction, but also by changing opinions of
vaccination that are expressed in online social media [73]. It is critical for us to better under-
stand these spreading processes so public health efforts can take advantage of the positive
effects of social contagion, while ameliorating its potential negative impacts.

We first study the scenario when a fixed population of individuals believes vaccines impose
elevated risks. To inform our choice of the proportion of negative vaccine views, we use the
recent Pew Research data, which shows that 7% of respondents believe the preventive health
benefits of MMR vaccines are low [79]. To incorporate this consideration, we introduce an
additional perceived vaccination cost, 8, for this subpopulation in our model. To illustrate
how a small proportion of individuals with vaccine-averse beliefs can disproportionately
impact vaccine uptake , we set their proportion as low as 2% in our simulations. Despite such
a small fraction of individuals with fixed beliefs about the amplified cost of vaccination (with
0 =0.1), the population exhibits much higher sensitivity and fragility of high vaccination lev-
els to perturbations. Fig 4 demonstrates that the occurrence of the hysteresis loop at a much
smaller cost of vaccination (Fig 4A) and at a much higher vaccination effectiveness (Fig 4B),
reducing the critical thresholds of relevant vaccine parameters by more than half (cf. Fig 3).

The corresponding spatial snapshots in Fig 4C and 4D reveal that the opt-out behavior of
vaccine-skeptical individuals can spread to their neighbors, leading to noncompliance even
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Fig 3. Hysteresis and sensitivity of vaccination dynamics in lattice populations. (A) and (B) depict the hysteresis loops,
represented by the descending and ascending paths of the population’s equilibrium vaccination level, in response to vari-
ations in the relative cost of vaccination, ¢, and vaccine effectiveness, €, respectively. Overall, the critical parameter region
where the hysteresis occurs depends on specific model parameter choices. The spatial population is highly sensitive to
changes in cande and abruptly transitions between complete opt-out and universal coverage of vaccination. (C) and (D)
show spatial snapshots of population states along the descending and ascending paths of Fig 3A for a fixed ¢ = 0.015,
respectively. The color codes of individuals are the same as in Fig 1: Blue represents individuals who were vaccinated and
remained healthy during the season, yellow represents individuals who were vaccinated but still became infected, grey
represents individuals who were unvaccinated yet remained healthy, and red represents individuals who were unvaccinated
and became infected. Parameters: Square lattice N = 50 X 50 with the von Neumann neighborhood, infection seeds Ip = 30,
initial number of vaccinated Vj = 1250, disease transmission rate 8 = 0.04, recovery rate ¥ = 0.1, intensity of selection K = 1.
(A) effectiveness € = 0.8(B)c = 0.01. (C) (D): ¢ = 0.015, € = 0.8. Simulation results are averaged over 150 independent runs.

https://doi.org/10.1371/journal.pcbi.1013586.9003

among vaccine-neutral individuals. Conversely, vaccination by those with neutral attitudes
can convert those individuals holding vaccine-averse views. Taken together, the presence
of rigid fixed beliefs, even in a tiny proportion of the population, can render the population
significantly more sensitive to changes compared to cases without such beliefs.

Finally we study the scenario where competing beliefs spread interpersonally and coevolve
with vaccination behavior in a manner similar to disease transmission (Fig 5). Individuals
can revisit and change both their vaccine beliefs and behavior choices via social contagion.
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Fig 4. Impact of pre-existing, fixed vaccine beliefs on vaccination dynamics. The presence of vaccine-averse (skeptical)
beliefs, even at low frequencies, can render the population more sensitive to the cost of vaccination and vaccine effective-
ness. Shown are the hysteresis loops of vaccination levels with respect to changes in (A) the cost of vaccination and (B)
the vaccine effectiveness. For comparison sake, the grey lines are the results in Fig 2 without any vaccine beliefs. (C) and
(D) show spatial snapshots of population states in the descending and ascending paths respectively. The color of indi-
viduals indicates their specific combinations of vaccine beliefs and uptake behaviors: blue: vaccinated individuals with
vaccine-neutral attitude; yellow: unvaccinated individuals with vaccine-neutral attitude; green: vaccinated individuals
with vaccine-averse attitude; red: unvaccinated individuals with vaccine-averse attitude. Parameters: square lattice 50 X 50
with von Neumann neighborhood, initial number of infection seeds Iy = 30, initial number of vaccinated Vj = 1250, fixed
number of vaccine skeptical individuals 50, disease transmission rate 3 = 0.04, recovery rate ¥ = 0.1, 8 = 0.1, K= 1. (A)
effectiveness € = 0.8(B)c = 0.01, (C) (D): ¢ = 0.01, € = 0.8. Simulation results are averaged over 150 independent runs.

https://doi.org/10.1371/journal.pcbi.1013586.9004

The combination of beliefs and behavior results in coevolutionary dynamics of four types,
coupled with disease spreading. Just as before, a particular combination of vaccine belief and
behavior is more likely to spread whenever it yields higher payoffs. Unlike fixed beliefs, this
extended scenario allows individuals to adjust their vaccine beliefs in addition to their vacci-
nation decisions, based on their own experiences and peer influence. The coevolution of belief
and behavior may lead to belief-behavior consistency through self-correcting social imitation.
That said, while the concurrent spreading of beliefs and behavior choices results in slightly less
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Fig 5. Coevolution of vaccine beliefs and uptake behavior. Plotted are the hysteresis loops of equilibrium vaccination
levels as a function of (A) the relative cost of vaccination, ¢, and (B) vaccine effectiveness, €. For comparison, we include the
simulation results in the absence of any vaccine beliefs (Fig 3) as well as those with fixed vaccine beliefs (Fig 4). Compared
to the case without vaccine beliefs, the concurrent spreading of beliefs—where a vaccine-neutral attitude competes with a
vaccine-averse attitude alongside the social contagion (imitation) process of vaccine behavior choices-lead to slightly less
favorable condition for vaccination. However, this impact is much less severe than in the scenario where a small proportion
of individuals hold a vaccine-averse attitude and remain unchanged. Parameters: (A, B) square lattice 50 X 50 with von
Neumann neighborhood, initial number of infection seeds Iy = 30, initial number of vaccinated Vo = 1250 (50%), initial
number of vaccine skeptical individuals 1250 (50%), disease transmission rate 3 = 0.04, recovery rate y = 0.1, =0.1, K= 1.
(A) for fixed effectiveness € = 0.8, and (B) for fixed ¢ = 0.01. Simulation results are averaged over 150 independent runs.

https://doi.org/10.1371/journal.pcbi.1013586.9005

favorable conditions for the stability of vaccination coverage, it still fares much better than the
case with fixed beliefs (see Fig 5).

Fig 6 provides a detailed view of the four types of individuals via their hysteresis loops,
rather than their overall vaccination levels in Fig 5. It is notable that unvaccinated individu-
als with vaccine-averse attitudes arise in the population, whereas individuals with vaccine-
neutral attitudes seldom opt for vaccination. The spread of vaccine-averse beliefs can reach
a maximum at 6% under extremely unfavorable conditions for vaccination, characterized by
high perceived costs c and low vaccine effectiveness €. Vaccine-averse individuals are almost
exclusively noncompliant with vaccination. Fig 6 also suggests that the emergence of vaccine-
averse attitudes arises and persists in the population, driven by the perceived cost of vaccina-
tion and compromised vaccine effectiveness. The descending path to mitigate these opinions
requires much higher levels of improvement in vaccine confidence and trust. These results
highlight that it is crucial for public health to harness the power of social contagion - which,
while exhibiting a dual impact - to ameliorate the impact of vaccine-averse beliefs and boost
vaccination confidence and demand.

Discussion and conclusion

Compared to non-pharmaceutical interventions requiring repeated adherence, vaccina-
tion is typically one-off action that can provide sufficient protection during an ongoing
epidemic [21]. Under noncompulsory, voluntary vaccination, populations can achieve high
vaccination coverage for small costs of vaccination, provided the vaccine is effective. Com-
plications arise when exaggerated perceived risk or cost of vaccination—due to adverse
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Fig 6. Microscopic view of the hysteresis loops arising from the coevolution of vaccine beliefs and uptake behav-
ior. Shown are hysteresis loops, indicated by the corresponding descending and ascending paths of the equilibrium
fractions of individuals grouped into four types based on the combinations of their vaccine beliefs and behavior
choices, as a function of (A) the relative vaccination cost ¢ and (B) the vaccine effectiveness €. The equilibrium frac-
tion of individuals with a vaccine-averse attitude who also opt for vaccination is almost zero across the parameter
space studied. The proportion of vaccine-averse individuals almost exclusively opt out of vaccination, and their
fraction can reach a maximum of around 6% in the population. Parameters: square lattice 50 X 50 with von Neumann
neighborhood, initial number of infection seeds Iy = 30, initial number of vaccinated V = 1250 (50%), initial number
of vaccine skeptical individuals 1250 (50%), disease transmission rate 8 = 0.04, recovery ratey =0.1,0 =0.1, K= 1.
(A) for fixed effectiveness € = 0.8 (B) for fixed ¢ = 0.01. Simulation results are averaged over 150 independent runs.

https://doi.org/10.1371/journal.pchi.1013586.9006

side effect though uncommon—and concerns about vaccine safety undermine public confi-
dence [7]. Such beliefs erode individuals’ intention to vaccinate [14,63]. In this work, we study
how the presence of small fraction of vaccine-averse beliefs can disproportionately impact
vaccination coverage’s sensitivity and fragility to small changes in perceived vaccination cost
and vaccine effectiveness.

It is not surprising that the spread of such beliefs occurs alongside individual vaccina-
tion behavior [65,73]. Vaccine-averse beliefs can gain a foothold in the population, especially
when the perceived cost of vaccination increases or vaccine effectiveness is comprised [62].
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Beyond the hysteresis loop of vaccination levels, our work demonstrates the existence of a
similar hysteresis effect for vaccine beliefs, presenting an additional roadblock to efforts to
increase vaccination rates. Individuals are not perfectly rational, and skeptical beliefs about
vaccines can replace fear of disease. Ironically, because vaccines reduce the incidence and
severity of diseases, people become overly focused on anecdotes and occasional vaccination
failures [61]. Therefore, effectively communicating the efficacy and cost-effectiveness of vac-
cination become pivotal—not to intentionally create pro-vaccine beliefs but at least to foster
vaccine-neutral attitudes, as our results suggest.

However, there are two types of vaccine failures: primary and secondary [20,80]. Our cur-
rent work accounts for primary failure, in which the vaccine provides only partial protection
throughout the season (stage 2), with effectiveness quantified by the parameter €. Secondary
failure refers to the waning of immunity acquired through vaccination. In this latter case, the
vaccine provides sufficient protection only for a period of time, but this protection weakens,
eventually leading to failure. This is the rationale for vaccine boosters [81], namely repeated
vaccinations aimed at maintaining the desired level of protection. Since our work focuses on
seasonal vaccination through repeated two-stage games (Fig 1), we explicitly account for pri-
mary failure in our results while implicitly assuming secondary failure. In other words, even
though individuals were vaccinated in previous seasons, they are assumed to have zero pro-
tection if not vaccinated again. Furthermore, if secondary failure were also allowed to occur at
a certain point in stage 2 due to waning immunity, this extended scenario would likely make
the population even less inclined to vaccinate compared to our current model.

In the current model, we also assume that recovered individuals, regardless of their vac-
cination status, cannot be reinfected during the current epidemic season in stage 2. Just as
immunity acquired from vaccination weakens over time, immunity acquired from infection
can also wane. Therefore, it is not plausible that individuals can be infected more than once
due to rapid waning immunity [82]. This consideration would make effective vaccination
more attractive, since vaccines typically impose a much smaller cost than infections.

In this study, we examine the interplay between individual beliefs, vaccination decisions,
and social and biological contagion processes. Our model incorporates boundedly ratio-
nal decision-making driven by social imitation with incomplete information, capturing the
nuances of human behavior influenced by vaccine-related beliefs. We analyze how the pres-
ence, as well as concurrent spread, of vaccine skepticism in spatial populations can amplify
small increases in perceived vaccination costs, leading to significant declines in vaccine
uptake. By coupling belief-behavior coevolution with epidemiological dynamics, our model
highlights the indirect pathways through which beliefs (misinformation) about vaccines
propagates and undermines public health efforts.

Our findings highlights the importance of addressing vaccine hesitancy as both a behav-
ioral and social phenomenon [26]. Through simulations, we demonstrate that even a modest
fraction of vaccine-averse individuals can create cascading effects that significantly impact
the fragility of herd immunity thresholds. Moreover, we identify potential targeted network
interventions—such as effective communication campaigns that reduce the fear of vaccina-
tion or incentives that subsidize the cost of vaccination—can mitigate the spread of vaccine
skepticism. These insights provide a pathway for designing more resilient public health strate-
gies that address both the direct epidemiological challenges of vaccine-preventable diseases
and the social dimensions of belief formation [25]. That said, real-world data, such as vac-
cine sentiment expressed online [83] and vaccination rates observed offline, can be combined
with our modeling to shed light on the rise and fall of anti-vaccine beliefs and their impact on
vaccine uptake [8].
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Perceived vaccination effectiveness can also change in the context of growing concerns
about the disease [59] or increasing concerns about vaccine risks [60]. In the present study,
we assume these perceptions are fixed and uniform for vaccine-averse individuals. It would
be meaningful to incorporate environmental feedback into individuals’ perceived costs. This
extension introduces additional uncertainties into the behavior-disease interaction with coe-
volving risk perceptions. In particular, fluctuations in perceived risks are likely to give rise
to waves of vaccination confidence and demand, thereby leading to oscillatory ‘tragedy of
the commons’ [27]. It is promising for future studies to study this coevolving perceived risks
along with vaccination decisions [84].

The resurgence of vaccine-preventable disease outbreaks underscores the tradeoff between
individual choices and collective responsibility [48]. Fundamentally, the vaccination dilemma
is one example of real-world human cooperation problems, among many others [84]. We
are interconnected, and so is our health [85]. Leveraging the power of social contagion to
overcome vaccine hesitancy is key to avoiding the tragedy of the commons in biological con-
tagions. Our work provides model-based insights into the presence and spread of vaccine
related beliefs in social networks and their impact on health interventions aimed at improving
vaccine compliance.

Materials and methods

In view of the recurrent outbreaks of infections such as influenza and vaccination effective-
ness, we use an evolutionary game-theoretical approach to study the seasonal vaccination
game. A feedback loop exists between the vaccination decisions of individuals and their
health outcomes. Disease incidence is influenced by vaccination behavior: a high level of vac-
cine coverage can reduce disease incidence to very low levels, which in turn lowers the per-
ceived risk of infection and reduces the demand for vaccination [21]. As vaccination coverage
drops, the number of susceptible individuals increases. When the proportion of susceptible,
unvaccinated individuals exceeds a threshold (the complement of the herd immunity thresh-
old), an outbreak of infectious disease can occur [1]. A surge in disease incidence can, in turn,
convince individuals to start vaccinating again [29].

The vaccination dilemma game consists of two stages: a vaccination decision-making pro-
cess at the beginning of the season, followed by the disease epidemic [20,32]. The proposed
model is illustrated in Fig 1. During the first stage, individuals make a preemptive vaccina-
tion decision, choosing whether or not to get vaccinated based on social imitation of peers’
choices, taking into account the costs of vaccination and infection. A vaccinated individual
pays a cost C, > 0 while an unvaccinated individual incurs no direct upfront cost. This vacci-
nation cost includes the time spent in receiving the vaccine, the perceived risks of vaccination,
long-term health impacts, and other intangible factors. Denote by x the vaccination level at
the end of stage 1.

During the epidemic season (stage 2), the epidemic is initiated by a number I, of infected
individuals and then spreads in the population (both well-mixed and lattice populations)
according to the susceptible-infected-recovered-vaccinated (SIR-V) dynamics, with a per
day per infected neighbor transmission rate 8 and a per day recovery rate y. The basic repro-
duction number Ry is defined as Ry = B/y. Let vaccination effectiveness be ¢; then the vacci-
nated population has a reduced transmission rate of 3(1 - €). The epidemic continues until
there are no more newly infected individuals (which typically occurs in under 200 days for
all cases simulated). The SIR-V epidemiological process is simulated by the Gillespie algo-
rithm [32]. Once the epidemic ends, individuals can revisit their vaccination decisions for the
next season.
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The final epidemic size R( o) satisfies the transcendental equation:
x (exp(-RoR(0)) - exp(~(1-€)RyR(c0))) - R(o0) + 1 — exp(-RoR(0)) = 0. (5)

At the end of the season, the relative fraction of individuals infected (x;) among vaccinated
individuals (x) is

% =1-exp(~(1-&)ReR(0)), (6)

while the relative fraction of individuals infected (y;) among unvaccinated individuals (y) is

yy—l:l—exp(—RoR(oo))- @

Infection incurs a cost C; > 0, which includes expenses and time for health care as well as
an elevated chance of mortality. Without loss of generality, we use the relative cost of vaccina-
tion ¢ = C,/Cy, while setting C; = 1. Thus,0<c=C, < 1.

Individuals adjust their vaccination strategies by imitation, where successful individual’s
strategy is more likely to be followed [28,32,34,46]. An individual’s imitation behavior is based
on the current payoftf difference between herself and a randomly selected neighbor. If the
strategy of the selected neighbor has a higher payoff than her own strategy in the past epi-
demic season, then the individual imitates her neighbor’s strategy with a higher probability.
In this work, we use the Fermi function to determine the probability of imitation, accounting
for bounded rationality in the decision process [76-78]. Specifically, Individual i randomly
selects one neighbor j from her immediate neighborhood. The probability that individual i
adopts individual j’s strategy is given by [76-78]:

1

WS =80 = e (RO =)

(8)

where S; means the vaccination choice for individual i: vaccination or non-vaccination. 7;
denotes the current payoff of individual i at the end of current season. For #’s payoff, we have
four possible outcomes:

o 71; = —cif i is vaccinated and is not infected;
o 7; =—c-1ifiis vaccinated and is infected;
o m; =-1ifiis not vaccinated and is infected;
o 7; =0ifiis not vaccinated and is not infected.

The parameter K is the intensity of selection, indicating how strongly individuals are respon-
sive to payoff difference. This updating rule diverges from a perfect rationality model. Here
we adopt K =1 for our simulations [32]. It is worth noting that individuals adjust their strate-
gies based on the realized payofs, not expected payoffs. In a population with low vaccina-
tion uptake, many non-vaccinators fall ill, but if individual i happens to choose one of the few
successful free riders as a role model, then she will be more likely to imitate the free rider’s
strategy [32].

To obtain hysteresis loops with respect to varying relevant model parameters for our base
model, we run a sequence of simulations with the model parameter varied in both increasing
and decreasing order. For the first simulation in each sequence (corresponding to ascend-
ing or descending path of the identified hysteresis loop), we use the same initial state, which
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consists of a fraction Vj of vaccinated individuals, randomly distributed throughout the pop-
ulation. Each two-stage iteration (vaccination strategy updating followed by an epidemic pro-
cess) updates the proportion of vaccination strategies. For the stochastic epidemiological pro-
cess, where the number of initial infection seeds is denoted as I, we use the Gillespie algo-
rithm with a maximum duration of 10* to ensure the complete exhaustion of every infected
individual. The equilibrium results are obtained by averaging over the last 1000 iterations
from a total of 4000 iterations, and each data point reported in this paper is the result of an
average of at least 100 independent realizations. For our extended models with vaccine beliefs,
we use similar simulation procedures with the model parameters and initial conditions speci-
fied in the respective figure captions.

In our base model, we assume that individuals have homogenous perceptions of the cost of
vaccination: ¢ is the same for all individuals. In our extended model, we consider two groups
of individuals holding vaccine-neutral versus vaccine-averse attitudes. For the latter, an addi-
tional vaccination cost 8 > 0 is incurred. The perceived payofts differ for these two groups as
follows. For vaccine-neutral individuals, the payoffs are the same as those described above.
For vaccine-averse individuals, we have:

e 7; =—c—-0ifiisvaccinated and is not infected;
e 7;=—-c—-0-1ifiisvaccinated and is infected;
o 7; = -1if i is not vaccinated and is infected;

o 7; = 0 if i is not vaccinated and is not infected.

We investigate two scenarios for our extended model: one in which beliefs about vaccination,
comprising vaccine-neutral and vaccine-averse attitudes, are fixed, and the other in which
beliefs are contagious and concurrently spread in the same way as the imitation dynamics in
vaccination decisions based on payoff differences. In this way, we explore systems in which
both social contagion and epidemiological contagion are coupled, offering insight into the
resulting disease-behavior system that exhibits dynamics not possible when the two subsys-
tems are isolated from one another [23].
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