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Abstract

Background

In low- and middle-income countries (L&MICs), the biggest contributing factors to the global
burden of disease in childhood are deaths due to respiratory iliness and diarrhoea, both of
which are closely related to use of water, sanitation, and hygiene (WASH) services by
households. However, current estimates of the health impacts of WASH interventions use
self-reported morbidity, which may fail to capture longer-term or more severe impacts.
Reported mortality is thought to be less prone to bias than other reported measures. This
study aimed to answer the question: What are the impacts of WASH interventions on
reported childhood mortality in L&MICs?

Methods and findings

We conducted a systematic review and meta-analysis, using a published protocol. System-
atic searches of 11 academic databases and trial registries, plus organisational repositories,
were undertaken to locate studies of WASH interventions, which were published in peer
review journals or other sources (e.g., organisational reports and working papers). Interven-
tion studies of WASH improvements implemented under endemic disease circumstances in
L&MICs were eligible, which reported findings at any time until March 2020. We used the
participant flow data supplied in response to journal editors’ calls for greater transparency.
Data were collected by two authors working independently.

We included evidence from 24 randomized and 11 nonrandomized studies of WASH
interventions from all global regions, incorporating 2,600 deaths. Effects of 48 WASH treat-
ment arms were included in analysis. We critically appraised and synthesised evidence
using meta-analysis to improve statistical power. We found WASH interventions are
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associated with a significant reduction of 17% in the odds of all-cause mortality in childhood
(OR =0.83, 95% CI =0.74, 0.92, evidence from 38 interventions), and a significant reduc-
tion in diarrhoea mortality of 45% (OR = 0.55, 95% CI = 0.35, 0.84; 10 interventions).

Further analysis by WASH technology indicated interventions providing improved water
in quantity to households were most consistently associated with reductions in all-cause
mortality. Community-wide sanitation was most consistently associated with reductions in
diarrhoea mortality. Around one-half of the included studies were assessed as being at
“moderate risk of bias” in attributing mortality in childhood to the WASH intervention, and no
studies were found to be at “low risk of bias.” The review should be updated to incorporate
additional published and unpublished participant flow data.

Conclusions

The findings are congruent with theories of infectious disease transmission. Washing with
water presents a barrier to respiratory illness and diarrhoea, which are the two biggest con-
tributors to all-cause mortality in childhood in L&MICs. Community-wide sanitation halts the
spread of diarrhoea. We observed that evidence synthesis can provide new findings, going
beyond the underlying data from trials to generate crucial insights for policy. Transparent
reporting in trials creates opportunities for research synthesis to answer questions about
mortality, which individual studies of interventions cannot be reliably designed to address.

Author summary

Why was this study done?

« The biggest contributor to the global burden of infectious disease in childhood in devel-
oping countries is mortality due to respiratory and diarrhoeal infections, both of which
are closely linked to deficient water, sanitation, and hygiene (WASH) availability and
use by households.

o Multiple systematic reviews and meta-analyses of WASH-related morbidity have been
conducted, but there is a shortage of rigorous, systematic evidence on the effectiveness
of WASH interventions in reducing mortality.

What did the researchers do and find?

o We conducted a systematic review and meta-analysis of the impacts of WASH interven-
tions on all-cause and diarrhoea-related mortality in L&MICs, incorporating evidence
from 35 studies comprising 48 distinct WASH intervention arms.

» We found significant effects on all-cause mortality among children aged under 5 of
interventions to improve the quantity of water available (34% reduction), hygiene pro-
motion when water supplies were accessible to households (29% reduction), and com-
munity-wide sanitation (21% reduction).

» We also found significant effects of WASH interventions on diarrhoea mortality among
under 5s (45% reduction), which were significantly larger when provided to
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communities that were at the lowest rungs of the sanitation ladder, compared to those
that already had improved WASH.

What do these findings mean?

« Interventions to prevent water-related mortality in childhood in endemic disease cir-
cumstances provide adequate water supplies to households, enabling domestic hygiene
and safe excreta disposal in the household and community.

o Systematic reviews can provide new evidence for decision making, but the approach we
present is reliant on trial authors and journals adhering to agreed standards of
reporting.

Introduction

Diarrhoeal diseases and respiratory infections are thought to kill 4.1 million people each year
[1,2]. Half of these deaths are of infants and young children aged less than 5 years old [3],
around 1.2 million of whom live in circumstances without adequate drinking water, sanitation,
and hygiene (WASH) in low- and middle-income countries (L&MICs) [4]. The global burden
of disease (GBD) for communicable causes is weighted heavily by mortality in childhood, the
two biggest single causes of which are diarrhoea and respiratory infection. Approximately 90%
of the total diarrhoea GBD and 99% of the total respiratory infection GBD are due to years of
life lost (YLL) (Table A in S1 Annex).

Unfortunately, studies of the effects of WASH interventions on diarrhoea and other causes
of mortality are beset by such ethical and logistical difficulties that, with few exceptions (e.g.,
[5]), practically none were carried out until recently (e.g., [6-8]). For example, it could not be
ethical to design a prospective study to measure mortality as a primary outcome when lifesav-
ing oral rehydration solution (ORS) is widely available and affordable. As a result, and in
accordance with the recommendation of the Grading of Recommendations, Assessment,
Development, and Evaluations (GRADE) procedure [9], the focus shifted from mortality to
morbidity—mainly from diarrhoea—as a more accessible outcome.

GBD estimates of WASH-related mortality are presently calculated using estimated coeffi-
cients on diarrhoea morbidity impacts from systematic reviews and meta-analyses. Estimates
vary widely (Table B in S1 Annex), suggesting great imprecision affecting our measurement of
the gravity of the diarrhoea problem, globally or in any specific context. Of the 44 systematic
reviews included in a recent WASH sector-wide interventions evidence map [10], half of
which concerned effects of WASH provision on diarrhoea, none had synthesised the evidence
on mortality in childhood. The most recent systematic evidence on WASH interventions and
diarrhoeal illness was reported in The Lancet in July 2022 [11].

A common finding in existing reviews is that bundling WASH together does not produce
additive effects in comparison with single water, sanitation, or hygiene technologies [12]. One
possible reason for this finding is bias in reporting. For example, the most common method of
collecting health outcomes data in impact evaluations of WASH interventions is through par-
ticipant report [10]. However, data on reported illness have been shown to be biased in open
(also called “unblinded”) trials [13-16]. Perhaps carers might misrepresent illness to minimise
the time spent with enumerators when data are collected repeatedly over time [17,18]. Social
desirability bias may also arise where participants are inadvertently induced to report
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favourably. Briscoe and colleagues [19] highlighted how diarrhoeal illness becomes normalised
among highly exposed groups over time, which leads to underreporting, a problem we might
expect to become worse when reporting is done by someone other than the patient, in this case
the child’s carer. Or illness may be acknowledged differently by sex [20], if girls who complain
about pain are less likely than boys to be pacified by their carers and, therefore, report less ill-
ness. In other words, we may not see additive effects of multiple WASH technologies provided
together if bias in the reporting of disease outcomes, rather than diarrhoea epidemiology, is
driving the findings.

The key advantage of randomised controlled trials (RCTs) over other methods is the clarity
with which randomisation balances unobservable differences across groups in expectation, not
in any single trial, but over multiple draws from the population [21]. Thus, the “gold standard”
for evidence on health impacts from these studies uses meta-analysis of findings from multiple
studies [22]. However, meta-analysis can also magnify biases, because it is harder to identify
errors where they pervade the whole data set. Some approach is clearly needed to address
reporting bias. Of great potential concern is publication bias, the phenomenon whereby stud-
ies are more likely to be published if they find significant effects, a factor that is made more
likely when they are funded by private manufacturers, as has been common in trials of water
treatment (chlorine, water filters) and hygiene (soap) [23].

In this paper, we present a different approach to estimate the health effects of WASH inter-
ventions. There is a large number of trials of WASH interventions, sufficient numbers on
which to estimate global effects on mortality, even when the individual studies themselves did
not aim to do so. We conducted a systematic review of the effects of WASH interventions on
child mortality in L&MIC contexts, drawing on a number of sources including losses to fol-
low-up due to mortality as reported in participant flows. It is an established finding that study
participants do not misreport death, even in open studies [15,16]. This might be because death
of a child is a rare and salient event. The crucial advantage of this approach, therefore, is that
reported mortality is less prone to bias.

We sought to answer four review questions:

1. What are the effects of interventions promoting improved water supply, water treatment
and storage, sanitation, and hygiene in L&MICs on all-cause mortality, and to what extent
do these effects vary by contextual factors?

2. What are the effects of WASH interventions in L&MICs on diarrhoea mortality, and to
what extent do they vary by contextual factors?

3. What are the predicted effects of WASH interventions at different baseline mortality levels?

4. To what extent are the findings robust to potential biases at the individual study and review
levels?

Methods
Search and selection of studies

This review was registered with Prospero under registration number CRD42020210694 and is
reported following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
guideline (S1 PRISMA Checklist). A full description of the procedures followed for searches,
study inclusion, outcomes data collection, analysis, and reporting is presented in the published
protocol [24]. Searches for literature were done as part of an evidence and gap map [10]. Stud-
ies selected were published at any time until March 2020. Eleven academic databases and trial
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registries (e.g., Cochrane, Econlit, Medline, OpenTrials, Scholar, Web of Science) and sources
of nonpeer-reviewed literature including databases and organisational repositories were
searched (e.g., 3ie Repositories, J-PAL, IRC International Water and Sanitation Center, UNI-
CEF, the World Bank, and the regional development banks). We used reference snowballing,
including bibliographic backreferencing and forward citation tracking of studies and existing
reviews. As a measure to reduce publication bias, studies published in any format were eligible,
and searches done of repositories of this information. As a measure to avoid language bias,
studies published in English, French, Spanish, and Portuguese were included, and searches
done of repositories of this information. A priority search algorithm based on machine learn-
ing was used in filtering studies at title and abstract stage using EPPI-reviewer software [25].
Selection of studies was done by two authors working independently.

Eligible studies were RCTs and nonrandomised studies of interventions (NRSI) promot-
ing access to or use of WASH technologies to households in L&MICs in endemic disease
circumstances. We included new or improved water supplies, drinking water treatment and
storage, sanitation, and hygiene technologies, including those enabling or promoting hand-
washing at key times and other beneficial household practices (e.g., the washing of food,
clothing, and fomites). We excluded trial arms with a major non-WASH component (e.g.,
nutrition interventions). We classified WASH interventions according to the “main
WASH?” technology provided, which was either water supply, water treatment and storage,
sanitation, or hygiene technologies provided or promoted alone, or multiple combinations
of WASH technologies. It was also possible to characterise interventions by whether they
provided any improvements in water supply, water treatment, sanitation, and/or hygiene
alone or in combination with others, which we refer to as “any WASH.” This was due to
problems in clearly identifying all the components of an intervention. For example, a debate
among practitioners suggested that hand hygiene messaging is usually incorporated in com-
munity-led total sanitation (CLTS) [26].

Counterfactual conditions were categorised as “improved” or “unimproved” according to
the WHO/UNICEEF Joint Monitoring Programme (JMP) classification. Improved water sup-
plies were defined where the majority of households in the control sample used drinking water
from an improved source (e.g., piped water to the household, a community standpipe, or pro-
tected spring) within a 30-minute round trip including waiting time. For sanitation, the coun-
terfactual scenario was defined as “improved” if the majority of controls had a sewer
connection to the home or an improved pit latrine was used by a single household. Where
insufficient information was reported about the counterfactual scenario to categorise baseline
water supply or sanitation use, the figures were imputed from online data provided by the JMP
for the relevant country, year, and location.

A risk-of-bias tool was developed for WASH impact evaluations that drew on Cochrane’s
tools for RCTs [27], cluster RCTs [28], and nonrandomised studies of interventions [29], and
a tool for appraising quasi-experiments [30]. Six bias domains were assessed: confounding,
selection bias, departures from intended interventions, missing data, outcome measurement
bias, and reporting bias. The studies were assessed on the likelihood of bias in estimating
effects of WASH access on mortality in children aged 5 years or under. This may or may not
have been a primary research question in the papers themselves; hence, our ratings do not pro-
vide risk-of-bias assessments for the study overall. The risk-of-bias assessments were done by
two researchers working independently, at the outcome level for each included study arm, as
recommended by Cochrane [22] and the Campbell Collaboration [31]. Template data collec-
tion forms are available in the study protocol [24]. Data extracted from included studies are
provided in Table Cin S1 Annex. The dataset used in analysis is provided in S1 Dataset.
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Measuring mortality outcomes

The primary outcomes for the review were all-cause mortality and mortality due to diarrhoeal
illness. Outcomes data were collected independently by two researchers from two sources. The
first source was the few studies that reported mortality alongside statistical information [6-
8,32,33]. Mortality data were also recoverable from studies that reported losses to follow-up
(attrition) in sample populations. Participant flow diagrams were reviewed in all studies of
WASH technologies in L&MIC:s to obtain crude mortality rates for field trials by intervention
group. These studies, therefore, formed the major source of evidence on all-cause mortality.
Some studies also reported cause-specific mortality rates, including diarrhoea and other infec-
tions, defined by carers in verbal autopsy and/or clinicians, or collected from vital registries.

Mortality rates were computed over a standard period, as mortality measurements increase
over longer exposure periods. Age-specific (e.g., under 2) mortality rates were defined where
these data were available [6-8,34], or, if they were not, crude mortality rates were taken over
the data collection period. Intervention effects were measured as the odds ratio (OR) of the
mortality rates, and their 95% confidence intervals. Where studies reported multiple interven-
tion arms against a single control arm, we split the control sample assuming an equal mortality
rate for each comparison. We applied a continuity correction in study arms where there were
no deaths, by adding 0.5 to all frequencies, which can cause bias in meta-analysis of rare events
[35]. These studies were assessed as being at “high risk of bias” in the outcome measurement
domain [36-40].

Evidence synthesis approach

Overall pooled effects were estimated for all-cause mortality (review question 1) and diarrhoea
mortality (review question 2) using Stata. We assessed the consistency of the pooled effects
using I-squared and tau-squared statistics to measure the relative and absolute heterogeneity
between studies. We tested for effect moderators in meta-analysis and meta-regression analy-
sis, including the WASH intervention technology provided to study participants, water supply
and sanitation conditions in the counterfactual group, participant characteristics (age and if
from immunocompromised group), and study characteristics (season of data collection and
length of follow-up). We report forest plots showing country and WASH technologies for each
analysis (we also report the same forest plots by study author in Figs A-G in S1 Annex). To aid
interpretation of the meta-regression coefficients, we calculated OR prediction values at the
means, minima and maxima of the dichotomous variables, and the mean and interquartile
range of the continuous variable. Moderator variables were prespecified based on theory and
previous reviews, with the exceptions of the moderator analysis by baseline mortality rate and
the negative control. We used meta-regression plots to assess the predicted effects of the inter-
ventions by baseline mortality rate (review question 3).

We evaluated the likelihood that potential biases could cast doubt on the results (review
question 4). The effects of WASH improvements on mortality are largely expected to occur by
blocking transmission of infectious diseases, primarily faeco-oral and respiratory infections, in
childhood. People who survive beyond the age of 5 are thought to have developed sufficiently
robust immunity to these diseases; hence, the effects of WASH improvements on mortality
among older groups is expected to be far weaker. Therefore, as a negative control [41,42],
meta-analysis was estimated for those studies that reported all-cause mortality among a “pla-
cebo population” of participants aged over 5 years. We also assessed the sensitivity of the
pooled effects to exclusion of each single effect, examined whether there was a correlation
between risk-of-bias rating and the estimated effect, and tested for small-study effects (publica-
tion bias) at the review level using graphical inspection of funnel plots and regression tests.

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1004215  April 20, 2023 6/31


https://doi.org/10.1371/journal.pmed.1004215

PLOS MEDICINE

Water supply, hygiene and sanitation (WASH) interventions and childhood mortality

Results
Description of searches and included studies

From 13,500 deduplicated records, 684 full-text reports of WASH intervention studies were
screened, of which 35 were identified that reported mortality outcomes, 30 of which were mea-
sured among children aged 5 or under (Fig 1). We were not able to incorporate trials that met
the review inclusion criteria but did not report participant flows (e.g., [43]). We found 24 RCT's
that measured mortality, all of which were published in peer review journals. RCT's were of
water treatment and storage, sanitation, and/or hygiene interventions, which mainly used clus-
ter design, with clustering at the community level. We found no RCTs of water supply provision
or promotion that reported mortality estimates. Several studies used prospective nonrando-
mised trial designs [33,36,44], five analysed cohort data [38,45-48], one used a matched pipeline
approach [49], and two used repeated cross-section data with double-differences [50,51]. Six of
the studies were designed retrospectively after the WASH intervention had been conducted
[47-51]. The effect of the WASH intervention was not calculable for one nonrandomised study
[51]. All RCTs were reported in English. Of the nine included nonrandomised studies of inter-
ventions, which were published in peer review journals and reports, three were in French [33],
Spanish [49], or Portuguese [44]. The studies were published from 1985 onwards, the majority
in the 2010s. The evidence is representative of all lower-income global regions and many rele-
vant contexts, including rural, urban, and peri-urban informal settlements.

)
S
'§ Records identified from: E::;%ﬁi;?moved eiere
£ ggtﬁggizs( rgn—=4z11,23037) | Duplicate records removed (n =
5 9 = 5,008)
2
—
\ 4
—
R d d Records excluded by automation
eco1r Sgcreene ——»| tools (n = 11,460) and manually
o (n =13,475) (n=1,331)
=
@
o
O
()
Reports assessed for eligibility Reports excluded:
(n = 684) B High income country (n = 7)
—J Cointervention (n = 79)
Ineligible study design (n =
190)
Ineligible outcome (n = 356)

\4

Studies included in review

(n = 35, comprising n = 30
studies measuring mortality in
childhood). Reports of included
studies (n = 52)

Fig 1. PRISMA study search flow.
https://doi.org/10.1371/journal.pmed.1004215.9001
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We included in meta-analysis 38 WASH study arms examining all-cause mortality in child-
hood, of which 26 were from RCTs, and 10 examining diarrhoea mortality, of which 6 were
from RCTs. For six studies, we could also extract seven estimates of effects on mortality among
adults and/or children aged over 5 [32,39,47,52-54]. In five studies comprising seven study
arms, mortality was only reported for all age groups combined [39,40,55-57]. There was a total
of 168,500 participants in the included studies of all-cause mortality and 2,600 deaths. When
including the natural experiment by Galiani and colleagues [50], we estimated there were
165,000 more child deaths.

We grouped the interventions by WASH technology provided. Many concerned direct
hardware provision—water supplies, filters, handwashing stations, and/or latrines—and health
messaging. Thus, the WASH technology provided in six studies was household water treat-
ment by chlorine alone [6,8,37,40,54,57] or alongside safe storage devices [56,58]. Three stud-
ies evaluated filter provision with safe storage [59-61], and two evaluated UV irradiation
(solar disinfection (SODIS)) [62,63]. A further 11 studies incorporated arms evaluating
hygiene promotion alone [6,8,34,36,39,40,45,58,64-66]. Others included arms combining
household water treatment with handwashing promotion [38,40,65] or alongside handwashing
and sanitation [6-8]. A water supply improvement was provided alone in three nonrando-
mised studies [46,48,67], another concerned improved water supply and sewage connections
[50], three were of water supplies and latrines [44,47,49], and one other was of water supply,
latrines, and handwashing promotion [33]. Three study arms were evaluated of latrine provi-
sion or promotion alone [8,8,52], but ten studies evaluated sanitation alongside other WASH
technology improvements [6-8,32,33,44,47,49,50,53]. For example, the Total Sanitation Cam-
paign in India provided hygiene education alongside CLTS, subsidies, and sanitation market-
ing [53]. There were also concerns about reliability of or distance to the water supply in a few
studies [8,65], which may have affected ability of study participants to practice improved
hygiene.

Counterfactual groups often received standard WASH access although, occasionally, they
received another intervention; for example, all participants received hygiene education in one
study [56]. Most counterfactual samples were assessed as using improved water supplies
[7,34,36-38,40,44,45,48-50,53,57,58,63,64,66]. In a few instances, counterfactuals received
piped water inside the compound [36,50], otherwise it was sourced by household members
from outside. In one study of continuous water supply provision (“safely managed drinking
water”), counterfactuals received water for only a few hours a week on average [48]. In under
half of cases, sanitation was classified as being improved [6,36,38,40,44,48-50,56,63-65]. In all
others, the majority of households openly defaecated, or used shared facilities or unimproved
facilities like pits without concrete slabs. Imputations were made where it was not clear exactly
what types of water and sanitation services were used by households in the counterfactual sce-
nario [33,34,37,38,44-46,49,50,52,55,58,61].

Assessment of biases at the study level

In general, just under half of studies (40%) were found to be at “moderate risk of bias” overall
in attributing changes to the intervention, for all-cause mortality (Fig 2) and mortality due to
diarrhoea (Fig 3). No studies were at “low risk of bias.”

One-third of RCT's reported using adequate allocation sequence and concealment and dem-
onstrated baseline covariate balance, to satisfy a “low risk” rating on confounding. In some
cases, data were collected on WASH at pretest, but balance was not presented for all relevant
variables, such as sanitation and hygiene access. Three NRSI were assessed as being at “moder-
ate risk of bias” in confounding. These were all studies of water supply improvements
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Fig 2. Risk-of-bias assessment: All-cause mortality.
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including privatised water provision in Argentinean municipalities [50], improved water sup-
ply reliability in India [48], and piped water supply and latrines in India [47]. In all cases, par-
ticipation was largely determined by programme placement, which is thought less problematic
to address than self-selection into programmes by participants. In Argentina, it was the local
government’s decision to implement a central government policy allowing for privatisation of
the water supply [50]. For piped water in India, all households in a community were simulta-
neously connected to the water supply by the NGO Gram Vikas [47]. For the study examining
the reliability of water supplies in India, all households were connected to the municipal supply
[58]. Participation was then carefully modelled using a rich set of covariates measured at base-
line and based on factors thought to influence programme targeting. Each study also presented
null findings for a negative control (placebo outcome): mortality due to noninfectious causes
[50] and the incidence of bruising and scrapes [47,48].

Where participants were recruited before allocation in cluster-RCTs, or where recruiters
were blinded to allocation, the studies were judged to be at “low risk” of selection bias. Where
recruitment was done afterwards by those potentially with knowledge of allocation or where
individuals needed to be recruited later due to attrition (losses to follow-up during the trial),
the study was judged to be at risk of bias. Studies were also assessed as being at “high risk of
bias” when overall attrition rates were greater than 20%, or differential attrition greater than
10 percentage points, or where no information was provided about reasons for dropouts by
intervention group, tests for covariate balance, or robustness of findings. Selection bias and

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1004215  April 20, 2023 9/31


https://doi.org/10.1371/journal.pmed.1004215.g002
https://doi.org/10.1371/journal.pmed.1004215

PLOS MEDICINE Water supply, hygiene and sanitation (WASH) interventions and childhood mortality

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Confounding | 3 | 3 |

Selection bias Q 6 | 2 |

Departure from intended interventions - 8 [ 1 ]
Missing data _ 5 B |

Outcome measurement bias _ 7 [ 1 |

Reporting bias Q 5 | 5 |

Overall risk |G N 4 b

EHigh risk @ Moderate risk O Low risk

Fig 3. Risk-of-bias assessment: Diarrhoea mortality.
https://doi.org/10.1371/journal.pmed.1004215.g003

attrition bias were deemed less problematic where studies used census data [50] or vital regis-
tration [44].

In general, departures from intended interventions due to contamination (controls receive
the treatment) or spillover effects (control outcomes are caused by treatment outcomes) were
judged unlikely to be problematic in many studies, which used cluster randomisation and
reported geographical separation of groups. Of specific relevance to mortality estimates, stud-
ies providing ORS to severely ill children and/or encouraging mothers to attend health clinic
were judged to have high risk of bias in the outcome measure.

Regarding outcome measurement, all-cause mortality was usually categorised as being a
reliable measure even when self-reported with long recall, owing to the salience and rarity of
the event; the longest recall was 6 years [65], the shortest 2 days [38], and usually, it was 12
months or less. However, there is greater suspicion about cause-specific mortality where
reporting is through verbal autopsy by the child’s carer. If cause-specific mortality was mea-
sured, assessment was therefore made as to whether it was verified by a clinician or taken from
vital registration, in which case it was assessed as being at “low risk of bias.” While observa-
tional studies of WASH provision have verified cause of death through consultation with a cli-
nician [5], no RCTs and only two NRSI used vital registration data [44,50]. One study [44] was
assessed as at “low risk” of outcome reporting bias for diarrhoea mortality, while another was
assessed as at “high risk of bias” because the study did not attribute cause-specific mortality to
diarrhoea, using infectious and parasitic disease mortality instead [50]. In all other studies, the
cause of death was given by verbal autopsy.
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Nearly all trials were preregistered, four reported publishing a protocol with preanalysis
plan [6-8,60], and three blinded data analysts [6-8]. In addition, one NRSI was deemed to
have “low risk of bias” on reporting, because it published a baseline report with preanalysis
plan [68].

Impacts of WASH on all-cause mortality (review question 1)

We conducted meta-analysis across intervention arms reporting all-cause mortality in children
aged under 5 years (Fig 4). WASH interventions typically reduced the odds of all-cause mortal-
ity in childhood by 17% overall (OR = 0.83, 95% CI = 0.74, 0.92, 38 estimates). There was a
small degree of estimated relative heterogeneity (I-squared = 16%) and absolute heterogeneity
(tau-squared = 0.01).

For the stratified meta-analyses by WASH technology, trial arms incorporating “any
WASH”—that is, any single water supply, water treatment, sanitation, or hygiene technology,
whether provided alone or alongside any other WASH technology—were meta-analysed. We

Study %
citation ~ Country Intervention OR (95% Cl) Weight
36] South Africa (formal) Soap provision and health education &S : 0.29 (0.01, 6.08) 0.13
[54] Kenya Chlorine provision —_— 0.29 (0.08, 1.01) 0.74
[64] Pakistan Antibacterial soap provision & - 0.33(0.03,4.12)  0.18
37) Ethiopia Chlorine provision < L 0.33(0.01,811)  0.11
54] Kenya Flocculant provision _‘—;—- 0.35 (0.11, 1.10) 0.85
33] Cate diivoire Water supply, latrines and handwashing provision —— | 0.42(0.26,0.66)  4.48
[60] Zambia Filter provision plus safe storage Xis - 0.42 (0.10, 1.79) 0.55
[62) Kenya SODIS provision 4 : 0.46 (0.04, 5.14) 0.20
(58] Bangladesh Safe storage provision o— 052(0.03,828)  0.15
[49) Honduras Piped water, latrines and sewer drainage ——n 0.53 (0.30,095)  8.05
45) Nepal Handwashing with soap and water —0—: 055(038,082) 577
[48) India Continuous piped water ——— 059 (0.29, 1.21)  2.07
67) Egypt Piped water provision —i 0.63 (0.43, 0.92) 5.99
(68] India Piped water and household sanitation _.—L_ 0.63 (0.18, 2.15) 0.75
61) Kenya Filter provision < : 0.66(0.11,399)  0.35
34] Bangladesh Handwashing station and promotion —— 0.69 (0.28, 2.04) 0.95
&) Kenya Chlorine provision e = 0.82 (0.49, 1.39) 3.61
6] Bangladesh Chlorine provision —+-— 0.85 (0.45, 1.61) 256
(44 Brazil Piped water and sanitation —_—— 0.86 (0.52,1.42)  3.87
0] Bangladesh Latrine and potty provision — 0.86(0.45,1.62) 256
(53] India Subsidy, sanitation marketing and handwashing promotion _b'_ 0.88 (0.39, 1.97) 1.68
32] Mali CLTS and hygiene education 1‘.— 0.91 (0.72, 1.15) 11.16
6] Kenya Latrine and potty provision B+ 0.91 (0.54, 1.52) 3.74
[50] Argentina Privatisation of piped water supply and sanitation services s 0.91(0.83,1.00)  19.79
(36] South Africa (informal) ~ Soap provision and health education : 0.92 (0.06, 14.72) 0.15
[64] Pakistan Plain soap provision . 0.92(0.13,655)  0.30
O] Bangladesh Handwashing station provision B s 0.94 (0.50,1.76)  2.62
63 Kenya SODIS provision : 0.96 (0.19,479)  0.45
m Zimbabwe Chlorine provision, latrine provision, handwashing with soap —_r— 0.96 (0.64, 1.44) 552
6] Bangladesh Chlorine, latrine and handwashing provision —_—— 0.98 (0.52, 1.82) 2,67
58] Bangladesh Chlorine provision and safe storage - 1.04 (0.09, 11.56) 0.20
81 Kenya Chlorine, latrines and handwashing provision -;—-‘— 1.18 (0.73, 1.91) 4.13
6] Kenya Handwashing station provision e . ] 1.30 (0.81, 2.10) 4.21
[52) Ethiopia Latrine slab and training —_— 1.47(0.78,2.78) 2,59
[59] DRC Filter provision —:-—0-— 1.66 (0.67, 4.09) 1.36
[66] India Soap provision and social marketing T $- 1.84 (0.17, 20.38) 0.20
[65] Pakistan Soap and health education - & 4.31(0.23,80.27)  0.14
[65] Pakistan Flocculant, soap and health education : . 4 5.61(0.31, 100.50) 0.14
Overall (I-squared = 15.7%, p = 0.202) ¢ 0.83 (0.74, 0.92) 100.00
!
| | 1 |
01 1 1 10 100
Favours WASH intervention Favours existing condition

Fig 4. Effects on all-cause mortality in childhood of WASH interventions.
https://doi.org/10.1371/journal.pmed.1004215.g004
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Fig 5. Effects on all-cause mortality in childhood of water supply interventions.

https://doi.org/10.1371/journal.pmed.1004215.g005

found a 34% reduction in the odds of mortality for water supply interventions (OR = 0.66,
95% CI = 0.50, 0.88; I-squared = 66%; 7 estimates) (Fig 5). Four of these were studies where
the risk of bias was high [33,44,49,67], while three were at “moderate risk of bias” [47,48,50].
For sanitation, we estimated 13% reduction in mortality overall (OR = 0.87, 95% CI = 0.75,
1.00; I-squared = 33%; 13 estimates). Four of the studies were assessed as being at “high risk of
bias” [33,44,49,52], and seven were at “moderate risk of bias.” We tested for a threshold effect
of sanitation improvement—that is, whether there needed to be a certain share of households
in a community covered before the benefits of sanitation were realised [69]. When sanitation
interventions targeted the whole community rather than individual households, or if house-
holds were targeted for sanitation improvements in circumstances when most of the commu-
nity already used improved sanitation facilities, there were greater effects on mortality among
children participating in the study (Fig 6). There was an estimated 21% reduction in the odds
of mortality when sanitation was being improved community-wide (OR = 0.79, 95% CI = 0.66,
0.95; I-squared = 43%; 8 estimates), but no effect of sanitation where it was provided to specific
households, where the majority of community members did not already use improved sanita-
tion (OR = 1.07, 95% CI = 0.83, 1.36; I-squared = 0%; 4 estimates).

The overall effect of hygiene promotion was not statistically significant (OR = 0.85, 95%
CI =0.69, 1.04; I-squared = 33%; 17 estimates). Five of the studies were assessed as being at
“high risk of bias” [33,36,45,65,66], and seven were at “moderate risk of bias.” Further analysis
was done to test the hypothesis that hygiene promotion would be more effective when done
under conditions of improved water supply, or, if not, when water supply was an intervention
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citation  Country Intervention OR (95% ClI) Weight

i
Household sanitation improved 1
(8] Kenya Latrine and potty provision _E.—_ 0.91(0.54, 1.52)  6.08
m Zimbabwe ~ Chlorine provision, latrine provision, handwashing with soap —{-o— 0.96 (0.64,1.44)  8.76
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6] Bangladesh  Chlorine, latrine and handwashing provision _:—‘ 0.98(0.52,1.82) 4.40

1
Subtotal (I-squared = 42.6%, p = 0.083) O 0.79(0.66, 0.95)  74.21

|
Overall (I-squared = 33.0%, p = 0.118) Q 0.87(0.75,1.00)  100.00
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Fig 6. Effects on all-cause mortality in childhood of sanitation interventions.

https://doi.org/10.1371/journal.pmed.1004215.g006

component alongside hygiene, and there were no concerns about the reliability of or distance
to the water supply. The results suggested that this was indeed the case: There was no estimated
effect of hygiene in circumstances where water supplies were not already improved

(OR =1.02,95% CI = 0.84, 1.23; I-squared = 0%; 6 estimates). In contrast, there was a 29%
reduction in the odds of mortality, when hygiene was provided in circumstances where the
water supply was also being improved or had been improved previously (OR = 0.71, 95%

CI =0.56, 0.90; I-squared = 18%; 11 estimates) (Fig 7).

There were no significant effects on mortality of household water treatment and storage
overall (OR =0.93, 95% CI = 0.75, 1.14; I-squared = 0%; 15 estimates), or for individual water
treatment technologies including chlorination (OR = 0.90, 95% CI = 0.72, 1.12; I-squared = 2%;
10 estimates), filtration (OR = 0.94, 95% CI = 0.39, 2.28; [-squared = 28%; 3 estimates), or
SODIS (OR =0.77, 95% CI = 0.20, 2.92; I-squared = 0%; 2 estimates) (Fig 8). Five of the studies
were assessed as being at “high risk of bias” [59,61-63,65], and seven were at “moderate risk of
bias.”

Meta-analysis by the “main WASH” technology that was provided suggested reductions in
odds of death in childhood that were of the same magnitude, but not statistically significant
for any single technology provided alone. But there was a significant reduction in mortality
where multiple WASH technologies were promoted or provided of 16% (OR = 0.84, 95%
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[34] ' —oql-— 0.69 (0.23, 2.04) 3.05
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ly| Zimbabwe Chlorine provision, latrine provision, handwashing with soap —;-‘— 0.96 (0.64, 1.44) 12.14
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Fig 7. Effects on all-cause mortality in childhood of hygiene interventions.
https://doi.org/10.1371/journal.pmed.1004215.9007

CI=0.71,0.99, I-squared = 41%, 11 estimates). Five of the seven studies with the largest effects
of multiple WASH technologies incorporated a water supply improvement [33,44,47,49,50],
usually piped water to the household or yard.

We estimated meta-regressions to explore further whether the variation in effects by
WASH technology intervention, and the other contextual factors we had identified from the-
ory might explain differences across studies (Table 1). The regression pooled data from study
participants of any age, incorporating the 14 additional estimates measured among all popula-
tion groups or adults and children aged over 5. The reductions in mortality were significantly
larger when interventions were conducted in circumstances where participants were children
aged under 5 years, or data collection was limited to the summer rainy season. Where the
study collected data over a shorter follow-up period, the effect on mortality was also signifi-
cantly larger. Impacts on mortality were significantly greater when water supply improvements
were made. The explanatory power of the regression was high (R-squared = 76%), and there
was very little residual heterogeneity (I-squared = 0%; tau-squared < 0.01). The findings sug-
gested a predicted value of 12% reduction in odds of mortality at the data means, which
include study participants of any age (OR = 0.88) (Table 1, Panel 3). The maximum value of
74% reduction in odds of mortality (OR = 0.26) is for children aged 5 or under from
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Fig 8. Effects on all-cause mortality in childhood of drinking water treatment and storage.
https://doi.org/10.1371/journal.pmed.1004215.9008

immunocompromised groups who would receive all WASH interventions, with measurement
made against comparators living in very poor communities with unimproved sanitation ser-
vices, during the summer rainy season at 6-month intervention follow-up.

Impacts of WASH on diarrhoea mortality (review question 2)

The meta-analysis of diarrhoea mortality in childhood indicated WASH provision and promo-
tion lead to a significant reduction in the odds of death due to diarrhoea by 45% (OR = 0.55,
95% CI = 0.35, 0.84; 10 estimates) (Fig 9). Six of the studies were assessed as being at “high risk
of bias” [33,38,44,46,50,65], and three were at “moderate risk” [32,60,64]. The relatively high
degree of absolute and relative heterogeneity in findings (I-squared = 43%, tau-squared = 0.15)
suggested additional analysis was needed of factors that could explain the variation across
study contexts.

One of those factors is the degree of movement up the WASH ladders. We tested this
hypothesis in moderator analysis according to the type of water supply and sanitation facilities
used in the counterfactual group. When the WASH interventions were provided when coun-
terfactuals were using no or unimproved sanitation and water supplies and, therefore, exposed
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Table 1. Meta-regression analysis of all-cause mortality with prediction values.

Panel 1: Intervention technology

1 = Water supply improvement

1 = Water treatment and/or storage
1 = Hygiene improvement

1 = Hygiene and improved water supply
1 = Household sanitation

1 = Community-wide sanitation
Panel 2: Contextual factors

1 = Sanitation unimproved at baseline
1 = Children aged under 5

1 = Immunocompromised group

1 = Summer/rainy season
Follow-up period (years)

Constant

Panel 3: Prediction values of OR
Data means

Minimum values of variables
Maximum values of variables

Panel 4: Test information

Number of observations
Tau-squared

I-squared

Adjusted R-squared
https://doi.org/10.1371/journal.pmed.1004215.t001

OR 95% Conf. Interval p-value
0.60 0.41 0.89 0.01
1.13 0.85 1.51 0.40
1.14 0.80 1.61 0.46
0.82 0.63 1.07 0.14
1.06 0.82 1.38 0.64
0.87 0.63 1.22 0.41
0.80 0.55 1.16 0.23
0.72 0.56 0.93 0.01
0.72 0.33 1.55 0.39
0.58 0.31 1.08 0.09
1.06 1.00 1.12 0.06
0.96 0.63 1.43 0.81
0.88

1.07

0.26

52

0.01

0%

76%

to very high risk of environmental contamination by pathogens, there was an estimated 69%
reduction in diarrhoea mortality in childhood (OR = 0.31, 95% CI = 0.16, 0.60, I-

squared = 17%, 4 estimates). But for interventions provided in circumstances when most peo-
ple already had access to improved sanitation, there was only a 22% reduction in odds of mor-
tality (OR = 0.78, 95% CI = 0.62, 0.98, I-squared = 0%, 6 estimates) (Fig 9). The impacts of
WASH interventions on childhood diarrhoea mortality were significantly greater (p < 0.01)
when counterfactual groups lacked access to improved water supply and sanitation—and most
people were therefore using unimproved facilities, or none at all and openly defaecating—than
when most people in counterfactual groups were using improved facilities.

The largest effects on diarrhoea mortality were from studies of multiple WASH technolo-
gies: two contained a component that aimed to provide latrines to all households in interven-
tion communities [32,33], and two involved water supply improvements [33] or hygiene
promotion when water supplies were already improved [38]. With regard to the two studies of
latrine provision or promotion to whole communities, both were provided alongside hygiene
promotion, but only in Cote d’Ivoire was the water supply also improved [33]. In the case of
Mali [32], hygiene promotion was given as part of CLTS when water supplies were limited.
Another longitudinal follow-up study of an RCT of hygiene improvement, which was rated at
“high risk of bias,” was conducted among communities where some households had access to
running water for only 2 hours each week [65], suggesting these households had limited
opportunities for adherence to improved hygiene practices.

Few studies of household water treatment in endemic circumstances have reported diar-
rhoea mortality outcomes. Among the studies examining household water treatment, only one
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Fig 9. Effects on diarrhoea mortality in childhood of WASH interventions.
https://doi.org/10.1371/journal.pmed.1004215.g009

was of an approach that has been found to reduce diarrhoea morbidity; the study was of filtra-
tion [60], and it found large but statistically insignificant impacts in children from immuno-
compromised populations (HIV-positive mothers). The other was a study of chlorine
provision alongside safe storage and hygiene education [38]. Meta-regression analysis sug-
gested interventions providing community-wide sanitation, and hygiene promotion in cir-
cumstances when water supplies were improved were associated with significantly larger
impacts on diarrhoea mortality (Table D in S1 Annex).

Predicted effects of WASH interventions by baseline mortality rates
(review question 3)

We tested for a theoretical relationship between the contextual starting values and programme
effectiveness—that is, one might expect higher returns from a lower base—by plotting the rela-
tionships between the baseline mortality rate measured in the counterfactual group and the
log-odds ratios for all-cause (Fig 10) and diarrhoea mortality (Fig 11). The results suggested
that, at higher baseline mortality rates, WASH interventions tended to have larger effects on
mortality. For example, where the crude mortality rate was 75 per 1,000 live children, as it is in
many African countries and communities in South Asia, the estimated reduction in odds of
all-cause mortality in childhood was 33% (OR = 0.67, 95% CI = 0.47, 0.86). At the same
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Fig 10. Meta-regression plot of all-cause mortality in childhood against prevalence.
https://doi.org/10.1371/journal.pmed.1004215.g010

baseline mortality rate, there was a reduction of 61% in the odds of diarrhoea mortality
(OR =0.39;95% CI = 0.20, 0.67).

Evaluation of biases at the review level (review question 4)

In this section, we present findings from a negative control (placebo population), analysis of
small study effects, and the results of sensitivity analyses. Using meta-analysis to power studies
adequately with small effect sizes does not necessarily generate effects that are statistically sig-
nificant if there is no underlying causal relationship [70]. The meta-analysis of studies report-
ing all-cause mortality did not suggest WASH interventions affected mortality when
participants were restricted to adults and children aged over 5 (OR = 1.05, 95% CI = 0.93, 1.19,
I-squared = 0%, 7 estimates) (Fig 12). The study with the largest effect on mortality was of
health messaging among 10-year-old school children [39]. Several of the studies were of chlori-
nation [54,56,57]. We might expect to see effects on maternal mortality due to sepsis, which
improved WASH—particularly in places of birth like health facilities—is thought to alleviate
[71]. None of the interventions provided a WASH improvement in a health facility.

Since the mortality data were largely collected from participant flow diagrams, the fact that
mortality estimates are available at all is indicative of the good standards of reporting in the
studies included in this review. This suggested publication bias was likely to be limited, most
clearly for prospective trials of WASH interventions, as found in the analysis of small study
effects (Figs H and I in S1 Annex). We tested the sensitivity of the findings to exclusion of par-
ticular studies. For example, the pooled effect estimate might be influenced by studies with
large samples [50] or those conducted among extremely poor or vulnerable groups [32,60].
The overall findings, and the findings for particular WASH technologies or circumstances,
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Fig 11. Meta-regression plot of diarrhoea mortality in childhood against prevalence. Note: Fitted values are from inverse-
variance weighted regression.

https://doi.org/10.1371/journal.pmed.1004215.9011

were not significantly affected by exclusion of these, or any other individual studies. We also
examined whether there was a correlation between risk-of-bias rating and the estimated effect
on mortality. The effects assessed at “high risk of bias” incorporated studies that did not distin-
guish under 5s from other population groups [40,57]. The meta-analysis of NRSI at “high risk
of bias” found a greater reduction in odds of all-cause mortality than other studies (OR = 0.58,
95% CI = 0.48, 0.70; I-squared = 0%; 8 estimates) (Fig J in S1 Annex). In contrast, we found no
significant change in the odds of death for RCTs that had “high risk of bias” in measuring the
effect on mortality in children aged under 5 years (OR = 1.41; 95% CI = 0.99, 2.01; I-

squared = 0%; 15 estimates) (Fig Kin S1 Annex).

Discussion
Summary of main findings

This systematic review and meta-analysis estimated the impacts of WASH interventions on
children’s mortality by pooling data, collected mainly from reported participant flows in multi-
ple studies, for all-cause and diarrhoea mortality. The approach helped overcome two critical
issues in primary study research. Firstly, it is difficult to design prospective impact evaluations
like RCT's to estimate precise effects on mortality. And, secondly, mortality is thought to be
reported with less bias than other, more accessible outcome measures like morbidity. The find-
ings suggested WASH interventions cause large and statistically significant reductions in the
odds of mortality in childhood in endemic circumstances. For mortality due to any cause, we
estimated around one-in-five deaths are averted by WASH interventions. For severe diarrhoea
disease, we estimated a reduction in odds of mortality by nearly half. However, these averages

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1004215  April 20, 2023 19/31


https://doi.org/10.1371/journal.pmed.1004215.g011
https://doi.org/10.1371/journal.pmed.1004215

PLOS MEDICINE

Water supply, hygiene and sanitation (WASH) interventions and childhood mortality

Study

citation

[39]

[54]

[68]

[54]

[32]

[52]

(53]

Country

Peru

Kenya

India

Kenya

Mali

Ethiopia

India

Intervention

Overall (I-squared = 0.0%, p = 0.815)

NOTE: Weights are from random effects analysis

%

OR (95% Cl) Weight

|
|
Hand-washing education ( : 0.36 (0.01,8.82) 0.15
|
|
|
Flocculant provision —_— 0.74 (0.27,2.04) 1.47
|
|
|
Piped water and household sanitation 0.83(0.57,1.22) 10.39
|
|
|
Chlorine provision _— 1.02(0.40,2.63) 1.69
|
|
|
CLTS and hygiene education —— 1.04 (0.85,1.27) 36.73
|
|
|
Latrine slab and training —t— 1.13(0.87,1.47) 21.75
|
|
|
Subsidy, sanitation marketing and handwashing promotion —JIO— 1.13(0.89,1.43) 27.82
|
D 1.05(0.93, 1.19)  100.00
|
|
U
|
U
I
n
T I T T

A 5 1 2 10

Favours WASH intervention Favours existing condition

Fig 12. Effects on all-cause mortality for study participants aged over 5 years.
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concealed important heterogeneity in effects. Further analysis suggested that the reduction in
all-cause mortality was most consistently established where the interventions provided an
improved water supply.

Since many of the studies examining water improvements were of piped water to the house-
hold or yard, the analysis therefore suggested a mechanism through which water affects mor-
tality: by enabling domestic hygienic practices around handwashing, food preparation, and
cleanliness. Indeed, where hygiene was promoted, the analysis suggested it was only effective
in circumstances where there was likely to be sufficient water available. In other words, when
people have more water to wash in, they are able to wash properly, which significantly
improves the survival chances of their children. Effects in individual studies of hygiene also
appeared related to water supply access. For example, in Cote d’Ivoire [33], hygiene education
was provided alongside village water pumps that gave 76 cubic metres per day for a commu-
nity of 400 people, equivalent to 190 litres per capita per day. The study with the smallest effect
on diarrhoea mortality was conducted among communities where some households had
access to running water for only 2 hours each week [65].

Latrine promotion to whole communities was most consistently associated with the reduc-
tions in diarrhoea mortality in childhood, although we note the small number of intervention
effects available (n = 2). Thus, when sanitation is available and used by the majority of people
in a community, it lessens children’s interactions with faeces in the public realm, reducing
infection transmission and mortality. In contrast, the effect on all-cause or diarrhoea mortality
of household water treatment was not significant. Few studies have estimated the effects of
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water treatment and storage on diarrhoea mortality, and only one used a method (filtration)
thought to be efficacious in removing common causes of enteric infection in low-income set-
tings [60]. Most of the studies of household water treatment evaluated chlorination, which is
not thought efficacious in removing common diarrhoea pathogens in low-income settings like
cryptosporidium [72].

The analysis suggested WASH interventions were most effective when they were given in
circumstances of high environmental risk, where most households openly defaecated or used
unimproved water supply and sanitation amenities, and the baseline mortality rate was conse-
quently higher. WASH interventions were also more effective in the summer rainy season.
Diarrhoea mortality in South Asia and sub-Saharan Africa has been shown as largely associ-
ated with E. coli infection in infants and cryptosporidium in children [73], both of which are
expected to be more prevalent in warmer conditions. Shorter trials, which are usually con-
ducted in the peak diarrhoea season when the intervention is most efficacious, also tended to
have significantly larger effects on all-cause mortality. Because the season of data collection
was accounted for in meta-regression analysis, this suggested there may be other reasons for
studies with longer follow-ups to have smaller effects, such as problems in maintaining the
WASH technology and/or reduced adherence over time.

Meta-regression analysis suggested approximately three-quarters of deaths in childhood
can be averted when WASH interventions are provided to immunocompromised groups, liv-
ing in very poor communities who otherwise have unimproved sanitation services, during the
peak diarrhoea season. We found no evidence of publication bias due to small-study effects in
trials of WASH interventions, presumably because mortality was not defined as an outcome in
these studies.

What the study adds to existing research

These results support predictions from theory. One would expect a stronger relationship
between improved WASH access and diarrhoea mortality than all-cause mortality, as we have
found. Inadequate WASH may cause death in young children through other routes such as
respiratory infection and undernutrition, but diarrhoea is thought most closely related to
WASH amenities; in contrast, respiratory illness and nutrition are also affected by the quality
of indoor air and nutrient intake [4]. The findings are therefore consistent with the principal
causes of mortality in childhood: Domestic hygiene is the common factor that can block trans-
mission of faeco-oral and respiratory infections [74]; community-wide sanitation breaks trans-
mission of diarrhoea from open defaecation in the public and domestic domains [75]. These
effects would tend to be greater over a counterfactual where existing water supply and sanita-
tion services are not available or unimproved, so that community members are not able to
practice handwashing and are openly defaecating or using facilities that are either shared
between two or more households or ones that do not adequately separate excreta from the
environment.

Therefore, the significantly greater impacts of WASH interventions in contexts where envi-
ronmental contamination and the baseline mortality are high are consistent with the WASH
ladders concept: Where the WASH improvement is from a lower base or enhances access to
WASH together, one would expect bigger effects on health. The review’s findings of null effects
on all-cause mortality for study participants aged over 5 years is also consistent with the matu-
ration of immunity systems with age, causing older children and adults to be less susceptible to
infectious disease mortality than under 5s [76]. This is in contrast to reviews that have found
significant effects on diarrhoea morbidity for those aged over 5 years too [77]. The F-diagram
includes six intermediate transmission vectors (fluids, fields, flies, fingers, food, and fomites),
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of which only the fluids route is addressed through water quality [78]. While we did not find
significant effects, on all-cause or diarrhoea mortality, of water treatment interventions, which
act on water quality, where drinking water of quality is used to prepare food, it may help
reduce food-borne disease transmission, thought particularly important for weaning children
[79].

Nonrandomised studies at “high risk of bias” can produce inflated effects, as we found here,
because p-hacking would tend to increase effect size magnitudes. However, we estimated the
opposite effect for RCTs—that “high risk of bias” is associated with smaller effects on mortality
—a finding that is consistent with site selection bias [80,81]. In other words, trials that are
more carefully conducted and reported are of interventions that also tend to be designed and
implemented appropriately to the local context, and therefore adhered to, hence being more
effective. An example is when interventions promote handwashing (e.g., education, social mar-
keting, and soap provision) in contexts where the quantity of water available to households is
sufficient to practice domestic cleanliness; or, if it is thought not to be, improvements in water
supply access or reliability are made too.

Findings in relation to other systematic reviews

The evidence presented here, that water supply and community-wide sanitation save chil-
dren’s lives in L&MICs, is consistent with findings from an early review [82], but in several
respects is quite different from later ones. These have not tended to find significant effects on
diarrhoea morbidity of interventions that aim to improve access to water in quantity for
household use. The most recent review by WHO suggests that clean drinking water provided
at the point-of-use, most consistently through filtration, reduces reported diarrhoeal illness by
around one-half [11]. Reviews of morbidity have found that household water treatment
appears to be more effective when a protective container is also provided [83], as it may be, for
example, in household filtration devices when drinking water is accessed through a straw or
tap. Reviews have also found smaller or null effects for household water treatment technologies
like chlorination, when studies were double-blinded [13,23,83], or when methods were used to
correct for lack of blinding [84,85]. Hand hygiene interventions have been found to have vary-
ing effects on diarrhoeal illness [74,86,87], and a review is being published to update the evi-
dence on respiratory infection [88]. The difference between our findings for mortality and the
reviews of morbidity might arise because of the contexts in which the studies have been con-
ducted and, specifically, the availability of treatment. However, many of the papers and con-
texts included in this review are also represented in the reviews of morbidity.

A few other published reviews provide estimates of mortality reduction due to factors asso-
ciated with WASH provision. Morris and colleagues [89] reviewed evidence on cause-specific
mortality among under 5s, estimating 22% of deaths were due to diarrhoea and 20% to pneu-
monia. Benova and colleagues [90] estimated significant reductions in maternal mortality that
appeared most closely related to water supply access (OR = 0.42, 95% CI = 0.29, 0.83, I-
squared = 0%, 2 estimates).

Limitations of the study

The reporting of children’s deaths through interviews with mothers is susceptible to some
biases and omissions, which have been investigated and documented in the literature [91,92].
Omissions are relatively common in the reporting of deaths occurring 10 to 15 years before a
survey takes place, but there is no evidence of underreporting of deaths for more recent time
periods. As for biases, there is no evidence that mothers from a variety of countries tend to
underreport deaths occurring soon after birth or deaths of girls. Given the relatively shorter
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recall period employed in the studies considered in our review, we believe underreporting of
deaths is unlikely. It is also not obvious why underreporting of deaths should differ between
treated and untreated groups.

Hence, regarding the quality of the evidence collected here, reported mortality is not
thought to be a biased measure per se. All-cause mortality data can also be triangulated with
corresponding data from other sources, such as vital registration, and even the possible effect
of other diseases, such as respiratory infections [93]. Cause-specific death rates are thought less
reliable [16], dependent as they are on a verbal autopsy interview with the bereaved family of
the patient, who may be too distraught to give an unbiased, let alone a coherent account of the
patient’s last days. But, like all-cause mortality, verbal autopsy can be triangulated with, or
done by, a physician, which we incorporated in the risk-of-bias assessment. Vital registration
and verbal autopsy estimates are also used in GBD calculations.

A potentially more serious source of bias is differential attrition. During survey interviews,
deaths will not be reported for mothers who migrated or died. To the extent that WASH inter-
ventions affect migration and adult mortality rates, child mortality rates might be downwards
biased in intervention areas. In other words, a potential source of bias affecting the crude
death rate calculations used in this study is that they are right-censored: that is, where data are
collected contemporaneously among participants regardless of age, children born into the
study or who migrate out and younger children will have completed shorter durations than
older children; the data on pre- and neonatal mortality may also be censored by maternal
deaths in pregnancy or labour. This causes downwards bias in the estimate of mortality in any
single trial arm, although the bias may be less problematic in randomised trials with contem-
poraneous data collection across arms. A final source of bias in mortality estimates is where
severely ill children were given ORS or encouraged to attend health clinic [37,40,56-58,60,64].
Hence, for all of these reasons, the results should be interpreted as providing lower-bound esti-
mates of the impacts of WASH on mortality in childhood.

The evidence synthesis combined a variety of WASH technologies, promotional interven-
tions, and counterfactuals. The stratified meta-analysis and meta-regressions incorporated
information about the WASH technologies and counterfactual scenarios. However, inconsis-
tency across interventions is an important potential limitation of meta-analyses of general
WASH improvements. For example, in addition to direct provision, we included many pro-
motional approaches, including hygiene social marketing [34], CLTS [32] and latrine promo-
tion with subsidies [53], the decentralisation of water services to local government [67], and
the privatisation of local water supply and sanitation provision [50]. This may be addressed
through systematic analysis of adherence to measure likely exposures to improved WASH
technologies [94], and as more studies and participant flows become available for stratified
analysis of particular interventions.

What the findings imply for policy and research

In 2016, the United Nations proclaimed 2018 to 2028 the International Decade for Action on
Water for Sustainable Development (https://www.unwater.org/new-decade-water/). Our
results provide evidentiary support for greater attention to ensuring populations can access
and use improved water supplies for domestic hygiene and sanitation. We present evidence
that suggests these interventions may significantly improve survival in early childhood from
infection. Even though the review was restricted to endemic disease circumstances, the find-
ings may also be relevant for epidemic disease control including Coronavirus 2019 [95]. Itis
well known that water supplies and sanitation are pro-poor and gender-inclusive interventions
due to the time-savings and safety they may enable [96-98]. Our results suggest significant
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contributions could be made to reducing the global disease burden in childhood from
improvements in water supplies and community-wide sanitation where access is particularly
inadequate, especially in sub-Saharan Africa and parts of South Asia. They also suggest that
hygiene interventions are effective where children’s carers have sufficient water to wash in.

Transparent study reporting is crucial for accountability and learning by enabling effects
for all relevant outcomes to be measured. A common source of bias in WASH trials is caused
by differential losses to follow-up out of the study (attrition). How much attrition there is, and
the reasons for it—for example, participant deaths—should be known. Reporting standards
are well known in health research due to the work of the Consolidated Standards of Reporting
Trials (CONSORT) Group [99,100], and standards have been published in development eco-
nomics too [101]. Many authors and journals do now report this information, but there are
lags in practices across the research communities producing WASH trials. According to a
recent survey, participant flows have been reported in around half of studies in environmental
health, especially in the last decade when this information is a condition of publication in repu-
table journals and features on related checklists, but they are rarely provided in studies in
development economics [10].

Water is an important enabling factor for practising hand and food hygiene and some
forms of sanitation (e.g., flush toilets), but articles do not typically report data on distance to
the water source, or water consumption (litres per capita per day) and how it is used (e.g.,
whether consumed or used in bathing). This information is crucial for understanding mecha-
nisms and, therefore, the generalisability of the findings. Three studies provided information
on distance to the water supply [8,32,55], one of which also reported water consumption [32].
In addition, it was not always clear exactly which interventions were provided to participants,
not just the nature of the water supply improvement but whether hand or food hygiene were
promoted. Therefore, a final recommendation is for more transparent reporting about the
conditions being compared, including clearer information about the WASH technology itself
that is being promoted and the counterfactual scenario. For example, if hygiene messaging is
part of the intervention, it should be clearly indicated in the article title or abstract.

Conclusions and suggested research directions

We found large and consistent effects of water supply interventions on all-cause mortality in
childhood and of community-wide sanitation interventions on diarrhoea mortality. The con-
tribution of this synthesis—to use participant flow data to provide estimates of changes in
child mortality associated with WASH interventions—has been enabled by studies that use
agreed standards of reporting such as CONSORT. There is potentially a large number of esti-
mates of mortality in childhood from studies that do not use these methods of reporting, as a
recent meta-analysis of household water treatment has indicated [102]. Going forward, the
challenge will be for an author collaborative to provide sufficient incentives to obtain unpub-
lished participant flow data, to ensure that future systematic reviews and meta-analyses are
representative of the complete data available on mortality in WASH intervention studies.
There is also a need for more rigorous studies of water supply improvements. Although pro-
spective evaluations of water supply interventions are being done (e.g., [103]), we are only
aware of one published randomised field trial of a water supply improvement in Ghana [104]
and one study that randomised encouragement of subsidies for household connections in
Morocco [105]. If services are allocated by administrative area or according to a threshold rule
(e.g., the share of community members currently covered by a service), it may be possible to
use a discontinuity design, an approach that has been shown to generate the same effect esti-
mates as RCTs, when applied prospectively or retrospectively [106]. We are hopeful that the
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evidence presented in this review, and the evidence we are calling for, will prove useful for
those taking decisions about what WASH improvements are needed in the second half of the
International Decade for Action on Water.
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