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Background. Rotavirus disease rates dramatically declined among children <5 years of age since the rotavirus vaccine was intro-
duced in 2006; population-level impacts remain to be fully elucidated.

Methods. Data from the Healthcare Cost and Utilization Project State Inpatient Databases were used to conduct a time-series
analysis of monthly hospital discharges across age groups for acute gastroenteritis and rotavirus from 2000 to 2013. Rate ratios were
calculated comparing prevaccine and postvaccine eras.

Results.  Following vaccine introduction, a decrease in rotavirus hospitalizations occurred with a shift toward biennial patterns
across all ages. The 0—4-year age group experienced the largest decrease in rotavirus hospitalizations (rate ratio, 0.14; 95% confi-
dence interval, .09-.23). The 5-19-year and 20-59-year age groups experienced significant declines in rotavirus hospitalization rates
overall; the even postvaccine calendar years were characterized by progressively lower rates, and the odd postvaccine years were
associated with reductions in rates that diminished over time. Those aged 260 years experienced the smallest change in rotavirus
hospitalization rates overall, with significant reductions in even postvaccine years compared with prevaccine years (rate ratio, 0.51;
95% confidence interval, .39-.66).

Conclusions. Indirect impacts of infant rotavirus vaccination are apparent in the emergence of biennial patterns in rotavirus
hospitalizations that extend to all age groups ineligible for vaccination. These observations are consistent with the notion that young
children are of primary importance in disease transmission and that the initial postvaccine period of dramatic population-wide

impacts will be followed by more complex incidence patterns across the age range in the long term.
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Before vaccine introduction in the United States, rotavirus was
the leading cause of severe pediatric gastroenteritis, resulting
in up to 70000 hospitalizations [1] and an estimated $319 mil-
lion in healthcare costs annually [2]. Following pivotal clini-
cal trial results [3, 4], 2 live, attenuated oral rotavirus vaccines,
RotaTeq (Merck) and Rotarix (GlaxoSmithKline Biologicals)
were included in the routine infant vaccination schedule in
2006 and 2008, respectively, according to recommendations
from the Advisory Committee on Immunization Practices
[5,6]. By 2015,73.2% of children aged 19-35 months had received
a full course of rotavirus vaccine [7]. This is modest coverage
compared with more established routine infant immunizations,
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such as the diphtheria and tetanus toxoids and acellular pertussis
vaccine, with coverage of 95.0% for >3 doses in 2015 [7].

The direct effects of rotavirus vaccination have been clearly
demonstrated, and evidence of potential indirect effects are
emerging. Among children <5 years of age, rotavirus disease has
declined dramatically in the decade following the introduction
of the vaccines in the United States, with reductions in hospital-
izations [8-10], emergency department visits [8, 11], and phy-
sician office visits [8, 10]. Introduction of rotavirus vaccination
has also altered epidemiological patterns, with a switch from
annual to biennial patterns in disease incidence and a delay in
the seasonal peak in low-incidence years [12]. Moreover, there
is evidence of potential indirect benefits of the vaccine program,
with reductions in hospitalizations observed among unvacci-
nated children, probably because of reduced transmission from
their vaccinated counterparts [9, 10, 13]. In addition, early data
from the United States and select other early-introducing coun-
tries, suggest that these indirect benefits may extend to older
children and adults [14, 15]. If true, these observations unmask
a considerable severe disease burden outside the pediatric age
range that may be preventable by infant immunization.
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The longer-term impacts of infant rotavirus vaccination
across all ages remain to be fully elucidated. Studies to date
addressing these questions have been limited to relatively short-
term postvaccine time periods [14, 15] or restricted to younger
age groups [8-10, 13, 16]. Introduction of the rotavirus vaccine
is changing epidemiologic patterns [12] and may lead to subtle
shifts in circulating serotypes [17, 18]. Accordingly, evaluation
of longer-term trends and analysis of older age groups is needed
to identify the full public health impacts of infant rotavirus vac-
cination. We aimed to evaluate the population-wide impact,
across all ages, of infant rotavirus vaccination on gastroenteritis
and rotavirus hospitalizations by comparing the prevaccine and
postvaccine periods in the United States. We examined the total
effects among young children and the indirect effects to older
children and adults using a large national discharge database.

METHODS

Data Sources

Hospitalization data from January 2000 through December
2013 were obtained from the Healthcare Cost and Utilization
Project State Inpatient Databases, sponsored by the Agency for
Healthcare Research and Quality, through an active collabora-
tion. This database is a compilation of monthly discharge data
from all community hospitals (all nonfederal, short-term gen-
eral and specialty hospitals) within participating states [19]. Our
analysis was restricted to 26 states for which data were availa-
ble for the entire study period: Arizona, California, Colorado,
Connecticut, Florida, Georgia, Hawaii, Iowa, Illinois, Kansas,
Kentucky, Maryland, Massachusetts, Michigan, Missouri,
North Carolina, New Jersey, New York, Oregon, South Carolina,
Tennessee, Texas, Utah, Washington, Wisconsin, and West
Virginia. According to the National Center for Health Statistics
Bridged Race population data set (https://www.cdc.gov/nchs/
nvss/bridged_race.htm), these 26 states represent approxi-
mately three-quarters (74.2%) of the total US population in
2013. This population data set was used to calculate rates in this
analysis.

Two outcomes were separately assessed: rates of all-cause
acute gastroenteritis (AGE) and rates of rotavirus gastro-
enteritis (RVGE) hospital discharges. Discharge data, coded
according to the International Classification of Diseases, Ninth
Revision, Clinical Modification (ICD-9-CM), were extracted
from the State Inpatient Databases to identify AGE and RVGE
codes noted as the primary diagnosis or listed in 1 of 15 other
possible diagnosis fields. Applicable ICD-9-CM codes for AGE
are detailed elsewhere [20] and included bacterial, parasitic,
and viral gastrointestinal illness of determined cause and pre-
sumed infectious or noninfectious gastrointestinal illness of
undetermined cause. We defined a RVGE hospitalization as any
discharge with ICD-9-CM diagnosis code 008.61. Rotavirus-
coded discharge data were expected to provide the most specific

indicator of rotavirus rates. However, restricting the analysis to
only these episodes may underestimate the true rotavirus bur-
den owing to limited testing for rotavirus in medical settings
[21, 22]. Therefore, the broader classification of all-cause AGE
was also analyzed to capture RVGE not identified as rotavirus
related because of incomplete detection or miscoding.

Statistical Analysis

The impact of vaccination was estimated by comparing AGE
and RVGE age-specific hospitalization rates per 10000 popu-
lation before and after vaccine introduction using regression
models. Monthly counts of AGE and RVGE hospitalizations
were modeled using negative binomial regression, with a cat-
egorical variable representing postvaccine year and adjust-
ment for changing population size using an offset of the log of
population [23]. Analyses were performed using R software,
version 3.5.0.

Three comparisons were made for each outcome to estimate
rate ratios (RRs) and corresponding 95% confidence inter-
vals (ClIs). Monthly prevaccine rates overall (2000-2006) were
compared with (1) monthly postvaccine rates overall (2008-
2013), (2) monthly postvaccine rates for even (2008, 2010, and
2012) and odd (2009, 2011, 2013) postvaccine calendar years
separately to assess biennial patterns, and (3) monthly post-
vaccine rates for each individual postvaccine calendar year to
provide more detail on the potentially dynamic effects of vac-
cination over time. The year 2006 was included in the prevac-
cine period because the vaccine was not recommended until
August of that year, and vaccine coverage was initially low
[24]. The year 2007 was considered a transition period and was
excluded from analyses. All analyses were performed separately
for the age groups 0-4, 5-19, 20-59, and =60 years to assess
the total and indirect effects of the vaccine across age groups.
Age groups were selected by combining those with similar dis-
ease patterns and trends to increase power for the analyses. For
AGE, we modeled data from the historic rotavirus season in the
United States (January-June) to improve the model’s specificity
for AGE cases that may be rotavirus related; rotavirus models
included year-round data.

We aimed to adjust for potential exogenous secular trends
(trends over time) with the inclusion of a sequential (continu-
ous) time variable. The AGE model results were sensitive to the
inclusion of time trends, so we further considered second- and
third-order time variables. Based on the Akaike information
criterion values, including higher-order time variables did not
substantially improve model fit. RVGE hospitalization model
results were not sensitive to the addition of a sequential time
variable, so it was excluded. Rotavirus models controlled for
the period 2000-2003 using an indicator variable to account for
the increase in RVGE hospitalization rates that occurred just
before 2004 among all age groups. The cause of this increase in
RVGE hospitalization rates is uncertain but may be increased
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rotavirus testing in anticipation of vaccine introduction.
Because we sought to identify the long-term impact of vaccine
exposure on AGE and RVGE hospitalization rates, rather than
short-term deviations from an “underlying pattern,” we chose
to account for secular trends (where appropriate) and not con-

sider autocorrelation.

Ethical Approval

This study was not subject to institutional review board approval
at Emory University or the Centers for Disease Control and
Prevention because it involved deidentified, aggregate data.

RESULTS

A total of 13527516 AGE hospitalizations from 2000 to 2013
were analyzed, including 224099 (1.7%) specified as RVGE.

AGE Patterns

Using unrestricted (full-year) data, the highest rates of AGE
hospitalization were among persons aged =60 years with an
average monthly rate of 10.2 hospitalizations per 10 000 age-spe-
cific population (unadjusted rate range, 3.3-24.3) during the
prevaccine period, increasing to 15.7 per 10000 age-specific
population (unadjusted rate range, 6.1-33.3) during the post-
vaccine period. A secular increasing trend began during the
prevaccine period for this age group as well as among those
aged 20-59 years (Figure 1C and 1D). In contrast, we observed
no clear evidence of a secular trend in the 0-4- or 5-19-year age
groups (Figure 1A and 1B).

During the historic rotavirus season (January-June), we
observed significant reductions in AGE hospitalizations for the
0-4-year age group in the postvaccine compared with the pre-
vaccine period (Table 1; RR, 0.54; 95% CI, .34-.85), with slightly
greater reductions in even than in odd calendar years (even-
year RR, 0.50 [95% CI, .32-.78]; odd-year RR, 0.58 [.35-.95])
and generally decreasing RRs, punctuated by a subtle biennial
pattern (Figure 2Aand Table 2). Similar patterns with smaller
and nonsignificant reductions were observed among the 5-19-
year age group (Figure 2B). No significant reductions in rates
of AGE hospitalizations were observed for the 20-59- or >60-
year age groups (Figure 2C and 2D). Similar patterns with more
diluted impacts were observed in the unrestricted (full-year)
comparative analyses (Supplementary Table 1).

RVGE Patterns
Following vaccine introduction, a decrease in RVGE hospital-
ization rates occurred across all age groups (Table 3), with par-
allel trends and a shift toward biennial patterns (Figure 1E-1H)
across all ages. The 0-4-year age group experienced the largest
overall decrease in RVGE hospitalization rates comparing the
pre- and postvaccine periods.

After introduction of the infant rotavirus vaccine, RVGE
hospitalization rates among those aged 0-4 years declined by

>85% (Table 3; RR, 0.14; 95% CI, .09-.23). A biennial pattern
in RVGE hospitalization rates was apparent for this age group,
with larger declines in the rate of RVGE hospitalization in even
calendar years (RR, 0.10; 95% CI, .06-.18) than in odd calendar
years (0.20; 95.12-.35). This pattern was further characterized
by consistently decreasing rates over time for both even and odd
postvaccine calendar years (Figure 2E).

The 5-19- and 20-59-year age groups both experienced a sig-
nificant decline in RVGE hospitalization rates overall, primarily
owing to the decline in RVGE hospitalizations that occurred in
even calendar years after introduction of the vaccines (Table 3).
No significant changes in RVGE hospitalization rates were
observed for either age group when comparing prevaccine rates
with rates for odd calendar years in the postvaccine period. Of
note, analysis of RRs by individual postvaccine year revealed
that even years were characterized by progressively lower rates,
whereas odd years were typically associated with reductions
in rates that diminished over time or modest, nonsignificant
increases (Figure 2F and 2G; Table 4).

Among persons aged =60 years, patterns similar to those
observed for the 5-19- and 20-59-year age groups were seen,
including overall declines in hospitalization rates in the post-
vaccine period compared with prevaccine years (Figure 2H
and Table 3; RR, 0.76; 95% CI, .61-.96) and significant declines
in the even postvaccine years (0.51; .39-.66). In the odd post-
vaccine years, we observed no change in RVGE rates in 2009
(Table 4; RR, 0.99; 95% CI, .70-1.44) and nonsignificant rate
increases in 2011 and 2013 (1.28 [.90-1.85] and 1.20 [.84-1.73],
respectively), compared with the prevaccine period.

DISCUSSION

Our analysis of 6 years of postvaccine data offers several insights
into the complex longer-term population-level effects of infant
rotavirus vaccination. Rotavirus vaccination had a substantial
impact on RVGE hospitalizations across age groups during the
6-year period, highlighting the role of infants as drivers of infec-
tion transmission. These indirect effects are evidenced by par-
allel trends in the incidence of RVGE hospitalizations whereby
biennial temporal patterns emerged among all age groups.
Overall reductions in the incidence of RVGE hospitalizations
were observed for children, adolescents, and adults during the
postvaccine period, with diminished indirect impacts as age
increased. Remarkably, by 2013, there was a suggestion in the
data that RVGE hospitalization rates among the 20-59- and
>60-year age groups may have slightly exceeded prevaccine
levels. Infant vaccination programs increase the average age of
infection; further years’ data will be need to determine whether
there is an absolute increase in disease rates in older age groups.

The United States was one of the first countries to introduce
a rotavirus vaccine nationally [5, 25], and we were therefore
uniquely positioned to assess the longer-term temporal trends
in RVGE hospitalization rates. A central strength of this study
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Monthly all-cause acute gastroenteritis (A—D) and rotavirus gastroenteritis (E—H) hospitalizations per 10000 age-specific population, 2000-2013. Data are from

26 US states from the Healthcare Cost and Utilization Project’s State Inpatient Databases; see Data Sources, in Methads, for the full list of states. Data are full-year data
(not restricted to January—June), for the purpose of visualizing the patterns in hospitalization rates. Dotted lines in parts (A—D) represent up-to-date vaccine coverage among
children aged 19-35 months (2 or 3 doses, depending on vaccine manufacturer); the vertical black dashed lines denote introduction of rotavirus vaccine.

is the use of national AGE and RVGE hospital discharge data
spanning 6 years after the introduction of the rotavirus vaccine
and including data on older children, adolescents, and adults.
This is the longest age stratified time-series analysis of the rota-
virus vaccine era trends to date. The 26 states included in the
analysis represent 74.2% of the national population and include
all cases occurring in community hospitals (all nonfederal,
short-term general and specialty hospitals) in these states. The
time-series method enabled us to assess the dynamic effects of
the vaccine while accounting for background secular trends.
These results extend findings from previous studies that sug-
gested possible indirect impacts of infant vaccination among

older children and adults using data from the first few years
after vaccine introduction [14, 15, 26-28]. This study also pro-
vides a more detailed look at temporal patterns by analyzing
both pre- and postvaccine rates overall but also for individual
years, enabling the identification of biennial patterns previously
noted [12, 14].

Potentially confounding our analysis were secular changes in
RVGE and AGE rates, particularly among older adults, that may
have been unrelated to vaccine introduction. We aimed to con-
trol for these trends by including time variables in our models,
a technique used in some [14, 15] but not all [9, 29] previous
studies. Depending on the direction of the secular trend, not
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Table 1. Monthly All-cause Acute Gastroenteritis Hospitalization Rates and Adjusted Rate Ratios, Restricted to the Rotavirus Season: Prevaccine Period
Compared With Postvaccine Period Overall and in Even and Odd Calendar Years®

Prevaccine Period Postvaccine Period Postvaccine Even Years Postvaccine Odd Years
Age Group, y Rate® Range Rate” RR (95% Cl) Rate® RRC (95% Cl) Rate® RR (95% Cl)
0-4 8.04 2.89-14.49 4.19 0.54 (.34-.86)" 3.92 0.50 (.32-.78)° 4.47 0.58 (.35-.95)°
5-19 0.79 0.43-1.84 0.79 0.84 (.68-1.06) 0.75 0.81 (.65-1.01) 0.83 0.88 (.69-1.12)
20-59 1.72 0.78-3.43 2.62 0.93 (.74-1.18) 2.55 0.94 (.75-1.18) 2.69 0.93 (.72-1.20)
>60 10.24 3.34-24.33 15.74 0.82 (.568-1.17) 15.33 0.83 (.69-1.18) 16.16 0.81 (.65-1.19)

Abbreviations: Cl, confidence interval; RR, rate ratio.

“Data from 26 US states from the Healthcare Cost and Utilization Project’s State Inpatient Databases; see Data Sources, in Methods, for the full list of states. Adjusted RRs are from negative
binomial regression comparing the prevaccine period (2000-2006) with the postvaccine period (2008-2013) overall and by even and odd calendar years, controlling for time and restricted
to the rotavirus season, defined as January-June.

®Unadjusted rate per 10000 age-specific population.
°RR for comparison with prevaccine era.
9Significant at the o = .05 level.
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Figure 2. Monthly all-cause acute gastroenteritis (AGE) (A—D) and rotavirus gastroenteritis (RVGE) (F=H) hospitalization rate ratios (RRs) comparing prevaccine (2000-2006)
and postvaccine (2008-2013) periods by year. Data are from 26 US states from the Healthcare Cost and Utilization Project’s State Inpatient Databases; see Data Sources, in
Methods, for the full list of states. A-D, AGE data based on negative binomial regression using a sequential (continuous) time variable to control for potential exogenous sec-
ular trends, restricted to the rotavirus season (January—June). £~H, RVGE data based on negative binomial regression controlling for the pre-2004 period, using an indicator
variable to account for the increase in RVGE hospitalization rates that occurred just before 2004, including all months.
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Table 2. Monthly All-cause Acute Gastroenteritis Hospitalization Rates and Adjusted RRs, Restricted to the Rotavirus Season: Prevaccine Period

Compared With Postvaccine Period by Year®

2008 2009 2010 20M 2012 2013
Age

Group,y Rate® RR°(95% Cl) Rate® RR°(95% Cl) Rate® RR°(95% Cl) Rate® RR°(95% CI) Rate® RR°(95% Cl) Rate® RR°(95% Cl)
0-4 5.08 0.66(43-1.01) 567 0.74(46-1.18) 3.70 0.49(.29-81)° 4.08 0.54(.3-.94) 297 040(22-720% 3.66 0.49 (.26-.94)
5-19 071 0.81(65-99° 084 093(74-117) 0.80 0.86(67-1.11) 083 0.88(67-1.16) 074 0.76(57-1.03) 0.83 0.84 (.61-1.16)
20-59 226 0095(77-1.19) 2.67 105(.83-1.34) 266 0.98(76-1.28) 268 0.93(69-1.23) 2.73 0.88(65-1.20) 2.71 0.82(.58-1.15)
>60 1455 0.94(68-1.32) 16.87 1.00(70-144) 15.82 0.86(58-128) 16.18 0.81(52-1.25) 15.60 0.72(45-1.14) 1543 0.65 (.39-1.08)

Abbreviations: Cl, confidence interval; RR, rate ratio.

“Data from 26 US states from the Healthcare Cost and Utilization Project’s State Inpatient Databases; see Data Sources, in Methods, for the full list of states. Adjusted RRs are from negative
binomial regression comparing the prevaccine period (2000-2006) with postvaccine period (2008-2013) by year, controlling for time and restricted to the rotavirus season (January-June).

®Unadjusted rate per 10000 age-specific population.
°RR for comparison with prevaccine era.

9Significant at the o = .05 level.

accounting for time confounding may lead to an overestima-
tion or underestimation of vaccine impact. Without genotype
data, we are unable to determine whether the new patterns of
RVGE hospitalizations during the vaccination era are associated
with previously circulating rotavirus strains or the emergence
of less commonly observed strains—a question raised by recent
evaluations [17, 18, 30]. The role of vaccine-induced pressures
on circulating strains should be considered cautiously, because
vaccination has been shown to induce cross-protective immu-
nity [31] and there is evidence of strain diversity by geography
and over time, unrelated to vaccination [32].

Important biases may arise from rotavirus testing in the clini-
cal setting. It is well recognized that not all patients hospitalized
for AGE are tested for rotavirus, even among young children, in
whom the burden is most appreciated [21, 22]. The ICD-9-CM
coding for rotavirus has demonstrated high specificity (97%)
but low sensitivity (estimated between 25% and 47%) for chil-
dren <5 years of age during the prevaccine era [33], and there
is limited information about the sensitivity and specificity of
rotavirus coding among older age groups [34, 35], with trends
in testing practices and coding validity largely unknown. We are
also unable to assess how seasonality of rotavirus (ie, changes in

rotavirus prevalence) may affect the positive and negative pre-
dictive value of rotavirus tests.

However, only confounders that vary over time, such as a
change in testing practices, would bias our results; we have no
evidence to suggest that such a change did or did not occur.
The percentage of AGE case patients who tested positive for
rotavirus has declined sharply among children since introduc-
tion of the rotavirus vaccine [12, 13], so the decline in rota-
virus cases after vaccine introduction cannot be attributed to
reduced testing alone. Nonetheless, any potential changes in
testing practices are unlikely to account for the biennial pattern
observed. Differences in the patterns between AGE and RVGE
hospitalization rates are probably due to the nonspecific nature
of the AGE outcome, which captures gastroenteritis cases from
diverse causes.

The current study reveals the important role that infants play
as drivers of rotavirus infection among all age groups, the indi-
rect effects of infant vaccinations among older children, adoles-
cents, and adults, and the emergent biennial patterns of RVGE
hospitalization across age ranges. The biennial pattern in RVGE
hospitalization rates could be a result of changing rates of sus-
ceptibles within the population. Vaccine coverage combined

Table 3. Monthly Rotavirus Gastroenteritis Hospitalization Rates and Adjusted Rate Ratios: Prevaccine Period Compared With Postvaccine Period
Overall and in Even and Odd Calendar Years®

Prevaccine Period Postvaccine Period Postvaccine Even Years Postvaccine Odd Years

Age Group, y Rate® Range Rate® RR (95% Cl) Rate® RR® (95% Cl) Rate® RR (95% Cl)
0-4 1.2051 (0.045-5.023) 0.2374 0.14 (.09-.23)¢ 0.1810 0.10 (.06-.18)¢ 0.2938 0.20 (.12-.35)¢
5-19 0.0226 (0.000-0.257) 0.0131 0.43 (.31-.59)¢ 0.0068 0.26 (.18-.37)¢ 0.0194 0.72 (.50-1.03)
20-59 0.0012 (0.000-0.009) 0.0010 0.65 (.54-.79)° 0.0007 0.49 (.39-.62)° 0.0013 0.87 (.70-1.08)
>60 0.0049 (0.000-0.042) 0.0057 0.76 (.61-.96)° 0.0036 0.51 (.39-.66)° 0.0078 1.15 (.89-1.48)

Abbreviations: Cl, confidence interval; RR, rate ratio.

“Data from 26 US states from the Healthcare Cost and Utilization Project’s State Inpatient Databases; see Data Sources, in Methods, for the full list of states. Adjusted RRs are from
negative binomial regression comparing the prevaccine period (2000-2006) with the postvaccine period (2008-2013), overall and in even and odd calendar years, controlling for the pre-
2004 period.

®Unadjusted rate per 10000 age-specific population.
°RRs for comparison with prevaccine era.
C'Signh‘icam at the a = .05 level.
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Table 4. Monthly Rotavirus Gastroenteritis Hospitalization Rates and Adjusted Rate Ratios: Prevaccine Period Compared With Postvaccine Period by
Year®

2008 2009 2010 201 2012 2013
Age

Group,y Rate® RR°(95% Cl) Rate® RR°(95% Cl) Rate®

RR®(95% Cl)  Rate®

RR°(95% Cl)  Rate® RR°(95% Cl) Rate® RR°(95% Cl)

0-4 0.3589 0.26 (.12-.61)° 0.4383 0.32 (.15-.75)Y 0.1181

20-59

0.0008 0.52 (.38-.72)% 0.0010 0.65 (.48-.89)" 0.0007 0.50 (.36-.69)" 0.0013 0.86
>60 0.0050 0.73 (.50-1.06) 0.0067 0.99 (.70-1.44) 0.0031 0.45 (.30-.66)° 0.0087 1.28

0.09 (.04-20)" 0.2450 0.18 (08-42)" 0.0660 0.05(.02-.11)° 0.1981 0.14 (.07-.34)°
5-19  0.0074 0.28(.17-.48)° 0.0138 0.52(.32-.89)" 0.0070 0.27 (.16-.46)" 0.0209 0.79 (48-1.36) 0.0059 0.22(.13-38)° 0.0234 0.89 (.54-1.52)
(.
(-

63-1.16) 0.0007 0.46 (.33-.64)* 0.0017
90-1.85) 0.0028 0.40 (.27-.59)° 0.0081

1.18 (.88-1.59)
1.20 (.84-1.73)

Abbreviations: Cl, confidence interval; RR, rate ratio.

“Data from 26 US states from the Healthcare Cost and Utilization Project’s State Inpatient Databases; see Data Sources, in Methods, for the full list of states. Adjusted RRs are from negative
binomial regression comparing the prevaccine period (2000-2006) with the postvaccine period (2008-2013) by year, controlling for the pre-2004 period.

®Unadjusted rate per 10000 age-specific population.
°RRs for comparison with prevaccine era.

9Significant at the o = .05 level.

with acquired immunity could be high enough to transiently
raise herd immunity such that transmission is low and allow for
a short-term accumulation of susceptibles, particularly among
young children, spurring biennial epidemics that spread across
age groups [13, 36].

The indirect effects of infant vaccination are apparent in the
reduced incidence of RVGE among older age groups observed
immediately after introduction of the vaccine. These findings
are probably a result of higher transmissibility from children
and social contact patterns that result in children being the pri-
mary drivers of infection [37]. A related pattern observed in the
data is the reduced relative effect of infant RVGE vaccination on
unvaccinated individuals over time and as age group among the
unvaccinated increases and over time. Seasonal patterns among
older age groups are likely to be closely linked to incidence
among young children, but population immunity and trans-
mission within the age group may play an increasing role [38].

Further understanding of the long-term impacts of rotavirus
vaccination across the age range could be gained with addi-
tional data from the postvaccine period and from comparable
early-introducing countries. Data from 2014 and beyond would
enable us to determine whether the relationships identified in
this study continue in future years. Indeed, infant vaccination
can create immunity gaps in older ages, as has been observed
for varicella [39] and rubella [40]. Although our analysis shows
the substantial influence of infant immunization across the age
range, the source of infection among adults and their role in
rotavirus transmission is not clear and should be the subject of
future studies. Because nearly all adults in our study would have
acquired rotavirus antibodies as children in the prevaccine era
[5], our findings support the notion that immunity is not life-
long [34]. Data on vaccine effectiveness by year could provide
further insight into these trends.
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Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
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