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Despite long-standing two-dose measles-mumps-
rubella (MMR) vaccination, measles outbreaks still 
occur in highly vaccinated European populations. For 
instance, large measles outbreaks occurred in France 
(2008–13), the United Kingdom (2012–13) and the 
Netherlands (2012). Based on a multicohort model 
approach, using spatial serological survey data, MMR 
vaccination coverage data and data on social contacts, 
we found effective reproduction numbers significantly 
higher than 1 for measles in Belgium. This indicates 
that at one of the expected re-introductions, a measles 
outbreak is likely to spread, especially when it occurs 
during school term. The predicted average effective 
reproduction number increased over a 30-year time 
span from 1.3 to 2.2 and from 1.9 to 3.2 for basic 
reproduction numbers of 12 and 18, respectively. 
The expected relative measles incidence was highest 
in infants under one year of age, in adolescents and 
young adults. In conclusion, gradually increasing pro-
portions of susceptible adolescents and young adults 
provide through their highly active social life an ave-
nue for measles to resurge in large outbreaks upon 
re-introduction in Belgium, especially during school 
terms. Infants form an important vulnerable group 
during future measles outbreaks.

Introduction
A large-scale measles outbreak in France started in 
2008, with more than 20,000 reported measles cases 
by 2013 (see e.g. [1]). In 2012 and 2013, large-scale 
measles outbreaks have also been reported in the 
Netherlands [2] and the United Kingdom (UK) [3,4]. To 
date, no large measles outbreaks have been reported 
in Belgium since the start of the two-dose vaccination 
programme in 1995, although some small outbreaks 
occurred in specific subpopulations. In 2007 and 2008, 
an outbreak was reported in orthodox Jewish com-
munities [5]. In 2011, a measles outbreak started in a 

day-care centre and spread to anthroposophic schools, 
where vaccination coverage was low [6]. It is of inter-
est to determine whether a potential for a resurgence 
of measles in Belgium still exists. Typically, serological 
data are used to determine the age-specific suscep-
tibility profile of the population of interest. However, 
proper quantification of the risk of a possible resur-
gence based solely on such serological data is only 
possible if these data are recently collected and if the 
probability of transmission can be assumed to be inde-
pendent of age.

Since there are no such recent serological data for 
Belgium, we apply a newly developed multicohort 
model [7] that allows using available serological data 
not necessarily collected at the calendar time of inter-
est. In this approach, the serological data are combined 
with data on vaccination coverage and data on social 
contacts. These data are supplemented by estimates of 
the duration of maternal immunity and of primary and 
secondary vaccine failure, which were obtained from 
extensive literature reviews with meta-analysis.

Methods
We first present the data sources that we relied on, and 
then briefly introduce the cohort model as proposed in 
[7].

Data sources

Serological data
We used serological data on measles from 2006 in 
Belgium. Details about data collection and testing 
can be found in [8]. Briefly, residual samples were col-
lected using a multi-tiered approach to reach a suffi-
cient number of serum samples (n = 3,884). To obtain 
a geographically well-distributed sample, 15 diagnos-
tic laboratories were involved that were spread over 
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the country’s 10 provinces. They were allocated fixed 
numbers of samples per age group according to a two-
stage stratified survey with probability proportional 
to size with the regions (Flanders, Wallonia, Brussels 
capital region) in a first stage and the provinces in a 
second stage. To avoid election of immunosuppressed 
subjects by using residual samples, specific selection 
criteria were communicated to the laboratories [8]. For 
each sample, the birth date, sampling date, sex and 
postal code of the place of residence were provided 
by the collecting laboratories. For those samples with 
missing postal code, the laboratory’s postal code was 
used instead. Samples were analysed with commer-
cial ELISA (Enzygnost, Siemens, Germany). Equivocal 
results were considered positive.

Vaccination coverage
Vaccination coverage estimates for Belgium for both 
recommended measles-mumps-rubella (MMR) doses 
were taken from [9-18].

Waning of maternally acquired immunity
Newborns are initially protected through maternal 
antibodies. We used estimates as reported by several 
authors [19-22].

Primary and secondary vaccine failure
An extensive literature search in PubMed and Thomson 
Reuters Web of Knowledge was conducted to obtain 
estimates for the seroconversion (as a proxy of primary 
vaccine failure) and exponential waning rates (as a 
proxy of secondary vaccine failure). Seropositivity for 
anti-measles IgG was used as a proxy for natural infec-
tion or vaccine-induced protection, and seronegativity 
as a proxy for susceptibility. A proportion of persons 
who do not have detectable measles antibody may 
have a level of protection via cellular immunity, but this 
proportion remains unknown [23] and could thus not 
be taken into account in our model. Random-effects 
meta-analyses were carried out to obtain overall esti-
mates. Overviews of the studies included in the meta-
analyses are available in the supplementary material 
(http://ibiostat.be/online-resources)*.

Social contact data 
We used social contact data from Belgium collected in 
the European study POLYMOD [24] to estimate the age-
specific relative incidence of a resurgence of measles. 
We used social contact data from holiday and school-
term periods as reported by [25].

Basic reproduction numbers
In the absence of pre-vaccination serological data, 
our method relies on assuming a specific value for the 
basic reproduction number R0 for measles. We rely on 
estimates of R0 for measles as reported by [26], rang-
ing from 12 to 18.

Cohort model
The model we applied was introduced in [7] as a mul-
ticohort model that used the most recently available 
serological information on mumps in a highly vac-
cinated population such as in Belgium in 2006 to 
quantify the risk of mumps outbreaks in 2012. While 
referring to [7] for further methodological details, we 
can briefly describe the multicohort model according 
to a three step procedure: (i) modelling the serological 
data in 2006, (ii) deriving the spatial age-dependent 
susceptibility profile for 2013 using a cohort model 
and (iii) using social contact data and the inferred next 
generation matrix to obtain estimates of the effective 
reproduction number and the age-dependent relative 
incidence. In the current analysis, we assume that sero-
logical status (seropositivity for anti-measles IgG) is a 
perfect marker for immunity. Susceptibility therefore 
refers to seronegativity for anti-measles IgG, serocon-
version refers to changing from seronegative to sero-
positive and waning of immunity refers to IgG antibody 
decay. We will come back to these assumptions in the 
discussion.

A model for the serological data in 2006
We used a generalised additive model to estimate mea-
sles seroprevalence as a function of age a, sex g and 
spatial location (x,y). The generalised additive model 
with complementary log-log link function [27] can be 
formulated as follows:

where π(a,x,y,g) represents the proportion of sero-
positives of age a with spatial coordinates (x,y) and 
sex g, and f is a smooth function. Generalised addi-
tive models, extending the well-known generalised 
linear models, allow for spatial interpolation through 
the use of scatterplot smoothers resulting in the esti-
mation of a smooth susceptibility profile at the munic-
ipality-level. Submodels of model (1), including some 
or all of the available covariate information (i.e. age, 
sex and spatial location) were considered and results 
of fitting these models are presented together with 
a comparison based on the Akaike information crite-
rion (AIC). The model with the smallest AIC value was 
retained for the estimation of the age-specific seron-
egativity to measles in Belgium. The smooth function 
f was decomposed in smooth components si (∙), i = 1,2 
which were fitted using one-dimensional cubic splines 
and two-dimensional thin-plate regression splines, 
respectively, and/or components te(∙,∙) referring to ten-
sor product thin-plate regression splines allowing for 
differential smoothing along the two dimensions. As a 
result, using this approach, geographical estimates of 
the susceptibility profile in 2006 are obtained by aver-
aging data points with their neighbours.
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Geographically and age-dependent susceptibility 
profiles in 2013
Briefly, denote sb(a) the proportion of susceptible indi-
viduals of age a born in year b. Note that the calendar 
time can be calculated as t = b + a. The multicohort 
model was based on the following set of equations:

Here ρ represents the seroconversion rate, y1 and y2 
the decay rates of vaccine-induced immunity related 
to dose 1 and 2, sb(0) is the proportion of suscepti-
ble newborns (informed by the fraction of susceptible 
women of childbearing age) and η the rate at which 
maternal antibodies decay (3.87 year-1, see [7]). Given 
that our interest was in calculating the age-dependent 
proportion of susceptible individuals at calendar time 
2013, we needed to adapt and apply the aforemen-
tioned cohort model in the following way: Firstly, for 
individuals 20 years and older (who were 13 years or 
older in 2006) we needed to take vaccine and naturally 
induced immunity into account. We did this by combin-
ing the estimated proportion of susceptible persons 
in the 2006 serological data with estimates of the 
vaccination coverage (MMR second dose) over time. 
The age-dependent proportion of susceptible persons 
was estimated by using a generalised additive model 
with a radial spline for age. To propagate this estimate 
to future years we took into account waning vaccine-
induced immunity (multiplication with e−y2×(a−a0), with a0 

the age in the year 2006) and relied on lifelong immu-
nity following natural infection. Secondly, for individu-
als younger than 20 years, we could not use the 2006 
serological data to estimate the proportion susceptible 
because a second MMR dose had been offered to these 
children afterwards and we needed to rely entirely 
on the more recent vaccination coverage data. We 
could then use equation set (2) to determine the age-
dependent proportion of susceptibles. Note that we 
also adapted equation set (2) to account for groups of 
individuals that received the first dose only.

The reproduction number and age-dependent relative 
incidence
The basic/effective reproduction number is the 
expected number of secondary cases produced by a 
typical infected individual during their entire infectious 
period when introduced into a completely/partially 
susceptible population. The basic/effective reproduc-
tion number determines the spread of the virus in 
the population: if it is lower than 1, the virus will stop 
spreading; if it is higher than 1, the virus will spread. 
Based on the age-dependent susceptibility profile, 
social contact data and a literature-based estimated 
range for R0, we calculated the effective reproduction 
number R, and the age-specific relative incidence of 
re-emerging measles outbreaks in Belgium. We used 
social contact data from holiday and school-term peri-
ods to infer the effective reproduction number in each 

of those periods. Note that we did not use spatially 
adjusted contact patterns given that sufficient infor-
mation to obtain regional contact patterns was not 
available. As a result, contact patterns were assumed 
spatially invariant.

Uncertainty
Uncertainty was taken into account by applying a para-
metric bootstrap which enabled us to calculate 95% 
confidence intervals (CI) for the effective reproduction 
number using contact patterns from both holiday and 
school-term period and assuming R0 equal to either 
12 or 18 (using school-term period contact patterns). 
Furthermore, uncertainty related to vaccination cov-
erage was taken into account by resampling vaccina-
tion coverage information from the available 95% CIs 
through the specification of underlying normal distri-
butions with corresponding percentiles, from which 
random samples were drawn. An interpolating spline 
model was used to obtain a smooth susceptibility pro-
file as well as 95% CIs.

Results
Table 1 summarises the result of modelling the sero-
logical data for 2006. The generalised linear model 
consisting of an additive decomposition of age and 
spatial coordinates was the preferred model based on 
AIC (1,085.66). The second best model has a slightly 
higher AIC (1,085.68) and used a tensor-product spline 
(te) which yielded differential smoothing for the spatial 
coordinates x and y as compared with the best model 
(s(∙,∙)). Other models resulted in substantially higher 
(i.e. comparatively worse) AIC values.

Our random-effects meta-analyses resulted in an 
estimated ρ or seroconversion rate of 0.977 (95% CI: 
0.959 − 0.990) and estimated γ1 and γ2, the exponential 
waning rates of 0.007 (95% CI: 0.003–0.018) after the 
first (d= 1) and of 0.008 (95% CI: 0.004–0.020) after 
the second (d = 2) dose of the trivalent MMR vaccine. 
Based on these results, a common γ or waning rate for 

Table 1
Generalised additive models fitted to seroprevalence data 
on measles infection with corresponding AIC values, 
Belgium, 2006

Model Linear predictor AIC
(1) te(x,y,a,by=g)+te(x,y,by=1-g) 1,098.42
(2) te(x,y,a) 1,091.86
(3) s1 (a)+te(x,y) 1,085.68
(4) s1 (a)+s2 (x,y) 1,085.66
(5) s1 (a) 1,126.24

AIC: Akaike information criterion.
a is age, x, y are spatial coordinates and g is sex (0/1 – female/

male).
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Figure 1
Age-specific susceptibility to measles infection, Belgium, 2013

Left panel: estimated susceptibility in five Belgian cities. 
Right panel: Estimated susceptibility (solid line) and 95% confidence limits (dashed lines) for Ghent. 
The susceptibility curve is based on (i) coverage information assuming waning of vaccine-induced immunity; (ii) coverage information, 

serology and assuming waning of vaccine-induced immunity; and (iii) serology assuming lifelong natural immunity. The bar on the left hand 
side represents the proportion of susceptible infants younger than one year.

0 20 40 60 80

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Age

su
sc

ep
tib

ili
ty

1
2

3

Ghent

Hasselt

Brussels

Liège

Mons

0 20 40 60 80

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Age
su

sc
ep

tib
ili

ty

1
2

3

Table 2
Estimated vaccination coverages for MMR in per region and 95% confidence intervals when available, Belgium survey years 
1995–2012

Year and
Region

MMR first dose MMR second dose
Estimated coverage in % 95% CI Estimated coverage in % 95% CI

1995
Brussels 68.1 NA NA NA
1999
Flanders 83.4 80.3–86.5 NA NA
Wallonia 82.4 NA NA NA
2000
Brussels 74.5 70.1–78.9 NA NA
2003
Wallonia 82.5 NA NA NA
2005
Flanders 94.0 92.6–95.3 83.6 81.4–85.8
2006
Brussels 91.1 88.7–93.6 70.5 NA
Wallonia 89.0 86.3–91.8 70.5 NA
2008
Flanders 96.6 95.2–97.6 90.6 89.0–92.2
2009
Wallonia 92.4 90.2–94.6 75.5 NA
2012
Brussels 94.1 92.1–96.1 NA NA
Flanders 96.6 95.1–97.6 92.5 90.9–94.1
Wallonia 94.4 92.4–96.4 NA NA

CI: confidence interval; MMR: measles-mumps-rubella vaccine; NA: not applicable.
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doses 1 and 2, equal to 0.008 (95% CI: 0.005–0.014), 
was assumed.

Figure 1 (left panel) shows the age-specific susceptibil-
ity profile in 2013 for five Belgian cities. The suscepti-
bility curve was based on different data sources and 
assumptions: (i) coverage information summarised in 
Table 2, and waning of vaccine-induced immunity; (ii) 
coverage information, serology and waning of vaccine-
induced immunity; and (iii) serology with lifelong natu-
ral immunity. Susceptibility among adolescents was 

high but decreased after vaccination at 12 months and 
12 years of age. The susceptibility curve for Brussels 
was somewhat distinct from those for Ghent, Hasselt, 
Liège and Mons as a result of limited historical infor-
mation on vaccination coverages in Brussels (Table 2). 
Figure 1 (right panel) shows the age-specific suscepti-
bility profile for Ghent together with 95% CI.

The spatial pattern of effective reproduction numbers 
for Belgium during a school-term period in 2013 and 
assuming R0 = 12 is shown in the upper left panel of 

Figure 2
Time-specific estimated effective reproduction numbers for measles: spatial average and averaged 95% CI, Belgium, 2013

Upper left panel: Estimated effective reproduction numbers for a school-term period and R0 = 12 for Belgium in 2013. Upper right panel: Time-
specific estimated effective reproduction numbers for Belgium: spatial average and averaged 95% CI. Bottom panels: 95% confidence limits 
for effective reproduction numbers for a school-term period and R0 = 12 for Belgium in 2013.
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Figure 2. The corresponding 95% CI are shown in the 
two bottom panels of Figure 2. In the upper right panel 
of Figure 2, the corresponding averaged 95% CI and 
average effective reproduction number are shown over 
time for R0 = 12. The temporal change in the effective 
reproduction number already exceeded the epidemio-
logical threshold in 2006, if non-significantly, whereas 
for 2010, the reproduction number had an estimated 
value which was significantly above 1. After 2010, 
the predicted average effective reproduction number 
increased over a 30-year time span from ca 1.3 to 2.2. 
Results for R0 = 18 yielded a similar spatial pattern with 

effective reproduction numbers ranging from ca 1.6 
to 2.4 with an average of ca 1.9 (Figure 3, upper right 
panel, first box plot). The predicted average effective 
reproduction number increased over 30 years from 1.9 
to 3.2 (not shown).

Figure 3 shows boxplots of location-specific effective 
reproduction numbers for a school-term period and 
a holiday period in the upper left panel (R0 = 12) and 
upper right panel (R0 = 18). These results clearly dem-
onstrated a substantial reduction in outbreak risk dur-
ing holiday periods and a decrease of the majority of 

Figure 3
Boxplots of the spatial distribution of effective reproduction numbers for measles infection assuming R0 = 12 (left column) 
and R0 = 18 (right column), Belgium, 2013

Differences between school-term and holiday periods (upper row) and differences between the three Belgian regions (bottom row) in 2013.
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effective reproduction numbers below 1 when R0 = 12. 
The bottom left panel and the bottom right panel of 
Figure 3 show substantial differences between the 
Brussels capital region and the two other regions in 
Belgium that are mainly due to a lower vaccination cov-
erage (and more limited historical information) in the 
Brussels capital region and to a lesser extent also due 
to differences in observed seropositivity between the 
different regions.

Figure 4 shows the expected age-specific relative inci-
dence of a measles epidemic upon re-introduction of 
measles in the Belgian population for five different 
cities: Brussels, Ghent, Hasselt, Liège and Mons in a 
school-term period. A large proportion of new cases 
is expected to occur in infants younger than one year 
because of rapid waning of maternal antibodies [21,22]. 
The peak incidence for people older than one year is 
expected in the age category 20 to 24 years, except 
for Brussels where the peak incidence is expected in 
the age category 15 to 19 years. Note that because of 
a higher expected absolute incidence in the age cat-
egories 15 to 19 and 20 to 24 years in Brussels com-
pared with the other four cities, the relative incidence 
for infants younger than one year was estimated lower 
in Brussels compared with the other four cities. This 
observation and the peak incidence at 15 to 19 and 20 
to 24 years resulted from an increased susceptibility in 
2013 of the age categories 15 to 19 and 20 to 24 years 
in Brussels and the other cities, respectively and a 
higher frequency of social contact in the 15 to 19 year-
olds [24,28]. Taking both susceptibility and contact 
intensity into account is important to explain the rela-
tively high expected incidence in the 15 to 19 year age 
category for all five cities, whereas the susceptibility in 
2013 in this age category was estimated lower than in 
the age category 20 to 30 years, due to vaccination in 
the intermittent years (Figure 1).

Discussion
Using a simple multicohort model [7], we were able to 
estimate current spatially-explicit age-dependent mea-
sles outbreak risk using seroprevalence data, vaccine 
coverage data and social contact data from Belgium. 
Our main findings can be summarised as follows: (i) 
outbreak risk (effective reproduction number > 1) exists 
all over the country, at least in school-term periods, so 
imported infections have the potential to spread; (ii) 
higher risk exists in school-term periods than in holi-
day periods, implying an increase in risk every time 
school starts compared with the corresponding pre-
ceding holiday period; (iii) at highest risk are infants 
under one year of age, adolescents and young adults; 
(iv) spatial heterogeneity in outbreak risk is observed 
but should not be overinterpreted given that consid-
erable uncertainty exists; (v) propagating predictions 
based on the most-recently observed vaccination cov-
erages shows that the effective reproduction number is 
expected to increase over the next few decades.

Despite recent large measles outbreaks in the 
Netherlands, France and the UK, all neigh- bouring 
countries of Belgium, no new measles outbreaks have 
been reported since the small local epidemic in 2011 
in Belgium. Only 39 isolated cases were reported in 
2013, corresponding to an incidence of 3.5 per million 
inhabitants (personal communication: Martine Sabbe, 
Scientific Institute of Public Health, Brussels, January 
2014). However, even within the Netherlands, the out-
break did not spread to the wider community. Instead 
it affected mostly the Dutch Bible Belt, which consists 
of a large cluster of families with low vaccination cover-
age (from < 80% to 90–95% [29]), inspired by their reli-
gious beliefs. The epidemic had not (yet) spread to the 
surrounding highly vaccinated regions, including the 
Belgian–Dutch border. In addition, with effective repro-
duction numbers slightly above 1, potential outbreaks 
go extinct very rapidly. For example, assuming homo-
geneous mixing and an effective reproduction number 
equal to 1.3 would result in ca 62% of outbreaks going 
extinct with a final size smaller than n=10 [30].

School outbreaks of measles have been reported 
very often, and seasonal variation with a clear impact 
of school holidays has been demonstrated in the 
period before mass vaccination against measles was 
launched [31,32]. In those days, mainly children were 
at risk for measles outbreaks. The projected outbreak 
risk in Belgium increases as a result of simultane-
ous processes involving two large subgroups of the 
population. On the one hand, vaccine-induced immu-
nity among vaccinated people wanes as they age over 
time. On the other hand, the generally older subgroup 
of incomplete or unvaccinated people, many of whom 
acquired long-lasting immunity following natural 

Figure 4
Predicted age-specific relative incidence for newly 
emerging measles outbreaks in five Belgian cities: Brussels, 
Ghent, Hasselt, Liège and Mons, 2013
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infection, grows older, and thus on average has fewer 
social contacts and a higher probability of all-cause 
death over time. That means that the proportion of the 
population that is naturally protected from measles is 
gradually dying out. These processes imply that the 
overall susceptibility and outbreak risk increase over 
time. This risk is highest in the part of the population 
that typically constitutes the engine of airborne trans-
mission through their social contacts at childcare, 
school, and within and between households. In order 
to achieve the European measles elimination goal, 
public health authorities in a number of countries are 
undertaking campaigns to raise MMR second dose cov-
erage in adolescents which is currently still below the 
95% target needed for elimination (see Table 2). Young 
adults are, however, harder to reach in such campaigns, 
and sporadic preventive health services in Belgium are 
often limited to working or student populations. Sub-
optimally vaccinated cohorts of young adults could 
thus delay the impact of elimination efforts. A catch-
up campaign focusing all young adults is necessary to 
achieve elimination in the short term.

Our analysis showed that using a relatively simple 
model [7] and data that are commonly available for 
most European countries, the outbreak risk for mea-
sles can be estimated and age groups in which the risk 
is highest can be identified. Our method differs from 
the one used for the analysis of Australian serosurvey 
data in 2012 [33] by accounting for secondary vaccine 
failure and using social contact data while acknowl-
edging spatial heterogeneity in susceptibility and vac-
cination coverage. Our study has several limitations: 
Firstly, we relied on antibody seropositivity as a proxy 
for immunological protection against measles infection 
based on an ELISA test [23]. The ELISA used to detect 
measles antibodies (Enzygnost, Siemens, Germany) 
was, as most diagnostic tests, more specific than 
sensitive (100% and 99.6%, respectively, as reported 
by the manufacturer), which may have overestimated 
susceptibility at the population level. Moreover, ELISA 
results do not perfectly correlate with the more sen-
sitive plaque reduction neutralisation values (> 120) 
which were used in few other existing studies to relate 
circulating antibodies to clinical protection from mea-
sles, e.g. [34]. Antibodies are the main but not the only 
mechanism of immunological protection. For instance, 
long-lasting immunity after natural measles infection 
in patients with deficient humoral immunity (primary 
agammaglobulinaemia) has been demonstrated, indi-
cating that the cellullar immune system alone is capable 
of preventing measles. Therefore, again, susceptibil-
ity might be overestimated if based on antibody titres 
only. On the other hand, in the current study, equivocal 
results were classified as positive and therefore could 
result in underestimating susceptibility at the popula-
tion level. However, the age and spatial patterns are 
likely to have remained unaffected by this. Secondly, 
the spatial resolution of various data we used was lim-
ited. Nevertheless, the analysis of the serological data 
clearly indicated spatial heterogeneous serological 

profiles. Coverage data (and their spatial resolution) 
were not available to the same extent in each region, 
and the spatial distribution of our social contact data 
was not detailed enough due to sample size restric-
tions, limiting spatial estimates of susceptibility. 
Thirdly, susceptibility was only allowed to change over 
time as a result of waning of vaccine-induced immu-
nity, and therefore, very rarely, decreases in suscepti-
bility caused by sporadic infections over the years are 
ignored. Finally, our method relied on several inputs 
such as a realistic estimate of the basic reproduction 
number R0 in the study population and estimates for 
the waning rates after vaccination for which uncer-
tainty was accounted for in the parametric bootstrap 
approach.

Although the demographic structure of a population is 
of importance in the estimation of the effective repro-
duction number and varies over time, we did not use 
a dynamic model in which population and infectious 
disease dynamics were modelled simultaneously. Our 
method was based on a cohort model, which could 
be adjusted for different population structures; this is 
deemed necessary especially if the serological survey 
sampling occurs long before the time point of inter-
est. Therefore, prediction of the effective reproduction 
number over time relied on observed population sizes 
and predicted population sizes for future years accord-
ing to a demographic model for Belgium (data not 
shown). The proposed methodology can be extended 
to include diagnostic test uncertainty, which was not 
pursued here because of a specificity and sensitivity 
close to 100%. It can also be used as an informative 
pilot for the design of studies to document serologi-
cal profiles, social contacts and vaccination coverage 
in populations with the aim to improve outbreak risk 
assessments.

Our model has partly been validated by (i) the mumps 
outbreak in 2012 in Flanders for which, in hindsight, 
our estimates are in line with the observed incidence 
[35], (ii) a small measles outbreak in a day care cen-
tre in the province of Antwerp for which the incidence 
was in line with the predicted relative incidence [36]. 
Indeed, young infants remain at increased risk for 
measles since maternal antibodies are waning rap-
idly during the first months of life. Almost all cases in 
that outbreak occurred in infants too young to be vac-
cinated with the first MMR dose. These cases can be 
prevented by vaccination strategies targeting the other 
susceptible age groups in society. The currently avail-
able measles vaccines are not effective enough when 
routinely used in infants younger than one year.

Current vaccination campaigns focus on improving 
vaccination coverage especially for the second dose 
of MMR at its recommended age (10 to 13 years). In 
Flanders, schools and vaccinating physicians have 
been encouraged in 2013 and 2014 to promote MMR2 
and reduce missed vaccination opportunities, and 
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further actions to better reach underserved popula-
tions are foreseen.

Given the high relevance of our results for public 
health, the competent authorities were informed about 
our work and a press release based on the findings of 
this study has been released at the start of the 2013/14 
campaign mentioned above. In that press release we 
advised people aged 20 to 30 years to check their vac-
cination status and take action if it was incomplete. 
Official recommendations for catch-up vaccination 
with MMR have been updated and include adults up 
to birth year 1971, but to date, no national or regional 
campaigns have been undertaken to increase coverage 
in this age group.

*Note
Supplementary information made available by the authors 
on an independent website is not edited by Eurosurveillance, 
and Eurosurveillance is not responsible for the con-
tent. The material can be accessed at: http://ibiostat.be/
online-resources/.
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