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ABSTRACT: Quantifying the contribution of individual exposure
pathways to a child’s total ingestion of fecal matter could help prioritize
interventions to reduce environmental enteropathy and diarrhea. This
study used data on fecal contamination of drinking water, food, soil,
hands, and objects and second-by-second data on children’s contacts
with these environmental reservoirs in rural Bangladesh to assess the
relative contribution of different pathways to children’s ingestion of fecal
indicator bacteria and if ingestion decreased with the water, sanitation,
and hygiene interventions implemented in the WASH Benefits Trial.
Our model estimated that rural Bangladeshi children <36 months old
consume 3.6−4.9 log10 most probable number E. coli/day. Among
children <6 months, placing objects in the mouth accounted for 60% of
E. coli ingested. For children 6−35 months old, mouthing their own
hands, direct soil ingestion, and ingestion of contaminated food were the primary pathways of E. coli ingestion. The amount of E. coli
ingested by children and the predominant pathways of E. coli ingestion were unchanged by the water, sanitation, and hygiene
interventions. These results highlight contaminated soil, children’s hands, food, and objects as primary pathways of E. coli ingestion
and emphasize the value of intervening along these pathways.
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■ INTRODUCTION

Exposure to human and animal fecal contamination causes
enteric infections and fecal-oral diseases including diarrhea.
Repeated exposure to high levels of fecal contamination may
also contribute to environmental enteropathy, a subclinical
condition of the small intestine associated with blunted
intestinal villi and crypt hyperplasia.1 Environmental enter-
opathy and enteric infections contribute to malnutrition, which
caused 1.4 million deaths in 2015.2 Malnutrition is also
associated with delayed and reduced schooling, and long-term
cognitive impairment.3,4

Interventions to interrupt exposure to fecal contamination
typically focus on water disinfection, provision household
sanitation, and handwashing.5 In settings heavily contaminated
with feces, interventions focused on improving water,
sanitation, and hygiene conditions may have had limited
effects on reducing diarrhea or improving growth because they
did not sufficiently reduce exposure to feces.6,7 These
interventions may not have caused a sufficient reduction in
fecal contamination along the targeted pathways to observe a
reduction in diarrhea;8−10 or transmission occurred along

pathways that are typically not addressed by water, sanitation,
and hygiene programs. For example, there is evidence that
inadequate child feces management impairs child growth;11

exposure to animal feces and soil is associated with increased
risk of diarrhea, markers of environmental enteropathy, and
growth faltering;12−15 and objects carry fecal contamination
that may be ingested by children when objects are
mouthed.16,17

An understanding of the degree to which different fecal
exposure pathways (Figure 1) contribute to children’s
ingestion of fecal matter can help prioritize pathways for
intervention. Additionally, modeling children’s ingestion of E.
coli, an indicator of fecal contamination, can help interpret
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outcomes of water, sanitation, and hygiene trials. While E. coli
is not a perfect proxy for bacterial pathogens, much less viruses
and protozoa, the presence of E. coli in drinking water and on
hands has been associated with diarrhea in children.18−20 Two
studies have compared two or more pathways using exposure
assessment to identify which pathway primarily contributes to
children’s overall intake of E. coli.21,22 In a rural Tanzania study
that modeled the hand mouthing and drinking water pathways,
99.7% of children’s E. coli exposure was due to contacts
between children’s hands and mouths while only 0.3% of E. coli
exposure was from drinking water.22 In urban Ghana, ingestion
of water, food, and soil, hand-to-mouth contact, and flies were
investigated as potential pathways of fecal exposure. The
authors identified food as the pathway contributing 99% of
children’s E. coli ingestion.21 However, due to a lack of data on
hand-to-mouth and object-to-mouth exposures among children
in low-income communities at the time these studies were
published, both used hand- and object-mouthing frequencies
and other data from children in the U.S. The impact of these
nonlocal exposure measures on the study results is unclear as
children’s interactions with their environment are likely
context-specific.17,23 In this study, we used location-specific
measurements of environmental fecal contamination and
location-specific data on children’s environmental exposures
to estimate children’s intake of the fecal indicator bacteria E.
coli.

■ METHODS

Modeled Pathways. Our model drew on unpublished and
published data from studies of children’s exposure to multiple
pathways of fecal transmission in rural Bangladesh, and the
levels of fecal contamination documented along these
pathways. The seven pathways of fecal ingestion included in
our model are (1) hand-to-mouth contact with the child’s own
hands, (2) hand-to-mouth contact with caregivers’ hands, (3)
object-to-mouth contacts, (4) ingestion of food, (5) ingestion
of water, (6) direct soil ingestion, and (7) direct feces
ingestion. Since we did not observe flies on or in children’s
mouths, we assumed that all transmission from flies was
captured in the food pathway and therefore did not include a
separate fly pathway. We modeled E. coli ingested by children
in the control and combined water, sanitation, and hygiene
(WSH) arms of the WASH Benefits trial in Bangladesh.25

Interventions in the WSH arm included dual-pit latrines

provided for every household in the study household’s
compound. The compounds also received a potty for young
children and a sani-scoop for removal and safe disposal of child
and animal feces. In addition, the study household received a
water storage vessel with a cover and tap, point-of-use water
chlorination tablets, two handwashing stations with soapy
water bottles. Hardware was delivered within a behavior
change program that encouraged regular use of these hardware
components through periodic household visits from local
community health promoters. Promoters visited intervention
households six times per month on average; they did not visit
households in the control arm.

Model Overview. We used a probabilistic Monte Carlo
simulation to model the amount of human and animal fecal
matter, proxied by E. coli, ingested by rural Bangladeshi
children <36 months old. We compared the relative
contribution of each pathway to the total quantity of E. coli
ingested for children in different age groups. Monte Carlo
simulations run multiple iterations of a model, each time
randomly selecting a value from each parameter’s distribution
to use in the current iteration. We accounted for ingestion
through placing contaminated hands and objects in the mouth
(eqs 1−3), consumption of food (eq 4) and water (eq 5),
direct soil ingestion (eq 6), and direct feces ingestion (eq 7).
We summed the values to calculate total ingestion (eq 8).
Briefly, for hands and objects, we multiplied the load of E. coli
on the hand or object by the surface area of the hand or object
mouthed, transfer efficiency, frequency of mouthing of hands
or objects per hour, and number of hours a child is awake
during the day. For food, water, soil, and feces, we multiplied
the concentration of E. coli in food, water, soil, and feces by the
quantity of the food, water, soil, and feces ingested per day. For
pathways with estimated per-hour frequencies, we selected
from an age-relevant distribution the number of hours in a day
the child was awake, calculated a value for each hour or partial
hour, and summed these values to calculate a daily estimate.
We have previously used a similar model to estimate children’s
ingestion of soil.26 For the model presented here, we ran 10000
simulations for each age group (3−5 months, 6−11 months,
12−17 months, 18−23 months, and 24−35 months old). Age
groups were selected based on guidance from the U.S.
Environmental Protection Agency on selecting age groups for
assessing exposure to environmental contaminants.27 Parame-
ter abbreviations, descriptions, and distributions are given in

Figure 1. Pathways of exposure to fecal contamination (adapted with permission from ref 24).
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Table S1; parameter distributions were drawn from the
referenced source, except for those marked “This study”,
which are described in this paper and SI.
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We assumed that E. coli concentrations expressed as colony-
forming units (CFU) were equivalent to those expressed as
most probable number (MPN) and conducted all analysis
using concentrations in MPN. We used the Kruskal−Wallis
and Dunn tests to compare the median E. coli intake across
pathways and age groups. Modeling and statistical analysis
were conducted using R version 3.3.3.
Parameters. Frequency of Hand-to-mouth (HM.x) and

Object-to-Mouth Contacts (OMc,i). We collected data on the
frequency that rural Bangladesh children put hands and objects
into their mouths during 234 in-person structured observations
and video observations of children 3−45 months old.17,23 A
subset of children participating in the WASH Benefits trial in
Bangladesh25 were observed at their homes for 5−6 h during
daylight hours and each of their hand-to-mouth, object-to-
mouth, and hand-to-object contacts were recorded using a
computer-based software, Virtual Timing Device.28 Structured
observations were conducted on 149 children 3−18 months
old.17 A subset of 30 of these children participated in video
observations conducted longitudinally at four time points from
2014 to 2016, when children ranged from 3 to 47 months
old.23 We calculated the hourly frequency of hand-to-mouth
contacts separately for contacts with the child’s own hand
(HM.ndc,i) or caregiver’s hand (HM.ndm,i) while not eating. We
also enumerated the number of contacts per hour when a child
fed herself (HM.d.episodec,i) or was fed by a caregiver
(HM.d.episodem,i). The detailed methods are reported else-
where.17,23

Frequency and Quantity of Direct Soil (SMc,i, SWDI) and
Fecal Matter (FMc,i, FWDI) Ingestion. The structured and video

observations were also analyzed for the prevalence and
frequency of direct soil and fecal matter ingestion (Table
S1). Our observations, which took place both during the
morning and afternoon, covered approximately half of
children’s waking hours,29 so we assumed that the prevalence
of soil and fecal matter ingestion per day was double what we
observed.
We used these exposure data, combined with information on

the load of soil on child and caregiver hands and objects, to
model the quantity of soil directly and indirectly ingested each
day.26 On the basis of our observations of direct soil and fecal
ingestion and lacking additional data on the mass of feces
consumed per ingestion event, we assumed that the dry mass
of fecal matter consumed in one ingestion event (FWDI) was
equivalent to the dry mass of soil ingested in one ingestion
event (SWDI).

Food Consumption (Fc,i). Among Bengali children, 3−5
months old, approximately 56% exclusively breastfeed, 26%
consume breastmilk and liquids, and 18% breastmilk and solid
foods.30,31 Data on mass of nonbreastmilk food consumed by
children <6 months old were unavailable; we assumed that
children who consume liquid food in addition to breastmilk
consume 10% of the dry grams ingested by children 6−11
months old and children who eat solid food to complement
breastmilk consume 20% of the dry grams ingested by children
6−11 months old. On the basis of published and unpublished
data regarding the amount of food consumed by children, and
the total amounts and ratios of fat, protein, carbohydrates, and
total calories consumed by children 24−35 months old,32,33 we
estimated the amount of food consumed by children 6−11
months old using published values for the total number of
calories and grams of protein they consume.34 Lacking data
more recent than 1985 on the quantity of food consumed by
children 12−23 months old, we estimated their food
consumption by averaging the values for children 6−11 and
24−35 months old.

Water Consumption (Wc,i). Since there does not exist a
published study on the volume of drinking water consumed by
children in Bangladesh, we used drinking water consumption
data from children in West Bengal and the body mass data
from children in the WASH Benefits study to estimate drinking
water ingestion. A study of 117 rural West Bengali children 7
months to 15 years old reported that children ingest as
drinking water an arithmetic mean of 87 mL water/kg body
weight/day.35 We estimated amount of water consumed per
day by multiplying the 87 mL water/kg body weight by the
empirical distribution of body weights of children in the
specified age group measured in the WASH Benefits study. For
exclusively breastfed children <6 months old, consumption of
drinking water was set to 0 mL/day.

E. coli Contamination of Water (ECwater,c,i), Hands
(EChand,c,i, EChand,m,i), Food (ECfood,c,i), Objects (ECobj), and
Soil (ECsoil). We utilized environmental samples collected as
part of WASH Benefits in the trial’s control and combined
water, sanitation, and hygiene arms for data of fecal
contamination along these pathways.8,9 The WASH Benefits
team sampled stored drinking water, children’s hands, food
that would have been served to young children (predominantly
samples of rice), sentinel toys (nonporous plastic balls, radius
= 5 cm), and soil from where young children last played in the
courtyard. Samples were collected approximately four months,
one year, and two years after the initiation of the WASH
Benefits interventions.8,9 We used age group-specific data for E.
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coli contamination of hands, food, water, and objects as
environmental media demonstrated that E. coli concentrations
varied by age group (Kruskal−Wallis test for difference among
age groups: p < 0.005 for hands, food, and water; p = 0.07 for
objects; and p = 0.09 for soil after removing the 24−35-month-
old age group, which was represented by only two samples)
(Figure 2). In this study, we used the empirical E. coli
concentrations from all sampling periods. Given that prior
studies did not find a difference between the levels of
contamination on the hands of children and their mothers,36

we assigned mothers’ hands the same empirical distribution of
E. coli as children’s hands.
E. coli Per Gram Feces (ECfeces) and Feces Moisture

Content (FMC). We calculated the E. coli consumed from direct
feces ingestion by multiplying the quantity of feces ingested by
the concentration of E. coli in fecal matter (wet weight). A
study of animal feces in urban Bangladesh found the mean
concentration of E. coli in chicken feces was 8.5 log10MPN/g
wet-weight feces, whereas for ducks it was 7.6 log10MPN/wet
g; goat feces had 7.8 log10 E. coli MPN/wet g feces and cows
6.8 log10MPN/wet g.37 Children were observed consuming the
feces of poultry, cows/buffalos, and goat/sheep, so we used the
geometric mean concentration of E. coli in these types of feces
(mean 7.7 log10MPN/wet g, standard deviation [sd] = 0.89
log10MPN/wet g) to convert mass of ingested feces into the
quantity of ingested E. coli.
To calculate the wet weight of feces ingested, we multiplied

the dry weight of feces consumed by the moisture content of
ingested animal feces, which are common in Bangladeshi
courtyards.38 We estimated the moisture content of ingested
feces by taking the mean feces moisture content for chickens
(74%39), cows (85%40,41), and goats (22%42) as the mode of a
triangular distribution with an assumed minimum of 0.20 and a
maximum of 0.90. We represented these values with the
distribution beta(6.31, 4.82).
Other Parameters. Additional details on model parameters,

including the transfer efficiency, the peri-oral transfer
efficiency, the surface area children’s and mothers’ hands, the
fraction of the hand that touches the mouth during an oral or
peri-oral hand-to-mouth contact, and the fraction of oral and
peri-oral contacts have been previously described.26

Relative Contribution and Sensitivity Analyses. We
calculated the relative contribution of each pathway to the total
quantity of E. coli ingested by finding the percent each pathway
contributed to the total in each simulation. To assess if E. coli
ingestion across seasons reflected trends in diarrhea rates
across seasons, we also conducted separate analyses for the
rainy (June-October) and dry (November-May) seasons. We
compared results modeled based on data from the control and
WSH arms of the WASH Benefits Trial.
We did not estimate fecal matter ingested from all pathways

because E. coli can grow in food and soil and thus the amount
of E. coli ingested may not represent the amount of fecal matter
that was originally deposited. However, we did model fecal
matter ingestion through the pathways of drinking water and
children mouthing their own hands (whether eating or not) in
order to compare our results to those of a study of rural
Tanzanian children.22 For this comparison, we used the same
conversion factor of E. coli to human feces that was used in the
Tanzania study.22

We performed a sensitivity analysis to assess whether
variability in the concentration of fecal contamination in the
environment or the degree of children’s interaction with the
environment more strongly influences the amount of E. coli
they ingest. For this analysis, we set all parameters to their
median values except the parameter of interest, which was set
to its 25th percentile for the first model run and 75th
percentile for the second model run. We compared the ratio of
outcomes resulting from the 75th and 25th percentile runs.22

To assess extreme differences in child mouthingfrequencies
outside the range of those observed in Bangladesh,we
doubled and tripled the 75th percentiles of these distributions,
correspondingly set the 25th percentile to one-half and one-
third of their original values, and reran the sensitivity analysis
to determine how the influence of the hand- and object-
mouthing parameters changed.

■ RESULTS

Our model estimated that in rural Bangladesh, children in the
control and WSH arms of the WASH Benefits trial ingested
similar amounts of E. coli (Table S2, Figure S1). Children <6
months old in the control arm ingested a median of 3.6

Figure 2. E. coli contamination of various environmental media, by age group.
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log10MPN E. coli/day, whereas E. coli ingestion among children
6−35 months old was approximately one log higher: 4.7
log10MPN E. coli/day among children 6−11 months old, 4.9
log10MPN E. coli/day among children 12−23 months old, and
4.6 log10MPN E. coli/day among children 24−35 months old.
Among children in the WSH arm in the same age group, E. coli
ingestion was within 0.1 log10MPN E. coli/day of the estimates
among controls. With respect to seasonal variation, median
ingestion of E. coli was 4.4 log10MPN/day in the dry season
and 4.7 log10MPN/day in the rainy season among children of
all ages in the control arm; median ingestion of E. coli was 4.3
log10MPN/day in the dry season and 4.8 log10MPN/day in the
rainy season among children of all ages in the WSH arm.
The primary pathways of E. coli ingestion varied by age

group but were similar across arms (Figure 3). Among all
children in age groups in both arms and combining both
seasons, the percentage of total E. coli ingestion resulting from
children mouthing their own hands while not eating ranged
from 15 to 38%. Direct soil ingestion was the secondary
pathway for children 0−23 months old, with a contribution
that ranged from 18 to 31% of total E. coli ingestion, depending
on age group and study arm. For children <6 months old,
mouthing objects was the primary pathway of E. coli ingestion,
contributing 60% of total E. coli ingestion among children in
the control arm and 64% among children in the WSH arm.
The contribution of food to total ingested E. coli increased as
children aged, with children <12 months ingesting 2−6% of
total E. coli from food and children 12−35 months old
ingesting 19−37% of total E. coli from food, depending on age
group and study arm.
When we considered only the pathways of drinking water

and children mouthing their own hands unrelated to eating,
and assumed that all of the E. coli ingested from these pathways
was derived from human feces, we calculated that Bangladeshi
children <6 months old ingested a median of 0.01 mg wet-
weight feces/day, children 6−11 months old 0.37 mg/day,
children 12−23 months old 0.92 mg/day and children 24−35
months old 0.54 mg/day; mouthing of children’s hands was
responsible for 80−97% of fecal matter ingestion. When we
assumed that the E. coli ingested from mouthing hands and
drinking water was from a mixture of poultry, cow, and goat

feces instead of human feces,38 the estimated ingestion of feces
dropped by half, with a low of 0.0044 mg wet-weight feces/day
for children <6 months old to a high of 0.47 mg wet-weight
feces/day for children 12−23 months old.
The parameters whose variation most influenced the

estimate of fecal bacteria ingestion were those associated
with the primary pathway of ingestion in each age group. As
direct soil ingestion was the primary contributor to E. coli
ingestion among children 6−23 months old, the frequency of
direct soil ingestion, the concentration of E. coli in the soil, and
the mass of soil ingested per direct ingestion event had the
strongest influence on the model for this age range. For
children 6−11 months old, the 75th percentile of the
frequency of direct soil ingestion was 7.8 times/day compared
to the 25th percentile of 0 times/day (many children did not
ingest any soil). The estimate of total E. coli ingestion resulting
from using the 75th percentile of direct soil ingestion
frequency was 154 times higher than the estimate resulting
from the 25th percentile. Similarly, total E. coli ingestion
estimates were 28 times higher for children <6 months old
when the 75th vs 25th percentile values were used for the
concentration of E. coli on objects and 7 times higher when the
75th vs 25th percentile values were used for the frequency of
mouthing objects (Table S3). The model-estimated E. coli
ingestion was not sensitive to the frequency of feeding events
or the frequency of children’s hand-to-mouth contacts during
feeding, the concentration of E. coli on caregiver’s hands or in
water or food, the quantity of water consumed, the frequency
of direct feces ingestion events, or mass of feces ingested per
direct fecal matter ingestion event.

■ DISCUSSION
A substantial fraction of the E. coli ingested by children is from
pathways that are not directly addressed by household-level
water, sanitation, and hygiene interventions: directly ingesting
soil that is contaminated by animal feces and mouthing hands
and objects contaminated by this soil. This could explain why
low-cost, household-level interventions that have focused on
water treatment and storage, latrine construction and usage,
and caregivers washing their own hands often have not reduced
children’s exposure to fecal contamination enough to observe

Figure 3. Relative contribution of multiple pathways to total fecal bacteria ingestion among young children in rural Bangladesh.
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large reductions in child diarrhea6,7,43 and/or linear
growth.6,7,25

Our model shows that the WSH intervention implemented
by WASH Benefits in Bangladesh did not impact the quantity
of E. coli ingested. The WSH interventions sought to reduce
contamination of the environment by better containing human
feces, storing treated drinking water, and increasing handwash-
ing with soap. There was high uptake of all interventions,
except for child potties and sani-scoops for removal of animal
feces: 15 months after the intervention was implemented in the
WSH arm, 50% of stored water had a chlorine residual, 55% of
water was stored fully covered, hands were washed with soap
after 74% of defecation events, and adults used a hygienic
latrine for defecation in 97% of defecation events, while a potty
was used in 37% of child defecation events, a sani-scoop used
in 25% human feces disposal events and 21% of animal feces
disposal events, and animal feces were observed in 85% of
compounds.44 The prevalence and concentration of E. coli in
stored water was lower in the WSH arm than the control arm
when measured four months, one year and two years after
intervention initiation, but the prevalence and concentration of
E. coli on objects (sentinel balls) was higher at year one.8 The
prevalence and concentration of E. coli on hands, in food, and
in soil was not significantly different between the WSH and
control arms at any of the sampling time points.8,9 As the
primary pathways of E. coli ingestion were mouthing hands,
soil, food, and objects, the conclusion that the intervention did
not decrease the prevalence or concentration of E. coli in these
environmental reservoir explains the model finding that total
ingestion of E. coli was not lower in the WSH arm.
Despite finding no reduction in the prevalence or

concentration of E. coli in hand, soil, food, and objects,8,9 the
prevalence of reported diarrhea in the WSH arm was 38%
lower in the WSH arm compared with the control arm.25 One
explanation for this apparent discrepancy between environ-
mental, modeling, and observed child health results is that the
reduction in diarrhea was primarily driven by a reduction in
diarrhea caused by viral or protozoan infections, and E. coli are
a poor proxy for viruses and protozoa in the environment.45

The sanitation and control arms did not have significantly
different concentrations of pathogenic E. coli genes in hand
rinse, stored water, or soil samples, nor were there significantly
different concentrations of rotavirus in soil, water, and hand
rinse samples38 or norovirus in hand rinse samples.46 However,
diarrhea could have been due to viruses that were not tested
for, including sapovirus, adenovirus, and astrovirus47 and/or
the water and handwashing interventions may have been
associated with larger reductions of viruses in the environment
than seen in the sanitation arm. Indeed, analysis of stool from
children in the WSH arm has a significantly lower prevalence
of adenovirus, norovirus, sapovirus and Giardia as compared to
stool from children in the control arm.48,49 This evidence is
consistent with our model’s conclusion that across the WSH
and control arms there was no significant difference in
children’s ingestion of the fecal indicator bacteria, E. coli this
suggests that there may have been no difference in exposure to
bacterial pathogens but cannot be used to infer whether or not
there were differences in exposure to viral or protozoan
pathogens.
The relative contribution of each pathway to total E. coli

ingestion differed by age group. This finding suggests that both
during planning and evaluation, interventions to reduce
exposure to fecal matter should consider child age. While

our results suggest that children in all age groups would have
substantially reduced exposure to fecal matter if they had less
contaminated hands, preventing direct soil ingestion would
provide a greater benefit to children <24 months old and food
hygiene interventions would provide a greater benefit to
children >24 months old. As different interventions will likely
not have the same effect on children in different age groups,
the age of children in a study should be considered when
estimating and evaluating an intervention’s effect size.
Reducing direct soil ingestion may be crucial for reducing

children’s exposure to fecal contamination. Direct soil
ingestion, a pathway that has historically received little
attention, is a primary pathway of E. coli ingestion among
children 6−23 months old in rural Bangladesh. Exposure to E.
coli, and by proxy to fecal-oral pathogens, in soil may explain
why direct soil ingestion has been associated with diarrhea and
markers of enteric enteropathy.13,50 Manipulating items allows
infants to practice fine motor skills and helps them gain
information about the properties of the item, which
contributes to their conceptual and language development.
As such, generally restricting children’s grasping of items to
reduce their exposure to soil may not be preferred. Instead,
strategies to limit children’s exposure to and direct ingestion of
soil include improved flooring and hygienic play pens.
Improving indoor flooring in urban Mexico was associated
with reduced parasite loads, diarrheal episodes, and incidence
of anemia among children <5 years old,51 while play pens with
plastic mats for children in rural Ethiopia were unsuccessful at
reducing diarrhea.52

Among children ≥12 months old, consumption of
contaminated food contributed 27−37% of total E. coli
ingested, indicating that improved food hygiene intervention
could substantially reduce exposure to fecal pathogens for
children in this age group. Recent studies have explored the
degree of contamination in foods consumed by young
children.8,9,53−55 Potential mechanisms of food contamination
include contamination by dust, flies, and contaminated
hands.56−59 Food hygiene interventions that focus on
handwashing before food preparation and covering cooked
food during storage could reduce food contamination and
diarrhea.57,58

The sensitivity analysis suggests that our E. coli ingestion
results for children in rural Bangladesh would be generalizable
to contexts with similar levels of environmental contamination,
prevalence of direct soil ingestion, object mouthing frequen-
cies, and drinking water quality. However, the relative
contribution of each pathway may differ across settings. For
example, for children living in locations with lower levels of soil
contamination13,60 or less opportunity to put soil into their
mouths because the ground is covered with concrete, vinyl, or
other flooring materials,50 the contribution of soil ingested E.
coli may be less than that in our study. The sensitivity analysis
also indicates that for children >6 months old, differences in
hand- and object-mouthing frequencies between children in
different countries has a relatively small impact on their
estimated ingestion of E. coli. However, exposure factors for
U.S. children alone cannot be used to model fecal intake of
children in other countries because they do not include
frequencies of soil mouthing or relevant quantities of food
consumption. The model’s extreme sensitivity to particular
variables indicates the need for more data to make assessments
about fecal ingestion pathways in contexts that differ from rural
Bangladesh.
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Comparison with previous studies supports our model
outputs. Considering only the pathways of drinking contami-
nated water and hand mouthing and assuming that all ingested
E. coli represents freshly deposited human fecal matter, our
study and other previous studies have similar estimates of fecal
matter ingestion (0.01−0.92 mg wet-weight feces/day vs 0.098
mg or 0.93 mg wet-weight feces/day, depending on fecal
indicator used for the estimate) and the fraction of ingestion
from mouthing contaminated hands (80−97% vs 97%).22 Our
estimates for the amount of E. coli ingested by children in rural
Bangladesh (3.6−4.9 log10 MPN E. coli/day) was less than the
estimate for children <5 years old in urban Ghana (8−16 log10
CFU E. coli/day), likely due to assumptions regarding
Ghanaian children’s consumption of highly contaminated raw
produce.21

This analysis uses E. coli as an indicator of fecal
contamination, but E. coli is an imperfect proxy for fecal
contamination and for enteric pathogen exposure. Naturally
occurring E. coli can persist and multiply in tropical soils and
surface waters, so some of the E. coli we detected in
environmental samples measured was potentially not derived
from feces.61 As a result, we may have overestimated the
concentration of fecal matter in environmental media. Even if
E. coli was a perfect proxy for the presence of fecal
contamination, not all feces are contaminated with pathogens,
so the presence of E. coli would not indicate the presence of
pathogens. While the quantity of E. coli has been associated
with the quantity of pathogenic E. coli genes,62 the presence of
E. coli and fecal contamination does not always indicate the
presence of pathogens. While the presence of the fecal
indicator bacteria E. coli in household drinking water is
associated with an increased risk of diarrhea,18 there is no
simple dose−response relationship as there is an imperfect
correlation between E. coli and enteric pathogens and acquired
immunity influences the relationship between pathogen
ingestion and the presence of symptomatic or asymptomatic
infection.63 Our model demonstrates that consumption of
drinking water contributes a minor portion of total ingested E.
coli among children in rural Bangladesh, so lack of a dose−
response or threshold association between E. coil and drinking
water does not necessarily indicate a lack of association in the
total quantity of E. coli ingested and diarrhea or other
gastrointestinal disorders.19 Even if our model estimates of
absolute quantity of E. coli ingested are inaccurate, our primary
conclusions, which are based on the relative ingestion of E. coli
from each pathway, may still be helpful in targeting pathways
to reduce the probability or severity of illness.
The amount of E. coli ingested from the environmental

reservoirs that we have considered (hands, water, food, objects,
soil, and feces) may not be directly comparable because E. coli
grows and dies off at different rates in these media.64−66 As
such, the amount of E. coli in one environmental medium may
reflect a different amount of deposited fecal matter (and
associated pathogens) than the same amount of E. coli in a
different environmental medium. The type of environmental
reservoir may also influence the way fecal contamination
interacts with the gut microbiome to generate immature or
otherwise unhealthy microbial ecologies.67 Additionally,
environmental reservoir type and characteristics such as
moisture, temperature, pH, and surface area may influence
pathogen growth, survival, bioavailability, infectious dose, and/
or virulence. For example, waterborne typhoid outbreaks due

to Salmonella typhi were associated with longer incubation
periods and lower attack rates than foodborne outbreaks.68

Limitations to the data used for modeling and the modeling
approach, including a small sample of children observed and
not modeling rare events that may remove soil from hands, are
detailed elsewhere.26 Uncertainties in transfer efficiencies and
uncertainty in quantity of soil directly consumed during each
direct soil consumption event are due to limited empirical data
on these influential parameters and could substantially
influence the estimate of total E. coli ingested by changing
the estimated amount of soil ingested.26 However, these
limitations are not expected to change the comparison between
arms or the relative contribution of each pathway to children’s
ingestion of E. coli because all pathways other than ingestion of
food and water would be affected similarly by altering these
transfer efficiency and direct soil ingestion parameters. The
amount of water consumed and the concentration of E. coli in
water are both low, so even if the transfer efficiencies and soil
consumption were overestimated, rural Bangladeshi children’s
ingestion of E. coli through drinking water is expected to
remain negligible. Given the larger amount of food consumed,
the relative contribution of food to total E. coli ingestion could
increase. An additional limitation is that we use environmental
contamination data specific to the control and WSH arms but
the behavioral data were derived only from observations of
children in the control arm. However, given children’s young
ages, we do not expect that children were aware of the
intervention or that the intervention impacted their hand-to-
mouth and object-to-mouth contact frequencies.
Low-cost, household-level water, sanitation, and hygiene

interventions that focus on water treatment, latrine usage, and
caregiver’s hand cleanliness may be insufficient to substantially
reduce fecal exposure among young children who live in
settings where soil, children’s hands, food, and mouthed
objects are highly contaminated with feces and there are ample
opportunities for direct soil ingestion. Animal husbandry
interventions, such as confining animals to areas of the home
property where children would be discouraged from playing,
may more effectively reduce fecal contamination of the soil
than addressing human sanitation.38,69 More research into the
prevalence, frequency, and quantity of soil that children of
different ages ingest in different cultural and physical settings
could improve our understanding of exposure to pathogens, as
well as the accuracy of risk assessments for other environ-
mental contaminants, such as lead. To prevent environmental
enteropathy and diarrheal disease in young children, trans-
formative WASH should include the examination of inter-
ventions to reduce direct soil ingestion and fecal contam-
ination of children’s hands, food, mouthed objects, and
household soil.
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