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This is an introduction to the special issue titled “Vaccination and epidemics in networked populations”
that is in the making at Chaos, Solitons & Fractals . While vaccination is undoubtedly one of the most
important preventive measures of modern times, epidemics are feared as one of the most damaging phe-
nomena in human societies. Recent research has explored the pivotal implications of individual behav-
ior and heterogeneous contact patterns in networked populations, as well as the many feedback loops
that exist between vaccinating behavior and disease propagation [1, 2]. Interdisciplinary explorations in
the realm of statistical physics, network science, nonlinear dynamics, and data analysis have given rise
to theoretical epidemiology, as well as to the theory of epidemic processes in complex networks. From
classical models assuming well-mixed populations and ignoring human behavior, to recent models that
account for behavioral feedback and population structure, we have come a long way in understanding
disease transmission and disease dynamics, and in using this knowledge to devise effective prevention
strategies. This special issue is aimed at helping the further development of these synergies. We hope
that it contributes to enhance our understanding of vaccination and epidemics in networked popula-
tions, by featuring works related to vaccination and epidemics using techniques ranging from complex
and temporal networks to network of networks and show-casing the possibilities of interdisciplinarity
via complex systems science to tackle the challenges in our quest for a healthier future. Topics of interest
include but are not limited to epidemiological modeling and vaccination, behavior-vaccination dynamics,
reaction-diffusion processes and metapopulation models, evolutionary and game theoretical models in
epidemiology, as well as to influence maximization and digital epidemiology.

© 2017 Elsevier Ltd. All rights reserved.

1. Networks as network science has been going from strength to strength, as

evidenced by the many reviews devoted to this field of research

During the past two decades network science has emerged as
a central paradigm behind some of the most fascinating discov-
eries of the 21st century [3,4]. From the mathematical formula-
tion of small-world properties and their omnipresence in seem-
ingly diverse systems such as electric power grids, food chains,
brain networks, protein networks, transcriptional networks and so-
cial networks [5], to universal scaling properties due to growth
and preferential attachment that likewise pervade biological, social
and technological networks [6], the field of research today known
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[7-14]. Network science has provided models, methods and algo-
rithms that have revived not just statistical physics, arguably the
nurturer to the field, but indeed many other fields of natural and
social sciences, including of course research concerning vaccination
and epidemics to which this special issue is devoted to.

In addition to static networks, network science allows us to
study and take into account network evolution over time, for ex-
ample due to changes in external factors, the onset of disease, tar-
geted attack, or simply due to random failure. Such changes can
be studied in the realm of temporal networks [11,15,16], where
the theoretical framework accounts for the addition or removal of
nodes, or similarly for the changes in the links between nodes,
over time. A beautiful example of how changing links over time
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Fig. 1. The importance of temporal networks. Changes in the links between individuals A, B, C and D affect disease spreading. In the upper row, the contact times between
the individuals are indicated on the edges. Let us assume that a disease starts spreading at individual A and spreads further as soon as contact occurs. This spreading process
is illustrated for four different times from left to right. At t = co the spreading stops as individual D cannot get infected. However, if the spreading starts at individual D,
then all other depicted individuals would eventually be infected. Aggregating the edges into one static graph cannot capture this effect that arises from the time ordering of
contacts. The lower row visualizes the same situation by showing the temporal dimension explicitly. This figure is reproduced with permission from [11].

between different individuals might affect disease spreading, re-
produced from [11], is shown in Fig. 1.

Also of importance, networks exist between different layers
of each studied system, and this is particularly apparent in so-
cial systems, where one person can be simultaneously member of
many different networks that are to various degrees interdepen-
dent [17-21]. This can be accommodated in the theoretical frame-
work of multilayer networks, or more generally networks of net-
works, which acknowledge that not only is the range of our in-
teractions limited and thus inadequately described by well-mixed
models, but also that the networks that should be an integral part
of such models are often interconnected, thus making the pro-
cesses that are unfolding on them interdependent [12,13,22-24].
From the world economy and transportation systems to the spread
of epidemics, it is clear that processes taking place in one network
can significantly affect what is happening in many other networks.
From this point of view, the consideration of multilayer or inter-
dependent networks is crucial for a comprehensive treatment of
vaccination and epidemics in networked populations [25,26].

In addition to the theoretical coming of age of network sci-
ence, technological breakthroughs in the acquisition and storage of
vast amounts of digitized data have significantly aided the progress
in our understanding of both vaccination and epidemic spreading.
The data revolution has had a particularly deep impact on the so-
cial sciences, where social experiments in the past typically in-
volved one-shot self-reported data on relationships and their out-
comes in a small sample of people, while today the approach is to
mine massive amounts of digitized data for both the structure and
the content of relationships [27,28], which may in turn relevantly
inform vaccination strategies [2] as well as the spread of epidemics
[1].

In particular, the synergies between mathematical modeling
and theoretical explorations and data-driven research, coupled
with taking into account feedbacks between disease, behavior and
vaccination, are likely the future of complex systems research
aimed at a better understanding of vaccination and epidemics in
modern human societies.

2. Vaccination

As already stated, vaccination is undoubtedly one of the most
important preventive measures of modern times, unfolding on the
planetary scale with the aim of preventing the spread of infectious
diseases that have had a crippling impact on many human soci-
eties in the not so distant past. The 20th century, in particular, saw
enormous progress in public health, especially in terms of prevent-
ing and treating infectious diseases. The use of vaccines was crucial
to that effect. However, due to limited amounts of vaccines and
knowledge, early studies simply assumed that vaccination should
be done compulsively and/or randomly. Today we know that vac-
cination efforts on networks are more effective if random vaccina-
tion is combined with targeted vaccination and the vaccination of
acquaintances [1,29-31]. While random vaccination of course does
not require any information about the structure of the network,
it needs in return a very broad coverage, and is thus very costly,
in order to be effective [29,32]. More precisely, uniform vaccina-
tion is super inefficient for disease eradication in heterogeneous
networks [29]. To offset this disadvantage, targeted vaccination ac-
cording to the centrality indexes of individuals, like degree, be-
tweenness and closeness [33-37] should be considered. For ex-
ample, because large-degree nodes are known to be responsible
for the spreading of disease, a degree-based targeted vaccination
strategy was proposed to immunize the most highly connected
individuals [34,38]. Compared with random vaccination, targeted
vaccination thus greatly reduces costs, but since the identification
of centrality-defined individuals usually takes a long(er) time, the
practicability of targeted vaccination is doubtful in practice, espe-
cially in large populations [39]. There also exists inconsistencies in
the definitions of some centrality indexes in more complex net-
works, especially in multilayer networks, which in turn restricts
the universality of targeted vaccination [12]. Acquaintance vaccina-
tion is more suitable for practical applications in that a fraction of
nodes is selected at random, and then random neighbors are vac-
cinated further [33,40]. This approach requires only partial knowl-
edge of the network structure, and its variants have been studied
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Fig. 2. Satirical cartoon by James Gillray capturing public fears of the smallpox vaccine in the 18th century, the first “vaccine scare”. Edward Jenner stands in the middle,
administering the smallpox vaccine. Vaccinated persons grow cow parts out of various parts of their bodies because the smallpox vaccine of the time was based on the virus
that causes cowpox, hence producing the fear among some that the vaccine would turn humans into cow-like hybrids. A painting of the Worshippers of the Golden Calf

hangs in the background. Source: Wikimedia Commons.

in substantial detail [41,42]. In addition to these different vaccina-
tion strategies, network structure also plays an important role in
the transmission routes and infection levels [2,9-12]. For example,
in community networks, bridge nodes, connecting different com-
munities, provide pathways for disease propagation, so that how
to identify and immunize these nodes thus decides the final suc-
cess rate [43,44].

With the latest advances in science and technology, today, safe
and effective vaccines exist for many of the most common infec-
tious diseases, such as smallpox, measles, pertussis, influenza, hep-
atitis, chickenpox and diphtheria, and the use of vaccines has been
estimated to save millions of children’s lives per year [45]. How-
ever, due to high economic costs of vaccination, and often also per-
sonal beliefs and the fear of possible side effects, people usually re-
gard vaccination as a voluntary rather than a compulsive measure.
In this sense, behavioral vaccination, borrowing the framework of
behavior dynamics in game theory and psychology, becomes a use-
ful research framework to elucidate real-world disease spreading
and prevention [2,46-48].

Despite of all the success, great challenges still remain, in part
due to the difficulties in providing and administering vaccines in
the world’s poorest and war-torn regions [49,50], but also because
in many wealthy countries, such as the United Kingdom, Switzer-
land and Germany, there is considerable parental vaccine refusal or
vaccine hesitancy on account of unfounded concerns about signif-
icantly adverse side effects such as autism. Regarding the latter, it
is important to acknowledge that vaccine refusal is not a new phe-
nomenon, and even the first vaccine to be invented - the smallpox
vaccine - was subject to considerable resistance, as nicely illus-
trated by James Gillray in his 18th century portrayal of the “vaccine
scare” (see Fig. 2). The take-home message is that it is very impor-

tant to account for behavioral feedback effects, and to account for
cognition and deliberation when devising mathematical models of
vaccination. Namely, as logistic, financial, technological and admin-
istrative barriers to vaccination continue receding in the coming
decades, enabling it to become easier to improve vaccine coverage
everywhere in the world, it is not too far fetched to speculate that
vaccine refusal and vaccine hesitancy will become an important
barrier - and perhaps even the most important barrier - to global
eradication of vaccine-preventable infections [2]. As a case in point,
when we observe vaccinating behavior responding to changes in
disease prevalence, as in the Disneyland, California measles out-
break of 2014 and other examples, it is impossible to overlook that
vaccinating behavior and disease dynamics are strongly linked to
one another, particularly near elimination thresholds.

Although human behavior is surely more difficult to mathemat-
ically model than the motion of a billiard ball or many of the
somewhat more complex systems studied by physicists, it is nev-
ertheless conceivable that at some levels of organization it is pos-
sible to develop simple models that have useful predictive power.
For example, mathematical models incorporating behavior-disease
interactions have been fitted to time series data of infectious dis-
ease prevalence, and model selection approaches have shown that
models that include behavior can explain the data more effectively
compared to models that neglect behavior [51,52].

Hence, there is a strong public health and scientific rationale
for studying behavior-disease-vaccination interactions. Existing re-
search shows that behavior, disease and vaccination choices are
strongly coupled to one another, and further, that this coupling
is particularly important near the elimination threshold [48]. Ac-
cordingly, vaccine refusal may become an increasingly important
barrier to achieving elimination and eradication, as logistic barri-
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Fig. 3. Illustration of behavior-disease-vaccination interactions. The feedback loop,
on the one hand, promotes vaccination as the disease spreads and risk perception
rises, but on the other hand, people revert to abstaining when vaccination takes
effect and the spreading of the disease is effectively mitigated. But this then of
course restarts the loop sooner or later.

ers recede into the distance. Fig. 3 illustrates the behavior-disease-
vaccination interactions, which form a feedback loop. The fast dif-
fusion of a disease will increase the risk perception, based on
which people feel an incentive to take protective measures, i.e., to
vaccinate. In turn, the spreading of the disease is suppressed, to
the point where risk perception drops again and people opt not to
vaccinate.

Mathematical models hold the promise to help us better un-
derstand such coupled dynamics, and comparing models with
data has often shown that behavior is important for understand-
ing observed epidemic patterns. Also of notice, these models of-
ten exhibit interesting dynamics that is similar to those stud-
ied in physics, including phase transitions, oscillatory solutions,
and spatiotemporal pattern formation, thus indicating that simi-
lar methodologies to those used in physics and complex systems
research in general are likely to be helpful in their study [2,53].

For a more concrete perspective, we briefly review arguably the
first phenomenological model to capture the impact of adaptive
human behavior on disease transmission [54]. The model is given
by the following ordinary differential equations

ds

a = —g(Ds,

d

o =80s.~yI (1)
dR

a -t

where S is the number of susceptible individuals, I is the number
of infectious individuals, R is the number of recovered individuals,
y is the per capita recovery rate, and g(I) is the force of infec-
tion. The form of g(I) is chosen to reflect the phenomenological
impact of unspecified psychological effects. One of the functional
forms explored in [54] included

Bl
1+ Bor

which saturates at a high prevalence of infection I. Such satura-
tion of the transmission rate at high levels of prevalence could oc-
cur if individuals reacted to high prevalence by reducing their con-
tact rate through hand-washing or other means, which is a plausi-
ble assumption for a sufficiently dangerous infectious disease. The
model is phenomenological because, although it is motivated by
psychological factors, the equations only describe the impact of
such psychological factors on the transmission rate without actu-

g = (2)

ally modeling specific psychological processes such as individual
cognition or social learning.

An apt theoretical framework to account for behavior-disease-
vaccination interactions is also evolutionary game theory [55-59],
which has already been used to study the clash between what is
optimal for the individual and what is optimal for the group in a
variety of contexts [16,23,60-65], including vaccination [66,67]. At
the heart of the choice whether or not to vaccinate is of course
a social dilemma, which invokes the puzzle of human cooperation
[68]. To vaccinate is clearly the socially responsible choice, but it
comes at a cost that has to do with offsetting the fear and po-
tential side effects. But if individuals choose not to vaccinate, they
may become infected, which will inflict larger costs for recovery.
Those that do not vaccinate but still benefit from herd immunity,
which is generated by a large fraction of those who do vaccinate,
is individually the better choice, i.e., like free-riding in evolution-
ary games. Obviously, if everybody chooses not to vaccinate the
herd immunity is lost and the public good, which in this case is
the precious absence of an infectious disease, is lost with it. Ac-
cordingly, uninfected non-vaccinators are the defectors who ben-
efit from herd immunity generated by vaccinators without paying
any real or perceived cost of vaccination, while vaccinators are the
cooperators.

In terms of the integration of cognitive abilities, a new model
for looking at the evolution of intuition versus deliberation as well
as at the evolution of cooperation versus defection has recently
been introduced [69], which lends itself to research in networked
populations, and which could also be a viable starting ground for
more realistic evolutionary game theoretical modes of vaccination.

To conclude this section, we note that traditional epidemiologi-
cal models that do not take into account behavioral dynamics have
been very successful over the past century, both in terms of yield-
ing rich theoretical opportunities for research as well as in terms
of providing insights into epidemiological mechanisms and how to
improve infection control. Nevertheless, the impact of human be-
havior on disease dynamics and vaccination is ubiquitous, and vac-
cinating behavior itself is certainly no exception in this important
feedback loop.

3. Epidemic processes

Research on epidemic outbreaks in complex heterogeneous net-
works has roots that go back to the beginning of the 21st cen-
tury [70], when it was shown that large fluctuations in the de-
grees of individuals in social networks considerably strengthen the
incidence of epidemic outbreaks. Scale-free networks, for exam-
ple, were shown to altogether lack an epidemic threshold and
thus always contain a finite fraction of infected individuals. This
particular weakness of networked populations in comparison to
well-mixed populations, which was observed also in models with-
out immunity, at the time defined a new epidemiological frame-
work characterized by a highly heterogeneous response of the sys-
tem to the introduction of infected individuals with different con-
nectivity. Fast forward 15 years into the future, and today we
have a comprehensive theory of epidemic processes in complex
networks [1], but with many challenges and open problems still
remaining.

While epidemic models based on reaction-diffusion processes
have arguably been the workhorse of the field since its incep-
tion [71-74], one of the more exciting recent developments that
we here mention as example concerns agent based models, and
network epidemiology in particular [75-81]. This approach draws
on synergies between large-scale simulations and data-based net-
work construction, the outcome of which is typically an agent-
based model that evolves in a spatially structured population. A
schematic illustration of the construction of a synthetic population
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Fig. 4. Network epidemiology. At the macroscopic level (left), a synthetic population and the movements of its members can be constructed from census and demographic
data. A bipartite network associating individuals to locations can be derived based on data from the synthetic population (middle). Lastly, the unipartite projection of the
bipartite network provides a contact network (right), upon which an agent-based model can unfold. This figure is reproduced with permission from [1].

is presented in Fig. 4, where based on census and demographic
data as input the network of contacts is constructed from an in-
termediate bipartite network associating individuals to locations.
The GLobal Epidemic and Mobility (GLEAM) model [82] is a par-
ticular example that integrates census and mobility data in a fully
stochastic metapopulation network model that allows for the de-
tailed simulation of the spread of influenza-like illnesses around
the globe.

Importantly, while the spread of infectious diseases is most
commonly the focal point of research on epidemic spreading, in
particular because this is one of the most damaging phenom-
ena in human societies in the past and present day, the resulting
mathematical models can of course be generalized and adapted to
describe diffusion of information [83], the spreading of rumors and
scientific memes [84], the emergence of online virality [85], and
indeed many other phenomena that are inherent to our modern
existence, both off and online. Recently, a null model for social
spreading phenomena has been proposed [86], which can repro-
duce several characteristics of empirical micro-blogging data, such
as for example the heavy-tailed distribution of meme popularity.
The model clearly distinguishes the roles of two distinct factors af-
fecting popularity, namely the memory time of users and the con-
nectivity structure of the social network.

Along these lines, research on epidemics in the broadest possi-
ble sense continues to draw together different fields for us to ar-
rive at a better understanding of processes that are behind one of
the greatest challenges that lie ahead for human societies, namely
the maintenance of public health and the mitigation of large-scale
epidemics and the spread of infectious disease. As an added ben-
efit, one finds that the same spreading phenomena that drive epi-
demics drive also social contagion processes, which surely adds to
the arguments to actively engage in this research.

4. Future research

As we hope we have succeeded to outline in this introduction,
vaccination and epidemics in networked populations merit out-
standing attention from the research community, not only for their
obvious importance to the wellbeing of our societies, but also from

the purely scientific point of view due to the many open problems
and fascinating challenges that remain to be addressed. The trip-
tych The Garden of Earthly Delights shown in Fig. 5, painted by Hi-
eronymus Bosch around the turn of the 16th century, is a lucid
portrayal of events that may transpire if we fail to keep the public
health in the best possible order, and if we fail to cooperate in vac-
cinating our children and working together to minimize the risk of
epidemics.

Particularly promising areas of research that warrant attention
include the consideration of mathematical and statistical laws that
govern the coevolution of the network and the evolution of vacci-
nation or of the epidemic process that unfolds. Here the formalism
of temporal networks is a necessary prerequisite [11], while further
ideas how to proceed can be sought in [15,16], where research in
closely related fields has already been reviewed.

Further in terms of the interaction network, recent research has
revealed that social networks are almost inherently interdependent
and layered, in the sense that a particular network of contacts sel-
dom exists in isolation [12,13]. Consequently, processes unfolding
in one network can have significant and also to a large degree
unexpected consequences in another network [17-21,25,26]. It re-
mains subject to future research to reveal to what degree this in-
fluences our ability to predict and control the epidemics, and what
are the consequences of vaccination abstinence in one social group
for others that are codependent.

Regarding mathematical modeling, it remains of interest to fur-
ther integrate the many feedbacks between disease and behavior,
in particular vaccinations behavior, and to introduce cognition and
deliberation as processes that are inseparable to humans. Here re-
search in psychology and anthropology can provide vital guidance
and relevantly inform the next generation of models for them to
realistically represent these processes that thus far remain under
explored.

Lastly, one has to mention the ever-increasing availability of
digital data and the many exciting prospects this creates, not
just for testing theoretical predictions, but also in terms of using
the data during the modeling process itself, as has already been
demonstrated, for example in [82].
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Fig. 5. The Garden of Earthly Delights serves as a didactic warning on the perils of life’s temptations, which applies as much to shirking on vaccination, as it does to
abandoning vigilance in times of epidemics. From left to right, we first have the meeting of Adam and Eve, followed by a socially balanced state of wellbeing in the center,
and ending with a hellscape that portrays the torments of damnation that may result due to excesses in modern human societies. The picture was taken by Alonso de

Mendoza, and reproduced here from the public domain. Source: Wikimedia Commons.

To conclude, we note that this special issue is also to feature
future research. In order to avoid delays that are sometimes as-
sociated with waiting for a special issue to become complete be-
fore it is published, we have adopted an alternative approach at
Chaos, Solitons & Fractals. The special issue will be a virtual one,
updated continuously from the publication of this introduction on-
wards, meaning that new papers will be published immediately
after acceptance. The down side of this approach is that we can-
not feature the traditional brief summaries of each individual work
that will be published, but we hope that this is more than made up
for by the immediate availability of the latest research. Please stay
tuned, and consider contributing to “Vaccination and epidemics in
networked populations”.

Acknowledgments

We would like to thank the publishing team at Chaos, Solitons
& Fractals for all their support and assistance in creating this spe-
cial issue. We would also like to thank all the authors and referees
in advance for their valuable contributions and help. This work was
supported by the National Key Research and Development Program
(Grant 2016YFB0800602), the National Natural Science Foundation
of China (Grant 61471299), by the Government of Aragén, Spain
through a grant to the group FENOL, by MINECO and FEDER funds
(Grant FIS2014-55867-P), and by the Slovenian Research Agency
(Grants J1-7009 and P5-0027).

References

[1] Pastor-Satorras R, Castellano C, Mieghem PV, Vespignani A. Epidemic processes
in complex networks. Rev Mod Phys 2015;87:925.

[2] Wang Z, Bauch CT, Bhattacharyya S, d’'Onofrio A, Manfredi P, Perc M, et al. Sta-
tistical physics of vaccination. Phys Rep 2016;664:1-113.

[3] Newman ME]. Networks: an introduction. Oxford: Oxford University Press;
2010.

[4] Barabasi A-L. Network science. Cambridge: Cambridge University Press; 2015.

[5] Watts DJ, Strogatz SH. Collective dynamics of small world networks. Nature
1998;393:440-2.

[6] Barabasi A-L, Albert R. Emergence of scaling in random networks. Science
1999;286:509-12.

[7] Albert R, Barabasi A-L. Statistical mechanics of complex networks. Rev Mod
Phys 2002;74:47-97.

[8] Newman ME]. The structure and function of complex networks. SIAM Rev
2003;45:167-256.

[9] Boccaletti S, Latora V, Moreno Y, Chavez M, Hwang D. Complex networks:
structure and dynamics. Phys Rep 2006;424:175-308.

[10] Fortunato S. Community detection in graphs. Phys Rep 2010;486:75-174.

[11] Holme P, Saramadki ]. Temporal networks. Phys Rep 2012;519:97-125.

[12] Boccaletti S, Bianconi G, Criado R, del Genio C, Gémez-Gardeiies ], Ro-
mance M, et al. The structure and dynamics of multilayer networks. Phys Rep
2014;544:1-122.

[13] Kiveld M, Arenas A, Barthelemy M, Gleeson JP, Moreno Y, Porter MA. Multi-
layer networks. ] Complex Netw 2014;2:203-71.

[14] Li L, Chen D, Ren X-L, Zhang Q-M, Zhang Y-C, Zhou T. Vital nodes identifica-
tion in complex networks. Phys Rep 2016;650:1-63.

[15] Gross T, Blasius B. Adaptive coevolutionary networks: a review. ] R Soc Inter-
face 2008;5:259-71.

[16] Perc M, Szolnoki A. Coevolutionary games-a mini review. BioSystems
2010;99:109-25.

[17] Buldyrev SV, Parshani R, Paul G, Stanley HE, Havlin S. Catastrophic cascade of
failures in interdependent networks. Nature 2010;464:1025-8.

[18] Parshani R, Buldyrev SV, Havlin S. Interdependent networks: reducing the cou-
pling strength leads to a change from a first to second order percolation tran-
sition. Phys Rev Lett 2010;105:048701.

[19] Parshani R, Buldyrev SV, Havlin S. Critical effect of dependency groups on the
function of networks. Proc Natl Acad Sci USA 2011;108:1007-10.

[20] Gao ], Buldyrev SV, Stanley HE, Havlin S. Networks formed from interdepen-
dent networks. Nat Phys 2012;8:40-8.

[21] Havlin S, Kenett DY, Ben-Jacob E, Bunde A, Hermann H, Kurths ], et al. Chal-
lenges of network science: applications to infrastructures, climate, social sys-
tems and economics. Eur ] Phys Special Topics 2012;214:273-93.

[22] De Domenico M, Solé-Ribalta A, Cozzo E, Kiveld M, Moreno Y, Porter MA,
et al. Mathematical formulation of multilayer networks. Phys Rev X
2013;3:041022.

[23] Wang Z, Wang L, Szolnoki A, Perc M. Evolutionary games on multilayer net-
works: a colloquium. Eur Phys ] B 2015a;88:124.

[24] Kenett DY, Perc M, Boccaletti S. Networks of networks - an introduction. Chaos
Solitons Fractals 2015;80:1-6.


http://dx.doi.org/10.13039/501100001809
http://dx.doi.org/10.13039/501100003329
http://dx.doi.org/10.13039/501100004329
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0001
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0001
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0001
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0001
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0001
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0002
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0002
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0002
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0002
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0002
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0002
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0002
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0002
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0003
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0003
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0004
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0004
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0005
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0005
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0005
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0006
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0006
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0006
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0007
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0007
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0007
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0008
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0008
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0009
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0009
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0009
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0009
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0009
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0009
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0010
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0010
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0011
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0011
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0011
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0012
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0012
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0012
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0012
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0012
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0012
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0012
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0012
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0013
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0013
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0013
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0013
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0013
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0013
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0013
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0014
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0014
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0014
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0014
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0014
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0014
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0014
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0015
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0015
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0015
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0016
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0016
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0016
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0017
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0017
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0017
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0017
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0017
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0017
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0018
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0018
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0018
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0018
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0019
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0019
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0019
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0019
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0020
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0020
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0020
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0020
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0020
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0021
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0021
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0021
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0021
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0021
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0021
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0021
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0021
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0022
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0022
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0022
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0022
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0022
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0022
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0022
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0022
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0023
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0023
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0023
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0023
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0023
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0024
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0024
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0024
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0024

Editorial / Chaos, Solitons and Fractals 103 (2017) 177-183 183

[25] Sanz ], Xia C-Y, Meloni S, Moreno Y. Dynamics of interacting diseases. Phys
Rev X 2014;4:041005.

[26] de Arruda GF, Cozzo E, Peixoto TP, Rodrigues FA, Moreno Y. Disease localiza-
tion in multilayer networks. Phys Rev X 2017;7:011014.

[27] Lazer D, Pentland A, Adamic LA, Aral S, Barabasi AL, Brewer D, et al. Life
in the network: the coming age of computational social science. Science
2009;323:721-3.

[28] Christakis NA, Fowler JH. Connected: the surprising power of our social net-
works and how they shape our lives. New York: Little Brown; 2009.

[29] Pastor-Satorras R, Vespignani A. Immunization of complex networks. Phys Rev
E 2002;65:036104.

[30] Liu Y, Deng Y, Jusup M, Wang Z. A biologically inspired immunization strategy
for network epidemiology. ] Theor Biol 2016;400:92-102.

[31] Gémez-Gardenes ], Echenique P, Moreno Y. Immunization of real complex
communication networks. Eur Phys ] B 2006;49:259-64.

[32] Anderson RM, May RM, Anderson B. Infectious diseases of humans: dynamics
and control. New York: Wiley; 1992.

[33] Cohen R, Havlin S, Ben-Avraham D. Efficient immunization strategies for com-
puter networks and populations. Phys Rev Lett 2003;91:247901.

[34] Schneider CM, Mihaljev T, Havlin S, Herrmann H]J. Suppressing epidemics with
a limited amount of immunization units. Phys Rev E 2011;84:061911.

[35] Christley RM, Pinchbeck G, Bowers R, Clancy D, French N, Bennett R, et al. In-
fection in social networks: using network analysis to identify high-risk indi-
viduals. Am ] Epidemiol 2005;162:1024-31.

[36] Shams B. Using network properties to evaluate targeted immunization algo-
rithms. Netw Biol 2014;4:74.

[37] Borgatti SP. Centrality and network flow. Soc Netw 2005;27:55-71.

[38] Gallos LK, Liljeros F, Argyrakis P, Bunde A, Havlin S. Improving immunization
strategies. Phys Rev E 2007;75:045104.

[39] Miller JC, Hyman JM. Effective vaccination strategies for realistic social net-
works. Physica A 2007;386:780-5.

[40] Madar N, Kalisky T, Cohen R, Ben-avraham D, Havlin S. Immunization and epi-
demic dynamics in complex networks. Eur Phys ] B 2004;38:269-76.

[41] Liu P, Miao H, Li Q. A common acquaintance immunization strategy for com-
plex network. In: Computer and information science, 2009. ICIS 2009. Eighth
IEEE/ACIS international conference on IEEE; 2009. p. 713-17.

[42] Wang Z, Zhao D-W, Wang L, Sun G-Q, Jin Z. Immunity of multiplex networks
via acquaintance vaccination. EPL 2015b;112:48002.

[43] Salathé M, Jones JH. Dynamics and control of diseases in networks with com-
munity structure. PLoS Comput Biol 2010;6:E1000736.

[44] Gong K, Tang M, Hui PM, Zhang HF, Younghae D, Lai Y-C. An efficient immu-
nization strategy for community networks. PLoS ONE 2013;8:E83489.

[45] Bonanni P. Demographic impact of vaccination: a review. Vaccine
1999;17:5120-5.

[46] Funk S, Salathé M, Jansen VA. Modelling the influence of human behaviour on
the spread of infectious diseases: a review. ] R Soc Interface 2010;7:20100142.

[47] Manfredi P, D’Onofrio A. Modeling the interplay between human behavior and
the spread of infectious diseases. New York: Springer; 2013.

[48] Wang Z, Andrews MA, Wu Z-X, Wang L, Bauch CT. Coupled disease-behavior
dynamics on complex networks: A review. Phys Life Rev 2015¢;15:1-29.

[49] Cousins S. Syrian crisis: health experts say more can be done. Lancet
2015;385:931-4.

[50] Ganapathiraju PV, Morssink CB, Plumb ]. Endgame for polio eradication? op-
tions for overcoming social and political factors in the progress to eradicating
polio. Glob Public Health 2015;10:463-73.

[51] Bauch CT, Bhattacharyya S. Evolutionary game theory and social learning can
determine how vaccine scares unfold. PLoS Comput Biol 2012;8. E1002452

[52] Oraby T, Thampi V, Bauch CT. The influence of social norms on the dynam-
ics of vaccinating behaviour for paediatric infectious diseases. ProcR Soc B
2014;281. 20133172

[53] Sun G-Q, Jusup M, Jin Z, Wang Y, Wang Z. Pattern transitions in spatial epi-
demics: mechanisms and emergent properties. Phys Life Rev 2016;19:43-73.

[54] Capasso V, Serio G. A generalization of the kermack-mckendrick deterministic
epidemic model. Math Biosci 1978;42:43-61.

[55] Sigmund K. Games of life: exploration in ecology, evolution and behavior. UK:
Oxford University Press, Oxford; 1993.

[56] Weibull JW. Evolutionary game theory. Cambridge, MA: MIT Press; 1995.

[57] Hofbauer ], Sigmund K. Evolutionary games and population dynamics. Cam-
bridge, U.K.: Cambridge University Press; 1998.

[58] Nowak MA. Evolutionary dynamics. Cambridge, MA: Harvard University Press;
2006.

[59] Sigmund K. The calculus of selfishness. Princeton, NJ: Princeton University
Press; 2010.

[60] G Szabd GF. Evolutionary games on graphs. Phys Rep 2007;446:97-216.

[61] Pacheco JM, Vasconcelos VV, Santos FC. Climate change governance, coopera-
tion and self-organization. Phys Life Rev 2014;11:573-86.

[62] D’'Orsogna MR, Perc M. Statistical physics of crime: a review. Phys Life Rev
2015;12:1-21.

[63] Helbing D, Brockmann D, Chadefaux T, Donnay K, Blanke U, Woolley-Meza O,
et al. Saving human lives: What complexity science and information systems
can contribute. J Stat Phys 2015;158:735-81.

[64] Perc M. Phase transitions in models of human cooperation. Phys Lett A
2016;380:2803-8.

[65] Perc M, Jordan JJ, Rand DG, Wang Z, Boccaletti S, Szolnoki A. Statistical physics
of human cooperation. Phys Rep 2017. doi:10.1016/j.physrep.2017.05.004.

[66] Bauch CT, Earn DJD. Vaccination and the theory of games. Proc Natl Acad Sci
USA 2004;101:13391-4.

[67] Fu F, Rosenbloom DI, Wang L, Nowak MA. Imitation dynamics of vaccination
behaviour on social networks. ProcR Soc B 2011;278:42-9.

[68] Rand DG, Nowak MA. Human cooperation. Trends Cognit Sci 2013;17:413-25.

[69] Bear A, R DG. Intuition, deliberation, and the evolution of cooperation. Proc
Natl Acad Sci USA 2016;113:936-41.

[70] Moreno Y, Pastor-Satorras R, Vespignani A. Epidemic outbreaks in complex
heterogeneous networks. Eur Phys | B 2002;26:521-9.

[71] Kermack WO, Kendrick AGM. A contribution to the mathematical theory of
epidemics. Proc R Soc A 1927;115:700-21.

[72] Anderson RM, May RM. Infectious diseases in humans. Oxford: Oxford Univer-
sity Press; 1992.

[73] Diekmann O, Heesterbeek ]. Mathematical epidemiology of infectious diseases:
model building, analysis and interpretation. New York: John Wiley & Sons;
2000.

[74] Keeling M, Rohani P. Modeling infectious diseases in humans and animals.
Princeton: Princeton University Press; 2007.

[75] Eubank S, Guclu H, Kumar VA, Marathe MV, Srinivasan A, Toroczkai Z,
et al. Modelling disease outbreaks in realistic urban social networks. Nature
2004;429:180-4.

[76] Hufnagel L, Brockmann D, Geisel T. Forecast and control of epidemics in a
globalized world. Proc Natl Acad Sci USA 2004;101:15124-9.

[77] Ferguson NM, Cummings DA, Cauchemez S, Fraser C, Riley S, Meeyai A,
et al. Strategies for containing an emerging influenza pandemic in southeast
asia. Nature 2005;437:209-14.

[78] Longini IM, Nizam A, Xu S, Ungchusak K, Hanshaoworakul W, Cummings DA,
et al. Containing pandemic influenza at the source. Science 2005;309:1083-7.

[79] Colizza V, Barrat A, Barthelemy M, Valleron A-J, Vespignani A. Modeling the
worldwide spread of pandemic influenza: baseline case and containment in-
terventions. PLoS Med 2007;4. E13.

[80] Chao DL, Halloran ME, Obenchain VJ, Longini Jr IM. FIUTE, a publicly avail-
able stochastic influenza epidemic simulation model. PLoS Comput Biol 2010;6.
E1000656

[81] Brockmann D, Helbing D. The hidden geometry of complex, network-driven
contagion phenomena. Science 2013;342:1337-42.

[82] Broeck WVd, Gioannini C, Gongalves B, Quaggiotto M, Colizza V, Vespignani A.
The GLEamviz computational tool, a publicly available software to explore
realistic epidemic spreading scenarios at the global scale. BMC Infect Dis
2011;11:37.

[83] Bikhchandani S, Hirshleifer D, Welch I. A theory of fads, fashion, custom, and
cultural change as informational cascades. ] Polit Econ 1992;100:992-1026.

[84] Kuhn T, Perc M, Helbing D. Inheritance patterns in citation networks reveal
scientific memes. Phys Rev X 2014;4. 041036

[85] Goel S, Anderson A, Hofman ], Watts DJ. The structural virality of online diffu-
sion. Manage Sci 2015;62:180-96.

[86] Gleeson JP, OSullivan KP, nos RAB, Moreno Y. Effects of network structure,
competition and memory time on social spreading phenomena. Phys Rev X
2016;6. 021019


http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0025
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0025
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0025
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0025
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0025
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0026
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0026
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0026
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0026
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0026
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0026
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0027
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0027
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0027
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0027
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0027
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0027
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0027
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0027
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0028
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0028
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0028
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0029
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0029
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0029
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0030
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0030
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0030
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0030
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0030
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0031
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0031
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0031
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0031
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0032
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0032
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0032
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0032
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0033
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0033
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0033
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0033
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0034
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0034
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0034
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0034
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0034
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0035
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0035
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0035
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0035
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0035
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0035
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0035
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0035
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0036
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0036
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0037
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0037
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0038
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0038
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0038
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0038
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0038
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0038
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0039
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0039
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0039
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0040
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0040
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0040
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0040
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0040
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0040
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0041
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0041
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0041
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0041
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0042
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0042
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0042
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0042
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0042
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0042
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0043
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0043
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0043
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0044
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0044
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0044
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0044
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0044
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0044
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0044
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0045
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0045
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0046
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0046
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0046
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0046
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0047
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0047
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0047
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0048
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0048
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0048
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0048
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0048
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0048
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0049
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0049
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0050
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0050
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0050
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0050
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0051
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0051
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0051
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0051
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0052
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0052
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0052
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0052
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0052
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0053
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0053
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0053
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0053
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0053
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0053
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0054
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0054
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0054
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0055
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0055
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0056
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0056
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0057
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0057
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0057
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0058
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0058
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0059
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0059
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0060
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0060
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0061
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0061
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0061
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0061
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0062
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0062
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0062
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0063
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0063
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0063
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0063
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0063
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0063
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0063
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0063
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0064
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0064
http://dx.doi.org/10.1016/j.physrep.2017.05.004
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0066
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0066
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0066
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0067
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0067
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0067
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0067
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0067
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0068
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0068
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0068
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0069
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0069
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0069
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0070
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0070
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0070
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0070
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0071
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0071
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0071
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0072
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0072
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0072
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0073
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0073
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0073
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0074
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0074
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0074
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0075
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0075
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0075
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0075
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0075
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0075
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0075
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0075
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0076
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0076
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0076
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0076
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0077
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0077
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0077
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0077
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0077
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0077
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0077
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0077
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0078
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0078
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0078
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0078
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0078
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0078
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0078
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0078
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0079
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0079
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0079
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0079
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0079
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0079
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0079
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0080
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0080
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0080
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0080
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0080
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0080
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0081
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0081
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0081
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0082
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0082
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0082
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0082
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0082
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0082
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0082
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0083
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0083
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0083
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0083
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0084
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0084
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0084
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0084
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0084
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0085
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0085
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0085
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0085
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0085
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0086
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0086
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0086
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0086
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0086
http://refhub.elsevier.com/S0960-0779(17)30251-5/sbref0086

	Vaccination and epidemics in networked populations-An introduction
	1 Networks
	2 Vaccination
	3 Epidemic processes
	4 Future research
	 Acknowledgments
	 References


