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Background. While circulation of respiratory syncytial virus (RSV) results in high rates of hospitalization, particularly among
young children and elderly individuals, little is known about the role of different age groups in propagating annual RSV epidemics.

Methods. We evaluate the roles played by individuals in different age groups during RSV epidemics in the United States between
2001 and 2012, using the previously defined relative risk (RR) statistic estimated from the hospitalization data from the Healthcare
Cost and Utilization Project. Transmission modeling was used to examine the robustness of our inference method.

Results.  Children aged 3-4 years and 5-6 years each had the highest RR estimate for 5 of 11 seasons included in this study, with
RSV hospitalization rates in infants being generally higher during seasons when children aged 5-6 years had the highest RR estimate.
Children aged 2 years had the highest RR estimate during one season. RR estimates in infants and individuals aged >11 years were
mostly lower than in children aged 1-10 years. Highest RR values aligned with groups for which vaccination had the largest impact
on epidemic dynamics in most model simulations.

Conclusions. Our estimates suggest the prominent relative roles of children aged <10 years (particularly among those aged
3-6 years) in propagating RSV epidemics. These results, combined with further modeling work, should help inform RSV vaccina-

tion policies.
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Annual epidemics of respiratory syncytial virus (RSV) take place
in the United States, exerting a heavy toll in severe outcomes in
infants and young children [1-5], as well as older adults [6-8],
with rates of associated bronchiolitis hospitalizations in infants
being particularly high [9, 10]. Rates of hospitalization with
RSV infection present in the diagnosis drop oftf dramatically
with age (Table 1 in the article by Zhou et al [6] and Table 1
in this article), but those represent only a fraction of all hos-
pitalizations associated with RSV infections. Various strategies
have been used to estimate the rates of RSV-associated hospital-
ization in different age groups, including inpatient surveillance
in the community [3], prospective cohort studies [8], regres-
sion-based statistical analyses [6, 7], and procedures for cor-
recting missing or misclassified diagnoses by attributing certain
proportions of hospitalizations with certain diagnoses to differ-
ent etiologies [5]. Still, our understanding of the hospitalization
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burden stemming from RSV circulation is incomplete [11], par-
ticularly for the adult populations [12].

Given the high burden of severe outcomes associated with
RSV, it would be useful to understand the roles of different
population groups in propagating RSV epidemics in the com-
munity. Such information should contribute to our overall
understanding of RSV epidemiology and help inform mit-
igation efforts particularly vaccination, with a variety of RSV
vaccine candidates for different populations being in different
stages of development [13, 14].

Elsewhere, we developed a method for assessing the roles
of different subpopulations in transmission during epidemics
of infectious diseases [15-17]. The idea of that method is that
subpopulations that play a disproportionate role during the
outbreak’s ascent due to increased susceptibility and/or con-
tact rates can be related to the relative risk (RR) statistic that
evaluates the change in the subpopulation’s proportion among
all cases in the population before versus after the epidemic’s
peak (see Methods). Previously, we estimated the RR statis-
tics in select age groups for several influenza epidemics in the
United States, using data on hospitalized cases for the inference
[15]. An important aspect of the method we proposed is that
the results do not depend on case-hospitalization rates in dif-
ferent age groups [15]. Moreover, we used simulations in the
context of influenza and pertussis epidemics [15, 16] to show an
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association between a higher value for an RR statistic in a given
age group and a higher impact of vaccinating an individual in
that age group on the reduction in the epidemic’s initial repro-
ductive number/growth rate.

In this article, we estimate the RR statistic in different age
groups for 11 RSV epidemics in the United States, using data on
RSV hospitalizations in a collection of US states between 2001 and
2012 [18]. We consider a fine age stratification for young children
to examine how their role during RSV epidemics changes with
age progression. We compare the RR estimates in different age
groups across 11 RSV epidemics and use simulations of transmis-
sion dynamics to investigate the relation between the values of the
RR statistic in different age groups and the relative roles that those
groups play in propagating RSV epidemics. We then discuss the
relevance of our findings to the potential impact of vaccination.

METHODS

Data

We used weekly data on hospitalizations with an RSV diagnosis
(both primary and contributing; International Classification
of Diseases, Ninth Revision, codes 079.6, 466.11, and 480.1)
from the State Inpatient Databases of the Healthcare Cost and
Utilization Project (HCUP), maintained by the Agency for
Healthcare Research and Quality through an active collab-
oration [18]. This database contains hospital discharges from
community hospitals in participating states. We compiled data
from the 2001-2002 RSV season through the 2011-2012 RSV
season for 10 different age groups (see the “Before and After
the Peak Counts” subsection) and 26 participating states that
reported continuously to HCUP between week 27 in 2001 and
week 26 in 2012. Those states (that represented about 54.3%
of the US population between 2001 and 2012) are Arizona,
California, Colorado, Connecticut, Georgia, Iowa, Illinois,
Kentucky, Maryland, Minnesota, Missouri, North Carolina,
Nebraska, New Jersey, Nevada, Ohio, Oregon, Rhode Island,
South Carolina, South Dakota, Tennessee, Utah, Vermont,
Washington, Wisconsin, and West Virginia. Each RSV season
was defined as a period between calendar week 27 of one year
through calendar week 26 of the next year. One year (2006)
had 53 calendar weeks; the corresponding season was defined
as the period from week 27 of 2006 through week 25 of 2007.
Aggregate hospitalization data were used in our analyses, with
no informed consent from participants sought.

Before and After the Peak Counts

Data on the cumulative number/rate per 100000 of RSV hos-
pitalizations in different age groups during each season (pre-
sented in Table 1) were part of the motivation for the following
age splitting (in years) for our analysis: <1, 1, 2, 3-4, 5-6, 7-10,
11-17, 18-49, 50-64, and >65. For each season and each state
s, we defined the peak week P(s) for that state as the calendar
week with the highest total number of RSV hospitalizations in
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the state (with results of the analyses utilizing a 3-week moving
average presented in the Supporting Information, section S2).
Each case in the state s during each given season was classi-
fied as before-the-peak case if it occurred in or prior to week
P(s)—2; after-the-peak case if it occurred in or after week
P(s)+2. We exclude cases occurring between weeks P(s)—1
and P(s)+1 from the analysis because of the misclassifica-
tion of counts as before or after-the-peak stemming from the
noise in the count data for the hospitalized cases, differences
in case-hospitalization rates (proportion of RSV infections that
result in hospitalizations with an RSV diagnosis) for the various
age groups, and other factors that may result in different peak
times for the counts of the hospitalized cases vs. cases of infec-
tion in the community. For each age group g, before-and-after
the peak seasonal counts in that age group in different states
were combined into national before-and-after the peak counts
B(g) and A(g) correspondingly.

Statistical Inference
The point estimate for the seasonal relative risk RR(g) in an age

group g is

Blg) ,_ Alg)

Y e B 2 AD) (1)

The estimates and confidence bounds for relative risks in each
group were obtained in a Bayesian framework following the
methodology in [15]. Briefly, as the number of cases of infec-
tion in each age group is large and case-hospitalization rates
(see the previous subsection) are low, we assume that the num-
bers of reported cases in each age group before an after the peak
are Poisson distributed. Posterior samples of size 100 000 for
the Poisson parameters (with a flat prior) corresponding to the
counts B(h),A(h) are generated; for each i = 1,..,100000, the
corresponding parameters B’ (h), A’ (h) are plugged into eq. 1 to
generate an estimate RR'(g) for the relative risk. The mean and
the credible interval for the sample (RRi(g)) (i =1,.,100000)
are then extracted.

Simulations

We simulated RSV epidemics in an age-stratified population
(based on the 2016 US population), modeling the transmission
dynamics using a stratified mass action SIR framework (see
Supporting Information for full details). Importantly, we allowed
for variability in the distribution of susceptibility to infection
within each age group for each fixed average susceptibility to infec-
tion within that age group. We have simulated 250 000 epidemics
by varying the distribution of susceptibility to infection in dif-
ferent age groups within the ranges described in the Supporting
Information, keeping other transmission parameters fixed. For
each simulated epidemic, we have calculated, for each age group,
its relative risk RR (defined according to eq. 1), as well as the
impact of giving 1 dose of a perfect vaccine to each of 1 million
members of that age group (equivalent to removing 1 million

members of that age group from the transmission process) on
the epidemic’s initial effective reproductive number/growth rate
in the whole population. We then estimated the proportion of
epidemics for which the group with the highest RR is also the
group for which 1000000 doses of a perfect vaccine would yield
the largest reduction in the epidemic’s initial effective reproduc-
tive number R

o
epidemics for which there was a discordance between the group

(initial). Additionally, we compared the set of

with the leading RR and the group with the highest impact of
administering 1 million vaccine doses on reducing R, (initial)
(discordant epidemics) with the whole collection of 250000 sim-
ulated epidemics in terms of the distributions of susceptibility to
infection in different age groups.

RESULTS

Estimates of RR in Different Age Groups During Eleven RSV Epidemics in
the United States (2001-2012)

Table 1 presents the cumulative number and the rate per 100000
of RSV hospitalizations during each season in select age groups
between 2001-2012 for the 26 states included in our analyses (see
Methods). There is an apparent upward trend in the annual hospi-
talization counts/rates in all age groups over 3 years of age (being
most pronounced in adults), likely indicative of temporal changes
in RSV detection/diagnostic practices. We note that differences in
the counts/rates of hospitalization with an RSV diagnosis by age
need not correspond to differences in the rates of RSV-associated
hospitalization, or infection by age — see also the 1* paragraph
of the Introduction. Figure 1 presents the seasonal estimates of
the relative risks RR (eq. 1) in select age groups (with numeri-
cal estimates/confidence bounds presented in Tables S4/S5 in the
Supporting Information). Children aged 3-4 years and 5-6 years
each had the highest RR estimate for 5/11 seasons in the data,
with RSV hospitalization rates in infants being generally higher
during seasons when children aged 5-6 years had the highest RR

Annual RR estimates

Season

Figure 1. Annual relative risk (RR) estimates for the 10 age groups used in the
analysis.
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estimates (Table 1 and Figure 1). Children aged 2 years had the
highest RR estimate during one season, with RR estimates in chil-
dren aged 2 years being higher than the ones in children aged 1
year during 9/11 seasons. RR estimates in infants and individuals
aged 11 years and older (dashed lines) were mostly lower than
in children aged 1-10 years (solid lines), with the biggest excep-
tion being the RR estimate for children aged 11-17 years during
the 2003-04 season. Additionally, RR estimates in children aged
under 5 years were more stable than the RR estimates in school-
age children, with the latter estimates spiking during the 2003-04
and the 2009-10 seasons (which also represent the two largest
influenza epidemics during the study period).

Simulated Epidemics

For the 250000 simulated epidemics, the highest RR estimate
belonged to children aged 3-4 years and 5-6 years in 47.6% of
simulations each, to children aged 7-12 years in 2.8% of simu-
lations, to adolescents aged 13-19 in 1.9% of simulations, and to
adults aged 20-39 years in 0.05% (133/250000) of simulations.
Overall, 73.5% of simulated epidemics were concordant, mean-
ing that the age group with the highest RR was also the group
for which vaccination of 1 million individuals yielded the biggest
reduction in the epidemic’s initial effective reproductive number/
growth rate. This proportion conconcordant varied from 86%
among simulated epidemics for which children aged 5-6 years
had the highest RR estimate, to 68.3% among simulated epidem-
ics for which children aged 3-4 years had the highest RR estimate,
to 0.1% among simulated epidemics for which children aged
13-19 years had the highest RR estimate, to 0% (none) among
simulated epidemics for which either children aged 7-12 years or
adults aged 20-39 years had the highest RR estimate. Comparing
the features of concordant to discordant epidemics, for which the
greatest impact of vaccination was not seen in the group with the
highest RR, we found that for each age group, discordant epidem-
ics with the highest RR belonging to that age group had, on aver-
age, a lower fraction of susceptible individuals in that age group,
but a higher susceptibility to infection per susceptible individual
in that age group (see Table S3 in the Supporting Information).

DISCUSSION

Annual RSV epidemics in the United States exert a heavy burden
of severe disease in young children, particularly infants [1-5],
and among the elderly [6-8, 12], but the role that the different
age groups play in the dynamics of RSV infections in the com-
munity remains unclear. In this study, we examine the role of
individuals in different age groups in propagating the annual
RSV epidemics in the United States by applying the RR statistic
introduced in our earlier work [15-17] to the US hospitalization
data between 2001-2012 [18]. Additionally, we study the robust-
ness of our inference method by relating the values for the RR
statistic in various age groups to the impact of vaccination of
individuals in those age groups on the epidemic’s initial growth

rate using simulations. Our results indicate that the highest esti-
mates for the RR statistic belonged to either children aged 3-4
years or 5-6 years for most RSV epidemics in the US between
2001-2012. Moreover, rates of hospitalization in infants with
RSV present in the diagnosis were generally higher during those
seasons when children aged 5-6 years had the highest estimate
for the RR statistic. This suggests the significant relative role of
children in an age subgroup above 4 years of age during RSV epi-
demics, a finding that has received limited illustration in the lit-
erature (compare to [19, 20]). Additionally, our estimates for the
RR statistic for infants and individuals over the age of 11 years
were generally lower than the ones for children aged 1-10 years.

While several vaccine candidates for the infant and the pedi-
atric populations are currently in different stages of develop-
ment [13, 14], the schedule for RSV vaccine administration
in non-infant populations is unclear. Such a schedule should
account for both the direct protection imparted by vaccines,
as well as the impact of vaccination on RSV transmission in
the community. We hope that our study makes a contribution
towards examining those issues in suggesting the prominence
of children aged <10 years (particularly pre-school and younger
school-age children) relative to children aged over 10 years and
adults in propagating RSV epidemics.

There is some uncertainty in the relation between the value
of the RR statistic in a given age group and the role played by an
average individual in that age group in transmission dynamics.
Building on our earlier work ([15, 16]), we have attempted to
address this issue through simulations of transmission dynam-
ics in the context of RSV epidemics. Similarly to [15, 16], we
have found an association between having the highest value for
an RR statistic in an age group and the highest impact of vac-
cination of an individual in that age group on the epidemic’s
initial growth rate/reproductive number. At the same time, this
association was violated for certain combinations of contacts
rates and distributions of susceptibility to infection in different
age groups, particularly when the distribution of susceptibility
to infection in some age groups was significantly more heterog-
enous than in others (see Supporting Information, section S1).
Given that the estimates of the RR statistic for the different age
subgroups of children between the ages of 1 to 10 years (which
vary a good deal in terms of their contact rates and distribu-
tion of susceptibility to infection) were mostly higher than the
RR estimates in different subgroups of individuals aged over 10
years, this suggests that the relative role of an individual aged
11 years and older in propagating RSV epidemics was generally
lower than the relative role of a child aged 1-10 years.

The interpretation of our RR estimates with regard to the rel-
ative role of different age subgroups of children aged <10 years
during RSV epidemics may be biased by certain factors. For
infants aged <1 year, the immunological status of the younger
infants changes through the course of RSV epidemics due to
the waning immunity rendered by maternal antibodies [21-23].
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Furthermore, the population of children under 1 year of age
changes during the course of an outbreak through new births
and aging, with major differences in susceptibility to infection
between the newborn children and those close to the age of
1 year. Both phenomena should distribute infections among
infants more uniformly during the different epidemic periods
and bias the estimates of the RR statistic in infants toward the
null value of 1. Additionally, infants under the age of 6 months
often do not seroconvert following RSV infections [24, 25],
and they may be prone to additional RSV infections during
the same season. Moreover, those subsequent infections are
more likely to occur during the epidemic’s descent compared
to the initial infections, which would bias the RR estimate for
infants downward. For children aged 1 year, the RR estimates
in that age group are generally lower than the RR estimates for
children aged 2-6 years. At the same time, the results of our
simulations suggest that the role of children aged 1 year could
be underestimated by the RR statistic compared to older chil-
dren if those older children have higher contact rates but a less
uniform distribution of susceptibility to infection, with a lower
fraction of susceptible individuals compared to children aged
1 year. A reverse bias in the interpretation of RR estimates is
also possible, and it could be relevant for children aged 7-10
years compared to children aged 3-6 years. Further work on
the dynamics of RSV infection in young (including school-age)
children is needed to evaluate the roles of different subgroups of
those children during RSV epidemics.

Our study has some additional limitations. While we have
used state-specific peaks of RSV hospitalizations to charac-
terize the before-vs.-after the peak cases, further asynchrony
in RSV epidemics within each state may make this categori-
zation of some cases for the corresponding local outbreaks
inaccurate. We note that this would bias all the RR estimates
toward the null value of 1, whereas the data allows for a
delineation of the groups with the highest RR estimates. For
the 2003-04 and 2009-10 seasons (that had the two largest
influenza epidemics during the study period), values of the
RR statistic for RSV epidemics for school-age children were
the highest during the study period. There are several possi-
ble explanations for this including immunological interfer-
ence between influenza and RSV, and changes in diagnosis/
laboratory testing practices through the course of a season,
possibly stemming from changes in perception regarding the
potential viral etiologies for the hospitalized cases. The latter
might introduce a bias in the RR estimates for a number of
RSV seasons, and the scope of that bias is difficult to assess
with the available data. We also note that annual rates of RSV
hospitalization in different age groups (Table 1) suggest tem-
poral (year-to-year) changes in testing practices; however
this should not bias the RR estimates (that are derived sepa-
rately during each season), unless testing/diagnostic practices

change through the course of the season in a manner that is
not uniform for all age groups [15, 17].

We believe that despite the above limitations, our study sheds
new light on the role of different age groups during RSV epi-
demics, a subject that had received limited attention in the lit-
erature. It suggests the prominence of children under the age
of 10 years (particularly those aged 3-6 years) in propagating
RSV epidemics, pointing to a potential benefit of RSV vaccine
administration in those age groups for mitigating RSV epidem-
ics in the whole community. We hope that our results combined
with further modeling work should help inform the potential
benefits that different vaccination strategies for RSV will have
in the different population groups, including infants and the

elderly.
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