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ABSTRACT
Seasonal and gender impacts have not been well considered in fecal exposure assessment, especially in low- and middle-income countries.
This study examined the seasonal and gender impacts on fecal exposure trends in children through daily living activities in an urban slum in
Bangladesh. We determined Escherichia coli concentrations in seven types of environmental samples (n ¼ 232) and the activity data of children via diary recording, questionnaires, and interview surveys. Daily and monthly exposures were stochastically estimated for drinking,
eating, pond bathing, well bathing, and hand-to-mouth contact. Of the ﬁve pathways, pond bathing and drinking contributed a large part
of the daily and monthly exposure. Signiﬁcant seasonal differences were observed in daily exposures for bathing, which were higher in
the rainy season (2.59  102 CFU/day for boys and 6.19  101 CFU/day for girls) than in the dry season (1.69  102; 4.30  102), because
of longer pond bathing time and more contaminated bathing water in the rainy season. In contrast, eating had signiﬁcantly higher exposure
in the dry season (3.71  10; 3.22  10) than the rainy season (1.50  10; 1.24  10) due to the higher dish contamination. Signiﬁcantly higher
daily exposure was observed in the bathing for boys than girls, as boys spent longer time for bathing at a heavily contaminated pond.
Key words: children, environmental media, Escherichia coli, fecal exposure assessment, quantitative microbial risk assessment (QMRA)
HIGHLIGHTS

•
•
•
•
•

Seasonal and gender impacts on fecal exposure were studied in a slum in Bangladesh.
Escherichia coli levels of seven types of samples and activity data of children were collected.
Fecal exposure of children through ﬁve pathways was modeled by seasons and gender.
Drinking predominantly contributed to the exposure of girls regardless of seasons.
Boys’ preference to pond bathing caused the largest exposure in the rainy season.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT

INTRODUCTION
Despite progressive efforts to improve global health, diarrheal diseases remain a critical problem, especially among children
in lower middle-income settings, mainly because of unsafe water, sanitation, and hygiene (WASH) (Troeger et al. 2018;
Prüss-Ustün et al. 2019). Fecal contamination from WASH-poor settings is associated with an increase in the risk of diarrhea
in children (Pickering et al. 2018; Qadi et al. 2019; Goddard et al. 2020). It is thus essential to evaluate fecal exposure of
children in a living environment to identify effective methods for reducing diarrheal risks.
Quantitative microbial risk assessment (QMRA) is a framework that has been used to assess public health risks and suggest
suitable interventions (WHO 2016); fecal exposure analysis is a part of QMRA that quantiﬁes human exposure to fecal matter
in a speciﬁc context. Along with high-income countries, fecal exposure analysis and analytic tools, including the Rapid Participatory Sanitation System Risk Assessment (RPSSRA) (Campos et al. 2015; Nayebare et al. 2020) and SaniPath (Wang
et al. 2018; Amin et al. 2019; Raj et al. 2020), have also been utilized in low- and middle-income contexts. These studies
have mainly described the cross-sectional exposure of a representative population group at a certain time and did not consider
variability in time or in the population of the target community.
However, previous studies on fecal contamination, behavior, and diarrhea frequency have shown that seasonal and gender
factors may produce variations in exposure trends. For example, in a review of developing country studies reporting both
urban and rural ﬁndings, 15 of 26 studies found that drinking water sources were signiﬁcantly more contaminated in the
rainy season than in the dry season (Kostyla et al. 2015). Furthermore, in the rural United States, boys had more frequent
environmental contact by hand than girls; however, girls had longer durations of environmental contact than boys
(Beamer et al. 2008). These studies imply the potential impacts of seasonality and gender on exposure analysis. Although
proper consideration of seasonality and gender might improve fecal exposure assessment, limited knowledge is available
regarding the seasonal and gender impacts on fecal exposure trends, especially in slum communities including the most vulnerable populations.
Bangladesh has one of the most severe child mortalities and has a long history of overpopulation and inadequate WASH.
Bangladesh has a subtropical monsoon climate and is reported to have distinct seasonal differences in environmental conditions (Khatun et al. 2016; Chowdhury et al. 2018; Mohsenipour et al. 2020) and human behavior (Rahman et al. 2018;
Haque et al. 2020). Bangladesh also has social differences between boys and girls due to their gender-speciﬁc family roles
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and religious practices (Ahmed & Sen 2018; Ferdous & Mallick 2019). The present study thus aimed to identify the potential
impacts of seasons and gender on the exposure trends of children via daily living activities in slum settings. To achieve this
goal, the following were conducted in an urban slum in Bangladesh: (1) evaluation of environmental contamination data
regarding exposure media and behavioral data for various pathways with seasonal and gender-based contexts; (2) stochastic
modeling of fecal exposure considering the seasonal and gender differences; (3) examination of seasonal and gender impacts
on the exposure trends; and (4) sensitivity assessment of each input variable involved in the modeling.

METHODS
Study area
This study was carried out in a slum community, known as Camp 1, in Khulna City, Bangladesh. Khulna is the third largest
city in the country, with an area of 50.6 km2 and a population of 660,000 (Bangladesh Bureau of Statistics 2014). Camp 1 had
a population of approximately 2,500 settled in 350 households (JADE 2016). There were 72 tubewells (12 for drinking and 60
for non-drinking purposes) and 146 latrines (36 community latrines and 110 private latrines); however, the facilities were
poorly managed under excessive local demand (Harada et al. 2018).
Four meteorological seasons have been reported in Bangladesh: hot-humid pre-monsoon (March–May), humid-rainy monsoon (June–September), hot-dry post-monsoon (October–November), and cool-dry winter (December–February) (Khatun
et al. 2016). For seasonal comparison in this study, the dry (or non-rainy) season was deﬁned as the post-monsoon and
winter months, whereas the rainy season was deﬁned as the pre-monsoon and monsoon months.
Fecal contamination data collection
Samples were collected from households who consented to participate in this study during November–December in 2013 and
2015 for the dry season, and during September–October in 2013 and 2015 for the rainy season. The collected samples were as
follows: deep tubewell water at point-of-use (POU) (n ¼ 36 for dry season; n ¼ 42 for rainy season) in kitchens, shallow tubewell water at the source (24; 13) where the residents usually used it for bathing, pond water at the source (20; 14) from two
nearby ponds, outdoor soil (20; 15) at locations where children were found playing on the ground, inner surfaces of dishes
and cups (14; 10) that were washed, dried, and kept in kitchens, cooked food (0; 14), and the hands of children. According to
the Joint Monitoring Programme (JMP)’s classiﬁcations of WASH facilities (WHO & UNICEF 2018), the deep and shallow
tubewells were categorized as improved water sources with aprons to divert spilled water away from the well, closed tube
ends, and hand pumps. The two ponds were used for bathing, swimming, and washing. Public latrines were found connected
directly to the ponds and livestock animals were moving freely beside the ponds with observable fecal matter scattered on the
ground. Cooked food was sampled only during September–October 2015 with no contamination observed; it was assumed
that there were no seasonal differences in food practices, and thus no food contamination was assumed for both the dry
and rainy seasons. Hand samples were collected from the left and right hands separately from children aged 6–11 years.
This age group was selected because at this age, children begin to actively engage in vigorous activities in daily life (US
EPA 2005). The hand samples were categorized into washed and non-washed conditions, with and without seasonal variation, respectively. Washed hands (n ¼ 10 boys and 11 girls, right hand only) represented the hands that were washed
when requested by the researcher to behave as if they were preparing to take a meal in their regular daily life. The children
had their meals using their right hands. They washed their hands using shallow tubewell water with or without soap, depending on their daily practice; out of 21 washed hand samples, 10 were washed with soap by six boys and four girls. For nonwashed hands (n ¼ 28 boys and 28 girls in the dry season, 30 boys and 32 girls in the rainy season; left and right hands), children were requested to not wash their hands before sampling.
Water and food samples were collected in sterilized sampling bags, and surface samples were collected using swab test kits
(Pro-media ST25 PBS, ELMEX, Japan). All samples were transported on ice to the laboratory within 4 h. The Escherichia coli
test was then carried out through membrane ﬁltration (0.45 μm pore size; EMD Millipore Microﬁl V Filtration Device, Fisher
Scientiﬁc, USA) and agar cultivation (XM-G agar, Nissui, Japan) with incubation at 37 °C for 22 h. The E. coli concentration
of each collected sample was obtained by counting blue colonies from the E. coli cultures.
Activity data collection
Activity data were collected from households who consented to participate in this study. First, general activity trends were
obtained via diary recording of children’s activities by requesting six adult family members of individual households (n ¼ 3
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boys and 3 girls; aged 6–11) to determine the types of activities, duration of activities, types of objects contacted, and the frequency of hand-to-mouth contacts observed with each activity in a day. Second, ﬁve major types of activities were selected
based on the data obtained above: drinking, eating, well bathing, pond bathing, and hand-to-mouth contact during times
excluding the former four activities and sleeping. Third, further detailed activity data were collected using two surveys.
One of the surveys was a questionnaire for mothers (n ¼ 30), as they were responsible for domestic duties: (1) daily frequency
and amount of water usage in drinking and (2) daily frequency and amount of eating. According to the on-site observations,
pond and well bathing activities by girls resembled a showering behavior using a water bucket, that is, by pouring water on
themselves, whereas pond bathing activities by boys resembled swimming behavior. Thus, the second survey was an interview
survey for boys and girls separately, regarding their bathing activities (n ¼ 10 boys and 10 girls aged 6–11), including the water
source, daily frequency, and duration of pond and well bathing, in both the dry and rainy seasons. Seasonal variation was
excluded from the activity data of drinking, eating, and hand-to-mouth contact, as the respondents did not recognize any seasonal differences. Gender variation was excluded from the activity data of drinking and eating, as mothers did not recognize
any gender-related differences. The details regarding the methodology of activity data collection are listed in Supplementary
Material, Table S1.
Data ﬁtting into probability density functions
E. coli concentration data and activity data were ﬁtted into a probability density function as summarized in Supplementary
Material, Tables S2 and S3, respectively. Brieﬂy, E. coli concentration data were all ﬁtted to log-normal distributions, as
described previously (Wymer & Wade 2007; Pleil et al. 2014). As no E. coli was detected in cooked food samples in this
study (n ¼ 14), cooked food was assumed to be uncontaminated and was therefore excluded from the subsequent assessment.
Water consumption per capita per day was ﬁtted to a log-normal distribution, as recommended by previous studies (Roseberry
& Burmaster 1992; US EPA 2011). Around 10 positive samples are necessary to precisely estimate distribution parameters
(Kato et al. 2013). For data with n equal and less than 10, resampling was performed with replacement, as recommended by a
past study ( Julian et al. 2018). For activity data with more than 60% repeated observed values, resampling was performed with
replacement, whereas data with equal and less than 60% repeated observed values were ﬁtted into a normal distribution as all
of them showed p . 0.05 by the Shapiro–Wilk normality test. All data ﬁtting was based on the maximum-likelihood method
using the R package, ‘ﬁtdistrplus’ (R Core Team 2016).

EXPOSURE MODEL
Exposure pathways and their associated media
This study regarded each activity as a single pathway. Of the ﬁve pathways in total, two were dietary pathways, including
drinking (media involved: drinking water and drinking cup) and eating (hand and dish), and three were non-dietary pathways,
including pond bathing (pond water), well bathing (well water), and hand-to-mouth activity during the times excluding the
former four activities and sleeping (hand surface). Of the three non-dietary pathways, exposure to the former two pathways
occurred through accidental ingestion of water, and that to the latter pathways occurred through hand-to-mouth contact.
Each calculation is explained as follows.
Daily and monthly exposure calculation
Daily and monthly fecal exposures through each potential exposure pathway by genders (boys or girls) and seasons (dry or
rainy season) were calculated stochastically. Exposure factors, or unit intake amounts of exposure media (Supplementary
Material, Table S4), and other parameters were obtained from previous studies (Supplementary Material, Table S5). The
number of days when each activity was performed in a month is summarized in Supplementary Material, Table S6. Of the
ﬁve pathways, exposure through drinking was calculated using Equation (1), by assuming that all E. coli present on the
inner cup surface are ingested by the child, as follows:
Eday,i,g,s ¼ [(Cstored,s  Adrink ) þ (Ccup,s  ccup  Fdrink )]

(1)

where Eday,i,g,s is the daily exposure amount through activity/by gender g and season s (CFU/day), Cstored,s is the E. coli concentration of stored drinking water by season s obtained from a probabilistic density function (PDF) deﬁned (CFU/mL), Adrink
is the amount of drinking water intake (mL/capita/day), Ccup,s is the E. coli concentration of inner cup surface by season s
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obtained from a PDF deﬁned (CFU/cup), ccup is the unit conversion factor in terms of cup surface (1 cup/event), and Fdrink is
the frequency of drinking events per day (events/day).
For the eating pathway, E. coli was not detected in any of the food samples in this study (n ¼ 14). Exposure through this
pathway was calculated using Equation (2) with the following assumptions: (1) no E. coli is present in food, (2) all E. coli
on the plate and on the washed hand are ingested through eating, and (3) only one plate is used for each eating event:
Eday,i,g,s ¼ [(Cwashedhand,g  ceat,washedhand ) þ (Cdish,s  ceat,dish )]  Feat

(2)

where Cwashedhand,g is the E. coli concentration of washed hand surface by gender g obtained from a PDF deﬁned (CFU/
hand), ceat,washedhand is the unit conversion factor in terms of washed hand surface (1 hand/event), Cdish,s is the E. coli concentration of dish surface by season s obtained from a PDF deﬁned (CFU/dish), ceat,dish is the unit conversion factor in terms
of dish surface (1 dish/event) and Feat is the frequency of eating events per day (events/day).
Exposure through the pathways of well bathing and pond bathing was calculated using Equation (3), by assuming that (1)
pond bathing by boys follows the exposure factor of swimming and (2) pond bathing by girls and well bathing by boys and
girls follow the exposure factor of showering:
Eday,i,g,s ¼ C j,s  cbath,j  Ubath:j  tbath,g,s  Fbath,g,s

(3)

where C j,s is the E. coli concentration of bathing medium j by season s obtained from a PDF deﬁned (CFU/amount of medium
j), Ubath:j is the exposure factor, that is, unit intake of medium j for bathing activity per hour (amount of medium j/h), tbath,g,s is
the time duration of bathing activity by gender g and season s per event (h/event), and Fbath,g,s is the frequency of bathing
activity by gender g and season s per day (events/day).
Exposure through hand-to-mouth contact during the times excluding the former four activities and sleeping was calculated
using Equation (4) by assuming that only one hand is used for hand-to-mouth contact:
Eday,i,g,s ¼ Chand,g,s  chtm,hand  Fhtm,g  Shtm  Thtm  thtm

(4)

where Chand,g,s is the E. coli concentration of non-washed hand surface by gender g and season s obtained from a PDF deﬁned
(CFU/hand), chtm,hand is the unit conversion factor in terms of the non-washed hand surface (1 hand/contact), Fhtm,g is the
frequency of hand-to-mouth contact by gender g per non-drinking, non-eating, non-bathing, and non-sleeping hours (contact/h), Shtm is the percentage of mouth area contacted by hand per area of the hand surface (dimensionless), Thtm is the
transfer efﬁciency of E. coli from the hand to mouth (dimensionless), and thtm is the time duration of non-drinking, noneating, non-bathing, and non-sleeping hours per day (h/day).
The total monthly exposure amount for a child was calculated using Equation (5) with the following assumptions: (1) he or
she only performs either pond bathing or well bathing in a day; (2) drinking, eating, and hand-to-mouth contacts are done
every day; and (3) there are 30 days in a month:
ET ,g,s ¼

X

Eday,i,g,s  di,g,s

(5)

i,g,s

where ET ,g,s is the total exposure amount of all activities by gender g and season s over a month (CFU/month), and di,g,s is the
number of days conducting activity i by gender g and season s over a month (day/month).
Thus, using Equations (1)–(5), fecal exposure was assessed stochastically using Monte Carlo simulations (100,000
iterations).
Sensitivity analysis
Sensitivity analysis was performed for each parameter involved in the exposure assessment. The approach of this analysis was
modiﬁed based on previous studies (Xue et al. 2006; Julian et al. 2018) by comparing the output exposure amount when a
particular parameter was set at either the 10th (p10), 50th (p50), or 90th (p90) percentile values, whereas the others were
set at p50 as the baseline. For instance, an output value of the total exposure amount was produced when one selected parameter was set at its p10 and the rest were at p50; this was then repeated for the p50 and p90 scenarios. The ratios of output
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values for the p10:p50, p50:p90, and p10:p90 scenarios were obtained and compared to identify the top three most sensitive
parameters in the assessment.
Statistical tests
The Mann–Whitney test was used to determine signiﬁcant differences (p , 0.05) between two groups. For the Monte Carlo
simulation results, signiﬁcant differences (p , 0.05) between two groups were identiﬁed using the Monte Carlo permutation
test (Šmilauer & Lepš 2014). Brieﬂy, the null hypothesis states that the response data are dependent on the explanatory variables; the smaller the expected value, the stronger is the evidence against the null hypothesis. Thus, the p-value was calculated
using Equation (6), as follows:
p¼

nx þ 1
Nþ1

(6)

where nx is the number of iterations when the expected value was lower than the observed value. N is the total number of
iterations in generating the expected values.

RESULTS AND DISCUSSION
E. coli contamination levels in environmental samples
E. coli was detected in 174 of 232 environmental samples from the six sample types (Table 1). Notably, deep tubewell water
(POU) stored in households was signiﬁcantly more contaminated than shallow tubewell water at the wells (point-of-use, POC
as well as POU) (p ¼ 0.02), even though the former was used for drinking and the latter was used for non-drinking purposes.
Previous studies have suggested that contamination of drinking water occurs between the POC and the POU (Rufener et al.
2010; Harada et al. 2018). Deep tubewell water stored in households (POU) is potentially contaminated between the POC
and the POU, resulting in higher contamination than the shallow tubewell water in the wells.
At the site, 70.8% of cups and 54.2% of dishes in the household kitchens were E. coli positive; 54.1% of shallow tubewell
water, which was used for washing the cups and dishes, was contaminated (Table 1). It is possible that the E. coli contamination from the cups and dishes was transferred from the contaminated well water, as indicated by previous studies in urban
India (Bhaskar et al. 2004) and urban Burkina Faso (Barro et al. 2006).
The median E. coli concentrations of soil samples, and cup and dish surfaces were 3.29 log10 CFU/g, 0.02 and 0.30 log10
CFU/media, respectively. The latrines at the study site had direct discharge to open drains that were clogged with dirty water
and solid waste. Livestock animals moved freely, and their feces were scattered on the ground. These poor drainage and
animal waste management conditions may be associated with soil contamination.
Seasonal and gender differences in E. coli concentration
The E. coli concentrations of six types of samples, shown in Table 1, were further analyzed for seasonal trends, as shown in
Figure 1. The E. coli concentrations of water samples in the dry and rainy seasons were, respectively, 0.08 and 0.53 log10
CFU/100 mL (median) for deep tubewell water stored in households, ND (not detected) per 100 mL and 0.56 log10 CFU/
100 mL for shallow tubewell water at the wells, and 3.62 and 3.74 log10 CFU/100 mL for pond water. Among the three
water types, shallow tubewell water at the wells was signiﬁcantly more contaminated in the rainy season (p , 0.001). E. coli
Table 1 | Summary of E. coli concentration in environmental samples
Sample type

Unit

n (þ)

Deep tubewell water stored in households (POU; drinking)

log10 CFU/100 mL

78 (55)

0.39

ND–1.58

Shallow tubewell water at wells (POU; bathing and cleaning)

log10 CFU/100 mL

37 (20)

0.22

ND–0.90

Pond water at a pond (POU; bathing)

log10 CFU/100 mL

34 (34)

3.64

3.26–4.88

Outdoor soil

log10 CFU/g

35 (35)

3.29

2.51–4.52

Dish

log10 CFU/medium

24 (17)

0.30

ND–1.84

Cup

log10 CFU/medium

24 (13)

0.02

ND–1.50

POU, point of use; n (þ), sample size (positive samples); p10–p90, range of 10th–90th percentiles, ND, not detected.
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Figure 1 | E. coli concentrations of six environmental media in both the dry and rainy seasons. The box plots show the median and interquartile ranges. Point plots show the E. coli concentrations. The numbers at the top of the ﬁgure show the total sample number (n) and the
E. coli-positive sample number (þ) in the dry and rainy seasons. The Mann–Whitney test was performed to compare two groups. ND data
were set to half of their detection limits in this ﬁgure. POU, point of use; n.s. represents no signiﬁcant difference. **p , 0.01, ***p , 0.001.

concentrations of soil and surface samples in the dry and rainy seasons were, respectively, 3.19 and 3.85 log10 CFU/g for outdoor
soil, 1.11 and 0.18 log10 CFU/medium for dishes, and 0.72 log10 CFU/media and not detected (ND) per medium for cups. Shallow tubewell water (p , 0.001) and outdoor soil (p , 0.01) were signiﬁcantly more contaminated during the rainy season.
Similar to the shallow tubewell water and outdoor soil in the present study, higher E. coli concentrations in the rainy season
were also observed in previous studies from the rural and urban areas of developing countries (e.g., van Geen et al. 2011;
Bauza et al. 2017; Osiemo et al. 2019). As the potential reasons for this seasonal trend, Kwiringira et al. (2016) and
Osiemo et al. (2019) suggested that surface runoff during the rainy season spread E. coli from clogged drains to wider environments. The poor drainage observed in the present study may have resulted in higher levels of fecal contamination in the rainy
season than in the dry season.
For hand samples, the median E. coli concentration was 0.68 log10 CFU/hand on non-washed hands, 0.48 on hands washed
without soap, and 0.48 on hands washed with soap. The E. coli concentration on the left and right hands was, respectively,
0.50 and 0.54 log10 CFU/hand. There were no signiﬁcant differences in the washing conditions and in the left and right hands (Supplementary Material, Figures S1 and S2). After washing, the hands were still contaminated with E. coli. The contaminated shallow
tubewell water used for handwashing (Figure 1) implies cross-contamination, as discussed by Taulo et al. (2009) and Aihara (2014).
For seasonal and gender trends on non-washed hands (Figure 2), the median E. coli concentrations were 0.20 and
1.03 log10 CFU/hand in the dry and rainy seasons, and 0.90 and 0.42 log10 CFU/hand for boys and girls, respectively. The
concentrations were signiﬁcantly different by seasons (p , 0.05), but not by genders (Supplementary Material, Figure S3).
Seasonal differences in soil contamination may have affected the hand contamination of children, as previous studies discussed the association between hand-media contact and contamination of the surrounding environment (Pickering et al.
2011; Julian et al. 2018). Increased hand contamination may be caused by the more contaminated environment in the
rainy season. Higher hand contamination in the rainy season could potentially cause higher contamination of stored tubewell
water in the rainy season when handling the storage and collection of water.
Seasonal and gender differences in activity
The time duration of bathing activities for boys and girls was, respectively, 0.33 and 0.08 (median) hour/day in pond bathing,
and 0.07 and 0.33 hours/day in well bathing (Figure 3). The duration of bathing between boys and girls was signiﬁcantly
different in pond bathing (p , 0.001) and well bathing (p , 0.001).
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Figure 2 | E. coli concentrations of non-washed hands for boys and girls in the dry and rainy seasons. Boxplots show the median and
interquartile ranges. Point plots show the E. coli concentrations. ND data were set to half of their detection limit in this ﬁgure. The Mann–
Whitney test was used to compare two groups. *p , 0.05, ***p , 0.001.

The boys mainly performed pond bathing. The boys’ preference for pond bathing may be associated with avoiding the waiting time for well water collection. Girls mainly performed well bathing, possibly because of the social aspects restricting
female Muslims from going to public areas (Balk 1997); thus, they preferred to bathe in a closed environment surrounded
by walls near the well. Through bathing activities, boys could ingest more E. coli due to heavy contamination of pond
water compared to girls who bathed with less contaminated water from a shallow tubewell (Figure 1). There were no signiﬁcant differences in the seasonal trends of the main bathing activities of each gender (Supplementary Material, Figure S4).
The medians of hand-to-mouth contact frequency were 5.09 contacts/hour for boys and 3.0 contacts/hour for girls. There
were no signiﬁcant differences in genders for both hand-to-mouth contact frequencies (Supplementary Material, Figure S5).
These frequencies were of the same magnitude as those for children in a previous study in the United States, 4.8 (AM) contact/hour (Wilson et al. 2020). The higher frequency of hand-to-mouth contact in the present study may result in greater
ingestion of E. coli from hands that were potentially contaminated by the living environment.
Exposure trends
Daily E. coli exposure was estimated for boys and girls in the dry and rainy seasons based on a typical daily scenario (Figure 4).
A notable gender difference was observed with daily exposure through bathing (Figure 4). Boys in both dry and rainy seasons
had more daily exposure through bathing than girls (dry season: 1.69  102 CFU/day for boys and 4.30  102 CFU/day for
girls, p , 0.05; rainy season: 2.59  102 and 6.19  101 CFU/day, p , 0.05). This gender difference in bathing can be
explained by the difference in the bathing location by genders in the typical daily scenario: pond bathing for boys and
well bathing for girls. Pond water was signiﬁcantly more contaminated than shallow tubewell water in the dry and rainy seasons, respectively (Figure 1). This indicated that boys’ preference for pond water resulted in greater exposure through bathing
compared to girls. In other words, girls had signiﬁcantly mitigated exposure through bathing by choosing a safer water source,
i.e., well water, for bathing.
Signiﬁcant seasonal differences were also observed with daily exposure through bathing and eating (Figure 4). Daily
exposures through bathing in the rainy season for both boys and girls, as mentioned above, were higher compared to

Figure 3 | Daily duration of pond bathing and well bathing for boys and girls. Boxplots show the median and interquartile ranges. Point plots
show the daily durations. The Mann–Whitney test was used to compare two groups. ***p , 0.001.
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Figure 4 | Daily E. coli exposure for boys and girls in a typical scenario for each season-based transmission pathway with plots representing
the 10th, 50th, and 90th percentiles of each activity. The pathways represent all potential exposure pathways for boys and girls. In this
scenario, the bathing activity for boys and girls was set as pond bathing and well bathing, respectively.

those in the dry season (boys: p , 0.05; girls: p , 0.001). This was mainly caused by seasonal differences in the contamination
of bathing media. E. coli concentrations of shallow tubewell water and pond water in the rainy season were higher than those
in the dry season (shallow tubewell water: p , 0.001; pond water: not signiﬁcant) (Figure 1). In contrast to the seasonal trends
of daily exposure through bathing, daily exposures through eating in the dry season for both boys and girls were higher compared to that in the rainy season (boys: 3.71  10 CFU/day in the dry season and 1.50  10 CFU/day in the rainy season, p ,
0.001; girls: 3.22  10 and 1.24  10 CFU/day in the dry and rainy season, respectively, p , 0.001). This may be associated
with more dish contamination in the dry season than in the rainy season, although not signiﬁcant (Figure 1). As we did
not collect washed hand samples in the two seasons separately, we could not discuss the impact of seasonal differences
caused by hand contamination.
The total monthly E. coli exposure was estimated for boys and girls in the dry and rainy seasons based on the number of
days with each activity performed in a month (Figure 5). The total monthly exposures were, in a decreasing order, 1.33 
104 CFU/month (median) for boys in the rainy season, 1.02  104 CFU/month for boys in the dry season, 7.62  103 CFU/
month for girls in the rainy season, and 7.13  103 CFU/month for girls in the dry season. The major pathways of monthly
exposure differed by genders. For example, in the rainy season, the exposure pathways for boys were bathing (42.7% of total
monthly exposure by median), drinking (42.2%), and hand-to-mouth contact (11.6%), whereas those for girls were drinking
(78.6%), hand-to-mouth contact (10.9%), and eating (5.4%).
In the monthly exposure trends, pond bathing and drinking contributed a large proportion of exposure in boys (42.7 and
42.2% in the rainy season; 33.3 and 52.9% in the dry season, respectively), whereas drinking predominantly contributed to the
monthly exposure in girls (78.6 and 80.7% in the rainy and dry seasons, respectively). The less contribution by drinking in
boys was caused by the larger contribution by bathing, especially in the rainy season. This was caused by boys’ preference
for bathing at pond (Figure 3), of which water was heavily contaminated (Figure 1). Thus, major pathways in monthly
exposure changed due to the activity preference difference in genders as explained in the daily exposure analysis (Figure 4).
In the rainy season, fecal contamination in environmental media, especially in shallow tubewell water, was higher than that
in the dry season. This seasonal difference in the contamination of environmental media resulted in higher exposure of a child
during the rainy season, particularly through bathing activities. These bathing activities also resulted in gender differences in
the exposures due to differences in bathing preferences and duration of activities. In short, the preference and intensity of
bathing activities for boys and girls caused gender differences, whereas the characteristics of fecal contamination of environmental media caused seasonal differences in exposure.
The impacts of seasonal and gender differences in exposure suggest approaches to reduce fecal exposure. Drinking contributed the most in exposures of boys in the dry season and girls regardless of the season. Thus, it is recommended to keep
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Figure 5 | Monthly E. coli exposure and percentage of median monthly E. coli exposure by each activity for boys and girls in the dry and rainy
seasons.

drinking cups clean before use. Furthermore, handwashing and good storage practices of water should be considered to prevent potential contamination between the POC and the POU. Pond bathing was another major pathway for boys. As boys
preferred bathing at a pond, protection of pond water or an alternative cleaner pond for bathing could be suggested.
Sensitivity analysis of monthly exposure
Sensitivity analysis was conducted on each parameter included in the monthly exposure analysis for boys in the rainy season,
which was the highest exposure scenario (Table 2). Based on both p50:p10 and p90:p50 categories, the three most sensitive
parameters for p50:p10 were the exposure factor of pond bathing, fecal contamination of pond water, and the daily duration
of pond bathing, and those for p90:p50 were the exposure factor of pond bathing, fecal contamination of pond water, and
fecal contamination of the hand surface.
Table 2 | Sensitivity analysis for exposure assessment of boys in the rainy season
Output ratio of the total monthly E. coli
Input value (percentile)

exposure at two percentiles (ratio)
(p50:p10)

(p90:p50)

Parameter

(p10)

(p50)

(p90)

Rank

Value

Rank

Value

Exposure factor of pond bathing

0.4

9.9

262

1

2.53

1

17.12

Fecal contamination of pond water

1,618

9,931

59,568

2

2.12

3

4.15

Daily duration of pond bathing for boys

0.2

0.3

0.5

3

1.65

5

1.40

Daily frequency of pond bathing for boys

0.5

0.9

1.3

4

1.40

Fecal contamination of hand surface for boys

0.5

19.7

805

5

1.18

2

7.34

Fecal contamination of stored deep tubewell water

0.1

2.5

43.4

4

3.52

Input variables were selected as either the 10th percentile (p10), 50th percentile (p50), or 90th percentile (p90) values individually to produce the output of total daily E. coli exposure.
The ratios of the output values were then ranked by the top ﬁve highest ratio values, representing the ﬁve most sensitive parameters in the assessment. Sensitivity analysis for
exposure assessment of boys in the dry season, and girls in the dry and rainy seasons is shown in Supplementary Material, Tables S8, S9, and S10, respectively.
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Input variables related to pond bathing were the most sensitive in the exposure analysis for boys in the rainy season. The
high sensitivity of these variables was due to the large contribution of exposure via bathing (Figure 5) and the high variability
of their associated media contamination data (Figure 1) and activity data (Figure 3). As indicated in Figure 3, the daily duration of bathing showed high variability, indicating that human behavior during bathing varies greatly among individuals.
Such variability in human behavior was also found in previous studies (Dorevitch et al. 2011; Schets et al. 2011). In addition
to the duration of bathing, pond bathing is a common practice in South Asia; however, no study has been conducted on the
exposure factor of such bathing. The present study used an exposure factor during swimming (Dorevitch et al. 2011).
Although their bathing behavior seems to be similar to swimming, the exposure factor directly reﬂecting pond bathing
common in South Asia will improve the accuracy of exposure analysis in this setting.

CONCLUSIONS
This study successfully demonstrated that seasons and genders signiﬁcantly impact the fecal exposure trends in children from
a slum area. Of the ﬁve pathways targeted, pond bathing and drinking contributed a large part of the monthly exposure in the
present study on a Bangladeshi slum. Signiﬁcant seasonal differences were observed for bathing activities, higher in the rainy
season (2.59  102 CFU/day for boys; 6.19  101 CFU/day for girls) than the dry season (1.69  102; 4.30  102), and
eating, higher in the dry season (3.71  10; 3.22  10) than the rainy season (1.50  10; 1.24  10); these differences were
due to seasonal differences in children’s activity and environmental media contamination. Signiﬁcant gender differences
were also observed in the bathing activities, higher in boys than in girls, due to differences in contamination levels of their
preferred bathing locations. Pond bathing and drinking largely contributed to monthly exposure in various proportions for
boys (33.3–42.7% for pond bathing; 42.2–52.9% for drinking) and that of drinking for girls (78.6–80.7%). This difference
of major pathways in genders was caused by the difference of activity preference in genders. These ﬁndings suggest that seasonal and gender considerations will improve the assessment of fecal exposure through daily activities in settings where
human behavior and environmental contamination change in seasons and genders.
This study has a few limitations. Certain input data were not obtained to separate the datasets by seasons and genders in the
analysis. In addition, the exposure factors of certain activities were not obtained from the exact same activities. Although we
examined the variability impact of exposure factors in the sensitivity analysis, exposure factors in a similar context would
reduce the uncertainty of the assessment. Nevertheless, this study successfully demonstrated the distinct impact of seasons
and genders on the fecal exposure of a slum setting, contributing to a more accurate exposure assessment reﬂecting local
contexts.
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