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Abstract

Historically, annual rotavirus activity in the United States has started in the southwest in late fall
and ended in the northeast 3 months later; this trend has diminished in recent years. Traveling
waves of infection or local environmental drivers cannot account for these patterns. A
transmission model calibrated against epidemiological data shows that spatiotemporal variation in
birth rate can explain the timing of rotavirus epidemics. The recent large-scale introduction of
rotavirus vaccination provides a natural experiment to further test the impact of susceptible
recruitment on disease dynamics. The model predicts a pattern of reduced and lagged epidemics
postvaccination, closely matching the observed dynamics. Armed with this validated model, we
explore the relative importance of direct and indirect protection, a key issue in determining the
worldwide benefits of vaccination.

The importance of rotavirus as a leading cause of severe diarrhea among children in both
developed and developing countries has captured the attention of policy-makers and vaccine
manufacturers in recent years. Rotavirus is ubiquitous in the population; individuals are
infected multiple times during their life span, usually via fecal-oral transmission (1). In
adults, infection is typically asymptomatic; however, for children who have not been
previously exposed to the virus, infection can lead to severe diarrhea and vomiting and may
require hospitalization or result in death. About 610,000 deaths per year worldwide can be
attributed to rotavirus (2,3). In the United States, it is estimated that rotavirus annually leads
to ~60,000 hospitalizations and 30 to 40 deaths among children <5 years of age (4). Two
live, attenuated oral vaccines have recently been licensed in North America and Europe and
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have been demonstrated in clinical trials to prevent 79 to 98% of episodes of severe
rotavirus diarrhea in vaccinated infants (5-9). Such vaccines have the potential to prevent
considerable numbers of rotavirus-related hospitalizations and deaths worldwide. Analyzing
the impact of vaccination on the incidence of severe diarrhea, however, requires an
understanding of the underlying dynamics of rotavirus infection.

Analysis of rotavirus epidemiological data from the continental United States indicates that
disease incidence is highly seasonal and spatially structured. Until the late 1990s, annual
epidemics peaked in the southwest in December to January and appeared to spread
northeast, where epidemics peaked in March to April (Fig. 1A) (10-12). In recent years, this
spatiotemporal pattern has become less pronounced, primarily because epidemics have
occurred later in southwestern states (Fig. 1A) (13). The spatiotemporal pattern exhibited by
rotavirus differs from that of other acute seasonal infections in the United States, notably
influenza, for which epidemics tend to begin in major population centers relatively
synchronously and spread to less populous areas in correlation with work commutes (14).
Such hierarchical patterns are consistent with “gravity models” (15), which assume local
extinction followed by annual reinvasion from outside of the United States (16). By contrast,
the available epidemiological and viral phylogenetic evidence for rotavirus suggests local
persistence of infection during epidemic troughs in summer months (10,17-19).

If rotavirus does persist locally, then geographic differences in the timing of rotavirus
epidemics must be driven by local heterogeneities in demographic or environmental factors.
Although climatic factors have traditionally been suspected to be the underlying cause of
rotavirus seasonality and patterns of spread (20), the spatiotemporal signature of rotavirus in
the United States is too complex to be explained by a single environmental gradient (13).
We quantified the impact of several environmental factors on rotavirus epidemic patterns,
including solar radiation, precipitation, vapor pressure, and temperature. Univariate and
multivariate regression suggested that such factors could not explain the observed variability
in timing of rotavirus epidemics either across states or over time (10).

Alternatively, birth rates are known to play an important role in epidemic dynamics and can
affect both regional spatial and temporal patterns (21-23). Birth rates have traditionally been
~30% higher in the southwestern United States than in the northeast, but over the past
decade rates have declined by 10 to 25%, particularly in California (Fig. 1B) (24,25). We
found that the state-to-state and year-to-year variation in birth rates was consistent with the
observed variability in the timing of rotavirus epidemics in the United States; that is, earlier
epidemics tended to occur in localities having higher birth rates in the year leading up to the
rotavirus season (Pearson’s correlation coefficient r = —0.57, P < 0.001). Furthermore,
regression analysis confirmed that birth rates were strongly associated with rotavirus
epidemic timing, explaining 65 to 71% of the spatial variation across states and 61% of
temporal trends (10) (table S1).

Model description

We developed an age- and state-stratified transmission model for rotavirus to test whether
the spatiotemporal signature of epidemics could be generated by geographic variability in
birth rate. The model allows for individuals to be infected multiple times over the course of
their life; each infection is followed by a temporary period of complete immunity and
confers an increased level of incomplete protection, both against infection and against severe
diarrhea-given infection (Fig. 2A). This reflects the current understanding of rotavirus
epidemiology and immunity (10).

The model assumes seasonal variation in the instantaneous transmission rate: p(t) = Bo{1 +
acos[2x(t — ¢)1}; here, B is the baseline transmission rate, a is the amplitude of seasonality,
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and ¢ is a seasonal offset parameter. We used data from the State Inpatient Databases (SID)
of the U.S. Healthcare Cost and Utilization Project (HCUP) (26) for a subset of 16 states
with monthly hospital discharge data from January 1993 to December 2004. We explored
four possible assumptions for mixing between age groups and found that the best-fitting
model included an age-related peak in the rate of transmission to children <3 years of age
[based on Akaike information criterion, (10)].

The rate of hospitalizations for rotavirus predicted by the model was similar to the reported
incidence (Fig. 2B), as was the age distribution of cases (<0.025 difference in the proportion
of cases in any given 1-year age group) (Fig. 2C). When we incorporated information on the
declining birth rate in California, the model predicted a seasonal peak of rotavirus activity
gradually shifting from early January to February in this state (Fig. 2B). If we modeled a
constant birth rate over this time period, the model was unable to capture the observed
change in the timing of rotavirus epidemics and did not fit the data as well (10).

Effect of birth rate on epidemic timing across the United States

We then tested the birth rate effect for the entire country by using weekly data on the total
number of rotavirus-positive specimens reported to the Centers of Disease Control and
Prevention (CDC) through the National Respiratory and Enteric Virus Surveillance System
(NREVSS). Laboratories throughout the United States voluntarily reported weekly
information on rotavirus activity for the period from July (calendar week 27) 1991 to June
(calendar week 26) 2006. We focused our analysis on the 23 states with at least 40 positive
specimens reported each season over the study period.

The observed relationship between the timing of annual rotavirus activity (10) and mean
birth rate was well captured by our fitted model (Fig. 2D). When the recruitment of
susceptibles was high (around 20 live births per 1000 total population per year), epidemics
tended to occur earlier (late November to early December), and when birth rate was low
(around 12 per 1000), epidemics occurred on average 3 months later. A model with constant
average birth rate in space and time failed to capture the spatiotemporal dynamics of the
disease (10).

Impact of vaccination

In February 2006, the RotaTeq vaccine (Merck) was introduced into the routine vaccination
schedule for U.S. infants. Coverage with at least one dose of the vaccine by 3 months of age
increased to about 60% by March 2008 (10). Data from NREVSS and the New Vaccine
Surveillance Network (NVSN) indicate that the 2007—2008 rotavirus season was delayed by
about 2 to 4 months and substantially diminished in size relative to epidemics in previous
years (Fig. 3A) (27). Because vaccination effectively reduces the rate of recruitment of
susceptible individuals, akin to a decline in birth rate, we can validate our model by
comparing the predicted impact of vaccination to the observed dynamics.

We assumed that the vaccine conferred a protective effect similar to that of primary
infection (average vaccine efficacy of 80.3% against severe diarrhea) (9). Although the
vaccine does not completely protect against infection with rotavirus (vaccine efficacy of
36.5% against infection), it substantially decreases the probability of developing severe
diarrhea (10). Weekly vaccine coverage levels were interpolated on the basis of monthly
one-dose coverage estimates derived from health insurance claims data for children <3
months of age (10). We explored a variety of assumptions about the relative effectiveness of
the one-dose coverage estimates compared with the proportion who receive the full three-
dose protective effect conferred by the vaccine (10).
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Our model predicted that the introduction of the RotaTeq vaccine in 2006 would lead to a
small decrease in the incidence of severe diarrhea during the initial 2006—2007 season (Fig.
3B) and a larger decline and delay in the epidemic during 2007—2008 (Fig. 3C). These
predicted dynamics captured the observed effects of vaccination (Fig. 3, A to C). If the
relative effectiveness of the one-dose coverage estimates was assumed to be ~70%, as
compared with the full three-dose vaccine schedule, then the model generated a good
quantitative match with the observed impact of vaccination during 2007-2008 (Fig. 3, A to
C). Model predictions suggest that the 2008—2009 season will be characterized by somewhat
elevated rotavirus transmission during the summer and fall and a smaller epidemic peak
occurring about 1 month later than in the prevaccination era. Thereafter, there will be a
similar pattern of smaller yearly epidemics if vaccine coverage remains at its current level
(~68% coverage with one dose) (Fig. 3D).

Lastly, we quantified the expected long-term impact of rotavirus vaccination at a variety of
coverage levels. Vaccination is predicted to result in both decreased incidence of severe
diarrhea and decreased prevalence of symptomatic and asymptomatic infections (Fig. 4).
However, a single course of the vaccine will not eliminate the disease completely if the
effect of vaccination is truly comparable to the protection provided by primary infection.
This is unsurprising given that the duration of immunity against natural rotavirus infection is
not lifelong (28). Our model also indicated that there is little or no indirect protection against
severe diarrhea (Fig. 4A). As the age at immunization increases [i.e., if protection only
occurs after two or three doses of the vaccine (10)], more individuals can be infected before
being fully immunized, thereby reducing the benefit of vaccination. However, the decrease
in clinical severity (and thereby the infectiousness) of subsequent infections in vaccinated
individuals leads to some indirect protection against infection in general. Under all
vaccination schemes, the reduction in the prevalence of infection is greater than that
predicted by the direct effect of vaccination alone (Fig. 4B); for example, herd immunity
provides an additional 15 to 25% reduction in infection prevalence at 70% vaccine coverage.

The average age of severe diarrhea cases is predicted to increase with higher vaccine
coverage (Fig. 4C). The decrease in prevalence of infection in the population delays the time
to primary (and secondary) infection such that the average age of severe diarrhea cases
increases from 1.5 years old to 4.6 to 7.7 years old, depending on the age at immunization.
This increase in the average age of first infection could lead to further decreases in the
incidence of severe diarrhea (beyond those predicted by the model) if cases in older children
tend to be less severe compared with those in infants (29).

As vaccine coverage level increases, the epidemic peaks occur later than prevaccination, but
there tends to be less seasonal variation in the number of rotavirus cases; as a result, the
mean timing of rotavirus activity may occur slightly earlier (Fig. 4D). This effect is similar
to the birth rate dropping below currently observed levels. As vaccine coverage reaches
about 70 to 80%, our model indicates that rotavirus activity follows a pattern of biennial
epidemics (reflecting the nonlinear feedback of herd immunity). Still higher vaccine
coverage levels can lead to potentially irregular dynamics (particularly if we consider
stochastic variations) and a period of years in which there are very few cases of severe
diarrhea.

Discussion

The analysis of spatiotemporal epidemic patterns has considerable power to help illuminate
epidemic dynamics. Traveling waves of infection originating in large population centers
have been noted and described for measles (21), rabies (30), dengue (31), and influenza
(14). Unlike these pathogens, however, rotavirus infection appears to persist throughout the
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year even in relatively small populations, possibly through recurring infections in adults
(10,17,18).

We propose that spatiotemporal variation in birth rate can lead to secular changes in the
pattern of rotavirus epidemics. If individuals experiencing their first infection are the
primary drivers of epidemics, then demographic changes will have a strong influence on
epidemic dynamics. At current rates of susceptible recruitment, small (~5%) seasonal
variation in transmissibility can lead to strongly seasonal outbreaks of rotavirus resulting
from the annual depletion of infants susceptible to primary infection. The observed variation
in birth rates over time and space dictates the relative timing of epidemics across the United
States, as evidenced by a state-specific rotavirus transmission model calibrated against rich
epidemiological data sets. Qualitatively similar relationships between rotavirus dynamics
and the recruitment of susceptibles have been observed in other countries and time periods
(10). By contrast, other nondemographic factors may explain why transmissibility tends to
be slightly greater in the winter in the United States and elsewhere (10).

The large-scale introduction of pediatric rotavirus vaccination in the United States provides
a natural experiment to validate our model, by reducing the recruitment rate of fully
susceptible individuals. Incorporating this effect into the model predicts the changes in
spatiotemporal dynamics of epidemics associated with early vaccination efforts, verifying
our demographic hypothesis. Vaccination against rotavirus has reduced the incidence of
severe diarrhea and could lead to changes in the average age of cases and the timing of
epidemics. Furthermore, the vaccination program is predicted to decrease the overall
prevalence of infection by a degree that is greater than that predicted by the direct effect of
vaccination alone.

Although our model reproduced several features of the spatiotemporal dynamics of rotavirus
in the United States, further refinement of the model may be necessary (10). We have only
implicitly accounted for the interaction between different strains of rotavirus, for which
there may be varying degrees of homotypic and heterotypic immunity (32). Secondary
infections may occur only when individuals encounter a strain that substantially differs from
the one causing primary infection. Furthermore, the true effect of vaccination may differ
slightly from that suggested by our model. If vaccination conferred highly protective
immunity comparable to that exhibited after two natural infections, our model suggests that
the level of herd immunity generated by vaccination could lead to the elimination of the
infection from the population at very high coverage levels (10). However, one cannot rule
out the possible emergence of new rotavirus strains in response to vaccine pressure, and
information on rotavirus genetic diversity will be crucial to understand the long-term
effectiveness of any immunization program.

We can extend our U.S.-based analysis to the context of developing countries, where
rotavirus remains a substantial cause of childhood morbidity and mortality and disease
dynamics differ. The high birth rates typical of developing countries may help explain why
rotavirus exhibits less seasonal variation in such settings (33), although climatic factors
could also play a role. In addition, rotavirus vaccine efficacy remains somewhat unclear in
developing country settings and could be lower than in the United States because of several
factors that might interfere with vaccine performance (e.g., presence of maternal antibodies,
high levels of coinfection with other enteropathogens, higher rates of malnutrition, and
greater prevalence of uncommon rotavirus strains). Efficacy trials of rotavirus vaccines are
ongoing in several countries of Asia and Africa, and results are expected in the next 6 to 12
months. Differences in population demographics, epidemiology of rotavirus disease, and,
potentially, vaccine effectiveness, would need to be carefully considered when predicting
the benefits of vaccination in developing countries, and the vaccine experience of
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industrialized nations may not directly translate to countries with high rotavirus mortality
burden. Introducing vaccination would likely decrease the overall burden of disease but

co

uld have important dynamic consequences, which are key to explore in future research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Spatiotemporal pattern of rotavirus epidemics and birth rates in the United States. (A) Map
of mean week of rotavirus activity for the period from 1991-1997 and 2000-2006. Mean
timing of annual rotavirus activity was calculated for states that reported rotavirus-positive

specimens to the NREVSS for at least four of the six rotavirus seasons. (B) Average

crude

birth rates by state (live births per 1000 estimated population per year) for 1991-1997 and

2000-2006 according to National Vital Statistics Reports.
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Fig. 2.

Description of model and model fit. (A) Compartmental diagram illustrating the
transmission model. See (10) for a more detailed description. (B and C) Fit of the model to
age-specific hospitalization data from the California HCUP SID for (B) the number of
hospitalizations per month in children 0 to 4 years of age and (C) the age distribution of
hospitalized rotavirus cases (0 to 11 months and 1 to 4 years of age). (D) Timing of rotavirus
epidemics based on laboratory-confirmed NREVSS data versus the state-specific crude birth
rate in the preceding year. We calculated the mean timing of annual rotavirus activity for
each of the 23 states and 15 rotavirus seasons (1991 to 2006) by weighting each calendar
week by the proportion of rotavirus detections occurring that week. Observed data are
plotted in blue, whereas the red dots represent predictions from the fitted model driven by
birth rate. The relationship between the birth rate and timing of epidemics predicted by our
model is given by the solid black line, whereas the shaded area between dashed lines
represents the 95% confidence interval for the predicted relationship.
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Fig. 3.

Effect of vaccination on the size and timing of the epidemic in the first and second years
following the introduction of the vaccine. (A) Weekly number of rotavirus-positive tests
from participating NREVSS laboratories, 1991-2006, compared with 2007-2008, by week
of year. (B and C) Weekly incidence of laboratory-confirmed rotavirus detections predicted
by the model for an average prevaccination epidemic (black) and the epidemic in the (B)
first year and (C) second year after the introduction of the vaccine, given one-dose vaccine
coverage estimates and assuming 50 to 100% relative effectiveness. (D) Time series of
model predictions for effect of vaccination (introduced in 2006) on the incidence of
laboratory-confirmed rotavirus (blue), assuming vaccine coverage (red) remains at its
current level (~68% with one dose, with 70% relative effectiveness).
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Fig. 4.

Population dynamic impact of vaccination. Vaccination was included in the model assuming
coverage (c) between 0 and 100% and age at immunization of 0 (blue), 4 (green), or 8 (red)
months of age (comparable to assuming acquisition of immunity after first, second, or last
dose of the vaccine). Plots show the effect of vaccination predicted by the model 10 years
after the vaccine is introduced on (A) the average incidence of severe diarrhea, (B) the
prevalence of symptomatic and asymptomatic infection, (C) the average age of severe
diarrhea cases, and (D) the timing of epidemics relative to the pre-vaccination timing. The
dots represent the model-predicted timing, while the lines represent the fitted relationship for
coverage = 0 to 70%. Note that epidemics occur biennially when vaccination coverage
exceeds 70%. The dotted black lines in (A) and (B) represent the direct effect of vaccination
assuming immunization at birth.

Science. Author manuscript; available in PMC 2010 December 27.



