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gDivision of Infectious Diseases and Geographic Medicine, Department of Medicine, School of Medicine, Stanford University, Stanford,
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Summary
Background Low-cost, household-level water, sanitation, and hygiene (WASH) and nutrition interventions can reduce
pediatric antibiotic use, but the mechanism through which interventions reduce antibiotic use has not been
investigated.

Methods We conducted a causal mediation analysis using data collected between September 2013 and October 2015
from a cohort nested within the WASH Benefits Bangladesh cluster-randomized trial (NCT01590095). Among a
subsample of children within the WASH, nutrition, nutrition + WASH, and control arms (N = 1409 children; 267
clusters), we recorded caregiver-reported antibiotic use at ages 14 and 28 months and collected stool at age 14
months. Our primary outcome was any caregiver-reported antibiotic use by index children within the past 30 or
90 days measured at age 14 and 28 months. Mediators included caregiver-reported child diarrhea, acute
respiratory infection (ARI), and fever; and enteric pathogen carriage in stool measured by qPCR. Both
intervention-mediator and mediator-outcome models were controlled for mediator-outcome confounders.

Findings The receipt of any WASH or nutrition intervention reduced caregiver-reported antibiotic use through all
pathways in the past month by 5.5 percentage points (95% CI 1.2, 9.9), from 49.5% (95% CI 45.9%, 53.0%) in the
control group to 45.0% (95% CI 42.7%, 47.2%) in the pooled intervention group. When separating this effect into
different pathways, we found that interventions reduced antibiotic use by 0.6 percentage points (95% CI 0.1, 1.3)
through reduced diarrhea, 0.7 percentage points (95% CI 0.1, 1.5) through reduced ARI with fever, and 1.5
percentage points (95% CI 0.4, 3.0) through reduced prevalence of enteric viruses. Interventions reduced
antibiotic use through any of these measured mediators by 2.1 percentage points (95% CI −0.3, 4.5).

Interpretation WASH and nutrition interventions reduced pediatric antibiotic use through the prevention of enteric
and respiratory infections in a rural, low-income population. Given that many of these infections are caused by
viruses or parasites, WASH and nutrition interventions may help reduce inappropriate antibiotic use in similar
settings.

Funding Bill & Melinda Gates Foundation, National Institute of Allergy and Infectious Diseases.
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Research in context

Evidence before this study
We searched for primary studies and systematic reviews that
investigated mediation of antibiotic use by water, sanitation
and hygiene (WASH) interventions in Scopus using (TITLE-
ABS-KEY ((“WASH” OR “sanitation” OR “water” OR “hygiene”
OR “nutrition”) AND (“antibiot*”) AND (“interven*”) AND
(“mediat*” OR “indirect effect*” OR “pathway” OR
“mechanism”) AND (“use” OR “practice*”)). We included all
publications from any date until September 4, 2024. We
restricted results to studies in English, focused on humans,
and within medicine, agricultural and biological sciences,
immunology or microbiology, or environmental science. Our
search yielded 115 studies. We found no relevant research
studies. Four review studies discussed the need for improved
sanitation and drinking water as an AMR control strategy in
LMICs. Two study protocols described longitudinal
observational studies in LMICs that will explore the
relationship between WASH and antibiotic resistance.

Added value of this study
We used causal mediation analysis to investigate mechanisms
through which WASH and nutrition interventions reduced

antibiotic use in young children in a community setting in
rural Bangladesh. This study is rigorous because it leverages a
randomized trial with high intervention adherence and
includes objectively measured mediators. We found that
WASH and nutrition interventions reduced antibiotic use via
reduced diarrhea, ARI with fever, and enteric virus carriage.
This study improves on previous studies by identifying a
specific mechanism through which WASH and nutrition
interventions reduced pediatric antibiotic use in an
understudied setting and population.

Implications of all the available evidence
In a previous analysis of a randomized trial of WASH and
nutrition interventions, we found that pediatric antibiotic use
was lower in the intervention arms compared to control.
Here, using causal mediation analysis, we identified several
biologically plausible pathways through which interventions
likely reduced antibiotic use. This analysis bolsters a causal
interpretation that low-cost, household-level WASH and
nutrition interventions can reduce pediatric antibiotic use in
settings with similar infectious disease dynamics and
antimicrobial access.
Introduction
Antimicrobial resistance (AMR) is one of the top global
health threats and was linked to 4.95 million deaths
worldwide in 2019,1 with a larger burden than malaria or
HIV. Deaths and antimicrobial-resistant infections are
concentrated among low- and middle-income countries
(LMICs),1 where there are high rates of antibiotic
misuse due to inappropriate prescriptions for non-
bacterial infections.2,3 Diarrhea cases of unconfirmed
etiology in LMICs are frequently treated with antibi-
otics,4 despite enteric viruses being a leading cause of
diarrhea among children under 24 months.5,6 Con-
sumption of antibiotics that have higher potential for
resistance according to the WHO grew by 165% in
LMICs from 2000–2015.7

Though much research has investigated AMR
transmission in hospital settings,8 a growing body of
research points to a high burden of AMR in community
settings in LMICs.9 Antibiotic-resistant pathogens can
be spread through contaminated water, food, or fo-
mites.10 Improved water, sanitation, and handwashing
(WASH) infrastructure could reduce transmission of
Antibiotic-resistant pathogens from human and zoo-
notic sources.11 Improved WASH was found to reduce
the abundance of antibiotic resistance genes (ARGs) by
22% in community settings12 and a modeling analysis
suggested that universal access to improved WASH
could reduce the number of antibiotics used by 60% in
LMICs.13 Enhanced child nutrition may also play a role
in combating AMR by boosting immunity and prevent
enteric and respiratory infections,14 which are drivers of
antibiotic use and AMR.3,15

We previously found that low-cost, household-level
WASH and nutrition interventions reduced antibiotic use
in rural communities in Bangladesh by 10% and 14%
within the WASH Benefits cluster-randomized trial.16

However, the mechanism for these reductions is poorly
understood. It is possible that WASH and nutrition in-
terventions reduce diarrhea, enteric pathogen infections,
and respiratory infections, and these reductions resulted
in lower antibiotic use. Among children under 2 years,
WASH interventions reduced diarrhea by 31–40%,17

enteric virus carriage by approximately 50%,18 and acute
respiratory infection (ARI) by 25–33%.19 Nutrition in-
terventions reduced childhood diarrhea by 26%17 and
enteric virus carriage by up to 42%.18 WASH and nutri-
tion interventions may also affect antibiotic use through
the promotion of healthy child immune development.
Preventing chronic infections and reducing micro-
nutrient deficiencies could prevent downstream in-
fections that would have been treated with antibiotics.20,21

No prior studies have formally investigated pathways
through which WASH and nutrition interventions
reduce antibiotic use in LMICs.

We investigated whether reductions in pediatric
antibiotic use due to WASH and nutrition interventions
www.thelancet.com Vol 82 April, 2025
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Characteristic Any intervention
(N = 1294 children)

Control
(N = 422 children)

Child’s sex

Female 1142 (49.2%) 372 (50.61%)

Male 1179 (50.8%) 363 (49.39%)

Birth order

1 786 (33.86%) 272 (37.01%)

2+ 1486 (64.02%) 416 (56.6%)

Missing 49 (2.11%) 47 (6.39%)

Mother’s age 24.16 (5.30) 23.45 (4.85)

Mother’s height 150.30 (5.41) 150.84 (5.16)

Articles
were mediated by reduced enteric virus carriage, diar-
rhea, or ARI in children under 2 years in rural
Bangladesh using data from a cohort nested within the
WASH Benefits Bangladesh trial.17 Understanding the
relative importance of specific pathways may help
inform whether WASH and nutrition interventions
reduce necessary vs. unnecessary antibiotic use. If their
effect on antibiotic use operates through infections that
are likely caused by viruses, WASH and nutrition in-
terventions may be effective at reducing inappropriate
antibiotic use and subsequent threats of AMR.
Mother’s education

No education 334 (14.39%) 78 (10.61%)

Primary (1–5 y) 692 (29.81%) 179 (24.35%)

Secondary (>5 y) 1295 (55.79%) 478 (65.03%)

Household food insecurity

Food secure 1626 (70.06%) 543 (73.88%)

Mildly food insecure 201 (8.66%) 62 (8.44%)

Moderately/severely food insecure 494 (21.28%) 130 (17.69%)

Number of individuals in household under age 18 1.63 (1.27) 1.56 (1.25)

Number of individuals in compound 11.41 (6.55) 10.10 (6.07)

Distance to water source 0.89 (3.94) 0.75 (1.53)

Improved roof material (tin, cement) 2289 (98.62%) 729 (99.18%)

Improved wall material (wood, brick, tin) 1530 (65.92%) 449 (61.09%)

Improved floor material (wood, concrete) 274 (11.81%) 121 (16.46%)

Household wealth index

Wealth Q1 516 (22.23%) 100 (13.61%)

Wealth Q2 540 (23.27%) 138 (18.78%)

Wealth Q3 472 (20.34%) 185 (25.17%)

Wealth Q4 523 (22.53%) 193 (26.26%)

Missing 270 (11.63%) 119 (16.19%)

Sample sizes, child demographics, and household characteristics, in the pooled intervention vs. control arm. For
categorical variables, the number of occurrences and percentages are reported. For continuous variables, the
mean and standard deviation (SD) are reported. We report the distribution of these variables in individual,
unpooled treatment arms in Supplemental Table S2.

Table 1: Distribution of baseline characteristics by treatment group.
Methods
We published a pre-analysis plan at https://osf.io/ytmcr
and listed deviations from this plan in Supplement 1.

Study design & population
We conducted a causal mediation analysis using data
from a prospectively measured cohort nested within the
WASH Benefits Bangladesh trial. The trial enrolled 720
clusters including 5551 pregnant mothers in four dis-
tricts of rural Bangladesh between May 31, 2012, and
July 7, 2013.17 These districts were chosen because they
were primarily rural, had low levels of iron and arsenic
in drinking water (to allow for effective water treatment
with chlorine), had no major ongoing nutrition or
WASH programs, and did not include haor areas, which
are shallow depressions that flood in the monsoon
season.22 Clusters, comprising of 8 eligible women that
lived close enough to be visited by a single community
promotor, were randomly allocated to the following
arms: water (W), hygiene (H), sanitation (S), combined
water, sanitation, and hygiene (WASH), nutrition (N),
combined N + WASH, and a double-sized control.
Randomization was stratified by geographic block.
Pregnant mothers in their first two trimesters were
eligible for inclusion if they planned to live in the study
village for the next two years. Only one pregnant woman
was enrolled per compound, but if the woman gave
birth to twins, both children were enrolled. Index chil-
dren were followed for two years to assess the primary
outcomes of child diarrhea and growth.

This study utilized data from the environmental
enteric dysfunction (EED) substudy of WASH Benefits
in which additional measurements were collected from
index children in 267 clusters in the N, WASH,
N + WASH, and C arms.23 Clusters were selected into
the substudy based on logistical feasibility for the
collection and transport of specimens. Clusters were
equally distributed between study arms but did not
adhere to the geographic matching of the parent trial.
Baseline characteristics of selected households were
balanced between study arms and were similar to the
characteristics of households enrolled in the full trial
(Table 1). The EED cohort enrolled 1531 children from
257 clusters at age 14 months and 1531 children from
www.thelancet.com Vol 82 April, 2025
267 clusters at age 28 months. All eligible children were
sampled at 14- and 28-months, but some children were
absent from either follow-up period for various reasons.

Our analysis was restricted to children with non-
missing antibiotic use in the follow-up rounds when they
were approximately 14 months or 28 months (N = 1528)
old. Antibiotic use data was available for 99.6% of children
at 14 months and 99.3% of children 28 months; the dis-
tribution of missing values across specific outcomes and
intervention groups is included in Table S1. Missing
values for antibiotic use represent cases where a survey
was administered, but the caregiver did not respond to the
corresponding question. We did not complete a sample
size calculation for this mediation analysis and used all
available measurements from the collected data.

Interventions
The WASH intervention included chlorine tablets for
water treatment and a safe water storage vessel; double-
3
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pit latrine upgrades, child potties, and hoes for
removing feces; and handwashing stations. The nutri-
tion intervention included promotion of age-appropriate
maternal and infant nutrition practices and lipid-based
nutrient (LNS) supplements for children from 6 to 24
months of age. Interventions were given to participants
free of charge, and consumables were restocked during
trial follow-up. Intervention fidelity was high as
measured by structured observations and spot checks.24

Nutrition interventions were a child-level interventions,
while drinking water and handwashing were household-
level interventions. The latrine intervention was
delivered to the compound, a collection of familial
households that share common outdoor space. Addi-
tional intervention details are included in Supplement 2.

Mediators
Mediators included caregiver-reported diarrhea, ARI,
ARI with fever, difficulty breathing in the prior 7 days,
fever in the prior 7- or 14- days, and enteric virus car-
riage. Diarrhea was defined as three or more loose or
watery stools within 24 h or at least one bloody stool in
the prior 7 days,25 ARI was defined as persistent cough
or panting/wheezing/difficulty breathing in the prior 7
days.26 Diarrhea, ARI, difficulty breathing, and fever in
the prior 7-days were measured at approximately 14 and
28 months, while fever in the prior 14-days was only
measured at approximately 28 months.

Stool samples were collected at age 14 months and
analysed for enteropathogens via quantitative polymer-
ase chain reaction (PCR) with a Taqman array card.5,27

Further details of enteropathogen data collection have
been described elsewhere.18 The Taqman enter-
opathogen panel included viruses, bacteria, and pro-
tozoa. Our primary analysis assessed mediation by
carriage of adenovirus 40/41, norovirus GII, and sap-
ovirus because a prior analysis found no effects of in-
terventions on bacteria, protozoa, or other viruses.18 As a
secondary analysis, we included all bacteria, parasites,
and viruses in the Taqman panel with a prevalence
greater than 5%. We included indicators of any viral and
parasite carriage but could not investigate carriage of
any bacteria, since bacteria were detected in over 95% of
stool samples.

To account for joint effects of mediators, we also
included indicators for different combinations of me-
diators, including any enteric virus that is included in
the Taqman panel, any enteric virus with diarrhea, ARI
with fever, and any mediator (diarrhea, fever, ARI, or
enteric virus).

Outcomes
Our primary outcome was any caregiver-reported anti-
biotic use by index children within the past 30 or 90 days
measured at age 14 and 28 months. Field staff provided
caregivers with a list of commonly used antibiotics28 and
asked them to report the index child’s antibiotic use.
These antibiotics included Ceftriaxone, Cefixime, Amox-
ycillin, Ciprofloxacin, Metronidazole, Cefuroxime, Azi-
thromycin, Cloxacillin, Ampicillin, Flucloxacillin,
Levofloxacin, Gentamicin, Cephradine, Cefepime, Eryth-
romycin, Neomycin, and Betapen.

Here, we focused on any antibiotic use in the prior
30 days as our primary outcome, since it was more likely
for diarrheal disease and acute respiratory infections
(reported for the prior 7 days) to impact antibiotic use in
the prior 30 days vs. the prior 90 days. While uncertainty
in the temporal ordering of infections and antibiotic use
is a limitation of our study, focusing on 30-day utiliza-
tion makes it more reasonable that infections preceded
antibiotic use. We conducted additional analyses on the
secondary outcomes of any antibiotic use, multiple
antibiotic use, number of episodes of antibiotic use, and
number of days of antibiotic use in the 90-day recall
period.

Statistics
Our primary analysis compared a pooled intervention
group (WASH, N, or N +WASH) to the control arm in an
intention-to-treat analysis. We conducted secondary ana-
lyses comparing individual intervention arms to the
control arm, as well as those that grouped (1) WASH and
WASH + Nutrition and (2) Nutrition and
WASH + Nutrition. We estimated prevalence ratios (PR)
from treatment-outcome, treatment-mediator, and
mediator–outcome relationships using generalized linear
models with robust standard errors that account for
clustering at the block level to account for the block-
matched design. For continuous outcomes, we used a
Gaussian family and identity link function. For categor-
ical outcomes, we used a Poisson family and log link
function with robust standard errors.29 We estimated
prevalence differences (PD) from treatment-outcome
models using g-computation with logistic regression
and constructed confidence intervals with 1000 iterations
of bootstrapped resampling at the block level. All models
were adjusted for child age to account for differences in
infection risk and antibiotic use at 14 and 28 months.

We adjusted mediator-outcome models for all
possible, measured confounders: time of fecal sample/
data collection (measured in 3-month periods); sex;
birth order; mother’s age, height and education; base-
line household food insecurity; number of individuals
<18 years in household; number of individuals living
in compound; distance to household’s primary drink-
ing water source; and a household wealth index
calculated from the first principal component of a
principal components analysis of household assets. All
covariates were measured at baseline except for month
of measurement, child age, and child sex. Child age
and sex was recorded through caregiver survey at each
follow-up period.
www.thelancet.com Vol 82 April, 2025
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We will use causal mediation methods to estimate
the natural indirect effect of WASH and nutrition in-
terventions on antibiotic use. The total effect of WASH
and nutrition interventions on antibiotic use can be
decomposed into the mediated effect (i.e., “natural in-
direct effect” (NIE)) or the direct effect (i.e., “natural
direct effect”).30 The NIE is the difference in potential
outcomes under the predicted values of the mediator if
all children had been in the treatment arm vs. if all
children had been in the control arm. In other words,
the NIE estimates the effect of WASH and nutrition
interventions through pathways that involve a mediator.
We assumed that a NIE was only possible for a partic-
ular mediator-outcome pair if the mediator had a sig-
nificant (p-value <0.05) or large effect (PR > 1.1 for
categorical outcomes, mean difference >0.5 for contin-
uous outcomes) on the outcome, independent from the
intervention. For the filtered mediator–outcome re-
lationships, we estimated NIEs and 95% confidence
intervals using quasi-Bayesian approximations imple-
mented by the mediation R package,24 in which the
coefficients of the intervention-mediator and mediator-
treatment models are re-drawn from random distribu-
tions. In these mediation analyses, we used
intervention-mediator and mediator-outcome models
that followed the same generalized linear modeling
approach described above. We adjusted both models for
mediator-outcome confounders that were identified in
covariate screening. We assessed potential intervention-
mediator interactions within mediation models. For any
models in which there was a difference in NIE in the
treatment vs. control greater than 1% or t-test p-value
<0.2 when a treatment-mediator interaction term was
included, we reported the NIEs estimated while holding
either treatment status constant to treated (the “total”
NIE) or control (the “pure” NIE) (additional details in
Supplement 3).31

All analyses were conducted in R (version 4.1.3).

Assumptions of mediation analyses
A graphical representation of our assumed causal model
is included in Figure S1. Because our analysis uses data
from a randomized trial with baseline balance, we
reasonably met the assumption that there is no un-
measured confounding of the treatment–outcome rela-
tionship. We attempted to meet the assumption of no
mediator-outcome confounding through covariate
adjustment, although residual unmeasured confound-
ing is always a possibility. We performed a complete
case analysis, assuming missing data are missing
completely at random.

Sensitivity analysis
Because some children may carry enteric viruses at low
levels, we performed a sensitivity analysis of mediation by
enteric viruses in children whose pathogen loads reflect
diarrheal etiology. We used published Ct cutoff values for
www.thelancet.com Vol 82 April, 2025
adenovirus 40/41, norovirus GII and sapovirus from the
MAL-ED study.32 We also conducted a negative control
analysis using caregiver-reported bruising in the prior 7
days to detect potential mediator misclassification or re-
sidual unmeasured confounding.33,34

Ethics
All study participants gave written informed consent in
Bengali. This study protocol was approved for human
subjects research at the icddr,b (PR-11063), University
of California, Berkeley (2011-09-3652), and Stanford
University (25,863).

Role of funding source
The funders of this study had no role in the study
design, data collection, data analyses, interpretation,
writing of the report, or decision to submit for
publication.
Results
This analysis included 1716 children present at 14 or 28
month follow-ups (N = 3056 measurements) conducted
between September 2013 and October 2015 (Fig. 1).
Baseline characteristics, including child sex, mother’s
age, and household materials, were well-balanced at
baseline between study arms (Table 1, Table S2). In all
arms, over two thirds of participants were food secure,
while over half of mothers had obtained a secondary
education. At 14 months, 128 (5.9%) children were
missing stool samples in the intervention arm, and 74
(10.7%) were missing a stool sample in the control arm.

Generally, diarrhea, ARI, and enteric virus carriage
were more prevalent at 14 months compared to 28
months (Table 2, Table S3). Co-prevalence of diarrhea,
ARI, and enteric virus carriage was relatively rare; <1%
of children experienced diarrhea and ARI concurrently
and 2% of children experienced ARI while carrying an
enteric virus (Figure S2, Table S4).

Total effects
WASH and nutrition interventions (henceforth, “in-
terventions”) led to a modest reduction in antibiotic use,
and the strength of evidence was strongest for the effect
of interventions on multiple episodes of antibiotic use in
the past 3 months (Table 3, Figure S3, Table S5). In-
terventions reduced the prevalence of any antibiotic use
in the past month from 50% in the control arm to 45%
in the pooled intervention group (PD −5.5, 95%
CI −1.2, −9.9). We observed similar effects of the inter-
vention on any antibiotic use in the past 3 months
(PD −7.2, 95% CI −1.7, −12.4). Interventions reduced the
prevalence of multiple episodes of antibiotic use in the
past 3 months by 7 percentage points, the number of
days of antibiotic use by 0.93 days, and the number of
episodes by 0.18 episodes. Overall, effect sizes were
similar for individual WASH and nutrition interventions,
5
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Fig. 1: Participant flowchart. Flowchart of trial participants that are included in the present analysis, which was restricted to children with non-
missing antibiotic use in the follow-up rounds when they were approximately 14 months or 28 months.
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as well as the WASH and WASH + Nutrition group and
the Nutrition and WASH + nutrition group.

Indirect effects through any measured mediator
Next, we assessed whether effects of interventions on
antibiotic use occurred through changes in the preva-
lence of any of the mediators measured in our study
(diarrhea, ARI, fever, or enteric virus carriage). In-
terventions reduced the prevalence of any mediator
measured in this study by 14% (95% CI 5%, 21%), and
the prevalence of any measured mediator was associated
with 43% (95% CI 30%, 58%) higher antibiotic use in the
past month (Fig. 2, Figures S4 and S5, Tables S6 and S7).
Interventions reduced antibiotic use in the past month
through any measured mediator (diarrhea, ARI, fever, or
enteric virus carriage) by 2.1 percentage points (95%
CI −0.3, 4.5%; Fig. 3, Figure S6, Table S8), which is about
38% of the total intervention effect. This translates to an
approximate reduction of 21 cases of antibiotic use per
1000 children through intervention effects on mediators.

Mediation through acute respiratory infections
Interventions reduced the prevalence of ARI (PR 0.84,
95% CI 0.70, 0.99), which was associated with increased
antibiotic use in the prior month (PR 1.33, 95% CI 1.23,
1.45). There were slightly stronger associations between
interventions, antibiotic use, and specific symptoms of
ARI such as difficulty breathing and fever. In particular,
we found that interventions reduced the prevalence of
ARI with fever by 26% (95% CI 9%, 40%; control
www.thelancet.com Vol 82 April, 2025
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Any intervention (N = 1294 children) Control (N = 422 children)

14 Mos.
N = 1151
measurements

28 Mos.
N = 1170
measurements

14 Mos.
N = 377
measurements

28 Mos
N = 358
measurements

Child characteristics

Month of measurement

Feb–May 265 (23.02%) 424 (36.24%) 139 (36.87%) 114 (31.84%)

Jun–Sep 633 (55%) 293 (25.04%) 89 (23.61%) 169 (47.21%)

Oct–Jan 253 (21.98%) 453 (38.72%) 149 (39.52%) 75 (20.95%)

Child’s age 8.56 (1.74) 22.84 (2.15) 9.42 (1.72) 23.74 (1.98)

Mediators

Diarrhea, fever, ARI, or enteric virus 683 (64.86%) NA 238 (76.28%) NA

Diarrhea fever, or ARI 596 (51.78%) 319 (27.69%) 198 (52.52%) 108 (31.03%)

Diarrhea 147 (12.77%) 45 (3.91%) 67 (17.77%) 17 (4.89%)

ARI 347 (30.15%) 86 (7.47%) 119 (31.56%) 38 (10.92%)

ARI with fever 183 (15.9%) 47 (4.08%) 75 (19.89%) 20 (5.75%)

Fever (past 7 days) 368 (31.97%) 257 (22.31%) 126 (33.42%) 83 (23.85%)

Number of enteric viruses 0.38 (0.61) NA 0.60 (0.63) NA

Any enteric viruses 330 (31.34%) NA 163 (52.24%) NA

Antibiotic outcomes

Any antibiotics (past month) 621 (53.95%) 419 (36.06%) 221 (58.78%) 142 (39.66%)

Any antibiotics (past 3 months) 807 (70.11%) 590 (50.43%) 283 (75.07%) 206 (57.54%)

Days of antibiotic use (past 3 months) 5.39 (5.61) 3.32 (4.47) 6.27 (5.91) 4.01 (4.99)

Episodes of antibiotic use (past 3 months) 1.06 (0.96) 0.65 (0.76) 1.23 (0.99) 0.77 (0.84)

Multiple episodes of antibiotic use (past 3 months) 295 (25.63%) 132 (11.28%) 131 (34.75%) 50 (13.97%)

Sample sizes, child characteristics, mediator prevalence, and antibiotic use prevalence, in the pooled intervention vs. control arm by follow-up period. For categorical
variables, the number of occurrences and percentages are reported. For continuous variables, the mean and standard deviation (SD) are reported.

Table 2: Prevalence of mediators and antibiotic use outcomes by treatment group at 14- and 28-months follow-up.

Outcome Prevalence/mean
difference

Prevalence ratio

Any antibiotics (past month) −0.055 (−0.099, −0.012) 0.890 (0.813, 0.974)

Any antibiotics (past 3 months) −0.072 (−0.124, −0.017) 0.892 (0.822, 0.967)

Days of antibiotic use (past 3 months) −0.929 (−1.405, −0.453) –

Episodes of antibiotic use (past 3 months) −0.175 (−0.257, −0.092) –

Multiple episodes of antibiotic use
(past 3 months)

−0.071 (−0.105, −0.038) 0.719 (0.623, 0.829)

Point estimates and 95% confidence intervals (CIs) for the total effect of any WASH or nutrition intervention on
antibiotic use outcomes. For categorical outcomes (any antibiotic use, multiple episodes of antibiotic use), the
prevalence difference and prevalence ratio are reported. For continuous outcomes (days of antibiotic use,
episodes of antibiotic use), only the mean difference is reported.

Table 3: Total effects of any WASH or nutrition intervention on antibiotic use.

Articles
prevalence = 13%), and there was weak evidence of a
29% reduction in the prevalence of difficulty breathing
(95% CI −10%, 55%, control prevalence 4%). Similarly,
ARI with fever and difficulty breathing were associated
with 40–50% higher antibiotic use in the past month
(Fig. 2, Figures S4 and S5, Tables S6 and S7).

We found little evidence that ARI, with or without
fever, mediated the effect of interventions on antibiotic
use (Fig. 3, Figure S6, Table S8). We estimated that
5–11% of the total effect of interventions on antibiotic
use in the prior month was mediated through a factor
related to ARI, corresponding to an absolute reduction
of 0.3–0.7 percentage points. Precision was low for all
estimates and most confidence intervals contained the
null. There was some evidence of intervention-mediator
interactions for ARI, ARI with fever and difficulty
breathing, where the total NIE was stronger than the
pure NIE for any antibiotic use (Figure S7, Table S9).

Mediation through diarrhea and enteric pathogen
carriage
Interventions reduced caregiver-reported diarrhea prev-
alence by 33% (95% CI 11%, 49%; control preva-
lence = 11.6%), and diarrhea was associated with 27%
higher antibiotic use in the prior month (95% CI 14%,
41%) (Fig. 2, Figures S4 and S5, Tables S6 and S7). In
www.thelancet.com Vol 82 April, 2025
our mediation analysis, we found that interventions
reduced antibiotic use by 0.6 percentage points (95% CI
0.1%, 1.2%) through the prevention of diarrhea (Fig. 3,
Figure S6, Table S8).

Carriage of enteric viruses was reduced by the in-
terventions (PR 0.60 95% CI 0.50, 0.71) and associated
with increased antibiotic use in the past 30 days (PR 1.15,
95% CI 1.05, 1.2; Figures S8 and S9, Tables S7 and S8).
We estimated that interventions reduced antibiotic use in
the prior month by 1.5 percentage points (95% CI 0.4%,
3%) via the carriage of any enteric virus. There was weak
7
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Fig. 2: Effects of any WASH and nutrition intervention on mediators, and effects of mediators on caregiver-reported antibiotic use.
Prevalence ratios and 95% confidence intervals for (a) effects of any water, sanitation, handwashing (WASH) and nutrition intervention on
mediators and (b) mediators on any antibiotic use in the past month. Diarrhea, Acute Respiratory Infection (ARI), ARI with Fever, and Fever are
all reported by a caregiver under a 7-day lookback period at 14 and 28 months. Any Enteric Virus is the presence of adenovirus 40/41, norovirus
GI, norovirus GII, sapovirus, rotavirus, or astrovirus in stool collected at 14 months, and Any Enteric Virus with Diarrhea is the presence of any
enteric virus with caregiver reported diarrhea in the prior 7 days at 14 months.
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evidence that Sapovirus had a larger effect than other
enteric viruses, but the precision of estimates for indi-
vidual species was low (Figure S10, Table S9). We found
no effects of interventions on bacteria or parasite car-
riage, and we did not find evidence of associations with
bacteria or parasite carriage.

We observed stronger mediation through diarrhea
with enteric virus carriage than with diarrhea alone.
Interventions reduced diarrhea with enteric virus car-
riage by 65% (95% CI 49%, 76%), and diarrhea with
enteric virus carriage was associated with 37% (95% CI
Fig. 3: Indirect effects of WASH and Nutrition interventions on
caregiver-reported antibiotic use. Natural indirect effects and 95%
confidence intervals of water, sanitation, handwashing (WASH) and
nutrition interventions on caregiver-reports of any antibiotic use in
the past month (total effect = 5.5 percentage points reduction, 95%
CI 1.2, 9.9). Diarrhea, Acute Respiratory Infection (ARI), ARI with
Fever, and Fever are all reported by a caregiver under a 7-day look-
back period at 14 and 28 months. Any Enteric Virus is the presence
of adenovirus 40/41, norovirus GI, norovirus GII, sapovirus, rotavirus,
or astrovirus in stool collected at 14 months, and Any Enteric Virus
with Diarrhea is the presence of any enteric virus with caregiver
reported diarrhea in the prior 7 days at 14 months.
19%, 59%) higher antibiotic use in the prior month.
Intervention effects on diarrhea with enteric virus carriage
reduced antibiotic use by 1.1 (95% CI 0.4, 2) percentage
points, accounting for about 20% of the total intervention
effect. Effect sizes for mediation through diarrhea with
enteric virus carriage were similar though slightly weaker
for individual nutrition interventions compared to WASH
interventions. We found evidence of intervention-
mediator interactions for diarrhea with enteric virus car-
riage for the number of days and episodes of antibiotic use
in the prior 3 months, where the pure NIE was stronger
than the total NIE. These interactions were only present in
the Nutrition and Nutrition + WASH intervention groups
(Figure S7, Table S9).

Sensitivity analyses
In analyses using prevalence of enteric viruses with
pathogen loads likely to reflect diarrheal etiology,
treatment-mediator and mediator-outcome associations
were similar but less estimated with lower precision
(Figures S11–S13, Tables S13–S15). There was no evi-
dence of mediation by any indicator of symptomatic
enteric virus carriage.

Negative control
When repeating mediation analyses using bruising
prevalence as a negative control for caregiver-reported
mediators (e.g., diarrhea, ARI), all 95% confidence in-
tervals for indirect effect estimates contained the null,
suggesting that mediator misclassification did not have
a large impact on our findings (Figure S14, Table S16).
Discussion
In this mediation analysis of a cohort nested within a
cluster-randomized trial, effects of low-cost, household-
www.thelancet.com Vol 82 April, 2025
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level WASH and nutrition interventions on reduced
pediatric antibiotic use occurred via reduced diarrhea
and enteric viruses. The strongest mediators were
enteric virus carriage and diarrhea with enteric virus
carriage, suggesting that interventions effectively
reduced antibiotic use by preventing viral enteric in-
fections. Overall, mediation patterns were similar for
individual WASH and nutrition interventions, with
slightly stronger mediated effects for the WASH and
WASH + Nutrition interventions.

About a third of the effect of WASH and nutrition
interventions on reduced pediatric antibiotic use was
mediated by reduced enteric virus carriage, both with
and without diarrhea symptoms. Enteric virus carriage
that is not accompanied by caregiver-reported diarrhea
might reflect infections that caused non-diarrheal
symptoms (ex: vomiting) or diarrhea that occurred
prior to the 7-day recall period. Prior studies have found
that viruses are responsible for a large fraction of
clinically-attended childhood diarrhea treated with anti-
biotics in LMICs,35 yet diarrhea is frequently treated
with antibiotics.4 The ratio of appropriately to inappro-
priately treated diarrhea cases in LMICs is estimated to
be 12.6.4 These numbers may be larger in community
settings where antibiotics are purchased without clini-
cian guidance. By preventing infections caused by
enteric viruses, WASH and nutrition interventions may
be an effective strategy to reduce inappropriate anti-
biotic use where unimproved WASH contributes to
high burdens of diarrheal disease.

There was weak evidence that interventions reduced
antibiotic use by reducing acute respiratory infections.
This is likely because WASH and nutrition intervention
effects on ARI were relatively modest, despite large as-
sociations with ARI and antibiotic use. While we did not
have data on the etiology of ARI in this study, ARI in
young children in LMICs are more often of viral etiology
than bacterial etiology.36–39 Yet, prior studies in
Bangladesh and other LMICs have found that 37%–80%
of children under 5 with respiratory symptoms were
treated with antibiotics.40–42 While we did not observed
significant indirect effects of WASH and Nutrition in-
terventions on ARI, our findings highlight an opportu-
nity for alternative interventions to reduce inappropriate
antibiotic use by preventing viral ARIs, such as influ-
enza or coronavirus.

The mediators measured in this study accounted for
38% of the total effect of interventions on antibiotic use. It
is possible that there are other important mediators that
we did not measure. WASH interventions may reduce
skin or eye infections, and such reductions could have
resulted in lower antibiotic use. For the nutrition inter-
vention, a key mediating pathway may be improved im-
mune function, however this was beyond the scope of our
analysis. A prior analysis found that WASH and nutrition
interventions enhanced immunoprotection and immu-
noregulation and suppressed the immunopathologic
www.thelancet.com Vol 82 April, 2025
response.20 Given that nutrition is likely an upstream
determinant of immunity and infection, studies have
proposed nutrition interventions as a critical tool for
reducing AMR in LMICs.21 Understanding the immu-
nologic pathways through which nutrition interventions
mediate effects on antibiotic use is an important area for
future research.

Our findings of reduced antibiotic use do not
necessarily reflect changes in AMR carriage. For
example, one study in urban Bangladesh found that
community-scale water chlorination reduced child anti-
biotic use by 7% but did not result in reduced preva-
lence of AMR genes in child stool.43,44 While we are not
aware of any prior studies that have measured effects of
lipid nutrient supplementation on AMR, prior studies
have found that dietary diversity was associated with
reduced indicators of AMR.15 Future studies of WASH
and nutrition interventions would benefit from inclu-
sion of antibiotic resistance carriage as an outcome.

Strengths of this study include the use of data from a
randomized trial with high intervention uptake and
minimized measured and unmeasured confounding of
the intervention–mediator relationships. There were
several limitations. First, we relied upon caregiver-
reported diarrhea, respiratory infection, and antibiotic
use, which may be subject to courtesy and recall bias.
Caregivers may also have given children medications
that they are unaware are antibiotics, which could be of
concern if antibiotics are obtained outside of a clinical
setting. However, our negative control analysis suggests
that there was minimal outcome misclassification.
Additionally, prior work has shown that there is strong
concordance between medical records and caregiver
report of antibiotic use in low- and middle-income
countries.45 Second, the recall period was 1–3 months
for antibiotic use and 7 days for diarrhea and ARI,
which were measured concurrently; it is possible that in
some cases, antibiotic use preceded diarrhea or ARI.
Our results were similar using 1 vs. 3 month recall
periods, suggesting that lack of temporal ordering did
not have a large influence, but we cannot completely
rule it out. Third, we did not consider multiple media-
tors within a single model; it is possible that our
approach did not fully capture complex relationships
between mediators. However, joint infections were
relatively rare, and we did include an analysis using an
indicator for any measured mediator. Fourth, it is
possible that our mediator-outcome models were sub-
ject to residual confounding or that missing confounder
values impacted our effect estimates. We conducted a
complete case analysis but had to excluded 12% of our
data in mediation analyses where measurements for at
least one confounder was missing. However, since most
confounders were assessed at baseline, we expect
missingness to be random across intervention groups,
and it is not possible that future infections or antibiotic
use impacted missingness. Thus, the exclusion of
9
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children with missing cofounder data is unlikely to have
biased our estimates, but they may have decreased
precision in mediation analyses. Similarly, the selection
of clusters into the substudy may have introduced bias.
In particular, political unrest associated with the 2014
general election in Bangladesh may have impacted in-
clusion in the 14-month follow-up. However, the base-
line characteristics of selected households at both
follow-up periods were balanced between all study
arms and were similar to the characteristics of house-
holds enrolled in the full trial.23 This suggests that there
was little evidence of measured confounding. Finally,
our results may not generalize to other populations with
differing climatic conditions, pathogen transmission
patterns, antibiotic availability, animal ownership, and
population density.

In conclusion, our findings shed light on the
mechanism through which WASH and nutrition in-
terventions reduce antibiotic use and support a causal
interpretation for effects on antibiotic use. We provide
evidence that the effect of these interventions on pedi-
atric antibiotic use was mediated through the reduction
of enteric and respiratory infections that are likely
caused by viruses. Taken together with prior studies, our
findings support the use of WASH and nutrition in-
terventions to reduce inappropriate antibiotic use and
AMR, particularly in regions with similar burdens of
viral enteric infections.
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