
Associations between detection of 
enteropathogens and microbial source tracking 
markers in the environment and child enteric 
infections and growth: a systematic review and 
individual participant data meta-analysis

Andrew Mertens, Benjamin F. Arnold, Jade Benjamin-Chung, Alexandria B. Boehm, Joe Brown, Drew 
Capone, Thomas Clasen, Erica Fuhrmeister, Jessica Grembi, David Holcomb, Jackie Knee, Laura 
Kwong, Audrie Lin, Stephen P. Luby, Rassul Nala, Kara Nelson, Sammy Njenga, Clair Null, Amy J. 
Pickering, Mahbubur Rahman, Heather Reese, Lauren Steinbaum, Jill Stewart, Ruwan Thilakaratne, 
Oliver Cumming, John M. Colford Jr., Ayse Ercumen

Abstract
Background: Quantifying the contribution of environmental faecal contamination to child 
diarrhoea and growth faltering can illuminate causal mechanisms behind the small/null effects on 
child health in recent water, sanitation and hygiene (WASH) trials. Fecal indicator bacteria (FIB) 
typically measured in the environment are imperfect proxies for health risks. Detecting pathogens 
and host-specific microbial source tracking (MST) markers in the environment may better predict 
health outcomes. 

Methods: We conducted a systematic review and individual participant data meta-analysis of 
WASH intervention studies that measured enteropathogens and/or MST markers in environmental 
samples and subsequently measured child enteric infections, diarrhoea, or height-for-age Z-scores 
(HAZ). We assessed associations between environmental measurements and child health outcomes 
using covariate-adjusted regressions with robust standard errors and pooled estimates across 
studies.

Findings: We identified and received data from nine eligible publications within five unique 
intervention studies. Pathogen detection in environmental samples was associated with increased 
prevalence of infection with the same pathogen and lower HAZ (  HAZ= -0·09 (95% CI: -0·18,             Δ
-0·01)) but not with diarrhoea (prevalence ratio= 1·21 (95% CI: 0·94, 1·54)). Detection of MST 
markers was not associated with diarrhoea (not enough studies for pooled estimate) or HAZ (  Δ
HAZ= -0·01 (95% CI: -0·14, 0·13) for human markers;  HAZ= -0·06 (95% CI: -0·30, 0·19) for Δ
animal markers).

Interpretation: Our findings support a causal chain from faecal contamination to infection to 
growth faltering. Lack of health associations with most human and animal MST markers suggests a 
need for more sensitive/specific faecal markers that can predict health outcomes. Future studies 
should incorporate environmental assessment using a combination of FIB and enteropathogens and 
test for the same set of pathogens in stool to examine the theories of change between WASH 
interventions, faecal contamination and child health.

Funding: The Bill & Melinda Gates Foundation.
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Research in context
Evidence before this study. Children in areas with poor drinking water, sanitation, and hygiene 
conditions (WASH) are exposed to enteric pathogens from faecal waste via environmentally 
mediated pathways such as drinking water, hands, food, soil, and flies. These exposures can result 
in gut colonization with pathogens, which can lead to subclinical infections or diarrhoeal illness, 
which in turn can contribute to growth faltering. Recent large household- and community-level 
WASH intervention studies that aimed to interrupt environmental pathogen transmission have had 
limited effects on children’s health and on the detection of faecal indicator bacteria (FIB) in the 
environment. These findings have generated substantial debate about whether basic WASH 
interventions do not sufficiently reduce environmental pathogen exposure to prevent disease in 
high-burden settings. 

Sensitive molecular methods allow simultaneous detection of multiple enteropathogens in 
environmental samples, and microbial source tracking (MST) methods can ideally help distinguish 
between human vs. animal faeces which carry different levels of health risk. Assessments using 
these methods can help illuminate the hypothesized causal chain between WASH improvements, 
environmental contamination, and child health. We conducted a systematic review and individual 
participant data meta-analysis of WASH intervention studies that measured enteropathogens or 
MST markers along with child health outcomes. A previous analysis reported that WASH 
interventions led to a small reduction in enteropathogen detection in the environment and had no 
effect on MST markers. Here, we examine to what extent enteropathogens and MST markers along 
different pathogen transmission routes in the domestic environment are associated with pathogen-
specific infections, diarrhoea, and growth in children under 5 years old.

Added value of this study. We obtained data from nine eligible publications reporting findings 
from five unique WASH intervention studies. Several pathogens in the environment were strongly 
associated with subsequently measured infection with the same pathogen in children. There was no 
overall association between pathogen detection in the environment and subsequent diarrhoea. 
Pooled across studies, pathogen detection in environmental samples was associated with slightly 
lower linear growth. Most human or animal MST markers were not associated with diarrhoea or 
child growth. Previous meta-analyses have linked FIB presence in environmental samples to 
increased risk of diarrhoea and reduced linear growth in children. Data on health associations with 
enteropathogens and MST markers in the environment are scarce and mostly limited to high-
income countries. This work is the first synthesis of evidence of the association between advanced 
environmental measurements and health outcomes in low-income countries to examine causal 
pathways between WASH interventions and health.

Implications of all the available science. Enteropathogen detection in the environment was 
associated with increased risk of infection with the same pathogen and reduced child growth but 
not with caregiver-reported diarrhoea. These findings support the causal chain leading from 
environmental faecal exposure to infection to growth faltering. Our results also highlight the 
discordance between pathogen detection in the gut and symptomatic illness in settings where 
pathogen exposure is common, indicating that studies should augment self-reported diarrhoea 
outcomes with pathogen detection in stool. The reduction in HAZ associated with enteropathogens 
in the environment in our analysis was small and similar in magnitude to what has been reported 
for FIB. These findings indicate that environmental faecal contamination measurements with 
current methods only partially explain growth faltering in children, regardless of choice of 
analytical target. This could be because cross-sectional grab samples do not adequately 
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characterize environmental contamination or capture the frequency and duration of exposure, 
which determine the internal dose ultimately ingested by children. Future studies should 
incorporate longitudinal and spatial environmental sampling using a combination of FIB, 
enteropathogens and sensitive/specific MST markers. FIB may remain a useful tool as samples 
across time and space can be inexpensively analyzed to capture variability and predict health risks. 
Enteropathogen and well-performing MST marker measurements, respectively, can augment FIB 
measurements to examine transmission pathways for specific pathogens or identify zoonotic risk 
factors. We note that a small number of studies met our inclusion criteria and only a subset of 
households was environmentally sampled in each study, leading to data sparsity. Meta-analyses 
with additional data from future studies may detect associations we missed.

Introduction
In settings with poor water, sanitation and hygiene (WASH) conditions, children are exposed to 
enteric pathogens through multiple environmentally mediated pathways, such as drinking water, 
food, hands, flies, soil, surfaces and objects. These exposures can lead to gut colonization with 
pathogens, resulting in asymptomatic carriage, subclinical infection or symptomatic diarrhoeal 
disease.1 Both subclinical changes to the gut and symptomatic diarrhoea can lead to nutrient loss 
and growth failure,1 and malnutrition leaves children further vulnerable to diarrhoeal disease 
through weakened immunity.2,3 Diarrhoea caused an estimated 534,000 deaths among children 
under 5 years in 2017,4 and undernutrition is a leading contributor to child mortality and morbidity 
globally.5 An estimated 62% of diarrhoea deaths and 16% of growth failure among children under 5 
years are attributed to faecal exposure from poor WASH in low and middle income countries.6 
However, several large, recent trials of household- and community-level WASH interventions found 
small or null effects on child diarrhoea and growth, which may be because the interventions failed 
to reduce environmental faecal contamination, or because environmental faecal contamination 
from inadequate WASH in the home environment was not the primary cause of child diarrhoea or 
growth failure in those populations.7–9 Faecal contamination in the environment is usually assessed 
by enumerating faecal indicator bacteria (FIB) such as E. coli, which have been associated with 
increased risk of diarrhoea and reduced growth in children.10 However, FIB are imperfect proxies of 
health risk as they can originate from non-faecal sources,11 and cannot confirm pathogen presence12 
or differentiate between human and animal faeces which carry different levels of health risk.13 
Directly measuring enteropathogens in environmental matrices may better capture child exposures 
to disease-causing organisms and predict health outcomes, and detection of human vs. animal-
specific microbial source tracking (MST) markers may indicate health risk of different 
magnitudes.14 Understanding whether and to what extent specific enteropathogens and host-
specific MST markers in the environment are associated with child health outcomes can help 
illuminate the mechanisms behind the modest or null effects in recent WASH intervention trials and 
guide the development of future interventions. We conducted a systematic review and individual 
participant data (IPD) meta-analysis to assess associations between enteropathogens and MST 
markers in different types of household samples and subsequently measured pathogen-specific 
enteric infections, diarrhoea and growth failure in children.
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Methods
We conducted a systematic search of the PubMed, Embase, CAB Direct Global Health, Agricultural & 
Environmental Science Database, Web Of Science, and Scopus databases to identify studies that (1) 
implemented a WASH intervention with a prospective design and concurrent control (i.e., 
randomised controlled trial, matched cohort, controlled before-and-after study), (2) measured 
pathogens and/or MST markers in environmental samples, and (3) measured at least one of: 
pathogen-specific infections, diarrhoea or child anthropometry.15 We limited the search to 
intervention studies to allow assessing intervention effects on environmental contamination as an 
additional objective.15 We excluded studies that only measured FIB. We only included studies 
published after 2000 to capture more recently advanced pathogen detection methods but did not 
limit the search to any specific method. The systematic review search strategy and analysis plan 
were pre-registered on Open Science Framework (https://osf.io/8sgzn/). We followed PRISMA 
guidelines (Figure S1, Table S1) and evaluated bias in studies using an adapted version of the 
Newcastle-Ottawa scale (Table S2).16 Details on our systematic review have been described 
elsewhere.15

Our two primary exposure variables were the prevalence of any enteropathogen or any MST 
markers in any type of environmental sample. We also tabulated these outcomes separately by 
sample type (e.g., drinking water, hands rinses). Secondary exposure variables included the 
prevalence of pathogen types (any viruses, any bacteria, any protozoa, any helminths), prevalence 
of MST markers from specific host types (human or other animal), and prevalence and abundance 
of individual enteropathogens and MST markers. We excluded general MST markers that are not 
host-specific. Our primary outcomes were the seven-day prevalence of caregiver-reported 
diarrhoea and height-for-age Z-scores (HAZ) in children. For specific enteropathogens detected in 
the environment, primary outcomes also included subsequent child infection with the same 
pathogen ascertained by stool testing. Secondary outcomes included Z-scores for weight-for-age 
(WAZ) and weight-for-height (WHZ) and the prevalence of stunting, underweight, and wasting, 
defined as Z-scores <-2 for HAZ, WAZ, and WHZ, respectively.17 For diarrhoea and pathogen-specific 
infections, we only used environmental samples collected up to four months before health 
outcomes were assessed; we selected this window empirically to retain the highest number of time-
matched pairs of environmental and health measurements from the available data while 
maintaining exposure-disease time ordering with a window consistent with previous studies on 
environmental contamination and diarrhoea.18 For the growth outcomes, we used data from all 
environmental samples collected over the child’s lifetime prior to the anthropometry measurement; 
if there were repeated growth measurements after environmental sampling, we used the 
measurement taken closest to environmental sampling.

We examined associations between the environmental exposures and child health outcomes using 
covariate-adjusted regression models. For binary outcomes, we estimated prevalence ratios (PRs) 
using modified Poisson regression.19 For continuous outcomes, we used linear regression to 
estimate mean differences. We used the Huber Sandwich Estimator to calculate robust standard 
errors to account for repeated sampling or clustered designs.20 We included child age and asset-
based household wealth as adjustment covariates in all models. Other covariates (specified a priori 
as potential confounders) were pre-screened using likelihood ratio tests, and variables associated 
with the outcome with a p-value <0.2 were included in the model for each outcome. We considered 
the following variables if they were measured within a given study: study arm, child sex, maternal 
age, household food security, number of people in household, age and education of primary 
caregiver in household, number of rooms, construction materials of the walls, floor, and roof, access 
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to electricity, land ownership and if anyone in the household works in agriculture. Within each 
study, we only estimated associations when there were more than five cases of the binary outcome 
in the rarest stratum of the exposure. We reported study-specific estimates due to heterogeneity in 
study settings. For outcomes where data were available from  4 studies, we tested for ≥
heterogeneity using Cochran’s Q-tests.21 We pooled estimates with fixed-effects models if there was 
no evidence of significant heterogeneity (p-value>0.2), and with random-effects models otherwise.

We conducted subgroup analyses by child age and sex, animal ownership, season, and study setting. 
We used the following age groups based on WHO motor milestones: immobile (  254 days), ≤
crawling (>254 days - 1 year), walking pre-school-age (1-5 years), and school-age (>5 years).22 We 
defined animal ownership as the reported presence of any domestic animal in the compound. We 
defined the wet season for each study as the six months of highest average rainfall, obtained from 
weather records.23 We did not conduct a subgroup analysis by season for the child growth 
outcomes because the length of time between environmental and growth measurements often 
spanned multiple seasons. We differentiated between rural and urban settings based on 
descriptions of study location. There was no variation in urbanicity within individual studies; 
therefore, we separately pooled estimates from urban vs. rural studies and compared estimates 
with Wald tests. For age, sex, animal presence, and season, we assessed additive interactions by 
calculating prevalence differences (PDs) with linear regression models and evaluating the p-values 
for interaction terms between indicator variables for the exposures and subgroups.24 A p-value <0.2 
for the interaction term was considered evidence of effect modification.

As sensitivity analyses, we compared (1) covariate-adjusted vs. unadjusted estimates, and (2) 
adjusted estimates from parametric regression models vs. flexible machine-learning based targeted 
maximum likelihood estimation (TMLE) models.25 To assess the impact of our chosen interval 
between environmental and health measurements, we re-estimated associations using 
environmental data collected (1) within 31 days prior to diarrhoea measurements, and (2) at any 
time with respect to diarrhoea measurements. We also estimated the effect of the WASH 
interventions on child diarrhoea and HAZ measured within the subset of children with time-
matched environmental samples. Analyses were conducted in R 4.0.4. Analysis scripts are publicly 
available (https://github.com/amertens/wash-ipd).

Results
Included studies
The systematic review was conducted on January 19, 2021 and returned 3,376 publications. Data 
from nine eligible publications from five unique intervention studies where the authors agreed to 
share data were included in our analysis. The intervention studies included: the WASH Benefits 
Bangladesh and Kenya trials,8,9 the Maputo Sanitation (MapSan) trial in Mozambique,26 the Gram 
Vikas study in India,27 and the Total Sanitation Campaign (TSC) trial in India28 (Table 1). For the 
TSC trial, only village-level source water quality data were shared. Individual studies nested within 
a given trial collected environmental measurements from different subsets of trial participants at 
different times. Therefore, we report results stratified by publication rather than by parent trial. 
Studies had moderate risk of bias (3-6 out of 9 points) due to unblinded outcome assessments and 
caregiver recall of diarrhoea. The Gram Vikas and MapSan studies had higher risk of bias due to 
higher loss to follow-up and lack of randomization (Table S2). The WASH interventions in the 
parent trials did not reduce child diarrhoea or growth faltering, except for the WASH Benefits 
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Bangladesh trial where children receiving sanitation, handwashing and combined WASH 
interventions had lower diarrhoea prevalence.8,26–28 Among the subset of children with time-
matched environmental data included in our IPD analysis, there was no intervention effects on 
either child health outcome in any study, except for WASH Benefits Kenya, where HAZ was 
significantly lower in the intervention arm (Figures S2-3).9 

The studies reported analysis of various environmental sample types, including source and stored 
drinking water, child and mother hand rinses, soil from the courtyard, household and latrine areas, 
food, and flies caught in the compound’s latrine and kitchen areas. They measured bacterial, viral, 
protozoan and helminthic pathogens in environmental and child stool samples, including 
pathogenic E. coli, Vibrio cholerae, Shigella, Campylobacter jejuni/C. coli, Salmonella, Yersinia, 
Clostridium difficile, rotavirus, norovirus, sapovirus, adenovirus, astrovirus, enterovirus, 
Cryptosporidium, Giardia, Entamoeba histolytica, Ascaris lumbricoides and Trichuris trichiura. The 
MST markers included human (HumM2, HF183, BacHum, M. smithii), animal (BacCan, BacCow), 
ruminant (BacR) and avian (GFD) fecal markers. The most commonly used method was 
quantitative polymerase chain reaction (qPCR). Additional details on the study designs, 
environmental sample collection, and laboratory methods are available elsewhere.15 The number of 
observations with time-matched environmental samples ranged from 68 to 1609 for pathogen-
specific infections, 79 to 2248 for diarrhoea, and 103 to 1800 for HAZ across studies (Table 1). 
Pathogen prevalence in children’s stool was 17-87%, and diarrhoea prevalence was 4-26% (Table 
1). Mean HAZ ranged from -1·82 to -1·35 (Table 1).

Associations between environmental contamination and child health outcomes

Associations with pathogen-specific infections
Detection of a specific enteropathogen in the domestic environment was associated with higher 
prevalence of subsequent infection with the same pathogen in children; trends were consistent 
across different enteropathogens (Figure 1). Giardia, A. lumbricoides and T. trichiura detected in 
latrine and courtyard soil were associated with 1·6 to 3·1-fold higher prevalence of infection with 
the same pathogens (Figure 1).

Associations with diarrhoea
Presence of any enteropathogen in any type of environmental sample was associated with higher 
diarrhoea prevalence in two studies (driven by pathogens in child hand rinses and soil),29,30 but not 
when pooled across studies (pooled PR: 1·21 (95% CI: 0·94, 1·54), Figure 2). Broken down by 
pathogen group, and within specific studies, viruses on child hands and soil-transmitted helminths 
(STH) in soil30 were associated with higher diarrhoea prevalence while other associations were null 
(Figure S4, column 1). Most associations between specific pathogens in the environment and 
diarrhoea were null, but rotavirus on child hands,29 and A. lumbricoides and T. trichiura in 
household soil30,32 were associated with 1·4-3·0 times higher diarrhoea prevalence (Figure S5, 
column 1). Increasing abundance of A. lumbricoides in household soil,29,30 and rotavirus on child 
hands and in soil29 was associated with higher diarrhoea prevalence as well (Figure S6, column 1).

There was no significant association with diarrhoea for the presence of any MST marker,  human-
specific MST markers, or animal-specific MST markers in any sample type (no pooled estimates 
because <4 studies, Figure 2, Figure S4, column 1). Detection of the avian GFD marker on child 
hands was borderline associated with increased diarrhoea in one study, but other specific MST 
markers were not associated with diarrhoea (Figure S7, column 1).29
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Associations with child growth
Most studies showed slightly lower HAZ associated with enteropathogen detection in 
environmental samples but associations could not be distinguished from chance. Pooled across 
studies, detection of any enteropathogen in any sample type was significantly associated with lower 
HAZ (pooled mean difference [  HAZ]: -0·09 (95% CI: -0·18, -0·01), Figure 3). Broken down by Δ
pathogen groups, presence of protozoa on child hands was associated with lower HAZ (  HAZ=          Δ
-0·51 (95% CI: -0·93, -0·08), Figure S4, column 2) in one study.31 Among individual pathogens, 
detection of A. lumbricoides in soil33 and Giardia on child hands32 was significantly associated with 
lower HAZ (  HAZ from -0·22 to -0·51, Figure S5, column 2). However, many associations between Δ
individual pathogens and HAZ were null, and several pathogens in different sample types were 
associated with higher HAZ (Figure S5, column 2). Associations between the abundance of specific 
enteropathogens and HAZ, and between the presence/abundance of enteropathogens and WAZ, 
WHZ, stunting and wasting were inconsistent (Figures S5 and S6, columns 3,4,6,7). For multiple 
pathogens, detection in environmental samples was associated or nearly associated with a higher 
prevalence of underweight children (Figure S5, column 5).

There was no association with HAZ for the detection of any MST marker (pooled  HAZ:        -0·05 Δ
(95% CI: -0·31, 0·22), Figure 3), any human-specific marker (pooled  HAZ: 0·01 (95% CI:         -Δ
0·14, 0·13), Figure S4, column 2) or animal-specific marker (pooled  HAZ: 0·06 (95% CI: -0·30, Δ
0·19), Figure S4, column 2) in any environmental sample. In one study, detection of any MST 
marker in stored water was associated with lower HAZ (  HAZ: -0·23 (95% CI: -0·45, -0·01), Figure Δ
3),29 this was driven by animal markers (Figure S4) and specifically the avian GFD marker (Figure 
S7, column 2). Associations between the presence/abundance of individual MST markers and 
growth measures were inconsistent and mostly null (Figures S4, S7, S8). Within individual studies, 
some markers were repeatedly associated with reduced growth across multiple metrics (  z from    Δ
-0·24 to -0.40), such as animal markers (BacCow) in soil, and avian (GFD) and ruminant (BacR) 
markers in stored water (Figure S7). The abundance of MST markers had similar associations with 
health outcomes as the corresponding prevalences, though the abundance but not presence of 
BacCow in household soil and stored water was associated with lower HAZ and higher prevalence 
of stunting, and the abundance but not presence of HumM2 in household soil was associated with 
higher prevalence of stunting and wasting (Figures S7, S8).

Subgroup analyses
Associations between enteropathogens/MST markers and diarrhoea/HAZ did not vary consistently 
with child age (Figures S9, S10). However, most studies did not have children measured in all age 
categories. Child sex generally did not modify associations between pathogens/MST markers and 
diarrhoea, or between MST markers and HAZ (Figure S11). However, pathogen detection in 
environmental samples was associated with a slightly larger growth deficit in boys (  HAZ: -0·11 Δ
(95% CI: -0·23, 0·01)) than in girls (  HAZ -0·07 (95% CI: -0·19, 0·05), Figure S12). This pattern Δ
was supported in individual studies (Figure S12). Animal ownership did not modify associations 
between pathogens/MST markers and HAZ (Figure S13); diarrhoea data were too sparse to assess 
effect modification by animal ownership. Pathogen presence in environmental samples was 
associated with higher diarrhoea prevalence in the wet season (PD: 0·05 (95% CI: 0·004, 0·09)) but 
not the dry season (Figure S14). MST markers were not associated with diarrhoea in either season. 
Estimates did not differ between urban and rural studies for any combination of exposures and 
outcomes.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4313717

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



Sensitivity analyses
Most covariates were not strongly associated with enteropathogen/MST marker presence in the 
environment, suggesting they are not strong confounders of the relationship between these 
exposures and child health (Figure S15). Covariate adjustment had small effects on the results; 
adjusted estimates were slightly larger in magnitude than unadjusted estimates, and the effect of 
adjustment was slightly more pronounced when a larger number of covariates was used for 
adjustment (Figures S16-S17). Estimates from parametric models vs. TMLE were similar (Figures 
S18-S19). Results were similar when we used environmental data collected up to four months 
prior, one month prior or at any time with respect to diarrhoea measurements (Figure S20).

Discussion
Detection of enteropathogens in the domestic environment was associated with higher prevalence 
of subsequent infection with the same pathogen and lower HAZ (pooled  HAZ: -0·09 (95% CI: -Δ
0·18, -0·01)) but not diarrhoea (pooled PR: 1·21 (95% CI: 0·94, 1·54)) among children· However, 
some individual pathogens were associated with increased diarrhoea. Overall, human or animal 
MST markers were not associated with diarrhoea (not enough studies for pooled estimate) or child 
growth (pooled  HAZ: -0·01 (95% CI: -0·14, 0·13) for human markers, -0·06 (95% CI: -0·30, 0·19) Δ
for animal markers).  Some individual pathogens were associated with increased diarrhea, and in 
individual studies, the avian GFD marker was associated with increased diarrhea and the avian 
GFD, ruminant BacR, and animal BacCow markers were associated with reduced child growth. 
Thus, while overall summaries are important there is evidence of heterogeneity in the associations 
between markers and settings.

Our findings support a causal chain between environmental contamination, enteric infection and 
growth faltering. However, few pathogens were measured in both environmental and stool 
samples. Also, while stool was sampled prospectively after environmental sampling, associations 
between pathogens in the environment and in stool could be due to reverse causation from chronic 
shedding by colonized children contaminating the environment. Notably, there was no overall 
association between pathogens in the environment and diarrhoea except for during wet seasons. In 
settings where children are frequently exposed to pathogens, asymptomatic colonization and 
subclinical infections are common. A study in eight birth cohorts from sub-Saharan Africa, Asia and 
South America detected  1 pathogen in 65% of non-diarrhoeal stools vs. 77% of diarrhoeal ≥
stools.35 In our analysis, diarrhoea prevalence was 8-26% while pathogen prevalence in stool was 
19-87%, indicating gut colonization without ongoing symptomatic diarrhoea. Acquired pathogen-
specific immunity and vaccines can affect the manifestation of symptoms following pathogen 
exposure,36 and non-pathogenic etiologies can cause diarrhoea symptoms. Caregiver-reported 
diarrhoea is also subject to poor recall and potential misclassification.37 In a study in Bangladesh, 
survey questions on diarrhoea symptoms, pictorial surveys and visual assessment of stool had poor 
agreement with each other and low sensitivity and specificity against pathogen detection in stool.38 
Our findings support recommendations to augment self-reported diarrhoea measurements with 
stool testing for enteric pathogens in future studies.39

Pathogens in the environment that were associated with increased diarrhoea in individual studies 
in our analysis included A. lumbricoides, T. trichiura, and rotavirus. These associations could be due 
to prolonged survival of these pathogens in the environment (e.g., STH eggs and rotavirus are 
resilient to environmental stress40–42). Among these, rotavirus has been identified in multi-country 
case-control studies among the pathogens with the highest attributable burden of child diarrhoea in 
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low-income countries.35,43 Other dominant pathogens in the studies included Cryptosporidium, 
Shigella, Campylobacter and norovirus; we did not have sufficient time-matched environmental 
data to estimate associations with diarrhoea for these pathogens. We also note that A. lumbricoides 
and T. trichiura infections typically do not lead to diarrhoeal symptoms44 and the observed 
associations in our analysis could reflect a chance finding, co-occurrence of other pathogens in the 
soil samples, or residual confounding. 

The human MST markers in our analysis (HumM2, HF183, BacHum, M. smithii) were not associated 
with child diarrhoea or growth. Among animal MST markers, the avian (GFD) marker was 
marginally associated with diarrhea and the avian, ruminant (BacR) and animal (BacCow) markers 
were associated with reduced growth but associations were inconsistent overall across different 
markers and health endpoints. The accuracy of MST markers in identifying host faeces is imperfect, 
and sensitivity/specificity values >80% are considered adequate.45 These values are regionally 
variable, and markers need to be validated to determine their sensitivity and specificity before use 
in new areas. The sensitivity and specificity of human MST markers is limited in low-income 
country settings where faecal contamination is widespread in the environment and humans share 
microbiota with animals.46,47 A validation study from 16 countries on six continents found that that 
the sensitivity of BacHum, BacCow and BacR was 87-92%, while host-specificity was 69% for 
BacHum, 57% for BacCow and 84% for BacR.48 The studies in our analysis performed setting-
specific validation to select the markers with the best demonstrated local performance. For the 
Total Sanitation Campaign trial, the selected human marker (BacHum) had <50% sensitivity and 
78-80% specificity, and it cross-reacted with chicken feces.49 The selected animal marker (BacCow) 
had 95% sensitivity and 100% specificity.49 For WASH Benefits Bangladesh, the selected HumM2, 
BacR and GFD markers had >80% sensitivity and specificity tested against local human, 
chicken/duck, cow and goat faeces.29 For MapSan, the selected human markers (HF183, M. smithii) 
had 64-71% sensitivity and 67-71% specificity, and they cross-reacted with avian feces.50 The avian 
GFD marker had 78% sensitivity and 100% specificity.50 A large body of research focused on 
recreational waters in high-income countries indicates that human MST markers in environmental 
matrices do not predict gastrointestinal illness.51 Our finding that human or animal markers in the 
domestic environment were not overall associated with child health outcomes in low-income 
countries supports recommendations for developing better-performing MST markers that can 
better distinguish human and specific animal faecal sources in different settings.48 Notably, the 
avian GFD marker was the only MST marker associated with increased diarrhoea in our analysis, 
while multiple animal markers (GFD, BacCow, BacR) were associated with reduced linear and 
ponderal child growth in individual studies. Our findings support growing evidence that exposure 
to animals, specifically poultry, is an important source of enteric pathogen transmission and may 
contribute to growth faltering in low-income countries.52–58 Our findings of health associations with 
avian faecal markers also suggest that well-performing MST markers can be a useful tool for 
detecting zoonotic health risks.

Our analysis adds to a body of research on the relationship between environmental faecal 
contamination and child health. One of the studies included in our analysis found that detection of 
any pathogen (rotavirus, adenovirus, pathogenic E. coli, Cryptosporidium or Giardia) was associated 
with increased risk of child diarrhoea for improved water sources but not for surface water sources 
in India.59 The same study found that detection of human or animal markers in household samples 
was each associated with >4-fold increase in diarrhoea when the marker was detected in all tested 
pathways (stored drinking water, child and caregiver hands) vs. none of these pathways.59 Most 
other studies in low-income countries have characterized environmental faecal contamination 
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using FIB. Meta-analyses indicate that E. coli and thermotolerant coliforms in drinking water are 
associated with increased risk of diarrhoea.13,60 An IPD analysis found that the odds of diarrhoea 
increased by 9% for each log10 FIB increase in drinking water and by 11% for each log10 FIB 
increase on child hands.10 In the same analysis, a log10 increase in FIB in drinking water and on 
fomites was associated with slightly lower HAZ (  z = -0·04 and -0·06, respectively).10 The 𝛥
reduction in HAZ associated with enteropathogens in the environment in our analysis (  z = -0·09) 𝛥
was similar in magnitude to what has been reported for FIB. Thus, advanced measures to 
characterize environmental contamination did not yield any clearer insights over FIB with respect 
to predicting child health outcomes. However, our finding of increased risk of infection with a 
pathogen following its detection in the environment indicates that measuring pathogens in the 
environment is useful for assessing transmission for a specific organism and consequently 
designing and evaluating interventions targeting it.

Regardless of the analytical target used, measuring environmental contamination is subject to 
limitations when the goal is to predict health risks. Measuring FIB, enteric pathogens and MST 
markers in the environment each have specific strengths and weaknesses. While FIB can come from 
non-faecal sources, correlate imperfectly with pathogens and cannot differentiate between faecal 
hosts,11–13 they can be measured inexpensively with minimal equipment. When enumerated with 
culture-based methods, as is typical, they also indicate viable organisms. Measuring pathogens and 
MST markers is more expensive and requires more extensive facilities. Therefore, the number of 
samples tested is typically small while the prevalence and abundance of enteropathogens in the 
environment is low, limiting statistical precision. Also, while PCR methods to assess viability are 
underway, molecular methods typically used to detect these targets cannot determine viability. 
Additionally, faecal organisms in the environment have substantial temporal and spatial 
variability61,62 so grab samples capturing one point in time and space are unlikely to adequately 
characterize contamination. In an analysis among beachgoers in the US, averaging repeated 
Enterococcus measurements in recreational waters revealed associations with gastrointestinal 
illness among swimmers.63 Fine-grained longitudinal sampling of the domestic environment can 
better characterize faecal contamination in low-income countries; such sampling is more feasible 
using inexpensive and widely available FIB methods. Additionally, measuring the environmental 
concentration of an organism gives little information about the dose ingested by children, which is 
determined by the duration and frequency of exposure in addition to the level of contamination.64 
Children’s contact patterns with environmental matrices vary with age and setting.65,66 Combining 
assessments of these patterns with environmental measurements may better predict health 
risks.67,68

Our analysis had several limitations. We only identified a small number of eligible studies. Due to 
the smaller sample size of the environmental samples within these studies, rare detection of many 
of the targets and low diarrhoea prevalence in most studies, we could not estimate all exposure-
outcome associations, and our estimates may have failed to detect some associations due to data 
sparsity. The IPD meta-analysis approach allowed us combine data across studies to increase our 
statistical precision; meta-analyses with additional data from future studies may detect 
associations we missed. We could also only adjust for a small subset of potentially confounding 
covariates in some analyses due to the small number of observations. However, most covariates 
were weakly associated with measures of environmental contamination, and our unadjusted and 
adjusted estimates were similar even when controlling for a larger number of covariates. Flexible 
covariate adjustment through TMLE did not change associations between environmental 
contamination and diarrhoea or HAZ. Therefore, we believe we adequately adjusted for measured 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4313717

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



confounding but unmeasured confounding may remain. We did not correct for multiple 
comparisons, and so some significant associations are likely type-1 errors, especially when results 
across sample types and individual studies were inconsistent. The differences in the time window 
between environmental and child health measurements across studies may have also led to 
inconsistencies in associations between studies. However, shrinking or expanding the window we 
allowed between environmental and diarrhoea measurements in our analyses did not change our 
findings.

In conclusion, enteropathogen detection in the environment was associated with increased risk of 
child enteric infections and slightly lower linear growth but not symptomatic diarrhoea in our 
analysis. Our findings support a causal chain between environmental faecal contamination, child 
infection and child growth. Our results also indicate a need for MST markers that can better 
differentiate faecal hosts in settings where humans and animals live in close proximity. Future 
research should incorporate longitudinal and spatial environmental sampling to measure a 
combination of FIB and a common set of pathogens in the environment as well as test for the same 
pathogens in stool to assess links between environmental faecal exposure and child health.
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Figure 1. Forest plots of associations between specific enteropathogens in environmental samples and child infections with the same enteropathogens. 
The presented prevalence ratios compare the detection prevalence of a pathogen in stool between children from compounds where the pathogen was 
detected vs. not detected in environmental samples. Samples of the same type from different locations (e.g., soil from courtyard vs. latrine) are plotted 
separately and denoted by different colors. Asterisks above estimates indicate P-values < 0.05. All estimates are adjusted for potential confounders.
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Figure 2. Forest plots of associations between the prevalence of any enteropathogen or any MST markers in different types of environmental samples and 
child diarrhoeal disease. The presented prevalence ratios compare diarrhoea prevalence between children from compounds where any pathogen/MST 
marker was detected vs. not detected in environmental samples. Pooled estimates are presented when there are four or more study-specific estimates for 
a specific sample type and target combination and are denoted with diamond-shaped points. Grey crossed points denote data that were too sparse to 
estimate a prevalence ratio (i.e., <5 cases in rarest exposure stratum). Samples of the same type from different locations (source vs. stored water, flies in 
kitchen vs. latrine, soil from courtyard vs. latrine) or different individuals (child vs. mother’s hands) are plotted separately. Asterisks next to estimates 
indicate P-values < 0.05. All estimates are adjusted for potential confounders.
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Figure 3. Forest plots of associations between the prevalence of any enteropathogen or any MST markers in different types of environmental samples and 
heigh-for-age Z-scores (HAZ). The presented differences compare HAZ between children from compounds where any pathogen/MST marker was detected 
vs. not detected in environmental samples. Pooled estimates are presented when there are four or more study-specific estimates for a specific sample type 
and target combination and are denoted with diamond-shaped points. Grey crossed points denote data that were too sparse to estimate a mean difference. 
Samples of the same type from different locations (source vs. stored water, flies in kitchen vs. latrine, soil from courtyard vs. latrine) or different individuals 
(child vs. mother’s hands) are plotted separately. Asterisks next to estimates indicate P-values < 0.05. All estimates are adjusted for potential confounders.
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Table 1. Descriptive statistics of child health outcomes by study. Pathogen-specific infection prevalence is the prevalence of at least one pathogen detected 
in child stool, and the number of pathogen infections is the total number of detected infections, where individual children can have infections from multiple 
pathogens.

Study Trial
Distinct 

pathogens 
measured

# children with 
pathogens measured

# pathogen 
infections

Pathogen 
prev.

# 
diarrhoea 

obs.
# diarrhoea 

cases
Diarrhoea 

prev.
# HAZ 

obs.
Mean 
HAZ

Stunting 
prev.

# WAZ 
obs.

Mean 
WAZ

Underweight 
prev.

# WHZ 
obs.

Mean 
WHZ

Wasting 
prev.

Reese et al. 
2017 Gram Vikas 1,044 46 4.4 578 -1.78 42.2 576 -0.87 13.4

Holcomb et 
al. 2021 MapSan 79 5 6.3 254 -1.73 48.0 251 -0.61 10.0 243 0.31 6.2

Capone et 
al. 2021 MapSan 15 96 230 86.7 111 13 11.7 227 -1.55 43.2 228 -0.68 11.4 221 0.09 8.1

Capone et 
al. 2022 in 
prep

MapSan 10 68 154 83.9 96 10 10.4 262 -1.73 41.6 263 -0.71 12.2 248 0.13 7.3

Odagiri et 
al. 2016

Odisha 
TSC 1,961 181 9.2 4,006 -1.38 28.9

Fuhrmeister
et al. 2020

Wash 
Benefits 
Bangladesh

1 261 61 17.3 1,598 189 11.8 859 -1.82 41.0 873 -1.54 30.6 861 -0.85 10.0

Boehm et 
al. 2016

Wash 
Benefits 
Bangladesh

412 99 24.0 411 -1.35 26.3 412 -1.35 24.3 412 -0.74 9.5

Kwong et al. 
2021

Wash 
Benefits 
Bangladesh

2 500 200 23.4 1,063 140 13.2 103 -1.58 30.1 103 -1.55 29.1 103 -0.97 8.7

Steinbaum 
et al. 2019

Wash 
Benefits 
Kenya

2 1,609 338 20.6 2,248 577 25.7 1,800 -1.54 31.6 1,852 -0.73 9.7 1,797 0.10 1.5

HAZ: Height-for-age Z-score; WAZ: Weight-for-age Z-score; WHZ: Weight-for-height Z-score.
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