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A B S T R A C T

Background: Rotavirus is a leading cause of diarrhea in infants and young children in many low- and middle-
income countries. India launched a childhood immunization program for rotavirus in 2016, starting with four
states and expanding it to cover all states by 2019. The objective of this study was to estimate the effects of the
rotavirus vaccination program in India on disease burden and antibiotic misuse. Methods: We built a dynamic
agent-based model of rotavirus progression in children under five within each district in India. Simulations were
run for various scenarios of vaccination coverage in the context of India's Universal Immunization Programme.
Population data were obtained from the National Family Household Surveys and used to calibrate the models.
Disease parameters were obtained from published studies. We estimated past and projected future reduction of
disease burden and antibiotic misuse due to full vaccination nationwide, by state, and by wealth quintile. Re-
sults: We estimate that rotavirus vaccination in India has reduced the prevalence of rotavirus cases by 33.7%
(prediction interval: 30.7–36.0%), total antibiotic misuse due to rotavirus by 21.8% (18.6–25.1%), and total
deaths due to rotavirus by 38.3% (31.3–44.4%) for children under five. We estimate total antibiotic misuse due
to rotavirus infection to be 7.6% (7.5–7.9%) of total antibiotic consumption in this demographic versus 9.6%
(9.4–9.9%) in the absence of vaccination. We project rotaviral prevalence to drop to below one case for every
100,000 individuals in those below five if vaccination coverage is increased by 50.3% (45.2–58.5%) to 68.1%
(63.1–76.4) nationwide. Conclusion: Universal coverage of childhood rotavirus vaccination can substantially
reduce inappropriate antibiotic use in India.

1. Introduction

Rotavirus is a leading cause of potentially fatal pediatric gastroen-
teritis, primarily in children under five years old [1–3]. Recent studies
have also suggested a large, unrecognized disease burden in older chil-
dren and adults [4]. There are potentially serious and lasting impacts of
rotavirus on non-intestinal sites, as well [3]. Rotavirus is prevalent in
most low- and middle-income countries (LMICs) [5], and is endemic in
India [6], where the burden of disease is the second highest in the world
after Nigeria [7]. Before India introduced a rotavirus vaccine in the
national childhood immunization program (known as the Universal

Immunization Programme or UIP) in 2016, conservative estimates
indicated 11.37 million cases of rotavirus gastroenteritis and 78,000
associated deaths annually among under-five children [8]. However,
most rotavirus cases lack gastroenteritis symptoms due to the immunity
conferred from persistent reinfection [9,10].

India has made significant progress in providing routine childhood
vaccinations to children under the age of five years. The launch of The
Expanded Programme of Immunization (EPI) in 1978 followed by UIP in
1985 was instrumental in vaccination against tuberculosis, poliovirus,
diphtheria, tetanus, and pertussis, leading to India achieving non-
endemic status for poliomyelitis in 2012 [11]. In March 2016, a
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vaccine against rotavirus (ROTAVAC) was introduced in UIP for new-
borns in the states of Haryana, Himachal Pradesh, Andhra Pradesh, and
Odisha, and its availability was gradually expanded to all states by 2019
[12,13]. ROTAVAC was based on India's indigenous strain 116E and
created internally. It underwent a successful clinical trial in 2013
exhibiting outcomes similar to other commercially available rotavirus
vaccines thus marking a significant accomplishment for the country
[11,14]. While rotavirus vaccines have demonstrated high efficacy in
high-income countries (HICs) [15,16], preliminary results from their use
in LMICs including India have shown lower efficacy rates [17,18], in
part due to complex and still not fully understood mechanisms of rota-
virus transmission that complicate evaluation efforts [3]. Other pro-
posed causes of reduced rotavirus vaccine efficacy include malnutrition,
differences in breastfeeding patterns, exposure to intestinal pathogens,
and co-administration with the Polio vaccine [19,20]. Rotavirus epi-
sodes have been additionally associated with antibiotic misuse in HICs
[21], and even more so in LMICs [22]. Since antibiotics may be partic-
ularly harmful to young children and infants and their use can
contribute to antimicrobial resistance (AMR) which is now a major
global health challege [23–33], it is valuable to understand the extent to
which antibiotic consumption can be reduced due to rotavirus vacci-
nation among under-five children.

The objective of this study was to evaluate the effect of rotavirus
vaccination program under UIP on disease burden and antibiotic misuse
in under-5 children across India and quantify the potential benefits of
increased vaccination in this age group over time. We performed a
retroactive assessment of the vaccination rollout in India following its
implementation and projected its impact for the future using state-wise,
post-rollout data. We incorporated disease dynamics and thereby the
benefits of herd immunity that largely influence disease transmission
and burden [34]. In doing so, we overcome limitations of previously
published models of rotavirus in India [35–38]. The results of this study
may set expectations for continued rotavirus vaccinations in India and
implementations in other LMICs.

2. Methods

We developed an agent-based model (ABM) with agents representing
the population of children under five years old in India, at the district
level. ABMs are powerful tools in modeling infectious diseases as they
permit interactions between individuals with heterogeneous character-
istics (including movement patterns, behavior, and disease susceptibil-
ity) and their response to outside interventions. Therefore, it is possible
to assess disease dynamics at higher resolution than through traditional
approaches [39,40]. The characteristics of children were obtained from
National Family Household Survey 2019–2021 (NFHS-5) data of
265,653 children under three years of age. These characteristics impact
agent rotavirus vaccination status, probability to receive medical
treatment when sick, and susceptibility to infection due to other factors.
All additional parameters are derived from surveys and studies detailed
in Table 1, aside from state-specific information. Given the vast number
of states and districts, their characteristics are included in the model
code repository.

All agents in the same district can potentially interact with each
other in a district-level network, with probabilities dependent on their
age and wealth quintile. Children are born into the simulation and exit
upon turning five years old. Children occasionally travel and enter other
district networks, based on India's 2019 pre-Covid domestic travel rates
(39,40). Children experience the following general states: uninfected,
infected and asymptomatic, infected and symptomatic, or dead.

The model was run for multiple years with a time step of one day,
until a steady state was reached. The model was initialized with a pop-
ulation size of 100,000 children and run across 100 simulations for three
vaccination scenarios: 1) vaccination was never implemented, 2)
vaccination was implemented based on NFHS 2019–2021 (NFHS-5)
data, 3) vaccination coverage is steadily increased (until the disease

Table 1
Model parameters.

Parameters Value Source

I. District attributes (values vary by district/state)
Growth rate - NFHS-4 [43], NFHS-5

[44]
Population size - NFHS-4 [43], NFHS-5

[44] (approximated
using growth rate and
2016 size)

Age distribution - NFHS-4 [43]
(approximated using
growth rate)

Wealth quintile
distribution

- NFHS-5 [44]

Proportion
vaccinated

- NFHS-5 [44]

Incidence of
rotavirus

0.99 per child-year scaled state-wise
by state disease positivity relative to
average

Kumar et al. 2020 [45]

II. Basic individual characteristics
Age Sampled from associated district's

age distribution
-

Wealth quintile Sampled from associated district's
wealth quintile distribution

-

Vaccination
status

Probability based on proportion
vaccinated in associated district

-

Vaccine efficacy
(if
vaccinated)

[0.5–0.64] Jonestellar et al. 2017
[55]

III. Disease dynamics and infected characteristics
Basic
reproductive
number

Gladstone et al. 2011
[9]. Best fit so that
incidence of rotavirus
across wealth quintiles
1 and 2 (two poorest
wealth quintiles)
matched incidence of
rotavirus in Indian
slums (0.99 cases per
child-year) in the non-
vaccination scenario

Incubation
period (days)

[1–3] “Rotavirus: Questions
and Answers” [56]

Days infectious Distribution same shape as Covid-19
infectious period distribution,
centered at 12 days, the median
rotavirus infectious period [The
shape of covid infection was used as
the shape for rotavirus infection is
unavailable]

“Rotavirus” 2020 [57]

Seasonality
effect on
transmission

Scaled daily using averaged
2012–2016 disease positivity

Kumar et al. 2020 [45]

Infection mortality
Probability of
infected
receiving
clinic services

221/519 = 0.426 Gladstone et al. 2011
[9]

Mortality rate if
receiving
clinic services

58/8394 = 0.007 John et al. 2014 [8]

Days until death Gamma distribution fitted to a
median of 3 days and a range of 1–41
days

Sowmyanarayanan
et al. 2012 [58]

Scaled
mortality by
wealth
quintile

Wealth quintile
1

2.33/mean
(2.33,1.99,1.56,1.17,0.69) =1.505

Rheingans et al. 2012
[54]

Wealth quintile
2

1.99/mean
(2.33,1.99,1.56,1.17,0.69) =1.286

(continued on next page)
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becomes indetectable in the model). Running simulations with greater
than a 100,000 population starting size is not feasible, as it exceeds
100GB of memory. However, at large population sizes, such as these,
further increases have a negligible effect on model results.

The model was programmed in Julia using the Julia Agents package
[41,42]. Model dynamics and parameters are detailed below.

2.1. General assignments by district

Children under five years old were assigned to districts proportional
to each district's real population size as recorded in NFHS-4. Personal
attributes, such as age and wealth quintile, were sampled from distri-
butions of demographic data reflective of each district [43,44]. Vacci-
nation status was also assigned based on recorded state-level
vaccination coverage by wealth quintile according to the 2019–2021
NFHS (NFHS-5).

At the onset of each simulation, children were randomly infected to
match the estimated prevalence of rotavirus in each state, which was
calculated using incidence per year values, scaled by rotavirus positivity
by state and the average duration of the pathogen's presence in hosts in
our model (17.6 days) [9,45]. The number of infected individuals in
each state at simulation onset was set to 17.6/365*state disease inci-
dence. During model simulations, children were continuously added to
districts based on each district's projected growth rate (birth rate minus
death rate, estimated using NFHS-4 and NHFS-5 differences in popula-
tion size). All simulations begin with an unrecorded one-year burn-in
period to acclimate the population to the disease.

2.2. General transmission dynamics

The rotavirus transmission rate of the infected children varies with

Table 1 (continued )

Parameters Value Source

Wealth quintile
3

1.56/mean
(2.33,1.99,1.56,1.17,0.69) =1.008

Wealth quintile
4

1.17/mean
(2.33,1.99,1.56,1.17,0.69) =0.756

Wealth quintile
5

0.69/mean
(2.33,1.99,1.56,1.17,0.69) =0.446

Scaling on probability of receiving clinic services by age
<2 years old 0.882/0.5 = 1.764 John et al. 2014 [8].
2+ years old (1–0.882)/0.5 = 0.236
Reinfection probability
One past
infection by
the same
serotype

[0.53,0.71] Gladstone et al. 2011
[9]

Two past
infections by
the same
serotype

[0.41,0.57]

Three or more
past
infections by
the same
serotype

[0.26,0.41]

Relative probability to be infected (inverse immune system strength) by wealth
quintile

Wealth quintile
1

1/(1–0.106 + 1–0.0795 + 1–0.053 +

1–0.0265 + 1) = 0.211
Church et al. 2019 [49],
assuming that hygiene
is directly related to
wealth quintile;
intermediate values
between lowest hygiene
and highest hygiene
group are interpolated
assuming there is a
linear relationship
between hygiene and
immune system
strength.

Wealth quintile
2

(1–0.0265)/(1–0.106 + 1–0.0795 +

1–0.053 + 1–0.0265 + 1) = 0.206
Wealth quintile
3

(1–0.053)/(1–0.106 + 1–0.0795 +

1–0.053 + 1–0.0265 + 1) = 0.200
Wealth quintile
4

(1–0.0795)/(1–0.106 + 1–0.0795 +

1–0.053 + 1–0.0265 + 1) = 0.194
Wealth quintile
5

(1–0.106)/(1–0.106 + 1–0.0795 +

1–0.053 + 1–0.0265 + 1) = 0.189

Rate of waning immunity
Following one
past infection

1/39 per week Pitzer et al. 2011 [48]

Following two
past
infections

1/57 per week

Diarrheal symptoms
Probability of
infected to
have diarrhea

282/519 Gladstone et al. 2011
[9]

Scaled
probability to
have diarrhea
by age

<2 years old 0.882 John et al. 2014 [8].
The increased
likelihood to have a
severe infection
requiring
hospitalization is
assumed to be the same
as the increased
likelihood to experience
symptoms

2+ years old 0.118

Antibiotic consumption
Probability to
consume
antibiotics if
diarrhea is
present

0.189 Lewnard et al. 2020
[22]

Table 1 (continued )

Parameters Value Source

Scaling for
antibiotic
consumption
by wealth
quintile

Wealth quintile
1

0.462/mean
(0.462,0.492,0.517,0.567,0.418) =
0.941

Allwell-Brown et al.
2021 [53]

Wealth quintile
2

0.492/mean
(0.462,0.492,0.517,0.567,0.418) =
1.002

Wealth quintile
3

0.517/mean
(0.462,0.492,0.517,0.567,0.418) =
1.053

Wealth quintile
4

0.567/mean
(0.462,0.492,0.517,0.567,0.418) =
1.154

Wealth quintile
5

0.418/mean
(0.462,0.492,0.517,0.567,0.418) =
0.851

Vaccine effectiveness against use of antibiotics
0 to <2 years of
age

[0.049–0.13] Lewnard et al. 2020
[22]

2 to <5 years of
age

[− 0.073–0.13]

IV. Travel characteristics
Trip outside of district (followed by return)
Probability to
travel on any
given day

0.005 OECD.Stat used for
2019 domestic travel
estimate [47], World
Bank Open Data used
for 2019 population
estimate [46]

Duration of trip
(days)

[1–14] Assumption

A. Gleason et al. Vaccine 42 (2024) 126211 

3 



each day of their infectious period (i.e., increases until peak trans-
mission, then gradually decreases). While those infected mostly spread
disease within their district, both sick and healthy individuals will
sporadically move to another district within their state or outside of
their state and then return (with 0.5% chance on any given day, as
approximated based on pre-Covid rates of domestic travel [46,47].

The sum of the transmission rates across all days of a sick child's
infectious period is equal to the child's assigned reproductive number.
The reproductive number for each infected agent is scaled by a) the total
number of contacts the infected individuals have in the district.
Furthermore, the transmission rate of all infected children is scaled by
day of the year based on the seasonality of the virus observed in India
[45].

The probability for a healthy individual to become infected after
exposure to someone sick is attenuated by immunization, which occurs
through vaccination and/or recovery from past infection.

2.3. Reinfection

If an individual who was previously infected comes in contact with
the virus, the individual has some level of immunity, decreasing the
probability of becoming infected. We assign reinfection immunity
following one reinfection, two reinfections, and three reinfections as
measured in a cohort in India [9], Reinfection immunity wanes with
time according to a rate estimated by another modeling study [48]. In
our model, we also account for the difference in rates of infection be-
tween exposed individuals across wealth quintile due to hygiene dif-
ferences that affect immune system strength [49].

2.4. Contact matrices

We used a study of high-resolution human mixing patterns to syn-
thesize contact matrices for each district [50]. Since rotavirus trans-
mission can occur through interpersonal contact from touch [51], and is
hypothesized to spread through air [3,52], we incorporated frequency of
contact as a determinant of total transmission. Contact matrices were
created for each district based on a) population sizes of five age groups
in the district (younger than one, between one and two, between two
and three, and between four and five years old) relative to the total
population of the district, b) district population size relative to the total
population across all districts, and c) the land area of the district relative
to average district land area. In the contact matrix of district k, denoted
as Fk, the recorded values that represent contact from an individual of
age i with an individual of age j are:

Fkij =
ϕki
(

ϕkj − δij
)

νk − 1
Ni

⋅
αk
A

(1.1)

where Fkij represents the per capita probability of contact from an
individual of age i with an individual of age j in district k; φki is the total
number of people of age i in the district; δij is the Kronecker delta
function (equal to one if i = j, zero otherwise); νk is the total number of
individuals of all age groups in the district; Ni is the total number of
individuals of age i across all districts; αkis the area of the district, and A
is the average area across all districts.

2.5. Assignment of reproductive number

The reproductive numbers of infected individuals are a) proportional
to the rate of contact the individuals have with others within the same
district, and, b) distributed with an average equal to the reproductive
number of rotavirus. Fki designates the relative probability of contact
between an individual of age i and any other person in the same district,
k, and is computed as:

Fki =
∑12

j=0
Fkij⋅

φkj
νk (1.2)

The variables are the same as those defined in eq. 1.1. Using the
relative probability of contact, Fki , the reproductive number for an
infected individual of age i in district k.

is calculated as shown below:

Fki
F

⋅R0 (1.3)

where value Fki denotes the relative probability of contact with others for
a child of age i in state k, F is the average probability of contact by state,
and R0 is the basic reproductive number of rotavirus. The reproductive
number was tuned so that the incidence of rotavirus in the model sce-
nario with no vaccination matched recorded values in India [9].

2.6. Antibiotic use

We scaled the probability for a child under five years old with
rotavirus to experience symptoms or be asymptomatic (Table 1) by the
status of whether the child is below two years old, as such children are
88% more likely to have a severe infection requiring hospitalization
[8,9]. In the case that an infected child experiences diarrheal symptoms,
we used estimates of antibiotic-treated rotaviral diarrhea in young
children [22], scaled by a) the relative difference in consumption of
antibiotics by wealth quintile in Southeast Asian LMICs [53], and, b) the
reduced likelihood of taking antibiotics if vaccinated against rotavirus
[22]. We designated the resulting value as the probability for the child to
receive antibiotics. We account for the effect of vaccination on reducing
antibiotic use by a) preventing infection and thus antibiotic use, and b)
preventing symptoms in infected children and thus antibiotic use.

2.7. Mortality

We used the probability for an infected child under five years old to
be treated at healthcare facilities using a surveillance study to determine
whether a child receives medical care [9]. In the case that a child
received treatment, we assigned the likelihood for the child to die based
on the mortality rate following a healthcare visit, scaled by the relative
difference in mortality due to rotavirus between wealth quintiles (in the
case that vaccination status does not differ by wealth) and the status of
whether the child is under two [8,54], as 88% of those hospitalized with
rotavirus are under two years of age [8]. The scaling by wealth quintile
captures the effect of differences in access to resources and sanitation,
among other factors that vary by wealth, on a child's chance to experi-
ence mortality.

2.8. Model scenarios

Using rotavirus incidence data across 2011–2013 which we scaled by
state via state disease positivity data [8,45], we retroactively modeled
rotavirus progression and disease burden from 2012 to 2022 under two
scenarios: a) with vaccination implemented as it had been starting in
2016, and b) without vaccination having ever been implemented (as a
baseline for comparison). Using outputs of disease prevalence from the
retroactive model with vaccination, we simulated a third scenario: the
proactive progression and disease burden of rotavirus (through 2034)
with vaccination coverage gradually increasing by day. We modeled ten
years of increasing vaccination coverage, followed by a two-year period
of full coverage.

All model parameters are outlined in Table 1, aside from state- and
district-specific parameters available in the model code repository.

A. Gleason et al. Vaccine 42 (2024) 126211 
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2.9. Estimating the proportion of total antibiotic use attributable to
rotavirus

The median number of defined daily doses (DDD) of antibiotics used
by 1000 people per day was approximately 10.7 across the years 2011 to
2019 in India [59]. Since population antibiotic consumption was
computed based on DDDs, a metric used for adults, no differentiation
was available between child and adult antibiotic consumption [59].
Using Global Burden of Diseases 2019 (Institute of Health Metrics and
Evaluation) data for the incidence of febrile, respiratory, and diarrheal
diseases frequently treated with antibiotics in India across all age
groups, and ages less than five years old [7], we found incidence of such
diseases in the below-five category to be about 1.15 more frequent than
in the population as a whole. Thus, we estimate there to be 1.15 * 10.7=

12.3 DDD per 1000 children under five years old per day, assuming a
child under five is as likely to take antibiotics during infection as the
general population (due to limited available data in the literature). We
multiplied median model estimates of antibiotic courses provided per
child per year by the value of five to simulate five treatment days per
antibiotic course (5 DDD) and divided the resulting value by 12.3.

2.10. Estimating herd effects on immunity with rotavirus vaccination

To estimate herd effects of immunity following vaccination rollout,
we subtracted the expected direct effect of the rotavirus vaccine from the
observed reduction in model infection incidence between vaccination
and non-vaccination scenarios at steady state. The direct effect of rota-
virus vaccination was calculated as the product of vaccination coverage
and vaccine efficacy.

2.11. Statistic reporting

All model simulations are run one hundred times, and median sta-
tistics are reported. 95% prediction intervals are generated using 2.5th
and 97.5th percentile results.

3. Results

3.1. Current vaccination coverage

According to NFHS-5, current full (three-dose) rotavirus vaccination
coverage of children under five years old is highly variable, both by state
and by wealth quintile. A band across India comprising Northern states
and low-Eastern states has the highest rates of vaccination, ranging from

21.5% in Uttar Pradesh to 45.4% in Himachal Pradesh. The outlying
states have the lowest coverage – from as low as 0.8% in West Bengal
(Fig. 1A). Coverage by wealth quintile increases in a gradient fashion,
rising from about 10.9% in quintile one to 24.8% in quintile five
(Fig. 1B).

3.2. Estimates of averted disease burden and antibiotic misuse due to
current vaccination coverage

Estimates of reduced disease prevalence, incidence, antibiotic
misuse, and deaths are stratified by state and wealth quintile and are
available in supplementary materials (tables S1 and S2).

According to our estimates, current (2023) levels of vaccination
coverage have significantly reduced the burden of rotavirus by state and
wealth quintile. The band of states with the highest vaccination
coverage experienced the most benefit. The reduction in rotavirus cases
per 1000 children per year ranged from a minimum of 199.5
(95.5–285.3) in Bihar to a maximum of 588.6 (497.6–659.5) in Hima-
chal Pradesh (Fig. 2A). The reduction of antibiotic misuse per 1000
children per year ranged from 9.9 (− 2.1–24.7) antibiotic courses in
Lakshadweep to 34.7 (24.9–45.0) in Madhya Pradesh. The reduction of
deaths per 1000 children per year ranged from 0.4 (− 0.5–1.8) deaths per
1000 children in Sikkim to 1.8 (0.8–2.7) deaths per 1000 children in
Madhya Pradesh.

Compared to the highly heterogeneous distribution of reduced
rotaviral cases per state, the reduced cases per wealth quintile are much
closer. There is no statistical difference in the incidence of rotavirus
between wealth quintiles 1–5 (Fig. 3A). However, reduced incidence of
rotavirus in wealth quintile 5 is higher than that of all other wealth
quintiles and has 2.9 (20.8–10.5) more reduced cases per 1000 children
per year than quintile 1. In contrast, differences in reduced antibiotic
misuse significantly vary across wealth quintiles (Fig. 3B, Fig. 3C).
Wealth quintile 5 experiences the least reduction in antibiotic use at
10.9 (7.1–13.9) antibiotic courses per 1000 children per year, whereas
quintile 4 experiences the greatest reduction of 24.3 (20.7–28.2). The
difference in mortality due to rotavirus is significant between wealth
quintiles as well (Fig. 3C). Wealth quintile 5 has the least reduction of
0.4 (0.42–0.7) deaths per 1000 children per year versus wealth quintile
1 with the greatest reduction of 1.4 (1.0–1.9).

Overall, we estimate current (2023) levels of vaccination coverage
have reduced rotavirus prevalence (the proportion of children positive
for rotavirus) nationwide by 33.7% (30.7–36.0%). Included in this
value, herd effects of immunity account for 23.6% (19.5% - 26.9%)
protection, while the direct effect of vaccination (i.e. benefits to the

Fig. 1. Current vaccination coverage by state and wealth quintile.
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vaccinated individuals) represents the rest. These results are consistent
with herd effects of immunity estimates in other LMICs [60]. We include
a map with estimations of the current rotavirus distribution by state
(Fig. 3). Additionally, we project total antibiotic misuse due to rotavirus
to have been reduced by 21.8% (18.6–25.1%), and total deaths due to
rotavirus by 38.3% (31.3–44.4%) for children under five years old.
Using median drug consumption values from 2011 to 2019 [61], scaled
to reflect increased consumption in children under five (see methods),
we estimate total antibiotic usage due to rotavirus infection in this age
group to be 7.6% (7.5–7.9%) of total antibiotic consumption – a number
that otherwise would have been 9.6% (9.4–9.9%) if vaccination had not
been implemented.

3.3. Projected averted disease burden and antibiotic misuse with
increased vaccination

We found that uniformly increasing vaccination coverage across all
states by 50.3% (45.2–58.5%) to 68.1% (63.1–76.4%) resulted in the
reduction of rotavirus cases to undetectable levels in our model popu-
lation of 100,000 children under five. This means that the national
prevalence of rotavirus originating from this demographic was reduced
to below one in every 100,000 individuals. We estimate herd effects of
immunity account for about 60.8% (50.3–68.5%) of the total 100%

reduction in detectable cases.

4. Discussion

Prior to vaccination, rotavirus incidence in India averaged approxi-
mately one case per child per year [9]. Our estimated national drop of
0.34 cases per child per year is a significant decrease, considering only
about 17.8% current national vaccination coverage against rotavirus
according to the 2019–2021 NFHS. There is also great variation in
reduced disease incidence across states, corresponding to vaccination
coverage (Fig. 1A, Fig. 2A). According to our estimates, states that had
very low coverage still moderately benefitted from vaccination in
neighboring states due to reduced interstate transmission of the virus.
While there are not many available studies on the results of current
rotavirus vaccination in India, our findings are consistent with surveil-
lance study estimates that rotavirus vaccination has decreased rotaviral
diarrhea incidence by 15.6% to 78.6% [62].

There is no significant difference in reduced disease incidence be-
tween most wealth quintiles (Fig. 2), which is consistent with other
studies noting similar spread of rotavirus between wealth quintile
[63,64], thus terming it a ‘democratic virus.’ [63] Although lack of
hygiene and overcrowding have impact are reflected in our model via
state-specific rotavirus incidence (using state disease positivity data)

Fig. 2. Reduced rotaviral disease burden and antibiotic misuse with current vaccination coverage.
Results are reported per 1000 children per year by state and wealth quintile for A) reduced cases B) reduced misused antibiotic courses, and, C) reduced deaths. Error
bars indicate 95% prediction intervals.
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[45], it is minimal [49]. This unique feature sets rotavirus apart from
other diarrheal diseases as rotavirus may not just spread through hand-
to-mouth contact, but may be airborne as well [65,66]. Indeed, rotavirus
seasonality trends are similar to that of respiratory diseases [66].
Despite higher vaccination coverage in wealthier quintiles, the effects of
herd immunity reduce the likelihood of infection in different wealth
groups by a similar margin in our simulations.

Irrespective of the relatively small difference in disease spread be-
tween all wealth quintiles, there is large disparity in disease burden and
antibiotic misuse across these groups due to different trends in antibiotic
use and access to resources. According to a systematic analysis of
Southeast Asia surveys largely driven by India trends [59], wealth
quintile 5 consumed the least antibiotics in 2017 (close in value to
quintile 1), whereas quintile 4 consumed the most. These trends are
reflected in our model estimates of reduced antibiotic misuse by wealth
quintile (Fig. 2B). Differential access to healthcare resources and hy-
giene also largely influences the difference in averted mortality by
wealth quintile despite similar rotavirus incidence. As poorer quintiles
experience higher mortality rates than wealthier quintiles upon infec-
tion, the same degree of protection against disease across wealth quin-
tiles from vaccination (same number of averted cases per population
unit) should result in more deaths averted per population unit in poorer
quintiles. Since states are comprised of varying proportions of each
wealth quintile, we see slight differences in patterns of reduced inci-
dence, antibiotic misuse, and mortality estimates between states (Fig. 2)
that are due to wealth quintile differences in access to health resources,

hygiene, and antibiotic use.
An important and possibly underappreciated effect of rotavirus

vaccination is the extent of averted antibiotic misuse. Given particularly
harmful effects of antibiotics on young children [24–33], the estimated
reduction in rotavirus-driven antibiotic use in India from 9.6% to 7.7%
of total antibiotic consumption in this demographic (a drop of total
antibiotic use by 1.9%) is particularly significant. According to our
predictions, if vaccination coverage levels are uniformly increased to
68.2%, antibiotic consumption in this demographic would be reduced
by close to 9.6%, representing additional and potentially vast averted
disease burden from antibiotic misuse.

In 2019, an estimated 1.3 million deaths worldwide were attribut-
able to AMR [67]. By 2050, AMR is projected to cause 10 million deaths
per year globally [68], with a cumulative associated economic cost of
$100–$210 trillion [69]. Antibiotic overuse, including misuse for viral
diseases such as rotavirus infection and certain respiratory illnesses,
remains a major driver [70–73]. Our findings show that large-scale
national vaccination efforts can provide substantial global health ben-
efits by reducing antibiotic overuse and associated progression of AMR
[22].

To the best of our knowledge, previously published modeling of
rotavirus in India is limited to five studies [35–38,74]. However, four do
not simulate disease dynamics, thus not accounting for various factors
affecting disease burden [35,36,38,74]. This includes highly impactful
herd immunity. While one does account for disease dynamics [38], it
does not incorporate state-level properties, wealth quintile

Fig. 3. Estimated current prevalence of rotavirus.
Results are reported as the proportion of infected children under five years of age (i.e., 0.020 corresponds to 2 out of 100 children infected) when rate of transmission
is at its average rate for the year.

A. Gleason et al. Vaccine 42 (2024) 126211 

7 



characteristics, or seasonality. No paper evaluates the reduction of
antibiotic misuse due to rotavirus vaccination. Also, importantly, three
studies were published two years prior to India implementing rotavirus
vaccination [35–37], and one was published in the second year of the
four years that it took for vaccines to be distributed across all states [38].
Therefore, reliable post-vaccination data was not available for these
studies. The most recent study [74], which was published after the
vaccine rollout, only reports reduced odds of diarrhea following vacci-
nation. No standard burden of disease estimates are provided, such as
reduced disease incidence and mortality). In this paper, we included the
most recent available values for herd immunity, state- and wealth
quintile-level variables, seasonality, and additional variables not found
in past modeling (Table 1). Due to the differences in time periods,
contributing factors, and output characteristics between our model and
previously published studies, model results were not compared between
studies.

There are some limitations to our analysis. We only consider rota-
viral transmission and disease burden originating from children under
five. While this is a particularly affected age group, older individuals get
rotavirus at lower rates [75]. Disease that spreads to younger individuals
from older individuals is unaccounted for. Furthermore, we assume
equal efficacy of vaccination against each rotavirus variant. We do not
account for the evolution of the virus over time, with potential corre-
sponding change in vaccine efficacy. Additionally, there are still poorly
understood features of rotavirus, such as the level and duration of cross-
immunity derived from various strains and changes in immune response
over time following vaccination [3,76]. Due to limited available data,
we also assume that children under five are as likely to consume anti-
biotics during disease as is the general population. These limitations
may render our estimates conservative.

Despite these limitations, our results highlight the significant effect
of rotavirus vaccination on reducing disease burden and antibiotic
misuse in India. It is necessary to continue expanding rotavirus vacci-
nation coverage and evaluate various strategies for improving the effi-
ciency of UIP. Recent health technology advancements in India such as
the electronic vaccine intelligence network (eVIN) and vaccination de-
livery platforms (Co-WIN and U-WIN) will be particularly instrumental
in streamlining these efforts [77]. According to a recent review of the
rotavirus vaccination program in India [78], evaluation studies such as
ours motivate healthcare providers and parents to support the ongoing
vaccination efforts. Our data may further assist other LMICs lacking
sufficient resources to assess potential reduced disease burden via
rotavirus vaccination [79].
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[25] Sommer F, Bäckhed F. The gut microbiota–masters of host development and
physiology. Nat Rev Microbiol 2013;11(4):227–38.

A. Gleason et al. Vaccine 42 (2024) 126211 

8 

http://github.com/Agleason1/Agent-Based-Infection-Model--Rotavirus
http://github.com/Agleason1/Agent-Based-Infection-Model--Rotavirus
https://doi.org/10.1016/j.vaccine.2024.126211
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0005
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0005
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0010
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0010
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0015
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0015
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0020
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0020
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0020
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0025
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0030
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0030
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0035
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0035
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0040
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0040
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0040
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0045
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0045
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0050
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0050
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0055
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0055
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0060
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0060
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0060
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0065
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0065
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0070
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0070
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0075
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0075
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0080
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0080
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0085
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0085
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0090
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0090
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0095
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0095
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0100
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0100
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0100
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0105
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0105
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0105
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0110
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0110
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0110
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0115
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0115
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0120
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0120
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0125
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0125


[26] Ichinohe T, Pang IK, Kumamoto Y, et al. Microbiota regulates immune defense
against respiratory tract influenza A virus infection. Proc Natl Acad Sci U S A 2011;
108(13):5354–9.

[27] Kannambath R, Biswas R, Mandal J, Vinod KV, Dubashi B, Parameswaran N.
Clostridioides difficile diarrhea: an emerging problem in a south Indian tertiary
care hospital. J Lab Physicians 2021;13(4):346–52.

[28] Curcio D, Cané A, Fernández FA, Correa J. Clostridium difficile-associated diarrhea
in developing countries: a systematic review and Meta-analysis. Infect Dis Ther
2019;8(1):87–103.

[29] Kumar S, Kumar Y, Kumar G, Kumar G, Tahlan AK. Non-typhoidal Salmonella
infections across India: emergence of a neglected group of enteric pathogens.
J Taibah Univ Med Sci 2022;17(5):747–54.

[30] Niu J, Xu L, Qian Y, et al. Evolution of the gut microbiome in early childhood: a
cross-sectional study of Chinese children. Front Microbiol 2020;11.

[31] Leifer CA, Dietert RR. Early life environment and developmental immunotoxicity
in inflammatory dysfunction and disease. Toxicol Environ Chem 2011;93(7):
1463–85.

[32] Bejaoui S, Poulsen M. The impact of early life antibiotic use on atopic and
metabolic disorders: Meta-analyses of recent insights. Evol Med Public Health
2020;2020(1):279–89.

[33] Ahmadizar F, Vijverberg SJH, Arets HGM, et al. Early life antibiotic use and the
risk of asthma and asthma exacerbations in children. Pediatr Allergy Immunol
2017;28(5):430–7.

[34] Fine PEM, Mulholland K, Scott JA, Edmunds WJ. 77 - Community Protection. In:
Plotkin SA, Orenstein WA, Offit PA, Edwards KM, editors. Plotkin’s Vaccines. 7th
ed. Elsevier; 2018. 1512–31.e5.

[35] Rheingans R, Anderson JDt, Anderson B, Chakraborty P, Atherly D, Pindolia D..
Estimated impact and cost-effectiveness of rotavirus vaccination in India: effects of
geographic and economic disparities. Vaccine 2014;32(Suppl. 1):A140–50.

[36] Megiddo I, Colson AR, Nandi A, et al. Analysis of the universal immunization
Programme and introduction of a rotavirus vaccine in India with IndiaSim. Vaccine
2014;32:A151–61.

[37] Rose J, Hawthorn RL, Watts B, Singer ME. Public health impact and cost
effectiveness of mass vaccination with live attenuated human rotavirus vaccine
(RIX4414) in India: model based analysis. Bmj 2009;339:b3653.

[38] Rose J, Homa L, Meropol SB, et al. Health impact and cost-effectiveness of a
domestically-produced rotavirus vaccine in India: a model based analysis. PloS One
2017;12(11):e0187446.

[39] Bissett KR, Cadena J, Khan M, Kuhlman CJ. Agent-based computational
epidemiological modeling. J Indian Inst Sci 2021;101(3):303–27.

[40] Bonabeau E. Agent-based modeling: Methods and techniques for simulating human
systems. Proc Natl Acad Sci 2002;99(suppl_3):7280–7.

[41] Bezanson J, Edelman A, Karpinski S, Shah VB. Julia: a fresh approach to numerical
computing. SIAM Review 2017;59(1):65–98.

[42] Datseris G, Vahdati AR, DuBois TC. Agents.Jl: a performant and feature-full agent-
based modeling software of minimal code complexity. Simulation 2022;0(0).

[43] National Family Health Survey (NFHS-4), 2015–16. India. Mumbai: International
Institute for Population Sciences (IIPS) and ICF; 2017.

[44] National Family Health Survey (NFHS - 5), 2019–21. Mumbai: International
Institute for Population Sciences (IIPS) and ICF; 2022.

[45] Kumar GCP, Giri S, Chawla-Sarkar M, et al. Epidemiology of rotavirus diarrhea
among children less than 5 years hospitalized with acute gastroenteritis prior to
rotavirus vaccine introduction in India. Vaccine 2020;38(51):8154–60.

[46] World Bank Open Data. The World Bank. 2024.
[47] OECD.Stat. Organisation for Economic Co-operation and Development. 2024.
[48] Pitzer VE, Patel MM, Lopman BA, Viboud C, Parashar UD, Grenfell BT. Modeling

rotavirus strain dynamics in developed countries to understand the potential
impact of vaccination on genotype distributions. Proc Natl Acad Sci 2011;108(48):
19353–8.

[49] Church JA, Rukobo S, Govha M, et al. The impact of improved water, sanitation,
and hygiene on Oral rotavirus vaccine immunogenicity in Zimbabwean infants:
substudy of a cluster-randomized trial. Clin Infect Dis 2019;69(12):2074–81.

[50] Mistry D, Litvinova M, Pastore y Piontti A, et al. Inferring high-resolution human
mixing patterns for disease modeling. Nat Commun 2021;12(1):323.

[51] Lappe BL, Wikswo ME, Kambhampati AK, et al. Predicting norovirus and rotavirus
resurgence in the United States following the COVID-19 pandemic: a mathematical
modelling study. BMC Infect Dis 2023;23(1):254.

[52] Greenberg HB, Estes MK. Rotaviruses: from pathogenesis to vaccination.
Gastroenterology 2009;136(6):1939–51.

[53] Allwell-Brown G, Hussain-Alkhateeb L, Sewe MO, et al. Determinants of trends in
reported antibiotic use among sick children under five years of age across low-
income and middle-income countries in 2005&#x2013;17: A systematic analysis of

user characteristics based on 132 national surveys from 73 countries. Int J Infect
Dis 2021;108:473–82.

[54] Rheingans R, Atherly D, Anderson J. Distributional impact of rotavirus vaccination
in 25 GAVI countries: estimating disparities in benefits and cost-effectiveness.
Vaccine 2012;30:A15–23.

[55] Jonesteller CL, Burnett E, Yen C, Tate JE, Parashar UD. Effectiveness of rotavirus
vaccination: a systematic review of the first decade of global Postlicensure data,
2006–2016. Clin Infect Dis 2017;65(5):840–50.

[56] Rotavirus. Questions and Answers. Saint Paul, Minnesota: Immunization Action
Coalition; 2023.

[57] Rotavirus. December 9, 2020, https://my.clevelandclinic.org/health/disease
s/8275-rotavirus; 2020.

[58] Sowmyanarayanan TV, Patel T, Sarkar R, et al. Direct costs of hospitalization for
rotavirus gastroenteritis in different health facilities in India. Indian J Med Res
2012;136(1):68–73.

[59] Fazaludeen Koya S, Ganesh S, Selvaraj S, Wirtz VJ, Galea S, Rockers PC. Antibiotic
consumption in India: geographical variations and temporal changes between 2011
and 2019. JAC Antimicrob Resist 2022;4(5):dlac112.

[60] Pollard SL, Malpica-Llanos T, Friberg IK, Fischer-Walker C, Ashraf S, Walker N.
Estimating the herd immunity effect of rotavirus vaccine. Vaccine 2015;33(32):
3795–800.

[61] Koya SF, Ganesh S, Selvaraj S, Wirtz VJ, Galea S, Rockers PC. Consumption of
systemic antibiotics in India in 2019. The lancet regional health – southeast Asia
2022:4.

[62] Varghese T, Alokit Khakha S, Giri S, et al. Rotavirus strain distribution before and
after introducing rotavirus vaccine in India. Pathogens 2021;10(4):416.

[63] Glass RI, Tate JE, Jiang B, Parashar U. The rotavirus vaccine story: from discovery
to the eventual control of rotavirus disease. J Infect Dis 2021;224(Supplement_4):
S331–42.

[64] Deadly rotavirus and the vaccines that can stop it, https://www.path.org/artic
les/the-democratic-virus-and-its-major-weakness-vaccines/; 2021. accessed.

[65] Rotavirus. https://www.health.vic.gov.au/infectious-diseases/rotavirus; 2022.
accessed.

[66] Levy K, Hubbard AE, Eisenberg JN. Seasonality of rotavirus disease in the tropics: a
systematic review and meta-analysis. Int J Epidemiol 2009;38(6):1487–96.

[67] Murray CJL, Ikuta KS, Sharara F, et al. Global burden of bacterial antimicrobial
resistance in 2019: a systematic analysis. The Lancet 2022;399(10325):629–55.

[68] No time to wait: Securing the future from drug-resistant infections. Interagency
Coordination Group on Antimicrobial Resistance; 2019.

[69] Dadgostar P. Antimicrobial resistance: implications and costs. Infect Drug Resist
2019;12:3903–10.

[70] Nandi A, Pecetta S, Bloom DE. Global antibiotic use during the COVID-19
pandemic: analysis of pharmaceutical sales data from 71 countries, 2020&#x2013;
2022. eClinicalMedicine 2023;57.

[71] Bell BG, Schellevis F, Stobberingh E, Goossens H, Pringle M. A systematic review
and meta-analysis of the effects of antibiotic consumption on antibiotic resistance.
BMC Infect Dis 2014;14(1):13.

[72] Sulis G, Sayood S, Gandra S. Antimicrobial resistance in low- and middle-income
countries: current status and future directions. Expert Rev Anti Infect Ther 2022;20
(2):147–60.

[73] Klein EY, Van Boeckel TP, Martinez EM, et al. Global increase and geographic
convergence in antibiotic consumption between 2000 and 2015. Proc Natl Acad Sci
2018;115(15):E3463–70.

[74] Dhalaria P, Kapur S, Singh AK, Verma A, Priyadarshini P, Taneja G. Potential
impact of rotavirus vaccination on reduction of childhood diarrheal disease in
India: An analysis of National Family Health Survey-5. Vaccine: X 2023;14:100319.

[75] Arakaki L, Tollefson D, Kharono B, Drain PK. Prevalence of rotavirus among older
children and adults with diarrhea: a systematic review and meta-analysis. Vaccine
2021;39(33):4577–90.

[76] Ward RL, Bernstein DI, Staat MA. Chapter 185 - ROTAVIRUSES. In: Feigin RD,
Cherry JD, Demmler-Harrison GJ, Kaplan SL, editors. Feigin and Cherry’s textbook
of pediatric infectious diseases. 6th ed. Philadelphia: W.B. Saunders; 2009.
p. 2245–70.

[77] Karol S, Thakare MM. Strengthening immunisation Services in India through
digital transformation from co-WIN to U-WIN: a review. Preventive Med: Res &
Rev 2024;1(1):25–8.

[78] Apte A, Roy S, Bavdekar A, Juvekar S, Hirve S. Facilitators and barriers for use of
rotavirus vaccine amongst various stakeholders and its implications for Indian
context - a systematic review. Hum Vaccin Immunother 2018;14(11):2760–7.

[79] Bennett A, Bar-Zeev N, Cunliffe NA. Measuring indirect effects of rotavirus vaccine
in low income countries. Vaccine 2016;34(37):4351–3.

A. Gleason et al. Vaccine 42 (2024) 126211 

9 

http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0130
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0130
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0130
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0135
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0135
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0135
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0140
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0140
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0140
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0145
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0145
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0145
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0150
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0150
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0155
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0155
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0155
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0160
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0160
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0160
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0165
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0165
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0165
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0170
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0170
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0170
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0175
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0175
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0175
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0180
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0180
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0180
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0185
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0185
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0185
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0190
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0190
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0190
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0195
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0195
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0200
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0200
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0205
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0205
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0210
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0210
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0215
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0215
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0220
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0220
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0225
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0225
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0225
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0230
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0235
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0240
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0240
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0240
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0240
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0245
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0245
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0245
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0250
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0250
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0255
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0255
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0255
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0260
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0260
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0265
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0265
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0265
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0265
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0265
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0270
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0270
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0270
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0275
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0275
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0275
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0280
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0280
https://my.clevelandclinic.org/health/diseases/8275-rotavirus
https://my.clevelandclinic.org/health/diseases/8275-rotavirus
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0290
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0290
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0290
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0295
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0295
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0295
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0300
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0300
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0300
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0305
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0305
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0305
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0310
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0310
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0315
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0315
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0315
https://www.path.org/articles/the-democratic-virus-and-its-major-weakness-vaccines/
https://www.path.org/articles/the-democratic-virus-and-its-major-weakness-vaccines/
https://www.health.vic.gov.au/infectious-diseases/rotavirus
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0330
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0330
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0335
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0335
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0340
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0340
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0345
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0345
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0350
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0350
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0350
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0355
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0355
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0355
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0360
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0360
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0360
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0365
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0365
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0365
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0370
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0370
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0370
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0375
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0375
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0375
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0380
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0380
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0380
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0380
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0385
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0385
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0385
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0390
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0390
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0390
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0395
http://refhub.elsevier.com/S0264-410X(24)00893-4/rf0395

	Effect of rotavirus vaccination on the burden of rotavirus disease and associated antibiotic use in India: A dynamic agent- ...
	1 Introduction
	2 Methods
	2.1 General assignments by district
	2.2 General transmission dynamics
	2.3 Reinfection
	2.4 Contact matrices
	2.5 Assignment of reproductive number
	2.6 Antibiotic use
	2.7 Mortality
	2.8 Model scenarios
	2.9 Estimating the proportion of total antibiotic use attributable to rotavirus
	2.10 Estimating herd effects on immunity with rotavirus vaccination
	2.11 Statistic reporting

	3 Results
	3.1 Current vaccination coverage
	3.2 Estimates of averted disease burden and antibiotic misuse due to current vaccination coverage
	3.3 Projected averted disease burden and antibiotic misuse with increased vaccination

	4 Discussion
	Code availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix B Supplementary data
	References


