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Objectives: A rubella epidemic has been ongoing in Japan since August 2018. In the present study, we
aimed to predict the likely size of a congenital rubella syndrome (CRS) epidemic during 2018-19.
Methods: The expected number of CRS cases was estimated using an integral equation based on age-
specific incidence of rubella among adult women, the time delay from gestational age of infection to
diagnosis of CRS, and distribution of the mothers’ age at delivery. We used epidemic data during 2012-14
to parameterize the model and applied this in the prediction for 2018-19.

Results: In analyzing the 2012-14 epidemic data, the mean delay from the mother’s infection to diagnosis
was estimated at 24.2 weeks (95% confidence interval (CI): 20.7, 28.1). Applying the parameterized
model, together with the more than 480 rubella cases in women in 2018 as well as delayed mother’s age
at delivery in 2017, we determined that the expected number of CRS cases would be 9.7 (95% CI: 6.5,12.5)
cases. As the epidemic is ongoing, the cumulative number of CRS cases could potentially reach 96.8 (95%
Cl: 65.3,125.5) cases, if rubella cases in adult women rose to 10 times the number by week 49 in 2018.
Conclusions: CRS is expected to occur an average of 24 weeks following the mother’s infection with
rubella virus. Accounting for an increase to 650 cases in women by week 5 in 2019, the expected number
of CRS cases during 2018-19 has already exceeded 13 cases, as of week 5 in 2019.

© 2019 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

Rubella is a vaccine-preventable infectious disease caused by
rubella virus. Once infected, a certain proportion of people remain
asymptomatic; symptomatic patients develop a rash (exanthem)
on the face, spreading to the trunk and limbs, which usually fades
after 3 days (Menser et al., 1978). Other symptoms include low-
grade fever, lymphadenopathy, and joint pain, among others. The
symptoms are mostly self-limiting; however, if pregnant women
are infected, the virus can be transmitted to the fetus via the
placenta, resulting in congenital rubella syndrome (CRS) (Tang
et al., 2003). CRS is the most severe sequela of rubella, involving
congenital cardiac, cerebral, ophthalmic, and auditory defects
(Duszak, 2009; Lambert et al., 2015). To control rubella, vaccination
is required (Zanetta et al., 2003; Wesolowski et al., 2016). As
vaccination could elevate the age at infection (Amaku et al., 2003;
Berger et al., 2011; Mossong et al., 2008; Tanaka et al., 2017; Saito
et al, 2018), controversial routine immunization with low
vaccination coverage is known to be accompanied by an increase
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in CRS (Best et al., 2005; Chua et al., 2015; Panagiotopoulos et al.,
1999). To eliminate rubella by means of mass vaccination, high
coverage of the entire population is required to attain sufficient
herd immunity (Anderson and Grenfell, 1986; Massad et al., 1995;
Panagiotopoulos et al., 1999; Cutts et al., 2013).

Since 1993, Japan has adopted a mass vaccination policy with
the measles-rubella (MR) vaccine in children. Prior to 1993, only
female students in junior high school were subject to vaccination,
aiming for individual protection against CRS. Although Japan is on
its way to achieving substantial herd immunity to prevent rubella
epidemics (Kinoshita and Nishiura, 2016), adult men aged 39-
56 years are known to have missed vaccination in childhood, and
those aged 28-38years have only had the opportunity for one
vaccination dose. As a consequence, the country remains prone to
imported cases and experienced a rubella epidemic during 2012-
14 (Mori et al., 2017). Moreover, owing to the absence of an
identifiable increase in the proportion of rubella antibody-positive
individuals following the 2012-14 epidemic (Nishiura et al., 2015),
another epidemic began in August 2018. Because the remaining
susceptible people are adult male, and owing to the elevated age at
infection over time, cases during both the 2012-14 epidemic and
the ongoing 2018 epidemic are most frequently seen in adults
(Kinoshita and Nishiura, 2016; National Institute of Infectious
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Diseases, 2018). Cases have been observed at a higher frequency
among men aged 30-59 years and among women aged 20-39
years than in other age groups. As a possible countermeasure to the
gap induced by time-dependent vaccination policies, catch-up
vaccination of men aged 39-56 years is planned in 2019.

Despite vaccination scheduled for the near future, it is unlikely
that the new vaccination program will commence until the new
fiscal year in Japan, namely, in April 2019. Thus, the first wave of the
ongoing rubella epidemic will occur before interventions can be
implemented to elevate herd immunity, which would protect
susceptible adult men. Japan manufactures the rubella vaccine
domestically; thus, immediate importation of the measles—
mumps-rubella (MMR) vaccine, as part of real-time intervention,
has not been considered a realistic option. Accordingly, it is critical
to anticipate the size of the potential epidemic, especially the
cumulative number of CRS cases. A total of 45 confirmed cases of
CRS were diagnosed during 2012-14 in Japan. Ironically, this
epidemic provided the measurable data needed to precisely
anticipate the likely number of CRS cases during the ongoing 2018-
19 epidemic.

The purpose of the present study is to predict the extent of CRS
in real time in Japan, using a mathematical model, explicitly
accounting for the delayed age at delivery and elevated age at
infection among pregnant women.

Methods
Epidemiological data

The present study rests on publicly available epidemiological
datasets (National Institute of Infectious Diseases, 2014, 2018). In
Japan, rubella and CRS are classified as category V diseases according to
the Infectious Diseases Law, mandating all physicians to notify
diagnosed cases to the government via local health centers. A rubella
case is clinically defined as one that satisfies at least one of the
following conditions: a generalized rash, fever, or lymphadenopathy.
From 2018, all clinically suspected cases are subject to laboratory
confirmation by PCR. CRS is defined as a case satisfying at least one of
the following: cataract or congenital glaucoma, congenital heart
disease, deafness or hearing loss, pigmentary retinopathy, purpura,
splenomegaly, microcephaly, mental retardation, meningoencephali-
tis, radiolucent lesion in bone, or jaundice within 24 h of birth. Similar
to a rubella diagnosis, clinically suspected cases of CRS are subject to
PCR testing for confirmation. To predict CRS cases using rubella case
data for 2018-19, we first quantified the dynamics during the 2012-14
epidemic. We collected datasets from both 2012-14 and 2018-19.
Rubella case data were stratified by age group and sex. During 2018-19,
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there have been no reported CRS cases as of 25 December 2018; the
collected CRS data were only from 2012 to 2014.

To capture age at delivery among pregnant women in relation to
the age distribution of rubella cases among adult women, we also
extracted the distribution of mothers’ age at live birth from the
vital statistics of Japan (Statistics Bureau, 2018). The average
distribution of age at delivery from 2012 to 2014 was used to
capture the CRS risk during the 2012-14 epidemic; we compen-
sated the 2017 distribution as an approximation in the prediction
for 2018-19 (Figure 1A).

For both rubella cases and vital statistics, the empirical data
were recorded as discrete age-grouped data, every 5years.
Accordingly, age- and sex-specific rubella cases were divided into
nine age groups, i.e., men and women aged <15, 15-19, 20-24, 25—
29, 30-34, 35-39, 40-44, 45-49, and >50years.

Statistical model

During the 2012-2014 epidemic, a total of 12,614 cases of
rubella (including 2922 among female patients) and 45 cases of
CRS were confirmed and notified (Figure 1B). The highest weekly
number of CRS cases was observed in 32 weeks following the
highest weekly incidence of rubella cases. The expected number of
CRS cases in week t, ¢, accounting for the gap period between
rubella in the mother and incidence of CRS, is described as

t—1 ng
E(c) =pY > ialt — T)g:ha, (1)
t=1a=1
where, p is the scaling parameter, iy(t) is the incidence of rubella in
women of age group a in week t, n, is the total number of age
groups (i.e., ng=9), g; is the probability density of the time from
rubella virus infection in the mother to diagnosis of CRS, and b, is
the probability mass function of the mother’s age at live birth as a
function of age group a. The parameter p is not strictly
interpretable, but this single parameter encompasses (i) the
probability that a woman is pregnant at a given point in time, (ii)
the probability that the pregnant woman is exposed in a particular
week (e.g. 16 weeks at high risk of CRS out of 52 weeks per year),
(iii) the probability that the virus is transmitted from mother to
fetus, (iv) the probability that the infected fetus results in
successful delivery (i.e. livebirth), and (v) the probability that
the congenital disorders were successfully attributed to rubella
infection and finally notified to the government (i.e. ascertainment
bias). Similar but differently formulated models of CRS have been
described elsewhere (Gao et al., 2013; Ohkusa et al., 2014,
Vynnycky et al., 2016; Miyakawa et al. 2014; Cutts and Vynnycky,
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Figure 1. Mothers’ age at live birth and temporal distribution of 2012-2014 rubella epidemic in Japan. (A) The distribution of mothers’ age at delivery. The corresponding
distribution during 2012-14 was the average mothers’ age at live birth from 2012 to 2014 (gray). The same distribution in 2017 was used to substitute 2018-19 in the present
study (white). (B) Epidemic curves of rubella and congenital rubella syndrome during 2012-14, Japan. The solid line represents rubella cases, and bars indicate congenital

rubella syndrome (measured on right vertical axis).
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1999). Among these, Miyakawa et al. (2014) calculated the
incidence of CRS per 100,000 live births in Vietnam using
seroprevalence data. In a similar manner, congenital Zika
syndrome with the risk of microcephaly (Franca et al., 2016)
was modeled using the integral equation method (Keegan et al.,
2017; Nishiura et al.,, 2016).

In the present study, g, was assumed to follow a gamma
distribution with mean p and standard deviation o. We assumed
that the incidence of CRS (i.e, c,) in week t is sufficiently
characterized by a zero-inflated Poisson distribution with the
probability of extra zeros (denoted m) because there are a
substantial number of weeks in which the CRS case count is zero
whereas the predicted mean number of CRS cases is non-zero. We
used the maximum likelihood method to estimate unknown
parameters, 0={p, u, o, w} using datasets of (i) rubella and CRS
during 2012-14 and (ii) the number of live births during 2012-14
according to mothers’ age. Calendar weeks were divided into two
groups according to the absence (i.e., To = {t;c; = 0}) or presence
(i.e., T = {t;c; > 0}) of CRS. The likelihood function is

E(cj)%e (a)
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The negative logarithm of Eq. (2) was minimized to estimate
parameters.

Subsequently, predictions were made for 2018-19 using the
datasets of rubella in women and the distribution of mothers’ age
in 2017. Using the resampled parameter sets (6°) for 10,000 times
that follow a multivariate normal distribution, which is informed
by the maximum likelihood estimate and covariance matrix, and
using the zero-inflated Poisson distribution, we computed the
predicted number of CRS cases during 2018-29. The 95% prediction
intervals were computed by taking the 2.5th and 97.5th percentiles
of the simulated value in each future week. We used rubella data
up to the latest time point (i.e., week 49 in 2018), with the
cumulative number of 486 cases in women. By week 5 in 2019,
there has been a cumulative total of 650 cases in women from
2018-19, which we used for discussion to update our estimate.

For sensitivity analysis, the cumulative number of CRS cases
during the 2018-19 epidemic was calculated as

Ng
C =picy _laba, &)
a=1

where, C and I, are the cumulative number of CRS and rubella cases
among women in age group a, respectively. The epidemic size from
2018-19 must be greater than what has already been observed by
week 49 in 2018, but the exact size would not be known. Thus, we
examined several scenarios with different epidemic sizes and
varied a parameter « to scale the number of rubella cases in women
compared with what has been observed by week 49 in 2018.

Ethical approval

The present study used publicly available data (National Institute of
Infectious Diseases, 2014, 2018; Statistics Bureau, 2018). The datasets
had already been fully anonymized and did not include any identity
information. Thus, ethical approval was not required for the analysis.

Data sharing policy

Rubella and CRS data are accessible (National Institute of
Infectious Diseases, 2014, 2018; Statistics Bureau, 2018). A
summary of the secondary datasets that were analyzed in the
present study can be shared by the corresponding author upon
request.

Results

Figure 2 compares the observed and predicted incidence of CRS
during 2012-14. Except for 2 weeks (week 16 in 2013 and week 2 in
2014), all observed cases of CRS were correctly captured within the
95% confidence intervals. Parameter estimates are summarized in
Table 1. The cumulative number of CRS cases was estimated at 46.2
(95% CI: 31.2, 59.9) cases, very close to the total of 45 notifications
during 2012-14. The mean and standard deviation of the time from
rubella virus infection in the mother to CRS in the offspring was
24.2 weeks (95% confidence interval (CI): 20.7, 28.1) and 7.0 weeks
(95% CI: 4.1, 11.9), respectively. To scale female rubella cases and
CRS, the scaling parameter p was estimated at 0.16 (95% CI: 0.10,
0.24), indicating that the CRS case count was scaled as 0.16 times
smaller than that of female rubella cases. The probability of zeros
(7r) was estimated to be 0.14 (95% CI: 0.01, 0.63), with a wide
confidence interval.

Figure 3A shows the predicted CRS incidence from week 1 in
2018 to week 23 in 2020. A total of 486 rubella cases in women
were reported by week 49 in 2018. Given the observed count by
week 49 in 2018, the rubella incidence among women already
peaked at week 41 in 2018; we predict that the peak of CRS will be
seen in week 12 of 2019. Figure 3B shows the prediction intervals.
Using all observed rubella cases in women by week 49 in 2018, a
total of 9.7 CRS reports (95% CI: 6.5, 12.5) are anticipated during
2018-19. Accounting for the increase of rubella cases in women to
650 by week 5, 2019, we anticipate at least a total of 13.0 CRS cases.
From week 46 in 2018 to week 4 in 2019, the upper 95% prediction
interval is one case of CRS per week; subsequently, there could be
up to two CRS notifications per week by week 23 in 2019.

The present prediction should be regarded as the minimum
bound because it rests on previously observed rubella incidence.
By varying « values from 1 to 10, Table 2 presents the possible
scenarios. If the rubella epidemic begins to grow again in 2019 and
the epidemic size of cases among women increases to 10 times that
in week 49 of 2018, the cumulative number of CRS reports could be
as high as 96.8 (95% CI: 65.3, 125.5) cases.

Discussion

In the present study, we analyzed two recent epidemics of
rubella in Japan during 2012-14 and in 2018. We devised an
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Figure 2. Comparison of observed and predicted congenital rubella syndrome
(CRS) cases during 2012-2014.

Black bars represent observed CRS cases during 2012-14. Dashed line indicates the
upper 95% prediction interval of CRS and the lower bound is zero. Smooth gray line
shows the computed mean number of CRS cases, as predicted from the number of
rubella cases in women.
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Table 1
Estimated parameter values.
Notation Description Mean 95% CI*
p x 100 Scaling factor of the CRS adjusted to the calculated total of rubella in females 15.8 10.2, 24.5
0 Mean time delay from mother’s infection to diagnosis (weeks) 24.2 20.7, 281
o Standard deviation of the time delay from mother’s infection to diagnosis (weeks) 7.0 41,11.9
K Ratio of the cumulative number of rubella cases in female to the observed cases by week 49, 2018 See Table 2
7 x 100 Probability of extra zeros for the zero-inflated Poisson distribution (%) 13.8 1.5, 62.7
2 Confidence intervals (CIs) computed using the profile likelihood.
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Figure 3. Predicted congenital rubella syndrome epidemic during 2018-19. (A) Observed epidemic curves of rubella and predicted congenital rubella syndrome from 2018-
19. Black bars represent predicted CRS cases. (B) Minimum bound of predicted congenital rubella syndrome during 2018-19. Dashed line indicates the upper 95% prediction
interval of CRS and the lower bound is zero. Gray bars show the computed mean number of CRS cases, as predicted from the number of rubella cases in women.

Table 2
Predicted cumulative total congenital rubella syndrome cases in Japan, 2018-2019.

opportunity to sufficiently quantify the underlying mechanisms
using chronological age and gestational age, allowing reasonable
prediction in real time. If the ongoing epidemic is not sufficiently
controlled, the cumulative number of CRS cases during 2018-19 is
expected to increase. Given that the present rubella epidemic is
ongoing, it is of utmost importance to vaccinate either susceptible
men to elevate herd immunity or susceptible women who expect
to become pregnant. Our model assessment of the size of a CRS
epidemic under various vaccination scenarios can be used in health
policy decision-making in the future. Different scenarios can be
analyzed, depending on the cumulative size of the ongoing rubella
among susceptible adult women and also depending on different

Considering the 45 confirmed CRS cases during 2012-14 and

« (Ratio of the Cumulative # of 95% CI*

cumulative number congenital rubella

of rubella cases in syndrome

female to the observed

cases by week 49, 2018)

1 9.7 6.5,12.5

2 19.4 13.1, 251

3 29.0 19.6, 37.6

4 38.7 26.1, 50.2

5 48.4 32.7,62.7

6 58.1 39.2,753

7 67.8 45.7, 87.8 . . .
3 77.4 52.2. 1004 vaccination scenarios.
9 87.1 58.8,112.9

10 96.8 65.3,125.5

¢ Confidence intervals (Cls) computed using the bootstrap method.

integral equation model to predict CRS incidence owing to rubella
in pregnant women, accounting for the time delay from the
mother’s infection to CRS diagnosis and incorporating the
distribution of mothers’ age at delivery. Using data of an earlier
epidemic during 2012-14, our prediction model was parameter-
ized with the estimation that mean delay from mothers’ infection
to CRS was 24.2 weeks. Subsequently, the anticipated size of a CRS
epidemic during 2018-19 was computed. Given a total of 650
rubella cases in women by week 5 in 2019, there would already be
13.0 cases of CRS to be reported in 2019, and given additional
rubella cases in adult women, the expected number of CRS cases is
likely to increase (Table 2).

As a key contribution of the present study, we parameterized
the CRS model using past epidemic data from 2012 to 2014; even
with no observed CRS cases during 2018-19, prediction could be
carried out. To predict future CRS cases with no observed CRS cases
in the ongoing epidemic, we used an age-specific integral equation
modeling approach that accounts for both mothers’ chronological
age and gestational age. The previous epidemic offered us the

2922 female rubella cases yields a ratio of 45/2922 =0.0154, a more
simplistic ratio-based calculation in 2018 using the current 486
rubella cases reported among womenyields 7.5 CRS cases. Moreover,
considering that Japan is a rapidly aging society with an ultra-low
fertility rate, the decline in the absolute number of live births, froman
average 1,023,526 in 2012-2014 to 946,066 in 2017, should result in
fewerthan 7.5 CRS cases. The reason for obtaining the predicted value
0f9.7 CRS cases in the present study can be explained by the growing
tendency among Japanese people in the past 5 years to delay
marriage. The proportion of mothers aged in their 30s and 40s at
delivery has increased from an average 62.3% in 2012-14 to 65.1% in
2017; the age of women who are infected with rubella virus has also
increased in the past 5 years. The proposed model had the advantage
that it can appropriately capture such demographic changes when
estimating CRS, despite a gap aslong as 5 years between the previous
epidemic and that in 2018.

The use of the zero-inflated Poisson distribution is also useful
for describing a scant number of CRS cases with many zero-count
weeks in real time, while appropriately capturing the temporal
pattern of non-zero weeks, as informed by rubella cases in women.
Using this scheme, it is theoretically possible to classify CRS
according to the type of complication. That is, depending on
gestational age at infection, the pregnancy outcome would vary, as
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would the range of congenital malformations; these patterns could
also potentially be captured using the proposed modeling scheme.

The present study involved several limitations that must be
briefly described here. First, we analyzed only 2012-14 epidemic
data to parameterize the model and did not account for earlier
epidemics; this is because CRS surveillance was not necessarily
equally intensified during earlier epidemic periods. Second, as yet,
CRS has been absent in the 2018 epidemic; incorporation of
reported CRS cases in the future could improve prediction. Third,
we used the distribution of mothers’ age at live birth in 2017 as
applicable to 2018-19; however, strictly speaking, the total
number of births would be smaller during 2018-19 than in 2017
and the mother’s age at delivery is likely to be older. Fourth, our
simplified model relied on observed rubella cases in women and
did not forecast CRS using the predicted rubella epidemic. Rather
than the scenario analysis presented in Table 2, accounting for the
transmission dynamics that involve men is required, for more
precise temporal predictions. Fifth, CRS is likely underreported
(Panagiotopoulos et al., 1999; Giambi et al., 2017), but our study
had to rely on empirically observed data.

Despite these limitations, we believe that the present study
successfully shows that about 13 CRS cases can already be expected
during 2018-19. Scenario analysis of the impact of interventions on
the cumulative number of CRS cases can be conducted using our
proposed model.

During the preparatory phase of this study, there was a
notification of first CRS in a baby boy in week 4, 2019, which is in
line with our forecast. We did not incorporate this observation into
our forecasting with some revision of the likelihood, because the
incorporation of only 1 case in forecasting exercise does not
necessarily reduce associated uncertainties. Post-epidemic evalu-
ation with updated estimates will follow.
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