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• Do you agree with the methods, the results, and the discussion?  
• Where do the authors use models to address their questions? What type of models can 
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• What do you like and what do you dislike about the paper?  
• What did you not understand?  
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Few countries in Africa currently include rubella-containing vaccination
(RCV) in their immunization schedule. The Global Alliance for Vaccines
Initiative (GAVI) recently opened a funding window that has motivated
more widespread roll-out of RCV. As countries plan RCV introductions, an
understanding of the existing burden, spatial patterns of vaccine coverage,
and the impact of patterns of local extinction and reintroduction for rubella
will be critical to developing effective programmes. As one of the first
countries proposing RCV introduction in part with GAVI funding, Madagas-
car provides a powerful and timely case study. We analyse serological data
from measles surveillance systems to characterize the epidemiology of rubella
in Madagascar. Combining these results with data on measles vaccination
delivery, we develop an age-structured model to simulate rubella vaccination
scenarios and evaluate the dynamics of rubella and the burden of congenital
rubella syndrome (CRS) across Madagascar. We additionally evaluate the dri-
vers of spatial heterogeneity in age of infection to identify focal locations
where vaccine surveillance should be strengthened and where challenges to
successful vaccination introduction are expected. Our analyses indicate that
characteristics of rubella in Madagascar are in line with global observations,
with an average age of infection near 7 years, and an impact of frequent
local extinction with reintroductions causing localized epidemics. Modelling
results indicate that introduction of RCV into the routine programme alone
may initially decrease rubella incidence but then result in cumulative increases
in the burden of CRS in some regions (and transient increases in this burden
in many regions). Deployment of RCV with regular supplementary cam-
paigns will mitigate these outcomes. Results suggest that introduction of
RCV offers a potential for elimination of rubella in Madagascar, but also
emphasize both that targeted vaccination is likely to be a lynchpin of this
success, and the public health vigilance that this introduction will require.

1. Introduction
Rubella is a directly transmitted immunizing infection that usually occurs
during childhood and is associated with low morbidity and mortality. Infection
of women during early pregnancy can lead to spontaneous abortion, fetal death
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or children born with congenital rubella syndrome (CRS),
which is associated with multiple disabilities that can require
lifelong care [1], including hearing impairment, cataracts and
congenital heart disease [2].

A relatively inexpensive, high efficacy vaccine that pro-
vides lifelong immunity to rubella and can easily be
combined as measles–rubella (MR), or measles–mumps–
rubella (MMR) has been available for 50 years. Although rou-
tine rubella vaccination can prevent CRS, inadequate
vaccination coverage may actually increase CRS cases by
increasing the average age of infection [3]; this occurs because
vaccination short of the threshold required for elimination
effectively reduces incidence in the population, thus reducing
the risk of infection and delaying time to the first infection
(figure 1). Consequently, introduction of rubella-containing
vaccine (RCV) has been limited globally. Recent efforts for
the control and elimination of measles have spurred renewed
interest in the potential for rubella control, because the two
vaccines are easily combined, and overall measles vaccination
coverage levels have been climbing [4]. In addition, the
Global Alliance for Vaccines Initiative (GAVI) has recently
opened a funding window for rubella vaccination [5]. Mada-
gascar is one of the countries that has successfully applied for
this funding.

For all low- and middle-income countries that take advan-
tage of the GAVI funding window, introduction of RCV will
likely be shaped by the context of measles childhood immu-
nization efforts. In Madagascar, measles vaccination was
introduced into the routine programme in 2004. Coverage
increased steeply until political upheavals in 2009, at which
point levels fell again; currently, measles vaccination coverage
(defined as the number of doses delivered divided by the
target population size) today hovers around 85% in Madagas-
car [6]. One of the perceived possible advantages of
introduction of RCV is strengthened investment in measles
programmes [7], an important potential public health benefit
in Madagascar. However, these benefits must be balanced
with broader consequences, including potential negative out-
comes of introduction of RCV for the burden of CRS [8].
Birth rates in Madagascar remain relatively high (more than
30 per 1000 per year [9]), and theory suggests that high birth
rates are associated with a low burden of CRS in the absence
of vaccination [10], making investment for RCV less of a
public health priority. Further, with high birth rates, and par-
ticularly in the context of high transmission, a very high
threshold of vaccination coverage is required to move
beyond coverage levels that result in increases in the CRS
burden [10]. A final complication is that even where coverage
is sufficiently high to ensure a country-scale reduction in the
CRS burden, heterogeneous vaccination coverage might
result in increases in inequity in the burden of CRS [11,12].
Local rubella extinction allows susceptible women to age
into their childbearing years while still retaining susceptibility,
thus creating regions at high risk for CRS. Vaccination may
alter the flow of infected individuals into these high-risk
regions to further elevate the burden of CRS [11].

Understanding key features of the context and delineat-
ing, the possible consequences of introduction of RCV into
Madagascar has implications for other low-income countries.
Many countries across the AFRO region are considering
introduction of RCV, and although the WHO position piece
on rubella vaccination emphasizes the importance of immu-
nizing women of childbearing age [13], GAVI is not

0

0.1

0.2

0.3

0.4

0.5

eq
ui

lib
ri

um
 in

fe
ct

ed
 (I

*)
10

15

20

25

30

35

40

av
er

ag
e 

ag
e 

of
 in

fe
ct

io
n

0 0.2 0.4 0.6 0.8 1.0

0 0.2 0.4 0.6 0.8 1.0

0 0.2 0.4 0.6 0.8 1.0

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

vaccination coverage of the birth cohort (v)

sc
he

m
at

ic
 ra

tio
 o

f b
ur

de
n

pr
e-

 a
nd

 p
os

t-
va

cc
in

at
io

n

(b)

(a)

(c)

Figure 1. Theoretical expectations for RCV coverage and the burden of CRS. In a
classic SIR framework, the dynamics of susceptibles are captured by dS/dt¼
m(1 2 v) 2 bSI 2 mS; and infected by dI/dt ¼ bSI 2 gI 2 mI; where
m is the birth and death rate, total population size as taken as N¼ 1, v is
vaccination coverage of the birth cohort, g is the generation time of the infection
and the transmission rate is b ¼ R0(g þ m). To capture rubella dynamics, we
set g to 18 days21, R0 ¼ 5, and chose m¼ 30 per 1000 per year. (a) The
equilibrium proportion of infected individuals I* ( y-axis) is defined by I*¼
m[(1 2 v)R0 2 1]/b and thus declines with increasing vaccination coverage
(x-axis). (b) Conversely, the average age of infection A ( y-axis) increases, follow-
ing R0¼ G/A, where G is the inverse of the unvaccinated birth rate, G¼
1/[m(1 2 v)]. (c) This conjunction of declining incidence but increasing average
age of infection has the potential to yield a situation where more cases are occur-
ring in women of childbearing age, even though the total number of cases is
declining. As a result, the ratio of the equilibrium burden of CRS in the presence
of vaccination relative to the equilibrium burden of CRS if no vaccination has
occurred ( y-axis) may first increase with vaccination coverage relative to the scen-
ario of no vaccination (indicated by the horizontal grey line); eventually declining
when incidence is sufficiently low to offset the increase in the average age of
infection. (Results in the last panel are hypothetical; exact values will depend
on the variance and skew of the distribution of age of infection; as well as pat-
tern of fertility over age). This pattern of increasing CRS burden with increasing
vaccination coverage has been called ‘the paradoxical increase of rubella’.
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supplying funding beyond that required for introduction into
routine childhood immunization programmes. As a result,
few countries are investigating this possibility. Understand-
ing the risks associated with a focus on routine vaccination
alone, when compared with routine vaccination with invest-
ments into regular campaigns, is of considerable public
health relevance [14]. It is possible that the particular demo-
graphic and vaccination profiles of a given region may be
such that routine vaccination will result in serious conse-
quences [15]; and it is important that we consider all
possible outcomes when designing public health policy.

Detailed characterization of a country’s situation before
and after introduction of RCV remains the exception in the
current landscape of global health. Using existing data from
Madagascar, we are in a position to document the current
status of the burden of CRS (thus providing a baseline for
further evaluation), identify key surveillance needs and
develop a better understanding of the risks in a broader
public health context.

Here, we draw on data from a range of sources to ask
(i) What is the current epidemiology of rubella in Madagascar?
(ii) What is the current context of measles vaccination delivery

in Madagascar, and what does this mean for how RCV will be
deployed? and (iii) What are the likely consequences of intro-
duction of RCV on both the incidence of rubella and the
burden of CRS? We conclude by discussing what these
patterns suggest for rubella roll-out more broadly, across
low-income countries likely to capitalize on the GAVI initiative.

2. Material and methods
2.1. Epidemiology of rubella in Madagascar
Rubella data were obtained via the system of general surveillance
for measles in Madagascar (figure 2). For all patients presenting
with fever, generalized rash, and either cough, coryza or con-
junctivitis, a serum specimen was collected, and subsequently
tested using standard serological techniques at the WHO
national reference laboratory located at the Institut Pasteur of
Madagascar in Antananarivo. Samples that were measles IgM
negative were tested for rubella IgM antibody. These assays sup-
plied information about the age range and incidence of rubella
through time across the six major provinces of Madagascar,
and a Time-series Susceptible–Infected–Recovered (TSIR)
model was fit to the data (see electronic supplementary material,
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Figure 2. The epidemiology of rubella in Madagascar. (a) Reported number of cases through time for the entire country; (b) associated estimates of transmission
from the TSIR model; (c) age distribution of infection, and average age of infection (vertical lines) associated with each of the six provinces and (d ) Map of incidence
in regions of Madagascar across the country with colours showing incidence per 1000 inhabitants. (Online version in colour.)
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figure S1). This framework allows for estimation of the fraction of
rubella cases that are reported (or reporting rate, here denoted r),
as well as the starting proportion susceptible (!S), and seasonal
fluctuations in rubella transmission (bs). It would be of consider-
able interest to compare these patterns to the spatial and
temporal trends in incidence of CRS. However, the variety of
symptoms associated with CRS and the multiplicity of possible
alternative causes of many of these symptoms (such as deafness
or cataracts) makes CRS surveillance intractable in low resource
settings where serological testing is a rarity; data on CRS are
not currently available for Madagascar.

2.2. Characterizing measles vaccination in Madagascar
We consulted the Ministry of Health (MOH) of Madagascar and
UNICEF for details on recent measles vaccination coverage. Rou-
tine vaccination is provided at most public and private clinics
and aims to vaccinate all children around nine months of age.
Two additional opportunities for vaccination also exist: (i) Sup-
plementary Immunization Campaigns (occurring in 2007, 2010
and 2013) intended to complement routine vaccination and
(ii) mother and child health days, targeting children between 9
and 11 months, which are bi-annual campaigns intended to pro-
vide care to the most remote and vulnerable mother and children
populations in the country. Vaccination services are provided by
the national health authorities (MOH) and non-governmental
organizations, primarily UNICEF. We obtained estimates of rou-
tine immunization coverage from the MOH for each of the 22
regions (figure 3b) of Madagascar in 2014. These data measure
the number of doses distributed in each region divided by the
target population size, and values range from 52% (in the
region of Melaky region) to 92% (in Vakinankaratra region),
with an average of 77% (table 1). Deviations in population size
as well as the uneven success of dose delivery make these uncer-
tain measures of vaccine delivery [16]. To provide a conservative
yet comparable analysis across regions, we therefore used exist-
ing administrative data from 2015, which include doses
delivered up to 7 July 2015. These estimates range from 5% (in
Atsimo-Atsinana) to 70%, (in Vakinankaratra) with an average
of 37% (table 1). The reality of measles vaccination coverage in

Madagascar is almost certainly greater than these estimates
suggest, but these values provide a conservative baseline from
which to evaluate areas at risk for increases in the CRS burden
in the event of rubella vaccine introduction.

2.3. The burden of congenital rubella syndrome
To project the burden of CRS in Madagascar in each of the
22 regions and evaluate the impact of vaccination programmes,
we simulated the age-structured dynamics of rubella in Mada-
gascar (electronic supplementary material, figure S2). Within
the simulation, we classified individuals by their age (using
monthly age classes up to age 15 and yearly classes thereafter),
and epidemiological status (tracking individuals across
Maternally immune, Susceptible, Infected, Recovered and
Vaccinated classes). We used region-specific birth rates (from
www.worldpop.org.uk), and a mortality curve derived from
UN projections to capture demographic patterns; we set the gen-
eration of rubella to be two weeks, introduced known patterns of
waning of maternal immunity and vaccine efficacy [10], and
explored different levels of R0 (defined as the average number
of secondary infections from one infected individual in a comple-
tely susceptible population). The range of R0 values was
determined by referencing existing estimates for rubella (ranging
from 2 [17] to 12 [18]) and choosing values consistent with the
age range of rubella observed in the epidemiological data
described above (using the fact that R0 is approx. equal to
G/A, where G is the inverse of the birth rate and A is the average
age of infection [19]). We also introduced reported levels of
routine vaccination coverage for each region for measles from
the two sources described above (table 1), and made the conser-
vative assumption that vaccination coverage in Starting
Campaigns and Supplementary Immunization Activities (SIA)
reaches 60% of the population. The time horizon chosen for
evaluation of the burden of CRS and the impact of vaccination
was 30 years; we also evaluated the number of years during
which the burden of CRS was higher than it would have been
at equilibrium pre-vaccination following introduction of the
vaccine (transient increases).
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Figure 3. The burden of CRS. (a) Simulated deterministic burden of CRS over 30 years in the absence of vaccination for each region; and (b) Current routine
vaccination coverage values per region (taking the lower conservative scale of routine vaccination coverage). (c) Simulated deterministic burden of CRS over 30
years following introduction of routine vaccination only (set at the conservative lower bound) divided by the simulated deterministic burden of CRS obtained
in the absence of vaccination (shown in figure 3a)). Where the ratio exceeds 1, the introduction of vaccination has resulted in an increase in the burden of
CRS. (d ) Similarly, ratio of the simulated deterministic burden of CRS over 30 years following introduction of routine vaccination with a starting campaign reaching
up to age 10, and follow-up campaigns to age 5 occurring every 4 years; all campaigns have a coverage of 60%. The full colour scale for ratios encompasses values
more than 1.3 not observed here, but to enable comparison of outcomes with R0 ¼ 8 (electronic supplementary material, figure S6), and detection of areas where
the ratio exceeds 1. See the electronic supplementary material, table S1 for the full set of results. (Online version in colour.)
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2.4. Metapopulation dynamics and the burden of
congenital rubella syndrome

The simulations described above provide insight into the deter-
ministic burden of CRS. However, previous work indicates that
stochastic dynamics within the broader ‘metapopulation’, or net-
work of communities across which rubella persists, or goes
extinct and is reintroduced, can result in increased burden in
some locations [12]; these same metapopulation processes can
drive spatial inequity in changes in the burden of CRS following
introduction of the vaccine [11]. Local extinction underpins these
changes in CRS burden by allowing susceptible individuals to
age into later age classes, and potentially their childbearing
years, without exposure to the infection. This leaves them vulner-
able to a potential re-introduction of the infection occurring
during their pregnancies. Consequently, we also sought to ident-
ify areas in Madagascar most likely to be affected by stochastic
metapopulation dynamics. To do this, we evaluated the
number of districts with population sizes less than the expected
Critical Community Size (CCS) for rubella. The CCS describes
the minimum population size required to sustain an immunizing
infection without stochastic extinction [20], an empirical measure
which combines both the theoretical extinction boundary for the

infection (assuming a well-mixed population), but also the
impact of patterns of re-introduction. While by convention, the
CCS is usually framed in terms of total numbers of individuals
[20] in reality, the key value will be number of susceptible indi-
viduals in a community. Nevertheless, to align with previous
work, we focus on total population size and concentrate our
evaluations of the CCS only in non-vaccination settings. We
focused on districts (smaller administrative units than the regions
considered above) in this analysis, because these smaller spatial
scales are more likely to represent reasonably well-mixed popu-
lations. Evidence from South Africa suggests that the CCS for
rubella may be of a similar scale to measles [21], i.e. around
350 000, although data from other countries suggest that it
might be closer to 1 000 000 [12,21,22]; simulation approaches
suggest that this estimate may be biased upwards [21].

Under-reporting of rubella cases in this dataset precludes
direct investigation of the CCS [11], instead we independently
evaluated population sizes and their connectivity for districts
of Madagascar. With gridded population maps from World
Pop (www.worldpop.org.uk), we identified districts with popu-
lation sizes below the upper the range of previous CCS estimates
[11], i.e. 350 000–1 000 000. We then developed expectations for
the number of new arrivals in each location based on classic grav-
ity models [23,24]. We used the travel times between centroids of
districts as the distance [25–27] using geospatial techniques (see
the electronic supplementary material) to develop an accessibil-
ity/travel time matrix. Connectivity is measured based on the
amount of outgoing travel from each location from the gravity
model using travel time distance between district centroids,
which yields an index of connectivity for each location (see the
electronic supplementary material). More remote areas have
fewer trips to other areas of the country. From this, we identified
districts that were both weakly connected (remote) and below the
CCS threshold, taking both the upper and lower ranges of CCS
reported globally. We used stochastic simulations to test expec-
tations for the relationship between connectivity and average
age of infection in a district below the CCS (electronic sup-
plementary material, figure S3) finding that more weakly
connected locations are expected to show higher variance in
the average age of infection. We then plotted average age of
infection reported in the incidence data against our index of con-
nectivity to evaluate the degree to which these estimates are able
to identify locations at risk of later infection associated with
extinction–recolonization dynamics.

2.5. Metapopulation dynamics and the potential for
rubella extinction in Madagascar

Madagascar is an island and rubella dynamics are predomi-
nantly driven by national patterns of incidence, extinction and
reintroduction. Data on births and population size for each of
the 22 regions of Madagascar, and our TSIR estimates of season-
ality in rubella transmission, provide us with the means to
simulate stochastic local regional dynamics for rubella. We can
extend these simulations to investigate Madagascar-wide meta-
population dynamics by using the estimates of travel
magnitude between each of the pairs districts (accessibility
matrix) described above. As these measures are relative rather
than absolute [25–27], we first rescaled these measures such
that they resulted in metapopulation dynamics that reflected esti-
mates of the CCS of rubella in the pre-vaccination era within the
range reported for rubella globally (350 000–1 000 000; see the
electronic supplementary material, figure S4). Next, we intro-
duced RCV into this framework at rates reported for measles
vaccination coverage from administrative coverage in 2014, as
well as increased rates, with the aim of identifying the threshold
required for rubella elimination in this setting.

Table 1. Measles vaccination coverage in Madagascar. Vaccination coverage
in each of the 22 regions, from the 2014 administrative coverage estimates
(i.e. doses delivered divided by target population size); and also showing
the early 2015 coverage, taken as a conservative lower boundary, as this
reflects reports on doses delivered only up until June of 2015, and is
accordingly likely an underestimate of doses delivered.

regions
2014 admin
coverage

early 2015 admin
coverage

Analamanga 0.77 0.65

Itasy 0.67 0.65

Haute matsiatra 0.81 0.48

Amoron’i mania 0.77 0.39

Sofia 0.91 0.25

Alaotra-Mangoro 0.73 0.45

Vatovavy

Fitovinany

0.77 0.60

Vakinankaratra 0.92 0.70

Atsimo-Atsinana 0.62 0.05

Atsinanana 0.76 0.39

Ihorombe 0.90 0.23

Boeny 0.86 0.37

Melaky 0.53 0.14

Bongolava 0.63 0.54

Atsimo-

Andrefana

0.72 0.11

Diana 0.83 0.41

Anosy 0.83 0.39

Analanjirofo 0.82 0.33

Betsiboka 0.86 0.29

Menabe 0.72 0.25

Androy 0.69 0.09

Sava 0.88 0.41
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3. Results
3.1. Epidemiology of rubella in Madagascar
Under-reporting in the incidence data affected our ability to
estimate the proportion of the population susceptible to
rubella (see figure 2a and the electronic supplementary
material, S1). However, the TSIR model indicated a clear pat-
tern of seasonality in transmission, with low transmission in
February, June and October, which was robust to the range
of assumptions about starting proportion susceptible
(figure 2b). Surprisingly, the timing of low transmission does
not align with summer school holidays, in contrast to what
has been reported for rubella and other immunizing childhood
infections in many other parts of the world [22,28,29].

Given low reported incidence (figure 2a), we focused our
initial descriptive analysis of the epidemiology of rubella in
Madagascar at the largest administrative scale available, the
six provinces of Madagascar. The average age of infection
of rubella is slightly variable across these provinces, ranging
from 6.4 years in the province of Antananarivo to 8.8 years in
Antsiranana (figure 2c). Average age broadly negatively cor-
relates with province population size (Pearson’s correlation
between log population size and average age of infection
yields r ¼ 20.82, n ¼ 6, p , 0.05), suggesting an underlying
biological driver for this pattern. Two possible drivers of
this average infection age distribution include (i) extinc-
tion–recolonization dynamics, which drive up the average
age of infection in smaller population provinces [12]—
implying that provinces with smaller populations also have
smaller focal population centres, precluding persistence of
rubella or (ii) a higher R0 for rubella in provinces with
larger populations (although see [29] for evidence that
measles, a similar directly transmitted infections, shows no
signature of density-dependent transmission). With the
data available, it is not possible to distinguish between
these two possibilities. Using the approximation R0 ¼ G/A
(which assumes negligible stochastic dynamics), where G is
the inverse of the birth rate, and A is the average age of infec-
tion, the average age of infection in the data yields estimates
of R0 between 3.9 in Antsiranana province and 5.5 in Antana-
narivo province. This range is broadly in line with values
previously reported for this infection [15,30,31].

3.2. Consequences of introduction of rubella-containing
vaccination: deterministic simulations

Simulation of region-specific dynamics built around the esti-
mated profile of seasonal transmission (figure 2b) and with
R0 ¼ 5 (see the electronic supplementary material, figure S2
for an example time-series), indicates that in the absence of
vaccination, the number of CRS cases varies across the 22
regions of Madagascar between six new CRS cases (in
Melaky) and 73 (Analamanga) per year; or between 60 and
81 cases per 100 000 births (figure 3a). Introduction of RCV
into the routine programme at the lower reported levels of
administrative coverage (figure 3b) results in a reduction in
the burden of CRS in all but five regions (figure 3c,
Androy, Atsimo-Andrefana, Atsimo-Atsinana, Ihorombe
and Melaky); CRS burden is reduced in all regions when
the less conservative 2014 estimates of coverage are used
(table 1). In both simulations, a number of years of transient
outbreaks with a CRS burden higher than would have been

observed in the absence of vaccination occur (electronic sup-
plementary material, table S1). If an SIA with 60% coverage is
introduced at the same time as the start of routine vaccination
against rubella, and maintained at 4 year intervals targeting
up to 5 year olds, then the burden of CRS is successfully
reduced in all 22 regions (figure 3d ), and the transient
increases in the CRS burden also disappear. Parallel results
with R0 ¼ 8 are shown in the electronic supplementary
material, figure S6; for this magnitude of transmission,
more regions are at risk of an increase if routine vaccination
only is introduced; again, public health consequences can
be mitigated by deployment of SIAs. Finally, in this setting,
starting campaigns reaching beyond 10 years of age show
very little improvement relative to those only extending to
10 years of age (results not shown). The full set of results is
shown in the electronic supplementary material, table S1.

3.3. The stochastic burden of rubella: exploring risk
The majority (54%, 61 out of 114 reporting districts) of districts’
populations in Madagascar are below the lower end of the
rubella CCS range (350 000), and all but one are below the
upper threshold of 1 million (99%, 113 out of 114 districts).
Population size and connectivity are strongly correlated
(figure 4a) so many districts are both weakly connected
(remote) and below both the higher and lower threshold of
CCS, shown in figure 4a (electronic supplementary material,
figure S4a indicates the underlying patterns of connectivity),
indicating potential for both local extinction, and a long inter-
val before re-introduction of the rubella infection. Although in
the simplest analysis, local extinction of an infectious disease
seems a desirable outcome, in the context of rubella, principles
from metapopulation dynamics suggest that these remote
locations below the CCS (depicted on the inset map,
figure 4a) may have a higher burden of CRS pre-vaccination,
as disease-free periods may allow ageing of susceptibles into
their childbearing years, leaving them vulnerable to sub-
sequent rubella introductions [12], an issue that may be
amplified by inequity in vaccination coverage [21].

One way to evaluate the degree to which our measure of
connectivity is dynamically relevant is to evaluate the relation-
ship between average age of infection and remoteness for
districts that are below 1 000 000, and thus expected to be vul-
nerable to stochastic extinction (figure 4b). If our connectivity
index is capturing a measure of relevance to stochastic extinc-
tion, based on simulations of the stochastic dynamics in a
location below the CCS (see the electronic supplementary
material, figure S3), we expect increased variance in the aver-
age age of infection for more remote districts below the upper
bound on the CCS. This is broadly what is observed (figure 4)
and indicates that higher average age of infection can occur in
these less connected districts and potentially poses risks for an
elevated burden of CRS. Qualitatively similar results are
obtained for the lower threshold on the CCS.

3.4. Vaccination and extinction of rubella in Madagascar
Ultimately, the appropriate epidemiological unit for investi-
gating metapopulation dynamics is probably the scale of
cities [29]. The closest available scale in this dataset is the
districts, as mentioned above. However, in the face of
the sparseness of the population in Madagascar, and
under-reporting of rubella, in considering the potential for
extinction of rubella in Madagascar, we focused on regional
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scale dynamics. This is equivalent to assuming that each of
the 22 regions is reasonably well mixed, and further subdivi-
sions should broadly act to reduce persistence of rubella in
Madagascar, by reducing the number of locations above the
CCS, so this scale of analysis should be reasonably conserva-
tive. Even at this greater spatial scale, the majority of regions
(55%, 12 out of 22 regions) have populations that are below
the upper end of the CCS range of 1 000 000; a few are also
below the threshold for measles of 350 000 (14%, 3 out of
22 regions).

Given the isolated nature of Madagascar, low burden
of CRS, and increased international and national public
health support for control of vaccine-preventable diseases,
we analysed the potential for rubella elimination, using simu-
lations of regional dynamics of rubella (see the electronic
supplementary material, figures S4 and S5; figure 5). At the
current levels of vaccination coverage, the probability of
rubella elimination, corresponding to zero rubella incidence
in all 22 regions (i.e. points clustered at the top of the bar
charts in figure 5a) after 20 years of vaccination ranges from
15% (at low levels of connectivity) to 8% (at a high level of
connectivity). This probability was estimated as the pro-
portion of simulations (across the 100 simulations) that
went extinct in all 22 regions. If vaccination coverage was
increased to 90% in all locations, the probability of rubella
extinction increases to 39%, regardless of connectivity scalar

(from the points clustered at the top of figure 5b). If vacci-
nation coverage is increased in focal, well-connected regions
only, the probability of rubella elimination moves from 20%
at low connectivity and 9% at high connectivity (values
clustered at the top of figure 5c).

4. Discussion
With increased support from the Global Alliance of Vaccines,
countries that have previously withheld RCV out of concerns
for the potential paradoxical increase in the burden of rubella
are now considering introduction of the vaccine. This endea-
vour presents an opportunity to reduce the burden of a
preventable disease (CRS), but may also have additional
public health benefits; in particular, that of strengthening
existing measles vaccination programmes [32]. Evaluation
of the effectiveness of introduction of RCV into a specific
country requires an understanding of (i) the current epide-
miology of rubella and burden of CRS; (ii) possible areas
of increased burden given the landscape of vaccination cover-
age; and (iii) likely sources and sinks for localized extinction
and re-introduction. These factors can be combined to evalu-
ate the effectiveness of vaccination strategies for both routine
and supplementary programmes, as well as the potential of
rubella elimination.
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nectedness, taken to correspond to remote locations) on the figure and the inset map in red. The upper limit of the CCS (1 million) is also shown (higher horizontal
line). Connectivity is a relative measure derived from the amount of incoming travel estimated from a gravity model to each district; districts are remote if there is
less travel. (b) For districts below the CCS, mean age of infection ( y-axis) plotted against the index of connectivity (x-axis), with districts that are weakly connected
and below the lower limit of the CCS, but also have experienced a higher average age of infection (and thus might have experienced a higher burden of CRS) shown
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We evaluated this public health question in the context of
Madagascar, a country planning to introduce RCV in the
upcoming year (2016). Analysis of rubella data yields results
broadly consistent with other descriptions of rubella epide-
miology, although the characteristic under-reporting often
noted for this infection (which may be so mild as to be
asymptomatic) results in considerable uncertainty in some
of our inference. In particular, the seasonal pattern detected
here does not show strong alignment with school terms
(figure 2b), in contrast with frequently reported patterns
[22,28,33], but uncertainty is sufficiently high such that an
alternate pattern (e.g. alignment with agricultural seasons
with increased rainfall beginning in October–November
[34]) cannot be affirmed with certainty.

A first major concern associated with introduction of RCV
is avoidance of the paradoxical effect, i.e. a reduction in
rubella incidence insufficient to offset the average age of
infection, thus leading to an increase in the burden of CRS
[3]. Our age-structured simulation analyses broadly support
introduction of RCV in Madagascar, particularly if introduc-
tion is accompanied by wide age range campaigns that could
be implemented via the existing two forms of additional
vaccination opportunities discussed above (SIAs and
mother–child health days). When such an additional

vaccination campaign is in place, neither long term nor tran-
sient increases in the CRS burden, as previously observed in
Greece [35] and Costa Rica [36], are observed in simulations
for rubella in Madagascar (including simulations with R0

values as high as 8). These results rest on administrative esti-
mates of routine vaccination coverage. As these estimates are
frequently known to be overestimates [16], we also explored
scenarios of low routine coverage (table 1) and obtained
broadly similar results.

A second major concern associated with introduction of
RCV is potential for amplification of inequities associated
with the metapopulation dynamics of this infection [11], in par-
ticular those associated with heterogeneity in vaccine coverage
[37,38]. The deterministic simulations described above ignore
the role of stochastic dynamics [12], which can interact with
variation in vaccination coverage [11], potentially resulting in
local increases in the burden of CRS. To explore these latter
issues, we also identified all districts both below the CCS for
rubella and weakly connected (remote; figure 4). Variance in
the age of incidence broadly increased with diminishing con-
nectivity, suggesting a role for metapopulation dynamics
(although spatial variance in R0 cannot be excluded) and high-
lighting districts that should be a special focus in evaluating
the consequences of introduction of the vaccine. Whatever
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effects) whose administrative capitals are indicated in the figure legend. Proportion of simulations in which extinction is achieved is reported in the main text.
(Online version in colour.)
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the underlying cause, districts with higher average age of infec-
tion are more at risk of being associated with a higher CRS
burden.

Having explored the risks of introduction of RCV into
Madagascar, we next investigated positive externalities
specific to Madagascar—in particular, the degree to which
vaccination against rubella might result in elimination of
the virus from the country, a realistic prospect given Mada-
gascar’s unique status as an island nation. Assuming that
current vaccination coverage estimates reasonably reflect the
context in Madagascar, our analysis suggests that the prob-
ability of elimination of rubella with introduction of RCV
might be as high as 15% over 30 years. Improvements in vac-
cination coverage, especially targeted at the major hubs of
travel (i.e. the most connected areas according to the metrics
developed and shown in figure 4) could improve this esti-
mate yet further (figure 5), as well as offer considerable
potential for improving measles control. Nevertheless,
rubella elimination is not a certainty even with extremely
high vaccination coverage across all regions (95%, figure 5).
This suggests that targeted vaccination efforts—where vac-
cine deployment is closely linked to surveillance, either of

cases (i.e. as currently employed in outbreak response vacci-
nation for measles [39]), or more powerfully, of serological
status within the population—are likely to be more effective
components of successful elimination of rubella than blanket
vaccination campaigns across broad spatial scales.

Very few measles cases have been reported over Madagas-
car’s fever–rash surveillance system over the past decade,
despite regular reports of rubella, suggesting that the system
is functioning effectively. These observations also support esti-
mates of administrative coverage, which indicate reasonably
high vaccination coverage against measles in Madagascar cur-
rently, and over the recent past, thus again bolstering the
prospect for elimination of rubella. However, should introduc-
tion of RCV into Madagascar be accompanied by the positive
outcome of elimination of rubella, the risk of a post-
honeymoon outbreak must be an important consideration
[40]—the absence of reported cases does not mean that the
risk of an outbreak is not building. While rubella elimination
will invariably reduce the burden of CRS, there is some
sense in which such elimination presents a double edged
sword—the absence of circulating cases opens the door to
accumulation of susceptible individuals should vaccination

core policy considerations for RCV roll-out

Q1: Will introducing RCV increase the burden of CRS?
Q2: Are there locations where the burden of CRS will increase following

RCV introduction?
Q3: Will introducing RCV result in rubella elimination?

current rubella epidemiology
— transmission characteristics (R0, 

transmission and contact patterns 
over age)

— current burden of CRS

(births)
— country-specific demography

vaccination programme 

— measles vaccination coverage 
(since RCV is usually introducted 
into measles programme)

spatial variability
— spatial heterogeneity in rubella 

dynamics
— spatial variability in vaccine 

access
— spatial variability in demography
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— rubella age incidence data 
historical and seasonally 
disaggregated, e.g. weekly

 — fever–rash surveillance
 — rubella IgM serology 
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— rubella IgG serology to revealing 

population immunity
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— MOH administrative measles 
vaccination coverage, or measles 
vaccination survey data (e.g. from 
demographic health surveys)

— spatially indexed fever–rash 
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surveillance (and IgM)

coverage [37,38]

(e.g. www.worldpop.org.uk)

— analytical results for R0, etc. [19]
— TSIR for seasonality, R0 [29]
— extrapolation from age serology 

to infer CRS burden [8] or contact 
over age [19]

— age-structured model  
predictions [10] for CRS burden 
following vaccination (figure 3)

process-based estimation 
techniques of vaccination coverage
[38] and its spatial variability 
[37,38]

— meta-population models to  
predict extinction probability 
(figure 5)

— age-structured  

— estimating travel from spatial
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key unknowns to clarify existing data sources
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Figure 6. Considerations for roll-out of RCV in low-income settings following opening of the GAVI funding window including key unknowns; existing data sources;
and statistical and mathematical approaches to leverage this data, to both identify the key unknowns and tackle the core considerations (shown in bold in the final
column). (Online version in colour.)
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coverage not be maintained at high levels. Susceptible build-
up is particularly problematic for rubella, as the opportunity
for unvaccinated susceptible girls to age into their childbearing
years is of major concern. Rubella incidence or control should
thus be considered across a long time-horizon [14], with
emphasis on maintaining high levels of population immunity
via vaccination over the long term.

The availability of rubella data from the pre-vaccination era
in Madagascar presents a unique opportunity to evaluate the
impact of introduction of RCV into the measles vaccination
programme. This opportunity could be further enriched by
the improvement of current surveillance, as well as collection
of further metrics before, and during, deployment of the vac-
cine [41]. Some very simple and low-cost extensions of the
current system in Madagascar are possible. In particular,
mothers whose children present with fever and/or rash are
currently questioned about the last vaccine a child has
received—with no information about the type of vaccine (e.g.
poliomyelitis and measles). Narrowing this question to specifi-
cally enquire about measles or measles–rubella vaccine would
considerably strengthen this element of reporting. There are
also opportunities to design surveys specifically focused on
this question—e.g. following previous examples for rotavirus
in Malawi [42]. Another question that we did not formally
tackle here—and an aspect not currently under consideration
in the context of roll-out of the vaccine in Madagascar—is the
impact of targeted vaccination of girls or women; previous
work has indicated that this may further reduce the risk in
an increase in the CRS burden [10] and is a prospect worth con-
sidering further in the context of rubella in Madagascar.

Here, we lay out the array of core questions for countries
considering introduction of RCV following the opening of
the GAVI funding window (figure 6), and address them
using data from Madagascar. Our analysis indicates that vacci-
nation campaigns will be essential upon introduction of RCV
to ensure that long- and short-term increases in the burden

of CRS are avoided. It is generally recognized that in the
longer term, strengthening of routine programmes and
reduced dependence on vaccination campaigns is desirable
[43]. If such improvements in routine immunization can be
achieved, our results also indicate potential for Madagascar
to eliminate rubella over the longer term, especially if targeted
vaccination is also deployed. This positive outcome is never-
theless one that will require continued public health vigilance.
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Roses Periago M, Henderson DA. 2011 Measles and

rubella eradication in the Americas. Vaccine S4,
D91 – D96. (doi:10.1016/j.vaccine.2011.04.059)

8. Cutts FT, Vynnycky E. 1999 Modelling the incidence
of congenital rubella syndrome in developing
countries. Int. J. Epidemiol. 28, 1176 – 1184. (doi:10.
1093/ije/28.6.1176)

9. World Bank.2015 Population data bank. New York,
NY: World Bank. See http://data.worldbank.org/
indicator/SP.POP.TOTL.

10. Metcalf CJE, Lessler J, Klepac P, Cutts FT, Grenfell BT.
2012 Minimum levels of coverage needed for
rubella vaccination: impact of local demography,
seasonality and population heterogeneity.
Epidemiol. Infect. 16, 1 – 12.

11. Metcalf CJE et al. 2013 Implications of spatially
heterogeneous vaccination coverage for the risk of
Congenital Rubella Syndrome in South Africa.
J. R. Soc. Interface 10, 20120756. (doi:10.1098/rsif.
2012.0756)

12. Metcalf CJE, Munayco CV, Chowell G, Grenfell BT,
Bjornstad ON. 2011 Rubella meta-population
dynamics and importance of spatial coupling to the

risk of congenital rubella syndrome in Peru.
J. R. Soc. Interface 8, 369 – 376. (doi:10.1098/rsif.
2010.0320)

13. World Health Organization. 2011 Rubella
vaccines: WHO position paper. Wkly Epidemiol. Rec.
86, 301 – 316.

14. Cutts F, Metcalf CJE, Lessler J, Grenfell BT. 2012
Rubella vaccination: must not be business as usual.
The Lancet 380, 217 – 218. (doi:10.1016/S0140-
6736(12)61215-X)

15. Lessler J, Metcalf CJE. 2013 Balancing evidence and
uncertainty when considering rubella vaccine
introduction. PLoS ONE 8, e67639. (doi:10.1371/
journal.pone.0067639)

16. Lessler J, Metcalf CJE, Grais RF, Luquero FJ,
Cummings DAT, Grenfell BT. 2011 Measuring the
performance of vaccination programs using cross-
sectional surveys. PLoS Med. 8, e1001110. (doi:10.
1371/journal.pmed.1001110)

17. Edmunds WJ, Gay NJ, Kretzschmar M, Pebody RG,
Wachmann H. 2000 The pre-vaccination
epidemiology of measles, mumps and rubella in

rsif.royalsocietypublishing.org
J.R.Soc.Interface

13:20151101

10



Europe: implications for modelling studies.
Epidemiol. Infect. 125, 635 – 650. (doi:10.1017/
S0950268800004672)

18. Enquselassie F, Ayele W, Dejene A, Messele T, Abebe
A, Cutts FT, Nokes DJ. 2003 Seroepidemiology of
measles in Addis Ababa, Ethiopia: implications for
control through vaccination. Epidemiol. Infect. 130,
507 – 519.

19. Anderson RM, May RM. 1991 Infectious diseases of
humans. Oxford, UK: Oxford University Press.

20. Bartlett MS. 1960 The critical community size for
measles in the United States. J. R. Stat. Soc. A 123,
37 – 44. (doi:10.2307/2343186)

21. Metcalf CJE et al. 2013 Persistence in epidemic
metapopulations: quantifying the rescue effects for
measles, mumps, rubella and whooping cough.
PLoS ONE 8, e74697. (doi:10.1371/journal.pone.
0074697)

22. Metcalf CJE, Bjørnstad ON, Ferrari MJ, Klepac P,
Bharti N, Lopez-Gatell H, Grenfell BT. 2011 The
epidemiology of rubella in Mexico: seasonality,
stochasticity and regional variation. Epidemiol.
Infect. 139, 1029 – 1038. (doi:10.1017/
S0950268810002165)

23. Wesolowski A, O’Meara WP, Eagle N, Tatem AJ,
Buckee CO. 2015 Evaluating spatial interaction
models for regional mobility in sub-Saharan Africa.
PLoS Comput. Biol. 11, e1004267. (doi:10.1371/
journal.pcbi.1004267)

24. Zipf GK. 1946 The P1 P2/D hypothesis: On the
intercity movement of persons. Am. Soc. Rev. 11,
677 – 686. (doi:10.2307/2087063)

25. Linard C, Gilbert M, Snow RW, Noor AM, Tatem AJ.
2012 Population distribution, settlement
patterns and accessibility across Africa in 2010.
PLoS ONE 7, e31743. (doi:10.1371/journal.pone.
0031743)

26. Tatem AJ, Hemelaar J, Gray RR, Salemi M. 2012
Spatial accessibility and the spread of HIV-1
subtypes and recombinants. Aids 26, 2351 – 2360.
(doi:10.1097/QAD.0b013e328359a904)

27. The European Commission’s in-house science
service. 2009 Tropical forest change cover
monitoring: Data & Products. See http://forobs.jrc.
ec.europa.eu/products/gam/.

28. Metcalf CJE, Bjornstad ON, Grenfell BT, Andreasen V.
2009 Seasonality and comparative dynamics of six
childhood infections in pre-vaccination Copenhagen.
Proc. R. Soc. B 276, 4111 – 4118. (doi:10.1098/rspb.
2009.1058)

29. Bjørnstad ON, Finkenstadt B, Grenfell BT. 2002
Endemic and epidemic dynamics of measles:
estimating epidemiological scaling with a time
series SIR model. Ecol. Monogr. 72, 169 – 184.
(doi:10.2307/3100023)

30. Edmunds WJ, Van De Heijden OG, Eerola M, Gay NJ.
2000 Modelling rubella in Europe. Epidemiol. Infect.
125, 617 – 634. (doi:10.1017/S0950268800004660)

31. Cutts FT, Abebe A, Messele T, Dejene A,
Enquselassie F, Nigatu W, Nokes DJ. 2000 Sero-
epidemiology of rubella in the urban population of
Addis Ababa, Ethiopia. Epidemiol. Infect. 124, 467 –
479. (doi:10.1017/S0950268899003532)

32. Morice A, Carvajal X, León M, Machado V, Badilla X,
Reef S, Lievano F, Depetris A, Castillo-Solórzano C.
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Supplement: Introduction of Rubella-Containing-Vaccine to Madagascar: 
implications for roll-out and local elimination 
	
The	TSIR	model	
The	Time-Series	Susceptible-Infected-Recovered	model	was	developed	as	a	
method	to	use	simple	statistical	models	to	capture	discrete	time	dynamics	of	
childhood	infections,	building	on	the	simple	identity	It+1	=	β	It	St	where	the	time-
step	is	approximately	the	generation	time	of	the	infection,	It	is	the	number	of	
infected	individuals	at	t,	St		is	the	number	of	susceptibles	at	time	t,	and	β	
describes	transmission	from	infected	to	susceptibles.	However,	deploying	this	
identity	first	requires	that	we	reconstruct	the	profile	of	susceptible	individuals	
through	time	St	before	estimating	transmission	(accounting	for	temporal	
fluctuations	in	transmission.)	These	methodological	steps	are	described	in	
sequence	below.			
	
Susceptible	reconstruction	
If	reporting	rates	are	stable	through	time,	and	all	individuals	eventually	succumb	
to	infection,	numbers	of	susceptible	individuals	at	time	t,	St,	in	any	given	location	
will	track	births	and	infected	individuals,	It.	The	pattern	of	susceptible	
individuals	through	time	can	then	be	reconstructed	(1,	2)	by	applying	the	
balance	equation:	

,	 	 	 	 	 (eq	1)	

where	Bt		is	the	number	of	births	(and	may	be	discounted	by	vaccination	where	
necessary),	r	is	the	reporting	rate	(here	assumed	to	be	constant	through	space	
and	time)	and	 	is	the	reported	number	of	infected	cases.	Note	that	in	this	
section	on	local	dynamics	we	suppress	the	site-specific	subscript	for	ease	of	
notation.	Ignoring	observational	uncertainty,	 	where	It	is	the	actual	
number	of	infected	individuals	at	t.	Rearranging	equation	1	provides	the	
relationship	from	which	the	reporting	rate	and	the	dynamics	of	the	susceptible	
population	can	be	inferred	through	susceptible	reconstruction:	

.	 	 	 	 (eq	2)	
where	k	here	indicates	the	time	index.	In	equation	2,	 	represents	the	average	
proportion	of	individuals	that	are	susceptible,	Nt	represents	the	population	size	
and	D0	is	the	unknown	deviation	around	the	average	at	the	time	of	the	first	
observation	in	the	time-series.	To	estimate	r	and	reconstruct	a	full	time	series	of	
susceptible	‘deviations’,	Dt,	that	details	how	the	numbers	of	susceptible	
individuals	vary	around	the	average	number	of	susceptible	individuals,	we	write	

,	 	 	 	 	 (eq	3)	

where	 .	From	this,	Dt	can	be	estimated	as	the	residuals	from	the	
[possibly	locally	varying]	regression	of	the	cumulative	number	of	births	on	the	
cumulative	number	of	cases,	and	r	can	be	estimated	as	the	inverse	slope	of	this	
regression	(1-3).	Note	that	the	average	number	of	susceptible	individuals	cannot	
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It
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be	directly	estimated,	as	it	is	confounded	with	the	intercept	of	this	regression	
equation.			
	
Estimating	seasonal	transmission	
From	this	foundation,	seasonal	transmission	rates	can	be	estimated	using	Time-
series	Susceptible-Infected-Recovered	(TSIR)	methods	(1,	3).	The	generation	
time	(serial	interval)	of	rubella	(approximately	the	latent	plus	infectious	period)	
is	approximately	18	days	(4,	5),	so	we	assumed	that	the	time-scale	of	the	
epidemic	process	was	approximately	two	weeks,	and	aggregated	the	data	
accordingly.	It+1	(the	number	of	infected	individuals	at	time	t)	depends	
stochastically	on	It	and	the	number	of	susceptible	individuals	St	with	expectation	
E[(It+1)]	=	βs	St	Itm/Nt	where	βs	is	the	transmission	rate	in	every	biweek	in	any	
particular	location	and	the	exponent	m	(usually	a	little	less	than	1)	captures	
heterogeneities	in	mixing	not	directly	modeled	by	the	seasonality	(1,	3)	and	the	
effects	of	discretization	of	the	underlying	continuous	time	process	(6).	Dividing	
by	Nt	captures	the	fact	that	social	contact	networks	tend	to	remain	stable	with	
population	size	(7).	Then,	taking	logs	on	both	side	of	this	relationship,	we	can	
write	

.	 	 	 (eq	4)	
Given	estimates	of	It	and	Dt,	regression	techniques	can	be	used	to	estimate	 	
and	m,	and	marginal	profile	likelihoods	can	be	used	to	estimate	 	(2,	3).	The	
transmission	rate	estimated	in	this	way	may	reflect	a	broad	range	of	processes	
that	occur	consistently	over	the	course	of	a	year,	e.g.,	mixing	among	school-
children	(8).		
	
We	have	previously	found	that	low	reporting	rates	result	in	strongly	
downwards-biased	estimates	of	m,	which	result	in	unrealistic	dynamics	(8);	and	
this	also	proved	to	be	the	case	here.	For	this	analysis,	we	therefore	fixed	m	at	a	
consensus	value	of	0.97.	Previous	work	(8)	indicates	that	the	exact	value	of	m	
does	not	affect	estimates	of	seasonal	variation	in	transmission.	Given	the	rarity	
of	rubella	in	many	provinces,	it	was	necessary	to	restrict	analysis	to	the	scale	of	
the	country.	We	also	found	that,	even	at	this	scale,	profile	likelihoods	did	not	
allow	us	to	identify	the	key	value	of	 ,	yielding	unrealistic	values	of	complete	
susceptibility	(Figure	S1B).	For	further	inference,	we	therefore	leveraged	the	
parallel	data	on	average	age	of	infection,	alongside	estimates	from	across	the	
African	continent	(9)	to	set	R0=5	and	identified	the	likely	starting	proportion	
susceptible	via	the	relationship:	 .		
	

log(E[(It+1)]) = log(βs )+m log(It )+ log(Dt + SN )− log(Nt )

€ 

βs

S

S

S =1/ R0
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Figure	S1:	Results	from	the	TSIR	analysis	A)	Deviance	plotted	against	start	
proportion	susceptible,	indicating	that	no	minima	is	detected	across	an	array	of	
reasonable	values;	the	red	vertical	line	shows	the	chosen	value	of =0.2,	
corresponding	to	R0=5,	as	this	is	a	value	consistently	found	across	varied	
contexts	(4),	including	a	recent	analysis	encompassing	an	array	of	countries	
many	on	the	African	Continent	(9),	and	is	consistent	with	estimates	of	the	
average	age	of	infection;	B)	A	plot	of	observed	vs.	expected	incidence	for	the	
TSIR	model,	showing	broad	agreement	for	the	model	fit.		
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Age	structured	simulation	for	rubella	dynamics	
We	used	a	discrete	time	age-structured	framework	to	model	rubella	dynamics	
under	various	vaccination	scenarios	in	each	of	the	22	regions	of	Madagascar.	
Individuals	are	classified	by	age	and	epidemiological	status,	which	may	be	as	
Maternally	immune	(M),	Susceptible	(S),	Infected	(I),	Recovered	(R)	or	
Vaccinated	(V).	The	key	feature	of	the	model	is	a	matrix	that	at	every	time-step	
defines	transition	from	every	possible	epidemiological	stage	(M,	S,	I,	R	or	V)	and	
age	combination	to	every	other	epidemiological	stage	and	age	combination.	The	
time	step	of	the	model	was	set	to	approximately	the	generation	time	of	rubella	
infections,	i.e.,	two	weeks,	thus	there	are	24	opportunities	to	move	in	and	out	
epidemiologic	stages	per	year.	New	births	also	enter	into	the	maternally	immune	
or	susceptible	class,	as	appropriate,	based	on	the	region	specific	birth	rate,	taken	
from	www.worldpop.org.uk.	Methods	are	presented	in	detail	elsewhere	(10,	11).			
			
Within	the	age-structured	model	we	assumed	a	pattern	of	contact	over	age	based	
on	diary	studies	across	Europe	(12).	We	set	the	basic	reproductive	number	(R0)	
for	rubella	to	five,	as	this	is	the	value	returned	by	a	an	estimate	obtained	across	
multiple	African	countries	(9),	as	well	as	being	the	value	reported	in	a	number	of	
other	contexts	(4);	we	also	present	results	for	R0=8	as	this	has	been	shown	to	be	
linked	to	potential	problems	subsequent	to	introduction	of	RCV	(10).			
	
Model	simulations	were	initiated	in	the	year	2000	using	the	demographic	
structure	inferred	for	that	year;	and	propagated	forward	until	2015	to	remove	
transient	infectious	disease	dynamics	while	maintaining	appropriate	population	
structure.	Dynamics	were	then	followed	for	a	further	30	years	under	varying	
vaccination	scenarios,	including	i)	no	vaccination;	ii)	routine	vaccination	only	
(with	coverage	levels	taken	to	reflect	estimates	for	the	focal	region);	iii)	a	
starting	campaign	up	to	age	10	at	60%	coverage	followed	by	campaigns	at	4	year	
intervals	targeting	children	aged	between	one	and	five	at	60%	coverage;	iv)	
likewise	but	with	the	starting	campaign	reaching	up	to	age	15;	v)	or	20;	vi)	or	25.	
Results	for	incidence	and	average	age	of	infection	are	shown	in	Figure	S2A	and	B.		
	
The	CRS	burden	was	evaluated	taking	the	product	0.5	x	Ia	x	fa	x	9/12	x	1/3	x	
0·65,	where	Ia	is	the	total	number	infected	in	age	class	a	in	a	year,	and	0.5	
restricts	this	to	the	female	half	of	the	populations;	fa	is	the	fertility	in	that	year,	
the	two	fractions	capture	the	fact	that	pregnancy	lasts	9	months	of	the	year;	and	
the	women	are	only	vulnerable	to	adverse	outcomes	via	CRS	in	the	first	
trimester;	finally,	0·65	is	the	probability	of	adverse	outcomes	following	rubella	
infection	during	the	first	trimester	of	pregnancy	(13).	Corresponding	estimates	
of	fluctuations	in	CRS	burden	are	shown	in	Figure	S2C.		
	



	 5	

Figure	S2:	An	illustration	of	the	deterministic	simulation	results	for	the	
region	of	Analamanga	indicating	A)	incidence	through	time,	B)	average	age	of	
infection,	and	C)	the	number	of	cases	of	CRS.	The	colors	and	line	widths	
distinguish	different	scenarios.	If	the	population	remains	unvaccinated	(black	
line)	incidence	(A)	follows	characteristic	seasonal	fluctuations,	and	average	age	
(B)	and	CRS	burden	(C)	remain	broadly	constant.	For	the	scenario	where	routine	
immunization	only	is	introduced	(grey	line)	incidence	falls	gently,	and	average	
age	rises;	nevertheless,	the	fall	in	incidence	is	sufficient	that	this	results	in	a	
decline	in	the	CRS	burden	(bottom	panel);	and	after	about	15	years,	population	
immunity	reaches	sufficiently	high	levels	that	rubella	circulation	is	negligible	if	
routine	vaccination	is	maintained.	For	the	scenario	where	vaccination	is	
implemented	via	routine	immunization	with	a	starting	campaign	up	to	10	years	
old	on	introduction	(thin	red	line),	incidence	falls	sharply	as	does	CRS	burden;	
thicker	red	lines	indicate	increasing	age	range	of	starting	campaigns	to	15,	20	
and	25	years	old.		
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Estimating	an	index	of	connectivity	for	each	district	of	Madagascar	
	
To	characterize	the	degree	of	connectivity	of	districts	across	Madagascar,	we	
used	an	unparameterized	gravity	model	based	on	the	populations	of	the	origin	(	

),	destination ),,	and	a	measure	of	distance	( ),	between	these	
locations.		

	
	
To	calculate	the	distance	measure,	we	combined	road	networks	data	
(http://www.openstreetmap.org/),	land	cover	
(http://due.esrin.esa.int/page_globcover.php),	and	topography	
(http://srtm.csi.cgiar.org/),	using	methods	described	in	detail	in	(14)	to	produce	
an	‘access’	distance	matrix.	This	is	derived	by	first	developing	an	estimate	of	
‘friction’	between	one	location	and	another,	a	quantity	that	takes	into	account	
land	cover	types,	transport	networks	and	gradient,	and	is	generally	thought	to	be	
more	representative	measure	of	ease	of	human	travel	across	a	landscape	than	
simple	linear	distance,	as	it	reflects	impedances	to	travel.	The	friction	surface	can	
then	be	converted	to	a	map	of	estimated	travel	times	to	features	of	interest.	
From	this,	electrical	circuit	theory	can	be	used,	to	calculate	‘access’	distances	
between	sample	locations	across	the	friction	surface:	the	isolation	by	resistance	
model	uses	a	graph	theoretic	distance	metric	based	on	circuit	theory	to	
simultaneously	consider	all	possible	pathways	connecting	sample	location	pairs:	
the	result	is	a	matrix	of	access	distances	across	the	friction	surface	from	each	
sampled	location	to	every	other	sample	location.	These	distance	measures	were	
used	in	our	gravity	model.	To	estimate	the	amount	of	connectivity	for	each	
district,	we	used	calculated	the	total	number	of	outgoing	trips	from	each	district.		
This	produced	our	measure	of	connectivity	for	each	location.		
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Expectations	for	the	average	and	variance	in	the	age	of	infection	in	the	least	
connected	(most	remote)	communities	below	the	Critical	Community	Size	
To	evaluate	whether	a	signature	of	remoteness	could	be	detected	in	the	age	
profile	of	rubella	infection	of	a	district,	we	used	the	age-structured	model	
described	above	to	simulate	the	stochastic	dynamics	of	rubella	in	a	location	
below	the	CCS,	i.e.,	subject	to	regular	extinctions.	We	used	the	demographic	rates	
of	the	region	of	Atsimo-Andrefana,	with	0.75	vaccination	coverage	to	bring	
susceptible	replenishment	levels	below	the	CCS;	reframed	the	model	to	capture	
stochastic	variation	in	all	rates,	and	introduced	a	parameter	describing	the	influx	
of	infected	individuals,	which	was	simulated	by	taking	draws	from	a	binomial	
distribution.		With	this,	we	simulated	5	replicates	of	30	years	of	the	resulting	
dynamics	of	rubella,	across	a	gradient	from	1	to	50	infected	individuals	arriving	
every	year.	At	lower	rates	of	introduction	of	infected	individuals	(likely	to	
characterize	weakly	connected	communities)	the	age	of	infection	shows	greater	
variability	(Figure	S3).	Districts	in	Madagascar	that	we	evaluated	as	being	below	
the	CCS	showed	a	similar	pattern	(Figure	4,	main	text)	
	
Figure	S3:	Relationship	between	A)	mean	(y	axis)	or	B)	variance	(y	axis)	in	the	
age	of	infection	for	stochastic	simulations	of	a	community	below	the	CCS	as	a	
function	of	the	rate	of	infected	individuals	arriving	each	year	(x	axis),	an	index	of	
community	remoteness.	Associated	time-series	are	illustrated	on	the	bottom	
panel;	each	showing	5	simulations	(indicated	in	different	colours)	ranging	from	a	
C)	low,	D)	medium	and	E)	highly	connected	communities.		
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Patterns	of	travel	and	metapopulation	dynamics	of	rubella	
Estimates	of	 relative	magnitude	of	 connectivity	between	each	of	 the	 regions	of	
Madagascar	based	on	a	gravity	model	combined	with	travel	time	(15)	are	shown	
in	Figure	S4A.	Analamanga,	the	region	in	the	center	of	the	country	containing	the	
capital	 city,	 Antananarivo,	 dominates	 both	 travel	 to	 and	 from	 other	 regions;	
followed	 by	 the	 region	 of	 Vakinankaratra	 just	 to	 its	 south,	which	 contains	 the	
important	city	of	Antsirabe.	We	next	identified	the	range	of	values	of	a	scalar	u	
such	 that	 the	 influx	of	 infected	 individuals	defined	by	 the	product	of	 this	value	
and	the	matrix	of	connectivity	C	resulted	in	metapopulation	dynamics	associated	
with	a	CCS	within	the	range	reported	for	rubella	(see	text).		
	
The	metapopulation	of	rubella	across	the	regions	of	Madagascar	was	simulated	
assuming	that	the	numbers	of	new	infected	individuals	in	each	region	j	followed	
a	negative	binomial	distribution	with	mean	 	and	variance	 Ij,t		 (3).	 In	
this	 expression,	 bt	 is	 the	 seasonal	 transmission	 rate	 estimated	 by	 the	 TSIR,	 Ij,t		
and	Sj,t	are	the	numbers	of	infected	and	susceptible	individuals	in	region	j	at	time	
step	t	respectively,	and	Nj	is	the	population	size	of	the	jth	region.	The	exponent	m,	
usually	 a	 little	 less	 than	 1,	 captures	 heterogeneities	 in	 mixing	 not	 directly	
modelled	by	the	seasonality	(3)	and	the	effects	of	discretization	of	the	underlying	
continuous	time	process	(6).	The	number	of	new	susceptibles	follows	Sj,t	=	Sj,t-1	+	
Bj	-	I	j,t	where	Sj,t	and	Ij,t	are	as	above,	and	Bj	is	the	number	of	births	in	region	j	in	
one	 biweek.	 The	 vector	 that	 sets	 the	 probability	 of	 an	 infected	 immigrant	
arriving	 into	 each	 region	 is	uCIt	 where	C	 is	 the	matrix	 of	 connectivity	 (Figure	
S4A),	 u	 is	 a	 scalar,	 and	 It	 is	 the	 vector	 describing	 the	 number	 of	 infected	
individuals	 in	 each	 region	 at	 time	 step	 t	 according	 to	 the	 regional	 dynamics	
described	above.	This	is	used	to	generate	deviates	from	a	binomial	distribution,	
which	determine	the	arrival,	or	otherwise,	of	a	new	infected	immigrant.		
	
For	 increasing	 values	 of	 u,	 we	 simulated	 the	 metapopulation	 dynamics	 100	
times,	and	 identified	 the	proportion	of	 times	 that	zero	cases	were	reported	 for	
each	 region	 after	 a	burn	 in	period	during	which	 extinction	was	prevented.	We	
then	fitted	the	median	proportion	of	zeros	as	the	response	variable	in	a	binomial	
regression	with	log	population	size	of	each	region	as	the	covariate	(Figure	S4B).	
The	 CCS	was	 defined	 as	 the	 smallest	 population	 size	 for	which	 <0·05%	 of	 the	
time-series	 was	 predicted	 to	 be	 zero.	 	 This	 value	 declines	 with	 the	 overall	
magnitude	of	connectivity	shaped	by	u	(Figure	S4C);	values	of	u	between	8·9e-06	
and	1·5e-05	result	in	the	reported	range	of	the	CCS	for	rubella.		
	
Consequences	of	vaccination	in	the	metapopulation	
To	explore	requirements	for	rubella	extinction	in	Madagascar,	we	simulated	the	
metapopulation	in	the	absence	of	vaccination,	and	then	introduced	vaccination	
into	each	of	the	regions,	exploring	both	reported	levels	of	measles	vaccination		
(time-series	shown	in	Figure	S5,	results	in	Figure	5A),	the	situation	if	80%,	90%	
or	95%	vaccination	coverage	of	the	birth	cohort	could	be	achieved	in	all	regions	
(Figure	5B),	and	if	95%	vaccination	coverage	could	be	achieved	in	only	the	
largest	and	most	connected	regions	(Figure	5C)	across	the	range	of	connectivity	
identified	as	relevant	(see	above).			

βt I j,t
m Sj,t / N j
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Figure	S4:	Simulating	the	metapopulation	of	regions	of	Madagascar	A)	
Connectivity	between	each	of	the	regions	of	Madagascar	was	obtained	as	
described	in	the	text;	B)	Log	region	population	size	(x	axis)	is	plotted	against	the	
median	proportion	of	zeros	in	each	region	(y	axis,	black	points)	across	one	
hundred	simulations	of	the	metapopulation	dynamics	(quartiles	shown	in	grey)	
associated	with	increasing	magnitude	of	connectivity	scaled	by	u		(rows).	A	
negative	binomial	model	was	fitted	to	this	data	(blue	line)	to	identify	the	CCS	
(see	text);	this	was	compared	to	the	reported	range	(red	arrows).	C)	Increasing	
values	of	u	(x	axis	from	4e-6	to	1.8e-5)	result	in	declining	estimates	of	the	CCS	(y	
axis)	as	expected:	rubella	should	be	able	to	persist	at	smaller	population	sizes	in	
more	highly	connected	populations	where	metapopulation	rescue	is	more	likely.	
The	range	of	values	of	u	that	match	the	reported	range	(shaded	red	area)	ranges	
from	9·5e-6	to	1·5e-5,	and	this	was	used	to	explore	the	consequences	of	
vaccination.		
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Figure	S5:	Simulated	metapopulation	of	rubella	in	Madagascar	showing	
biweekly	case	counts	for	each	of	the	22	regions,	with	introduction	of	vaccination	
at	levels	reported	for	measles	in	the	21st	year	of	the	simulation	(vertical	red	line).		
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Figure S6: The average annual burden of Congenital Rubella Syndrome for 
R0=8 A) Simulated average annual burden in the absence of vaccination; B) 
Simulated deterministic average annual burden of CRS over 30 years following 
introduction of routine vaccination only, using the conservative scale (i.e., 2015 
values, see Table 1); C) Simulated deterministic average annual burden of CRS over 
30 years following introduction of routine vaccination with a starting campaign 
reaching up to age 10 with 60% coverage, and follow-up campaigns to age 5 
occurring every 4 years. See Table S1 for the full set of results. D) Simulated 
deterministic average annual burden of CRS over 30 years following introduction of 
routine vaccination with a starting campaign reaching up to age 10 and a follow-up 
campaign to age five occurring every four years. Both campaigns have a coverage of 
60%. See Table S1 for the full set of results. 
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Table S1: Results of deterministic simulations of the average annual burden of CRS for the 22 regions of Madagascar over 30 years for 

R0=5 (first rows) and R0=8 (subsequent rows); and consequences of introduction of RCV into Madagascar for conservative (columns 3-

6) and current administrative estimates (columns 7-10) of vaccination coverage; see Table 1 in the main text for vaccination coverage 

values used.  

 

  Conservative vaccination coverage (2015 estimates) Administrative vaccination coverage (2014) 

Region 
CRS 
burden 

Ratio 
with 
only 
routine 

Ratio 
routine + 
SIA and 
starting 
campaign 
to age 10 

Number of 
years 
showing a 
transient 
CRS 
increase, 
routine 
only 

Number of 
years showing 
a transient 
CRS increase, 
routine + SIA 
and starting 
campaign to 
age 10 

Ratio 
with 
only 
routine 

Ratio 
routine + 
SIA and 
starting 
campaign 
to age 10 

Number of 
years 
showing a 
transient 
CRS 
increase, 
routine only 

Number of 
years showing 
a transient 
CRS increase, 
routine + SIA 
and starting 
campaign to 
age 10 

Results for R0=5          
Alaotra-
Mangoro 25·63 0·86 0·00 0 0 0·15 0·00 0 0 
Amoron'i 18·38 0·93 0·00 0 0 0·13 0·00 0 0 
Analamanga 72·44 0·22 0·01 0 0 0·15 0·01 0 0 
Analanjirofo 23·49 0·93 0·01 7 0 0·13 0·01 0 0 
Androy 17·18 1·01 0·00 18 0 0·21 0·00 0 0 
Anosy 16·84 0·92 0·00 0 0 0·12 0·00 0 0 
Atsimo-
Andrefana 37·56 1·01 0·00 20 0 0·15 0·00 0 0 
Atsimo-Atsinana 24·34 1·01 0·00 20 0 0·48 0·00 0 0 
Atsinanana 24·19 0·82 0·01 0 0 0·15 0·01 0 0 
Betsiboka 7·03 0·99 0·00 18 0 0·11 0·00 0 0 
Boeny 18·38 0·92 0·01 0 0 0·12 0·01 0 0 
Bongolava 8·94 0·63 0·01 0 0 0·36 0·01 0 0 
Diana 14·79 0·85 0·01 0 0 0·13 0·01 0 0 
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Haute matsiatra 36·35 0·87 0·00 0 0 0·11 0·00 0 0 
Ihorombe 8·87 1·04 0·00 20 0 0·09 0·00 0 0 
Itasy 18·36 0·37 0·00 0 0 0·27 0·00 0 0 
Melaky 6·12 1·00 0·01 18 0 0·71 0·01 0 0 
Menabe 14·09 0·99 0·01 18 0 0·16 0·00 0 0 
Sava 22·93 0·88 0·01 0 0 0·11 0·01 0 0 
Sofia 27·04 0·96 0·01 13 0 0·11 0·01 0 0 
Vakinankaratra 46·69 0·17 0·00 0 0 0·10 0·00 0 0 
Vatovavy 
Fitovinany 40·49 0·56 0·00 0 0 0·13 0·00 0 0 
Results for R0=8          
Alaotra-
Mangoro 10·65 1·24 0·00 20 0 0·77 0·00 0 0 
Amoron'i 7·56 1·23 0·00 20 0 0·55 0·00 0 0 
Analamanga 33·25 0·86 0·01 7 0 0·29 0·01 0 0 
Analanjirofo 10·09 1·15 0·00 20 0 0·16 0·00 0 0 
Androy 7·14 1·05 0·00 22 0 0·99 0·00 18 0 
Anosy 6·99 1·22 0·00 20 0 0·16 0·00 0 0 
Atsimo-
Andrefana 15·26 1·07 0·00 22 0 0·90 0·00 7 0 
Atsimo-Atsinana 9·82 1·03 0·00 22 0 1·23 0·00 20 0 
Atsinanana 11·21 1·09 0·01 19 0 0·34 0·01 0 0 
Betsiboka 2·87 1·18 0·00 22 0 0·13 0·00 0 0 
Boeny 7·79 1·18 0·00 20 0 0·13 0·00 0 0 
Bongolava 3·94 1·12 0·01 19 0 1·01 0·01 18 0 
Diana 6·48 1·15 0·01 20 0 0·15 0·01 0 0 
Haute matsiatra 14·45 1·32 0·00 21 0 0·26 0·00 0 0 
Ihorombe 3·43 1·18 0·00 22 0 0·10 0·00 0 0 
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Itasy 7·51 1·14 0·00 19 0 1·08 0·00 19 0 
Melaky 2·59 1·07 0·01 21 0 1·20 0·01 20 0 
Menabe 5·91 1·13 0·00 21 0 0·85 0·00 3 0 
Sava 9·73 1·19 0·00 20 0 0·12 0·00 0 0 
Sofia 11·82 1·11 0·01 21 0 0·12 0·00 0 0 
Vakinankaratra 19·52 0·91 0·00 15 0 0·10 0·00 0 0 
Vatovavy 
Fitovinany 16·36 1·26 0·00 20 0 0·60 0·00 0 0 
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