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Abstract

Background: Although live attenuated monovalent human rotavirus vaccine (Rotarix) ef-

ficacy has been characterized through randomized studies, its effectiveness, especially in

non-clinical settings, is less clear. In this study, we estimate the impact of childhood

RotarixVR vaccination on community rotavirus prevalence.

Methods: We analyse 10 years of serial population-based diarrhoea case-control study,

which also included testing for rotavirus infection (n¼3430), and 29 months of all-cause

diarrhoea active surveillance from a child cohort (n¼ 376) from rural Ecuador during a

period in which Rotarix vaccination was introduced. We use weighted logistic regression

from the case-control data to assess changes in community rotavirus prevalence (both

symptomatic and asymptomatic) and all-cause diarrhoea after the vaccine was intro-

duced. We also assess changes in all-cause diarrhoea rates in the child cohort (born

2008–13) using Cox regression, comparing time to first all-cause diarrhoea case by vac-

cine status.

Results: Overall, vaccine introduction among age-eligible children was associated with a

82.9% reduction [95% confidence interval (CI): 49.4%, 94.2%] in prevalence of rotavirus in

participants without diarrhoea symptoms and a 46.0% reduction (95% CI: 6.2%, 68.9%) in

prevalence of rotavirus infection among participants experiencing diarrhoea. Whereas

all age groups benefited, this reduction was strongest among the youngest age groups.

For young children, prevalence of symptomatic diarrhoea also decreased in the post-

vaccine period in both the case-control study (reduction in prevalence for children

<1 year of age¼69.3%, 95% CI: 8.7%, 89.7%) and the cohort study (reduction in hazard

for receipt of two Rotarix doses among children aged 0.5-2 years ¼ 57.1%, 95% CI: 16.6,

77.9%).

Conclusions: Rotarix vaccination may suppress transmission, including asymptomatic

transmission, in low- and middle-income settings. It was highly effective among children
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in a rural community setting and provides population-level benefits through indirect pro-

tection among adults.
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Introduction

Rotavirus is a major cause of severe diarrhoea worldwide, par-

ticularly in young children.1–3 In 2006, the RotarixVR and

RotateqVR vaccines were approved with the objective of reduc-

ing severe rotavirus infections.3,4 Whereas both vaccines have

shown similar effectiveness, Rotarix is used in Ecuador and in

most lower-and-middle-income countries (LMICs) because of

its better cost-effectiveness, lower dose requirements and ther-

mostability.5–7 In general, Rotarix vaccination is thought to be

most effective against severe rotavirus infection and decreases

the burden of severe diarrhoea in populations where it is intro-

duced.8–14 However, most studies on rotavirus vaccine perfor-

mance have come from clinical populations or focus on

children; data on how the vaccine performs against asymptom-

atic infections for older individuals are lacking.5 Moreover,

many of the previous studies have focused on large cities;8–11

data on how the vaccine performs in rural settings are needed.5

Here we examine Rotarix effectiveness on rotavirus infections

(including asymptomatic infections) and all-cause diarrhoea in

a rural community setting in Ecuador.

In addition to demonstrating efficacy against severe ro-

tavirus among young children (who may not yet have ac-

quired natural immunity against rotavirus infection), some

studies have also shown reductions in rotavirus infections

in unvaccinated populations,15–17 suggesting that rotavirus

vaccination may reduce the transmission rate. However,

most evidence of this effect comes from high-income coun-

tries.15,16 There is a need for data to determine if vaccina-

tion also reduces transmission rates in LMICs, which could

increase the impact of vaccination in such settings.5,17 It

may also be easier to interrupt transmission in rural

regions of LMICs because some are partially protected

from illness due to their relative isolation.18 In this context,

rotavirus transmission patterns can be driven by periodic

reintroductions by older children and adults, who are not

age-eligible to be vaccinated.19 Therefore, indirect protec-

tion might help maintain vaccine effects over time by re-

ducing community susceptibility to periodic

reintroduction.

Our objective was to determine if Rotarix implementa-

tion reduced rotavirus infection, including asymptomatic

infection, and all-cause diarrhoea in a rural region of

Ecuador with high levels of endemic diarrhoea. We used

these results to quantify: (i) the indirect effect of vaccina-

tion on un-vaccinated populations; and (ii) the impact of

vaccination on asymptomatic rotavirus infection.

Methods

Data

This analysis used data collected for a study on diarrhoeal

disease in rural Ecuador over a 10-year period (from 2003

to 2013, Figure 1).18 This included: yearly census informa-

tion, active all-cause diarrhoea surveillance and periodic

case-control data. All protocols were approved by institu-

tional review boards at the University of Michigan and

Universidad San Francisco de Quito. An overview of the

data used is shown in Table 1, and more details about the

analysis are provided below.

Outcome variables

Our outcome variables come from two datasets.

Approximately once every 9 months from 2003 to 2013,

staff visited each community and conducted a 2-week, pro-

spective, population-based, case-control study for symp-

tomatic diarrhoea. Here cases and controls were tested for

Key Messages

• We found that older children and adults, who were too old to be vaccinated, were protected against rotavirus infec-

tion, providing evidence for indirect effects of RotarixVR vaccination.

• Young children were protected against both rotavirus infection and all-cause diarrhoea.

• Due to indirect effects, the total impact of vaccination and its cost effectiveness may be higher than previously

expected for low-resource settings, where the burden of rotavirus diarrhoea is high among all age groups.
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the presence of rotavirus. From the case-control data we

have three outcome variables: all-cause diarrhoea, defined

as cases in the case-control study; symptomatic rotavirus

infections, defined as cases testing positive for rotavirus;

and asymptomatic rotavirus infections, defined as controls

without diarrhoea symptoms who tested positive for rota-

virus. In addition, between August 2011 and December

2013 we collected all-cause diarrhoeal surveillance data

from all households every 2 weeks. This surveillance did

not include any testing for rotavirus status.

Each case-control study cycle occurred over an approxi-

mate 9-month study period and included communities

sampled in the main rainy (December-May) and dry (June-

November) seasons.21 The order of sampling for each com-

munity rotated over time, such that data were available

from both seasons for all communities (see Figure 1). In to-

tal, there were 11 cycles of case-control sampling across 15

communities. During each 14-day period, cases of diar-

rhoea were identified prospectively. A case in the case-

control study was defined by having three or more loose

stools in the past 24 h, irrespective of the pathogen causing

that diarrhoea. For the first seven study cycles, we col-

lected one household control and two community controls

per case (both time-matched to cases such that a control

could later become a case). For cycles 8-11, a random sam-

ple of 10% of the community population was sampled as

controls at baseline. We obtained stool samples from each

case and control and these samples were tested for rotavi-

rus (using the EIA kit, RIDA Quick Rotavirus; R-

Biopharm, Darmstadt, Germany).
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Figure 1. Diagram of data collected during the study period (2003–13). Timing of case-control data collection cycles (1–11) is shown below the timeline

with corresponding months for each cycle. Double headed arrows above the timeline show the timing of all-cause diarrhea surveillance. The boxes

with arrows illustrate the timing of Rotarix vaccine introduction.

Table 1. Summary information of the two analytical approaches used in this analysis, one based on a case control study of diar-

rhoea, which also measured rotavirus infection among both diarrhoea cases and controls, and the other active surveillance for

all-cause diarrhoea. We restricted the case-control analysis to communities who had been included in the case-control study for

the full 10-year period and who had vaccine data available (14 communities). For the cohort analysis, all communities with vac-

cine records with data from 2011 to 2013 were eligible for inclusion (total of 21 communities).

Case control study Child cohort study

Outcome(s) All-cause diarrhoea All-cause diarrhoea

Rotavirus infection

Exposure Pre/post vaccine introduction Individual vaccination status (0, 1 or 2 doses)

Community-level vaccine coverage (proportion, 0 to 1)

Data collection mode Diarrhoea cases and randomly selected controls Active surveillance

Years of data included 10 years 2 years

Age groups (years) <1, 1-5, >5, combined 0.5-2, 2-5

Number of communities 14 21

Number of individuals 3430 376

Regression tool Weighted logistic regressiona Cox regression

Effect measure Odds ratio (OR) Hazard ratio (HR)

aWeighted by inverse probability of sampling.
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Exposure variables

We collected vaccine records for children born in study vil-

lages between 2008 and 2013. Rotarix was introduced in

Ecuador in 2007 and was introduced into the study region

in late August of 2008. Children began receiving their sec-

ond doses of Rotarix in early 2009 (during cycle 8, see

Figure 1).20 Using birth date, community of residence and

name, we linked vaccination records to individuals in our

larger study (see Supplementary Section S1 for more

details, available as Supplementary data at IJE online).

The two primary exposure variables used in the case-

control analysis were: (ii) a binary variable comparing

cycles before the vaccine was introduced with those after

the vaccine was introduced; and (ii) community-level vac-

cine coverage for each cycle, which is a measure of the pro-

portion of children who received two doses of Rotarix.

Vaccine coverage should provide more statistical power

than a pre/post analysis, but were missing vaccine coverage

data for about half the children in our study region, mak-

ing absolute coverage estimates uncertain. For this reason,

we report the results using both exposure variables, but fo-

cus our discussion on the pre/post analysis. We considered

cycles 1-7 to be the pre-vaccine period and cycles 9-11 to

be the post-vaccine period. Case-control data from the

study cycle during which the vaccine was introduced (cycle

8) were excluded from both the pre/post and vaccine cover-

age case-control analyses.

For the cohort analysis, we use individual Rotarix vacci-

nation status (zero, one or two doses). Because we only

had vaccine records for 74 individuals in the cohort study

in later cycles, we did not assess the impact of individual

vaccine status for children on rotavirus infection in the

case-control study.

To estimate community-level vaccine coverage, we used

the number of children receiving their second dose of rota-

virus vaccine by the start of a given case-control cycle

(meaning that doses were administered during the previous

cycle) divided by the number of children who were eligible

to receive their second dose in that cycle, based on their

age. We also considered alternative methods for calculat-

ing coverage (see Supplementary Section S2 for more

details, available as Supplementary data at IJE online).

Case-control analysis

For the case-control analysis, only communities that were

followed for the full 10-year period and for which vaccine

data were available were included (14 communities, 3430

individuals). We compared study cycles before and after

the vaccine was introduced for both all-cause diarrhoea

and rotavirus infection for the population overall as well

as for three age groups separately: <1, 1-5 and �5 years.

We also estimated the association between vaccine cover-

age of two doses of Rotarix and both outcomes.

We used individual-level logistic regression models,

weighted by inverse probability of sampling, to compare

the odds of rotavirus infection over time, using a pre/post

analysis to compare odds before and after the vaccine was

introduced. We also conducted a similar analysis, using

community coverage of two doses of Rotarix attained dur-

ing each case-control study cycle as our exposure of inter-

est (comparing 100% coverage vs 0% coverage, the range

of coverage estimates observed after vaccine introduction).

Our weighting method accounted for differences in selec-

tion probability between household and community con-

trols (see Supplementary Section S3 for details, available as

Supplementary data at IJE online). Because the method of

control selection varied over time, we re-ran all models ex-

cluding data from household controls to see if inclusion of

this group early on might have biased our results, and the

results were similar. We did not have adequate power to

analyse vaccine coverage using quantiles; although cover-

age ranged from 0% to 100%, nearly half of the commu-

nity/cycle observations after vaccine introduction had

100% coverage. We conceptualised our data for this analy-

sis as repeated cross-sectional surveys that provided an un-

biased estimate of: (i) overall rotavirus infection

prevalence, using both symptomatic and asymptomatic

infections—data from both cases and controls were

weighted by inverse probability of sampling (see

Supplementary Section S3 for weighting details);(ii2) sub-

clinical rotavirus infection prevalence, estimated among

controls; and (iii) rotavirus infection prevalence among

persons with diarrhoea, estimated among cases within the

community at each time point. Because previous studies

have shown the strongest protection among children aged

under 1 year,5 we conducted this analysis separately by age

group (<1 year, 1-5 years and �5 years) and for all age

groups combined. We calculated overall percent reduction

in all-cause diarrhoea and rotavirus infection for all age

groups separately and for the population overall

(Reduction ¼ (1 �OR) � 100).

Cohort analysis

We created a dynamic cohort of children, enrolling all chil-

dren with vaccine records born between August 2008 and

September 2013. Since our surveillance did not start until

August 2011 (Figure 1), children born between March

2011 and September 2013 entered the cohort at 6 months

of age to ensure they were vaccinated (6 months was the

latest age Rotarix was administered according to local
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policy). Children born between August 2008 and February

2011 entered the cohort at the start of active surveillance.

Children born between 2008 and 2011 were, therefore,

older upon cohort entry (although they were still vacci-

nated before 6 months of age). All children were followed

until their first diarrhoea episode, until 5 years of age or

until the end of the active surveillance period, whichever

came first.

To account for differences in age upon cohort entry, we

conducted a stratified analysis based on baseline age using

two age groups: 6 months to 2 years and 2 years to 5 years

of age. We initially planned to use 1 year of age as a cut

point, but only 62 children entered the cohort before 1 year

of age, and only two of those children had received zero

doses of vaccine. We chose to use 2 years as a cut point in-

stead, which corresponds to the age range commonly used

in other vaccine effectiveness studies.5

Based on census records, 819 children born in the 21

study communities between 2008 and 2013 were included

in the analysis with surveillance data. Vaccine records and

covariate data were available for 376 of these children

(46%). Because we were concerned about the potential for

selection bias, we compared children with and without

vaccine records to assess whether these groups were com-

parable. Some children may not have vaccine records be-

cause they were not vaccinated, some of these records may

have been lost and many childrenmay have been vacci-

nated elsewhere, particularly in Borbón, the nearest city in

the region and location of the region’s primary health cen-

tre. Given that travel patterns in our study region are posi-

tively associated with socioeconomic status among

adults,19 parents of children without vaccine records, who

had higher education levels, may have brought their chil-

dren to Borbón to receive vaccines. Not all children had

dates associated with their vaccine records, but children

generally received both doses by 6 months of age. For com-

munities included in the case-control analysis, we had vac-

cine coverage data for 43.9% of eligible children in cycle

8, 57.6% of eligible children in cycle 9 and 78.6% of eligi-

ble children in cycle 10 (see Supplementary Section S1 for

vaccine availability by community).

We compared the time to first all-cause diarrhoea case

by vaccination status (2 doses, 1 dose, reference group¼ 0

doses) for these 376 children, using Cox regression to esti-

mate the direct effect of vaccination [using the hazard ratio

(HR)].

Summary of effect measures of interest

We used these data to calculate: (i) the overall effect of

Rotarix coverage on rotavirus infection for all age groups;

(ii) the indirect effect of Rotarix coverage on rotavirus

infection among older age groups, who were not vacci-

nated; and (iii3) the effect of rotavirus vaccination on all-

cause diarrhoea.

The indirect and overall effects were estimated using

vaccine period (pre- or post-vaccine introduction) as the

exposure variable and rotavirus status (based on the case-

control study) as the outcome variable using weighted lo-

gistic regression (weighted by inverse probability of sam-

pling). We also estimated these variables using vaccine

coverage as our exposure of interest. Vaccine coverage was

categorical taking one of 154 coverage values depending

on the community (14 in total) and cycle (11 in total) that

the outcome variable was recorded. Vaccine coverage was

set to zero for all data collection cycles before the vaccine

introduction and was then set to the coverage level esti-

mated for each community and data collection cycle there-

after. Individual vaccine status was not included in either

of these models. The overall effect models used data from

the entire population, including young children in cycles

after vaccine introduction who may have been vaccinated.

Indirect effects models were restricted to older age groups,

none of whom could have been vaccinated; see Table 1 for

more details.

The effect on all-cause diarrhoea was measured for

both the case-control study and the cohort study. For

the case-control study, similar models were run for all-

cause diarrhoea outcome (case status in the case-control

study). For the cohort, the effect on all-cause diarrhoea

was estimated by comparing the time to first all-cause

diarrhoea disease episode captured using the active sur-

veillance data (2008–13, all years post-vaccine intro-

duction) in children who received two doses of the

rotavirus vaccine, with those who did not, using Cox

regression.

Sensitivity analysis

In the main analysis tables we assume that the coverage

for those without vaccine records is the same as for those

with vaccine records. However, the number of vaccine

records used to estimate coverage in the case-control study

was small for some communities and some study cycles.

We therefore did sensitivity analyses to assess whether or

not our results were robust to different coverage assump-

tions among those without records. In particular, we as-

sumed vaccine coverage among children without records

was 0%, 25%, 50%, 75% and 100% (see Supplementary

Section S2 for more details). We also considered the po-

tential for chance confounding by season to have biased

the results, by explicitly adjusting for the season of case-

control sampling (rainy vs dry, see Supplementary Section

International Journal of Epidemiology, 2020, Vol. 49, No. 5 1695



S4 for details, available as Supplementary data at IJE

online).

Comparing analyses

To assess the internal consistency of our two analyses,

which used different communities and different study

designs, we conducted a comparative analysis. Because

controls were time-matched to cases, the odds ratio (OR)

from the case-control study approximates an incidence

rate ratio (IRR). Therefore, to compare estimates obtained

for the two samples, we ran Poisson models for the cohort

analysis with the count of all-cause diarrhoea episodes as

the outcome (to directly estimate the IRR). We then com-

pared the rate ratio from this Poisson model with the OR

quantifying the association between vaccine coverage and

all-cause diarrhoea among children from the case-control

analysis; see Supplementary Section S5 for details, avail-

able as Supplementary data at IJE online.

All statistical analyses were conducted in R (version

3.4). Weighted regression analyses used the package

‘survey,¼’, clustered logistic regression used the package

‘gee’ and Cox regression analyses used the ‘OIsurv’ func-

tion from the package ‘stats’.

Results

Descriptive statistics

Vaccine coverage

Out of 819 children in the cohort, 443 were missing vac-

cine records (54%), suggesting the importance of compar-

ing children with and without vaccine records (Table 2).

Children with vaccine records available had a higher illness

rate than children without vaccine records (18 vs 14.3

cases per 1000 person-weeks) and a higher proportion of

them became sick during the surveillance period (36% vs

27%).

Overall, 271 of the 376 children with vaccine records

had received two doses of Rotarix (72.1%) (Table 2). This

coverage level was relatively constant over time (see

Supplementary data, available as Supplementary data at

IJE online). At the community level, coverage estimates

Table 2. Surveillance data descriptive statistics comparing children with vaccine records with those without. Continuous varia-

bles are shown as mean (standard deviation), categorical variables and risks are shown as % (n), and rates are shown as rates

(number of events).

No vaccine record Vaccine record

Total Zero doses One dose Two doses

(N¼443) (N¼376) (N¼47) (N¼58) (N¼271)

Remoteness (%)

Close 46.7 (207) 48.7 (183) 59.6 (28) 27.6 (16) 51.3 (139)

Medium 6.6 (29) 8.5 (32) 10.6 (5) 6.9 (4) 8.5 (23)

Far 46.7 (207) 42.8 (161) 29.8 (14) 65.5 (38) 40.2 (109)

Age (years)

Cohort entry 1.49 (1.00) 1.41 (0.92) 1.66 (1.01) 1.58 (1.05) 1.33 (0.86)

First diarrhoeal case 1.89 (1.04) 1.79 (0.96) 1.92 (0.87) 1.61 (0.86) 1.80 (1.00)

BCG vaccination (%) N/A 94.1 (353) 74.5 (35) 94.8 (55) 98.5 (266)

Male (%) 48.7 (182) 47.6 (156) 63.2 (24) 43.2 (19) 45.9 (113)

Household size (total N) 6.36 (3.28) 6.61 (3.57) 6.89 (4.51) 6.93 (3.38) 6.51 (3.45)

Household size (children) 3.16 (1.75) 3.41 (1.89) 3.31 (2.29) 3.68 (1.81) 3.38 (1.85)

Highest household education (yrs) 8.79 (3.56) 8.29 (3.27) 8.56 (2.81) 8.26 (3.60) 8.26 (3.28)

Overall illness rate (per 1000 person-weeks)

Diarrhoea 14.28 (246) 18.0 (271)* 17.8 (36) 19.9 (49) 17.6 (186)

Non-diarrhoea 3.7 (61) 5.71 (86)* 4.94 (10) 8.10 (20) 5.29 (56)

Any 18.4 (307) 23.7 (357)* 22.7 (46) 28.0 (69) 22.9 (242)

Person-weeks 16672 15071 2025 2468 10578

Overall illness risk (%)

Diarrhoea 27.4 (121) 36.3 (137)* 38.3 (18) 37.9 (22) 35.7 (92)

Non-diarrhoea 6.1 (27) 8.8 (33) 6.4 (3) 13.8 (8) 8.1 (22)

Any 31.4 (139) 41.1 (155)* 38.3 (18) 43.1 (25) 41.2 (112)

Length diarrhoea episode (days) 2.61 (2.02) 2.47 (1.98) 2.13 (1.95) 2.26 (1.51) 2.61 (2.05)

Length first diarrhoea episode (days) 3.40 (1.84) 3.20 (1.79) 2.74 (1.63) 3.18 (1.82) 3.29 (1.82)

*Significant difference between children with and without vaccine records (comparing columns 1 and 2).
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varied ranging from 0% to 100%, with higher vaccine cov-

erage in less remote villages.

Time trends in all-cause diarrhoea and rotavirus infection

(outcomes)

Whereas older children and adults had the lowest risk of

rotavirus infection (Figure 2), they explain a substantial

proportion of the symptomatic infections due to their

higher proportion in the population, ranging 20–60% of

the total infections, depending on the cycle. In this older

age group, rotavirus was also a causative diarrhoeal patho-

gen based on an analysis of the case-control data (see

Supplementary Section S6, available as Supplementary

data at IJE online). The total prevalence of rotavirus infec-

tion and all-cause diarrhoea decreased after the vaccine

was introduced, with young children <1 year of age show-

ing strong reductions beginning in cycle 8 when the vaccine

was first introduced and older age groups showing this

benefit one cycle later (Figure 2). Specifically for young

children, 24.2% (95% CI: 3.2%, 51.1%) of the children

were positive for rotavirus in the cycle preceding vaccine

introduction; in cycle 8, when Rotarix was first intro-

duced, there were no cases of rotavirus infection detected

(estimated prevalence¼ 0%) and thereafter estimated prev-

alence remained at or below 6% for all remaining study

cycles. In contrast, older age groups had slightly higher

prevalence in cycle 8 compared with previous cycles

(percent increase of 5.4% for children aged 1-5 and 2.2%

for older children and adults) but thereafter their risk of

infection also fell and was sustained at a lower level.

There were no discernible trends for all-cause diarrhoea.

Graphs of rotavirus infection (symptomatic and asymp-

tomatic) and all-cause diarrhoea over time are shown in

Supplementary Figures S3 and S4, available as

Supplementary data at IJE online. We did not evaluate

time trends for the cohort data because we only had 2

years of surveillance data.

Pre- and post-vaccine comparison

In the case-control study, the prevalence of rotavirus infec-

tion in the six communities declined after vaccine introduc-

tion (3.8% to 1.0%; Table 3). Over time, the prevalence of

all-cause diarrhoea also declined (3.1% to 1.8%). The so-

cioeconomic status of these communities improved, as in-

dicated by smaller household size and higher average

household education.

Overall effect on rotavirus infection

Community-level prevalence of rotavirus infection was

lower after vaccine introduction, with cases and controls in

the post-vaccine period having 0.266 times the odds of ro-

tavirus infection compared with the pre-vaccine period

(Table 4), corresponding to a reduction in infection of

73.4% (95% CI: 50.0%, 85.8%) (Table 5). The reduction

in asymptomatic infection in the post-vaccine period was

79.0% (95% CI: 52.7%,90.7%) and 56.0% (95% CI:

Figure 2. Based on the 14 communities from the case-control study,

percentage of population infected with rotavirus by age group. Children

<1 year of age are shown in red, children between 1 and 5 years of age

are shown in light blue, and older children (�5 years) and adults are

shown in gold. The arrow shows the timing of Rotarix introduction, be-

tween cycles 7 and 8.

Table 3. Characteristics of the 14 study communities included

in the case-control analysis before (cycles 1–7) and after

(cycles 9–11) the vaccine was introduced. All statistics are

weighted by inverse probability of sampling, and the total

sample size (N) is the total population size of the six commu-

nities included in the analysis. Continuous variables are

shown as mean (standard error) and categorical variables are

shown as % (n).

Case-control analysis

Pre-vaccine Post-vaccine

(N¼23 972) (N¼10 831)

Symptomatic for diarrhoea (%) 3.1 (745) 1.8 (199)

Rotavirus infection (%) 3.8 (915) 1.0 (114)

Male (%) 52.2 (12 520) 51.3 (5561)

Age (%) years

<1 3.3 (785) 4.9 (527)

1-5 12.1 (2899) 13.8 (1498)

>5 84.6 (20 289) 81.3 (8807)

Household size (n) 6.82 (0.10) 6.29 (0.14)

Highest household education (yrs) 7.29 (0.11) 8.34 (0.21)

Remoteness (%)

Close 43.6 (10 446) 50.9 (5512)

Medium 12.7 (3048) 14.1 (1526)

Far 43.7 (10 479) 35.0 (3792)
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21.3%, 75.5%) for symptomatic infection (Table 5).

Results were similar using the vaccine coverage version of

the analysis but the point estimates were stronger

(Table 5).

Indirect effect among the unvaccinated age group

The indirect effect, measured among people too old to

have been vaccinated (>5 years), is significant, with an in-

fection reduction of 68.7% (95% CI: 34.1% to 85.1%)

Table 4. Logistic regression of rotavirus infection (combined symptomatic and asymptomatic). All cells represent OR (95% CI).

Reference groups for categorical variables are noted above. OR for the post-vaccine period compares the post-vaccine period

with the pre-vaccine period which represents the overall effect (also shown in Table 5, 1st column, rows for the total popula-

tion). Regression results are adjusted for whether or not infection was symptomatic, gender, age, household size, highest

household education, and remoteness.

Case-control analysis of rotavirus infection

OR (95% CI)

Symptomatic for diarrhoea 9.25 (5.10, 16.8)

Male 1.39 (0.762, 2.52)

Age, years

<1 2.37 (0.814, 6.90)

1-5 0.980 (0.405, 2.73)

>5 Ref

Household size 0.981 (0.889, 1.08)

Highest household education 0.959 (0.877, 1.05)

Remoteness

Close Ref

Medium 0.591 (0.292, 1.20)

Far 0.358 (0.173, 0.742)

Post-vaccine period (compared with pre-vaccine period) 0.266 (0.142, 0.500)

Table 5. Overall effect of vaccination (% reduction) by age group, VE ¼ (1 � OR) � 100 comparing: pre-vaccine case control

cycles (cycles 1–7) vs post-vaccine case control cycles (cycles 9–11; pre/post analysis); and 100% vaccine coverage with 0% vac-

cine coverage (vaccine coverage models). All models are adjusted for remoteness, gender, household size and highest house-

hold education. Models for any rotavirus infection (column 2) are also adjusted for whether or not the infection was

symptomatic. Models for the total population (row 4) are adjusted for age.

Rotavirus infection risk All-cause diarrhoea

Age group Any Symptomatic Asymptomatic

Pre-/post analysis

<1 88.9% 72.6% 100% (N/A)* 69.1%

(29.4%, 98.3%) (0.6%, 92.5%) (23.1%, 87.6%)

1-5 84.7% 57.3% 100% (N/A)* 54.5%

(38.9%, 96.2%) (-13.2%, 83.9%) (18.0%, 74.7%)

>5 68.7% 48.3% 70.3% 17.4%

(34.1%, 85.1%) (-5.3%, 74.6%) (-5.3%, 87.0%) (-16.9%, 41.6%)

Total population 73.4% 56.0% 79.0% 44.1%

(50.0%, 85.8%) (21.3%, 75.5%) (52.7%, 90.7%) (20.6%, 60.7%)

Vaccine coverage

<1 92.6% 69.1% 100% (N/A)* 67.4%

(-19.4%, 99.5%) (-68.6%, 94.4%) (-4.6%, 89.8%)

1-5 92.5% 71.1% 100% (N/A)* 58.2%

(53.9%, 98.8%) (10.6%, 90.7%) (13.2%, 79.8%)

>5 81.8% 57.8% 83.5% 9.3%

(53.1%, 92.9%) (5.8%, 81.1%) (-5.3%, 94.5%) (-38.1%, 40.4%)

Total population 84.5% 62.4% 89.6% 39.9%

(64.4%, 93.2%) (25.4%, 81.0%) (66.3%, 96.8%) (9.2%, 60.2%)
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comparing the post-vaccine period with the pre-vaccine pe-

riod (Table 5).

Effect on all-cause diarrhoea

Among children (aged <1 year) in our case-control study,

the prevalence of all-cause diarrhoea was significantly re-

duced in the post-vaccine period (69.1% , 95% CI: 23.1%,

87.6%), but not among older children (Table 5). Similarly

in the cohort study, the reductions in all-cause diarrhoea

were only present in the youngest age group. Among young

children in our cohort study (aged 6 months-2 years), re-

ceiving two doses of the rotavirus vaccine was associated

with a decreased hazard of all-cause diarrhoea [hazard ra-

tio (HR)¼ 0.429, 95% CI: 0.221, 0.834; see

Supplementary Section S8, available as Supplementary

data at IJE online). Among older children born closer to

the time of vaccine introduction (aged 2-5 years) and who

may have experienced multiple infections by the start of

surveillance, the sum of two doses of vaccine was also as-

sociated with a decreased hazard, but this association did

not reach significance (HR¼ 0.565, 95% CI: 0.121, 2.63).

Children who received one dose of rotavirus also tended to

have a decreased hazard of diarrhoea compared with

unvaccinated children during the first 2 years of life, but

this association was not significant (HR¼0.577, 95% CI:

0.256, 1.30), which likely reflects the small sample size of

this group.

Sensitivity analysis

The effect estimates were extremely similar before and af-

ter adjustment for season, so we did adjust our final mod-

els for season (see Supplementary Section S4 for details).

Comparing analyses

Comparing the impact of vaccination on the rate of all-

cause diarrhoea, the point estimates were both significant,

but stronger for the case-control study (see Supplementary

Section S5, among children <2 yesar, 39.8% reduction for

the rate of all-cause diarrhoea from the cohort compared

with 51.9% for the case- control study).

Discussion

Rotarix has strong effectiveness on both rotavirus infection

and all-cause diarrhoea in a rural, non-clinical population

in Ecuador. These associations are strongest among young

children who are generally at highest risk of severe disease.

However, we also found indirect effects on rotavirus infec-

tion among older children and adults who could not have

been vaccinated. This is most likely due to suppression of

overall transmission among all age groups and highlights

the key role of young children in transmission to older age

groups.22,23

Specifically, children <1 year old tended to have the

strongest reductions in both rotavirus infection and all-

cause diarrhoea. We estimate higher direct effectiveness for

all-cause diarrhoea (57.1%) among young children com-

pared with the 39-42% efficacy reported previously

against hospitalization for all-cause diarrhoea,9,24 This dif-

ference may partially be explained by the fact that we re-

port hazard ratios, whereas others in the literature

reported rate ratios. Previous work has shown that relying

on rates trends can cause downward bias in estimates of

vaccine efficacy.25 The point estimate for our Poisson re-

gression sensitivity analysis, which more directly approxi-

mates the rate ratio, is closer to the findings from these

previous studies (39.8%). Although we did not collect data

on the severity of diarrhoeal disease episodes for either the

active surveillance or the case-control study, this difference

in point estimate may also be due to the fact that our study

focused on self-reported cases of diarrhoea, which are

likely to be milder on average than in other studies that

have focused on medically attended diarrhoea. The smaller

and non-significant effect size for vaccine status on all-

cause diarrhoea among older children in the cohort is

likely partially attributable to naturally-acquired immunity

during the years between vaccination and cohort

entry.26,27

All age groups were protected from rotavirus infection,

including the oldest, unvaccinated age group (68.7% re-

duction in rotavirus infection in the post-vaccine period

compared with the pre-vaccine period). This result implies

that Rotarix vaccination suppresses not only severe disease

(seen in the younger children) but also overall transmission

(including the less severe cases seen in the older children

and adults) and helps explain why we and others have ob-

served indirect effects of vaccination in older age

groups.16,17,23

We find that this indirect effects benefit is attainable in

low-resource settings where other studies have estimated

indirect benefits to be weaker and not statistically signifi-

cant.16 Our findings extend recent work by Baker et al.

who also found indirect effects on rotavirus hospitaliza-

tion in the USA among older, unvaccinated age groups.

Notably, we find a similar benefit at similar, modest cov-

erage levels (72% in our study compared with 73% in the

USA), and also find that this benefit is achievable in non-

clinical populations.23 This suppression of overall infec-

tion also suggests that previous studies, which focused on

severe rotavirus infection in a clinical setting, may have

underestimated the overall impact of vaccination on rota-

virus infection.
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Strengths and limitations

Due to our retrospective study design, we had high levels of

missing data for the cohort analysis, decreasing our sample

size. However, given that our main findings for the case-

control study were robust to a variety of different coverage

assumptions (see Supplementary Section 2) and also exhibited

strong differences between the pre- and post-vaccine periods,

our results strongly suggest that rotavirus vaccination has im-

portant overall effects in reducing rotavirus transmission.

As with any non-randomized study, our results are also

potentially subject to bias from secular trends and unmeas-

ured confounding. We have previously shown how many

community characteristics changed over our study period,

including socioeconomic status and mobility/migration,

with impacts on rotavirus infection over the same period.19

Whereas such secular trends could have biased the pre/post

comparison, the similarity between the vaccine coverage

and pre/post model results suggests that these changes are

unlikely to be completely due to secular trends.

Because the case-control study was focused on symp-

tomatic diarrhoea, our confidence intervals for asymptom-

atic infection are wide and we cannot determine with

certainty relative effectiveness on asymptomatic vs symp-

tomatic infection. Although uncertain, the higher point es-

timate against asymptomatic infection in this study may

result from dose-dependent effects of vaccination, where

the vaccine has higher protection against lower dose expo-

sures. Additionally, the method used to detect rotavirus

infections is somewhat less sensitive than real-time poly-

merase chain reaction (RT-PCR) and may have failed to

detect asymptomatic rotavirus infections with lower shed-

ding rates.28 For this reason, our overall statistical power

may have been reduced for asymptomatic infections in gen-

eral and we may also have overestimated the effect of vac-

cination on asymptomatic infections with lower shedding

rates. However, the asymptomatic infections with suffi-

cient shedding rates to be detected by our methodology are

probably those that are most relevant for secondary trans-

mission. Despite these limitations, our results strongly sug-

gest that Rotarix vaccination is protective against milder

rotavirus infections, including asymptomatic infection, in

addition to its effects on severe rotavirus. At a minimum,

our results suggest that vaccination reduces shedding to be-

low to the detection limit for the EIA assay, which would

be expected to dampen overall transmission.

Conclusions

Rotarix vaccination has substantially reduced both rotavi-

rus infection and all-cause diarrhoea in a rural region of

Ecuador, despite significant challenges to vaccination.

Much of this effect is driven by suppression of overall

rotavirus transmission at a population level, including

among older age groups who were too old to be vacci-

nated. The impact of rotavirus vaccination may be higher

than previously estimated, given its effect on milder diar-

rhoeal disease and asymptomatic infections.

Supplementary data

Supplementary data are available at IJE online.
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