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a b s t r a c t
Objectives: Elucidating the infection dynamics that lead to severe respiratory syncytial virus (RSV) pneumonia and hospitalization among young children are critical. We explored the role of infection parity as
well as age in months for RSV-associated hospitalization among young children in Japan.
Methods: We used a sequential transmission catalytic model to capture the transmission mechanisms of
RSV among infants in an endemic state. We investigated data on the age-dependent seroprevalence and
incidence rate of hospitalization in Japan, and jointly estimated the age-speciﬁc risk of hospitalization
during primary RSV infection and relative risk of hospitalization during secondary infection in children
aged <5 years.
Results: The estimated risk of hospitalization with primary infection was 0.08 (95% CI: 0.05-0.14) in
infants aged 0-2 months. The estimated relative risk of hospitalization owing to secondary infection was
0.18 (95% CI: 0.01-2.04).
Conclusion: Our simple models successfully captured the infection dynamics of RSV among young children in Japan. The age group of early infancy may be most vulnerable to infection and hospitalization,
offering key insights into future vaccinations. The burden of hospitalization from secondary infection may
be less important in young children.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious
Diseases.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction
Respiratory syncytial virus (RSV) is a single-stranded RNA virus
belonging to the family Pneumoviridae. Humans are natural hosts
of RSV, which is usually transmitted through respiratory droplets
from infected individuals or direct contact with contaminated environmental surfaces (Karron, 2017). Manifestations of RSV infection range from mild upper respiratory symptoms to severe lower
respiratory infections (e.g., bronchiolitis and pneumonia), which
can sometimes lead to death, especially in low-income settings
(Hall et al., 1979). Nearly all children are reported to be infected
with RSV by the age of 2 (Glezen et al., 1986). Reinfection with
RSV occurs throughout life but tends to be milder among healthy
older children and adults (Hall et al., 1976). There are presently no
speciﬁc approved treatments or preventive measures indicated for
all young children; therefore, the virus still causes seasonal epi∗
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demics in this age group, typically annually, with a substantial
public health impact (Li et al., 2021; Li et al., 2022; Nair et al., 2010;
Shi et al., 2017; Stein et al., 2017). Among 58 countries, the median
number of RSV-associated hospitalizations owing to acute lower
respiratory infections in children aged < 5 years was estimated to
be 8250 in 2019 (Li et al., 2021), RSV is the main cause of death
from lower respiratory infections in children aged < 1 year (Lozano
et al., 2012). In addition, antibiotic misuse in RSV treatment is common, and the risk of antimicrobial resistance represents another
serious burden associated with this infection (Obolski et al., 2021).
In Japan, RSV infection is designated as a category V infectious
disease, and pediatric sentinel surveillance has been implemented
since 2003 (Taniguchi et al., 2007). RSV infections diagnosed via
reverse transcriptase–polymerase chain reaction and rapid antigen
tests are monitored and reported weekly (National Institute of Infectious Diseases, 2022). Before the COVID-19 pandemic in 2020,
more than 10 0,0 0 0 infections were reported annually at approximately 30 0 0 pediatric sentinel sites (Fig. 1a) (National Institute
of Infectious Diseases, 2018; National Institute of Infectious Diseases, 2022). The majority of cases (88%) reported in 2017 occurred
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Figure 1. Incidence of RSV in Japan. (a) Weekly trend of notiﬁed RSV cases from sentinel sites, 2012–2019; (b) incidence rate of hospitalization per 10 0 0 PY, 2017–2018.
PY, person-years; RSV, respiratory syncytial virus.

in children aged < 2 years (National Institute of Infectious Diseases, 2022). The burden of disease caused by RSV among children is also considerable in developed nations other than Japan,
where RSV is reported to be the leading cause of hospitalization
among infants aged under 12 months (Inagaki et al., 2021). The
cost of hospitalization owing to RSV infection is substantial, especially in cases associated with intensive care and treatment procedures such as mechanical ventilation (Sruamsiri et al., 2018).
Elucidating the infection dynamics that lead to severe RSV
pneumonia and hospitalization among young children is critical.
Published evidence suggests that age in months and infection parity could be effect modiﬁers of severity. In a recent study that
examined national-level RSV-related hospitalizations in 58 countries, the proportion of RSV-associated hospitalizations was highest among infants aged < 1 year, and among all hospitalizations in children aged < 5 years (Li et al., 2021). A birth cohort study indicated that the risk of RSV-associated severe lower
tract infection is inversely associated with increasing age (range:
0-30 months), with statistical signiﬁcance (Ohuma et al., 2012).
In Japan, a retrospective cohort study using a commercially available database of big data also showed that among all children
aged < 2 years infants <3 months of age had the highest incidence of hospitalization for RSV (Fig. 1b) (Kobayashi et al., 2022).
However, the contribution of infection parity to disease severity in young children seems not as well established as age in
months. A classical longitudinal study in the United States showed
that illness was milder in reinfection with RSV than in cases of
primary infection (Henderson et al., 1979). Nevertheless, Ohuma
et al. (2012) indicated that the risk of severe lower respiratory
tract infection in reinfected individuals was not signiﬁcantly different from that in primary infection, after adjustment for age
class.
In the present study, we investigated the role of infection parity as well as age in months for RSV-associated hospitalizations
among young children in Japan. We aimed to capture the transmission mechanisms of RSV among infants in an endemic state using
a sequential transmission catalytic model. We estimated the agespeciﬁc risk of hospitalization for primary or secondary RSV infection using age-speciﬁc seroprevalence data as well as incidence
data of hospitalized cases. We also jointly estimated epidemiological parameters governing the underlying dynamics, including the
force of infection, i.e., the rate at which susceptible individuals experience each infection. Given the estimated parameters, we explored the impact of mass vaccination targeting young children on
RSV-related hospitalization in Japan.

Methods
Epidemiological data
The present study leveraged two pieces of epidemiological information: (i) the seroprevalence of infection with RSV in Japan
and (ii) the incidence of hospitalizations for RSV across multiple
seasons in Japan. For the former, we revisited a published study
on RSV seroprevalence carried out in Sendai city, Japan (Suto et al.,
1965). A total of 514 serum specimens were collected from 406
acute respiratory cases, 60 non-respiratory cases, and 48 healthy
controls between January 1963 and June 1964. Neutralizing antibodies against the prototype long strain were tested and sera with
titers of 1:2 or greater were deﬁned as positive. The numerical values of the proportion in each age category (i.e., 0-3 months, 4-6
months, 7-11 months, 1 year, 2 years, 3 years, 4 years, 5 years, 613 years, and high school students up to 18 years) were retrieved
from the publication.
We collected data for patients hospitalized owing to RSV infection from two independent studies that adopted the same nationwide insurance claims database in Japan (Japanese Medical Data
Center; JMDC) (Goto and Ispus, 2018; Kobayashi et al., 2022). The
database includes anonymous outpatient and inpatient claims data
from health insurance in Japan. The cumulative number of insured
is approximately 14 million, covering approximately 10% of the
entire Japanese population (Japan Medical Data Company, 2020).
Kobayashi et al. (2022) reported the number of RSV-related outpatients and inpatients and total person-years in the JMDC population by age group (0-2, 3-5, 6-11, and 12-23 months) from January
2017 through December 2018. Goto and Ispus (2018) reported the
number of RSV-associated admissions per 10 0 0 person-years using more granulated and older ages (i.e., 0, 1, 2, 3, 4, 5, 6, 7, 8,
9, 10, 11, 12, 24, 36, and 48 months) among young children from
2006 through 2015. We reviewed the original values to identify the
number of admissions per 10 0 0 person-years and rounded them to
integer values.
Sequential transmission model of RSV infection
We developed a compartment model of the transmission dynamics of RSV among children, extending a simple catalytic S-I
(susceptible-infected) model to describe two features speciﬁc to
RSV infection (Fig. 2), i.e., immunity at birth derived from maternal antibodies and reinfection. Each compartment represents an
age-speciﬁc state of RSV infection: M (a ) is the proportion of in15
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Figure 2. Sequential catalytic model. Each compartment represents an age-speciﬁc state of respiratory syncytial virus infection. M (a ) is the proportion of individuals with
maternal immunity at age a. S0 (a ) and S1 (a ) are the proportion of individuals susceptible to primary or secondary infection, respectively. I1 (a ) and I2 (a ) are the proportion
of individuals ever infected in a primary or secondary infection, respectively. λ1 and λ2 are the force of infection at which susceptible individuals experience a primary or
secondary infection, respectively. μ is the rate of loss of maternal immunity and δ is the rate of immunity loss from the primary infection. r1 (a ) and r2 (a ) are the risks of
hospitalization following primary and secondary infection, respectively.

dividuals with maternal immunity at age a, S0 (a ) and S1 (a ) are
the proportion of individuals susceptible to primary or secondary
infection, respectively, and I1 (a ) and I2 (a ) are the proportion of individuals ever infected in a primary or secondary infection, respectively. A similar sequential approach was adopted in several published studies (Nyiro et al., 2017; Pitzer et al., 2015; Weber et al.,
2001). Regarding reinfection with RSV, we assumed that there is
one event of reinfection before achieving substantial immunity to
RSV and illness during the ﬁrst years of life in children, which is
the same approach adopted in a modeling study (Nyiro et al., 2017)
and empirically supported in longitudinal studies (Kutsaya et al.,
2016; Yamaguchi et al., 2011). We estimated the force of infection
for primary and secondary infections (i.e., the rate at which susceptible individuals experience each infection), λ1 and λ2 , respectively, and the rate of the loss of maternal immunity (μ), using
age-dependent seroprevalence data (Fig. 2). The rate of loss of immunity from the ﬁrst infection (δ ) was assumed to be 0.33/month,
according to a past study (Sande et al., 2013). The following assumptions were additionally made: (i) the force of infection for
each infection was age independent, for simplicity; (ii) the proposed model was not affected by a speciﬁc strain circulating in
the population (i.e., RSV A or B strain); and (iii) excess risk of
RSV death can be negligible compared with the per capita risk of
death in the same age group. We analytically solved for the agedependent proportion of susceptible individuals based on our sequential model. The observed number of age-dependent seropositive results was assumed to follow a binomial distribution. Supposing that there were na seropositive and ma seronegative results at
age a from seroprevalence data D1 and the susceptible proportion
at age a for primary and secondary infection was S0 (a ) and S1 (a ),
respectively, the likelihood function to estimate λ1 , λ2 , and μ is
proportional to:

Ls (θ |D ) = L(λ1 , λ2 , μ|D1 )

=
(1 − S0 (a ) − S1 (a ))na (S0 (a ) + S1 (a ))ma .

age-speciﬁc risks of hospitalization following primary and secondary infection, respectively (Fig. 2), the incidence of primary and
secondary infection at age a is λ1 S0 (a ) and λ2 S1 (a ), respectively;
then, the expected number of hospitalizations among children at
age a would be written as r1 (a )λ1 S0 (a ) + r2 (a )λ2 S1 (a ). Assuming that the observed number of hospitalizations follows a Poisson distribution, the likelihood of estimating r1 (a ) and r2 (a ) from
the number of hospitalizations using two pieces of empirical data
(i.e., JMDC studies by Goto and Ispus (2018) from 2006-15 and
Kobayashi et al. (2022) from 2017-18; denoted as D2 and D3 ) is:

Lh (θ |D ) = L(λ1 , λ2 , μ, r1 (a ), r2 (a )|D2 , D3 ) =
 e−(r1 (a )λ1 S0 (a )+r2 (a )λ2 S1 (a )) ( (r1 (a )λ1 S0 (a ) + r2 (a )λ2 S1 (a )) )hD2 (a )
a
hD2 (a )!
h
a
e−(r1 (a )λ1 S0 (a )+r2 (a )λ2 S1 (a )) (r1 (a )λ1 S0 (a ) + r2 (a )λ2 S1 (a )) D3 ( )
hD3 (a )!

(2)
where hD2 (a ) and hD3 (a ) are the observed number of hospitalizations at age a. Considering that the age-dependent mechanisms
are governed by age-speciﬁc behaviors and other social factors, we
assumed a constant proportionality between r1 (a ) and r2 (a ), i.e.,
r2 (a ) = kr1 (a ), and we used a piecewise constant model for r1 (a )
for age categories with empirical observation, i.e., (i) 0-2 months,
(ii) 3-5 months, (iii) 6-11 months, and (iv) 12-59 months. The total
likelihood function, L(θ |D ), is then described as a combination of
(1) and (2), i.e.,

L(θ |D ) = Ls (θ |D )Lh (θ |D ),

(3)

where θ and D are all the parameters and data used, respectively,
e.g., θ includes λ1 , λ2 , μ, step function for r1 (a ), and k. Maximum likelihood estimates were obtained by minimizing the negative logarithm of (3). The 95%CIs of parameters and predicted epidemiological dynamics were computed by means of a parametric bootstrap resampling procedure: 10 0 0 samples of parameters
from a multinormal distribution with the covariance matrix, which
is the inverse of the Hessian matrix, i.e., σ 2 = diag(H −1 (θ )). For
each identical set of parameters, we assessed potential variation
in the estimated parameter values. By taking the 2.5th and 97.5th
percentiles of the simulated distributions, we obtained the 95%
CI. More detailed mathematical descriptions are given in the Sup-

(1)

a

Age-speciﬁc risk of hospitalization owing to RSV
In addition to the force of infection parameters, we estimated
the age-speciﬁc risks of hospitalization conditional on primary and
secondary infections, respectively. Letting r1 (a ) and r2 (a ) be the
16
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Figure 3. Age-speciﬁc seroprevalence of respiratory syncytial virus among children aged from 0 months to <19 years. Solid circles represent the observed proportion whereas
the continuous black line shows the maximum likelihood estimate of the predicted proportion. Dotted lines represent lower and upper boundaries of the 95% CI based on
the bootstrap method.
Table 1
Epidemiological parameters of RSV transmission.

Parameter

Description

Maximum likelihood
estimate (95% CI)

μ
λ1
λ2

Rate of loss of maternal antibodies (/month)
Primary force of infection (/month)
Secondary force of infection (/month)
Risk of hospitalization during primary infection in children
Risk of hospitalization during primary infection in children
Risk of hospitalization during primary infection in children
Risk of hospitalization during primary infection in children
Relative risk of hospitalization during secondary infection

0.50
0.12
0.05
0.08
0.04
0.03
0.04
0.18

r0−2
r3−5
r6−11
r12−59
k

aged
aged
aged
aged

0-2 months
3-5 months
6-11 months
1 to <5 years

(0.32-0.81)
(0.07-0.18)
(0.04-0.06)
(0.05-0.14)
(0.03-0.05)
(0.02-0.03)
(0.03-0.07)
(0.01-2.04)

RSV, respiratory syncytial virus.

plement. All statistical data were analyzed using R version 4.0.3
(R Core Team, 2020).

0.32-0.81) per month (Table 1). Thus, the average age at primary
and secondary infection was estimated to be 10.6 months and 34.6
months, respectively. The predicted age-dependent seroprevalence
on the basis of our sequential model qualitatively captured the observed pattern well (Fig. 3).

Modeling the impact of immunization
Using the quantiﬁed system, we built a simple age-structured
deterministic model to explore the impact of pediatric immunization on the incidence rate of hospitalization owing to RSV among
children aged <5 years (Fig. S1). A similar method was applied to
investigate varicella zoster dynamics (Brisson et al., 20 0 0); further
details are available in the Supplement.

Age-speciﬁc risk of hospitalization
For the JMDC cohort from 2017 to 2018, the incidence rate of
RSV-associated hospitalization was highest in infants aged 0 to 2
months, at 37.3 per 10 0 0 person-years, and the average age at hospitalization among children aged <2 years was calculated as 9.0
months, from the original data (Kobayashi et al., 2022) (Fig. 4a).
The incidence rate of RSV-associated hospitalization was highest
in infants aged 2 months at 38.0 per 10 0 0 person-years (scanned
value from an original ﬁgure) for the JMDC cohort from 2006 to
2015 (Goto and Ispus, 2018) (Fig. 4b). The age-speciﬁc risk of hospitalization conditional on primary RSV infection was estimated
at 0.08 (95% CI: 0.05-0.14), 0.04 (95% CI: 0.03-0.05), 0.03 (95% CI:
0.02-0.03), and 0.04 (95% CI: 0.03-0.07) for infants or young children aged 0 to 2 months, 3 to 5 months, 6 to 11 months, and 12 to
59 months, respectively. The relative risk of hospitalization owing
to secondary infection, k, was estimated at 0.18 (95% CI: 0.01-2.04)
(Table 1). The observed and predicted age-dependent proportion of
hospitalizations per population-year in each data set are shown in
Fig. 4a and 4b. Supplementary Table S2 shows parameter estimates
of the age-dependent force of infection; the age-dependent model
still yielded a consistent relative risk of hospitalization during secondary infection of 0.18 (95% CI: 0.11-0.29).

Results
Age-speciﬁc seroprevalence and the force of infection
The observed age-speciﬁc seroprevalence in Sendai city, Japan is
shown in Fig. 3. The overall proportion of seropositivity was 62%.
A total of 52% of infants aged 0 to 3 months were seropositive,
presumably owing to the presence of maternally derived antibodies. The proportion of seropositivity then decreased to 14% in infants aged 4 to 6 months and subsequently increased with older
age, reaching a plateau at more than 95% in children aged 6-13
years (Table S1). This pattern of age-dependent seroprevalence is
consistent with the ﬁndings of several studies (Amaku et al., 2009;
Nyiro et al., 2017; Sastre et al., 2012). The force of infection for primary and secondary infections was estimated at 0.12 (95% CI: 0.070.18) and 0.05 (95% CI: 0.04-0.06) per month, respectively. The rate
of loss of maternal immunity was estimated to be 0.50 (95% CI:
17
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Figure 4. Age-speciﬁc incidence rate of hospitalization owing to RSV infection. (a) Incidence rate among children aged 0 to 23 months from 2017 to 2018. (b) Incidence rate
among children aged 0 months to 4 years from 2006 to 2015. The open squares represent the observed incidence rate and the solid circles show the maximum likelihood
estimate of the predicted incidence rate. Vertical lines represent the 95% CI based on the bootstrap method.
RSV, respiratory syncytial virus.

Figure 5. Incidence rate of hospitalization per 10 0,0 0 0 person-years at equilibrium owing to respiratory syncytial virus as a function of an effective vcr and age at vaccination
in children aged <5 years (a) and in children aged <1 year (b).
vcr, vaccine coverage rate.

Pediatric vaccination against RSV

the age-speciﬁc risk of hospitalization during primary RSV infection and the relative risk of hospitalization during secondary infection in children aged < 5 years. The risk of hospitalization conditional on primary infection was highest among infants aged 0
to 2 months (0.083). The relative risk of hospitalization owing to
secondary infection was small (0.18). We also jointly estimated the
force of infection for primary and secondary infection with RSV as
12% and 5% per month, respectively.
To the best of our knowledge, the present study is the ﬁrst
to quantify epidemiological parameters governing the dynamics of
RSV infection in Japan by investigating age-speciﬁc seroprevalence
data. The average duration of maternal immunity was shown to be
1/0.50 (i.e., 2 months), indicating that infants become susceptible
to primary RSV infection during the ﬁrst months of life. Our estimate for the average age at primary infection based on seroprevalence study in Sendai city (10.6 months) is consistent with the
value from a longitudinal study in Niigata city, Japan (Yamaguchi
et al., 2011). The average age at primary infection in Japan is
younger than what has been reported in low-income countries,
e.g., 15.1 months in Kenya (Nyiro et al., 2017) and 1.58 years
in Brazil (Amaku et al., 2009). This difference may be explained
by local factors that alter transmission frequency or by variations in model assumptions, e.g., M-S-I-S-I assumption (i.e. maternally immune-susceptible-primary infection-susceptible-secondary
infection) in the present study versus the (M)-S-I assumed in other
research.

With an annual birth rate of 870,0 0 0 newborns and life expectancy of 80 years, the incidence rate of infection among children aged <5 years in Japan was predicted as 36,418 to 37,678
cases/10 0,0 0 0 person-years at equilibrium. The incidence of hospitalization in this age group was predicted to be 951 to 1019
cases/10 0,0 0 0 person-years. The incidence rate of hospitalization
among infants aged <1 year was 2632 to 3147 cases/10 0,0 0 0
person-years.
Fig. 5 shows how the incidence rate of hospitalization in young
children would behave, considering a possible range of variation in
vaccination coverage and age at immunization. For the incidence
rate of hospitalization in children aged <5 years, the age of immunization only had a modest impact (Fig. 5a), but immunization
by age 1 to 3 months yielded a lower incidence than immunizing
at older ages. The incidence rate of hospitalization in children aged
<1 year was substantially affected by the age of immunization, and
immunizing at approximately age 1 to 3 months was suggested to
yield the minimum incidence (Fig. 5b).

Discussion
We examined data on the age-dependent seroprevalence and
incidence rate of hospitalization in Japan and jointly estimated
18
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We successfully quantiﬁed the risk of hospitalization conditional on RSV infection in granular, stratiﬁed age groups during
infancy. Our predicted age-dependent proportion of hospitalizations in the JMDC data set for 2017-2018 captured the observed
pattern well, whereas the predicted proportion in the JMDC data
set for 2006-2015 tended to be overestimated compared with the
observed data. This could be explained by the fact that bedside
antigen testing for RSV was funded for all infants aged < 1 year
from the 2012/2013 season and incident cases before that period
may have been underreported (Jung et al., 2020). Using an agestructured transmission model, van Boven et al. (2020) estimated
the probability of hospitalization in RSV-infected infants aged less
than 12 months as 1.4%. Our results suggest that there may be agedependent heterogeneity in the risk of hospitalization, even among
infants aged <1 year; the highest risk of being hospitalized (8.3%)
was observed with primary infection in very early infancy (age 02 months). As for the contribution of parity to the risk of hospitalization, the relative risk of hospitalization because of secondary
infection was small (0.18), implying that the burden of hospitalization from secondary infection may be less important in young
children although more data would be needed to verify this ﬁnding considering the large variability. This is a biologically plausible
ﬁnding because neutralizing antibodies after primary infection are
suggested to contribute to reducing disease severity in cases of reinfection with RSV (Kawasaki et al., 2004).
Our simple realistic age-structured model showed that the timing of vaccination is critical in terms of reducing hospitalizations
among infants aged < 1 year. Very early infancy (i.e., age 1 to 3
months) was found to be the best time for vaccination under the
plausible range of vaccine coverage. In low-income countries and
with the same assumption that a single vaccine shot would be administered in infants, Kinyanjui et al. (2015) showed that immunization against RSV in infants aged 5 to 10 months is most effective in reducing hospitalizations among infants under the age of 6
months. As discussed above, different model assumptions, as well
as older age at primary infection (Nyiro et al., 2017), might explain
the discrepancy in conclusions.
Several limitations in our study should be noted. First, we could
not assess epidemiological parameters that extend to adult groups
because we had no locally available data. There is no systematic surveillance of RSV cases among all age groups in Japan at
present; establishing a national RSV surveillance system is warranted. Second, we assumed random mixing in the realistically
age-structured (RAS) model for simplicity and because we lacked
information that would enable us to capture the mixing patterns
among infants and also those involving their parents. Incorporating age-dependent contact patterns into the model is a direction for future studies (van Boven et al., 2020; Yamin et al.,
2016). Our RAS model involved other simplistic assumptions that
are subject to debate. We arbitrarily assumed the worst-case scenario, given that there was little information on pediatric vaccines,
and ignored other preventive modalities (e.g., maternal/elderly vaccines, long-acting monoclonal antibodies). More information on
the plausible ranges of parameters, not only for pediatric vaccines
but also for these other interventions, is needed to help assess
the impact of these interventions when implemented in combination at the population level. Third, despite taking reinfection
into consideration, our model is simple and could be modiﬁed
to increase realism, e.g., age dependence in the force of infection. We intend to extend our catalytic model by including the
age-dependent force of infection. When choosing the cutoff age
of 24 months, the relative risk of hospitalization owing to secondary infection was estimated to be same as the original model,
but with less variability. However, the force of infection for secondary infections for ages less than 24 months was estimated to
be very high (3.3), suggesting that the compartment for suscepti-

bility to secondary infection is not substantial in the ﬁrst 2 years
of life.
Despite these limitations, we believe that our simple models
successfully captured the infection dynamics of RSV among young
children in Japan. We have elucidated the heterogeneity in the
risk of hospitalization conditional on infection with RSV and determined that the age group of early infancy may be the most vulnerable to infection and hospitalization.
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