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ABSTRACT
Varicella zoster virus (VZV) is primarily known for causing varicella in childhood, but can reactivate again as
herpes zoster (HZ) after a period of latency, mainly in persons older than 50 years. Universal varicella
vaccination was introduced in Germany in 2004, while HZ vaccination has not been recommended yet.
We aimed to quantify the potential long-term effects of universal childhood varicella vaccination and HZ
vaccination of the elderly on varicella and HZ incidence in Germany over a time horizon of 100 years,
using a transmission model calibrated to pre-vaccination data and validated against early post-vaccination
data. Using current vaccination coverage rates of 87% (64%) with one (two) varicella vaccine dose(s), the
model predicts a decrease in varicella cases by 89% for the year 2015. In the long run, the incidence
reduction will stabilize at about 70%. Under the assumption of the boosting hypothesis of improved HZ
protection caused by exposure to VZV, the model predicts a temporary increase in HZ incidence of up to
20% for around 50 years. HZ vaccination of the elderly with an assumed coverage of 20% has only limited
effects in counteracting this temporary increase in HZ incidence. However, HZ incidence is shown to
decrease in the long-term by 58% as vaccinated individuals get older and finally reach age-classes with
originally high HZ incidence. Despite substantial uncertainties around several key variables, the model’s
results provide valuable insights that support decision-making regarding national VZV vaccination
strategies.
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Introduction

Varicella zoster virus (VZV) is the causative agent of varicella
and, following reactivation after a period of latency, also of her-
pes zoster (HZ). Varicella occurs primarily in children; how-
ever, complications such as varicella-associated pneumonia are
considerably more frequent in adults.1 Herpes zoster occurs
mostly in older adults and leads, as a main complication, in 5–
30% to post-herpetic neuralgia, a long-lasting and debilitating
painful syndrome.2

In Germany, universal varicella vaccination of children aged
11 to 14 months using a one-dose schedule was endorsed by
the Standing Committee on Vaccination (STIKO) in 2004.3

This recommendation was extended in 2009 to a second vac-
cine dose to be administered at the age of 15 to 23 months. A
first vaccine against HZ has been licensed in 2006, but was not
available on the European market until 2013.4

A strong decline in varicella cases and varicella-associated
hospitalizations was observed in Germany and other countries

with universal childhood varicella vaccination soon after the intro-
duction of the program.5,6 However, the long-term population-
level impact of the program, especially on HZ, remains uncertain.
The boosting hypothesis suggests that repeated exogenous expo-
sure to circulating VZV decreases an individual’s risk of develop-
ing HZ through subclinical boosters that counteract the waning of
VZV immunity.7 Under these conditions, the introduction of uni-
versal varicella vaccination in a population (and the successive
decrease in VZV circulation) might subsequently result in an
increase of HZ incidence.8,9 In addition, as some unvaccinated
children may escape the disease in early childhood due to
decreased virus circulation, an age-shift of varicella toward older
age-groups seems possible. This is of particular concern, since the
frequency of varicella-associated complications increases with
age.1 Both potential long-term effects – the possible HZ incidence
increase and the age shift of varicella cases – were therefore
addressed in several studies, all using the approach of

CONTACT Johannes Horn Johannes.Horn@helmholtz-hzi.de Inhoffenstraße 7, Braunschweig 38124, Germany

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/khvi.
Supplemental data for this article can be accessed on the publisher’s website.

© 2016 Taylor & Francis

HUMAN VACCINES & IMMUNOTHERAPEUTICS
2016, VOL. 12, NO. 7, 1766–1776
http://dx.doi.org/10.1080/21645515.2015.1135279

http://www.tandfonline.com/khvi
http://dx.doi.org/10.1080/21645515.2015.1135279


mathematical modeling since these effects are expected to occur
decades after initiation of routine universal varicella vaccina-
tion.10-15

We took advantage of the ongoing universal childhood vari-
cella vaccination in Germany and were able to use already exist-
ing data on the short-term effects of vaccination for model
validation. We created a dynamic mathematical model that pre-
dicts potential long-term effects of varicella and/or HZ vaccina-
tion in Germany. Our objective was to assess incidence, number
of hospitalizations and deaths due to varicella and HZ over a
period of 100 years after starting universal varicella vaccination
by modeling the complex interactions between vaccination and
both diseases, including the potential impact of an additional rou-
tine HZ immunization among the elderly. Besides a base case sce-
nario, we performed various sensitivity analyses to identify crucial
factors that impact the future incidence of varicella and HZ.

Results

Base case analysis

Effects of varicella vaccination
According to our model, varicella incidence will be reduced by
about 90% within 10 years after initiation of universal varicella
vaccination given the current nationwide vaccination coverage
(first dose: 87%; second dose: 64%). However, the number of
varicella cases will increase again after the maximum decrease
and stabilize at about one third of the pre-vaccination era due
to the rise of breakthrough cases (i.e. wild virus varicella infec-
tions occurring in vaccinated individuals due to incomplete or
waned protection) (Fig. 1). HZ incidence is predicted to
increase temporarily by up to 20% as compared to the pre-vac-
cination era for around 50 years, and then decrease by 58% in
the long-term. Nearly 40% of all HZ cases after 100 years of
vaccination will occur in individuals not vaccinated against
varicella.

Similarly to varicella cases, varicella-associated hospitaliza-
tions and deaths will rapidly decrease after introduction of vac-
cination to a minimum in 2014 (¡87% and ¡76%,
respectively, compared to time before vaccination) (Fig. 2).
However, after 100 years, the annual number of

hospitalizations will have decreased by 29% compared to its
level before start of the vaccination program, whereas the num-
ber of varicella-attributable deaths is predicted to increase from
5 to 24 per year (Fig. 2). When considering the boosting
hypothesis, HZ-associated hospitalizations and deaths will
increase in the short-term to a similar extent as HZ cases (by
24% and 25%, respectively, compared to time before vaccina-
tion). However, in the long-term, HZ-associated hospitaliza-
tions and deaths will decrease dramatically (by 58% and 56%,
respectively) (Fig. 2). As hospitalizations and deaths due to HZ
exceed by far those associated with varicella, the total number
of hospitalizations and deaths due to both diseases combined
will temporarily increase by about 20% and 33%, and will
decrease by 54% and 31% in the long term, respectively. As
HZ-associated burden of disease affects mainly the elderly, pos-
itive effects of universal childhood varicella vaccination on the
number of HZ-related hospitalizations and deaths occur with a
time delay of a life time (Fig. 2). Beyond the displayed 100 years,
only very minor changes are predicted by the model: varicella
associated hospitalizations still increase by about 3% and deaths
by 7%, whereas HZ associated hospitalizations decrease by
about 0.3% and deaths by 0.8%.

The effects of varicella vaccination on varicella and HZ will,
however, differ considerably across age groups. There will be a
strong decline in varicella cases in children younger than
10 years (in which age-group about 95% of all cases occurred
before the vaccination era) (Fig. 3; left panel). In individuals
older than 10 years, our model predicts an increase in varicella
incidence in the long-term. This increase in teenagers and
younger adults is mainly due to breakthrough varicella cases,
while in individuals older than 40 years, the number of varicella
cases in unvaccinated individuals will increase (Fig. 3; right
panel). This causes an age-shift of varicella, which will be first
noticeable 30 years after the introduction of varicella vaccina-
tion. In birth-cohorts following the introduction of vaccination,
around 50% of the HZ cases among individuals older than 20
years will occur in the those individuals who received vaccina-
tion (at least one dose; 86.9% of the population).

Effects of HZ vaccination
In our model, the addition of HZ vaccination in the elderly with
an assumed coverage of 20% has very limited effects on HZ
incidence. Moreover, this effect is only visible in a small age
band closely following the age of vaccination (60 years) (Fig. 4).
The temporary increase in HZ incidence in all age-groups and
the dramatic decline in HZ incidence in birth-cohorts vacci-
nated against varicella will mark the epidemiology of HZ after
introduction of universal childhood varicella vaccination, both
in the presence and absence of a HZ vaccination program.

Sensitivity and scenario analyses

We performed various sensitivity and scenario analyses to com-
plement the results of the base case analysis and to test their
robustness.

Effects of varicella vaccination coverage
Scenario analyses were performed for different varicella vacci-
nation coverage rates (ranging from 0 to 100% for the first and

Figure 1. Varicella and herpes zoster cases over time in model population (see
methods; no HZ vaccination).
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from 0 to 75% for the second dose) (Fig. 5). The higher the var-
icella vaccination coverage, the higher is the expected reduction
in the number of varicella cases. With higher varicella vaccina-
tion coverage, the temporary increase in HZ incidence will be
higher as will be the long-term reduction of HZ incidence
when varicella-vaccinated cohorts enter age-classes with origi-
nally high HZ incidence. Independently from the level of vari-
cella vaccination coverage, positive effects of varicella
vaccination on HZ begin to compensate negative effects about
50 years after initiation of universal varicella vaccination
(Fig. 5).

Effects of boosting and waning parameters
If not every exposure of a vaccinated individual to an infectious
individual results in boosting of varicella-specific immunity in
the vaccinated individual or if the protection provided by vari-
cella vaccination is assumed to be short (on average 10 years
for one dose and 20 years for 2 doses), the number of break-
through varicella cases will increase compared to the base case
analysis (Fig. 6).

If only a small proportion of contacts to varicella patients
boost protection against HZ or if the duration of protection
acquired by boosting is considerably shorter than 20 years,
there will be no or only a small temporary increase in HZ inci-
dence (Fig. 7).

Effects of age at HZ vaccination
Even with vaccine coverage of 100% in the target age group, HZ
vaccination with the currently available vaccine cannot
completely prevent the temporal increase in HZ incidence
(Fig. 8, left panel). The age of vaccination of 60 years seems to
be most effective in reducing HZ incidence rates. Indepen-
dently of the chosen age of vaccination, immunity induced by
HZ vaccination lasts only for a relatively short period of time
(Fig. 8, right panel).16,17

Discussion

In our study, we provide predictions for short- and long-term
effects of universal childhood varicella vaccination, with and

Figure 3. Age-specific varicella incidence for all varicella cases and for natural varicella only.

Figure 2. Hospitalizations and deaths associated with varicella zoster virus over time.
C vaccine breakthroughD reactivation of vaccine virus after varicella vaccination.
*breakthrough D reactivation of wild virus after varicella infection in vaccinated individuals.
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without taking into account HZ vaccination for the elderly with
the currently available vaccine. Our model is the first that uses
for model validation data collected after the introduction of
universal childhood varicella vaccination in Germany in 2004.
The model correctly reflects the short-term effects (i.e. consid-
erable reduction of varicella incidence among children younger
than 10 years of age) as they were documented in the estab-
lished sentinel surveillance system.5,6

Under base case assumptions, we found a short-term reduc-
tion of 90% and a long-term reduction of 70% for varicella cases.
Moreover, for HZ cases a temporary increase of 20% and a long-
term reduction of 60% were predicted. These results are in line
with previous studies suggesting similar effects in mathematical
models calibrated for other countries.10,15 We incorporated infor-
mation on case severity and showed that HZ hospitalizations and
deaths will show a temporal increase of about 25%, but a long-
term reduction of more than 50% when compared to the pre-
vaccination era. In contrast, the predicted changes in incidence

of hospitalization and mortality of varicella due to an age-shift in
varicella epidemiology are more complex. As hospitalization
probability and case fatality increase substantially with age, the
predicted age-shift could compromise the benefits of varicella
vaccination. The majority of predicted varicella cases in older
age-groups are breakthrough cases with unknown (but most
likely milder) severity. However, infections in unprotected older
(>40 years) individuals will increase as well. As varicella case
fatality increases much stronger with age compared to varicella
hospitalization probability, this would lead to an overall reduc-
tion of hospitalizations (by 29%) but to an increase in varicella
associated deaths. However, the estimated number of 24 deaths
per year due to varicella should be interpreted with caution.
Deaths associated with varicella occur mostly in persons of older
age and with severe pre-existing comorbidities; the cause of
death statistics may not always be able to differentiate whether
they died because of varicella, underlying primary, or following
secondary diseases.

Figure 4. Left panel: Age-dependent HZ incidence at different time points (without HZ vaccination, introduction of varicella vaccination in 2004); Right panel: Relative
reduction of HZ incidence by age predicted for 2103 when comparing scenarios with and without HZ vaccination (introduction of HZ vaccination in 2015, coverage 20%).

Figure 5. Effects of different varicella vaccination coverage rates over time (coverage for first/second dose) on varicella (left) and HZ (right) incidence.
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In our sensitivity analyses, we showed that predictions regarding
natural varicella cases are robust across the studied boosting sce-
narios; in contrast, the estimated number of breakthrough cases
was considerably affected by parameter variation especially regard-
ing adults. If protection induced by varicella vaccination will not be
boosted to lifelong duration by contact with varicella cases, varicella
breakthrough cases will more than double when compared to the
base case analysis, exceeding the number of natural cases and shift-
ing the average age from children to adults. Breakthrough cases in
adults will, however, only be of major concern, if the proposed rela-
tive lower case severity of breakthrough cases (as observed in chil-
dren) does not apply for adults.

A major factor of uncertainty in the estimation of future HZ
incidence (with respect to both, the temporary increase as well
as the subsequent decline) is the assumed extent of boosting
effects. The temporary increase of HZ cases observed in the
base case analysis will be much smaller (or will even disappear)
under the assumption that less than 50% of contacts with

infectious individuals boost protection against HZ; the same is
true if the acquired duration of protection is assumed to be
rather short. Ogunjimi et al.18 estimated the duration in their
model based on individual immune response after HZ vaccina-
tion of boosting to be very short (1 to 2 years). In models with-
out cumulative boosting events (like our model or the one used
by Brisson et al.10) this would lead to negligible effects of boost-
ing. Due to the way multiple boosting events are modeled in
Ogunjimi et al., HZ incidence still increased about 75% after
the introduction of varicella vaccination in the best fitting
model. Even more complex are the effects of different mixing
matrixes. Apart from being low, the contact frequency in the
POLYMOD study19 was also more homogenously distributed
across age in Germany than in all other included countries. As
the model is fitted to German sero-prevalence data, which are
very similar to sero-prevalence data in other countries, the cali-
brated transmission probability for varicella is rather high.
Since in our model only infectious contacts can contribute to

Figure 6. Effects of different boosting (left) and waning scenarios (right, duration in years) on varicella incidence.

Figure 7. Effects of different boosting scenarios on HZ incidence: varying proportions of contacts boosting protection (left) and durations of protection against HZ in years
(right).
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exogenous boosting, individuals are boosted (when compared
to other countries in the POLYMOD study) less frequently
when they are teenagers and young adults, but more frequently
when they are middle aged or elderly. Overall, this leads in the
majority of cases to stronger predicted effects of boosting for
Germany, at least when the focus is on the most recent event as
in our model or in Brisson et al. or van Hoek et al.10,15 In con-
trast, in models where multiple boosting is more important
than one single recent boosting event,18,20,21 the effects of
boosting would be smaller in Germany compared to other
countries. Up to now, there is no clear evidence of an increase
of HZ incidence in Germany. The only available analysis of HZ
incidence following introduction of varicella vaccination

reported a small increase from 2005 to 2008 (standardized HZ
incidence of 5.76, 5.68, 5.78, 5.92 per 1000 person years in
2005, 2006, 2007 and 2008, respectively).22 This increase was
not statistically significant and possibly attributable to other
explanations rather than to effects of reduced boosting. While
the US has a much longer history of varicella vaccination, the
findings are inconsistent, with some studies reporting an
increase in HZ incidence whereas others do not (review in
Ogunjimi et al.9). A modeling study investigating different mix-
ing matrices in European countries suggested that the extent of
increase in HZ incidence might differ across countries.23

The extent of the predicted long-term decrease caused by
the reduced HZ incidence in varicella vaccinated individuals

Figure 8. Effects of introducing HZ vaccination at different ages in 2015 for the whole population over time (left) and by age for the year 2030 (right), assuming coverage
of 100% in both cases.

Figure 9. Seroprevalence of varicella in Germany, by age.41-43

EIA: Enzyme immunoassay (Enzygnost Anti-VZV-IgG (DADE Behring); FAMA: Fluorescent antibody to membrane antigen assay (FAMA); KiGGS: Studie zur Gesundheit von
Kindern und Jugendlichen in Deutschland.
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is less clear. To date, there is only evidence for this effect in
children,24-29 whereas no data are available for adults. In
addition, the observed protective effect of varicella vaccina-
tion in children varied considerably in observational studies
ranging from 39% to 94%.25,26,29 The overall effect of HZ
vaccination on HZ incidence in our model is relatively
small. On the one hand, the currently available HZ vaccine
suffers from a lower vaccine efficacy when compared e.g. to
varicella vaccine; on the other hand, protection induced by
HZ vaccination is of shorter duration (7 to 12 years).17,30-32

Moreover, vaccination modalities like the assumed vaccina-
tion coverage of 20% and the conservative way of modeling
interactions of HZ vaccination and boosting of protection
are also reducing its effects. However, even with very high
vaccination coverage, HZ vaccination cannot completely
compensate the potential temporary negative effect of vari-
cella vaccination on HZ incidence under a wide range of
assumptions.

Limitations
It needs to be pointed out that many of the parameters
regarding varicella or HZ vaccination are unknown or at least
not known in detail. For example, while there are 2 studies
addressing short-term effectiveness of 2-dose varicella vacci-
nation over 2–3 years,33,34 there is only one study that focuses
on long-term effectiveness,35 and this study suffers from
severe limitations, and vaccine effectiveness for one dose esti-
mated in this study (94.4%) is in conflict with results observed
in varicella outbreaks in nearly completely vaccinated
groups.36,37 In addition, there is only limited evidence avail-
able for many parameters regarding the boosting assumption
for HZ and HZ vaccination. Neither the strong age-depen-
dency observed in the registration trials, nor the short dura-
tion of HZ vaccine protection (as compared to varicella
vaccination) are well understood. In particular, the dynamic
interaction between varicella vaccination, natural boosting of
vaccine induced protection, of HZ immunity, and HZ vacci-
nation are still poorly understood. Moreover, some important
assumptions of the model such as the milder course of vari-
cella breakthrough cases or reduced HZ incidence in varicella

vaccinated persons are based on observations in children, but
for simplicity were assumed to be also true for adults.

Due to the complexity of VZV pathogenesis and immunobi-
ology, analyses of the total effect of varicella vaccination on the
VZV disease burden are complex. In contrast to most other
vaccinations, the success of a routine varicella vaccination strat-
egy does not only depend on vaccination effects on the primary
outcome (in our case varicella incidence), but also on the effects
on HZ incidence. As the HZ disease burden in terms of hospi-
talizations and deaths is much higher than that of varicella, the
short- and long-term effects of varicella vaccination on HZ epi-
demiology play an important role in the evaluation of any vari-
cella vaccination strategy. These effects are, however, unclear
and highly variable in our model given the uncertainties
regarding boosting of HZ protection and HZ incidence in indi-
viduals vaccinated against varicella. The evaluation is even fur-
ther complicated by the “total effect on HZ” depending
strongly on the time horizon, even given the same structure of
the model.17 In that regard, potential changes in demography
and contact behavior are a primary source of uncertainty when
making such long-term predictions.38,39 While a stable popula-
tion model facilitates comparison of outcomes across time, bur-
den of disease can be different in the real population. Therefore,
there is a trade-off between using a stable population model
despite the reality of demographic changes and the uncertainty
of predictions for the long-term development of the real
population.

A new adjuvanted HZ vaccine that is currently still under
development has demonstrated an efficacy of 97% in a phase 3
trial, i.e. considerably higher than the upper bound estimate we
considered in the sensitivity analyses.40 Therefore, conclusions
drawn from our model do not necessarily apply to this new
vaccine.

Conclusion

We observed potential positive and negative effects of VZV
vaccination in our simulation study. The potential long-term
negative effects, i.e. the age-shift of varicella disease toward
older age-groups and the temporary increase in HZ incidence,

Figure 11. Hospitalization probability and case fatality rate of varicella and herpes
zoster.

Figure 10. Incidence of herpes zoster in Germany, by sex and age (reported
data22,44 and model predictions; SHI D statutory health insurance).
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are a result of rather conservative assumptions regarding highly
uncertain aspects such as the boosting hypothesis, the duration
of vaccine-induced varicella protection, and the degree of

severity among corresponding breakthrough infections. But
even if these assumptions hold true, over a long time horizon
(i.e. more than 50 years) negative effects will be more than

Figure 12. Varicella vaccination coverage (at the age of 24 months) as obtained from surveillance data for Germany (left) and vaccine uptake as used in the model (right).

Table 1. Parameter values used in this study (base case scenario and sensitivity analyses.

Parameter Base case value Parameter range for sensitivity analyses Source

Varicella
Duration of maternal immunity 150 days – 50

Duration of latent period 14 days – 10,12,15

Duration of infectious period
(unvaccinated individuals)

7 days – 10,12,15

Probability of virus transmission
(per contact)

0.117 – calibrated to fit to seroprevalence of varicella 41,42

Varicella vaccination
Primary failure 4% 10,12,15

Initial secondary vaccination
failure (1st dose / 2nd dose)

10% / 4% calculated based on 51,52 see Appendix

Average duration of vaccine
protection (1st dose / 2nd dose)

40 / 80 years 10–60 / 20–120 years assumed

Vaccination coverage (1 dose / 2 dose) 86.9% / 64.1% (from 2011 on) see methods
Probability of boosting varicella vaccine
protection (per infectious contact)

100 % 0–100% 15

Varicella in vaccinated individuals
Relative infectivity of breakthrough varicella
(compared to natural varicella)

50 % 50–100% 10,15

Duration infectious period (vaccinated
person)

4.5 days 4.5 ; 7 days 10,12,53

Herpes zoster (HZ)
Duration of protection against HZ after:
varicella infection (any type), HZ episode,
boosting of protection against HZ,
varicella vaccination (vaccine virus)

20 years 5–60 years 10,12,15

Probability of boosting the protection
against HZ (per infectious contact)

100 % 0–100% 10,15

Reactivation rate of VZV leading to HZ
(age and sex specific)

0.9%–5.3% calibrated calibrated to fit incidence of herpes zoster 22,44

Relative reactivation rate of VZV in
individuals vaccinated against varicella
(compared to unvaccinated individuals)a)
After breakthrough varicella b)
Reactivation of vaccine virus

a) 47.6417% b) 12.8614% calculated based on 24

Duration of infectious period (HZ) 28 days 12,50

Relative infectivity of HZ (compared to
natural varicella)

0.05 23

HZ-vaccination
Vaccination coverage (HZ vaccine) 20% 100% assumed
Vaccine efficacy (HZ vaccine) 18–70% (age-dependent) 49,54,55

Duration of HZ vaccine protection 12 years 31,32
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compensated by positive effects, namely the decrease in HZ
incidence and associated hospitalizations and deaths. The
potential negative effects 10 to 40 years after the introduction
of universal childhood varicella vaccination can be only par-
tially compensated by the introduction of HZ vaccination of
the elderly with the currently available vaccine.

In our view, the results of this study have 3 major implica-
tions: (i) a sustained surveillance is necessary for monitoring
changes in varicella and HZ epidemiology in countries that
have introduced universal childhood varicella vaccination; (ii)
the model should be updated once new evidence is available on
e.g., the boosting dynamics, waning of vaccine-induced protec-
tion, or other factors with high impact such as the product pro-
file of an improved HZ vaccine; (iii) VZV transmission models
such as ours provide additional insights into the potential
impact of both varicella and HZ vaccination. Due to the sub-
stantial uncertainty around several key variables, the model’s
results need to be interpreted with caution; if additional knowl-
edge becomes available, it needs to be considered for decision-
making regarding VZV vaccines.

Materials and methods

Model structure

A dynamic transmission model was developed with a model
structure similar to the one proposed by van Hoek et al.15 The
model is described in detail in the appendix.

Calibration of the model
The model parameters “infectivity of varicella per contact,”
and “age- and sex-specific probability to develop HZ” were
calibrated to fit age-specific VZV seroprevalence data
according to Wutzler et al.41-43 and HZ incidence according
to Ultsch et al.22,44 Despite being after the introduction of
varicella vaccination, we used data from Ultsch et al. 201144

(data from 2007/2008) and Ultsch et al. 201222 (data from
2005–2008) as calibration target. There is no significant dif-
ference compared to Schiffner-Rohe45 (data 2004), which
has no data from persons under 50 years, uses larger
(10 years) age-classes and does not differentiate between
genders. Parameters were selected based on the lowest
mean square error when fitted to the observed data. Cali-
bration results for the sero-prevalence of varicella are
shown in (Fig. 9).

Calibration results regarding the age- and sex-specific inci-
dence of HZ are shown in (Fig. 10).

Calculation of hospitalization probability and case fatality
associated with varicella and HZ
Number of HZ cases is based on the HZ incidence esti-
mated for Germany by Ultsch et al.22,44 multiplied by the
age-specific population according to the Federal Statistical
Office in Germany.46 As there is no data on age-specific
incidence for varicella before the introduction of routine
varicella vaccination in Germany, incidence of varicella was
estimated by the model fitted to seroprevalence data for
Germany.41-43 The numbers of hospitalized cases for HZ
and varicella are derived from the German hospital statistics

representing the main diagnosis (ICD-10; varicella B01
(subcodes 0/1/2/8/9); herpes zoster B02 (subcodes 0/1/2/3/
7/8/9)) of all hospitalized cases in Germany from 2000 to
2011. Hospitalization probability and case fatality were esti-
mated by dividing the age-specific number of hospitalized
cases or cases of death by all cases. While there is clear evi-
dence that varicella vaccination affects the number of hospi-
talized cases in individuals under 10 years (short-term
effect)46 , an effect in older age groups is so far not visible.
Therefore, varicella estimates for individuals younger than
10 years are based on data from the pre-vaccination era
(2000 to 2004) while estimates for older individuals are
based on all available data (2000 to 2011).

The annual number of deaths associated with varicella
and HZ was derived from the official causes of death statis-
tics for Germany. Incidence of hospitalization for HZ
increased during the entire study period (2000 to 2011) in
each age group except for children 0 to 4 years. However,
mortality of HZ did not increase during the period accord-
ing to cause of death statistics. For simplicity, consistency,
and to get stable case fatality estimates, we used data from
the entire time period 2000 to 2011 for HZ estimates. Esti-
mated probability of hospitalization and case fatality rate by
age are shown in (Fig. 11).

Modeling of varicella vaccine uptake
For the modeling of vaccination uptake, information on vacci-
nation coverage at the age of 24 months for the birth cohorts
2004 to 2009 was used (Fig. 12; left panel). In Germany, the rec-
ommended age for vaccination is 11–14 months for the first
dose and 15–24 months for the second dose. For simplicity, age
at vaccination was set in the model to 12 months for the first
and 24 months for the second dose. For example, vaccination
coverage at 24 months for the 2005 birth cohort (66.4%
/12.5%) is referring to first dose vaccination uptake in 2006
(when the children were 1 year old) and second dose vaccina-
tion uptake in 2007 (when the children were 2 years old). In
addition, vaccination uptake for the first dose in 2004 was
assumed to be half of the one in 2005 and for the second dose
was set to zero for the years 2004 and 2005. Future vaccination
uptake was assumed to continue at the level of 2011 (Fig. 12;
right panel).

Regional vaccination coverage differed greatly for the birth
years 2004 and 200547 due to different time points of imple-
mentation of the recommendation in the federal states of Ger-
many. However, there are no big differences in later birth
cohorts.48 For simplification, homogenous coverage was
assumed over the whole time period.

HZ Vaccination

HZ vaccination is implemented in the base case analysis at the
age of 60 years with a vaccine efficacy of 64% as reported in the
registration trial for the age group 60 to 69 years.49 Average
duration of vaccine-induced protection is assumed to be
12 years.31,32 Vaccination coverage is assumed to be 20%, which
corresponds to the observed pneumococcal vaccination cover-
age in Germany targeting a similar age group.31
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Model parameters

Model parameters and corresponding values used for the base
case scenario as well as for the sensitivity analyses are displayed
in Table 1.
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