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Abstract

The introduction of mass vaccination against Varicella-Zoster-Virus (VZV) is being delayed in many European countries
because of, among other factors, the possibility of a large increase in Herpes Zoster (HZ) incidence in the first decades after
the initiation of vaccination, due to the expected decline of the boosting of Cell Mediated Immunity caused by the reduced
varicella circulation. A multi-country model of VZV transmission and reactivation, is used to evaluate the possible impact of
varicella vaccination on HZ epidemiology in Italy, Finland and the UK. Despite the large uncertainty surrounding HZ and
vaccine-related parameters, surprisingly robust medium-term predictions are provided, indicating that an increase in HZ
incidence is likely to occur in countries where the incidence rate is lower in absence of immunization, possibly due to a
higher force of boosting (e.g. Finland), whereas increases in HZ incidence might be minor where the force of boosting is
milder (e.g. the UK). Moreover, a convergence of HZ post vaccination incidence levels in the examined countries is predicted
despite different initial degrees of success of immunization policies. Unlike previous model-based evaluations, our
investigation shows that after varicella immunization an increase of HZ incidence is not a certain fact, rather depends on the
presence or absence of factors promoting a strong boosting intensity and which might or not be heavily affected by
changes in varicella circulation due to mass immunization. These findings might explain the opposed empirical evidences
observed about the increases of HZ in sites where mass varicella vaccination is ongoing.
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Introduction e.g. as a consequence of ageing [8] or other immune-suppressing
processes [9] and lead to the development of HZ. Still in the same
paper, Hope-Simpson introduced the hypothesis of exogenous
boosting, i.e. that re-exposure to VZV may be protective against
HZ through boosting of CMI. Although some controversy on this
hypothesis has been raised [10], to the best of our knowledge
alternative hypotheses, e.g. that boosting might follows from
immunological phenomena within the individual, did not receive
empirical support. On the opposite, substantial evidence has
accumulated in favour of “exogenous boosting hypothesis” from a

Varicella, commonly referred to as chickenpox, is a highly
transmissible infection caused by Varicella-Zoster-Virus (VZV), a
DNA virus of the Herpes group, transmitted by direct contact with
infective individuals. In Europe, 90% of children get infected with
VZV before 12 years of age and around 95% of adults are
immune to VZV [1]. After recovery from varicella infection, the
VZV virus remains latent in the dorsal root ganglia where it can
reactivate at later ages, causing Herpes Zoster (HZ), an

inflammatory skin disease (also known as shingles), which might variety of studies ranging from field studies [11], to model-based

cause significant morbidity, including the long and painful post- evidence [12], to Immunological and epidemiological studies
herpetic neuralgia [2], as well as high costs to public health payers [1,13] ’

and societies [3,4].

The mechanisms underlying the development of HZ and, more
generally, the relation between HZ and varicella infection/
exposure are still poorly understood. The prevailing view, dating
back to Hope-Simpson seminal paper, is that after temporary
immunity following varicella infection, VZV reactivation may
occur due to the decline of Cell Mediated Immunity (CMI) [5-7],

A live attenuated varicella virus vaccine (Oka strain) has been
available since the 70 s and in 1995 a universal childhood
vaccination program against varicella infection was introduced in
the US. However, although the vaccine has been shown to be safe
[14,15] and largely effective against varicella [15-20], the
introduction of mass VZV immunization programs in Europe is
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stalled, with only a few countries (Germany, Greece and
Luxembourg) and regions (e.g., Sicily, Tuscany and Veneto in
Italy and the Autonomous Community of Madrid in Spain)
currently vaccinating routinely [21]. Contrary to expectations,
even the availability of a quadrivalent measles, mumps, rubella,
and varicella vaccine (MMRYV) did not facilitate the decision
making process for introducing universal varicella vaccination in
many European countries [22].

The reasons for different current policies are doubts about the
possible consequences of varicella vaccination on the epidemiology
of chickenpox (i.e. shift in the age at infection and varicella among
vaccinated children) but also, to a large extent, about a possible
increase of HZ incidence due to the reduction of immunological
boosting caused by the varicella vaccination.

The latter effect has been shown in mathematical models,
incorporating the assumption of CMI boosting effect, predicting
an increase of HZ incidence in the first 3-5 decades following the
introduction of vaccination [12,23-28]. The argument 1s that the
decline in VZV circulation following mass immunization will
dramatically decrease the number of episodes of CMI boosting,
thereby increasing the risk of developing HZ. Unfortunately, the
empirical evidence from sites where varicella mass vaccination
programs are ongoing is still controversial, with some studies
supporting the hypothesis of HZ increase and others not
[2,15,29,30].

In this paper, we aim to contribute to the debate on the
introduction of varicella vaccine in Europe by using an innovative
framework for robustly assessing the impact of VZV mass
vaccination on HZ epidemiology, using data from three European
countries with remarkable differences in the epidemiology of both
varicella and HZ: Italy, Finland and the UK.

Compared to past VZV modeling efforts [12,23-28], the
framework developed here is innovative in three main respects.
First, we address (to the best of our knowledge, for the first time)
the challenge of appropriately handling the structural uncertainty
on HZ parameters, related to the lack of data on and knowledge
about the process through which individuals acquire HZ
susceptibility. Second, in order to further reduce the uncertainty
of HZ parameter estimates, we fitted the model simultaneously to
HZ data from the three selected countries, with the purpose of
better estimating those parameters that, having a biological basis,
shouldn’t show a significant inter-country variation. Third, no
arbitrary assumptions are made about vaccine-related parameters
which are incorporated in the model with uncertainty distributions
with wide ranges.

Despite the uncertainty thus incorporated, which results in a
wide uncertainty about the impact of the vaccine on varicella
epidemiology, the model provides surprisingly robust predictions
of the impact of VZV vaccination on HZ epidemiology in the
different countries. An increase of HZ incidence is not expected to
occur in all countries but rather seems to depend on the presence
(Finland) or absence (Italy and the UK) of factors which promote a
strong intensity of boosting and thus may (or may not) be heavily
affected by changes in the circulation of the virus due to
vaccination campaigns.

Overall, we feel that the different impacts of vaccination
predicted in the three countries considered, which stem from
differences in VZV and HZ epidemiology between countries,
might be fairly representative of Europe as a whole. Therefore,
although modeling VZV and HZ is a complex task due to the poor
understanding of basic processes, we believe that the present
results may contribute to better predictions of the effects of
introducing VZV mass vaccination and thus assist current and
future decision making.
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Methods

Data

Pre-vaccination age-specific VZV seroprevalence data for
Finland, Italy and the UK were made available from the
European Seroepidemiological Network 2 [1], which is the largest
available population-based study on VZV seroprevalence in
Europe. The method of sera collection adopted (residual sera) is
the same in the three countries considered in this paper. The
results from the assays adopted in the ESEN2 study are
standardized which make international comparisons possible.
The total sample sizes were in the range (about 2000) considered
optimal for these types of studies, and all studies were designed to
be representative by age. These data describe the natural history of
infection and are critical for estimating the force of infection (FOI)
of varicella. Age-specific HZ case notification data were obtained
from published studies for Finland [28], Italy [3] and United
Kingdom [23]. Country-specific routine socio-demographic data
for the three different countries were obtained from the Eurostat
databases [31], for estimation of contact distributions.

The Mathematical Model for VZV Transmission and HZ
Incidence

The mathematical model for VZV transmission dynamics and
HZ development extends earlier compartmental models
[12,25,27,32] by incorporating different country-specific levels of
boosting (flow diagram in Fig. 1). Full technical details are given in
Text S1. Briefly, newborn individuals are assumed to be protected
by maternal antibodies for six months on average [33], after which
they become susceptible to varicella and are exposed to an age-
specific FOI /,. In the absence of vaccination, the FOI is defined

e
as follows: A, : = > qCu;j(vij+ypuzzi;) where a*=100 as we
j=0

consider a population subdivided in 100 1- year age classes, ¢ is an
age-independent transmission coeflicient, according to the so-
called social contact hypothesis [34]; C,; is an age-specific contact
matrix whose entries describe the average numbers of different
persons in age group j encountered by an individual belonging to
age group a per unit of time (so that the product ¢C,; defines the
number of adequate contacts for having infection transmission); vi;
and zi; are, respectively, the fractions of varicella and HZ cases of
age j in the population and y g7 is the relative VZV infectiousness
associated with HZ; latency and infectious periods are assumed to
last, respectively, 14 and 7 days on average [33,35,36]. After
recovery, individuals become permanently immune to varicella.
VZV immune individuals become susceptible to HZ due to the
decline in CMI, which occurs at constant rate 0. HZ susceptibles
have two possibilities, either boosting their CMI by exposure to
infectious individuals, thus reacquiring the protection against the
development of HZ, or progressing to HZ disease, at a rate p(a)
which is higher in children and the elderly and lower in adults
[25-27]. HZ cases contribute to the varicella force of infection 4
for 7 days on average [36]; afterwards, they become permanently
immune to HZ disease. The CMI of HZ susceptible individuals is
boosted according to a force of boosting (FOB) 24,4, which is assumed
to be proportional to the varicella FOI.

The incomplete protection supplied by the licensed varicella
vaccine against varicella and HZ [15,17,18,20,37—43] makes the
post-vaccination model articulated in several cases. A proportion P
of vaccinated individuals suffer an initial vaccine failure and
remain susceptible, while the complementary fraction of vaccinat-
ed individuals (1-P) have a fixed take probability T to acquire
temporary protection against VZV infection and a lifelong partial
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Figure 1. Schematic representation of the model. Natural varicella and HZ. M represents individuals protected by maternal antibodies; VS,
VE, VI represent varicella susceptible, latent and infective; VR represents individuals recovered from varicella and temporally protected by CMI against
HZ; ZS, ZI, ZR represent individuals susceptible, infected and permanently immune to HZ. Vaccine protection, varicella and HZ among
vaccines. VP represents vaccine protected individuals. VBS, VBE and VBI represent vaccinated individuals susceptible, latent and infective for
breakthrough varicella; VBR represents individuals recovered from breakthrough varicella and temporally protected by CMI against (breakthrough)
HZ. ZBS, ZBI, ZBR represent individuals susceptible, infected and permanently immune to HZ that experienced varicella breakthrough after
vaccination. ZVS, ZVI, ZVR represent individuals susceptible, infected and permanently immune to HZ for the vaccine strain. Details in Text S1.

doi:10.1371/journal.pone.0060732.9001

protection against HZ. For the sake of simplicity in model
simulation, we assume that vaccine coverage accounts also for
primary failure. This means that e.g. when we consider a coverage
of 90%, we assume that a possibly higher proportion of individuals
is vaccinated, but only 90% are vaccinated without experiencing
the primary vaccine failure. As a consequence, when the coverage
is set to 100%), primary failure probability is assumed to be zero.
Vaccine protected individuals lose immunity against varicella at a
waning rate W.

Vaccinated individuals who suffer a secondary failure (a fraction
(1-T)(1-P)) and vaccine protected individuals whose immunity
against varicella has waned are exposed to the natural FOI, but are
assumed to acquire a milder infection commonly referred as
breakthrough varicella which will be less infectious than natural varicella
(i.e., varicella occurring among unvaccinated individuals). Vacci-
nees can develop HZ after breakthrough varicella or directly from
the vaccine strain [6]. In the latter case, HZ is caused by vaccine
virus instead of wild type. The mechanism of varicella and HZ
development among vaccinees is the same as the one described for
individuals who experience natural varicella infection. However the
rate at which vaccinated HZ susceptibles develop HZ is lower [44]
(xp(@)instead of p(a) where y <1). The post-vaccination varicella

a
FOI becomes: Ay : = > qCo;(vij+ypyvbij+yuzhz;) where vbi;
=0

is the fraction of breakthrough varicella cases of age j and ygy is
their relative VZV infectiousness; /iz; is the fraction of HZ cases of
age j. A full listing of model parameters and literature sources is
given in Table 1.

Model Parameterization

Model parameterization involved several steps. First, age-
specific contact matrices for each country considered were taken
from [45]. These contact matrices were computed by an approach
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similar to the one introduced in [46] but further developed to
derive social contact structures for several European countries.
Briefly, a synthetic population of agents, each one corresponding
to an individual in the real population, is generated by using highly
detailed routine socio-demographic data [31], such as household
distributions by type, size and age of members, school sizes for the
various school levels, workplace sizes and employment rates by
age, and the age distribution of the general population. From this
synthetic population, age-specific contact matrices for each
country considered were computed. These synthetic matrices are
possibly more harmonized compared to Polymod matrices and less
prone to observational biases. Nonetheless, they share several
common features with the Polymod matrices, e.g. strong
assortativeness and the presence of similar secondary diagonal
contact pattern, and as shown in [45], most statistical variation
between Polymod-type and synthetic matrices can be captured by
a single scale factor.

Second, age-specific FOI estimates for varicella in the three
selected countries were estimated by fitting an age-structured SIR
model at endemic equilibrium to age-specific varicella serological
data (Fig. 2abc) and estimating the three country-specific
transmission coefficients q (as in [34,46-49]) which, together with
the synthetic contact matrices, maximized the likelihood of the
varicella seroprofiles observed in each country by assuming a
negligible contribution of HZ to the pre-vaccination varicella FOI
(details in Text S1).Third, parameters describing progression to
HZ disease (p(a),0,z) were estimated by fitting the whole pre-
vaccination model to HZ age-specific incidence data conditionally
on the estimates found for wvaricella transmission and by
minimizing the mean squared error between observed and
predicted HZ incidence (Fig. 2def) in the different countries.

Considering the difficulties related to HZ susceptibility status
being non observable, we favored a novel approach to parameter
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fitting which we call sumultaneous, whereby HZ parameters were
estimated using age-specific zoster incidence data from all the
three countries together assuming that parameters describing
strictly biological processes (such as the average duration of CMI
and the VZV reactivation rates) were the same in all countries,
while parameters reflecting social interactions might be different.
This approach was preferred to the traditional one, based on
separate parallel fitting for each country, as the latter might yield
inconsistent inter-country estimates of biologically based HZ
parameters (see further details in Text S1). On the other hand,
we allowed the scaling factor z of CMI boosting to be country-
specific. Indeed, this parameter is not a purely biological

parameter but may depend also on social factors, e.g. contacts of

the elderly, and as such may account for the large uncertainty in
the FOI, and therefore in the FOB, at higher ages.

Unlike previous modeling work [12,23-26], where some vaccine
related parameters were estimated from vaccine trials data using
simple dynamic models and making a-priori assumptions on the
duration of CMI, we decided to rely on literature estimates. Our
simulations include the reduction factor y in the reactivation rate
for vaccinated individuals documented in [44], where it is shown
that individuals with a history of varicella vaccination have a 4 to
12 times lower risk of developing HZ compared to individuals with
a history of natural infection (further uncertainty on y is
investigated in Text S1). However, we preferred to explore a
wide range of possible values for the waning rate W and the take
probability T in order to account for the large uncertainty
characterizing these parameters [7,50-52].

Immunization Scenarios

The impact of VZV vaccination on HZ incidence is investigated
under different scenarios of coverage and schedule. The program
consisting in one single dose provided to 1 year old children is
analyzed by assuming coverage levels ranging from 70% to 100%.
Moreover, a two-dose program has been suggested to be more
effective and appropriate [15,17,18,20] and the Advisory Com-
mittee on Immunization Practices (ACIP) in the US modified its
recommendations to a routine 2-dose program in 2006 [18]. As a
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Table 1. Parameters employed.
Parameter Interpretation Value
1/u Average duration of the maternal antibodies protection 6 months [23]
1/w Average duration of the latency period 14 days [27]
1/y Average duration of the varicella infectivity period 7 days [27]
1/a Average duration of the HZ infectivity period 7 days [27]
Gi; Age specific contact matrices (different for each countries) based on census data [31]
yev Relative VZV infectiousness of breakthrough varicella cases 0.5 [43]
Yuz Relative VZV infectiousness of HZ cases 0.05 [23]
q Adjusting factor for contacts relevant for VZV transmission fitted against the VZV seroprevalence
z Adjusting factor for contacts relevant for the boosting of CMI fitted against HZ incidence
(boosting component) accounting for the uncertainty of FOI in adults and the elderly
1/6 Average duration of the CMI fitted against HZ incidence
pla) Age dependent VZV reactivation rate p(a)=e~% + na'l fitted against HZ incidence
T Vaccine take (probability) unif. sampled from (0.8,1) [15,17,37,39,42]
1/w Average duration of vaccine waning immunity unif. sampled from (1,200) years [52]
VA Reduction factor of the risk of developing HZ for vaccinees unif. sampled from (1/12,1/4) [44]
Model parameters, description and values considered for simulations.
doi:10.1371/journal.pone.0060732.t001

matter of fact, given the reported number of breakthrough cases in
countries where vaccination is in place, a two-dose program seems
to be unavoidable [15,38,39]. Thus, a two dose program was also
considered with the first dose administered to 1 year old children
and the second one to 5 years old children. Coverage of 90% and
80% have been assumed for the first and the second dose
respectively. To sum up, we consider the following immunization
scenarios: a single dose program, with the vaccine administered to
1 year old children with 70%, 80%, 90% and 100% coverage, and
the two-dose program described above.

Uncertainty Evaluation

Uncertainty in model outputs depends on the uncertainty in
three classes of input parameters, i.e. those related to (a) varicella
transmission, (b) HZ development, (c) vaccine-related parameters.
Specifically, for vaccine-related parameters, uniform distributions
were assumed over the ranges reported in Table 1. For the
structural uncertainty characterizing all HZ parameters, which
implies that there are many parameter configuration which best fit
HYZ incidence data, we decided to take into account all these best
fitting configurations. Bootstrap techniques were used to evaluate
uncertainties about VZV transmission (i.e. q) and parameters
related to HZ development (see Text S1). Moreover, sampling
from the various uncertainty distributions of parameters was
performed by Latin-Hypercube-Sampling (LHS) method [53].

Results

The Pre-vaccination Epidemiology of Varicella and HZ in
Italy, Finland and the UK

The observed varicella seroprofiles for Italy, Finland and the
UK are remarkably different (see Fig. 2a,b,c). In Finland, the
fraction of population aged 10-19 immune to varicella is, on
average, 6% larger than in the UK and 13% larger than in Italy,
indicating a relatively higher FOI in Finland. In agreement with
this and based on contact matrices described in the methods, we
obtained values of the basic reproductive number Ry (i.e. the
average number of secondary infections resulting from a single
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Figure 2. VZV seroprevalence, HZ incidence and boosting incidence in Finland, Italy and the UK. Top Row. VZV seroprevalence by age as
observed in [1] (in green) and as predicted by the model (average in blue, 95% Cl in cyan) for Finland (a), Italy (b), UK (c). Mid Row. Yearly HZ incidence
by age(cases per 1,000 individuals) as observed in [3,23,28] (in green) and as predicted by the model (average in blue, 95% Cl in cyan) for Finland (d),
Italy (e), UK (f); Bottom row. Predicted HZ susceptibility age profile for Finland (g), Italy (h), UK (i). Results are based on 1,000 model realizations.

doi:10.1371/journal.pone.0060732.9g002

infectious individual in a fully susceptible population [54]) also
remarkably different across countries: 3.36 (95% CI 3.26,3.48) in
Italy, 6.86 (95% CI 6.40,7.17) in Finland and 4.67 (95% CI
4.51,4.90) in the UK (Rodistributions can be found in Text S1).
Values of RO obtained here are compliant with previous estimates
provided by using different contact matrices [49]. However, it is
worth noting that the obtained ranking in the transmissibility
potential among countries, cannot be extended in general for other
childhood disease (e.g. pertussis [55]), given the different natural
and epidemiological history of each single disease.

Age-specific HZ incidences in the three countries show similar
profiles (low and constant rates among young individuals, then a
rapid increase in adults, though the pattern is less clear in the very
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old, e.g. in Italy there seems to be a decline), but also remarkable
differences in scale, with the UK rates being twice as high as the
ones from Finland (see Fig. 2d,e,f).

By ascribing these differences to varicella transmissibility and
HZ susceptibility, while keeping biological HZ related parameters
constant across countries, we were able to well reproduce both
serological varicella data (Fig. 2abc) as well as the observed HZ
incidence (Fig. 2d,e.f).

More specifically, given that CMI duration and the reactivation
rate were simultaneously fitted on the three country-specific
datasets, the major between-country difference was the predicted
role of boosting, which resulted stronger in Finland compared to
Italy and the UK. This role is well illustrated (Fig. 2g,h,i) by the
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differences in the predicted age profile of HZ susceptibility among
individuals, which is remarkably lower in Finland compared to
Italy and the UK. This result is consistent with the observed scale
of HZ incidence, which is about twice as large in the UK as in
Finland (Fig. 2d,e,f). The somewhat counterintuitive interpretation
is that though Finland suffers a higher varicella FOI, i.e. more (and
occurring earlier) varicella infection, thereby creating more space
for HZ, this higher transmissibility also yields a stronger boosting
effect, and therefore ultimately a fewer overall number of HZ cases
in the population. Given the remarkable inter-country epidemi-
ological differences in terms of both age specific HZ incidence and
VZV transmissibility potential, the impact of varicella vaccination
on HZ epidemiology is expected to be strongly country-specific.

The predicted age distribution of boosting episodes is similar
among countries (see Text S1) and it is characterized by two peaks,
the first one at ages 5-10, the second one at ages 20-50, probably
determined by contacts of infected children with siblings and/or
schoolmates in the first case and with parents in the second.
Moreover, the reactivation rate is predicted to decline from birth
to about age 30 and starting to increase thereafter (see Text S1).
This is consistent with the idea that immune competence is not
completely developed in young children and that it decreases with
age. The average duration of CMI is estimated to be in the range
of 60-100 years, which is surprisingly different from the one
estimated in previous studies (i.e. 20 years in Brisson et al. [12]
and following papers). Though seemingly different from previous
estimates, these values are fully compatible with the obtained 30%
HZ lifetime risk [12]. For example, for 1/6=80 years, given the
exponential decline in CMI levels after varicella immunity, 39% of
those who had varicella are - in absence of boosting - already
susceptible to zoster 40 vyears after varicella infection (i.e.
essentially at ages 40—49). Even if boosting is considered, the risk
of HZ is higher than the FOB at high ages, which implies that a
substantial proportion of adult HZ susceptible will get HZ prior to
being boosted.

We investigated carefully the case of perfect boosting (z=1 for
all countries ie., FOB equal to country-specific FOIs) and our
conclusions are that the model fails to reproduce the country
specific HZ incidences unless we relax our principal hypothesis
that the duration of CMI and the reactivation rate are the same in
all countries. Indeed, following the traditional approach, based on
separate parallel fitting, the model is able to well reproduce the HZ
incidences, though yielding strongly inconsistent inter-country
estimates of CMI duration i.e., 1/0 in the range of 20-80 for the
UK and in the range of 120-160 for Finland (see Text S1 for more
details). Therefore, all results presented hereafter are based on the
simultaneous fitting approach whereas the parallel fit is considered
only for sensitivity analyses.

The Impact of Vaccination on Varicella

Under all programs considered, a remarkable decrease in
varicella incidence after vaccination is predicted, on average, in
the medium and long term in all countries considered (main
scenarios reported in Fig. 3, alternative scenarios reported in Text
S1). However, a large uncertainty surrounds the average
predictions, which is essentially the consequence of the uncertainty
surrounding vaccine related parameters. Cases of natural varicella
are predicted to decrease as the mass immunization program
progresses. However, in general, even with 100% coverage,
varicella cannot be eliminated with a single dose administered to 1
year-old infants (See Fig. 3a,b,c), unless vaccine protection wanes
remarkably slowly and the probability of vaccine failure is
sufficiently small. As expected, vaccination is predicted to be less
effective in reducing varicella incidence in countries where the
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VZV transmissibility potential (R0) is large, as in Finland. As a
rule, there is an initial phase after the introduction of the vaccine
where virus circulation is sustained by older unvaccinated
individuals. However, due to vaccine failure and waning
immunity, in less than 10 years (on average) breakthrough
varicella becomes the main source of VZV transmission. This is
supported by the analysis of empirical data [19] and also found in
other modeling studies [12,23-27]. Specifically, when 100%
coverage 1s considered, most varicella infections in the medium
and long term are breakthrough cases while for lower coverage
levels, the fraction of natural varicella infections remains large.
Indeed, in the 70% coverage scenario (Fig. 3def), the long term
(after about 50 years) fraction of total predicted cases due to
natural varicella is 53.3% (95% CI 34.4,73.1) for Finland, 52.9%
(95% CI 35.5,75.2) in Italy, and 54.0% (95% CI 34.8,74.9) in the
UK. Under the two-dose program (90% +80% coverages), the
predicted impact of vaccination on varicella in the three different
countries is similar to the one predicted for a single dose with
100% coverage (see Fig. 3a,b,c and Fig. 3g,h,i).

Model simulations suggest the possibility that incidence of
breakthrough varicella might be very relevant in the long term.
For instance, a scenario where breakthrough varicella may be as
high as 10 per 1000 individuals per year in Finland i.e., very close
to the pre-vaccination varicella incidence (about 12 per 1000
individuals per year) cannot be excluded.

Moreover, model predictions show that the age at varicella
infection increases in all considered scenarios (See Fig. 4 and Text
S1). Spectfically, in Finland, before the introduction of vaccina-
tion, less than 5% of varicella cases are predicted to occur among
individuals older than 20. If a single-dose program with 100%
coverage is considered, after 20 years of vaccination, the
proportion of cases occurring in Finland among individuals older
than 20 is predicted to increase to 20% and to more than 50%
after 50 years of VZV vaccination. Similar results have been
obtained for Italy and the UK. The effect is milder when
considering lower vaccine uptake. However, in the medium-long
term, the fraction of cases occurring in individuals older than 20 is
predicted to increase from 5% to at least 25% for all coverages and
countries (details in the Text S1).

To sum up, in the long term we expect essentially all
breakthrough infections mostly occurring in adults and the elderly.
Finally, as expected, VZV mass vaccination results in a dramatic
decline of yearly boosting incidence (details in Text S1), namely
78% in Finland, 97% in Italy and 94% in UK when 100%
coverage is considered.

The Impact of Vaccination on HZ Incidence

There is a striking difference between model predictions on HZ
compared to varicella: short and medium-term predictions on HZ
are surprisingly robust, unlike the ones on varicella, because these
predictions mainly concern individuals who acquired varicella
before the start of vaccination. Consequently these predictions are
not affected by the large uncertainty characterizing vaccine-related
parameters (ie., the corresponding prediction intervals are
surprisingly narrow).

The predicted impact of VZV vaccination on HZ incidence is
strongly country-specific (main scenarios reported in Fig.5,
alternative scenarios reported in the Text S1). In Finland, HZ
incidence is predicted to increase by 17-32% (depending on
coverage and number of doses) for about 40-60 year after the start
of immunization (Fig a,d,g), whereas in Italy, where the observed
HZ incidence in absence of immunization is larger and the force of
infection of varicella is lower, the increase is much smaller (+2.5—
3%, Fig 5 b,e,h). Finally, in the UK (Fig. 5 c,ti), HZ results
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remarkably mitigated by vaccination. More specifically, in Finland
HZ incidence is expected to increase from 2.69 (95% CI 2.50,2.84)
to 3.54 (95% CI 3.13,3.75) per 1000 individuals per year at 30
years post vaccination, when the 1-dose program with 100%
coverage is considered (Fig. 5a) and up to 3.15-3.45 per 1000
when lower coverages (70%) are considered (Fig. 5d). Similarly, in
the two-doses program, the HZ incidence is expected to increase
to 3.53 (95% CI 3.14,3.74) per 1000 (Fig. 5g). In Italy (Fig. 5beh),
HZ incidence is instead predicted to increase only slightly from
about 3.79 to about 3.88-3.90 per 1000 individuals per year while,
in the UK (Fig. 5cfi), HZ incidence is predicted to continuously
decrease together with the progress of mass immunization.

Medium-term predictions indicate that an increase of HZ
incidence is not a certain fact, but rather seems to depend on the
presence or absence of factors which promote a strong boosting
intensity (and, as a consequence, a lower HZ susceptibility) and
thus may or may not be heavily affected by changes in varicella
circulation due to mass immunization. Indeed an increase in HZ
incidence occurs in countries where the incidence rate was lower
prior to vaccination, possibly due to a higher force of boosting (e.g.
Finland), whereas the increase in HZ incidence is minor or absent
where the force of boosting was milder (e.g. the UK).

A general remark about the impact of VZV immunization on
HZ is that whatever the country specific initial conditions in terms
of HZ incidence and VZV force of infection, and despite different
assumptions about the degree of success of immunization in the
various countries, HZ incidence remain steadily above around 3
per 1000 cases per year and lands on the level of 3 per 1000 after
about 60 years of vaccination programs. This surprising conver-
gence result is quantitatively accurate at high immunization levels
(as exemplified either by the one dose-100% program, or by the
two-doses programs, respectively in the top and bottom rows of
Fig. 5). The explanation is that at high levels of immunization the
force of boosting, which is the only factor differentiating the HZ
epidemiology among the three countries considered, rapidly
becomes negligible and the three countries remain exposed only
to the equalizing role jointly played by vaccination (generating an
identical flow of HZ cases from the vaccine strain the three
countries) and by the action of biological HZ parameters, which by
hypotheses are identical in the different countries. At lower
immunization levels (as exemplified by the middle row in Fig. 5)
convergence 1s only slightly less quantitatively accurate due to the
fact that the lower coverage allows some differences in the force of
boosting among countries to persist over time.

Our results about the impact of VZV immunization on HZ
incidence, e.g. in the UK, are remarkably different from those
obtained in previous modeling studies which were dealing with a
single country [12,23-28,32]. Indeed, by removing the constraint
that the duration of CMI and the reactivation rate are the same in
all countries (as in our parallel fit approach) the HZ incidence is
predicted to increase in all countries considered, as illustrated in
the two-dose scenario of TFig. 6). When the 70% program is
considered instead of the 100% program, the predicted increase in
HZ incidence is smaller (e.g. for Finland, see Fig. 5d) due to the
smaller impact of vaccination on boosting, but the burden of
natural varicella obviously remains larger (Fig. 3d).

For at least 50 years after the introduction of the vaccine, the
dynamics of HZ incidence are driven by natural HZ, i.e. by HZ
cases occurring among unvaccinated individuals that have
experienced natural varicella (Fig. 5). This is the consequence of
the decline of protective effect of boosting against HZ for
unvaccinated individuals as a consequence of the reduction of
varicella infected individuals caused by mass VZV immunization.
This phenomenon is well illustrated by the ideal scenario of a
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100% coverage program, implemented with a perfect vaccine with
probability of failure equal to zero and conferring permanent
immunity against varicella (details in Text S1). For instance, in
Finland, HZ incidence is predicted to increase in the short-
medium term due to the removal of the protective effect of
boosting, and to vanish in the long term due to the gradual
removal of all VZV and HZ susceptibles through the perfect
protection provided by vaccination. However, this process requires
at least the removal, by natural causes, of an entire generation, 1.e.
more than 70-80 years.

On the other hand, once the population becomes mostly
composed of vaccinated individuals and the fraction exposed to
natural varicella declines, which occurs after 5—6 decades after the
introduction of the immunization program, HZ is strongly
reduced by vaccination and attains levels well below those before
vaccination, reaching in all countries levels around 2 per 1000 per
year. Nonetheless, as already shown in [23,28], HZ is far from
being eliminated, given that the vaccine protects only partially
against varicella and HZ. In the long term, HZ incidence is mainly
caused by the vaccine strain. For instance, if a coverage of 100% is
considered, the latter is expected to slowly increase from the
beginning of the immunization program up to around 0.9 per
1000 individuals per year after 100 years of vaccination. The large
uncertainty surrounding long term predictions on HZ from the
vaccine strain compared to natural HZ is again the consequence of
the large uncertainty about vaccine-related parameters.

Predictions of the age distribution of HZ cases for all considered
scenarios show that both before and after the introduction of
vaccination most of HZ cases occur in the elderly (see Fig. 7 and
Text S1). For instance, in Finland, in the absence of immuniza-
tion, 61% of HZ cases are predicted to occur among 60+ old
individuals (59% in Italy and 54% in the UK) while 21% occur
among those aged 40-59 (21% in Italy and 25% in the UK).
Under the single dose 100% coverage program, the proportion of
cases occurring in Finland among individuals older than 60 is
predicted to slightly decline initially (first 15 years after the start of
immunization) due to the sudden decline in the FOB and
consequent increase in zoster across all age groups, and then to
sharply increase, up to a maximum of 85%, 55 years after the
initiation of the program. Finally, after 100 years of vaccination
the age distribution of HZ cases is surprisingly almost restored to the
pre-vaccination level (see Fig. 7, top row) although the overall
number of cases is considerably reduced. This peculiar post-
vaccination dynamics is explained in Fig.7 (bottom) which reports
the absolute HZ incidence by age at various time points following
the introduction of the vaccine. For instance in Finland, in all age
groups which are not vaccinated, the absolute incidence of HZ
increases due to the sudden decline in the FOB caused by the
introduction of the vaccine, which increases the speed at which all
initial HZ susceptibles acquire zoster at subsequent times. On the
other hand, HZ cases decrease among individuals who have been
vaccinated, due to the highly effective role of the vaccine in
preventing natural varicella infections (and subsequent HZ
development from the wild strain) and dramatically slowing
VZV reactivation for vaccinees. The interplay of these two factors
yields an increase in the weight of the elderly in the medium term.

Similar results have been obtained for Italy and the UK and for
other coverages and schedules considered (see Text S1).

Discussion

A major factor underlying the stalled introduction of varicella
immunization in Europe is the fear, predicted by many modeling
efforts [12,23-28], of a HZ boom in the first few decades after the
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Figure 3. The impact of VZV vaccination on varicella incidence. Top row. Yearly incidence of varicella (average in dark green, 95% Cl in light
green) and of natural varicella (average in red, 95% Cl in orange) per 1,000 individuals as predicted by simulating a single vaccine dose administered
to 1 year-old infants with 100% coverage in Finland (a) in Italy (b) and in the UK (c). Mid row. As the top row but obtained by considering 70%
coverage in Finland (d) in Italy (e) and in the UK (f). Bottom row. As the top row but for the two-dose scenario, which assumes the administration of a
first dose to 1 year-old individuals (90% coverage) and a second dose to 5 years-old individuals (80% coverage) in Finland (g) in Italy (h) and in the UK

(i). Results are based on 1,000 model realizations.
doi:10.1371/journal.pone.0060732.g003

start of vaccination, due to the predicted decline of the protective
role of boosting.

We propose an innovative use of the mathematical models
applied in the last decade to investigate VZV transmission
dynamics and reactivation, with the aim of shedding new light
on the controversial effect of varicella immunization on HZ
epidemiology from a European, multi-country, perspective. This is
motivated by two main departure points. The first one is that,
though HZ age-specific incidence curves in different countries

PLOS ONE | www.plosone.org

have similar shapes, they also show a large differences in scale,
which calls for an explanation. For instance, why is HZ incidence
about twice as high in the UK compared to Finland at essentially
all ages? Recent research has documented that rates of HZ are
systematically lower in countries with high VZV transmission
[1,56] (though similar comparisons can be hampered by between-
country differences in the surveillance and reporting rates). The
second one is that traditional single-country modeling approaches
to varicella and HZ, have nicely explained in the past HZ
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incidence curves in different countries [12,23-28] but when tested
in parallel - as done here - they have provided inconsistent
estimates for critical HZ parameters, such as CMI duration that,
having a biological basis, should not show any significant inter-
country variation. To avoid this inconsistency, we have attempted
to estimate HZ parameters in a sunultaneous, multi-country,
approach by constraining CMI duration and the VZV reactivation
rate to be the same in all countries. This strategy enabled us to
identify the main determinant of the large pre-vaccination cross-
country variation in HZ scale as being a marked difference in the
force of boosting in the various countries. Finally, we have made
an effort to appropriately handle the large uncertainty about HZ
parameter estimates which derives from the impossibility of
observing HZ susceptibility by retaining in our uncertainty
analyses all HZ parameter configurations which provided an
adequate fit to HZ incidence data.

The model has been used to investigate the impact of different
varicella mass immunization programs on HZ epidemiology. These
analyses were carried out by taking into account not only the
uncertainty surrounding VZV transmission and reactivation, but
also the large uncertainty surrounding vaccine-related parameters
(i.e. the vaccine take, the duration of vaccine immunity and the
currently poor estimates related to HZ development following VZV
immunization). The ensuing short and medium term predictions
about HZ indicate in a surprisingly robust manner (i.e. character-
ized by rather narrow prediction bands), that VZV vaccination does
not necessarily yield a HZ boom. Rather HZ booms are likely to
occur where HZ incidence was low prior to vaccination because the
force of boosting was high (e.g. Finland), whereas no increase in HZ
is expected where the force of boosting appears to be low (e.g. the
UK). These results are quite different from previous single-country
modeling studies unanimously predicting a post varicella vaccina-
tion HZ increase [12,23-28].

However, and this is the second central finding of our work, it
seems that — in the absence of any specific intervention to prevent
HZ [57] - whatever the country specific initial scale of HZ
incidence and VZV force of infection, and despite possibly
different degrees of success of immunization in the various
countries in the short and medium term, HZ incidence can never
be lowered below 3 per 1000/year in the first 60 years following
immunization. In simple words, this fact, which can only be
appreciated in the multi-country approach, means that though
after immunization HZ increases in Finland and declines in the

PLOS ONE | www.plosone.org

UK, the overall HZ incidence predicted in Finland always remains
below the one predicted in the UK, and overlaps in the medium-
long term. This convergence result in HZ patterns suggests the
existence of a natural post-vaccination equilibrium in HZ incidence
which all countries will face in the long term. In some countries,
such as Finland, this equilibrium will be approached from a
relatively lower pre vaccination incidence (possibly due to a
presently higher boosting effect); in some other countries, such as
the UK, from a relatively higher prior to vaccination incidence
rate (possibly due to milder boosting effect). This convergence
finding, which is due to the equalizing role of vaccination (and
common HZ parameters) seems to be important to consider from
an international, e.g. European, policy making viewpoint. Actually
the result of convergence in HZ post vaccination dynamics should
be proved in a larger number of countries to be considered as a
generic phenomenon. However, we feel that the argument that
HZ is expected to increase more where HZ is lower and vice-versa
which underlies our concept of convergence, is fairly robust. The
reason for the robustness of medium-term HZ predictions lies in
the fact that essentially all cases of HZ arising in the medium term
occur among individuals who acquired varicella before the
initiation of the vaccination program and whose numbers are
therefore not affected by the uncertainty surrounding vaccine
related parameters (which instead cause a large uncertainty about
varicella predictions). Finally, in the very long term, the further
decline in natural zoster is counter-balanced by vaccine related
zoster, and the overall HZ incidence stabilizes at about 1 per 1000
in all countries.

As our predictions show that - both before and after the
introduction of vaccination - most of HZ cases occur in individuals
older than 60 years, the newly introduced vaccine against HZ has
the potential to partly mitigate this unavoidable burden of zoster
[23]. However, as recently pointed out in [29,58], the potential
coverage of HZ vaccination has to be carefully considered. Indeed
a very low uptake (less than 10%), has been reported for the US in
the 2008-2009, possibly caused by low perceived risk for HZ
[569,60].

Our results, compared to prior modeling studies, arise due to
the multi-country modeling perspective (and indeed do not arise in
the traditional single-country perspective). This suggests that
multi-country modeling might be an important strategy every
time paucity of data yields inconsistent estimates of biological
parameters. Specifically, our results are mainly due to the
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Figure 5. The impact of different vaccination schedules and coverages on HZ incidence. Top row. Yearly incidence of HZ (average in dark
green, 95% Cl in light green), of natural HZ (i.e., HZ cases occurring among unvaccinated individuals that have experienced natural varicella (average
in red, 95% Cl in orange) and of HZ caused by the vaccine strain (average in blue, 95% Cl in light blue) per 1,000 individuals as predicted by
simulating a single vaccine dose administered to 1 year-old infants with 100% coverage in Finland (a) in Italy (b) and in the UK (c). Mid row. As the top
row but obtained by considering 70% coverage in Finland (d) in Italy (e) and in the UK (f). Bottom row. As the top row but for the two-dose scenario,
which assumes the administration of a first dose to 1 year-old individuals (90% coverage) and a second dose to 5 years-old individuals (80% coverage)
in Finland (g) in Italy (h) and in the UK (i). Results are based on 1,000 model realizations.

doi:10.1371/journal.pone.0060732.g005

estimated variation in the country-specific force of boosting. More in general, mathematical modeling of VZV and HZ is
Current generation VZV models represent the force of boosting as based the Hope-Simpson boosting hypothesis [5].This hypothesis
proportional to the force of wvaricella infection [12,23-27]. has received some support [11,12], although in recent times also
However it is well know that the force of infection is poorly opposing evidence has been presented [10]. Moreover, surveil-
estimated among adults and the elderly, 1.e. the groups which are lance of HZ incidence in sites where mass vaccination is ongoing
at risk of boosting and HZ. Further research aimed at improving has shown ambiguous results. Indeed, though there is some
our knowledge of contact patterns and boosting in the elderly favorable evidence of increasing HZ incidence [2,15,29,30,44],
would thus be needed. similar increases have been detected also in countries without a

relevant history of vaccination [30]. Moreover, sites without HZ
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increase have also been reported [30]. Our model predictions of
the possibility of both increasing and decreasing trends depending
on both the scale of HZ incidence prior to immunization and the
extent of the force of boosting, may thus explain these apparently
ambiguous observations. This suggests potentially useful model-
informed strategies for the selection of HZ sentinel sites in post-
vaccination regimes aimed at detecting possible symptoms of HZ
upsurge. Indeed, our results suggest which are the sites where such
increases in HZ incidence are more likely to occur: those where
pre-vaccination HZ incidence was low due to a high pre-
vaccination force of boosting.

Most of all however, there is a lack of knowledge about CMI
duration and boosting. Recent high-level joint immunological-field
studies such as [13] represent a first step toward a better
understanding of the complex epidemiology of HZ, but more
work in this direction is needed. Anyhow we believe that Hope-
Simpson’s exogenous boosting hypothesis is for the time being a
non-dismissible hypothesis in VZV modeling. Renouncing to this
hypothesis would mean to consider the alternative scenario where
the appearance of zoster is unrelated to re-exposure to VZV. In
this case obviously vaccination wouldn’t increase the risk of
progression to HZ, and therefore HZ incidence would decline
together with varicella cases in both the medium and long term.

This study aimed at better understanding the impact of VZV
mass vaccination on HZ epidemiology. From this perspective, our
models may be useful to evaluate further immunization options,
such as the use of the HZ vaccine [23,24]. The predicted impact
on varicella is much more uncertain due to the high uncertainty in
vaccination parameters. Overall, our results suggest caution when
evaluating the introduction of mass vaccination against VZV.
First, mass vaccination could lead in the medium-long term to
sustained VZV transmission through breakthrough infections,
which could contribute to eroding the trust of the public in
immunization programs. Second, as average age at infection is
predicted to increase significantly, clinical effects of varicella
breakthrough on adults and elderly should be carefully studied.
Third, our finding of possibly different effects on HZ epidemiology
depending on pre-vaccination conditions may have important
effects on the overall cost-effectiveness of vaccination and may also
question previous findings [24].

Conclusions

Unlike previous single-country modeling studies [12,23-28,32],
the proposed multi-country perspective shows, under different
vaccination scenarios, that an increase in HZ incidence is not a
certain fact, but rather seems to depend on the presence or
absence of factors promoting a strong boosting intensity and that
may, or may not, be heavily affected by changes in varicella
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circulation due to the introduction of mass immunization
programs.

These findings might provide an explanation for the ambiguous
empirical evidences about the increases of HZ in those sites where
mass varicella vaccination is ongoing [30]. In particular, they
suggest which are the sites where such increases in HZ incidence
are more likely to occur: those where pre-vaccination HZ
incidence was low due to a high pre-vaccination force of boosting.
Therefore, these findings supply potentially useful strategies for the
selection of HZ sentinel sites aimed at detecting possible symptoms
of HZ upsurge as a consequence of mass immunization.

Moreover, though following VZV immunization HZ is
predicted to increase in Finland and to decline in the UK, the
overall HZ incidence in Finland always remains below the
corresponding UK figure, and overlaps to it in the medium-long
term. This finding suggests an equalizing role of vaccination which
is important to consider from an international, e.g. European,
policy making viewpoint.
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description of the mathematical model considered in this
manuscript is included. Model parameterization, and additional
results are discussed.

(PDF)

Acknowledgments

The authors warmly thank ECDC for financial support, and the ECDC
staff.: Tommi Asikainen, Paloma Carrillo, Chantal Quinteen, Bruno
Ciancio, Piero Benazzo and Luca Fulgeri for scientific and financial help.
The authors also thank EUVAC-NET for varicella incidence data; the
ESEN2 Network for VZV serological data, Laura Fumanelli (FBK) for
data on contacts distributions and Emilio Zagheni (MPIDR), Luigi
Marangi (Pisa Univ), Giuseppe Maccioni, Linda Porciani (ISTAT), Andrea
Pugliese (Trento Univ), Zia Sadique (LSHTM), for various contributions to
specific parts of the project, and the useful discussions; the administrative
staff of the Department of Statistics & Mathematics Applied to Economics
of the University of Pisa (Silvia Parravani and Alvaro Maffei) for
administrative support.

Author Contributions

Conceived and designed the experiments: PP AM SM PM. Performed the
experiments: PP. Analyzed the data: PP AM MA ED GST SM PM. Wrote
the paper: PP AM MA GST PL CR SM PM. Developed mathematical
models: PP AM MA ED GG LF SM PM. Wrote the first draft of the
manuscript: PP PM. Interpreted the results: PP AM MA ED GST SM PM.

7. Asano Y (1996) Varicella vaccine: the Japanese experience. J Infect Dis (Suppl
3): S310-S313.

8. Levin MJ, Barber D, Goldblatt E, Jones M, La Fleur B, et al. (1998) Use of a live
attenuated varicella vaccine to boost varicella-specific immune responses in
seropositive people 55 years of age and older: duration of booster effect. J Infect
Dis (Suppl 1): S109-S112.

9. Hata A, Kuniyoshi M, Ohkusa Y (2011) Risk of Herpes zoster in patients with
underlying diseases: a retrospective hospital-based cohort study. Infection 39(6):
537-44.

. Gaillat J, Gajdos V, Launay O, Malvy D, Demoures B, et al. (2011) Does
Monastic Life Predispose to the Risk of Saint Anthony’s Fire (Herpes Zoster)?
Clin Infect Dis 53(5): 405-410.

. Thomas SL, Wheeler JG, Hall AJ (2002) Contacts with varicella or with children
and protection against herpes zoster in adults: a case-control study. Lancet

360(9334): 678-682.

April 2013 | Volume 8 | Issue 4 | 60732



20.

21.

32.

33.

34.

35.
36.

. Brisson M, Gay NJ, Edmunds WJ, Andrews NJ (2002) Exposure to varicella

boost immunity to herpes-zoster: implications for mass vaccination against

chickenpox. Vaccine 20(19-20): 2500-2507.

. Ogunjimi B, Smits E, Hens N, Hens A, Lenders K, et al. (2011) Exploring the

Impact of Exposure to Primary Varicella in Children on Varicella-Zoster Virus
Immunity of Parents. Viral Immunology 24(2): 151-157.

Sharrar RG, LaRussa P, Galea SA, Steinberg SP, Sweet AR, et al. (2001) The
post marketing safety profile of varicella vaccine. Vaccine 19(7-8): 916-923.

. Marin M, Meissner HC, Seward JF (2008) Varicella prevention in the United

States: a review of successes and challenges. Pediatrics 122(3): ¢744-¢751.

. Nguyen HQ, Jumaan AO, Seward JF (2005) Decline in mortality due to

varicella after implementation of varicella vaccination in the United States. New
Engl J Med 352: 450-458.

Seward JF, Marin M, Vazquez M (2008) Varicella vaccine effectiveness in the
US vaccination program: a review. J Infect Dis (Suppl 2): S82-S89.

. Guris D, Jumaan AO, Mascola L, Watson BM, Zhang JX, et al. (2008)

Changing varicella epidemiology in active surveillance sites - United States,
1995-2005. J Infect Dis (Suppl 2): S71-S75.

Seward JF, Watson BM, Peterson CL, Mascola L, Pelosi JW, et al. (2002)
Varicella disease after introduction of varicella vaccine in the United States,
1995-2000. ] Am Med Assoc 287(5): 606-611.

Shapiro ED, Vazquez M, Esposito D, Holabird N, Steinberg SP, et al. (2011)
Effectiveness of 2 doses of varicella vaccine in children. J Infect Dis 203(3): 312—
315.

Alfonsi V, D’Ancona F, Giambi C, Nacca G, Rota MC (2011) Regional
Coordinators for Infectious Diseases and Vaccinations: Current immunization
policies for pneumococcal, meningococcal C, varicella and rotavirus vaccina-
tions in Italy. Health Policy 103(2-3): 176-83.

. Ramet J (2007) A new challenge for Europe: introducing a pediatric

quadrivalent vaccine for measles, mumps, rubella, and varicella. Int J Infect

Dis 11 (Suppl 2): S49-55.

. van Hoek AJ, Melegaro A, Zagheni E, Edmunds WJ, Gay N (2011) Modelling

the impact of a combined varicella and zoster vaccination programme on the
epidemiology of varicella zoster virus in England. Vaccine 29(13): 2411-2420.

. van Hoek AJ, Melegaro A, Gay N, Bilcke J, Edmunds WJ (2012) The cost-

effectiveness of varicella and combined varicella and herpes zoster vaccination
programmes in the United Kingdom. Vaccine 30(6): 1225-1234.

. Brisson M, Melkonyan G, Drolet M, De Serres G, Thibeault R, et al. (2010)

Modeling the impact of one- and two-dose varicella vaccination on the
epidemiology of varicella and zoster. Vaccine 28(19): 3385-3397.

5. Brisson M, Edmunds WJ, Gay NJ, Law B, De Serres G (2000) Analysis of

varicella vaccine breakthrough rates: implications for the effectiveness of
immunization programmes. Vaccine 18(25): 2775-2778.

. Brisson M, Edmunds W], Gay NJ, Law B, De Serres G (2000) Modelling the

impact of immunization on the epidemiology of varicella zoster virus. Epidemiol

Infect 125(3): 651-669.

. Karhunen M, Leino T, Salo H, Davidkin I, Kilpi T, et al. (2010) Modelling the

impact of varicella vaccination on varicella and zoster. Epidemiol Infect 138(4):
469-481.

. Lu P, Euler GL, Jumaan AO, Harpaz R (2009) Herpes zoster vaccination

among adults aged 60yearsor older in the United States, 2007: uptake of the first
new vaccine to target seniors. Vaccine 27(6): 882-887.

. Reynolds MA, Chaves SS, Harpaz R, Lopez AS, Seward JF (2008) The impact

of the varicella vaccination program on herpes zoster epidemiology in the
United States: a review. J Infect Dis (Suppl 2): $224-S227.

Statistical Office of the European Commission (Eurostat). Database by themes.
Available: http://epp.eurostat.ec.europa.eu. Accessed 2013 March 6.

Schuette MC, Hethcote HW (1999) Modeling the effects of varicella vaccination
programs on the incidence of chickenpox and shingles. Bull Math Biol 61(6):
1031-1064.

Heyman DL (2008) Chickenpox/Herpes Zoster. In: Heyman DL, editors.
Control of Communicable Diseases Manual. 19 ed.: Washington DC: American
Public Health Association 109-116 p.

Wallinga J, Teunis P, Kretschmar M (2006) Using social contact data to estimate
age-specific transmission parameters for infectious respiratory spread agents.
Am J Epidemiol 164(10): 936-944.

Heininger U, Seward JF (2006) Varicella. Lancet 368(9544): 1365-76.
Benenson AS (1995) Control of communicable disease manual. Washington:
American Public Health Association.

PLOS ONE | www.plosone.org

13

37.

38.

39.

40.

41.

42.

44,

46.

47.

48.

49.

50.

51.

52.

53.

56.

57.

58.

59.

60.

The Impact of Varicella Immunization on Zoster

Michalik DE, Steinberg SP, LaRussa PS, Edwards KM, Wright PF, et al. (2008)
Primary vaccine failure after 1 dose of varicella vaccine in healthy children.
J Infect Dis 197(7): 944-949.

Chaves SS, Gargiullo P, Zhang JX, Civen R, Guris D, et al. (2007) Loss of
vaccine-induced immunity to varicella over time. New Engl ] Med 356: 1121
1129.

Black S, Ray P, Shinefield H, Saddier P, Nikas A (2008) Lack of association
between age at varicella vaccination and risk of breakthrough varicella, within
the Northern California Kaiser Permanente Medical Care Program. J Infect Dis
(Suppl 2): S139-S142.

Larussa P, Steinberg SP, Shapiro E, Vazquez M, Gershon AA (2000) Viral strain
identification in varicella vaccinees with disseminated rashes. Pediatr Infect Dis J
19(11): 1037-1039.

Hambleton S, Steinberg SP, LaRussa PS, Shapiro ED, Gershon AA (2008) Risk
of herpes zoster in adults immunized with varicella vaccine. J Infect Dis (Suppl
2): S196-S199.

Vazquez M, LaRussa PS, Gershon AA, Steinberg SP, Freudigman K, et al.
(2001) The effectiveness of the varicella vaccine in clinical practice. New
Engl J Med 344: 955-960.

Seward JF, Zhang JX, Maupin TJ, Mascola L, Jumaan AO (2004)
Contagiousness of varicella in vaccinated cases: A Household Contact Study.
J Am Med Assoc 292(6): 704-708.

Civen R, Chaves SS, Jumaan A,Wu H, Mascola L, et al. (2009) The incidence
and clinical characteristics of herpes zoster among children and adolescents after
implementation of varicella vaccination. Pediatr Infect Dis J 28(11): 954-959.

. Fumanelli L, Ajelli M, Manfredi P, Vespignani A, Merler S (2012) Inferring the

Structure of Social Contacts from Demographic Data in the Analysis of
Infectious Diseases Spread. PLoS Comput Biol 8(9): ¢1002673.

lIozzi F, Trusiano F, Chinazzi M, Billari F, Zagheni E, et al. (2010) Little Italy:
An Agent-Based Approach to the Estimation of Contact Patterns-Fitting
Predicted Matrices to Serological Data. PLoS Comput Bio 6(12): ¢1001021.
Zagheni E, Billari FC, Manfredi P, Melegaro A, Mosssong J, et al. (2008) Using
Time-Use Data to Parameterize Models for the Spread of Close-Contact
Infectious Diseases. Am J Epidemiol 168(9): 1082-1090.

Goeyvarts N, Hens N, Ogunjimi B, Aerts M, Shkedy Z, et al. (2010) Estimating
infectious disease parameters from data on social contacts and serological status.
Appl Statist 59(2): 255-277.

Melegaro A, Jit M, Gay N, Zagheni E, Edmunds WJ (2011) What types of
contacts are important for the spread of infections? Using contact survey data to
explore European mixing patterns. Epidemics 3(3-4): 143-151.

Asano Y, Nagai T, Miyata T, Yazaki T, Ito S, et al. (1985) Long-term protective
immunity of recipients of the OKA strain of live varicella vaccine. Pediatrics
75(4): 667-671.

Asano Y, Suga S, Yoshikawa T, Kobayashi I, Yazaki T, et al. (1994) Experience
and reason: twenty-year follow-up of protective immunity of the Oka strain live
varicella vaccine. Pediatrics 94(4): 524-526.

Amanna IJ, Carlson NE, Slifka MK (2007) Duration of humoral immunity to
common viral and vaccine antigens. New Engl ] Med 357: 1903-1915.
Marino S, Hogue IB, Ray CJ, Kirschner D (2008) A methodology for
performing global uncertainty and sensitivity analysis in systems biology. J Theor
Biol 254 (1): 178-196.

. Anderson RM, May RM (1992) Infectious diseases of humans: dynamics and

control. Oxford, UK: Oxford University Press.

. Kretzschmar M, Teunis PFM, Pebody RG (2010) Incidence and Reproduction

Numbers of Pertussis: Estimates from Serological and Social Contact Data in
Five European Countries. PLoS Med 7(6): e1000291.

de Melker H, Berbers G, Hahne S, Rumke H, van den Hof S, et al. (2006) The
epidemiology of varicella and herpes zoster in The Netherlands: implications for
varicella zoster virus vaccination. Vaccine 24(18): 946-3952.

Sanford M, Keating GM (2010) Zoster vaccine (Zostavax): a review of its use in
preventing herpes zoster and postherpetic neuralgia in older adults. Drug Aging
27(2): 159-76.

Lu P, Euler GL, Harpaz R (2001) Herpes zoster vaccination among adults aged
60 years and older, in the US, 2008. Am J Prev Med 40(2): e1-¢6.

d’Onofrio A, Manfredi P, Poletti P (2011) The impact of vaccine side effects on
the natural history of immunization programmes: an imitation-game approach.
J Theor Biol 273(1): 63-71.

Liu J, Kochin BF, Tekle YI, Galvani AP (2011) Epidemiological game-theory
dynamics of chickenpox vaccination in the USA and Israel. ] R Soc Interface
9(66): 68-76.

April 2013 | Volume 8 | Issue 4 | 60732



