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Abstract: Three of four recent major sanitation intervention trials found no effect on diarrhea. These
results conflicted with longstanding beliefs from decades of literature. To understand this discordance,
we placed recent trials into the historical context that preceded them in two ways. First, we evaluated
the history of published literature reviews on sanitation and diarrhea. Second, we conducted
meta-analyses on studies from the most recent systematic review to uncover features that predict
effectiveness. We found that 13 literature reviews dating to 1983 consistently estimated a significant
protective effect of sanitation against diarrhea. However, these were marred by flawed studies
and inappropriately averaged effects across widely heterogeneous interventions and contexts. Our
meta-analyses highlight that the overall effect of sanitation on diarrhea was largely driven by
sewerage and interventions that improved more than sanitation alone. There is no true overall effect
of sanitation because variability between intervention types and implementation contexts is too
complex to average. Ultimately, the null effects of recent latrine interventions are not surprising.
Instead, the one trial that found a strong relative reduction in diarrhea is the historical outlier. The
development of transformative sanitation interventions requires a better understanding of the social
and environmental contexts that determine intervention effectiveness.
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1. Introduction

Three recent and rigorously conducted intervention trials found that basic improvements to household
sanitation had no effect on diarrhea among young children in Kenya (WASH-Benefits Kenya [1]), Zimbabwe
(Sanitation, Hygiene, Infant Nutrition Efficacy trial (SHINE) [2]), and Mozambique (Maputo Sanitation trial
(MapSan) [3]). A similar sanitation intervention did lead to a 39% decrease in the prevalence of childhood
diarrhea in Bangladesh, from 5.7% to 3.5% per week (WASH-Benefits Bangladesh [4]). None of these
interventions had an impact on child growth two years after the intervention.

These studies successfully tested specific hypotheses: providing or improving latrines at the
household level prevents diarrhea and improves child growth among children in that household.
However, as is true for all intervention trials, generalizability of these results to other interventions and
settings is limited [5–7]. For example, these household-level trials did not test the effect of sanitation
at high community coverage, which has been shown to be an important predictor of intervention
effectiveness [8–10]. Due to this question of generalizability, it is important to assess how these results
fit into the history of sanitation evidence, while acknowledging that these studies reflect some of the
most thorough examinations of sanitation and diarrhea ever conducted. In 1991, a literature review
found that sanitation interventions reduced diarrhea by 36% on average, a number widely cited over
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the following years [11]. The most recent systematic review of sanitation interventions found an overall
diarrheal reduction of 25% [8].

Thus, it is useful to consider how the results of recent trials fit into the entire body of evidence.
Before these trials, there was an evidence-based consensus that sanitation interventions prevented
diarrhea. These recent data points do not negate years of experience; however, their relative high
quality raises important questions. Why do the results from three of four of these trials disagree with
previous estimates? Which effects should inform interventions and policy decisions?

One common feature of previous meta-analyses is that the average effect of sanitation has been
estimated across widely heterogeneous groups of studies. Summarizing studies that measured different
forms of sanitation, in different settings, and with different contextual factors obfuscates details on
what is required to affect health. Some of these nuances have been noted, such as the stronger effect of
sewerage interventions and interventions achieving high community coverage [8], but still questions
remain on additional study features that characterize successful sanitation interventions.

To help answer these questions, we conducted a review of the historical evidence of sanitation
effects on diarrhea, as well as a series of meta-regression analyses on intervention studies. Specifically,
this review has two aims: (1) describe the historical evidence on the relationship between sanitation
access and diarrhea by reexamining the history of literature reviews on the topic, and (2) characterize
heterogeneity across results from all existing intervention studies to place more recent trials within a
historical context and to identify features of successful interventions.

2. Methods

In the first aim, we evaluated the history of literature reviews on the relationship between
sanitation and diarrhea from the earliest review identified (1983) to the latest (2018). We describe
the group of studies included in each review, its conclusions and limitations, and conclude with a
summary of how the prevailing estimate of the overall effect of sanitation on diarrhea has changed
over the last three decades. For the second aim, we conducted sub-group meta-regression analyses
on intervention studies identified in the most recent systematic review [8]. We categorized this list
of studies on several factors, such as intervention type and coverage level, and included these as
study-level covariates to demonstrate their effects on intervention success [12]. We describe features
that may modify intervention effectiveness to a greater degree than previous reviews and identify the
types of studies that drive historical expectations of an effect of sanitation on diarrhea.

2.1. History of Literature Reviews

To review past literature on sanitation and diarrheal disease, we conducted a systematic search
to identify all literature reviews on the topic. We searched PubMed and Embase using the following
search terms: (diarrhea OR diarrhoea) AND (sanitation OR latrine OR sewer *). Each search term
was restricted to the title, abstract, or author keywords. The search results from each database were
restricted to reviews. We assessed the titles and abstracts from each search to identify reviews on the
relationship between sanitation and diarrhea. Articles were excluded if they were specific to a country,
region, population (e.g., HIV patients), or infectious agent (e.g., cholera). Reviews were not included if
they descriptively discussed the issue of diarrhea and/or sanitation without adding new information
on their relationship. The references of each identified review were checked for additional reviews that
were not identified by our initial search. Each identified review was assessed in detail to determine the
types of studies reviewed and its conclusions. In addition, the cited references of each review were
evaluated to better assess the strength of evidence included and to uncover caveats to its conclusions.
We present a short description of our findings for each review in chronological order, along with a
brief history of how the consensus estimate for the overall effect of sanitation on diarrhea changed
over time (Table 1).
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Table 1. History of Literature Reviews on Sanitation and Diarrhea.

Review Scope of Review Eligibility Criteria Number of Studies on
Sanitation and Diarrhea

Number of
Studies Included

in Overall
Estimate

Overall Estimate
of the Effect of
Sanitation on

Diarrhea

Conclusions Limitations

Blum and Feachem, 1983 [13]

Studies on water supply
and/or excreta disposal
facilities and any
health outcome

None

14 studies on excreta
disposal (alone or with
water supply)
and diarrhea

N/A N/A

Severe methodological
limitations in almost all
studies raises doubts to
the validity of
their conclusions

Water supply and excreta
disposal were not assessed
separately; a health recall
period greater than 48 h was
considered a
methodology problem

Esrey and Habicht, 1986 [14]

Effect of water and
sanitation interventions on
diarrhea, infection,
nutritional status, and
childhood mortality

Any study that compared
groups with different water
and/or sanitation conditions

8 studies on sanitation
and water together; 23
other studies on sanitation
and some health outcome;
3 studies confirmed to
measure sanitation and
diarrhea morbidity

N/A N/A

Sanitation interventions
can improve child health,
especially when tailored
to local communities

Did not clearly distinguish
between studies on different
health outcomes

Esrey et al. 1991 [11]

Effect of drinking water and
sanitation interventions on
diarrhea, nutritional status,
mortality, and
various infections

Studies published after the
previous review (1986)

30 studies on sanitation
alone; 18 “rigorous”
studies did not have
severe flaws

11 for all studies; 5
for “rigorous”
studies (studies
not identified
in text)

Median effect of all
11 studies:
22% reduction
Median effect of 5
“rigorous” studies:
36% reduction

Despite the poor quality
of existing studies, it can
be inferred that sanitation
improvements lead to
better health

The authors do not indicate
which studies were “rigorous”,
and it is not clear from
reviewing the
references separately
Using the median value hides
the potentially wide range of
effects, especially for only 5
“rigorous” studies

Fewtrell et al. 2005 [15]

First systematic review of
water, sanitation, and
hygiene interventions
on diarrhea

Studies that measured the
effect of a water, sanitation,
hygiene, or combined
intervention

4 eligible studies 2 [16,17]
32% reduction
(RR = 0.68, 95% CI
0.53, 0.87)

Sanitation interventions
are effective at reducing
diarrhea, although the
evidence is limited
Few differences between
these results and those
from Esrey et al. 1991

The two studies used to
calculate an overall effect were
(i) a sanitation and water
supply intervention and their
effects on cholera and (ii) a
hospital-based case-control
study; the two studies not used
for the estimate are not
identified in the study

Waddington et al. 2009 [18] Update to
Fewtrell et al. 2005

RCTs or studies employing
quasi-experimental designs,
including matched analysis
of survey data

6 studies;
3 high-quality studies 6 studies [19–24]

37% reduction
(Effect Size
(ES) = 0.63, 95% CI
0.43, 0.93)

Sanitation interventions
are highly effective at
reducing diarrhea, but
few studies have been
conducted on the topic

The overall “effect estimate”
did not attempt to convert
effects from different studies to
the same ratio (e.g., RR or OR)
The estimate included 3 studies
of “poor quality”; the three
high quality studies included
an analysis of DHS data and
two studies on sewerage
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Table 1. Cont.

Review Scope of Review Eligibility Criteria Number of Studies on
Sanitation and Diarrhea

Number of
Studies Included

in Overall
Estimate

Overall Estimate
of the Effect of
Sanitation on

Diarrhea

Conclusions Limitations

Clasen et al. 2010 [25]

Systematic review of
sanitation interventions on
diarrhea using the
Cochrane methodology

Randomized,
quasi-randomized, or
non-randomized
controlled trials

13 studies; 7 in Chinese, 5
in English, 1 in French N/A N/A

The heterogeneity in type
and quality of sanitation
interventions is high and
does not allow for
estimation of an overall
effect; but there is
evidence that sanitation
interventions
prevent diarrhea

Confidence intervals were not
extracted or reported from 11
studies due to insufficient
number of clusters (e.g., a
one-to-one village comparison);
only point estimates were
reported for those studies

Norman et al. 2010 [26]

Systematic review on the
effects of sewerage access
on diarrhea and
enteric infection

Any trial, cohort,
case-control, or
cross-sectional study

25 total studies;
17 on diarrhea

17 studies
on diarrhea
[20–22,24,27–39]

30% reduction
(RR = 0.70, 95% CI
0.58, 0.85)

Sewerage is associated
with reduced diarrhea in
all age groups;
confounding from
observational studies is a
potential issue, but
sensitivity analyses
suggest it is not a
major limitation

Depends on observational
studies, but the authors
attempted to accounted for
potential confounding through
sensitivity analyses

Cairncross et al. 2010 [40]

The impact of improved
water quality, water
quantity, and sanitation
on diarrhea

First, intervention studies
on sanitation and diarrhea
After only four studies in
Chinese were found, the
criteria expanded to include
before and after studies

4 quasi-randomized
studies published in
Chinese and 1 before and
after sewerage study

N/A No overall effect
was calculated

The authors noted the
consistency of diarrhea
reductions found in
various reviews of 36%
(Esrey et al. 1991), 32%
(Fewtrell et al. 2005),
20-51% (the median
values of the four Chinese
studies), and 22–43% (the
one sewerage study,
Barreto et al. 2007),
although there is a serious
lack of evidence on
the subject
There is not enough
evidence to support
moving past the
consensus estimate of 36%
(Esrey et al. 1991)

In finding no studies that fit
their original criteria, the
authors showed the striking
lack of evidence on sanitation
and diarrhea
The comparison between
different effect estimates did not
note that one estimate was a
single sewerage study, another
came from only two studies
(Fewtrell et al. 2005), and
results from the four Chinese
studies ranged from 8 to 63%
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Table 1. Cont.

Review Scope of Review Eligibility Criteria Number of Studies on
Sanitation and Diarrhea

Number of
Studies Included

in Overall
Estimate

Overall Estimate
of the Effect of
Sanitation on

Diarrhea

Conclusions Limitations

Heijnen et al. 2014 [41]

Comparison of shared
sanitation vs. household
latrine access on diarrhea,
infection, enteric fevers,
adverse birth outcomes,
trachoma, and other
fecal-oral diseases

Any study that compared
health outcomes of
populations using shared
sanitation to those using
household latrines

9 studies with diarrhea as
an outcome measure

12 estimates from 6
studies [27,42–46]

44% increased
odds of diarrhea
when sharing
sanitation
(OR = 1.44, 95% CI
1.18, 1.76)

Those relying on shared
sanitation are at higher
risk of diarrhea and other
health outcomes, although
the conclusions are
limited by methodological
concerns, not knowing
actual latrine use, and
study heterogeneity

The authors acknowledged
several limitations of their
results, including that none of
the studies followed an
experimental design and not all
studies adjusted for
confounding. All studies were
hospital- or clinic-based
case-control studies

Wolf et al. 2014 [47]
Impact of drinking water
and sanitation interventions
on diarrhea

RCTs, quasi-randomized
and non-randomized
control trials, observational
studies when based on an
intervention, time-series
studies, and survey data
with causal
matching methods

11 total studies; 2
sewerage studies

11 for total effect; 9
for non-sewerage
effect [17,19,21,22,
24,48–53]

All studies: 28%
reduction
(RR = 0.72, 95% CI
0.59, 0.88)
Non-Sewerage
Studies: 16%
reduction
(RR = 0.84, 95% CI
0.77 0.91)

Sanitation interventions
can lead to reductions
in diarrhea
Sewerage interventions
might be even
more effective, but there
were only two studies to
reach a conclusion on

Mostly limited by
underlying evidence
Sewerage was the only factor
assessed as a potential
effect modifier

Jung et al. 2017 [54]

Comparison of
neighborhood and
household sanitation access
on diarrheal morbidity

Studies that estimated the
association between
sanitation at the household
and/or neighborhood level
and diarrhea; excluded
studies that aggregated the
effect of both levels

22 total studies; 5
neighborhood level; 16
household level; 1 study
measured both levels

6 for the effect of
neighborhood level;
17 for household
level [17,21,38,39,49,
55–71]

Neighborhood
Sanitation: 44%
reduction
(OR = 0.56, 95% CI
0.40, 0.79)
Household
Sanitation: 36%
reduction
(OR = 0.64, 95% CI
0.55, 0.75)

Both neighborhood level
and household level
sanitation are
independently, and nearly
equally, associated with
reduced risk of diarrhea

This article reviewed mostly
observational research, making
it harder to compare to
other reviews
Neighborhood sanitation effect
was partially driven by one
sewerage study [21]; the other
neighborhood exposures relied
on visual inspection for fecal
matter or wastewater and were
not strong indicators
of sanitation

Freeman et al. 2017 [72]

The effect of sanitation
interventions on diarrhea,
various infections, and
nutritional status

Excluded cross-sectional
studies with no
matching methods

33 studies

27 total studies; 16
intervention studies
[17,19,21,22,24,48–
52,55,73–86]
(could not find a
citation for a study
listed as
Castro 2015)

All studies: 12%
reduction
(OR = 0.88, 95% CI
0.83, 0.92)
Intervention
studies: 23%
reduction
(OR = 0.77, 95% CI
0.66, 0.91)

The studies reviewed
were of low quality, but
the results indicate an
association between
sanitation and diarrhea

Studies that went into the total
estimate used a wider variety of
study designs, including three
hospital-based
case-control studies
Other studies in the overall
estimates were unique,
including five effect estimates
from school-based
sanitation interventions



Int. J. Environ. Res. Public Health 2020, 17, 230 6 of 35

Table 1. Cont.

Review Scope of Review Eligibility Criteria Number of Studies on
Sanitation and Diarrhea

Number of
Studies Included

in Overall
Estimate

Overall Estimate
of the Effect of
Sanitation on

Diarrhea

Conclusions Limitations

Wolf et al. 2018 [8] Update to Wolf et al. 2014

RCTs, quasi-randomized
and non-randomized
control trials, observational
studies when based on an
intervention, time-series
studies, and survey data
with causal
matching methods

19 studies

22 effect estimates
from 19 total
studies; 15
non-sewerage
studies; 4
sewerage studies
[19,21,22,24,48–53,
55,58,77–79,87–90]

All studies: 25%
reduction
(RR = 0.75, 95% CI
0.6, 0.88)
Non-sewerage
studies: 16%
reduction
(RR = 0.84, 95% CI
0.73, 0.98)
Studies with
> = 75% coverage:
45% reduction
(RR = 0.55, 95% CI
0.34, 0.91)
Studies with < 75%
coverage: 24%
reduction
(RR = 0.76, 95% CI
0.51, 1.13)

Evidence is limited, but
sanitation is associated
with reduced diarrhea,
especially with
high coverage

Only one coverage threshold
was assessed
The authors did not note that
three out of five studies that
achieved coverage over 75% are
sewerage studies and may not
reflect latrine coverage
Studies testing an intervention
that included more than
sanitation alone were not
separated from the
overall estimate
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2.2. Sub-Group Meta-Regression Analyses

Heterogeneity among sanitation intervention trials was characterized through meta-regression
analyses of studies identified in the latest systematic review (Table 2). Eligible studies were those
that tested sanitation interventions, including randomized, quasi-randomized, and non-randomized
controlled trials; case-control and cohort studies if they were related to a specific intervention;
time-series studies; and cross-sectional household survey studies if they used an appropriate causal
matching method (e.g., propensity score matching) [8]. The authors searched Pubmed, Embase, Scopus,
and Cochrane Library for eligible studies between 1970 and 2016 and followed PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) guidelines. We created a list of studies
reviewed by Wolf et al. (2018) from the article text and Supplementary Materials. The WASH-Benefits
Bangladesh, WASH-Benefits Kenya, and SHINE trials were added to the final study list. The results of
the MapSan trial were not included, as these were not publicly available during the completion of
this review.
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Table 2. Studies on Sanitation Interventions Included in Sub-Group Meta-Regression Analyses.

Type of Intervention Community
Coverage

Community-Led
Total Sanitation

Model

Initiation of
Sanitation Access

Effect on Diarrhea
(95% CI) Notes

Aziz et al. 1990 [49] Interventions of More
Than Sanitation Alone 92% No NA or Unknown 0.74 (0.69, 0.80)

A community-based water, sanitation, and hygiene
intervention was associated with a 26% reduction in
diarrheal disease in children in rural Bangladesh.

Begum et al. 2011 [50]
None: Analysis of
National Survey or
DHS Data

Not Reported No Household 0.85 (0.63, 1.13)

An analysis of DHS and MICS survey data from
Bangladesh found that sanitation had no association with
diarrheal disease in children, unless the household had
both improved sanitation and improved water access.

Bose 2009 [19]
None: Analysis of
National Survey or
DHS Data

Not Reported No Household 0.64 (0.45, 0.89)
A propensity score matched analysis of DHS data from
2006 in Nepal found that access to improved sanitation
reduced childhood diarrhea by 46%.

Briceño et al. 2015 [87] Latrine Intervention 56% Yes Household 0.99 (0.75, 1.30)

An RCT of a large-scale, government-led,
community-based handwashing and sanitation campaign
found no effect on diarrhea in rural Tanzania. There was a
statistically significant reduction in diarrhea only among
communities that received both interventions, and only at
the 10% confidence level.

Capuno et al. 2012 [51]
None: Analysis of
National Survey or
DHS Data

Not Reported No Household

1993: 0.85 (0.62, 1.15)
1998: 0.89 (0.65, 1.21)
2003: 0.80 (0.60, 1.06)
2008: 0.69 (0.45, 1.01)

A propensity score analysis of four years of DHS data in
the Philippines reported a 10 percentage point decrease in
diarrheal incidence associated with access to a flush toilet.
But this value is the maximum difference in one of the four
years (2008) from six different matching methods. It is not
clear which matching method was recorded for
Wolf et al. (2018).

Clasen et al. 2014 [55] Latrine Intervention 38% No Study 0.97 (0.84, 1.13)
An RCT of a community-based sanitation promotion and
construction intervention found no association with
diarrheal disease in Odisha (Orissa), India.

Fan and Mahal 2011 [52]
None: Analysis of
National Survey or
DHS Data

Not Reported No Household 1.07 (0.88, 1.29)

Several matched analyses were conducted using 1994
survey data from India. Improved toilets were associated
with an 8.5 percentage point reduction in diarrhea using
exact matching, but no association was found using two
other matching methods.

Garrett et al. 2008 [58] Interventions of More
Than Sanitation Alone 49% No Household 0.31 (0.23, 0.41)

A village-level RCT on a combined water access, water
treatment, latrine promotion, and behavior change
intervention found that living in an intervention village
was associated with a 69% reduction in diarrhea. This is
the value reported by Wolf et. al., but includes all of the
interventions together. Latrine presence was independently
associated with diarrhea (RR = 0.71, 95% CI 0.54, 0.92).
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Table 2. Cont.

Type of Intervention Community
Coverage

Community-Led
Total Sanitation

Model

Initiation of
Sanitation Access

Effect on Diarrhea
(95% CI) Notes

Godfrey et al. 2014 [90] Latrine Intervention 62% Yes Household 0.54 (0.29, 1.01)

An RCT was implemented to test the effect of a large-scale
government WASH program in Mozambique (The One
Million Initiative). A water intervention, a CLTS
intervention, and a water + CLTS intervention group were
compared to controls. Controls were from districts where
the government had begun implementing the intervention,
but it was not implemented in the control communities
themselves. The intervention was implemented in
communities and in schools.
The outcome, “self-reported water-related disease”, was
measured for all age groups. This outcome was measured
with 6-month and 2-week recall in a household
questionnaire. Water-related disease decreased in all
groups, including the control group, and decreased the
most in the CLTS-only group. Outcome rates are not
presented in the available text; rates on only presented
graphically. Wolf et al. received additional information
from the author.

Khush and London 2009 [88] Interventions of More
Than Sanitation Alone 57% No Household 1.00 (0.43, 2.32)

A non-randomized CLTS and drinking water improvement
campaign in India did not result in changes to diarrheal
disease, but the prevalence of diarrhea in all groups was
low (2%).

Klasen et al. 2012 [77] Sewerage
Intervention 85% No NA or Unknown 0.81 (0.35, 1.90)

The effect of extending access to piped water and sewerage
in urban Yemen was estimated in two regions: a costal
region and a mountain region. Diarrheal risk increased in
the mountain region after the intervention, while risk
decreased in the coastal region. The intervention is a
drinking water and sewerage intervention, compared to a
control group that only received the drinking
water intervention.

Kumar and Vollmer 2012 [53]
None: Analysis of
National Survey or
DHS Data

Not Reported No Household 0.82 (0.79 0.85)

A propensity score analysis of survey data in India found
no effect of improved sanitation among low- and
middle-income households or for girls; there were effects
for high income households and boys. The statistically
significant effects are each 2–3 percentage point reductions.

Messou et al. 1997 [48] Interventions of More
Than Sanitation Alone Not Reported No NA or Unknown 0.71 (0.56, 0.92)

Study was published in French. The intervention was a
shared (public) double pit latrine, designed to be shared by
10 people, along with improved water supply, hygiene
promotion, and oral hydration therapy (this information
was extracted from Clasen et al. 2010)
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Table 2. Cont.

Type of Intervention Community
Coverage

Community-Led
Total Sanitation

Model

Initiation of
Sanitation Access

Effect on Diarrhea
(95% CI) Notes

Moraes et al. 2003 [21] Sewerage
Intervention 91% No NA or Unknown 0.31 (0.28, 0.34)

Neighborhoods that received government expanded
sewerage access had almost 70% fewer episodes of
diarrhea compared to control neighborhoods. Analysis
was adjusted for child′s age, gender and birth order,
number of children aged < 5 years in the household,
crowding, mother′s education, monthly per capita income,
exclusive use of kitchen, animals in the house, presence of
a washstand, water usage and house floor material.

Patil et al. 2014 [78] Latrine Intervention 41% Yes Household 0.97 (0.78, 1.22)
An RCT of a community-based sanitation intervention
(TSC) in rural India found no health benefits, including
diarrheal disease.

Pickering et al. 2015 [79] Latrine Intervention 65% Yes Household 0.93 (0.76, 1.14)

An RCT of a community-based sanitation intervention
(CLTS) in rural Mali found no differences between
intervention and control villages on diarrheal disease.
Intervention children were taller and less likely
to be stunted.

Pradhan and Rawlings
2002 [22]

Sewerage
Intervention 100% No NA or Unknown 0.43 (0.11, 1.71)

An analysis of a multi-faceted social investment project in
Nicaragua found no association between sewerage
promotion and diarrhea in children under six. Not all
households in the intervention area were connected to the
sewer network. There were only 23 children under six in
the intervention group; two of the 23 were reported to
have diarrhea.
The effect estimate differs from that recorded in a review of
sewerage studies, (Norman et al. 2010), where RR = 0.37
(95% CI 0.20, 0.66). It is not clear from either review or the
article text why these numbers differ or which is a more
accurate representation of the effect.

Roushdy et al. 2012 [89]
None: Analysis of
National Survey or
DHS Data

63% No Household 1.42 (0.76, 2.68)
An analysis of DHS data from 2008 in Egypt found that
improved sanitation had a positive, non-significant
association with diarrheal disease in children.
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Table 2. Cont.

Type of Intervention Community
Coverage

Community-Led
Total Sanitation

Model

Initiation of
Sanitation Access

Effect on Diarrhea
(95% CI) Notes

Walker et al. 1999 [24] Latrine Intervention 90% No NA or Unknown 0.65 (0.47, 0.90)

This study evaluated a mostly World Bank/Honduran
government funded social investment project in Honduras
in the 1990s. Municipalities were offered projects from a
“menu” of options. It is not clear if municipalities chose
only one project or any projects that could be afforded by
their allotted budget.
The estimate reported by Wolf et al. is a crude estimate
comparing intervention households to those who would
soon receive the intervention (pipeline controls). In their
executive summary, Walker et al. state that confounding is
a large concern since pipeline controls were more rural,
had worse sanitation, were less educated, and had lower
incomes compared to intervention households. It is also
not clear if the control group comprised municipalities that
had chosen latrine projects or those that had not chosen
their project(s).
Full article text only found in Spanish; an executive
summary is available in English.

Humphrey et al. 2019 [2] Interventions of More
Than Sanitation Alone Not Reported No Study 1.18 (0.87, 1.61)

The Sanitation Hygiene Infant Nutrition Efficacy (SHINE)
trial was a randomized controlled trial of a combined
water, sanitation (construction of a ventilated improved pit
latrine), and hygiene intervention. The intervention had no
effect on diarrhea in children.

Luby et al. 2018 [4] Latrine Intervention Not Reported No Study 0.61 (0.46, 0.81)

The WASH-Benefits-Bangladesh trial was a randomized
controlled trial that included a sanitation arm (compound
level pour flush latrine construction). The sanitation
intervention led to a reduction in diarrhea in children, from
5.7% to 3.5% using one-week recall.

Null et al. 2018 [1] Latrine Intervention Not Reported No Study 0.99 (0.88, 1.10)

The WASH-Benefits-Kenya trial was a randomized
controlled trial that included a sanitation arm (compound
level improved latrines). The intervention had no effect on
diarrhea in children.
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The text of each article was reviewed to understand the type of sanitation intervention, study design,
and results of each study. After this initial review, we constructed a set of variables to extract from
each study. The variables we selected were trial features that varied between studies and that could
potentially modify the effect of sanitation interventions on diarrhea. The list of variables included (1)
sanitation intervention type, (2) use of the community-led total sanitation (CLTS) model, (3) sanitation
access initiation (i.e., whether the household made the decision to obtain sanitation or if the intervention
was provided to households by the study team directly), and (4) community coverage.

We classified studies into categories of intervention type defined by four indicator variables:
(i) latrine interventions, (ii) interventions that included more than sanitation (e.g., social capital or
water quality interventions; but excluding hygiene promotion), (iii) sewerage interventions, and (iv)
no intervention, which comprised causal analyses of national surveys or Demographic and Health
Surveys (DHS).

Studies that employed CLTS methods were indicated with a binary variable. Two final indicator
variables were created for household-initiated sanitation access and study-initiated interventions.
Household-initiated sanitation access included interventions that promoted sanitation construction
and offered free or subsidized facilities if the household was motivated to receive them without direct
study contact, along with studies on existing sanitation access, such as from DHS and national survey
data. Study-initiated intervention studies were those in which households were asked to participate
with the knowledge that a sanitation facility would be constructed by the study team upon agreement.
Sewerage studies were excluded from both groups.

Community coverage with the intervention was extracted from studies that measured total
sanitation coverage among intervention communities after the intervention occurred, per the definition
of sanitation used in the study. Coverage was extracted only if it was measured for the entire community.
For example, if a study randomly selected a subset of households to receive the intervention and only
reported that 100% of the sampled households received the intervention, no coverage value would
be extracted. After extracting reported community sanitation coverage, this value was used to create
additional indicator variables for various coverage thresholds. Wolf et al. showed a stronger effect
of interventions that achieved ≥75% coverage compared to those that reached <75% of households,
but this was the only threshold reported. To observe the range of potential threshold values, we created
three indicator variables for coverage at or above 60%, 75%, and 90%, respectively. We chose 60%
because it resulted in an even number of studies above and below the threshold while lower thresholds
led to few studies below the threshold. We chose 90% in order to observe the effects of very high
coverage. Because sewerage interventions inherently reach 100% coverage, we repeated the sub-group
analyses by coverage after excluding sewerage studies to determine the impact of coverage on toilet or
latrine-based interventions specifically.

Each of these indicator variables represent a potential modifier of the effect of sanitation
interventions on diarrhea. To test the impact of these effect modifiers, meta-regression models
were constructed to estimate a pooled effect of interventions within each category. For example,
an average effect was calculated for the subset of studies that had a value of 1 for the sewerage indicator
variable. These sub-group estimates were compared to each other and to the overall effect of all studies
to assess which variables modify intervention effectiveness. But because average effects can conceal
important differences between studies, we described the characteristics of individual studies in Table 2
and constructed a forest plot to show their individual effects. We further describe key differences
within some sub-groups in the closing discussion.

Study estimates and 95% confidence intervals (CIs) were extracted from the Supplementary
Materials of Wolf et al. (2018) to take advantage of the conversion to risk ratios (RRs) the authors
already completed. Meta-regression models were fit using the metafor package in R [12]. For all models,
study estimates were weighted by their inverse standard error, which was calculated as
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1/[(RRupper 9 − RR)/1.96],

where RRupper is the upper RR of the 95% CI and 1.96 represents the critical z-score at the 95% confidence
level.. Models were fit with random effects in order to match the methods used by Wolf et al.

3. Results

The systematic search for literature reviews on sanitation and diarrhea resulted in 199 possible
reviews. After reviewing the titles and abstracts of these 199 results, 164 articles were deemed not
relevant to the relationship between sanitation and diarrhea or were focused on a specific population.
Of the remaining 35 articles, 10 literature reviews were identified on the relationship between sanitation
and diarrhea [8,11,15,25,26,40,41,47,54,72]. Fifteen articles were excluded because they did not review
primary literature; these articles or book chapters described the topic of sanitation and/or diarrhea
broadly and cited other reviews if numeric estimates were present. Another eight articles were
excluded because they did not specifically review sanitation and diarrhea together, e.g., if the outcome
of interest was enteric dysfunction or the review focused on clinical care. One likely relevant study was
excluded because it was published in Portuguese [91]. One eligible review found only one study [55];
we did not include this article in our analysis as it is not clear why the authors did not find a number
of eligible studies that were found in earlier reviews [92]. After searching the references of the 10
identified literature reviews, three additional reviews were identified resulting in a total of 13 literature
reviews on the relationship between sanitation and diarrhea [13,14,18].

3.1. History of Literature Reviews

3.1.1. Blum and Feachem, 1983

The first literature review we describe was published by Blum and Feachem in 1983. This review
referenced one earlier review conducted by a scientific working group of the WHO in 1979, but the
text available online omits the relevant pages describing evidence on health outcomes [93]. Blum and
Feachem identified studies that assessed the relationship between water supply and/or excreta disposal
facilities on any health outcome. Health outcomes included diarrhea and/or dysentery, enteric infection,
nutritional status, eye or skin infection, and mortality. But instead of summarizing the health effects of
these studies, Blum and Feachem focused on the severe methodological limitations they found in the
literature. The authors found that even though most studies claimed to show health improvements,
methodological problems raised “serious doubts as to the validity of their conclusions” [13].

The authors focused on 44 published studies of water supply or sanitation and diarrhea or
diarrhea-related infection. They found seven primary methodological problems: lack of adequate
control (having no control group or a non-comparable control), the one to one comparison (comparing
only one exposed village to another unexposed village), confounding variables, health indicator recall
(they considered any recall period over 48 h as a methodological problem), health indicator definition,
failure to analyze by age, and failure to record facility usage. Fourteen of the 44 studies measured
diarrhea as an outcome and included sanitation in their exposure assessment, including three studies
conducted in the United States in the 1950s and 1960s. The review does not separate studies that
measured sanitation in isolation from those that studied water supply and sanitation together.

Additional study details are not described here, as the focus of the review by Blum and Feachem
was on the severe limitations of these studies. Only one study out of the 44 was found to have none
of the seven major methodology problems: a cross-sectional analysis of sanitation and helminth
infections in Tennessee [94]. The remaining 43 studies had at least one severe limitation, and most had
multiple methodology problems. The most common problem was the lack an “explicit effort” to control
for important confounding variables [13]. Only seven studies were found to have adequate control
for confounding variables, including three on sanitation and diarrhea [95–97]. Overall, the authors
concluded that there was little confidence on the health effects of sanitation, despite the number of
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studies conducted on the topic. They emphasized the importance of understanding the health benefits
of improved water and sanitation access by the end of the International Drinking Water Supply and
Sanitation Decade (1981–1990).

3.1.2. Esrey and Habicht, 1986

The first of two reviews led by Esrey aimed to evaluate the effect of water and sanitation
interventions on diarrheal disease, infection, nutritional status, and childhood mortality from studies
conducted after 1950. The authors note the importance of randomly allocating WASH (water, sanitation,
and hygiene) interventions but did not limit the review to randomized trials or even intervention
studies. The review included any study that compared two or more groups with different water
and/or sanitation conditions. Eight studies were identified that examined water and sanitation together
without estimating their individual effects. Six of the eight found that sanitation was associated with
improved health, although three were described as having serious study flaws.

Twenty-three other studies measured the association between sanitation access and disease,
infection, or mortality. Eighteen of these studies reported an association between sanitation and
improved health. Three of the 18 studies that found health improvements were described as having
significant methodological flaws. Of the remaining 15 studies, only three could be confirmed as
including the relationship between diarrheal morbidity and sanitation [98–100]; most of the remaining
studies measured infant mortality. Only one of the three studies on diarrheal morbidity and sanitation
found an association when comparing families with a pit toilet to families with no toilet [98],
although none of the three studies controlled for any potential confounders. Esrey and Habicht
concluded that sanitation interventions could help improve child health, especially when interventions
are tailored to the local community, but did not attempt to estimate an overall effect of sanitation.

3.1.3. Esrey et al. 1991

In 1991, Esrey and colleagues published another review that estimated the effect of drinking
water and sanitation interventions on diarrheal disease, nutritional status, mortality, and infection
with Ascaris lumbricoides, Dracunculus medinensis, hookworm, Schistosoma haematobium, S. mansoni, and
trachoma. For diarrheal disease, the authors only searched for studies published after the previous
review. An estimate of the overall reduction of diarrheal disease morbidity associated with sanitation
improvements was calculated as the median value for all studies considered, rather than the mean.

Thirty studies on sanitation were included in this review, but the total number of studies that
measured diarrhea as the outcome is not stated. Eleven studies that measured diarrhea and had an
extractable effect estimate were included in an overall estimate for sanitation and diarrhea. The median
reduction in diarrheal morbidity from these 11 studies was 22%. Five of these 11 studies were described
as “rigorous” studies, indicating that they did not have serious methodological flaws. A eparate overall
estimate was calculated for “rigorous” studies. The five studies had a median diarrhea reduction of 36%.
However, the studies considered “rigorous” or “flawed” were not defined in this review. Knowing
which studies were included in the overall estimate is necessary to understand its limitations. Since
the authors chose to summarize the studies with the median effect, which provides less information
than a pooled estimate with a confidence interval, it is especially important to see the range of effects
and determine how well the median represents this range. As we will discuss, the importance of these
limitations is underlined by the persistence of this estimate over the next two decades.

3.1.4. Fewtrell et al. 2005

Acknowledging the earlier reviews by Esrey and colleagues, Fewtrell et al. sought to create the
first systematic review of water, sanitation, and hygiene interventions and their relative effects on
diarrheal disease. This review was the first to focus specifically on studies assessing interventions and
the first to model an overall effect through meta-regression. The authors searched for studies published
before 26 June 2003 and used Esrey et al.’s previous reviews to identify additional eligible studies.
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Only four studies were deemed eligible from the authors’ search. Two of these presented data
that could be used to conduct a meta-analysis [16,17]. The other two studies are not identified in the
text or any supplemental material. One study by Azurin and Alvero was an evaluation of communal
latrines combined with improved water supply and their effect on the risk of cholera for people
of any age (RR = 0.32, 95% CI 0.24, 0.42). The authors did not measure diarrhea as an outcome
and did not control for potential confounders. Fewtrell and colleagues graded the study as “poor
quality”. The other study by Daniels et al. measured the impact of a government latrine construction
program on diarrheal disease using a hospital-based case-control study design (OR = 0.76, 95% CI 0.58,
1.01). Neither of these studies is a strong examination of the effect of sanitation on diarrhea. Despite
identifying only two eligible studies, one of “poor” quality that measured cholera as its outcome, the
authors calculated a pooled estimate and reported a 32% overall reduction in diarrhea associated with
sanitation interventions (RR = 0.68, 95% CI 0.53, 0.87).

3.1.5. Waddington et al. 2009

Waddington, Fewtrell, and colleagues updated their previous systematic review [15] a few years
after its release and searched for studies published after 26 June 2003. Eligible studies were RCTs or
those employing quasi-experimental designs, including matched analysis of survey data. Risk ratios,
rate ratios, odds ratios, and prevalence ratios were recorded and used to calculate an overall estimate
without conversion to a single ratio type. The authors instead ignore the potential overestimation
of odds ratios and report the estimate from each study as its “effect size (ES)”. An overall ES was
calculated as a weighted mean of each study’s ES without conversion.

The authors identified six studies that estimated the impact of sanitation on diarrheal
disease [19–21,23,24]. None of these studies appeared in the previous review. One of the six studies was
a large national survey of “poor” quality that used a diarrheal recall period greater than two weeks [22].
One study was deemed poor because the comparability between treatment groups was not clear in the
text [23]. Another study that measured the effect of a large national latrine project in Honduras was
described as poor because it used a one-month recall period and had unclear comparability between
treatment groups [24]. The three high quality studies included a propensity score matched analysis
of DHS data in Nepal [19] and two non-randomized studies of urban sewerage [20,21]. Using all six
identified studies, the authors estimated an overall reduction in diarrheal disease of 37% (ES = 0.63,
95% CI 0.43, 0.93). This estimate was similar to their previous estimate (32%) and nearly identical to
the 1991 estimate from Esrey et al. (36%), although the limitations of each already have been described.

3.1.6. Clasen et al. 2010

In 2010, Clasen et al. published a new systematic review on sanitation interventions and
diarrhea [25]. Their review described the four reviews that preceded it and aimed to apply a more
rigorous search strategy using the methodology defined by the Cochrane Collaboration for systematic
reviews. Clasen et al. included randomized, quasi-randomized, and non-randomized controlled trials
of sanitation interventions. The authors found 13 studies that met these criteria, including seven studies
published in Chinese [101–107], five published in English [49,58,108–110], and one in French [48].
There was no overlap in the studies identified in Fewtrell et al. (2005) or Waddington et al. (2009) and
this review. Clasen et al. thoroughly described the types of interventions studied, potential sources of
bias, and other characteristics of each study. The types of interventions varied, including unimproved
latrines, shared latrines, improved latrines, biogas reactors, septic tanks, and relocating toilets “away
from water sources”. Some information could not be extracted from many studies, especially from the
eight non-English studies, such as baseline sanitation access, the type of water supply, intervention
coverage, and risk of bias.

All of the identified studies were non-randomized controlled trials. Eleven out of the thirteen
studies reviewed found that the sanitation intervention reduced diarrhea, but confidence intervals
were only calculated for two studies [58,104]. Clasen et al. did not calculate confidence intervals for
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the other eleven studies due to insufficient number of intervention clusters (i.e., villages, communities,
or schools). RRs for the effect of the intervention on diarrhea ranged from 0.20 [102] to 1.03 [108]. The
authors concluded that sanitation interventions are effective at preventing diarrhea, but they did not
estimate an overall effect of sanitation due to limited evidence. Clasen et al. described substantial
heterogeneity in the existing literature that limited study comparability. They also note that only five of
the 13 studies studied interventions of sanitation alone, without drinking water or other improvements,
and that these five studies included limited geography. Four took place in China, and one was
conducted in the United States [109].

Of the five English studies, two were later included in the most recent systematic review by Wolf et al.
(2018) [49,58], along with the French language study [48]. Of the three English studies excluded
from the most recent review, one was likely excluded due to measuring diarrhea from healthcare
records [110] and one may have been excluded for its use of a borehole latrine intervention [109].
The other may have been excluded due to the authors reporting issues in implementation leading to
low compliance [108]. None of the Chinese studies were included in the most recent review.

Clasen et al. (2010) conducted the most methodologically rigorous review between, at least,
1983 and 2014. However, they did not extract confidence intervals from 11 studies that included 1–3
clusters (e.g., villages) per intervention arm, instead only extracting point estimates. This decision
limited the review’s analysis of intervention effects and impedes a clear understanding of each
study’s results.

3.1.7. Norman et al. 2010

Another review published in 2010 focused on the effects of sewerage on diarrhea [26]. This review
was not limited to interventions, including both observational and intervention studies. Norman et al.
found 25 studies that met these criteria, including six cohort studies, four case-control studies, one
non-randomized intervention study, and fourteen cross-sectional studies. Fourteen of the 25 studies
were conducted in Brazil, three took place in Mexico, and the remaining came from Nicaragua,
Honduras, Peru, the United States, Iran, Syria, Saudi Arabia, and Australia. Diarrhea was the primary
outcome of 17 studies, with the remaining eight studies measuring enteric infection [20–22,24,27–39].
Norman et al. estimated a pooled effect of sanitation on all outcomes from 25 studies (RR = 0.70,
95% CI 0.61, 0.79) and on diarrhea from 17 studies (RR = 0.70, 95% CI 0.58, 0.85). The authors noted
that confounding is a potential issue with the inclusion of mostly observational studies. However,
they showed that the effect of sewerage was even stronger for studies that included multivariate
regression (RR = 0.64, 95% CI 0.53, 0.77) compared to studies that did not (RR = 0.78, 95% CI 0.63, 0.97).
They also conducted a sensitivity analysis to show that even if there were a very strong unidentified
confounder (RR with disease = 0.65; RR with exposure = 2.00), the RR for sewerage on diarrhea would
still be 0.78. The types of studies included in this review were varied, and the study designs are not
ideal for measuring a causal relationship. But the relationship between sewerage and diarrhea was
consistent across all subgroup and sensitivity analyses, providing additional strength to the conclusions
of Norman et al. that sewerage is associated with reduced diarrhea.

3.1.8. Cairncross et al. 2010

Cairncross et al. sought to provide more information to the “consensus view on the impacts of
health of improved water quality, water quantity and sanitation” established by Esrey and colleagues
in their earlier reviews [11,14]. The authors again searched for intervention studies that measured
the effect of sanitation on diarrheal disease. The search included articles published any time before
April 2007. Cairncross et al. initially identified seven quasi-randomized intervention studies, but all
of these included water quality interventions that precluded estimating the effect of sanitation alone.
An additional search was conducted to identify more studies, and that search resulted in four new
studies that were conducted in China and published in Chinese [101,103–105]. These were included
in the seven Chinese studies reviewed by Clasen et al. (2010). The four studies estimated diarrheal
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reductions of 63%, 51%, 20%, and 8%, but confidence intervals were not shown. Finally, the scope of
the review was widened to include before and after studies of sanitation, and one additional study
was identified [34]. In this last study, diarrheal disease was measured before and after expansion
of sewerage in Salvador, Brazil. The study found positive effects, as diarrheal disease was reduced
citywide by 21% (95% CI 19%–26%) and by 43% (95% CI 39%–46%) in high-risk areas.

The authors decided not to calculate an overall estimate of sanitation interventions on diarrheal
disease due to high variability in the types of interventions tested in the five studies. However, the
authors still noted the “striking consistency between the reductions found in various reviews of
36% [11], 32% [15], 20%–51% (the four Chinese studies) and 22%–43% [34]”.

But there are several issues with this statement. The comparison excluded two of the four Chinese
studies, which had reductions of 8% and 63%. This was likely to show the median effect of the
four studies, but still obscures the wide range of estimated values and assumes the true value lies
somewhere in the middle. In addition, the authors failed to note that one estimate is a single before
and after analysis of urban sewerage [34] and that another estimate comes from only two studies [15].
The authors concluded that “there is not enough evidence to justify a departure from the prevailing
consensus, published nearly two decades ago and widely cited with approval since then, that sanitation
reduces diarrhoea risk by about 36%”.

Thus, our understanding of the impact of sanitation on diarrhea did not improve much between
1983 and 2010. A median estimate from 1991, based on five studies that we could not identify,
remained the consensus. Other reviews were conducted, but these also were based on few studies and
were indiscriminate on study quality and sanitation definition.

3.1.9. Heijnen et al. 2014

A review published in 2014 by Heijnen et al. examined how shared sanitation compares
to individual household latrines in preventing a number of health outcomes, including diarrhea,
helminth infections, enteric fevers, other fecal-oral diseases, trachoma, and adverse maternal or birth
outcomes [41]. Eligible studies compared these outcomes between individuals using shared sanitation
and those using household latrines, with no limits placed on study design. Nine studies were found
that compared this effect on diarrheal disease, and six had effect estimates available for inclusion
in a meta-analysis. All six studies employed a case-control design and enrolled cases from health
clinics, emergency departments, or hospital records. One of these studies was a multi-country analysis
and contributed seven effect estimates to the meta-analysis, resulting in 12 total estimates ref. [45].
Compared to individual household latrines, shared sanitation was associated with a 44% average
increase in the odds of diarrhea (OR = 1.44, 95% CI 1.18, 1.76). The types of shared sanitation included
both communal latrines and household latrines that were shared between two or more families.
Heijnen et al. completed a thorough review of the existing literature, but their analysis highlights the
limited evidence on shared sanitation. The authors note that the underlying evidence allows for only
weak causal inference and call for more research to determine if circumstances exist in which shared
sanitation can be an effective tool for improving health.

3.1.10. Wolf et al. 2014

The number of articles on sanitation interventions grew rapidly after 2010. In 2013, the WHO
convened a meeting of experts to agree on protocols for new systematic reviews on WASH interventions
and health outcomes. As a result of that meeting, Wolf et al. estimated the impact of drinking water
and sanitation interventions on diarrheal disease [47]. This review included RCTs, quasi-randomized
and non-randomized control trials with baseline data, case-control and cohort studies when they
were related to an intervention, time-series studies, and observational studies using specific matching
methods (e.g., propensity score matching). Studies were excluded if they were targeted to institutions,
such as schools and workplaces, if they were conducted in non-representative populations, such as
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HIV patients, or if they had very low compliance (<20%). The search was limited to interventions
occurring in low- and middle-income countries and studies published between 1970 and May 2013.

Eleven eligible sanitation studies were identified. Overall, sanitation interventions reduced
diarrhea risk by 28% (RR = 0.72, 95% CI 0.59, 0.88). The effects of sewerage interventions were found to
be substantially higher at 69% and 63%, but there were only two sewerage studies to compare [21,22].
The authors noted that this sample size is extremely limited and that the estimates should be treated
with caution. Studies that measured a non-sewerage sanitation intervention led to a more modest,
but significant, reduction in diarrheal disease of 16% (RR = 0.84, 95% CI 0.77, 0.91). This marks the first
review that distinguished between the large effects of sewerage from the effects of other sanitation
interventions, although all studies were included in the overall estimate of a 28% reduction.

3.1.11. Jung et al. 2017

The role of neighborhood level sanitation in preventing diarrhea was reviewed by Jung et al. in
2017 [54]. Importantly, this review was not on neighborhood level coverage with household sanitation.
Instead, the authors defined neighborhood sanitation as “the removal of exposed fecal matter or
wastewater from the neighborhood”. This definition includes studies on sewerage or drainage access,
the elimination of open defecation, or observations of neighborhood fecal contamination (e.g., presence
of wastewater or fecal matter). In contrast, household sanitation was defined as “the presence of any
type of household sanitation facility within the subject’s residence, or the disposal method of child
feces”. The authors did not exclude any study designs. Studies were excluded if they reported an
aggregate measure of neighborhood or household sanitation but did not control for sanitation at the
other level, e.g., studies on sewerage that did not separate the effect of improved household sanitation.
Thirteen studies were excluded for this reason, but the authors did not identify the excluded studies.

Twenty-two eligible studies were identified, including five studies on neighborhood sanitation,
16 studies on household sanitation, and one study that included estimates of both. Only five of
these studies have been included in other reviews that we describe in this article [17,21,49,55,58].
The remaining studies all employed a case-control or cross-sectional design. Six studies on neighborhood
sanitation found that the exposure was associated with 44% lower odds of diarrhea on average
(OR = 0.56, 95% CI 0.40, 0.79), including significant effects in five of the six studies. The exposures
of interest included “no sewage spillage around house”, “no observable feces in the neighborhood
yard”, “no open sewage ditch nearby”, “no rubbish and fecal material lying around, blocked open
drains around home and nearby streets”, “no wastewater in street”, and “communities with simplified
sewerage and surface drainage vs. surface drainage only”. Household level sanitation was associated
with 36% lower odds of diarrhea on average (OR = 0.64, 95% CI 0.55, 0.75). This association was nearly
identical when divided between studies on the presence of sanitation and studies on children’s usage
of sanitation facilities.

Jung et al. concluded that both neighborhood and household level sanitation is associated with
decreased diarrhea, and that the magnitudes of each association are comparable. The article is limited
in including almost exclusively observational research, but a review of observational evidence is a
useful addition to other reviews that focus on intervention studies alone. The review is unable to
assess whether the underlying associations were due to confounding, which is particularly important
as the authors reported that eight studies did not adjust for likely confounders. The neighborhood
level analysis is further limited by the definition of neighborhood sanitation. The exposures used
in these studies, mostly relying on visual inspection for fecal matter, were not strong indicators of
neighborhood sanitation. In addition, the strongest effect in this group was associated with a sewerage
intervention and is not comparable to the other neighborhood level studies [21].

3.1.12. Freeman et al. 2017

Freeman and colleagues conducted another WHO commissioned review of sanitation interventions
and their effect on diarrheal disease, as well as helminth infections, trachoma, schistosomiasis, and
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nutritional status. Freeman and colleagues also aimed to update other reviews on soil-transmitted
helminth (STH) infection, trachoma, schistosomiasis, and nutritional status. It is not clearly stated which
eligibility requirements were employed for the review of diarrheal disease. Freeman et al. included
most of the same studies as Wolf et al.; however, this review also included some non-intervention
studies and school-based interventions that would have been ineligible in Wolf et al. 2014.

A total of 33 eligible studies were identified, and 27 were included in a meta-analysis. Of these
27 studies, 11 were included in Wolf et al. 2014. Three were studies on sewerage. Effect estimates
were converted to ORs for meta-analysis. Using all 27 studies, Freeman et al. estimated that
sanitation improvements reduce diarrhea by an average of 12% (OR = 0.88, 95% CI 0.83, 0.92).
This estimate demonstrates a considerably smaller effect compared to previous reviews. However, this
overall estimate included non-interventions that were previously ineligible, such as hospital-based
case-control studies [84–86]. Sixteen studies were found that measured the effect of a sanitation
intervention [21,22,24,49,50,55,73–82]. In a sub-analysis, these intervention studies were found to
reduce diarrheal disease by 23% (OR = 0.77, 95% CI 0.66, 0.91). This estimate includes three studies
(with five total effect estimates) on school-based sanitation interventions [75,76,82].

Freeman et al. also described the impact of sanitation coverage on intervention effectiveness.
Of the 16 intervention studies, nine were described as reporting on latrine coverage or latrine use.
Three of those nine studies found that the intervention reduced diarrhea. However, two of these
studies were actually sewerage interventions [21,34]. The other study found that the intervention did
not lead to increased latrine coverage, suggesting that latrine access did not reduce diarrhea. Instead,
the authors attributed the reduction in diarrhea to drinking water and handwashing behavior [73]
Thus, only sewerage studies appeared to have effects at high coverage.

Freeman et al. estimated an overall diarrheal reduction of 12%, but this estimate included a
number of studies with non-generalizable designs, such as hospital-based case-control studies. Their
estimate for the 16 intervention studies, a 23% reduction, is more in line with the results of previous
reviews. However, this estimate still includes school-based interventions, which likely follow unique
transmission dynamics, and three sewerage studies that possibly drive the observed overall effect of
sanitation interventions.

3.1.13. Wolf et al. 2018

While Freeman et al. focused specifically on sanitation and included several infection-related
outcomes, Wolf et al. again reviewed the evidence on the impact of drinking water and sanitation
interventions on diarrheal disease, with a new review on the effect of handwashing interventions [8].
This review was a direct update to Wolf et al. 2014 and used the same protocol. Unlike in Freeman et al.
2017, only intervention-based studies were eligible for inclusion. Observational study designs were
allowed if they were conducted around an intervention. The search for new studies included articles
published between January 2012 and February 2016, bringing the total range of studies to between
1970 and 2016.

In this update, eight new eligible sanitation studies were identified and added to the 11 studies
from Wolf et al. 2014 [19,21,22,24,48–53,55,58,77–79,87–90]. Four estimates were extracted from
Capuno et al. 2011, resulting in 22 total effect estimates from 19 studies. Using all 22 estimates, the
overall effect of sanitation was estimated as a 25% reduction in diarrhea risk (RR = 0.75, 95% CI 0.63,
0.88). The authors again estimated the effects of sewerage interventions and non-sewerage studies
separately. Two studies compared a sewerage intervention to a baseline of unimproved sanitation
(RR = 0.60, 95% CI 0.39, 0.92) and two studies compared sewerage interventions to a baseline of
improved sanitation (RR = 0.71, 95% CI 0.47, 1.07). Using 15 studies, the overall effect of non-sewerage
interventions was a 16% reduction in diarrheal disease (RR = 0.84, 95% CI 0.73, 0.98), which is the same
point estimate as found in Wolf et al. 2014.

The authors examined the impact of several study factors on the effect of sanitation interventions
by including covariates in meta-regression models. The effect of sanitation interventions was not
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different when baseline access was unimproved sanitation versus open defecation. Access to an
improved vs. unimproved water source, provision of a latrine vs. promotion only, survey data analyses,
and follow-up time were found to be not associated with the effect of sanitation interventions on
diarrheal disease. Combined interventions were found to be more successful than single interventions
(RR = 0.59, 95% CI 0.43, 0.81). The authors then examined the effects of community coverage on
intervention effectiveness. Twelve studies had available data on coverage after the intervention.
Interventions that led to sanitation coverage of <75% reduced diarrhea by an average of 24% (RR = 0.76,
95% CI = 0.51, 1.13), and those that led to coverage >75% reduced diarrhea by 45% (RR = 0.55, 95% CI
0.34, 0.91).

Wolf and colleagues have provided the most thorough understanding of the evidence on sanitation
and diarrheal disease to date. Unlike earlier reviews, the authors spend considerable attention to the
unique study characteristics that lead to successful sanitation interventions. The review highlights that
sewerage studies and studies that achieve high levels of sanitation coverage are much more successful
at preventing diarrheal disease. However, the authors do not acknowledge that only five studies
achieved coverage greater than 75%, and three of these were sewerage studies. The other two studies
included a water, sanitation, and hygiene intervention [49] and a national sanitation intervention
deemed poor quality in Waddington et al. 2009 [24]. Both found that the intervention resulted in
lower diarrhea, but evidence on the effect of non-sewerage sanitation interventions at high coverage is
limited. In addition, studies testing an intervention that included more than only sanitation reduced
diarrheal disease 41% more (95% CI 19%, 57%) than studies with sanitation alone. This suggests
that non-sanitation components of combined interventions could be driving the overall estimate of
the effectiveness of sanitation, but these effects were not separated by Wolf et al. For their primary
result, the authors chose to report the overall effect of sanitation interventions using all eligible studies:
a 25% reduction.

3.1.14. Updates to the Overall Effect of Sanitation over Time

For many of these historical reviews, estimating an overall effect of sanitation on diarrhea was the
primary aim. It is useful to have a simple number to use in advocating for sanitation interventions,
but the resulting effect estimates have obscured the fact that different sanitation interventions lead
to different results. Realistic expectations for the success of WASH interventions should be based on
more nuanced estimates for that type of intervention and, when possible, for specific contextual and
study factors that apply to the intervention in question.

Despite the limitations of using one overall estimate to describe the effect of sanitation interventions,
our understanding of these effects has clearly grown over time. The estimate from Esrey et al. in
1991 was “widely cited” and carried through to 2014 despite its limited conclusiveness as a median
effect from only five unidentified studies. Two additional reviews were conducted but found very
little new information [15,40]. One other review found six new studies, but graded half of these as
poor quality [18]. The three high-quality studies included a national survey and two non-randomized
sewerage studies. The overall effect estimate calculated in this review was very similar to the prevailing
consensus, with an average reduction in diarrhea of 37%. Three reviews on specific components of
sanitation found protective effects of sewerage, household latrines compared to shared sanitation,
and neighborhood sanitation [26,41,54].

In 2014, Wolf and colleagues conducted a thorough review after a sizable growth in the number
of available studies. Eleven intervention studies were reviewed and found an average reduction in
diarrheal disease of 28% (RR = 0.72, 95% CI 0.59, 0.88). For the first time, the authors noted that two
sewerage studies led to drastically larger reductions in diarrheal disease (69% and 63%) compared to
the 16% reduction seen in non-sewerage studies (RR = 0.84, 95% CI 0.77 0.91). With a broader set of
eligibility criteria, Freeman et al. updated the overall estimate of sanitation studies. They found a 12%
average reduction in diarrheal disease (OR = 0.88, 95% CI 0.83, 0.92). When limited to only intervention
studies, the authors found a more comparable reduction of 23% (OR = 0.77, 95% CI 0.66, 0.91).
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Currently, the best estimate for the overall effect of sanitation comes from the latest review:
Wolf et al. 2018. In this review, the authors found a similar reduction of diarrheal disease from
sanitation interventions of 25% (RR = 0.75, 95% CI 0.63, 0.88). However, the authors again noted
that the effect among non-sewerage studies was a more modest 16% (RR = 0.84, 95% CI 0.73, 0.98).
Sewerage provision is still largely considered infeasible or unaffordable to achieve universal access
to sanitation [26,111,112]. For more common interventions, mostly latrines, a 16% reduction can be
considered the best estimate for the effect of sanitation on diarrhea. However, as the second aim of our
review shows, the best average effect still covers a wide range of sanitation interventions and requires
a deeper examination to reveal the nuanced effects of sanitation on diarrhea.

3.2. Sub-Group Meta-Regression Analyses

3.2.1. Recreating the Overall Estimate from Wolf et al. 2018

Our analysis of the History of Literature Reviews demonstrates that sanitation interventions are too
varied to describe with a single average estimate. We estimated an average effect across heterogeneous
studies, but only to confirm that our meta-regression models were similar to those fit by Wolf et al.
We aimed to recreate their overall estimate of a 25% average reduction (RR = 0.75, 95% CI 0.63, 0.88).
While excluding the WASH-Benefits and SHINE trial results, we estimated an overall effect that is
slightly attenuated (RR = 0.77, 95% CI 0.64, 0.90). We refit this model with fixed effects and various
random effects estimators to test if the observed difference was due to model specifications, but the
result was consistent across estimators. The disagreement could be due to the use of different weighting
calculations, statistical programs, or subtle changes between the RRs reported in the text of Wolf et al.
(2018) and those used in final analyses. Despite the small discrepancy, we assumed that our model
results are similar to those that would be obtained directly by Wolf et al. using the same criteria. Due to
the high degree of heterogeneity within these studies, the effect we estimated is not meaningful and
only serves to test our methods against the original source.

3.2.2. Intervention Type

Average estimates and confidence intervals for the effect of sanitation were calculated for the four
intervention types described above: (i) latrine interventions, (ii) interventions that included more than
sanitation alone (e.g., social capital or water quality interventions; but excluding hygiene promotion),
(iii) sewerage interventions, and (iv) no intervention (causal analyses of national DHS surveys (Table 3).

Table 3. Results of Subgroup Meta-Regression Models.

Model Risk Ratio (95% CI) Number of Studies Included
(Number of Estimates)

All Studies 0.80 (0.67, 0.92) 22 (25)
Intervention Type

Latrine interventions 0.90 (0.67, 1.12) 8 (8)
Interventions on more than

sanitation alone 0.74 (0.46, 1.02) 5 (5)

Sewerage interventions 0.36 (0.00, 0.76) 3 (3)
No Intervention: National survey or

DHS analysis 0.85 (0.66, 1.04) 6 (9)

Other Sub-Groups
Community-led total

sanitation studies 0.91 (0.55, 1.28) 4 (4)

Household-initiated WASH access 1 0.84 (0.68, 1.00) 12 (15)
Study-initiated interventions 2 0.95 (0.67, 1.24) 4 (4)

1 Includes studies in which the household chose to obtain access without direct contact from a study team,
including some sanitation promotion interventions and cross-sectional surveys. 2 Includes studies in which
households were asked to participate knowing that a latrine would be constructed if they agreed.
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Including WASH-Benefits Kenya and Bangladesh, eight latrine interventions had no statistically
significant average effect on diarrhea risk (RR = 0.90, 95% CI 0.67, 1.12; [1,4,24,55,78,79,87,90]; Figure 1).
The pooled effect of the six non-WASH-Benefits latrine interventions was about the same (RR = 0.90,
95% CI 0.61, 1.18). There were five studies that intervened on more than sanitation alone, including the
SHINE trial. These studies reduced diarrhea by an average of 26% (RR = 0.73, 95% CI 0.46, 1.02). This
result was almost identical when excluding the results from the SHINE trial. Nine causal estimates
from national survey or DHS analyses resulted in an average diarrheal reduction of 15% (RR = 0.85,
95% CI 0.66, 1.04). Lastly, three interventions on sewerage access led to a 64% average reduction in
diarrhea (RR = 0.36, 95% 0.00, 0.76). But one study with a small confidence interval around a large effect
magnitude (RR = 0.31, 95% CI 0.28, 0.34) appears to drive this estimate [21]. The other two sewerage
interventions found no effect on diarrhea, but their interpretations are limited by sample size (23
children in the intervention group of Pradhan et al. 2002 [22]) and study design (Klasen et al. estimated
the effect of sewerage by comparing a water plus sewerage intervention to a water intervention, in two
geographic regions that had opposite results [77]).
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Figure 1. Forest plot of sanitation studies included in meta-analysis by intervention type. Effect
estimate and 95% confidence intervals are plotted for each study (purple) and for the pooled estimate
of four intervention types (green). The four intervention types are latrine interventions (Latrine
Interventions), no intervention: causal analyses of national survey data (Survey Analyses), interventions
that improved more than sanitation alone (Sanitation + Interventions), and interventions on sewerage
access (Sewerage Interventions).

The studies that found the largest effect of sanitation on diarrhea were on sewerage (64% reduction),
followed by those on interventions including more than sanitation alone (26%), and national survey or
DHS data (15%) (Figure 1). Latrine interventions, whether considering the most recent trial results
or not, did not have a significant effect on diarrhea on average. The studies included in each of
these groups are similar on intervention type, but they still are characterized by a high degree of
heterogeneity. Our pooled estimates help demonstrate broad differences between interventions and
the severe limitations of estimating a single effect of sanitation, but these estimates still average effects
across widely different contexts and require a more nuanced understanding of the studies described.
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3.2.3. Community-Led Total Sanitation

Four studies employed a CLTS model, each employing an RCT design [78,79,87,90]. These studies
did not impact the risk of diarrhea in children on average (RR = 0.91, 95% CI 0.55, 1.28; Table 3).

3.2.4. Initiation of Sanitation Access

Studies on sanitation access that was household-initiated had a stronger effect on diarrhea
compared to study-initiated interventions (Table 3). Fifteen estimates from 12 studies on household–
initiated sanitation led to a 16% average reduction in diarrhea (RR = 0.84, 95% CI 0.68, 1.00), while four
study-initiated interventions did not have an effect on diarrhea on average (RR = 0.95, 95% CI 0.67,
1.24 [1,2,4,55]).

3.2.5. Community Coverage

Thirteen studies in this analysis had available sanitation coverage data. The WASH-Benefits and
SHINE trials intervened in a subset of houses within a community and did not measure total coverage.
Studies with higher community coverage had a larger effect on diarrhea using cutoffs of 60%, 75%, and
90% (Table 4; Figure 2). Studies that did not reach 60% coverage found no average effect (5 studies;
RR = 0.85, 95% CI 0.54, 1.17). Studies that reached coverage over 60% reduced diarrhea by an average
of 35% (8 studies; RR = 0.65, 95% CI 0.42, 0.88). Studies with a final community coverage under 75%
had no significant effect overall (8 studies; RR = 0.88, 95% CI 0.61, 1.15), while studies with coverage
over 75% reduced diarrhea by 44% on average (5 studies; RR = 0.56, 95% CI 0.30, 0.82). Lastly, studies
that did not achieve 90% coverage again did not significantly impact diarrhea on average (9 studies;
RR = 0.88, 95% CI 0.62, 1.14), but the strongest effect was found among studies that achieved coverage
over 90%, with a 45% reduction in diarrhea risk (4 studies; RR = 0.55, 95% CI 0.28, 0.82). Only one
study reached coverage above 75% but below 90% (85% coverage [77]), resulting in nearly identical
results using the two cutoffs.

Table 4. Effect Modification by Sanitation Coverage.

Model Risk Ratio (95% CI) Number of Studies Included

All Studies
Under 60% Coverage 0.85 (0.54, 1.17) 5
Over 60% Coverage 0.65 (0.42, 0.88) 8

Under 75% Coverage 0.88 (0.61, 1.15) 8
Over 75% Coverage 0.56 (0.30, 0.82) 5

Under 90% Coverage 0.88 (0.62, 1.14) 9
Over 90% Coverage 0.55 (0.28, 0.82) 4
Excluding Sewerage
Intervention Studies

Under 60% Coverage 0.85 (0.54, 1.17) 5
Over 60% Coverage 0.80 (0.51, 1.08) 5

Under 75% Coverage 1 0.88 (0.61, 1.15) 8
Over 90% Coverage 1 0.72 (0.37, 1.07) 2

1 The two non-sewerage studies that reached 75% coverage also reached over 90% coverage, so the 75% threshold
could not be assessed separately for these studies.
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Figure 2. Forest plot of sanitation studies by community coverage with the intervention for (top) all
studies and (bottom) non-sewerage studies. Effect estimate and 95% confidence intervals are plotted
for three coverage thresholds: 60% (green), 75% (blue), and 90% (purple). No non-sewerage studies
reached coverage between 75% and 90%.

After excluding three sewerage interventions, only two remaining studies resulted in coverage
over 75% [24,49]. Both studies also reached coverage over 90%, so models for the two cutoff values are
the same. Eight studies that did not achieve 75% coverage again had no effect on diarrhea, while the
two studies that achieved coverage at or above 90% resulted in a non-significant 28% average reduction
in diarrhea (RR = 0.72, 95% CI 0.37, 1.07). The effect of coverage among non-sewerage interventions
nearly disappeared at the 60% threshold. Five studies that did not reach 60% coverage led to a
non-significant 15% average reduction (RR = 0.85, 95% CI 0.54, 1.17). The remaining five studies that
did reach coverage over 60% resulted in a non-significant effect that was almost of the same magnitude
(RR = 0.80, 95% CI 0.51, 1.08).

4. Discussion

Recently conducted sanitation intervention trials had no impact on child growth and most
had no effect on diarrhea. The lack of an effect on diarrhea was particularly surprising against a
backdrop of historical evidence that seemingly suggested sanitation is highly effective in its prevention.
The WASH-Benefits trials aimed to assess whether combined interventions were “more effective than
single interventions”, highlighting the prevailing expectation that water, sanitation, and hygiene alone
would have an effect on diarrhea [113]. In the first part of this review, we showed that the null effects
of sanitation on diarrhea found in Kenya, Zimbabwe, and Mozambique should not be as surprising
as they first seemed (Figure 1). Instead, the strong effect of sanitation found in WASH-Benefits
Bangladesh is the more surprising result. We found that prior estimates that sanitation reduces diarrhea
by 23%–37% were based on averages that inappropriately included poorly conducted studies and
combined widely different types of interventions, including latrines, sewerage, and those that included
more than sanitation alone. These overall estimates have obfuscated the true effects of different
sanitation interventions by masking the high degree of heterogeneity among studies. Some of the
review authors attempted to describe these nuances, but the study features considered were limited
and the authors still chose to report an overall effect of all study types as the primary result.
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In the second part of this review, we more thoroughly disentangled this nuance in the current
body of evidence and showed the limitations of summarizing the literature with a pooled estimate.
We found that sewerage interventions drove the protective effect of sanitation estimated in the most
recent systematic review, as did interventions that included more than sanitation improvements
alone. Latrine interventions did not affect diarrhea on average. But a high degree of heterogeneity
remains within each of these groups. Although most latrine interventions did not show an impact,
three latrine-based interventions did reduce diarrhea. Even between the two recently conducted
trials, discordant results were found. Sanitation had no effect on diarrhea in WASH-Benefits Kenya,
while there was a 39% relative reduction found in WASH-Benefits Bangladesh.

Along with these large differences by intervention type, we found that two additional study features
are important in predicting the effectiveness of a sanitation intervention: intervention coverage and
household motivation to achieve sanitation access. Previous estimates have shown that high coverage
with a sanitation intervention leads to larger reductions in diarrhea, but we found that this difference
is substantially diminished after excluding sewerage interventions (Figure 2). For latrine interventions,
reaching very high coverage (over 90%) may improve effectiveness, but this is only supported by one
combined WASH intervention and one latrine estimate that is likely confounded [24,49]. Nonetheless,
some prior observational studies do support a herd protection effect. There is stronger evidence within
this review to support the increased effectiveness of sanitation when the household, rather than a
study team, initiates access. Below, we discuss in detail the influence of: (1) sewerage decoupled from
other types of sanitation interventions (2) latrine interventions, highlighting further heterogeneity
and the limitations of average effect estimates, (3) intervention coverage and the potential for herd
protection, and (4) the source of sanitation initiation, which might partially explain why many sanitation
interventions fail to prevent diarrhea.

4.1. Sewerage Interventions

We found that the overall effect of sanitation was strongly influenced by sewerage interventions,
which led to a 64% average reduction in diarrhea. However, these results are mostly based on one
study in Brazil [21]. The other two sewerage studies do not provide clear information on how the
intervention affected diarrhea. In Nicaragua, a complex social investment project did not find an
effect [22]. However, not all households in the intervention area were connected to the sewer system,
and only 23 children under six were measured in the intervention group. Two of those children
were reported to have diarrhea. Another intervention expanded sewerage and piped water access
in mountain and coastal regions of Yemen [77]. The control group for the sanitation intervention
comprised households that received only the piped water intervention, limiting the reliability of
the sewerage estimate. The effect of sanitation on diarrhea was negative in the coastal region and
positive in the mountain region, but only the coastal effect was included in the latest systematic review.
Thus, the effect of sewerage found in our meta-analysis was largely based on one study in Brazil,
which greatly limits the generalizability of its conclusion. Additional support for an effect of sewerage
on diarrhea was found in a sewerage-specific literature review, which found a 30% overall reduction in
diarrhea associated with sewer access [26]. Sustainability and affordability are important limitations
in expanding sewerage to achieve universal sanitation access. But its strong association with health,
although from limited evidence, supports considering the example of sewerage when designing and
implementing new sanitation interventions.

If connections are accessible, sewerage can reach universal coverage in the population and achieve
the potential health benefits of herd protection. Functional sewerage infrastructure completely separates
users from fecal waste without risk of exposure during pit emptying or from flies around pit latrines.
These benefits underscore the utility of sewerage in reaching the Joint Monitoring Programme’s (JMP)
definition of safely managed sanitation: the use of improved sanitation facilities that are not shared
with other households and where excreta are safely disposed of in situ or transported and treated
off-site [114]. However, sewerage may not be the best sanitation option in all settings, such as very
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rural communities or water-stressed regions. For these communities, new strategies are needed to
safely manage sanitation without the same resource requirements.

4.2. Latrine Interventions

Eight latrine interventions (without additional intervention components) had no average effect
on diarrhea. Three latrine interventions, including WASH-Benefits Bangladesh, did demonstrate
an effect on diarrhea. One was a large-scale national sanitation campaign conducted in Honduras
in the 1990s that measured diarrhea occurrence in all age groups using a one-month recall [24].
The intervention involved provision of World Bank funds to local municipalities, which were asked
to choose a social investment project to have implemented. The options included items such as a
new school, drinking water projects, or latrine construction, and were provided by local contractors.
It is not clear if municipalities could only choose one project or if they could choose multiple projects
within their budget. Waddington et al. rated this study as poor quality due to its use of a one-month
recall period for diarrhea and because the “comparability of treatment and control groups [was] not
sufficiently clear”. Control households in this analysis were “pipeline controls” that had not received
the intervention, but would soon receive the intervention. The manuscript text does not explain if
controls for the latrine analysis were those who had elected to receive the latrine project, or those
that had not yet selected their project. The authors showed that the control group was more rural,
less educated, had poorer access to baseline sanitation, and had less income compared to intervention
communities. Walker et al. conducted multivariate regression to account for some of these differences,
but that estimate was not used in the latest systematic review. Compared to households with a
“washable toilet”, households with no access to sanitation facilities had higher odds of diarrhea (Odds
Ratio (OR) = 2.68, p = 0.05). The definition of a washable toilet was not provided, but we believe it
indicates a porcelain toilet as opposed to an in-ground latrine. Access to a project latrine was not
associated with additional decreases in diarrhea compared to the “washable toilet”. It is unclear
why this group was chosen as the reference group, but its selection precludes understanding how
project latrines affected diarrhea compared to no sanitation when adjusting for confounders. Wolf et al.
were restrained to report the unadjusted OR with a hand-calculated confidence interval. Due to the
differences between intervention and control communities described above, this unadjusted effect
estimate has a high risk of bias due to confounding and must be considered with caution.

The other successful latrine intervention was another large-scale national WASH campaign that
employed a CLTS-like intervention in rural Mozambique (the One Million Initiative) [90]. The study
outcome was self-reported water-related disease for any member of the household, and it was reported
with six-month and two-week recall periods. It is not clear how the two recall periods were used in the
analysis or which resulted in the estimate reported in the latest review. The control group comprised
communities that were located in districts where the intervention was implemented, but control
villages themselves were not included in the intervention. Wolf et al. were able to obtain additional
information from the authors, but the quantitative effect of the intervention on diarrhea is not shown
in the manuscript text and is not readily available in the literature. Thus, we are unable to determine if
there are potential limitations to the validity or generalizability of the estimated effect, as we did for the
intervention in Honduras. One potential design limitation is the use of pipeline controls, which does
not guarantee equal covariates on average, as does randomization. The likely confounding described
above in Honduras emphasizes the potential for bias introduced by this method [24].

Both of these trials tested the effectiveness of a national sanitation campaign, whereas the
WASH-Benefits trials tested a latrine intervention at the household level. The two arms of this trial
found different results, possibly demonstrating that sanitation can prevent diarrhea under the right
circumstances. In Bangladesh, a 39% relative reduction in diarrhea might have been achieved in
part due to the local population’s receptiveness to behavior change, which possibly lead to higher
compliance than in Kenya. That the other effective latrine intervention with trustworthy results was a
large national campaign supports the need for intensive efforts to successfully achieve community
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buy-in and behavior change. Another potential explanation for the discordant results of WASH-Benefits
is the lower diarrheal prevalence found in Bangladesh during the study period, which was around 5%
in the control group compared to 27% in Kenya [1,4]. Household-level sanitation interventions likely
do not effectively prevent transmission from the outside environment. If a setting with lower diarrheal
prevalence is also characterized by lower environmental transmission, household-level sanitation may
have better success in further reducing diarrhea. A final explanation for these mixed results is that
unmeasurable contextual differences between settings, interventions, implementations, and studies
critically influence effectiveness. The importance of context further underscores the difficulties in
describing the multifaceted research body on sanitation with a single average effect.

The majority of studies ever conducted on sanitation interventions found that latrine interventions
do not prevent diarrhea. In light of our review of historical average estimates, this result is not as
surprising as it first appears. Instead, the more unique result is that WASH-Benefits Bangladesh, using a
latrine intervention, without attempting to achieve high coverage, and employing a study-initiated
access model, led to a successful reduction in the prevalence of diarrhea.

4.3. Intervention Coverage

Wolf et al. (2018) previously showed that interventions that reach 75% coverage or more in
the intended population have a stronger effect on diarrhea than studies reaching lower coverage.
We found that excluding sewerage interventions, which inherently reach very high coverage and also
have the strongest effects on diarrhea, diminishes this effect. After excluding sewerage interventions,
we found no difference between studies above or below 60% coverage. Non-sewerage interventions
that achieved very high coverage (above 90%) did have a marginally significant effect on diarrhea
(we were unable to use a separate 75% threshold for non-sewerage studies because no study reached
coverage between 75% and 90%). But only two studies reached 90% coverage, including a complete
water, sanitation, and hygiene intervention conducted in Bangladesh [49] and the likely confounded
analysis of a social investment campaign in Honduras [24]. These two studies do not provide strong
evidence for the effect of reaching high coverage with a latrine intervention on diarrhea. Observational
research has found that community sanitation coverage is related to child height and stunting in Mali
and Ecuador [9,10]. One observational study from national survey data in India found that community
coverage was related to diarrhea [115], but another observational study found no effect of community
coverage on diarrhea in Mali [9]. Additional theoretical model analysis has suggested that all benefits
from sanitation interventions come from the indirect effects due to community coverage [116]. There is
not enough evidence to know if these latrine interventions could have had a stronger effect at higher
coverage, but it is possible that not approaching herd protection was a factor in the observed results of
the WASH-Benefits Kenya and SHINE trials.

4.4. Study-Initiated vs. Household-Initiated Access

WASH-Benefits Kenya, WASH-Benefits Bangladesh, SHINE, and another trial in India [55]
employed a sanitation intervention that was study-initiated, meaning that households were asked to
participate in the study with the knowledge that a latrine would be constructed if they agreed. Of these,
only WASH-Benefits Bangladesh led to a decrease in diarrhea. In contrast, 12 studies on sanitation
access that was household-initiated, meaning members of the household made the decision to obtain
sanitation without direct study contact, led to a statistically significant 16% overall reduction in diarrhea.
These studies include community interventions in which a sanitation-promoting environment was
created, as well as analyses of DHS or national survey data in which households had existing access to
sanitation. These results suggest that there is an important difference between households that are
self-motivated to obtain sanitation access and households that obtain sanitation access only because it
was offered directly.

Survey analyses measure the effect of existing sanitation access on diarrhea, which could be
confounded by other household characteristics, such as wealth or education. However, the studies
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included here all employed some causal-based analysis, such as propensity score matching. These
methods reduced the likelihood of bias from analyzing observational data, but it is possible that
residual confounding remained. Fundamental differences between self-motivated sanitation access and
access provided in randomized trials also could explain why observational studies on sanitation often
show an association with diarrhea, while we have found that most RCTs of sanitation interventions
do not impact diarrhea. Some of these differences could be due to residual confounding, as pointed
out in an observational re-analysis of the WASH-Benefits control groups that found latrine access was
associated with improved child growth but credited the association to confounding [117]. Another
potential explanation is effect modification due to different levels of motivation to obtain sanitation
access. This effect modification could explain why our analysis found a stronger effect for survey
analyses and household-initiated access compared to RCTs and study-initiated access, and could be
related to the difficulties of achieving behavior change in intervention trials. This modification also
could explain the association between baseline latrine access and child growth in the WASH-Benefits
re-analysis. Rather than discounting the results of many observational studies, further work should be
done to understand the different motivational drivers identified by these studies.

5. Conclusions

The results of this review support the message that new forms of transformative WASH must be
developed in order to improve health [6]. We found that sanitation interventions have rarely been
shown to prevent diarrhea, but this fact was obscured by numerous average estimates that were not
limited to studies on sanitation alone and that failed to adequately consider which forms of sanitation
were driving results. Given the complexity of any environmental intervention, context matters in its
success or failure, and average effects across studies mask those crucial contextual differences. We
showed the implications of this for diarrhea. These results likely apply to other health outcomes,
including child growth and sub-clinical infection, but an understanding of outcome-specific nuances
warrants more attention. We also did not assess the importance of sanitation access for social outcomes
potentially related to sanitation, such as dignity, safety, and educational attainment. These factors
alone may justify the implementation of basic sanitation improvements in some settings.

This review uncovers important limitations in the existing literature on sanitation and diarrhea,
along with opportunities to improve interventions. Transformative sanitation, and WASH more
broadly, is not yet defined; but the important study features identified here, including complete
separation of waste from the home, high community coverage, and sufficient household motivation,
are likely prerequisite characteristics of future transformative sanitation interventions. More work is
needed to understand how each of the factors we described is specifically related to transmission and
disease. Future research on transformative sanitation must depend on rigorously conducted trials,
as well as thorough and carefully controlled observational studies on prevalent sanitation behaviors.
Some of this work will require rigorous inquiry from social science disciplines to better understand
the interplay between social and environmental contexts. With strengthened foundational research,
new forms of transformative sanitation interventions can be developed to prevent diarrhea and achieve
better health worldwide.



Int. J. Environ. Res. Public Health 2020, 17, 230 29 of 35

Author Contributions: Conceptualization, J.D.C. and J.N.S.E.; Methodology, J.D.C. and J.N.S.E.; Formal Analysis,
J.D.C.; Writing – Original Draft, J.D.C.; Writing – Review and Editing, J.N.S.E.; Supervision, J.N.S.E. All authors
have read and agreed to the published version of the manuscript.

Funding: J.D.C.’s research activities were funded by the Bill & Melinda Gates Millennium Scholars Program.
Support for J.N.S.E. was provided by grant U01GM110712 from the Models of Infectious Disease Agent Study
(MIDAS) program within the National Institute of General Medical Sciences (NIGMS) of the National Institutes
of Health.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Null, C.; Stewart, C.P.; Pickering, A.J.; Dentz, H.N.; Arnold, B.F.; Arnold, C.D.; Benjamin-Chung, J.;
Clasen, T.; Dewey, K.G.; Fernald, L.C.H.; et al. Effects of water quality, sanitation, handwashing, and
nutritional interventions on diarrhoea and child growth in rural Kenya: A cluster-randomised controlled
trial. Lancet Glob. Health 2018, 6, e316–e329. [CrossRef]

2. Humphrey, J.H.; Mbuya, M.N.N.; Ntozini, R.; Moulton, L.H.; Stoltzfus, R.J.; Tavengwa, N.V.; Mutasa, K.;
Majo, F.; Mutasa, B.; Mangwadu, G.; et al. Independent and combined effects of improved water, sanitation,
and hygiene, and improved complementary feeding, on child stunting and anaemia in rural Zimbabwe:
A cluster-randomised trial. Lancet Glob. Health 2019, 7, e132–e147. [CrossRef]

3. Brown, J.; Cumming, O.; Bartram, J.; Cairncross, S.; Ensink, J.; Holcomb, D.; Knee, J.; Kolsky, P.; Liang, K.;
Liang, S.; et al. The Maputo Sanitation (MapSan) Trial: Measuring Health, Environmental, and Social
Impacts of an Urban Sanitation Intervention in Mozambique. In Proceedings of the UNC Water and Health
Conference, Chapel Hill, NC, USA, 9 October 2019.

4. Luby, S.P.; Rahman, M.; Arnold, B.F.; Unicomb, L.; Ashraf, S.; Winch, P.J.; Stewart, C.P.; Begum, F.; Hussain, F.;
Benjamin-Chung, J.; et al. Effects of water quality, sanitation, handwashing, and nutritional interventions on
diarrhoea and child growth in rural Bangladesh: A cluster-randomised controlled trial. Lancet Glob. Health
2018, 6, E302–E315. [CrossRef]

5. Levy, K.; Eisenberg, J.N.S. Moving towards transformational WASH. Lancet Glob. Health 2019, 7, e1492.
[CrossRef]

6. Pickering, A.J.; Null, C.; Winch, P.J.; Mangwadu, G.; Arnold, B.F.; Prendergast, A.J.; Njenga, S.M.; Rahman, M.;
Ntozini, R.; Benjamin-Chung, J.; et al. The WASH Benefits and SHINE trials: Interpretation of WASH
intervention effects on linear growth and diarrhoea. Lancet Glob. Health 2019, 7, e1139–e1146. [CrossRef]

7. Cumming, O.; Arnold, B.F.; Ban, R.; Clasen, T.; Esteves Mills, J.; Freeman, M.C.; Gordon, B.; Guiteras, R.;
Howard, G.; Hunter, P.R.; et al. The implications of three major new trials for the effect of water, sanitation
and hygiene on childhood diarrhea and stunting: A consensus statement. BMC Med. 2019, 17, 1–9. [CrossRef]
[PubMed]

8. Wolf, J.; Hunter, P.R.; Freeman, M.C.; Cumming, O.; Clasen, T.; Bartram, J.; Higgins, J.P.T.; Johnston, R.;
Medlicott, K.; Boisson, S.; et al. Impact of drinking water, sanitation and handwashing with soap on
childhood diarrhoeal disease: Updated meta-analysis and meta-regression. Trop. Med. Int. Health 2018, 23,
508–525. [CrossRef] [PubMed]

9. Harris, M.; Alzua, M.L.; Osbert, N.; Pickering, A. Community-Level Sanitation Coverage More Strongly
Associated with Child Growth and Household Drinking Water Quality than Access to a Private Toilet in
Rural Mali. Environ. Sci. Technol. 2017, 51, 7219–7227. [CrossRef] [PubMed]

10. Fuller, J.A.; Villamor, E.; Cevallos, W.; Trostle, J.; Eisenberg, J.N.S. I get height with a little help from my
friends: Herd protection from sanitation on child growth in rural Ecuador. Int. J. Epidemiol. 2016, 45, 460–469.
[CrossRef] [PubMed]

11. Esrey, S.A.; Potash, J.B.; Roberts, L.; Shiff, C. Effects of improved water supply and sanitation on ascarisasis,
diarrhoea, dracunculiasis, hookworm infection, schistosomiasis, and trachoma. WHO Bull. OMS 1991, 69,
609–621.

12. Viechtbauer, W. Conducting Meta-Analyses in R with the metafor Package. J. Stat. Softw. 2010, 36, 1–48.
[CrossRef]

13. Blum, D.; Feachem, R.G. Measuring the impact of water supply and sanitation investments on diarrhoeal
diseases: Problems of methodology. Int. J. Epidemiol. 1983, 12, 357–365. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S2214-109X(18)30005-6
http://dx.doi.org/10.1016/S2214-109X(18)30374-7
http://dx.doi.org/10.1016/S2214-109X(17)30490-4
http://dx.doi.org/10.1016/S2214-109X(19)30396-1
http://dx.doi.org/10.1016/S2214-109X(19)30268-2
http://dx.doi.org/10.1186/s12916-019-1410-x
http://www.ncbi.nlm.nih.gov/pubmed/31462230
http://dx.doi.org/10.1111/tmi.13051
http://www.ncbi.nlm.nih.gov/pubmed/29537671
http://dx.doi.org/10.1021/acs.est.7b00178
http://www.ncbi.nlm.nih.gov/pubmed/28514143
http://dx.doi.org/10.1093/ije/dyv368
http://www.ncbi.nlm.nih.gov/pubmed/26936912
http://dx.doi.org/10.18637/jss.v036.i03
http://dx.doi.org/10.1093/ije/12.3.357
http://www.ncbi.nlm.nih.gov/pubmed/6629626


Int. J. Environ. Res. Public Health 2020, 17, 230 30 of 35

14. Esrey, S.A.; Habicht, J.P. Epidemiologic evidence for health benefits from improved water and sanitation in
developing countries. Epidemiol. Rev. Oxf. J. 1986, 8, 117–128. [CrossRef] [PubMed]

15. Fewtrell, L.; Kaufmann, R.B.; Kay, D.; Enanoria, W.; Haller, L.; Colford, J.M., Jr. Water, sanitation, and hygiene
interventions to reduce diarrhoea in less developed countries: A systematic review and meta-analysis.
Lancet Infect. Dis. 2005, 5, 42–52. [CrossRef]

16. Azurin, J.C.; Alvero, M. Field evaluation of environmental sanitation measures against cholera. Bull. World
Health Organ. 1974, 51, 19–26.

17. Daniels, D.L.; Cousens, S.N.; Makoae, L.N.; Feachem, R.G. A case-control study of the impact of improved
sanitation on diarrhoea morbidity in Lesotho. Bull. World Health Organ. 1990, 68, 455–463.

18. Waddington, H.; Snilstveit, B.; White, H.; Fewtrell, L. Water, Sanitation and Hygiene Interventions to Combat
Childhood Diarrhoea in Developing Countries. 3ie Synth. Rev. 2009, 1–119.

19. Bose, R. The impact of Water Supply and Sanitation interventions on child health: Evidence from DHS
surveys. Int. Initiat. Impact Eval. 2009, 1–19.

20. Kolahi, A.A.; Rastegarpour, A.; Sohrabi, M.R. The impact of an urban sewerage system on childhood
diarrhoea in Tehran, Iran: A concurrent control field trial. Trans. R. Soc. Trop. Med. Hyg. 2009, 103, 500–505.
[CrossRef]

21. Moraes, L.R.S.; Cancio, J.A.; Cairncross, S. Impact of drainage and sewerage on intestinal nematode infections
in poor urban areas in Salvador, Brazil. Trans. R. Soc. Trop. Med. Hyg. 2003, 98, 197–204. [CrossRef]

22. Pradhan, M.; Rawlings, L.B. The Impact and Targeting of Social Infrastructure Investments: Lessons from
the Nicaraguan Social Fund. World Bank Econ. Rev. 2002, 16, 275–295. [CrossRef]

23. Root, G.P. Sanitation, community environments, and childhood diarrhoea in rural Zimbabwe. J. Health Popul.
Nutr. 2001, 19, 73–82. [PubMed]

24. Walker, I.; del Cid, R.; Ordoñez, F.; Rodríguez, F. Informe Final: Evaluación Ex-Post del Fondo Hondureño de
Inversión Social (FHIS 2) [Final Report: Post-Ex Evaluation of the Honduran Social Investment Fund (FHIS 2)]; ESA
Consultores: Frankfurt, Germany, 1999.

25. Clasen, T.F.; Bostoen, K.; Schmidt, W.-P.; Boisson, S.; Fung, I.C.-H.; Jenkins, M.W.; Scott, B.; Sugden, S.;
Cairncross, S. Interventions to improve disposal of human excreta for preventing diarrhoea. Cochrane
Database Syst. Rev. 2010, CD007180. [CrossRef] [PubMed]

26. Norman, G.; Pedley, S.; Takkouche, B. Effects of sewerage on diarrhoea and enteric infections: A systematic
review and meta-analysis. Lancet Infect. Dis. 2010, 10, 536–544. [CrossRef]

27. Sobel, J.; Gomes, T.A.T.; Ramos, R.T.S.; Hoekstra, M.; Rodrigue, D.; Rassi, V.; Griffin, P.M. Pathogen-Specific
Risk Factors and Protective Factors for Acute Diarrheal Illness in Children Aged 12–59 Months in Sao Paulo,
Brazil. Clin. Infect. Dis. 2004, 38, 1545–1551. [CrossRef] [PubMed]

28. Cifuentes, E.; Mazari-Hiriart, M.; Carneiro, F.; Bianchi, F.; Gonzalez, D. The risk of enteric diseases in young
children and environmental indicators in sentinel areas of Mexico City. Int. J. Environ. Health Res. 2002, 12,
53–62. [CrossRef]

29. Gross, R.; Schell, B.; Molina, M.C.; Leão, M.A.; Strack, U. The impact of improvement of water supply
and sanitation facilities on diarrhea and intestinal parasites: A Brazilian experience with children in two
low-income urban communities. Rev. Saude Publica 1989, 23, 214–220. [CrossRef]

30. Teixeira, J.; Heller, L. Fatores ambientais associados à diarréia infantil em áreas de assentamento subnormal em
Juiz de Fora, Minas Gerais. [Childhood diarrhea-related to environmental factors in subnormal settlements
in Juiz de Fora, Minas Gerais]. Rev. Bras. Saúde Matern. Infant. 2005, 5, 449–566. [CrossRef]

31. Vásquez, M. Incidence and risk factors for diarrhoea and acute respiratory infections in urban communities
of Pernambuco, Brazil. Cad. Saude Publica 1999, 15, 163.

32. Arteiro, M. Estudo Epidemiológico em Localidade Periurbana no Município de Guarulhos, SP: Acesso ao
Saneamento e Condições de Saúde de Crianças. Master’s Thesis, University of Sao Paulo, São Paulo, Brazil, 2007.

33. Menon, S.; Santosham, M.; Reid, R.; Almeido-Hill, J.; Sack, R.; Comstock, G. Rotavirus diarrhoea in Apache
children: A case-control study. Int. J. Epidemiol. 1990, 19, 715–721. [CrossRef]

34. Barreto, M.L.; Genser, B.; Strina, A.; Teixeira, M.G.; Assis, A.M.O.; Rego, R.F.; Teles, C.A.; Prado, M.S.;
Matos, S.M.; Santos, D.N.; et al. Effect of city-wide sanitation programme on reduction in rate of childhood
diarrhoea in northeast Brazil: Assessment by two cohort studies. Lancet 2007, 370, 1622–1628. [CrossRef]

http://dx.doi.org/10.1093/oxfordjournals.epirev.a036290
http://www.ncbi.nlm.nih.gov/pubmed/3533581
http://dx.doi.org/10.1016/S1473-3099(04)01253-8
http://dx.doi.org/10.1016/j.trstmh.2008.10.016
http://dx.doi.org/10.1016/S0035-9203(03)00043-9
http://dx.doi.org/10.1093/wber/16.2.275
http://www.ncbi.nlm.nih.gov/pubmed/11503350
http://dx.doi.org/10.1002/14651858.CD007180.pub2
http://www.ncbi.nlm.nih.gov/pubmed/20556776
http://dx.doi.org/10.1016/S1473-3099(10)70123-7
http://dx.doi.org/10.1086/420822
http://www.ncbi.nlm.nih.gov/pubmed/15156440
http://dx.doi.org/10.1080/09603120120110059
http://dx.doi.org/10.1590/S0034-89101989000300006
http://dx.doi.org/10.1590/S1519-38292005000400008
http://dx.doi.org/10.1093/ije/19.3.715
http://dx.doi.org/10.1016/S0140-6736(07)61638-9


Int. J. Environ. Res. Public Health 2020, 17, 230 31 of 35

35. Checkley, W.; Gilman, R.H.; Black, R.E.; Epstein, L.D.; Cabrera, L.; Sterling, C.R.; Moulton, L.H. Effect of water
and sanitation on childhood health in a poor Peruvian peri-urban community. Lancet 2004, 363, 112–118.
[CrossRef]

36. Macías-Carrillo, C.; Franco-Marina, F.; Long-Dunlap, K.; Hernández-Gaytán, S.I.; Martínez-López, Y.;
López-Cervantes, M. Lactancia materna y diarrea aguda en primeros tres meses de vida. Salud Publica Mex.
2005, 47, 49–57. [CrossRef] [PubMed]

37. De Melo, M.C.N.; Taddei, J.A.A.C.; Diniz-Santos, D.R.; Vieira, C.; Carneiro, N.B.; Melo, R.F.; Silva, L.R.
Incidence of diarrhea in children living in urban slums in Salvador, Brazil. Braz. J. Infect. Dis. 2008, 12, 89–93.
[CrossRef]

38. Ferrer, S.R.; Strina, A.; Jesus, S.R.; Ribeiro, H.C.; Cairncross, S.; Rodrigues, L.C.; Barreto, M.L. A hierarchical
model for studying risk factors for childhood diarrhoea: A case-control study in a middle-income country.
Int. J. Epidemiol. 2008, 37, 805–815. [CrossRef]

39. Heller, L.; Colosimo, E.A.; De Figueiredo Antunes, C.M. Environmental sanitation conditions and health
impact: A case-control study. Rev. Soc. Bras. Med. Trop. 2003, 36, 41–50. [CrossRef]

40. Cairncross, S.; Hunt, C.; Boisson, S.; Bostoen, K.; Curtis, V.; Fung, I.C.H.; Schmidt, W.P. Water, sanitation and
hygiene for the prevention of diarrhoea. Int. J. Epidemiol. 2010, 39, i193–i205. [CrossRef]

41. Heijnen, M.; Cumming, O.; Peletz, R.; Chan, G.K.S.; Brown, J.; Baker, K.; Clasen, T. Shared sanitation versus
individual household latrines: A systematic review of health outcomes. PLoS ONE 2014, 9, e93300. [CrossRef]

42. Brooks, J.T.; Shapiro, R.L.; Kumar, L.; Wells, J.G.; Phillips-Howard, P.A.; Shi, Y.P.; Vulule, J.M.; Hoekstra, R.M.;
Mintz, E.; Slutsker, L. Epidemiology of sporadic bloody diarrhea in rural Western Kenya. Am. J. Trop. Med.
Hyg. 2003, 68, 671–677. [CrossRef]

43. Shultz, A.; Omollo, J.O.; Burke, H.; Qassim, M.; Ochieng, J.B.; Weinberg, M.; Feikin, D.R.; Breiman, R.F.
Cholera outbreak in kenyan refugee camp: Risk factors for illness and importance of sanitation. Am. J. Trop.
Med. Hyg. 2009, 80, 640–645. [CrossRef]

44. Tuttle, J.; Ries, A.A.; Chimba, R.M.; Perera, C.U.; Bean, N.H.; Griffin, P.M. Antimicrobial-resistant epidemic
shigella dysenteriae type 1 in zambia: Modes of transmission. J. Infect. Dis. 1995, 171, 371–375. [CrossRef]
[PubMed]

45. Baker, K.K.; O’Reilly, C.E.; Levine, M.M.; Kotloff, K.L.; Nataro, J.P.; Ayers, T.L.; Farag, T.H.; Nasrin, D.;
Blackwelder, W.C.; Wu, Y.; et al. Sanitation and Hygiene-Specific Risk Factors for Moderate-to-Severe
Diarrhea in Young Children in the Global Enteric Multicenter Study, 2007–2011: Case-Control Study.
PLoS Med. 2016, 13, 2007–2011. [CrossRef] [PubMed]

46. Mahamud, A.S.; Ahmed, J.A.; Nyoka, R.; Auko, E.; Kahi, V.; Ndirangu, J.; Nguhi, N.; Burton, J.W.;
Muhindo, B.Z.; Breiman, R.F.; et al. Epidemic cholera in kakuma refugee camp, Kenya: The importance of
sanitation and soap. Am. J. Trop. Med. Hyg. 2010, 83, 191.

47. Wolf, J.; Prüss-Ustün, A.; Cumming, O.; Bartram, J.; Bonjour, S.; Cairncross, S.; Clasen, T.; Colford, J.M.;
Curtis, V.; De France, J.; et al. Systematic review: Assessing the impact of drinking water and sanitation on
diarrhoeal disease in low- and middle-income settings: Systematic review and meta-regression. Trop. Med.
Int. Health 2014, 19, 928–942. [CrossRef] [PubMed]

48. Messou, E.; Sangare, S.; Josseran, R.; Le Corre, C.; Guelain, J. Effect of hygiene and water sanitation and
oral rehydration on diarrhoea and mortality of children less than five years old in the south of Ivory Coast.
Bull. Soc. Pathol. Exot. 1997, 90, 44–47. [PubMed]

49. Aziz, K.; Hoque, B.; Hasan, K.Z.; Patwary, M.Y.; Huttly, S.R.A.; Rahaman, M.M.; Feachem, R.G. Reduction in
diarrhoeal diseases in children in rural Bangladesh environmental and behavioural modifications. Trans. R.
Soc. Trop. Med. Hyg. 1990, 433–438. [CrossRef]

50. Begum, S.; Ahmed, M.; Sen, B. Do Water and Sanitation Interventions Reduce Childhood Diarrhoea? New
Evidence from Bangladesh. Bangladesh Dev. Stud. 2011, 34, 1–30.

51. Capuno, J.J.; Tan, C.A.R.; Fabella, V.M. Do piped water and flush toilets prevent child diarrhea in rural
Philippines? Asia-Pac. J. Public Health 2015, 27, NP2122–NP2132. [CrossRef]

52. Fan, V.Y.M.; Mahal, A. What prevents child diarrhoea? the impacts of water supply, toilets, and hand-washing
in rural India. J. Dev. Eff. 2011, 3, 340–370. [CrossRef]

53. Kumar, S.; Vollmer, S. Does access to improved sanitation reduce childhood diarrhea in rural India?
Health Econ. 2013, 22, 410–427. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(03)15261-0
http://dx.doi.org/10.1590/S0036-36342005000100008
http://www.ncbi.nlm.nih.gov/pubmed/15759913
http://dx.doi.org/10.1590/S1413-86702008000100019
http://dx.doi.org/10.1093/ije/dyn093
http://dx.doi.org/10.1590/S0037-86822003000100007
http://dx.doi.org/10.1093/ije/dyq035
http://dx.doi.org/10.1371/journal.pone.0093300
http://dx.doi.org/10.4269/ajtmh.2003.68.671
http://dx.doi.org/10.4269/ajtmh.2009.80.640
http://dx.doi.org/10.1093/infdis/171.2.371
http://www.ncbi.nlm.nih.gov/pubmed/7844374
http://dx.doi.org/10.1371/journal.pmed.1002010
http://www.ncbi.nlm.nih.gov/pubmed/27138888
http://dx.doi.org/10.1111/tmi.12331
http://www.ncbi.nlm.nih.gov/pubmed/24811732
http://www.ncbi.nlm.nih.gov/pubmed/9264751
http://dx.doi.org/10.1016/0035-9203(90)90353-G
http://dx.doi.org/10.1177/1010539511430996
http://dx.doi.org/10.1080/19439342.2011.596941
http://dx.doi.org/10.1002/hec.2809


Int. J. Environ. Res. Public Health 2020, 17, 230 32 of 35

54. Jung, Y.T.; Hum, R.J.; Lou, W.; Cheng, Y.L. Effects of neighbourhood and household sanitation conditions
on diarrhea morbidity: Systematic review and meta-analysis. PLoS ONE 2017, 12, e0173808. [CrossRef]
[PubMed]

55. Clasen, T.; Boisson, S.; Routray, P.; Torondel, B.; Bell, M.; Cumming, O.; Ensink, J.; Freeman, M.; Jenkins, M.;
Odagiri, M.; et al. Effectiveness of a rural sanitation programme on diarrhoea, soil-transmitted helminth
infection, and child malnutrition in Odisha, India: A cluster-randomised trial. Lancet Glob. Health 2014, 2,
e645–e653. [CrossRef]

56. Dessalegn, M.; Kumie, A.; Tefera, W. Predictors of under-five childhood diarrhea: Mecha District, West
Gojam, Ethiopia. Ethiop. J. Health Dev. 2001, 25, 192–200.

57. Dikassa, L.; Mock, N.; Magnani, R.; Rice, J.; Abdoh, A.; Mercer, D.; Bertrand, W. Maternal behavioural
risk factors for severe childhood diarrhoeal disease in Kinshasa, Zaire. Int. J. Epidemiol. 1993, 22, 327–333.
[CrossRef]

58. Garrett, V.; Ogutu, P.; Mabonga, P.; Ombeki, S.; Mwaki, A.; Aluoch, G.; Phelan, M.; Quick, R.E. Diarrhoea
prevention in a high-risk rural Kenyan population through point-of-use chlorination, safe water storage,
sanitation, and rainwater harvesting. Epidemiol. Infect. 2008, 136, 1463–1471. [CrossRef]

59. Godana, W.; Mengistie, B. Determinants of acute diarrhoea among children under five years of age in Derashe
District, Southern Ethiopia. Rural Remote Health 2013, 13, 2329.

60. Knight, S.M.; Toodayan, W.; Caique, W.C.; Kyi, W.; Barnes, A.; Desmarchelier, P. Risk factors for the
transmission of diarrhoea in children: A case-control study in rural Malaysia. Int. J. Epidemiol. 1992, 21,
812–818. [CrossRef]

61. Mbonye, A.K. Risk factors for diarrhoea and upper respiratory tract infections among children in a rural area
of Uganda. J. Health Popul. Nutr. 2004, 22, 52–58.

62. Mertens, T.E.; Jaffar, S.; Fernando, M.A.; Cousens, S.N.; Feachemt, R.G. Excreta disposal behaviour and
latrine ownership in relation to the risk of childhood diarrhoea in Sri Lanka. Int. J. Epidemiol. 1992, 21,
1157–1164. [CrossRef]

63. Sinmegn Mihrete, T.; Asres Alemie, G.; Shimeka Teferra, A. Determinants of childhood diarrhea among
underfive children in Benishangul Gumuz Regional State, North West Ethiopia. BMC Pediatr. 2014, 14, 102.
[CrossRef]

64. Oketcho, R.; Nyaruhucha, C.N.M.; Taybali, S.; Karimuribo, E.D. Influence of enteric bacteria, parasite
infections and nutritional status on diarrhoea occurrence among 6–60 months old children admitted at a
Regional Hospital in Morogoro, Tanzania. Tanzan. J. Health Res. 2012, 14, 1–14. [CrossRef] [PubMed]

65. Traore, E.; Cousens, S.; Curtis, V.; Mertens, T.; Tall, F.; Traore, A.; Kanki, B.; Diallo, I.; Rochereau, A.;
Chiron, J.P.; et al. Child defecation behaviour, stool disposal practices, and childhood diarrhoea in Burkina
Faso: Results from a case-control study. J. Epidemiol. Community Health 1994, 48, 270–275. [CrossRef]
[PubMed]

66. Tumwine, J.K.; Thompson, J.; Katua-Katua, M.; Mujwajuzi, M.; Johnstone, N.; Wood, E.; Porras, I. Diarrhoea
and effects of different water sources, sanitation and hygiene behaviour in East Africa. Trop. Med. Int. Health
2002, 7, 750–756. [CrossRef] [PubMed]

67. Al-Ghamdi, M.A.; Bentham, G.; Hunter, P.R. Environmental risk factors for diarrhoea among male
schoolchildren in Jeddah City, Saudi Arabia. J. Water Health 2009, 7, 380–391. [CrossRef]

68. Anteneh, A.; Kumie, A. Assessment of the impact of latrine utilization on diarrhoeal diseases in the rural
community of Hulet Ejju Enessie Woreda, East Gojjam Zone, Amhara Region. Ethiop. J. Health Dev. 2010, 24,
110–118. [CrossRef]

69. Graf, J.; Meierhofer, R.; Wegelin, M.; Mosler, H.J. Water disinfection and hygiene behaviour in an urban
slum in Kenya: Impact on childhood diarrhoea and influence of beliefs. Int. J. Environ. Health Res. 2008, 18,
335–355. [CrossRef]

70. Agustina, R.; Sari, T.P.; Satroamidjojo, S.; Bovee-Oudenhoven, I.M.; Feskens, E.J.; Kok, F.J. Association of
food-hygiene practices and diarrhea prevalence among Indonesian young children from low socioeconomic
urban areas. BMC Public Health 2013, 13, 977. [CrossRef]

71. Baltazar, J.C.; Solon, F.S. Disposal of faeces of children under two years old and diarrhoea incidence:
A case-control study. Int. J. Epidemiol. 1989, 18, S16–S19. [CrossRef]

72. Freeman, M.C.; Garn, J.V.; Sclar, G.D.; Boisson, S.; Medlicott, K.; Alexander, K.T.; Penakalapati, G.;
Anderson, D.; Mahtani, A.G.; Grimes, J.E.T.; et al. The impact of sanitation on infectious disease and

http://dx.doi.org/10.1371/journal.pone.0173808
http://www.ncbi.nlm.nih.gov/pubmed/28296946
http://dx.doi.org/10.1016/S2214-109X(14)70307-9
http://dx.doi.org/10.1093/ije/22.2.327
http://dx.doi.org/10.1017/S095026880700026X
http://dx.doi.org/10.1093/ije/21.4.812
http://dx.doi.org/10.1093/ije/21.6.1157
http://dx.doi.org/10.1186/1471-2431-14-102
http://dx.doi.org/10.4314/thrb.v14i2.3
http://www.ncbi.nlm.nih.gov/pubmed/26591731
http://dx.doi.org/10.1136/jech.48.3.270
http://www.ncbi.nlm.nih.gov/pubmed/8051526
http://dx.doi.org/10.1046/j.1365-3156.2002.00927.x
http://www.ncbi.nlm.nih.gov/pubmed/12225505
http://dx.doi.org/10.2166/wh.2009.058
http://dx.doi.org/10.4314/ejhd.v24i2.62959
http://dx.doi.org/10.1080/09603120801966050
http://dx.doi.org/10.1186/1471-2458-13-977
http://dx.doi.org/10.1093/ije/18.Supplement_2.S16


Int. J. Environ. Res. Public Health 2020, 17, 230 33 of 35

nutritional status: A systematic review and meta-analysis. Int. J. Hyg. Environ. Health 2017, 220, 928–949.
[CrossRef]

73. Cameron, L.; Shah, M.; Olivia, S. Impact Evaluation of a Large-Scale Rural Sanitation Project in Indonesia; The
World Bank Sustainable Development Network Water and Sanitation Program Impact Evaluation Series No.
83; The World Bank: Washington, DC, USA, 2013; Volume 83.

74. Dickinson, K.L.; Patil, S.R.; Pattanayak, S.K.; Poulos, C. Nature’s call: Impacts of sanitation choices in Orissa,
India. Econ. Dev. Cult. Chang. 2015, 64, 1–29. [CrossRef]

75. Dreibelbis, R.; Freeman, M.C.; Greene, L.E.; Saboori, S.; Rheingans, R. The impact of school water, sanitation,
and hygiene interventions on the health of younger siblings of pupils: A cluster-randomized trial in Kenya.
Am. J. Public Health 2014, 104, 91–97. [CrossRef] [PubMed]

76. Freeman, M.C.; Clasen, T.; Dreibelbis, R.; Saboori, S.; Greene, L.E.; Brumback, B.; Muga, R.; Rheingans, R.
The impact of a school-based water supply and treatment, hygiene, and sanitation programme on pupil
diarrhoea: A cluster-randomized trial. Epidemiol. Infect. 2014, 142, 340–351. [CrossRef] [PubMed]

77. Klasen, S.; Lechtenfeld, T.; Meier, K.; Rieckmann, J. Benefits trickling away: The health impact of extending
access to piped water and sanitation in urban Yemen. J. Dev. Eff. 2012, 4, 537–565. [CrossRef]

78. Patil, S.R.; Arnold, B.F.; Salvatore, A.L.; Briceno, B.; Ganguly, S.; Colford, J.M.; Gertler, P.J. The effect of India’s
total sanitation campaign on defecation behaviors and child health in rural Madhya Pradesh: A cluster
randomized controlled trial. PLoS Med. 2014, 11, e1001709. [CrossRef] [PubMed]

79. Pickering, A.J.; Djebbari, H.; Lopez, C.; Coulibaly, M.; Alzua, M.L. Effect of a community-led sanitation
intervention on child diarrhoea and child growth in rural Mali: A cluster-randomised controlled trial.
Lancet Glob. Health 2015, 3, e701–e711. [CrossRef]

80. Rauniyar, G.; Orbeta, A.; Sugiyarto, G. Impact of water supply and sanitation assistance on human welfare
in rural Pakistan. J. Dev. Eff. 2011, 3, 62–102. [CrossRef]

81. Saha, S.; Kermode, M.; Annear, P.L. Effect of combining a health program with a microfinance-based self-help
group on health behaviors and outcomes. Public Health 2015, 129, 1510–1518. [CrossRef]

82. Trinies, V.; Garn, J.V.; Chang, H.H.; Freeman, M.C. The impact of a school-based water, sanitation, and
hygiene program on absenteeism, diarrhea, and respiratory infection: A matched-control trial in Mali. Am. J.
Trop. Med. Hyg. 2016, 94, 1418–1425. [CrossRef]

83. Bhavnani, D.; Goldstick, J.E.; Cevallos, W.; Trueba, G.; Eisenberg, J.N.S. Impact of rainfall on diarrheal disease
risk associated with unimproved water and sanitation. Am. J. Trop. Med. Hyg. 2014, 90, 705–711. [CrossRef]

84. Nhampossa, T.; Mandomando, I.; Acacio, S.; Quintó, L.; Vubil, D.; Ruiz, J.; Nhalungo, D.; Sacoor, C.;
Nhabanga, A.; Nhacolo, A.; et al. Diarrheal disease in rural Mozambique: Burden, risk factors and etiology
of diarrheal disease among children aged 0-59 months seeking care at health facilities. PLoS ONE 2015, 10,
12–23. [CrossRef]

85. Mansour, A.M.; El Mohammady, H.; El Shabrawi, M.; Shabaan, S.Y.; Zekri, M.A.; Nassar, M.; Salem, M.E.;
Mostafa, M.; Riddle, M.S.; Klena, J.D.; et al. Modifiable diarrhoea risk factors in Egyptian children aged <5
years. Epidemiol. Infect. 2013, 141, 2547–2559. [PubMed]

86. Oloruntoba, E.O.; Folarin, T.B.; Ayede, A.I. Hygiene and sanitation risk factors of Diarrhoeal disease among
under-five children in Ibadan, Nigeria. Afr. Health Sci. 2014, 14, 1001–1011. [CrossRef] [PubMed]

87. Briceno, B.; Coville, A.; Martinez, S. Promoting Handwashing and Sanitation: Evidence from a Large-Scale
Randomized Trial in Rural Tanzania; Policy Research Working Papers; The World Bank: Washington, DC, USA,
2015; 58p.

88. Khush, R.; London, A. Evaluating the sustainability and impacts of water, sanitation & hygiene interventions.
Aquaya Inst. 2009, 10, 58.

89. Roushdy, R.; Sieverding, M.; Radwan, H. The impact of water supply and sanitation on child health: Evidence
from Egypt. In Population Council, Povery, Gender, and Youth Working Paper; No. 24; The Population Council,
Inc.: New York, NY, USA, 2012.

90. Godfrey, S.; Van Der Velden, M.; Muianga, A.; Vigh, M.; Gunning, J.; Elbers, C. Impact study of the One Million
Initiative rural water and sanitation programme in Mozambique. Waterlines 2014, 33, 35–44. [CrossRef]

91. Andreazzi, M.; Barcellos, C.; Hacon, S. Old indicators for new problems: The relationship between sanitation
and health. Rev. Panam. Salud Publica 2007, 22, 211–217. [CrossRef]

http://dx.doi.org/10.1016/j.ijheh.2017.05.007
http://dx.doi.org/10.1086/682958
http://dx.doi.org/10.2105/AJPH.2013.301412
http://www.ncbi.nlm.nih.gov/pubmed/24228683
http://dx.doi.org/10.1017/S0950268813001118
http://www.ncbi.nlm.nih.gov/pubmed/23702047
http://dx.doi.org/10.1080/19439342.2012.720995
http://dx.doi.org/10.1371/journal.pmed.1001709
http://www.ncbi.nlm.nih.gov/pubmed/25157929
http://dx.doi.org/10.1016/S2214-109X(15)00144-8
http://dx.doi.org/10.1080/19439342.2010.549947
http://dx.doi.org/10.1016/j.puhe.2015.07.010
http://dx.doi.org/10.4269/ajtmh.15-0757
http://dx.doi.org/10.4269/ajtmh.13-0371
http://dx.doi.org/10.1371/journal.pone.0119824
http://www.ncbi.nlm.nih.gov/pubmed/23433452
http://dx.doi.org/10.4314/ahs.v14i4.32
http://www.ncbi.nlm.nih.gov/pubmed/25834513
http://dx.doi.org/10.3362/1756-3488.2014.005
http://dx.doi.org/10.1590/S1020-49892007000800008


Int. J. Environ. Res. Public Health 2020, 17, 230 34 of 35

92. Darvesh, N.; Das, J.K.; Vaivada, T.; Gaffey, M.F.; Rasanathan, K.; Bhutta, Z.A. Water, sanitation and hygiene
interventions for acute childhood diarrhea: A systematic review to provide estimates for the Lives Saved
Tool. BMC Public Health 2017, 17, 776. [CrossRef]

93. World Health Organization. Environmental Health and Diarrhoeal Disease Prevention: Report of a Scientific
Working Group (Kuala Lumpur, Malaysia, 3–6 July 1979); Report; World Health Organization: Geneva,
Switzerland, 1979; pp. 8–10.

94. Otto, G.F.; Cort, W.W.; Keller, A.E. Environmental studies of families in Tennessee infested with ascaris,
trichuris and hookworm. Am. J. Epidemiol. 1931, 14, 156–193. [CrossRef]

95. Shiffman, M.; Schneider, R.; Faigenblum, J.; Helms, R.; Turner, A. Field studies on water, sanitation and
health education in relation to health status in Central America. Porg. Water Technol. 1979, 11, 143–150.

96. Strudwick, R. The Zaina environmental sanitation project. East Afr. Med. J. 1962, 39, 311–331.
97. Schliessmann, D. Diarrhoel disease and the environment. Bull. World Health Organ. 1959, 21, 381–386.
98. Guerrant, R.L.; Shields, D.S.; Nations, M.K.; De Sousa, M.A.; Araujo, J.G.; Correia, L.L.; Sauer, K.T.;

McClelland, K.E.; Kirchhoff, L.V.; Leslie, J.; et al. Prospective study of diarrheal illnesses in northeastern
Brazil: Patterns of disease, nutritional impact, etiologies, and risk factors. J. Infect. Dis. 1983, 148, 986–997.
[CrossRef] [PubMed]

99. Moore, H.A.; De la Cruz, E.; Varcas-Mendez, O. Diarrheal Disease Studies in Costa Rica. Am. J. Epidemiol.
1965, 82, 162–184. [CrossRef] [PubMed]

100. Pickering, H. Social and environmental factors associated with diarrhoea and growth in young children:
Child health in urban Africa. Soc. Sci. Med. 1985, 21, 121–127. [CrossRef]

101. Hu, X.-R.; Liu, G.; Liu, S.-P.; Yan-Xin, H.; Zhang, X.-M.; Fan, Y.-Y. Field evaluation of the effect of diarrhoea
control of methanogenesis treatment of human and animal faeces and rubbish of cellulose nature in the rural
areas of Xiang Cheng. Henan J. Prev. Med. 1988. [CrossRef]

102. Wei, X.-N.; Shao, B.-C.; Fang, Z.-H.; Gao, M.; Zhu, X.-L. Evaluation of the effect of prevention of diarrhoea
and ascariasis among students of health intervention measures in schools in rural areas. China J. Public Health
1998, 14, 228.

103. Xu, J.-Z. Observation on the efficacy of three squares septic tank lavatory for disease prevention. Huan Jing
Yu Jian Kang Za Zhi [J. Environ. Health] 1990. [CrossRef]

104. Xu, G.-X.; Zhu, X.-L. The assessment of the effects for pevention of diseases by non-hazardous treatment of
night soil at experimental spots in rural areas. Wei Sheng Yan Jiu [J. Hyg. Res.] 1994, 23, 23–27.

105. Yan, Z.-S.; Wang, G.-F.; Ciu, C.; Yin, L.-S.; Su, C.-H.; Liu, F. An observation of the effect on reducing the fly
density and diarrhoea of the use of double urn funnel lavatory in faeces management. Henan J. Prev. Med.
1986. [CrossRef]

106. Zhang, W.-P.; Liu, M.-X.; Yin, W.-H.; Zhang, H.-J.; Li, G.-P.; Liu, L.-P. Evaluation of a long-term effect on
improving drinking water and lavatories in rural areas for pevention of diseases. Chin. J. Dis. Control Prev.
2000, 4, 76–78.

107. Zhu, X.-L.; Xia, Q.-Y.; Meng, Z.-Y.; Wang, X.-C.; Shao, B.-C.; Yang, S.-Y. Assessment of effects of disease
prevention by intervention measures of school environmental hygiene in rural areas. Wei Sheng Yan Jiu [J.
Hyg. Res.] 1997, 26, 378–380.

108. Huttly, S.R.A.; Blum, D.; Kirkwood, B.R.; Emeh, R.N.; Okeke, N.; Feachem, M.; Smith, G.S.; Carson, D.C.;
Dosunmu-Ogunbi, O.; Feachem, R.G. The Imo state (Nigeria) drinking water supply and sanitation project, 2.
impact on dracunculiasis, diarrhoea and nutritional status. Trans. R. Soc. Trop. Med. Hyg. 1990, 84, 316–321.
[CrossRef]

109. McCabe, L.J.; Haines, T.W. Diarrheal disease control by improved human excreta disposal. Public Health Rep.
1957, 72, 921–928. [CrossRef] [PubMed]

110. Rubenstein, A.; Boyle, J.; Odoroff, C.L.; Kunitz, S.J. Effect of improved sanitary facilities on infant diarrhea in
a Hopi village. Public Health Rep. 1969, 84, 1093–1097. [CrossRef] [PubMed]

111. Shepard, J.; Stevens, C.; Mikhael, G. The World Can’t Wait for Sewers—Advancing Container-Based Sanitation
Businesses as a Viable Answer to the Global Sanitation Crisis; Report. EY; Water and Sanitation for the Urban
Poor: San Francisco, CA, USA, 2017.

112. Bill & Melinda Gates Foundation. Water, Sanitation & Hygiene: Strategy Overview. Available online: https://
www.gatesfoundation.org/what-we-do/global-growth-and-opportunity/water-sanitation-and-hygiene#
OurStrategy (accessed on 15 November 2019).

http://dx.doi.org/10.1186/s12889-017-4746-1
http://dx.doi.org/10.1093/oxfordjournals.aje.a117755
http://dx.doi.org/10.1093/infdis/148.6.986
http://www.ncbi.nlm.nih.gov/pubmed/6361176
http://dx.doi.org/10.1093/oxfordjournals.aje.a120542
http://www.ncbi.nlm.nih.gov/pubmed/5890045
http://dx.doi.org/10.1016/0277-9536(85)90080-2
http://dx.doi.org/10.1002/14651858
http://dx.doi.org/10.1002/14651858
http://dx.doi.org/10.1002/14651858.CD007180
http://dx.doi.org/10.1016/0035-9203(90)90300-4
http://dx.doi.org/10.2307/4589937
http://www.ncbi.nlm.nih.gov/pubmed/13465958
http://dx.doi.org/10.2307/4593763
http://www.ncbi.nlm.nih.gov/pubmed/4982076
https://
www.gatesfoundation.org/what-we-do/global-growth-and-opportunity/water-sanitation-and-hygiene#OurStrategy
www.gatesfoundation.org/what-we-do/global-growth-and-opportunity/water-sanitation-and-hygiene#OurStrategy


Int. J. Environ. Res. Public Health 2020, 17, 230 35 of 35

113. Arnold, B.F.; Null, C.; Luby, S.P.; Unicomb, L.; Stewart, C.P.; Dewey, K.G.; Ahmed, T.; Ashraf, S.;
Christensen, G.; Clasen, T.; et al. Cluster-randomised controlled trials of individual and combined water,
sanitation, hygiene and nutritional interventions in rural bangladesh and Kenya: The WASH benefits study
design and rationale. BMJ Open 2013, 3, e003476. [CrossRef] [PubMed]

114. Joint Monitorring Programme. The New JMP Ladder for Sanitation. Available online: https://washdata.org/

monitoring/sanitation (accessed on 19 December 2019).
115. Andrés, L.; Briceño, B.; Chase, C.; Echenique, J.A. Sanitation and externalities: Evidence from early childhood

health in rural India. J. Water Sanit. Hyg. Dev. 2017, 7, 272–289. [CrossRef]
116. Fuller, J.A.; Eisenberg, J.N.S. Herd protection from drinking water, sanitation, and hygiene interventions.

Am. J. Trop. Med. Hyg. 2016, 95, 1201–1210. [CrossRef]
117. Arnold, B.F.; Null, C.; Luby, S.P.; Colford, J.M., Jr. Implications of WASH Benefits trials for water and

sanitation: Author’s Reply. Lancet Glob. Health 2018, 6, e615. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1136/bmjopen-2013-003476
http://www.ncbi.nlm.nih.gov/pubmed/23996605
https://washdata.org/monitoring/sanitation
https://washdata.org/monitoring/sanitation
http://dx.doi.org/10.2166/washdev.2017.143
http://dx.doi.org/10.4269/ajtmh.15-0677
http://dx.doi.org/10.1016/S2214-109X(18)30229-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	History of Literature Reviews 
	Sub-Group Meta-Regression Analyses 

	Results 
	History of Literature Reviews 
	Blum and Feachem, 1983 
	Esrey and Habicht, 1986 
	Esrey et al. 1991 
	Fewtrell et al. 2005 
	Waddington et al. 2009 
	Clasen et al. 2010 
	Norman et al. 2010 
	Cairncross et al. 2010 
	Heijnen et al. 2014 
	Wolf et al. 2014 
	Jung et al. 2017 
	Freeman et al. 2017 
	Wolf et al. 2018 
	Updates to the Overall Effect of Sanitation over Time 

	Sub-Group Meta-Regression Analyses 
	Recreating the Overall Estimate from Wolf et al. 2018 
	Intervention Type 
	Community-Led Total Sanitation 
	Initiation of Sanitation Access 
	Community Coverage 


	Discussion 
	Sewerage Interventions 
	Latrine Interventions 
	Intervention Coverage 
	Study-Initiated vs. Household-Initiated Access 

	Conclusions 
	References

