The Journal of Infectious Diseases : -
1& hivm .
SUPPLEMENT ARTICLE f{’wIDDSSAmm oxsor

Estimating Transmission Parameters for Respiratory
Syncytial Virus and Predicting the Impact of Maternal and
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Background. Respiratory syncytial virus (RSV) is a leading cause of respiratory tract illness in young children and a major cause
of hospital admissions globally.

Methods. Here we fit age-structured transmission models with immunity propagation to data from the Netherlands (2012-
2017). Data included nationwide hospitalizations with confirmed RSV, general practitioner (GP) data on attendance for care from
acute respiratory infection, and virological testing of acute respiratory infections at the GP. The transmission models, equipped with
key parameter estimates, were used to predict the impact of maternal and pediatric vaccination.

Results.  Estimates of the basic reproduction number were generally high (R > 10 in scenarios with high statistical support),
while susceptibility was estimated to be low in nonelderly adults (<10% in persons 20-64 years) and was higher in older adults
(>65 years). Scenario analyses predicted that maternal vaccination reduces the incidence of infection in vulnerable infants (<1 year)
and shifts the age of first infection from infants to young children.

Conclusions.

Pediatric vaccination is expected to reduce the incidence of infection in infants and young children (0-5 years),

slightly increase incidence in 5 to 9-year-old children, and have minor indirect benefits.
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Respiratory syncytial virus (RSV) infection results in a substan-
tial disease burden in young children and older adults in all parts
of the world [1-4]. For instance, it has been estimated that ap-
proximately 3 million hospitalizations and up to 150 000 deaths
may occur globally in children younger than 5 years [4], and that
total disease burden in adults over 65 years may be even larger
[3]. Unsuccessful attempts to develop a vaccine in the 1960s [5]
have given way to optimism that a vaccine or long-acting mon-
oclonal antibodies will become available in the foreseeable fu-
ture. Vaccines under development contain of a wide range of
vaccine formulations and are aimed at different target groups.
Vaccination strategies include maternal vaccination using
particle-based and subunit vaccines, pediatric vaccination with
live attenuated vaccines, and vaccination of older adults using
particle-based, subunit, and vector-based vaccines [6-10].

Even though several vaccine candidates are homing in on

the final stages of clinical trials, many unknowns remain, in
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particular on vaccine efficacy and duration of protection. In ad-
dition, there is at present still only a partial quantitative under-
standing of the transmission dynamics of RSV [11-16]. These
studies show that incidence is highest in infants and young
children (0-2 years), that children (1-10 years) are drivers of
the yearly epidemics, while infant infections are commonly
caused by siblings in the household, and that the disease burden
in older adults is nonnegligible. Transmission models to date
have built on this information, and have either used small data
sets or have not included formal parameter inference, focusing
on household models in selected low-income countries, on a
variety of maternal and pediatric vaccination strategies, and
even on including the impact of current and future climatic
drivers [6, 17-22].

Here we fit age-structured epidemic models to popula-
tion data from the Netherlands (2012-2017), in particular
RSV coded hospitalizations (n = 12 038), general practi-
tioner (GP) consultations for acute respiratory infection
(ARL n = 877 752), and virological testing of ARI at the
GP (n = 4514). We integrated the data in a Bayesian evi-
dence synthesis [23] while adopting a multiyear approach
in which susceptibility from one epidemic to the next in-
creases by demographic turnover and waning of immunity.
Quantifying the gains of immunity during an epidemic to-
gether with interepidemic losses of immunity is crucial for
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proper evaluations of the impact of vaccination with vaccines
that do not provide permanent immunity [24-27]. We pro-
vide a comparative assessment of high-coverage maternal
and pediatric vaccination, illustrating how the analyses can
give insights into the expected impact of vaccination.

METHODS

Data

Transmission models were fitted to 3 data sets. The first con-
tains weekly age-stratified hospitalizations with confirmed
RSV in the Netherlands for the years 2013-2017. Details, in-
cluding ICD10 codes used and numbers of cases are given in
the Supplementary Material. Second, we obtained GP con-
sultations for ARIs from the Nivel Primary Care Database
from 2012 to 2017. For each of the age classes and weeks, the
number of cases and size of the catchment populations are
available (covering approximately 7% of the Dutch popula-
tion). Third, patient age-specific virological data are avail-
able from RIVM/Nivel sentinel surveillance of influenza-like
illness and ARI [28]. These data are obtained from a small
subset of approximately 40 GP practices representing 0.8%
of the population in the Netherlands. Available specimens
were tested for influenza virus, RSV, rhinovirus, and entero-
virus using reverse transcription polymerase chain reaction
(RT-PCR). Finally, age-specific contact rates are hard-wired
into the model and were obtained from a contact survey car-
ried out in the Netherlands in 2006-2007 [29]. Data are avail-
able in our repository (www.github.com/mvboven/RSV) and
details are given in the Supplementary Material.

Transmission Model

At the core are age-structured SIR transmission models
describing transmission of RSV in the population during an
epidemic. In the models, individuals are classified as sus-
ceptible (S), infected and infectious (I), or removed (ie, im-
mune, R). Throughout, we consider 7 age classes, that is [0,1)
years (abbreviated as 0 year), [1,5) years (1-4 years), [5,10)
years (5-9 years), [10,20) years (10-19 years), [20,45) years
(20-44 years), [45,65) years (45-64 years), and [65,100)
years (65+ years). These age groups correspond to a natural
grouping of individuals by similarity of contact patterns while
taking into account that only limited case data are available
for nonelderly adults [29].

If we let the vectors x(t), y(t), and z(t) contain the age-specific
relative frequencies of S, I, and R in different age groups, then
z(t) = 1 — x(t) — y(t) represent the age-specific frequencies of
removed individuals. The model dynamics are governed by the
following ordinary differential equations:

x = —Bdiag (x) Cy (1)
. . 1
y = Bdiag (x) Cy — 4

where B, D, and C are the transmission rate parameter, infec-
tious period, and contact matrix. As is common practice, the
contact matrix is hard-wired into the model using Dutch per-
son-to-person contact rates and the demographic composition
of the Netherlands in 2014.

Details and additional results are given in the Supplementary
Material. Briefly, we mention that if the probability that an in-
fected persons reports at the GP or hospital is proportional to in-
fectiousness of the individual, then the seemingly simple model
in Equation (1) has broad applicability, and in particular can de-
scribe a scenario with variable severity, variable infectiousness,
and variable probability of reporting for infections [30].

Immunity Propagation and Demographic Transitions

Next, we include demographic transitions and immunity prop-
agation into the model [24-27]. To this end, we separate the
epidemic occurring in winter from demographic turnover and
immunity losses occurring throughout the year. Starting from
initial conditions in a given year describing the fraction of the
population that is immune in different age classes, the epi-
demic is modelled by the ordinary differential equations given
in Equation (1). At the end of the epidemic, susceptibility in
the population will have decreased and immunity will have in-
creased. Subsequently, losses of immunity and demographic
transitions between seasons are modelled with a discrete map-
ping, yielding the susceptibility (initial conditions) for the next
epidemic. Details and additional scenarios are presented in the
Supplementary Material.

Observation Model

Next, we specify the observation model. Throughout, each
incident infection in age group a has an age-specific proba-
bility pS* to be reported as an ARI case at the GP, and an (in-
dependent) age-specific probability pZDSP to be reported as a
confirmed RSV case in the hospital. Not all ARIs at the GP are
caused by RSV, however, and we add a function 548! (¢) for all
other causes of ARI at the GP. These other sources include in-
fluenza, rhinovirus, enterovirus, and others, and can be highly
variable between years, within a year, and between age groups.
To accommodate this variability, we fit a flexible cubic spline
to each epidemic season and age group. Details are given in the
Supplementary Material.

Parameter Estimation

Parameters are estimated in a Bayesian framework using
Hamiltonian Monte Carlo, implemented in Stan [31]. Main
parameters are the basic reproduction number (R ), the in-
fectious period (D), the reporting probabilities for hos-
pitalization and GP consultation in different age groups
(pZOSp and pSP), the age-specific probabilities that immu-
nity is retained from one epidemic to the next (f,), and the
spline weights. Because data were scarce in adults, we have

Transmission Dynamics of RSV « JID 2020:222 (Suppl7) « S689


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa424#supplementary-data
http://www.github.com/mvboven/RSV
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa424#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa424#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa424#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa424#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa424#supplementary-data

lumped reporting probabilities in the age groups 5-9 years,
10-19 years, 20-44 years, and 45-64 years. In addition, we
estimated the rate parameter of the gamma prior distribution
for the B-splines generating the background ARI. Prior dis-
tributions and other details are given in the Supplementary
Material.

Vaccination

As an illustration, we provide 2 vaccination scenarios based on
the model that had been fitted to the data. In both scenarios
we assumed an effective vaccination coverage of 50%. The first
scenario mimics maternal vaccination, by removing part of in-
fant age group (0 year) from the susceptible compartment to
a temporarily protected vaccinated compartment. Here we as-
sumed, quite arbitrarily in the absence of information from
clinical studies, that maternal vaccination provides protection
for 6 months, so that half of the infants born from maternally
vaccinated mothers in the first age group are protected (those
under 6 months of age). For a vaccination coverage of 50%, we
thus move 0.5 X 50% = 25% of infants to the protected com-
partment. The second scenario is loosely based on a pediatric
vaccination program. Here we assumed that vaccination is ad-
ministered in the first half year of life in a diphtheria, tetanus,
and pertussis (DTaP-IPV)-like program, so that 25% of infants
in the first year of life are protected (those 6-12 months of age).
We assumed that immunity lasts as long as individuals are in
the 0 year and 1 to 4-year age classes, and is lost thereafter. We
also assumed that susceptibility at the start of epidemics is de-
termined fully by the estimated rates at which immunity is lost,
neglecting potential year-to-year variations (eg, caused by var-
iable evolution of the virus). Using 1000 samples from the pos-
terior distribution we performed 1000 vaccination simulations
for both scenarios. We ran the model for 20 years without vac-
cination, and then for an additional 20 years with vaccination.
The impact of vaccination is calculated as 1 minus the ratio
of the infection attack rates after 20 years with and 20 years
without vaccination.

RESULTS

Estimation

Supplementary Table 1 shows the parameter estimates (poste-
rior medians and 95% credible intervals [CrlI]). Estimates of
the reproduction number were high (21.9; 95% CrI, 20.1-25.7),
and the infectious period was estimated at more than 2 weeks
(2.5 weeks; 95% CrI, 2.2-2.8). The probability of hospitalization
was estimated with some precision, and was highest in infants
(0.014; 95% Crl, 0.013-0.015), approximately an order of mag-
nitude lower in young children and older adults (1-4 years and
65+ years), and much lower in children and adults (5-64 year).
For the probability of GP consultation, estimates were slightly
less precise and differences between age groups were less pro-
nounced. The fractions of the population that retained their

immunity was high in most age groups (>0.9), and lower in
older adults (65+ years, 0.85; 95% CrI, 0.64-0.96), and highly
uncertain in young infants (0.47; 95% CrI, 0.02-0.97).

Figure 1 (GP consultations) and Supplementary Figures 2
and 3 (hospitalizations and virological data) show the data with
model fit. Overall, the hospitalization data, GP consultations,
and virological data are largely in agreement, both with respect
to timing of the epidemics and age groups affected. Incidence,
in terms of the proportion within the groups that is infected,
was by far highest in infants, lower in young children, and much
lower in all other age groups (see the repository for full results).
Interestingly, while in the youngest age groups epidemics were
very similar in size, there was substantial variation in the yearly
attack rates in older age groups. In fact, in infants the estimated
yearly attack rates were 0.73 (95% Crl, 0.69-0.78) in 2012/2013,
0.69 (95% Crl, 0.64-0.73) in 2013/2014, 0.67 (95% Crl, 0.62-
0.73) in 2014/2015, 0.70 (95% CrI, 0.66-0.74) in 2015/2016,
and 0.79 (95% Crl, 0.75-0.84) in 2016/2017 (Supplementary
Table 4). In young children (1-5 years), the corresponding es-
timated attack rates were also similar between epidemics, with
median infection attack rates ranging from 0.19 to 0.30. In older
adults (older than 65 years), on the other hand, estimates were
more variable, ranging from less than 0.03 in 2012/2013 and
2013/204 to more than 0.17 in 2016/2017 (Supplementary Table
4). In fact, in older adults RSV incidence seems to be increasing
over time, and was highest in the 2016/2017 epidemic. This
increase is visible in all 3 data sets: unusually high incidence of
RSV confirmed hospitalizations and high incidence of GP con-
sultations in 2016/2017, and high positive rates in virological
data in 2016/2017.

The analyses also provide estimates of the fraction of ARI re-
ported at the GP that can be attributed to RSV (calculated as the
ratio of the ARI caused by RSV and ARI caused by RSV and other
causes). In the years analyzed here, the RSV epidemic invariably
peaked in the period between December and early February.
During this period and in infants, the probability that ARI con-
sultations at the GP are due to RSV were high, ranging from 20%
to more than 50%. To a lesser extent this also applied to young
children (1-5 years). In older children and adults, on the other
hand, RSV infection was a very unlikely cause of GP consulta-
tion. Exceptions to this rule were GP visits in older adults at the
peak of the 2015/2016 and 2016/2017 RSV epidemics. In these
years, it is estimated that at the peak of the epidemic up to 50% of
GP consultations with ARI in older adults may have been caused
by RSV. As a result, in 2016/2017 more than 500 weekly consult-
ations in older adults were caused by RSV infection at the epi-
demic peak, which is substantially more than the number of GP
consultations in infants caused by RSV (Figure 1).

In the default scenario there are strong correlations between
the basic reproduction number, the infectious period, and the
reporting probabilities. Typically, a high reproduction number
is associated with a long infectious period (to get the right
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Figure 1. Weekly age-stratified number of GP consultations for ARI in the Netherlands (dots) with model fit (lines) for age groups 0-1, 1-5, and 65+ years. Bold lines

correspond to posterior medians, and shaded areas represent 95% credible ranges of the posterior distribution. Gray lines represent the total weekly numbers of ARl and
colored lines represent ARI that was attributed to RSV. The sudden changes at the end of calendar years were caused by changes in the number of participating GPs, leading
to changes in the size of catchment populations. Abbreviations: ARI, acute respiratory infection; GP, general practitioner; RSV, respiratory syncytial virus.

shape and duration of epidemics), and with higher incidence
and lower reporting probabilities (Supplementary Figure 5). In
a sensitivity analysis we therefore fixed the expected duration
of the infectious period at 1 week. The results show that esti-
mates of the reproduction number strongly decreased (5.7; 95%
Crl, 5.5-6.0), and that estimates of the reporting probabilities
strongly increased (Supplementary Table 5). Comparison of the
2 scenarios using the Widely applicable Bayesian Information
Criterion (WBIC) indicates that there is strong statistical evi-
dence in favor of the default model scenario (AWBIC = 109).
More importantly, in the variant scenario the estimated infec-
tion attack rates in infants were much lower than in the default
scenario (Supplementary Table 6; 0.29 in 2012-2013, 0.27 in
2013-2014, 0.27 in 2014-2015, 0.27 in 2015-2016, and 0.33
in 2016-2017). This is biologically implausible in view of ana-
lyses of serological data from the Netherlands, which show that
a majority of infants are infected at the age of 1 year [32]. We
have further explored a scenario with low reproduction number
and more frequent reinfection in adults. This scenario also had
similarly low statistical support (not shown). We conclude that
in the absence of evidence of substantial circulation of RSV in

children and adults in our data (5-64 years), the analyses point
to high values of the basic reproduction number.

Vaccination

The transmission model was used to gauge the impact of vac-
cination. In both the scenario with maternal vaccination and
the scenario with pediatric vaccination we assumed an effective
vaccination coverage of 50%. In both scenarios the attack rates
in the targeted groups were most strongly reduced during a 2
to 4-year honeymoon period after the start of the vaccination
campaign (not shown) [33]. After this period, a stable pattern
emerged with regular yearly epidemics. Supplementary Table
2 shows the results 20 years into the vaccination campaign.
Without vaccination, the infection attack rates were very high
in infants, high in 1 to 4-year-old children, and much lower in
all other age groups. Maternal vaccination reduced the attack
rates in infants (27% decrease), but lead to an increase in 1 to
4-year-old children (10% increase). The impact on the attack
rates in older adults was negligible. For infant vaccination, the
reduction in the attack rates in infants was comparable (30%
decrease). In addition, pediatric vaccination also reduced the
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attack rates in children (1-4 years, 24% decrease; 5-9 years, 8%
decrease), and had negligible impact in adults.

DISCUSSION

Our analyses provide estimates of transmission parameters of
RSV (reproduction number, infectious period) together with
elements of the reporting pyramid (probabilities of hospitali-
zation and GP consultation) while taking into account losses of
immunity by demographic turnover and waning of immunity
during interepidemic periods. The results indicate that RSV is
among the most transmissible infectious diseases, and yield rea-
sonable estimates of the probabilities of hospitalization and GP
consultation (Supplementary Table 1). Importantly, estimates of
the rates at which natural immunity is lost were low in most age
groups (approximately 6% per year), uncertain in young infants,
and substantially higher in older adults (approximately 15% per
year). This is true not only in our default model scenario with
high estimated reproduction number but also in the scenario
with an infectious period with fixed expected duration. This
implies that a substantial proportion of older adults, up to 15%
in our default scenario, may be susceptible to infection.

Overall, the different data sources are in remarkable agreement,
and point to high infection attack rates per epidemic in infants
(67%-79%), followed by young children (1-4 years; 19%-32%),
and older adults (65+ years; 3%-18%). In other age groups, esti-
mated attack rates were low (<5%) owing to the paucity of hospi-
talizations with confirmed RSV and virological positives in these
age groups. Comparing the different RSV seasons, we found that
in infants and children the attack rates were broadly similar, while
in older adults there was a clear increase in infection attack rates
in the 2016/2017 epidemic. The increase is visible both in the
hospitalizations and virological data. There is evidence that the
increase in older adults may be caused by specific antibody epi-
tope escape mutations in the G protein of the circulating RSV-A
virus, in particular the K216N mutation [34]. It would be inter-
esting to try to use (real-time) sequencing data not only for post
hoc comparisons but also for predictive purposes (by predicting
which strains are antigenically most advanced), as has been at-
tempted for the influenza A H3N2 subtype [35].

The results presented here indicate that RSV may be substan-
tially more transmissible than suggested by previous studies
[13, 18, 36]. The main reason is that infants are infected at a
very young age (mean age at first infection is <1 year), while our
estimates imply that infections are rare in older children and
adults (Supplementary Table 4). Part of the discrepancy may
be due to the fact that previous studies have often focused on
low- and middle-income countries, and that the epidemiology
in these countries differs from the situation in the Netherlands.
Ultimately, direct observations using large cohorts that are
densely sampled over time may be needed to provide more de-
finitive answers to the question of the true level of circulation of
RSV in older children and nonelderly adults.

We used the model to analyze the impact of maternal and
pediatric vaccination that takes herd effects into account (see
[37] for an alternative attempt without herd effects). Assuming
a vaccination coverage of 50% and perfect vaccine efficacy, we
found that both maternal vaccination and pediatric vaccina-
tion were able to reduce the attack rate in infants. By shifting
the ages at infection upward, however, maternal vaccination
is expected to increase the infection attack rates in children.
The indirect benefits in other age groups were small due to the
high transmissibility of RSV. Of course, while maternal vacci-
nation mostly prevents infection in the first half year of life,
pediatric vaccination reduces infection in the second half of
the first year of life (assuming a DTaP-IPV-like vaccination
program), and this will in practice be crucial when comparing
these strategies. Thus, while we believe that the results on
vaccination are qualitatively robust, there remains a need for
transmission model analyses that not only take broad effects
across all age groups into account, but also include submodels
for the first years of life (eg, maternal immunity, date of birth
relative to the RSV epidemic). This will be a main challenge
for future studies.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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