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Abstract 
 
Taking care of the backside: Aspects of the sanitation chain beyond the household toilet and 

their associations with fecal contamination in the public and private domains and enteric 
infection risk in children  
By David M. Berendes 

 
Enteric infections cause over 1.7 billion cases of diarrhea each year and other long-

term morbidity, especially in children. Exposure to fecal contamination, and subsequent 
enteric infection risk, occurs in both public and private domains, especially in urban slums, 
where interactions between household-level sanitation, neighborhood-level fecal sludge 
management (FSM), and fecal contamination are poorly understood. This dissertation 
examined the interactions of household sanitation and FSM, and their spatial heterogeneity, 
in poor urban neighborhoods in Accra, Ghana and Vellore, India, and evaluated associations 
with fecal contamination in both domains and risk of enteric infection.  

Household surveys described household and neighborhood structural and behavioral 
risk factors, which were tested for local spatial clustering and overlaid on drainage maps. 
Fecal indicator bacteria and selected enteric pathogens were quantified in environmental 
samples inside and outside the household. Stool samples collected from children in both 
cross-sectional and longitudinal studies were tested for a panel of enteropathogens. 
Associations between microbiological outcomes and household or neighborhood risk factors 
were examined by generalized linear models.  

Cross-sectional study results in Accra indicated that sub-neighborhood clustering of 
household sanitation with good FSM was associated with lower levels of fecal indicator 
bacteria, but not human enteric viruses, in open drains.  

Cross-sectional study results from Vellore suggested that poor FSM was associated 
with higher prevalence of pediatric enteric infection and higher concentrations of norovirus 
in drains. Further, associations between household sanitation and within-household fecal 
contamination varied by neighborhood coverage level and household hygiene practices.  

The longitudinal assessment of enteric infection in 0-2 year olds suggested that 
aspects of neighborhood-level FSM and urban geography—clustering of flooding during a 
monsoon—affect enteric infection risk independent of exposure behaviors. Further, enteric 
viruses were major causes of diarrhea with atypical associations with “traditional” water, 
sanitation, and hygiene-associated risk factors, requiring new strategies for mitigation.  

Overall, this dissertation underscores the importance of the public domain and urban 
geography in fecal contamination exposures and enteric infection risk. The spatial 
heterogeneity and FSM associated with household sanitation have community-level exposure 
and health implications, which must be measured and accounted for in future infrastructural 
and behavioral interventions. 
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Introduction 

Enteric infections are a source of a massive, likely underestimated, burden of 

infection, especially among children. Worldwide, 1.7 billion cases of diarrhea, the most 

recognized symptom of enteric infection, are estimated each year, and 90% of mortality 

occurs in children under 5 years of age.1,2 While diarrhea contributes to child morbidity 

and mortality in the short term, the longer-term effects of repeat enteric infections—both 

symptomatic and asymptomatic—may have an even larger impact than severe 

dehydration alone, including malnutrition, stunting, and poor cognitive and 

developmental outcomes.2–7 Because the burden and effects of asymptomatic infection on 

longer-term outcomes have been rarely quantified until recently, the true burden of 

enteric infections is larger than that estimated by diarrhea alone.6,8  

Enteric organisms and environmental transmission 

Almost all enteric pathogens have primarily fecal-oral transmission pathways.3,9 

These pathogens can be broadly grouped into bacteria, protozoa, soil-transmitted 

helminths, and viruses.9 Though shed in stool, and sometimes vomitus, from infected 

individuals, these pathogens vary in environmental transmission based on their 

characteristics, including persistence and median infectious dose (ID50), and 

environmental conditions. For example, soil-transmitted helminth (STH) transmission 

may be direct or indirect, as their life cycles are more complex than bacteria, involving 

ingestion or dermal routes of exposure, and development in both the human host and the 

environment.10,11 

While bacteria remain a classic example of fecal-oral transmission through the 

environment, viruses and protozoa tend to have lower ID50s and longer environmental 
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persistence than bacteria, yielding more direct (less environmentally-mediated) pathways 

with a greater variety of potential fecal exposures.9,12 For example, norovirus is positive-

sense, single-stranded RNA virus that is a leading cause of gastroenteritis in high-income 

countries, and is quickly emerging as a large contributor to enteric infection burden 

worldwide.13–16 Noroviruses are human-specific, persistent in the environment for months 

and possibly years, and cause acute vomiting, stomach cramps, fever, and diarrhea within 

1-2 days of exposure, with symptoms lasting for generally 2-3 days.12,13,17 Their low 

ID50 (modeled as low as 18 viral particles) and prolonged environmental persistence 

provide a variety of potential environmental transmission pathways, including contact 

with fomites and environmental surfaces, person to person, and through food.12,18,19 

Foodborne transmission of norovirus is an especially large contributor to gastroenteritis 

throughout the world, as norovirus was responsible for an estimated 684 million cases 

throughout the world in 2010.20  

Adenoviruses are an example of an enteric virus with different epidemiology yet 

similar environmental transmission characteristics when compared with norovirus. 

Adenoviruses are double-stranded DNA viruses that are responsible for both respiratory 

and gastrointestinal illnesses in children and adults. Adenovirus infection is common in 

humans and, similar to norovirus, infected individuals may shed virus in high 

concentrations for months after symptomatic infection is resolved. Though some are 

animal-specific, adenoviruses that cause gastrointestinal illness and are human-specific 

(e.g. Adenoviruses subgroup F, 40 and 41) have been suggested as indicator organisms 

for human sewage contamination of water due to the frequency of detection.21,22 In 
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addition to waterborne transmission, adenoviruses may also be transmitted through more 

direct pathways (e.g. hands or fomites).21 

In contrast to viruses, bacteria, such as Enteroaggregative E. coli (EAEC), have 

different epidemiology and environmental characteristics. While E. coli are commonly 

present in human and animal feces, only a subset of E. coli is diarrheagenic. EAEC is one 

of six subgroups of E. coli that cause gastroenteritis and cause symptoms by adhering and 

aggregating on the intestinal wall, followed by toxin production and increased mucous 

secretions.23,24 Though early studies found that EAEC is commonly associated with 

diarrhea, especially in young children, in both low- and high-income countries, recent 

work in a multi-site study of enteric infection in children under 2 showed EAEC was, 

depending on age, the second or third most frequently detected pathogen in both diarrheal 

(20-25%) and non-diarrheal (25-30%) stool specimens.25 Environmental transmission of 

EAEC is generally thought to be fecal-oral and may be transmitted through contaminated 

food or water. However, reservoirs and specific transmission pathways have not yet been 

identified and zoonotic pathways are still being considered as well.26  

 

Sanitation-related approaches to containing enteric organisms and fecal contamination 

 Historically, water, sanitation, and hygiene (WASH) interventions have been 

designed to interrupt exposure to environmental fecal contamination in various 

pathways.27,28 Due to recent WASH sector focus in rural areas—where access is 

poorest—and the complexity associated with designing and implementing community 

level systems, recent interventions have targeted fecal exposures at the household 

level.27–30 As depicted in the F-diagram (Figure I-1), these exposures include 
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contaminated food, water, hands, or flies.27 For example, water treatment at the point of 

collection or point of use inactivates enteric pathogens before consumption, handwashing 

reduces the amount of feces on hands prior to contact with the mouth, and improved 

household sanitation contains excreta away from human contact, reducing environmental 

fecal contamination.28,29  

 

Figure I-1: The F-diagram. This diagram shows environmental pathways of exposure to 

fecal contamination and where water, sanitation, and hygiene can interrupt this 
transmission (reproduced from the World Bank website on June 24, 2016: 

http://water.worldbank.org/sites/water.worldbank.org/files/thumbnail/fdiagram.gif). 
 
 Types of household sanitation vary within and between regions in both the user 

interface and the downstream fecal sludge management (FSM). The user interface is 

often thought of as the toilet itself, while the FSM associated with a sanitation system 

may contain the excreta onsite or deliver it to other portions of the sanitation system, 

http://water.worldbank.org/sites/water.worldbank.org/files/thumbnail/fdiagram.gif
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sometimes even the environment. For example, flush toilets may have slabs or 

commodes, depending on the users’ customs or habits, and may connect to a sewer 

system, septic tank, pit, or even the environment. Dry sanitation options include pit 

latrines (in this case, without a water seal) with or without slabs, composting toilets, 

buckets or hanging toilets, or open defecation (the absence of facilities). While these 

systems do not directly connect to a piped sewerage system, those that contain excreta 

onsite (pits, septic tanks, etc.) must still be managed. Generally, this management takes 

the form of removal of fecal sludge via emptying services (trucks), followed by discharge 

or reuse. This discharge is ideally to a facility where it is treated before entering the 

environment, though direct discharge (without treatment) is common.29,31–33   

 WASH, and especially sanitation, has interdependencies between the household- 

and community- levels, meaning that interventions or evaluations cannot be made at a 

single household alone while disregarding the larger community context. Evaluating a 

water, sanitation, or hygiene intervention in isolation can lead to erroneous conclusions 

about the effects of that intervention, as exposure pathways are interlinked and may 

respond in a threshold-saturation, rather than dose-response, manner.34–38 Thus, instead of 

each additional WASH provision adding linear, quantifiable health benefits, there may be 

a threshold to be reached before health benefits are realized.34,36–38 For example, 

provision of isolated, household sanitation may be ineffective if the community sanitation 

is poor, as an individual household’s facility by itself may do little to reduce 

environmental concentrations of fecal contamination and subsequent fecal exposures.35,39 

Conversely, high community- level coverage of sanitation has been shown to have health 

benefits for households both with and without sanitation facilit ies.36,37 In Guatemala, 
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Bateman and Smith showed that children with access to a flush toilet, but living in a low 

coverage sanitation cluster in urban areas, had 67% higher prevalence of stunting 

compared to those in a high coverage cluster. However, children without access to a 

toilet, but living in a high coverage cluster, had the same prevalence of stunting as those 

with access to a toilet.36 Further, Root observed that, between two Zimbabwean 

communities—one with 68% household sanitation coverage and one with 0%, children 

living in the community with 68% sanitation coverage but with no access to sanitation 

themselves had lower risk of diarrhea when compared with children in the community 

with no sanitation.37 These findings underscore the potential for community- level 

environmental improvements in fecal contamination that may be achieved by sanitation 

coverage and the importance of viewing sanitation interventions in the context of the 

community, and not simply the household alone. 

Spatial Analysis and WASH-associated Infections 

Collection of Global Positioning System (GPS) data to inform understanding of 

spatial heterogeneity in WASH, and especially sanitation, coverage at different scales is 

essential to understanding the context in which it operates.39–41 Because effective 

sanitation is expected to reduce environmental fecal contamination through containment 

of excreta, it follows that sanitation must act in both the household and community 

environments—wherever exposures take place in a localized area.27 Spatial data allows 

for better understanding of the levels of containment, fate, and transport of this fecal 

contamination, and subsequent transmission of infections, providing detail about 

residents’ interactions with the local environment.42–45 However, there have been limited 

studies to-date measuring spatial coverage and taking into account interactions between 
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household- and community- level factors associated with transmission of enteric 

infection.35–38,46  

 Spatial analysis of enteric infections has mostly focused on clustering of 

incidence of disease. Recent studies have sought to characterize spatial clusters of 

diarrhea and enteric infection, examining characteristics within and outside of clusters of 

high incidence and describing large-scale patterning of infection incidence.47–51 Recent 

research in Ethiopia used SaTScan, a program for analyzing cluster of values of points in 

space, to examine spatial, temporal, and space-time clustering of child diarrhea at the 

district level.49,50,52 The study found district-level high and low prevalences of child 

diarrhea and then fit multi- level models to explain these effects by examining WASH- 

and nutrition-associated behaviors.49 Further, they used a similar approach to evaluate 

childhood stunting by examining individual and community- level exposures.53 

Researchers in China recently used spatial autocorrelation and spatial regression 

methods to examine flood-related incidence of infectious diseases and reported 

significant associations between areas of river flooding and diarrhea.54 Generally, spatial 

regression allows for quantification of spatial correlation within the model. Spatial 

variation in exposure-outcome relationships is either quantified with a lag term (spatial 

lag regression, utilizing a dependent variable) or controlled for via statistical approaches 

(spatial error regression).55 

Few studies have examined clustering of sanitation infrastructure as an exposure. 

In rural Ecuador, Fuller et al. most recently showed associations between localized spatial 

coverage of sanitation—using a 500m radius around each household—and childhood 

stunting.56 In this study, households within the radius were included in a sanitation 
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coverage level for “community sanitation,” while those outside were not. Similarly, 

recent work on typhoid from low-income areas of Kolkata, India, has emphasized the role 

of neighbors’ health practices on an individual household’s infection risk, with risk of 

developing typhoid associated with the sum of exposures of households within 100m.57 

 

Measurement of health outcomes  

 Much of the current understanding of the effects of household- and community-

level sanitation on enteric infection has been limited by poorly measured and imprecise 

health outcomes. Reported diarrhea, one of the most frequent outcomes measured 

following sanitation interventions, is subject to recall, response, and observer bias, 

leading to potential overestimation of the effects of the intervention.30,58 Specifically, 

respondents in the intervention group know they are part of the trial and are often less 

likely to report diarrhea when it has occurred after the intervention than those in the 

control group. As a short-term outcome, measurement of diarrhea also fails to encompass 

the spectrum of longer-term health outcomes associated with enteric infections, including 

stunting and cognitive disabilities.3,6 Given the links between subclinical infections, 

environmental enteropathy (EE), and longer-term health outcomes, failure to examine 

associations between sanitation and asymptomatic infection may be an important 

omission in the current WASH literature.4–6  

 Current microbiological techniques can now efficiently detect both symptomatic 

and asymptomatic enteric infection from stool samples. Recent development of the 

multiplex assays, including the TaqMan Array Card system and the xTAG® system, 

allow for simultaneous PCR detection of multiple enteropathogens.59–63 These and similar 
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single- and multiplex assays have been used in several recent and ongoing large cohort 

studies of WASH, enteric infection, EE, and other long-term outcomes to better 

understand the underlying prevalence and incidence of specific enteric infections.64–67  

These data not only provide more sensitive outcome measures, but also—when 

combined with clinical, environmental, and survey data—improved accuracy in 

understanding the type of infection associated with diarrhea and determining pathway- 

and pathogen-specific risk factors.66 Because enteric pathogens have varying abilities to 

cause symptoms in human hosts, previous understanding of environmental determinants 

of enteric infection from studies of diarrhea may be incomplete, or specific to a certain 

set of predominantly diarrheagenic organisms.66 Given the multitude of organisms 

causing enteric infection and the complexity of their environmental transmission, further 

research—even to confirm existing transmission pathways—is useful.9,12 This work 

complements that of quantitative microbial risk assessments (QMRAs), which have been 

important in determining pathogen-specific risk from WASH-associated pathways, 

especially in the urban environment.68–73  

Measurement of exposure outcomes 

In addition to health studies, exposure assessments are also useful to understand 

the role of sanitation in reducing enteric infections, as effective sanitation is expected to 

reduce the amount of excreta in the environment.27 Measurement of fecal contamination 

in environmental samples is less invasive than collecting stool samples, and provides a 

more proximal, objective measure of the effectiveness of local household or 

neighborhood sanitation compared to self-reported diarrhea.30,58,74 Sample processing can 

be done onsite in many study areas, as presence and concentrations of fecal indicator 
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organisms can be measured through inexpensive, sensitive lab tests that yield results 

within 24 hours.74,75 Further, pathogens can be measured through both conventional and 

quantitative PCR (qPCR), an increasingly common technology throughout the world.66,76  

However, measurement of fecal contamination varies between studies in the 

choice of environmental sample/organism tested and the sensitivity of the assay. Within 

the household, sanitation studies have sampled from stored water, children’s and 

caregiver’s hands, household surfaces, utensils, and sentinel objects to measure fecal 

contamination levels.77–84 Though each of these types of samples may provide a proxy for 

within-household fecal contamination and exposure, limitations exist with each. For 

example, samples of hand contamination—the most physically proximal measure of 

hand-associated exposures—have been shown to exhibit high temporal variation, even 

with non-sanitation activities.79 Further, correlation between microbial concentrations in 

different types of samples at a single household has not been well-documented, limiting 

comparability between studies.  

Outside the household, concentrations of fecal contamination in drains has been 

well-studied at the neighborhood level, but rarely at sub-neighborhood scales to test 

variation with local household sanitation coverage.69,70,85–90 For most studies, both the 

spatial and temporal scale of study have been large: spatially, on the order of 

neighborhood or city catchment areas and, for time, on the order of years. Studies have 

shown that residential catchments have lower fecal contamination loads in drains 

compared with industrial areas, but are more subject to spikes in contamination after 

rainfall from “first flush” runoff from surfaces.87 Further, concentrations of fecal 

contamination in these areas has been shown to have diurnal patterning over the course of 



11 
 

 
 

a day, peaking from 12:00-15:00.88 In addition to measurement of fecal coliforms and E. 

coli, research has shown enteric viruses persist in urban sewerage, drainage, and affected 

rivers as well.89,90 Though few studies have focused on how sanitation presence or 

coverage affects levels of fecal contamination in urban drains, a recent QMRA in 

Thailand showed infection risks from E. coli and Salmonella spp. in urban canals varied 

with the dumping of human excreta from a nearby, poorly-functioning, treatment 

facility.73  

Measurement of fecal contamination in soil has been limited in the literature, with 

a primary focus on children’s play areas, parks, and other public exposure domains. 

Studies of these types of public places have focused on parasites, including STHs.91–94 

Though parasite eggs were often prevalent in these areas and sanitation was frequently 

referenced as an infection control strategy, the WASH literature has paid little attention to 

these studies or soil-based exposures in general. More recently, understanding of 

potential risks associated with geophagy, especially in areas where domestic animal 

husbandry is common, has refocused attention on characterizing fecal contamination in 

soil.95 Though a recent QMRA in Kampala, Uganda has estimated exposure from soil 

contamination as a less important pathway when compared with urban drains, other 

recent studies focused on fecal contamination in soil as it relates to the presence or 

absence of sanitation nearby.70,80 Notably, at the household level in rural Tanzania, one of 

the few studies focusing on fecal contamination in soil observed that it was associated 

with human activity in the area more-so than with the presence or type of household 

sanitation.80  
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 Beyond the choice of the environmental sample to measure, the choice of 

organism also varies in measurements of fecal contamination from environmental 

samples. Fecal indicator bacteria (FIB), including E. coli and fecal coliforms, have long 

been target organisms for drinking water quality, despite little to moderate correlation 

with health outcomes; however, study of variation in environmental concentrations of 

FIB and correlations with health outcomes has been limited.74,96 FIB concentration 

measurement is easy, relying on detection of β-D glucoronidase and β-D galactosidase 

for identification of viable colonies, in contrast to previous PCR-based methods.74,75,97 

However, FIB-based conclusions about levels of human-specific fecal contamination are 

limited, as their environmental concentrations may reflect growth or die-off in the 

environment in addition to the initial concentration discharged.87 Specifically, fecal 

coliforms include organisms that are not specific to feces, while E. coli is present in the 

gastrointestinal tract of all warm-blooded animals.98 This colonization of the gut means 

that E. coli is shed with all excreta that has passed through the gastrointestinal tract, and 

thus detection of E. coli in environmental media represent previous animal and human 

fecal contamination.74 Techniques like membrane filtration detect markers of current 

viability and not pathogenicity or organism-specific details, limiting inferences about 

etiology of public health risk.98 

 In addition to measurements of FIB in environmental samples, recent studies have 

added PCR-based detection of pathogens in order to quantify human-specific fecal 

contamination.70,80,82,84,85 The development of PCR, and especially qPCR methods, within 

the last 25 years has allowed for specific and sensitive detection and quantification of 

target organisms from environmental samples within and outside the household.76 qPCR 
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uses nucleic acid primers to amplify a specific target sequence of DNA, followed by 

attachment of fluorescent probes to the amplified DNA or intercalation of fluorescent 

stain to the double stranded DNA and subsequent amplification and quantification.76 

However, in isolation, PCR detection does not provide information about the infectivity 

of the organism, though combinations of methods are possible to further predict 

infectivity.99,100 Also, the concentration of nucleic acid detected may under- or 

overestimate organism concentrations based on many factors, including the 

environmental matrix and limit of detection of the assay and the efficiency of recovery of 

the target organism during sample processing.76,100  

Though detection of pathogens, rather than FIB, in environmental samples using 

PCR provides a more specific measure for pathogen exposure, both PCR and enzyme-

based FIB identification vary in sensitivity with the environmental media measured.101 

PCR detection limits for pathogens may vary by orders of magnitude with the conditions 

of the assay, including the sample matrix and presence of inhibitors, especially in 

environmental samples.101 Soil, fecal sludge, and stool samples all have the potential for 

complete or partial inhibition due to the presence of various substances that inhibit the 

enzymes used in the assay.101 These issues with environmental media, when combined 

with the low infectious doses and environmental persistence of some fecal pathogens like 

viruses, limit the resolution of and ability to draw conclusions about exposure levels from 

detection of environmental concentrations alone.12,17,18,76 However, similar issues of 

competitive growth of other organisms, like Aeromonas spp., and inconsistency in 

detection with varying pH, alkalinity, hardness, iron, and conductivity of water have been 

demonstrated in FIB detection.75 Nonetheless, sampling and testing of fecal indicator 
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bacteria and pathogens in environmental media is being examined more widely in the 

literature and is a necessary component of understanding risk from fecal material in 

private and public environments.79,80 

 

Sanitation and Risk of Exposure to Fecal Contamination in the Urban Environment 

  Despite 82% coverage of improved sanitation in urban areas worldwide, urban 

sanitation is a growing issue in low-income countries.29 From 1990 to 2015, improved 

urban sanitation coverage in the poorest countries only rose from 37% to 47%, and only 

from 39% to 40% in Sub-Saharan Africa.29 This poor coverage, especially in low-income 

urban neighborhoods and informal settlements, must be addressed as the world’s 

population distribution shifts to being predominantly urban.102,103 By 2009, over 50% of 

the world’s population was urban, and by 2050, the urban population is estimated to 

almost double from 3.3 billion to 6.3 billion. This influx adds to the 600 million urban 

residents already without sanitation.103 The combination of high population density, poor 

sanitation, and high frequency of person-to-person contact provides an environment for 

elevated transmission and risk of infectious diseases.103–107  

 In many low-income, urban areas, including informal settlements, there is 

insufficient space to build individual improved household toilets, forcing household 

members to rely on public or shared sanitation.108–111 Though they may be the only 

feasible option in many urban areas, the microbiological safety of these toilets has been a 

point of contention within international organizations.112 Public toilets have been shown 

to vary greatly in their cleanliness, ability to safely contain excreta, and availability of 

handwashing facilities, among other issues.113 Because public toilets may be shared by a 
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large, undefined number of households, efforts have been made to classify them 

separately from shared household sanitation, where a defined set of households share the 

facility.109 Despite a proposal to classify sanitation facilities shared by at most 5 

households or 30 people (whichever is less) as improved sanitation facilities, the Joint 

Monitoring Program (JMP) of the World Health Organization (WHO) and United 

Nations Children’s Fund (UNICEF) classifies only individual household toilets as 

improved sanitation.29,114 Improved sanitation, as defined by the JMP, constitutes 

facilities that safely separate and contain feces from the user.29 Recent studies, including 

some using Demographic and Health Surveys (DHS) data, have indicated that use of 

shared household sanitation facilities is associated with elevated prevalence and odds of 

diarrheal disease among children, compared with those using individual household 

toilets.112,115 However, identification of the mechanism by which shared sanitation 

influences health risk has been difficult. Studies of fecal contamination on children’s 

hands, within the latrine itself, and in stored water have shown no consistent differences 

between households using shared facilities and those using individual household 

toilets.78,116  

At the household-level, management of fecal sludge after pit latrines or septic 

tanks fill is a problem. The few households with onsite sanitation in urban areas often do 

not have room to build new pits after they fill, forcing users to either connect their 

facilities to sewerage or open drains, abandon their pits in an unsafe manner, or rely on 

emptying services, which can be unreliable and potentially unsafe.31,32,108 Connection to 

closed sewerage has been shown to reduce diarrhea incidence; however, this need for 

FSM is frequently overlooked in non-sewered settings, requiring labor-intensive and 
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often expensive emptying of the pit or household tank under the toilet and subsequent 

trucking, digestion, and treatment of the fecal sludge.31,32,41,117 Safe FSM is challenging in 

crowded, urban environments because emptying services cannot reach latrines to directly 

exhaust them and/or must commute long distances to safely dispose of the sludge. These 

challenges can result in over-accumulation of fecal sludge in pits, with the pit becoming 

unusable, in addition to the potential for urban environmental contamination with 

excreta.32,41  

At the community- or city-level, FSM conditions are even worse. Recent 

estimates from the Water and Sanitation Program (WSP) of the World Bank suggest that 

less than half of fecal sludge is “safely-managed” (contained from human contact 

throughout the entire sanitation chain) in a selection of major cities in low-income 

countries.31,32 Key findings mirror those at the household-level, including insufficient 

household- level sludge containment to prevent further urban contamination, given that 

few latrines are emptied regularly. Additionally, illegal dumping is frequent among those 

emptying pits, and transport of the sludge beyond the neighborhood, as well as treatment 

and reuse of fecal sludge, is limited.31  

Open drains are a frequent fate for household excreta, whether through direct 

connection or illegal dumping, and may contaminate the local environment with this 

untreated fecal sludge.31,118 Open drains often take the place of sewerage systems, which 

are designed specifically to contain excreta in a closed (piped) system but are expensive 

and labor-intensive to install.117 Consequently, levels of fecal contamination, including 

pathogens, in open drains approximate those of pure sewage.73,85–89,119 Further, studies 

have indicated that up to 35% of households with facilities previously classified as 
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improved may actually discharge into drains and the environment, with excreta remaining 

untreated.118 

The role of open drains in the spread of fecal contamination and transmission of 

enteric infections has not been extensively studied in the literature, possibly because they 

are not designed to transport sludge specifically within and between urban 

neighborhoods. In one of the few studies including open drainage alone as a community-

level intervention, Moraes et al. found a reduction in the incidence of diarrheal disease 

and prevalence of intestinal helminths in children in neighborhoods in Salvador, Brazil 

with drainage only compared with the control group, which received no intervention. 

However, in this same study, children in a third group of neighborhoods with both 

drainage and sewerage interventions had even larger reductions above those with 

drainage alone.120,121  

In contrast, QMRAs in Accra, Ghana and Kampala, Uganda examining multiple 

pathways of fecal exposure in urban settings identified exposure to open drains as the 

pathway with the highest contribution to disease burden in children, among other 

sanitation-related pathways.69,70 Further studies, including another QMRA in Thailand, 

showed open drains, and downstream canals and rivers receiving fecal sludge, to have 

high fecal contamination and to be a consistent high risk pathway for various types of 

infections.73,89,119 Thus, their net effect on risk of enteric infection is unclear and may be 

specific to the context, geography, and population distribution of the area. 

 Combined with their high concentrations of fecal contamination, the prevalence 

of open drains in urban areas adds to risk of enteric infection from flood water. The 

poorest urban areas are often the most flood-prone, and risk from contact with floodwater 
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is difficult to mitigate as it generally requires expensive, community- level changes to the 

physical environment and infrastructure.122,123 Even in high-income countries, studies 

have indicated increased risk from bacterial, viral, and protozoal agents associated with 

flood water contact, especially for children.71,72 In low-income settings, QMRA has 

shown that flooding of open drains is associated with elevated bacterial and viral 

infections, contributing to 5% of disability-adjusted life years (DALYs) per year.69,70  

 Children’s exposure to fecal contamination in urban environments varies and 

includes both WASH pathways like drinking water, as well as environmental pathways, 

such as exposure to drain water or flood water, that become more prominent because of 

density.68–70 Frequent ground contact and the possibility of geophagy implies that soil-

based exposures may also pose a risk of exposure to fecal contamination, important 

because of the large volume of food traffic in public areas.95,124 Additionally, exposures 

through food, including through contaminated produce from urban farms and 

transmission of parasites through food, has been shown to be an important contributor to 

enteric infection in children.125–128 Finally, children in urban environments may be 

exposed to frequent person-to-person or person-object-person transmission of fecal 

contamination and enteric infection. Secondary transmission of infection and transfer of 

fecal contamination via hands or fomites can occur both within the household—from 

parents, older siblings, contaminated surfaces—and outside the household in places with 

high potential for cross-contamination, like public toilets.19,129,130 Thus, it is important to 

consider exposure to fecal contamination both within and outside the household in order 

to more appropriately assess competing enteric infection risk pathways in urban 

communities. 



19 
 

 
 

 

Recent approaches to quantifying health risks from poor urban sanitation 

In addition to traditional, regression-based approaches to estimating associations 

between exposures, like urban household toilets and drains, and enteric infection or fecal 

contamination outcomes, QMRA has been used to estimate the contributions of 

competing risk pathways to the burden of enteric infection in children. Using this 

approach, risks of infection with specific organisms via individual exposure pathways are 

estimated from primary or secondary data on exposure frequencies and environmental 

concentrations and combined with dose-response models for organism-specific 

infection.131  

Two QMRAs, one in Accra, Ghana and one in Kampala, Uganda, have examined 

both water and sanitation-related exposures in poor urban environments.69,70 In Accra, 

Labite et al. modeled various bacterial, viral, and parasitic infection risks from exposures 

associated with the water supply and sanitation pathways and concentrations in primary 

(concentrations of bacterial in drains, sea water, and beach sand) and secondary data.69 In 

Kampala, Katukiza et al. estimated risks of viral and bacterial infections associated with 

water and sanitation-related pathways using more detailed environmental concentration 

data, including testing of both viruses and bacteria in water sources, drains, and gray 

water, and exposure assessment.70,85 Both concluded that risks from open drains were 

associated with the greatest infection burden in children: across pathogens, exposure to 

open drains in Accra were estimated to contribute to 64% of infections, while those in 

Kampala were estimated to contribute to 39% of infections (with another 24% 

contributed by tertiary drains—smaller drains transporting gray water specifically).69,70  
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Other QMRAs have focused on drinking water-specific and flood-specific 

exposures in low- and high-income settings.68,71,72 In Accra, Ghana, Machdar et al. 

compared drinking water-specific risks of bacterial, viral, and parasitic infections using 

measurement of E. coli and Ascaris spp. in different drinking water sources and estimates 

of exposure from surveys, finding that household stored water was the major pathway of 

contamination and that pathogen-specific burdens were higher than WHO reference 

levels.68 In the Netherlands, both ten Veldhuis et al. and de Man et al. examined urban 

floodwater for microbe-specific risks.71,72 Ten Veldhuis et al. conducted a screening- level 

assessment, measuring concentrations of E. coli, Enterococci, and Campylobacter spp. in 

floods and concluding that further research was justified based on high estimated disease 

burdens.71 De Man et al. measured Campylobacter spp. (61% prevalence in flood water), 

Giardia spp. (35%), Cryptosporidium spp. (30%), noroviruses (29%), and enteroviruses 

(35%) and estimated exposures by surveys, finding that combined sewers contributed to 

33% and storm sewers contributed to 23% of infection risk in children.72 These QMRAs 

concluded that risk from enteric organisms in floodwater in these settings is significant 

enough to warrant more precise examination in future studies and should not be 

overlooked as an important contributor to overall disease burden. Overall, QMRAs 

provide a powerful tool to model exposures that are difficult to measure in the real world 

and inform new areas of study that have not, historically, been examined. 

 Another, higher- level approach to quantifying poor sanitation, particularly in 

urban areas, has been the development of fecal waste flow diagrams (“shit flows 

diagrams” or SFD)s.31,32 SFDs are city-level assessments to be used as an advocacy tool 

for government action around poor FSM. They use secondary data collected about 
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household- level sanitation facilities and neighborhood-level FSM to estimate the 

proportion of excreta that is “safely-managed” (contained and managed along the entire 

sanitation chain through treatment) vs. the proportion that is unsafely discharged into the 

environment. Initially aimed at 12 sentinel cities of varying sizes and conditions around 

the world, SFDs are now being completed in multiple cities across the world and being 

managed centrally through online forums (sfd.susana.org). However, SFDs do not 

include information on exposure and specific geographic data (and therefore cannot be 

linked directly to human health) and are based on a large number of assumptions. Thus, 

they serve as a conservative, “worst-case” scenario of the current sanitation situation and 

are limited in their utility outside of the advocacy realm. 

 Microbial source tracking (MST) provides an alternative to conventional indicator 

bacteria as a measure of fecal contamination. MST uses molecular markers or phage-

based methods identify the sources of particular microorganisms, and therefore fecal 

contamination, fecal contamination in the environment.132 MST requires sub-species 

level identification to be precise; however, tracking strains have been identified for 

multiple hosts and it has been used in some studies in low-income settings to describe 

human and animal contributions to environmental fecal contamination.79,80,132,133 Early 

studies using MST, like one in rural Tanzania, have also highlighted the significant 

human contribution to soil contamination in household areas.80 Despite the lab and 

technical capacity needed, MST remains a promising method of understanding sources of 

environmental fecal contamination that may help inform strategies to better control this 

contamination. 
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Study cities 

 Study sites for this dissertation consisted of 6 neighborhoods in Accra, Ghana and 

Vellore, India. While the neighborhoods are described in further detail in the following 

chapters themselves, this section provides a high-level overview of population and 

sanitation in each city. 

 

Accra, Ghana: Accra is the capital of Ghana, located on the southern coast of the country. 

Based on 2010 census data, Accra, Ghana is a city of over 1.6 million people, with the 

Accra Metropolitan Area (AMA) spanning an area of about 140 square kilometers.134 

Slightly less than half of the population (43%) is under the age of 15. An estimated 42% 

of households use a public toilet facility and over one-third of households (36%) share 

sanitation facilities with another household, making Accra one of the major cities in the 

world served by shared sanitation.109,113 Though only about 2% of households report not 

having a sanitation facility, this figure may be underestimated due to the high use of 

public toilets.134 

 

Vellore, India: Vellore is part of the Tamil Nadu state and is located approximately 

130km inland of Chennai, the state’s capital. Vellore has an approximate population of 

500,000 in about 20 square kilometers of urban (metropolitan) area.135,136 According to 

the 2011 Indian census, an estimated 71% of households in urban, metropolitan Vellore 

had a sanitation facility. Most (86%) of the households without a facility onsite report 

open defecating (25% of the population overall), while the rest (4% of the population 

overall) use public toilets.137 
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Rationale and Aims of the Dissertation 

Low-income urban environments provide a unique combination of fecal 

exposures for children, both in the private and public domain, requiring both household- 

and community- level interventions.104,138 In order to identify successful sanitation 

solutions to reduce human exposure to fecal contamination, research is needed to 

understand the relative contributions of these exposures to health outcomes. Evaluation of 

interventions must take the neighborhood context into account when assessing overall 

effectiveness.39,46 Further, there is a need to examine spatial heterogeneity of sanitation 

facilities and fecal contamination and to use fecal contamination measures that are more 

proximal to household or neighborhood sanitation to examine how sanitation affects 

potential fecal exposures in urban areas. This dissertation fills these gaps in 

understanding by examining associations between the type and spatial distribution of 

household sanitation within poor urban environments and proximal (fecal contamination) 

and distal (pediatric enteric infection) outcomes. It uses mixed methods in study sites in 

Accra, Ghana and Vellore, India to assess the following aims:  

Aim 1: To examine the household and neighborhood- level factors affecting soil and drain 

contamination with fecal pathogens and indicator organisms in the public domain. 

Aim 2: To examine the neighborhood- level factors affecting household contamination 

with fecal pathogens and indicator organisms, controlling for household- level sanitation 

practices. 
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Aim 3: To examine the neighborhood- level factors affecting children’s risk of enteric 

infection, controlling for household-level sanitation practices, and compare children’s 

exposure pathways within the urban environment.  
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Abstract 

Fecal exposures within the public domain contribute significantly to enteric disease risk. 

This study examined associations between sanitation and fecal contamination in urban, 

public environments. Soil (n = 72) and open drain (n = 90) samples were tested for E. coli 

and enteric viruses in four low-income neighborhoods in Accra, Ghana. Household 

sanitation was categorized by onsite fecal sludge containment (“contained” vs. 

“uncontained”) and degree of sharing (“minimally-shared” categorized as ≤5 households 

or ≤30 people, compared to all others), per previous Joint Monitoring Program guidelines 

or proposals, using data from 793 household surveys. Associations between fecal 

contamination and household sanitation (local coverage and spatial clusters) within 50 

and 100m were examined, controlling for season, neighborhood, and population density. 

Compared to samples from other locations in study neighborhoods, E. coli concentrations 

in drain samples within 50m of contained household sanitation clusters were significantly 

lower (by >3 log-units), and concentrations in drains within 50 or 100m of minimally-

shared household sanitation clusters were also significantly lower (by approximately 1 

log-unit). Enteric virus detection in drains and E. coli concentrations in soil were not 

significantly associated with household sanitation coverage or clustering. These findings 

suggest clustering of contained household sanitation, even if shared, affects levels of 

fecal contamination within the immediate public domain.  
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Introduction 

An estimated 68% of the world’s population lives with improved sanitation, as 

classified by the Joint Monitoring Program (JMP) for the Millennium Development 

Goals (MDGs). Improved sanitation consists of systems that ensure the safe containment 

of excreta, separating it from human contact and thereby minimizing health risk.29 For the 

32% of the world’s population without improved sanitation, this health risk can stem 

from contact with environmental fecal contamination within the household or in the 

public domain, especially in urban areas.27,69,70 Recent work has indicated that systems-

level approaches to the entire sanitation chain need to be considered to contain excreta in 

the public domain, a goal included in the proposed Sustainable Development Goals 

(SDGs).29,31,46,103 

Improved sanitation infrastructure and services in urban areas have not kept up 

with population growth in low-income countries. From 1990 to 2015, urban sanitation 

coverage only increased from 79% to 82% worldwide, and 37% to 47% in the world’s 

poorest countries.29 Meanwhile, over half of the world’s population now lives in urban 

areas, and that figure is expected to increase to two-thirds of the world’s population by 

2050, including large urban growth in low and lower-middle income countries.139 Growth 

in low-income urban neighborhoods is expected to parallel this overall urban growth, 

with the population doubling from 2001 to 2030, adding to the 600 million urban 

dwellers without access to sanitation.103,138,140   

Solutions to the problems of urban sanitation are necessarily complex because 

exposures to fecal contamination occur both inside and outside the household.39 While 

numerous studies have linked poor urban sanitation with increased diarrheal disease, 
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urban sanitation interventions have had mixed results on health impact.103–107,141,142 This 

variation in effectiveness may be because interventions have generally targeted the 

household only.39,142,143 In rural settings, sanitation interventions have historically 

required high levels of coverage at the community level to achieve reductions in diarrheal 

disease, implying reductions in both private and public domain contamination. However, 

the spatial heterogeneity of sanitation coverage has rarely been measured in either rural 

or urban settings.27,36–38 In urban areas, multiple quantitative microbial risk assessments 

(QMRAs) have identified public domain exposures, including open drains, as high risk 

for children.69,70 These public domain exposures may result from poor containment of 

excreta (poor fecal sludge management, “FSM”) in unsewered, onsite household 

sanitation.31,32 While sewerage has been the most-studied and effective FSM intervention, 

there has been little study of the effects of improved onsite sanitation, including improved 

pit latrines and ventilated improved pit (VIP) latrines with good pit-emptying services, on 

environmental fecal contamination in the public domain.117  

There has been mixed evidence about the effectiveness of shared sanitation, 

classified just below “improved” on the sanitation ladder, at reducing fecal exposures. 

Shared sanitation constitutes any facility shared by two or more households that would 

otherwise, by design, be considered improved.29 When compared to individual improved 

facilities, shared sanitation facilities have been associated with significantly elevated 

prevalence of pediatric diarrhea and other adverse health outcomes. However, the causal 

mechanism through which shared sanitation affects these health outcomes is unclear and 

frequently confounded by factors like socio-economic conditions.115,144,145 Both urban 

and rural studies have shown no consistent differences between shared and unshared 
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improved sanitation facilities when measuring fecal contamination within toilets, in 

stored water, or on children’s hands.78,116 The effect of shared sanitation on fecal 

contamination in public, urban environments, where it may be the only feasible and 

sustainable sanitation option, is being explored by several ongoing studies.67,108,146  

Given the interconnectedness of public and private domains in cities, there is a 

need to understand under what conditions sanitation facilities can reduce levels of fecal 

contamination in the public, urban environment. This study seeks to examine whether the 

type and spatial heterogeneity of sanitation facilities are associated with fecal 

contamination, as measured by E. coli concentrations, and enteric virus levels in soil and 

drain water in the public domains of four low-income, urban neighborhoods. E. coli, as a 

measure of human and animal-specific fecal contamination, represents concentrations of 

excreta in the environment that are expected to be contained—and therefore reduced—by 

sanitation.27,98 In the context of the new SDGs, this examination of the type and density 

of onsite excreta containment will contribute to understanding the conditions under which 

sanitation coverage can lead to community- level benefits in dense, urban environments.  

Methods 

Study Site 

This study used data collected from the SaniPath Study in four low-income 

neighborhoods in Accra, Ghana between September 2011 and March 2013 in 

collaboration with the Water Research Institute of the Center for Scientific and Industrial 

Research Institute, Ghana (WRI), The Noguchi Memorial Institute for Medical Research 

of the University of Ghana (NMIMR), and the Training, Research, and Networking for 

Development (TREND) Group. The SaniPath Study was conducted to quantify the 
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relative contributions of various household- and neighborhood- level risks of exposure to 

fecal contamination through multiple environmental pathways. 

Accra has two rainy seasons, March – July and September – October, each year. 

Soil and drain samples were collected from March – December 2012, and household 

surveys were conducted from August – September 2012. Public toilet surveys were 

conducted from March – September 2012. Though all were low-income areas, the four 

study neighborhoods (Alajo, Bukom, Old Fadama, and Shiabu) were selected for 

variation in types of settlements, location, flooding, and household and public sanitation 

coverage.86,113 Further details on neighborhood selection and characteristics are described 

elsewhere.86,113 

Ethics 

 All study protocols were approved by the Institutional Review Board (IRB) at 

Emory University and the NMIMR IRB, University of Ghana. 

Environmental Sampling and Processing 

 Samples of soil in public places and water in open public drains were collected in 

each neighborhood. As directed by community leaders and local field staff, locations for 

sample collection were purposefully selected where children were observed to have been 

playing or had contact with drains. Global Positioning System (GPS) coordinates were 

collected at each location at the time of sampling using a Garmin eTrex Venture HC 

device (Garmin Ltd., Olathe, KS, USA). Samples were tested for E. coli, adenovirus, and 

genogroup I and II norovirus (GI and GII norovirus). E. coli was chosen as a general 

indicator of fecal contamination, while adenovirus and norovirus were chosen because of 
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their high infection burden in recent studies of West African children.16,96,147,148 Samples 

were tested for E. coli by membrane filtration using BBL MI agar (Becton Dickinson, 

Franklin Lakes, New Jersey, USA) following United States Environmental Protection 

Agency (USEPA) method 1604.149 For virus analyses, DNA and RNA extraction utilized 

the MP Bio FastSoil DNA kit (MP Bio, Santa Ana, CA, USA) and Qiagen viral RNA 

mini kit (Qiagen Sciences, Germantown, Maryland, USA). Samples were tested for 

adenovirus and GI and GII norovirus by quantitative PCR using published methods.150,151 

Quantitative PCR utilized the QuantiFast Pathogen PCR kit with Internal Control and the 

OneStep RT-PCR kit (Qiagen Sciences, Germantown, Maryland, USA). The QuantiFast 

Pathogen PCR was used as a screening PCR for target viruses and assay inhibition. 

Positive samples and samples with inhibitors were quantified with the OneStep RT-PCR 

kit. Further details about sample collection and processing can be found in the supporting 

information (SI). 

Household Surveys 

 Within study neighborhoods, households were defined as a person or group of 

people sharing cooking or living areas. Compounds consisted of a group of households 

sharing the same structure. Surveys were conducted in 200 households per neighborhood, 

selected by dividing the neighborhood into segments, randomly choosing a starting 

household within each segment, and conducting systematic sampling, as previously 

described by Peprah et al.113 GPS coordinates were collected at each household. The 

target respondent for the survey was the primary caregiver of the youngest child, 

generally the female head of household. The number of people living in the household 

and compound and ownership of animals was recorded in the survey. Enumerators 
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categorized the type of household sanitation facilities present by observation. Facilities 

were classified into “contained” (ventilated improved pit (VIP) or Kumasi ventilated 

improved pit (KVIP) latrine, pour-flush/flush toilets into a septic/sewage system, or 

traditional pit latrines with slabs) and “uncontained” categories (bucket/pan latrines, other 

latrines, no facility present) based on JMP structural guidelines.29,113 There were too few 

study households with uncontained, onsite facilities present to separate this group from 

households without onsite sanitation. “Improved” or “unimproved” sanitation categories 

were not used because most facilities were shared by at least two households.29 Facilities 

were classified as “minimally-shared” according to two definitions proposed in the 2013 

Update to the JMP guidelines and considered in previous studies: 1) 5 or fewer 

households sharing the facility, or 2) 30 people or fewer people sharing a facility.109,144,152 

These definitions were not mutually exclusive. Households not categorized into a given 

definition were classified into the comparison group, which therefore consisted of both 

households without sanitation and households with sanitation shared by more than 5 

households or 30 people (too few households in this category were present to create a 

separate comparison group for analysis).   

Public Toilet Surveys 

Surveys and observations at public toilets have been described previously.113 GPS 

points of all public toilets in the study area were collected during transect walks with a 

community leader, though only a subset of public toilets were observed. Public toilets 

were divided into “contained” and “uncontained” categories, as described for household 

sanitation facilities. 
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Analyses 

Population density surrounding sampling locations was based on the 2010 Ghana 

Census data (Ghana Statistical Service, Accra, Ghana and estimated by Weeks et al.153). 

Samples were assigned the population density value of the enumeration area in which 

they were located (example: Figure 1). 

Presence and type of household sanitation were evaluated for most-likely local 

clustering within neighborhoods using the GPS coordinates of study households and 

Kulldorff’s Bernoulli spatial scan in SaTScan version 9.4.52 Kulldorff’s Bernoulli spatial 

scan evaluates binary outcomes in point data distributed in space to assess the degree of 

nonrandom clustering of ‘0’ or ‘1’ values. A spatial cluster of “high” coverage of 

contained sanitation, for example, would be a cluster of households with a significantly 

higher proportion of contained sanitation facilities, compared to the total proportion of 

households with contained sanitation facilities in that neighborhood. A cluster of “low” 

coverage of contained sanitation would be a cluster of households with a significantly 

lower proportion of contained sanitation facilities compared to the overall neighborhood 

proportion (example: Figure 1). An α of 0.05 was used to determine the significance of 

most-likely clusters. 

Sanitation surrounding a sampling location was evaluated in three ways: (1) by 

the presence/absence of a public toilet within 50 or 100m; (2) by the “local household 

sanitation coverage” calculated among all study households within 50 or 100m (e.g. the 

number of study households within 50m of the sample location with contained household 

sanitation divided by the total number of study households within 50m of the sample 

location); and (3) by the presence of a spatial cluster of high or low coverage of 
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household sanitation within 50 or 100m. For (3), a sample was classified as “within a 

cluster” if one or more households within the given radius were part of a most-likely 

cluster, as calculated by Kulldorff’s Bernoulli spatial scan. For (2) and (3), each type of 

household sanitation (any household sanitation (any facility present), contained 

household sanitation, and minimally-shared household sanitation) was evaluated. Radii of 

50m and 100m from a sampling location were chosen to represent a realistic scale for 

environment-household sanitation interactions in low-income urban neighborhoods, 

based on boundaries from previous urban sanitation assessments.154–156 

Statistical analyses were conducted in R version 3.1.2 (R Foundation for 

Statistical Computing, Vienna, Austria) using standard packages and the “logistf” 

package for penalized likelihood estimation.157 Linear regression was used to assess 

continuous outcomes (E. coli concentrations), while logistic regression was used to assess 

binary outcomes (presence/absence of enteric viruses). Penalized likelihood estimation, 

referred to as Firth approximation, was used when separation was observed in logistic 

regression models.158 Because the goal of regression modeling was to compare sub-

neighborhood effects of sanitation on public domain fecal contamination, regression 

models for sanitation were adjusted for season, neighborhood, and population density in 

the sampling location’s enumeration area (given the absence of a census of households in 

study neighborhoods). Other covariates were assessed for confounding using a 10% 

change in the estimate of the main effect (sanitation) as the cutoff for inclusion, as 

described in Kleinbaum and Klein.159 Effect modification of sanitation by population 

density was included in the model if significant at the 0.10 level. An α of 0.05 was used 

for all other tests of significance.  
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Results 

Neighborhood demographics and coverage/clustering of household sanitation 

 Population density, prevalence of animal ownership, and coverage of public 

toilets and household sanitation were compared across neighborhoods using chi-square 

tests. Household sanitation was further compared by contained/uncontained status, 

minimally-shared status, and spatial clustering (example: Figure 1), as defined in the 

methods. Neighborhoods differed significantly in all demographic and sanitation 

attributes (Table 1). Public toilets observed in all study neighborhoods, except Old 

Fadama (where the most public toilets were located), were classified as contained. 

Because of the small proportion of public toilets observed and the absence of sub-

neighborhood variation in contained/uncontained status, subsequent analyses across 

neighborhoods were restricted to the presence/absence of a public toilet. Animal 

ownership was low to moderate (14-35%) and varied by neighborhood. Chickens (16.6% 

of households), cats (6.9%), goats (4.2%), and dogs (4.0%) were the most common 

animals owned. Household sanitation coverage was highest in Alajo (58.5%) and lowest 

in Old Fadama (1.5%); however, clusters of high coverage of any household sanitation 

and contained household sanitation were detected in Bukom and Shiabu. Significant 

clusters of high coverage of minimally-shared sanitation were detected in Alajo and 

Shiabu using either definition of minimally-shared sanitation, but detection in Bukom 

varied by the definition used. Overall, sanitation coverage varied between neighborhoods, 

with significant spatial heterogeneity at the sub-neighborhood level. 
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Variation in environmental fecal contamination between urban neighborhoods and by 

season 

 To understand differences in environmental fecal contamination between 

neighborhoods, concentrations of E. coli and detection of enteric viruses (adenovirus and 

GI and GII norovirus) in samples of soil in public areas and water in open drains were 

compared between study neighborhoods by analysis of variance (ANOVA) and chi-

square tests of conditional independence, accounting for season. E. coli concentrations in 

soil were moderately-high, varied by 0.2-1.5 log10CFU/g across neighborhoods and were 

normally-distributed (data not shown). Adenovirus, GI norovirus, and GII norovirus were 

detected in 3 (4.4%), 1 (1.4%), and 0 (0%) soil samples, respectively, and thus were 

excluded from further analyses. 

E. coli concentrations in drain samples were high in all neighborhoods, varying by 

0.3-0.8 log10CFU/100mL (Table 2a) and were normally-distributed (data not shown). 

Detection of GII norovirus, but not other enteric viruses, in drains varied significantly by 

neighborhood (Table 2b). Overall, though fecal contamination in soil and some drain 

samples varied significantly between neighborhoods, there was no single neighborhood 

where fecal contamination—across types of samples and organisms tested—was 

consistently higher than in other neighborhoods. 

To understand seasonal variation in environmental fecal contamination, E. coli 

concentrations and enteric virus detection were compared between rainy and dry seasons 

using linear and logistic regression, respectively, controlling for neighborhood. GII 

norovirus was significantly less likely to be detected in drain samples in the rainy season, 

compared to the dry season (odds ratio: 0.19, 95% confidence interval: 0.03-0.78); 
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however, detection of other enteric viruses in drains and E. coli concentrations in soil or 

drains did not differ significantly by season (SI Table S1).  

Variation in environmental fecal contamination by animal ownership and population 

density 

Associations between local animal ownership and environmental fecal 

contamination were examined by linear regression models for E. coli concentrations in 

soil or drain samples, controlling for season and neighborhood. Similar to local 

household sanitation prevalence, prevalence of household animal ownership was 

quantified as the number of study households within 50 or 100m of a sampling location 

owning an animal divided by the total number of study households within that radius. 

Soil and drain E. coli concentrations were not significantly associated with the prevalence 

of animal ownership within the given radii (SI Table S1).  

Associations between population density and environmental fecal contamination 

were evaluated by linear and logistic regression, controlling for season and 

neighborhood. None of the fecal contamination outcomes were significantly associated 

with population density (SI Table S1, data not shown for enteric viruses).  

Variation in E. coli contamination in soil by neighborhood sanitation 

 Associations between neighborhood sanitation and E. coli concentrations in soil 

were assessed by linear regression, controlling for neighborhood, season, and population 

density. Sanitation was assessed by presence of a public toilet and by local household 

sanitation coverage within 50 and 100m of sample locations. Because there was little 

variation in exposure to sunlight, and because the presence of feces (within 3m) or a 
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toilet/open defecation area (within 30m) were not meaningful confounders (data not 

shown), these variables were excluded from the models. E. coli concentrations in soil 

samples were not significantly associated with the presence of a public toilet or coverage 

of household sanitation, regardless of type of containment or number of households or 

people sharing the facility, within 50 or 100m (SI Table S2).  

 To understand whether associations between household sanitation and soil E. coli 

concentrations differed when sanitation was clustered within a neighborhood, spatial 

clusters of household sanitation coverage were substituted into the previous linear 

regression models evaluating local household sanitation coverage. Soil E. coli 

concentrations were moderately— though not significantly—higher within 50 or 100m of 

spatial clusters of high coverage of household sanitation, regardless of type, compared to 

the rest of the neighborhood (Table 3).  

Variation in E. coli contamination in drain water by neighborhood sanitation 

 Associations between neighborhood sanitation and E. coli concentrations in drains 

were assessed using linear regression, controlling for season, neighborhood, and 

population density. E. coli concentrations in drain water samples did not vary 

significantly with the presence of a public toilet or the local household sanitation 

coverage within 50 or 100m of the sample location (SI Table S3). However, E. coli 

concentrations in drain water samples within 50 or 100m of clusters of high coverage of 

any household sanitation, contained household sanitation, or minimally-shared household 

sanitation were lower, and in most cases significantly lower, than in the rest of the study 

area (Table 4). Specifically, E. coli concentrations in drain water samples within 50m of 

clusters of high coverage of contained household sanitation were significantly lower than 
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in the rest of the study area (p =0.008). Further, those within 50m of clusters of high 

coverage of minimally-shared household sanitation (when defined by the number of 

people per toilet) and within 100m of clusters of high coverage of minimally-shared 

household sanitation, using either definition, were also significantly lower than in the rest 

of the study area (p = 0.015 and p = 0.005 for minimally-shared sanitation cluster (using 

“persons per toilet” definition) within 50m and 100m of drain sample locations, 

respectively; p = 0.016 for minimally-shared sanitation cluster (using “households per 

toilet” definition) within 100m of drain sample locations). E. coli concentrations were 

significantly higher within 50m (p = 0.010 using “households per toilet” definition; p = 

0.024 using “persons per toilet” definition) or 100m (p = 0.012 using “households per 

toilet” definition) of clusters of low coverage of contained or minimally-shared 

household sanitation. 

Variation in enteric virus detection in drain water by neighborhood sanitation 

 Associations between neighborhood sanitation and adenovirus or norovirus 

detection in drains were assessed using logistic regression, controlling for season, 

neighborhood, and population density. Generally, viral detection in drain water samples 

did not vary significantly with the presence of public toilets or local household sanitation 

coverage within 50 or 100m (SI Table S4). Only adenovirus was significantly less likely 

to be detected in drain samples with increasing local coverage of any household 

sanitation. Viral detection within 50 or 100m of clusters of high coverage of household 

sanitation was not significantly different from the rest of the neighborhood, regardless of 

the type of sanitation clustered (SI Table S5). Further, no consistent trends in viral 

detection in high or low clusters of sanitation coverage were observed. 
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Discussion 

 This study examined whether levels of fecal contamination in soils and drains in 

the urban, public environment were associated with local sanitation coverage and other 

neighborhood characteristics. While E. coli concentrations in drains did not vary 

significantly with the local coverage of household sanitation, E. coli concentrations in 

samples of drain water collected within 50 or 100m of spatial clusters of high coverage of 

contained or minimally-shared household sanitation were significantly lower than 

concentrations in sample from drains that were not in clusters. There were no significant 

differences between E. coli concentrations in drains within and outside of clusters of high 

coverage of any household sanitation. E. coli concentrations in soil did not vary 

significantly with local coverage or clustering of household sanitation, regardless of type. 

There was no association between the detection of enteric viruses in drains and local 

coverage or clusters of household sanitation.  

 This study is one of the first to examine associations between sanitation coverage 

and fecal contamination in the public environment, considering the effects of the type of 

sanitation and spatial heterogeneity in coverage. Other studies that have examined 

associations between household sanitation, including shared sanitation, and fecal 

contamination have focused on the user’s immediate environment—within the toilet or 

household—and observed few differences between shared and individual household 

toilets.78,116 Studies of fecal contamination in the public environment have examined 

drains at larger scales, including entire urban areas, and have universally reported high 

levels of fecal contamination, and especially E. coli, in drains. 70,85,87,88,90,160–163 

Generally, however, E. coli concentrations in these studies have not been as high as 
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observed in this study, including previous assessments of urban irrigation water from 

drains in Accra.88,90,160,162,163 Though human-specific fecal contamination in urban drains 

has been observed, previous analyses have not examined variation in concentration with 

the type and spatial heterogeneity of sanitation facilities within the catchment area.90,162  

 Associations between lower E. coli concentrations in drains and clustering of high 

coverage of contained household sanitation may reflect a combination of functional 

containment of human excreta at the household and sufficient local levels of sanitation 

coverage to yield community- level benefits.36–38 Although E. coli indicates fecal 

contamination from both humans and animals, E. coli concentrations in drains did not 

vary with household animal ownership, suggesting that humans may be the primary 

contributor of excreta in these neighborhoods.164 Containment of human excreta is the 

primary role of sanitation, thus E. coli concentrations from human sources are expected 

to vary with sanitation coverage.27 However, this relationship may be moderated by the 

type of household sanitation. E. coli concentrations in drains did not vary with the 

presence of clusters of high coverage of any household sanitation. Only household 

sanitation that contained excreta onsite (i.e. good FSM) was associated with significantly 

lower E. coli concentrations in nearby drains. If functioning properly, contained 

household sanitation facilities should retain excreta onsite, keeping it away from 

locations where human contact is possible, including contact with drains.29,32 Household 

sanitation facilities that were classified as “uncontained” in this study either failed to 

contain excreta along the entire sanitation chain or were absent entirely, increasing the 

potential for environmental contamination.29,32 Generally, open drains are a common 

location for uncontained household sanitation facilities in urban areas of low-income 
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countries to discharge excreta, most of which remains untreated, presenting a high risk 

fecal exposure pathway.32,69,70,86,118  

Neighborhood-level coverage or clustering of contained sanitation may also affect 

E. coli concentrations in drains, though in a threshold—rather than dose-response—

manner. In this study, evaluation of local household sanitation coverage surrounding a 

drain sampling site showed no significant association with E. coli concentrations, as 

would have been expected if there was a dose-response relationship. In contrast, 

clustering of household sanitation, representing localized areas with significantly higher 

coverage than the rest of the neighborhood, was associated with lower E. coli 

concentrations in drains. Though the effects of high localized sanitation coverage on E. 

coli or other fecal contamination have not been examined previously, studies have 

observed their effects on diarrheal outcomes. Reductions in diarrheal disease have been 

observed in households both with and without sanitation facilities in communities 

attaining high overall sanitation coverage.34,36–38 Coverage levels within the two “high” 

clusters of contained household sanitation in this study were lower (44 and 68%) than 

those observed in previous studies that reported health impacts (generally greater than 75-

80%), consistent with the idea of environmental fecal contamination levels an 

intermediate outcome for diarrhea.27 These findings suggest that a threshold, rather than a 

dose-response, model may exist for contained household sanitation specifically. 

Associations between clusters of high coverage of household sanitation and lower 

E. coli concentrations in drain water continued to be observed despite the fact that most 

household toilets (57-63%) in these neighborhoods were shared by multiple households. 

Clusters of minimally-shared sanitation had significantly lower E. coli concentrations in 
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drain water when compared with the rest of the neighborhood. Unfortunately, few study 

households near drain sampling locations either 1) shared facilities with more than 30 

people or 5 households, or 2) had individual improved household facilities, limiting our 

ability to assess comparisons with these specific groups. Shared sanitation is common in 

Accra, and studies of shared sanitation, when compared to individual household toilets, 

have shown elevated prevalence and odds of diarrhea, resulting in its exclusion from the 

improved sanitation category.29,109,112,113,115 While research into fecal contamination 

associated with shared sanitation has generally focused on within-toilet maintenance, our 

results suggest that containment of excreta did not vary with the number of users; 

however, relationships between shared sanitation and FSM effectiveness should be 

further explored. 

 While higher coverage of contained household sanitation was expected to 

decrease E. coli concentrations across the entire public domain, local coverage and 

clustering of household sanitation were not associated with E. coli concentrations in soil, 

suggesting soil contamination may be influenced by other factors. Previous sanitation 

research in rural households, rather than urban areas, has suggested that fecal 

contamination in soil varies with human foot traffic in the area, regardless of the type or 

coverage of local sanitation.80 This evidence suggests that fecal contamination in soil in 

our study may have been more influenced by the high foot traffic and mixing of people 

than the sanitation in surrounding households.  

Though E. coli concentrations in drain water varied with the type and coverage of 

local household sanitation, adenovirus and norovirus detection did not. While this finding 

may indicate differences between E. coli concentrations and enteric virus occurrence in 
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sewage, it may also reflect limitations in laboratory techniques and sampling. Enteric 

viruses, especially human adenovirus and GII norovirus, have been frequently detected in 

urban drain water in both high- and low-income countries, including in drain water used 

for irrigation in Accra.17,21,22,89,90,165,166 Further, detection of adenovirus has been used to 

indicate and track human sewage contamination in rural and aquatic environments, areas 

subject to less regular human activity than open urban drains.22,166 While the longer 

persistence of enteric viruses in the environment, when compared with that of E. coli, 

make them useful fecal indicators, it may also make detection of smaller scale variation 

with sanitation coverage in urban areas more difficult, especially when limited to 

presence/absence data.17,21,89 Use of presence/absence data with elevated lower limits of 

detection (LODs) in environmental media may have introduced false negative results into 

the data, limiting the precision of our analyses.76,101 Though the viral results were 

inconclusive when compared with the E. coli results, variation in enteric virus 

concentrations in the environment should be evaluated further in the context of sanitation 

studies. Measurement of enteric viruses may provide a more stable, long term, and 

human-specific indicator of fecal contamination than fecal indicator bacteria.21 

Detection of fecal contamination in environmental samples had limitations 

beyond the sensitivity of PCR data following environmental sample processing. Soil 

moisture content, an important covariate for soil contamination, was not measured; 

however, exposure to sunlight at the time of collection (yes or no) was used as a proxy.80 

Though providing a more specific outcome than other measures of fecal contamination,  

virus detection by PCR does not indicate infectivity, restricting inference about public 

health risk. Further, E. coli may be detected year-round in soils and waters of tropical 
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climates, thus we cannot definitively identify humans as the sources of E. coli in soil or 

drain water.167 Small sample size was also a limitation; however, despite purposive 

sampling, selection of sampling locations was independent of local sanitation coverage or 

spatial distribution.  

Measurement of household and neighborhood sanitation had strengths and 

limitations as well. Observation of household sanitation limited response bias; however, 

household sanitation was only assessed for a sample, and not a census, of households in 

study neighborhoods. Bias in evaluation of spatial clustering was minimized, though, by 

the use of systematic sampling and the choice of spatial scan statistic. Systematic 

sampling estimated the underlying household distribution in space, while the spatial scan 

statistic is robust to uneven population distributions.168 Further, use of spatially-explicit 

census data improved modeling of sub-neighborhood spatial heterogeneity. 

Though we observed significantly lower E. coli concentrations in spatial clusters 

of high coverage of contained household sanitation, concentrations in all sampled drains 

remained high enough to pose significant health risks to children upon contact.86 Future 

studies should evaluate environmental fecal contamination at each point in the sanitation 

chain—within and outside the household—and consider absolute, context-independent 

risks from poor FSM in order to develop effective strategies for containment. Future 

studies should also consider the relationships between fecal indicator bacteria 

concentrations and enteric virus detection in environmental risk pathways to further 

understand whether variation in environmentally-persistent viruses can be a suitable 

indicator for FSM effectiveness.   
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Given the importance of exposures to fecal contamination in the public 

environment on pediatric diarrhea,16,25,69,70,147,148,169 these findings provide new evidence 

that localized, high coverage of contained household sanitation, even when shared, is 

associated with reduced environmental fecal contamination in a high risk pathway 

outside the household. This finding underscores the importance of household-level 

sanitation and FSM on environmental fecal contamination, and subsequent risk, at the 

community level.  

Supporting information: Detail on soil and drain sample collection and processing and 

Tables S1-S5. 
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Tables and Figures 

Table 1: Population density, animal ownership, and neighborhood sanitation, including spatial clusteringa 

 Alajo 
(n = 200) 

Bukom 
(n = 199) 

Old Fadama 
(n = 197) 

Shiabu 
(n = 197) 

Overall 
(n = 793) 

Population density (per km2) 21,475 75,927 50,835 21,594 42,458 
      

Public Toiletsb 
 Number of contained public toilets (%c) 

7 
4 (100) 

7 
5 (100) 

19 
0 (0) 

13 
6 (100) 

46 
15 (75) 

      
HHs reporting owning domestic animals 65 (32.5) 41 (20.6) 28 (14.2) 69 (35.0) 203 (25.6) 
      

# of HHs with ≥ 1 Sanitation Facility (%) 
 # of HHs in High Coverage Cluster (%d) 

 # of HHs in Low Coverage Cluster (%d) 

117 (58.5) 
- 

10 (0.0) 
 

53 (26.6) 
29 (79.3) 

66 (6.1) 
 

3 (1.5) 
- 

- 

92 (46.7) 
94 (70.2) 

42 (7.1) 

265 (33.4) 

# of HHs with ≥ 1 Contained Sanitation Facilitye (%) 

 # of HHs in High Coverage Cluster (%d) 
 # of HHs in Low Coverage Cluster (%d) 

111 (55.5) 

- 
- 

12 (6.0) 

16 (43.8) 
- 

3 (1.5) 

- 
- 

83 (42.1) 

93 (67.7) 
55 (9.1) 

209 (26.4) 

      
# of HHs with minimally-shared sanitation facilityf      
≤ 5 HHs per toilet in the compound (%) 

 # of HHs in High Coverage Cluster (%d) 
 # of HHs in Low Coverage Cluster (%d)  

79 (39.5) 

32 (81.3) 
- 

 

11 (5.5) 

- 
- 

3 (1.5) 

- 
- 

58 (29.4) 

93 (45.2) 
56 (7.1) 

151 (19.0) 

≤ 30 people per toilet in the compound (%) 
 # HHs in High Coverage Cluster (%d) 

 # HHs in Low Coverage Cluster (%d)  

70 (35.0) 
32 (71.9) 

- 

27 (13.6) 
24 (54.2) 

- 

3 (1.5) 
- 

- 

68 (34.5) 
98 (51.0) 

45 (4.4) 

168 (21.2) 

aChi-square tests of independence for each attribute across neighborhoods were significant at the 0.05 level. “ -” indicates no cluster was significant at the 0.10 

level by Kulldorff’s Bernoulli spatial scan; bNumber of public toilets in each neighborhood; cObservations were conducted at 4 public toilets in Alajo, 5 in 

Bukom, 6 in Old Fadama (though one was unable to be observed), and 6 in Shiabu 113; dCoverage of the attribute in the cluster: number of households (% of 
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households in cluster) with that attribute. All clusters presented were detected by Kulldorff’s Bernoulli spatial scan as significant at α = 0.05. eA contained 

sanitation facility was one that, in the absence of sharing, would have been considered “improved” per the current JMP guidelines (including ventilated improved 

pit (VIP) or Kumasi ventilated improved pit (KVIP) latrine, pour-flush/flush toilets into a septic/sewage system, or traditional pit latrines with slabs);29 fAs 

shown, minimally-shared sanitation facilities were categorized as those with ≤ 5 households or those with ≤ 30 people using them and compared to all other 

households in the study area (both those with a facility shared by > 5 households or > 30 people and those without a facility ). 

 
 

Table 2: E. coli concentrations and enteric virus detection in public domain samples, by neighborhooda 

 Alajo Bukom Old Fadama Shiabu Overall 
 N Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD) 

a) E. coli detection in public domain samples           
E. coli in soil (log10CFU/g)†  22 1.8 (1.6) 13 2.0 (1.5) 23 3.3 (1.5) 14 2.2 (1.2) 72 2.4 (1.6) 
           
E. coli in drains (log10CFU/100mL)† 26 8.4 (0.8) 19 8.9 (1.0) 23 8.1 (0.9) 25 8.8 (1.3) 90 8.5 (1.1) 
           
 N Virus+ (%) N Virus+ (%) N Virus+ (%) N Virus+ (%) N Virus+ (%) 

b) Viral detection in drain samplesb           
Adenovirus 25 17 (68) 19 16 (84) 21 16 (76) 23 21 (91) 88 70 (80) 
           
GI norovirus 25 4 (16) 19 5 (26) 19 6 (32) 21 6 (29) 84 21 (25) 
           
GII norovirus‡ 23 6 (26) 18 8 (44) 19 13 (68) 24 13 (54) 84 40 (48) 

aSamples collected Mar. – Nov. 2012. bVirus were detected in less than 5% of soil samples, thus soil sample results are presented in the text only. †p < 0.05 for 

effect of neighborhood in two-way ANOVA controlling for season of sample collection (rainy vs. dry). ‡p < 0.05 for Chi-square test of conditional independence 

of neighborhood (including season of sample collection (rainy vs. dry)). 
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Table 3: E. coli contamination in soil in the public domain by sanitation coverage cluster 

 
 

Main effect of modela 

Within 50m of soil sample 
(n = 58) 

Within 100m of soil sample 
(n = 67) 

β SE(β) β SE(β) 

Any HH sanitation 

 High Coverage Cluster 
  

 Low Coverage Cluster 

 

1.48 
 

-0.64 
 

 

1.54 
 

0.75 

 

-0.51 
 

-0.42 

 

0.89 
 

0.63 

Contained HH sanitation 

 High Coverage Cluster 
  

 Low Coverage Cluster 
 

 

2.03 
 

-0.66 

 

1.06 
 

0.74 

 

1.09 
 

-0.58 

 

0.93 
 

0.62 

Minimally-shared HH sanitation 

≤ 5 HHs/toilet 
 High Coverage Cluster 

  
 Low Coverage Cluster 
 

 

 
1.21 

 
-1.48 

 

 
0.69 

 
1.54 

 

 
0.46 

 
-1.63 

 

 
0.61 

 
1.58 

≤ 30 people/toilet 
 High Coverage Cluster 
  

 Low Coverage Cluster 

 
0.84 

 

-1.48 

 
0.79 

 

1.54 

 
0.35 

 

-1.63 

 
0.74 

 

1.58 
aAll models are adjusted for neighborhood (Alajo as reference), population density 
around the location of the sample, and season of sample collection (rainy/dry). 
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Table 4: E. coli contamination in public drains by sanitation coverage cluster 

 
 
Main effect of modela 

Within 50m of drain sample  
(n = 58) 

Within 100m of drain sample  
(n = 72) 

β SE(β) β SE(β) 
Any HH sanitation 
 High Coverage Cluster 
  
 Low Coverage Cluster 

 
-0.64 

 
0.14 

 

 
0.48 

 
0.37 

 
-0.63 

 
0.28 

 
0.42 

 
0.32 

Contained HH sanitation 
 High Coverage Cluster 
 
 Low Coverage Cluster 

 
-3.65**†† 

 
1.45† 

 

 
1.33 

 
0.56 

 
-0.26 

 
4.06*† 

 
0.40 

 
1.58 

Minimally-shared HH sanitation    
≤ 5 households/toilet 
 High Coverage Cluster 
  
 Low Coverage Cluster 
 

 
 

-0.90 
 

1.46†† 

 
 

0.56 
 

0.54 

 
 

-0.99† 
 

1.30† 

 
 

0.40 
 

0.50 
≤ 30 people/toilet 
 High Coverage Cluster 
  
 Low Coverage Cluster 

 
-1.05† 

 
1.51† 

 
0.42 

 
0.65 

 
-1.04†† 

 
0.19 

 
0.36 

 
0.55 

aAll models are adjusted for neighborhood (Alajo as reference), population density around the 
location of the sample, and season of sample collection (rainy/dry). *Interaction of main effect 
and population density (p<0.10); **Significant interaction of main effect and population density 
(p<0.05). †p < 0.05; ††p < 0.01 

 

 

 
  



51 
 

 
 

 
Figure 1: Neighborhood sanitation coverage and sample sites, Shiabu, Accra, Ghana. 
Drain sampling sites are illustrated using outlined circles. Households with a contained 

toilet are illustrated using black dots, while those without contained toilets (with 
uncontained toilets or no household sanitation facility present) are illustrated using white 

dots. Clusters of high (gray) and low (white) coverage of contained toilets are illustrated 
using ellipses.  
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Supporting Information (SI): 
Soil: Soil samples were collected using a sterile plastic scoop and sterile 250 mLWhirl-

Pak bags (Nasco, Fort Atkinson, WI, USA). Seven separate samples totaling 

approximately 30g were collected within a 3m radius and combined into a single 250 mL 

Whirl-Pak bag. Samples were sealed, placed on ice in a cooler, and transported to WRI 

within 6 hours of collection. At the lab, the sample was weighed, mixed by rotation, and 

stored at 4°C until analysis. At the time of collection, the staff noted the date and whether 

the sample location was exposed to sunlight, within 3m of feces, and/or within 30m of a 

toilet or open defecation area. 

 Prior to membrane filtration, 10g of the composite sample were weighed into a 

sterile 50 mL conical tube with 20 mL of sterile phosphate-buffered saline (PBS). The 

sample was then vortexed for 30 seconds, adjusted to a pH of 9.0 by addition of 0.1N 

sodium hydroxide (NaOH), and shaken vigorously on a rotator or shaker for 30 minutes 

at room temperature. After 15 minutes of settling, 10 mL of the supernatant were 

aliquoted into a new sterile 50 mL conical tube, from which subsequent aliquots were 

taken for 1:100, 1:101, and 1:102 dilutions for membrane filtration. Additionally, 1.5 mL 

of undiluted sample supernatant were aliquoted for PCR analysis at NMIMR. For PCR 

testing of GI and GII norovirus, 0.18g polyethelene glycol (PEG) was added, followed by 

centrifugation for 20 minutes at 6000 RPM and resuspension in sterile water, to 

concentrate the virus for RNA isolation. 

Drain water: Samples of drain water were collected using a sterile bailer or a Sludge 

Nabber (Nasco, Fort Atkinson, WI, USA) with sterile 500 mL Whirl-Pak bags. The bailer 

or Sludge Nabber was submerged (or turned horizontally in shallow water) until full. 

Samples were deposited into the 500 mL Whirl-Pak bag until filled. Whirl-Pak bags were 



53 
 

 
 

sealed and labeled with the date, placed on ice in a cooler, and transported to WRI, where 

they were stored at 4°C until analysis. 

Samples were diluted 1:105, 1:106, and 1:107 in sterile PBS prior to membrane 

filtration. Additionally, 1.5 mL of undiluted sample were aliquoted for PCR analysis at 

NMIMR. For PCR testing of GI and GII norovirus, 0.18g PEG were added, followed by 

centrifugation for 20 minutes at 6000 RPM and resuspension in sterile water, to 

concentrate the virus for RNA isolation. 

All soil and drain samples were quantifiable above the lower limit of detection (1 

CFU/100mL) for E. coli by membrane filtration. Samples evaluated by PCR were 

considered positive if both wells in OneStep analysis had cycle threshold (C t) values ≤ 41 

and within 5 Ct of one another. Estimated theoretical lower limits of detection for 

adenovirus, GI norovirus, and GII norovirus were 6.7 x 102, 3.3 x 104, and 6.7 x 103 

genome copies, respectively, per gram for soil samples and 3.3 x 104, 1.7 x 106, and 3.3 x 

105 genome copies per 100mL, respectively, for drain water samples. 
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Table S1: E. coli contamination in soil and drains by season, population density, and local household animal ownership 

 
Main effect of model 

E. coli in soil samplea E. coli in drain sampleb 

β SE(β) β SE(β) 

Rainy seasonc -0.43 0.60 0.16 0.33 
     

Population densityd,e -1.29 x 10-6 3.61 x 10-6 -7.98 x 10-7 2.01 x 10-6 

     
Prevalence of reported household animal ownershipd,f 

 Within 50m 
 Within 100m 

 

-1.51 x 10-2 
0.08 

 

6.72 x 10-2 
9.50 x 10-2 

 

-2.61 x 10-2 
-5.29 x 10-2 

 

7.12 x 10-2 
6.73 x 10-2 

alog10CFU/g; blog10CFU/100mL; cAdjusted for neighborhood;  dAdjusted for season and neighborhood; ePer person per km2; fPer 10% increase in prevalence;  

 

Table S2: E. coli contamination in soil in the public domain by local sanitation coverage 

 
Main effect of modela 

Within 50m of soil sample (n = 58) Within 100m of soil sample (n = 67) 

βb SE(β) βb SE(β) 

Public toiletc 
 

-0.19 0.46 6.33 x 10-2 0.41 

Any HH sanitation 
 

5.39 x 10-3 7.68 x 10-2 -0.12 0.13 

Contained HH sanitation 
 

6.21 x 10-2 8.38 x 10-2 -4.51 x 10-2 0.14 

Minimally-shared HH sanitation 

≤ 5 HHs/toilet 
 

 

0.16 

 

8.34 x 10-2 

 

0.11 

 

0.14 

≤ 30 people/toilet -6.18 x 10-2 7.83 x 10-2 1.50 x 10-3 0.16 
aAll models are adjusted for neighborhood (Alajo as reference), population density around the location of the sample, and seas on of sample collection (rainy/dry). 
bEstimate is for a 10% increase in sanitation coverage within the specified radius. cPresence or absence of public toilet within 50 or 100m.  
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Table S3: E. coli contamination in public drains by local sanitation coverage 

 

Main effect of modela 

Within 50m of drain sample (n = 58) Within 100m of drain sample (n = 72) 

βb SE(β) βb SE(β) 

Public toiletc 0.26 0.35 0.46 0.25 

Any HH sanitation 

 

-8.74 x 10-2 6.80 x 10-2 -7.77 x 10-3 7.06 x 10-2 

Contained HH sanitation 
 

-4.35 x 10-2 7.92 x 10-2 6.64 x 10-2 7.11 x 10-2 

Minimally-shared HH sanitation  
≤ 5 HHs/toilet 
 

 
-0.11 

 
8.26 x 10-2 

 
-4.08 x 10-2 

 
7.82 x 10-2 

≤ 30 people/toilet -0.13 7.81 x 10-2 -2.27 x 10-2 7.97 x 10-2 

aAll models are adjusted for neighborhood (Alajo as reference), population density around the location of the sample, and seas on of sample collection (rainy/dry). 
bEstimate is for a 10% increase in sanitation coverage within the specified radius. cPresence or absence of public toilet within 50 or 100m.  
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Table S4: Adenovirus, NoV GI, and NoV GII contamination in public drains by local sanitation coveragea 

 

 
Main effect of model 

Within 50m of drain sample (n = 58) Within 100m of drain sample (n = 72) 

Adenovirus 
OR (95% CI)b 

GI norovirus 
OR (95% CI)b 

GII norovirus 
OR (95% CI)b 

Adenovirus 
OR (95% CI)b 

GI norovirus 
OR (95% CI)b 

GII norovirus 
OR (95% CI)b 

Public toiletc 0.42  

(0.09, 2.02) 

0.15  

(0.00, 1.34)d 

1.41  

(0.28, 7.46) 

0.56  

(0.15, 2.12) 

0.32  

(0.04, 1.43) 

0.79  

(0.23, 2.65) 
       

Any HH sanitation 
 

0.65  
(0.44, 0.97)† 

0.95  
(0.65, 1.40) 

0.91  
(0.66, 1.25) 

0.77  
(0.53, 1.12) 

1.06  
(0.70, 1.61) 

0.80  
(0.56, 1.13) 

Contained HH sanitation 

  

0.76  

(0.50, 1.16) 

1.19  

(0.77, 1.84) 

0.77  

(0.52, 1.14) 

0.99  

(0.68, 1.44) 

1.01  

(0.69, 1.49) 

0.83  

(0.59, 1.19) 
Minimally-shared HH sanitation      

≤ 5 HHs/toilet 
  

0.82  
(0.52, 1.28) 

1.22  
(0.76, 1.94) 

0.98  
(0.67, 1.44) 

0.92  
(0.62, 1.36) 

1.24  
(0.80, 1.95) 

0.80  
(0.55, 1.17) 

≤ 30 people/toilet 0.67  

(0.43, 1.07) 

0.94  

(0.62, 1.43) 

1.01  

(0.72, 1.43) 

0.79  

(0.53, 1.18) 

0.69  

(0.40, 1.19) 

0.87  

(0.59, 1.29) 
aAll models are adjusted for neighborhood (Alajo as reference), population density around the location of the sample, and season of 
sample collection (rainy/dry). bEstimate is for a 10% increase in sanitation coverage within the specified radius. cPresence or absence 

of public toilet within 50 or 100m. destimated by Firth approximation  
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Table S5: Adenovirus, NoV GI, and NoV GII contamination in public drains by sanitation coverage clustera 

 
 
Main effect of model 

50m vicinity of drain sample (n = 58) 100m vicinity of drain sample (n = 72) 
Adenovirus 

OR (95% CI) 
GI norovirus 
OR (95% CI) 

GII norovirus 
OR (95% CI) 

Adenovirus 
OR (95% CI) 

GI norovirus 
OR (95% CI) 

GII norovirus 
OR (95% CI) 

Any HH sanitation 
High Coverage Cluster 
  
 
Low Coverage Cluster 
 

 
0.60  

(0.07, 7.10)b 
 

2.94  
(0.52, 30.9)b 

 
0.16  

(0.00, 1.94)b 
 

0.43  
(0.02, 3.60) 

 
0.27  

(0.02, 2.72) 
 

1.67  
(0.32, 9.03) 

 
0.95  

(0.12, 11.2)b 
 

2.35  
(0.43, 19.2) 

 
0.30  

(0.01, 2.75) 
 

0.66  
(0.08, 3.67) 

 
0.44  

(0.05, 3.19) 
 

1.85  
(0.45, 8.01) 

Contained HH sanitationc      
High Coverage Cluster 
 
 
Low Coverage Cluster 
 

2.25  
(0.17, 314)b 

 
0.36  

(0.00, 6.36)b 

0.30  
(0.01, 3.78) 

 
3.10  

(0.17, 105) 

1.76  
(0.08, 6.23) 

 
0.94  

(0.08, 10.4) 

4.48  
(0.40, 620)b 

 
0.29  

(0.00, 4.71)b 

1.65  
(0.22, 12.1) 

 
5.81  

(0.47, 165) 

0.70  
(0.12, 3.90) 

 
1.46  

(0.17, 13.3) 
Minimally-shared HH sanitation      
≤ 5 HHs/toilet 
High Coverage Cluster 
  
 
Low Coverage Cluster 
 

 
0.48  

(0.05, 6.17)b 

 
0.24  

(0.00, 4.10)b 

 
1.19  

(0.05, 13.6) 
 

4.39  
(0.26, 145) 

 
1.06  

(0.08, 13.6) 
 

0.49  
(0.04, 4.85) 

 
0.47  

(0.05, 4.62) 
 

0.28  
(0.00, 4.66)b 

 
0.29  

(0.01, 2.64) 
 

2.20  
(0.16, 34.5) 

 
0.43  

(0.05, 2.83) 
 

1.17  
(0.13, 10.7) 

≤ 30 people/toilet 
High Coverage Cluster 
  
 
Low Coverage Cluster 

 
0.45  

(0.07, 3.10)b 

 
0.33  

(0.02, 5.53)b 

 
0.61  

(0.03, 5.26) 
 

2.17  
(0.07, 43.8) 

 
1.30  

(0.16, 9.97) 
 

0.41  
(0.02, 5.93) 

 
0.33  

(0.05, 2.15) 
 

0.69  
(0.04, 10.6)b 

 
0.39  

(0.02, 3.03) 
 

0.81  
(0.03, 11.0) 

 
0.74  

(0.10, 4.31) 
 

2.18  
(0.24, 24.0) 

a
All models are adjusted for neighborhood (Alajo as reference), population density around the location of the sample, and season of sample collection (rainy/dry); 

b
estimated by Firth approximation; 

c
 A 

contained sanitation facility was one that, in the absence of sharing, would have been considered “improved” per the current JMP guidelines (including ventilated improved pit (VIP)  or Kumasi 
ventilated improved pit (KVIP) latrine, pour-flush/flush toilets into a septic/sewage system, or traditional pit latrines with slabs) 
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Abstract:  

Urban sanitation challenges policymakers to manage fecal sludge inside and 

outside the household. This study examined associations between household sanitation, 

fecal contamination, and enteric infection in two low-income neighborhoods in Vellore, 

India. Surveys and spatial analysis examined the presence and clustering of toilets and 

fecal sludge management (FSM) practices in 200 households. Fecal contamination was 

measured in environmental samples from 50 households and household drains. Enteric 

infection was assessed from stool specimens from children under five in these 

households. The two neighborhoods differed significantly in sanitation coverage (78% vs. 

33%) and spatial clustering. Across neighborhoods, 49% of toilets discharged directly 

into open drains (“poor FSM”). Children in these households had 3.78 times higher 

prevalence of enteric infection when compared to children in other households, even 

those without toilets. Drains in poor FSM clusters had higher levels of enteric pathogens 

than elsewhere in the neighborhoods. Conversely, children in households with a toilet 

that contained excreta in a tank (“good FSM”) had 55% lower prevalence of enteric 

infection compared to the rest of the study area. Household toilets in low sanitation 

coverage areas were associated with increased fecal contamination on floors where 

children played, while those in high coverage areas were associated with reductions in 

household fecal contamination and enteric infection in children when coupled with good 

household hygiene and FSM practices. Both sanitation coverage levels and FSM were 

associated with fecal contamination of the household and neighborhood and, 

subsequently, enteric infection prevalence in this urban setting.   
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Introduction 

Poor water, sanitation, and hygiene are associated with multiple adverse health 

and developmental outcomes.4,170 Following the Millennium Development Goals, the 

focus of the sanitation sector has been in rural areas, where an estimated 70% of those 

without access to improved sanitation live.102 However, the need for sanitation solutions 

in poor urban neighborhoods and informal settlements is a growing concern, as the 

world’s population distribution has shifted to being predominantly urban within the last 

decade.103,138 By 2050, the urban population is estimated to almost double from its 

current estimate of 3.3 billion to 6.3 billion, providing a new challenge for sanitation 

implementers and policymakers.103 Amongst the poorest and densest urban 

neighborhoods with little existing sanitation infrastructure, frequent person-to-person 

contact and poor environmental conditions facilitate transmission of fecal-oral infections, 

yielding frequent diarrhea in young children.31,103–107,118  

Despite links between poor sanitation and health, evidence of effective sanitation 

in urban settings remains weak. Recent meta-analyses have identified few intervention 

data specific to urban neighborhoods and limited evidence of the positive effects of 

sanitation on diarrheal disease overall.30,142 Among other limitations, the authors 

highlight bias in the measurement of the outcome (mostly self-reported diarrhea) and 

poor mechanistic evidence of changes in (more-proximal) exposure to fecal 

contamination with concurrent changes in sanitation coverage.30 While several 

quantitative microbial risk assessments (QMRAs) have modeled environmental 

transmission pathways of exposure to fecal contamination and risk of enteric infection, 

few studies have measured associations between microbial indicators or pathogens in the 
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household or public environments and type or coverage of sanitation.69,70 Because 

effective sanitation is expected to decrease enteric infection risk through safe 

containment of excreta, it is important to examine changes in environmental fecal 

contamination to better understand how sanitation affects enteric infection.27  

Systems-level approaches to urban sanitation, where containment of excreta 

cannot be achieved by the presence of a household toilet alone, have not been well-

examined.138 When compared with rural settings, urban sanitation presents complex 

challenges, in particular the spillover of fecal contamination from private to public 

domains and vice-versa. This public-private domain interaction necessitates consideration 

of the entire sanitation chain in order to ensure safe containment, transport, treatment, and 

ultimately disposal or reuse of excreta.32 Components of the sanitation chain start with 

the user interface (the household toilet), but also include transport (for example, sewerage 

or onsite containment followed by emptying and transport of excreta) and eventual 

treatment of the fecal sludge. All of these components are encompassed by the current 

focus on ‘fecal sludge management’ (FSM).171 To date, associations between urban FSM 

downstream of the toilet, fecal contamination, and adverse health outcomes have only 

been evaluated for sewerage interventions, which was associated with reduced diarrhea 

incidence.117 Because sewerage may not be feasible in some urban settings, and because 

many current sewer and open drain connections do not result in treatment of the excreta, 

it is important to examine the effects of other FSM models, including onsite containment, 

on health outcomes.143 

In addition to the linear sanitation chain, studies also must consider the spatial 

heterogeneity of urban sanitation coverage. While the effect of sanitation on 
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environmental fecal contamination and enteric infection is often measured at the 

household- level, sanitation may have community- level benefits to those living within an 

area of high sanitation coverage, even if they themselves do not own a toilet.36–38 Because 

of the interconnectedness of public and private urban environments, there is a growing 

need to examine how the concentrations of fecal contamination in the environment vary 

with the underlying spatial distribution and clustering of sanitation in the community.46  

While urban management of fecal sludge in low-income countries is generally 

poor, the effects of FSM on fecal contamination and enteric infection within the urban 

environment have not been quantified.31 There is a need to determine under what 

conditions toilets and FSM function to decrease fecal contamination and enteric infection 

risk in the urban environment. This study examines the effects of household toilets, their 

associated FSM, and their spatial clustering on fecal contamination within the household 

and the local urban environment, as well as their effects on pediatric enteric infection. By 

assessing proximal exposure outcomes and more distal infection outcomes in two 

different urban neighborhood environments, this work will contribute to understanding 

how the urban environment affects the success of sanitation interventions.  

Materials and Methods 

Data source 

This study was conducted as a sub-study of a SaniPath Tool172 deployment in two 

low-income urban neighborhoods in Vellore, India. Data was collected in February-

March and September, 2014.  
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Study site 

Two neighborhoods, Chinnallapuram (CAP) and Old Town (OT), in Vellore, 

India served as the study site. This study site was chosen because of the low income 

status, poor sanitation, and long-standing relationship with the Christian Medical College 

(CMC) and thus, spatial and demographic data were available from previous 

studies.136,173 Further, the OT neighborhood is the study site for the Interactions of 

Malnutrition and Enteric Infections: Consequences for Child Health and Development 

(MAL-ED) study in Vellore.136 Of the seven contiguous sub-neighborhood areas in Old 

Town selected for the MAL-ED study, five were selected for the SaniPath Tool 

deployment.  

The CAP study area is a semi-urban neighborhood with a reported population 

density of 30,520 per km2 over approximately a 0.41 km2 area.174 OT is an urban 

neighborhood with an estimated population density of 41,977 per km2 over an area of 

0.33 km2.136 The study area within Old Town was approximately 0.18 km2. Vellore is 

subject to two monsoon seasons (a southwest monsoon from June to September and a 

northeast monsoon from October to December), with the remaining January to May 

period as a dry season.136 Neighborhood sanitation consisted of household toilets, public 

toilets, and open defecation. Household toilets either discharged directly into open drains 

(poor FSM) or discharged into a tank under the house that contained the excreta (good 

FSM).  

In each neighborhood, environmental samples and stool samples were collected 

from 25 households selected: 1) from previous sampling frames of CMC studies in those 

neighborhoods, and 2) based on the score from a hygiene survey developed by CMC and 
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implemented one month prior to SaniPath data collection.175 Briefly, this survey assessed 

18 general household hygiene characteristics and behaviors related to water collection, 

child/infant cleaning and feeding practices, and defecation, to create a household hygiene 

score. Scores less than or equal to 9 were classified as ‘poor’ hygiene, while scores 

greater than 9 were classified as ‘good’ hygiene. To ensure variation in general 

household- level hygiene practices, 13-14 ‘poor’ hygiene and 11-12 ‘good’ hygiene 

households were selected randomly in each neighborhood.  

Ethical approval 

 Approval was obtained from the Emory University Institutional Review Board 

(IRB) and the Christian Medical College IRB. Informed consent was obtained prior to 

sample collection and survey administration at each household. 

Environmental and stool sample collection, analysis, and processing 

Environmental and stool samples were collected in March 2014. Five types of 

samples were collected at the household: hand rinse from children less than 5 years of 

age, rinse of a sentinel object, swab of household floors, 500 mL of drain water, and a 

stool sample from children under 5 years of age (see below for details). After collection, 

samples were stored on ice for up to 4 hours until arrival at the lab, where they were 

refrigerated at 4°C. Environmental samples were analyzed for Escherichia coli (E. coli) 

by membrane filtration, and Enteroaggregative Escherichia coli (EAEC) and Genogroup 

I and II norovirus by real-time, quantitative PCR and RT-PCR. E. coli was chosen as an 

indicator of fecal contamination, while EAEC and norovirus were chosen based on their 

high prevalence in the Vellore field site for the MAL-ED study.25,96 Further, both are 
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predominantly human-specific infections.23 E. coli concentrations were assessed within 6 

hours of receipt by membrane filtration and plating on m-ColiBlue24® medium (Hach 

Company, Loveland, Colorado, USA) according to EPA method 1604.149 EAEC and 

norovirus concentrations were assessed by quantitative real-time PCR (see below). 

Stool samples were analyzed for enteropathogens using the MAL-ED study 

protocols, with the exception of Campylobacter spp., which was assessed by PCR.25,65,176  

Hand rinses: Hand rinses were collected from the child under 5 years old in the 

household who was previously enrolled in other CMC studies. The child’s right hand was 

inserted into a sterile 2 L Whirl-Pak bag containing 500 mL of sterile phosphate-buffered 

saline (PBS) solution. The staff massaged the fingers and palm for 30 seconds in the 

PBS, then the child removed their right hand and inserted the left hand, with the staff 

repeating the massage procedure. At the lab, the hand rinse was diluted 1:100, 1:101, and 

1:102 in sterile PBS prior to membrane filtration. Prior to PCR, 200 mL of the original 

hand rinse sample was precipitated with 12% polyethylene glycol 8000 (PEG), 

centrifuged for 20 minutes at 6000 RPM, and suspended in 5 mL sterile water, of which 

1.5 mL was further concentrated by precipitation with 12% PEG 8000 prior to nucleic 

acid extraction.177   

Sentinel objects: A child’s toy or feeding spoon, volunteered by the mother, was used as 

the ‘sentinel object’ in the household. The object was inserted into a sterile 2 L Whirl-Pak 

bag containing 500 mL of sterile PBS, massaged from the outside of the bag for 1 minute, 

and subsequently removed and returned to the family. The rinses from sentinel objects 

were processed identically to the hand rinse samples for membrane filtration and PCR.  
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Household floor swabs: Composite household floor swabs were collected using 

EnviroMax Plus Sterile Environmental Swabs (Puritan Medical Products, Guilford, ME, 

USA). Once the child play area was identified for the field staff by the mother, the staff 

used a 20 cm framing square to outline a 25 cm2 area in each of 4 corners and the center 

of the floor and swabbed back and forth across those sections of the floor. Two swabs 

were used to cover the entire area and subsequently combined into a single sample 

covering a total surface area of 125 cm2. Each household floor swab was eluted in 7 mL 

of PBS solution in a sterile container, and the eluates from both swabs were combined for 

an approximate sample volume of 14 mL. From this volume, dilutions of 1:100, 1:101, 

and 1:102 were made and membrane filtered. Nucleic acids were extracted from 1.5 mL 

of swab eluate following one round of PEG precipitation. 

Drain water: Samples of drain water were collected from the drain directly in front of 

the household. A sterile bailer or stainless steel ladle was used to collect approximately 

500 mL of drain water, which was deposited into a sterile 2 L Whirl-Pak bag (Nasco, Fort 

Atkinson, WI, USA), taking care not to disturb sediment on the bottom or nearby trash. 

Drain samples were diluted 1:101, 1:102, and 1:103 in sterile PBS at the lab prior to 

membrane filtration. DNA and RNA were extracted from 1.5 mL samples of the original 

sample prior to analysis by PCR. 

Because almost all drain water samples collected during the initial (February-

March) sampling period had colony numbers above the countable range on the filter 

membrane, 10 of the original 25 households in each neighborhood were resampled 

spatially at random in September 2014, per the original sampling protocol. These samples 

were analyzed by membrane filtration after 1:104-106 dilution.  
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Stool samples: Stool samples were collected from all children under 5 years old in the 50 

study households. Stool samples were processed and analyzed according to the MAL-ED 

protocols for pathogen detection in stool.65 

Quantitative Real-time PCR: Total nucleic acids were extracted using the Qiagen 

Xtractor system (Qiagen Sciences, Germantown, Maryland, USA), following 

manufacturer’s instructions.  EAEC was detected using primers and probes targeting the 

aatA gene.59 GI norovirus was detected using genogroup-specific COG1 primers and 

RING1-TP probe, while GII norovirus was detected using the genogroup-specific COG2 

primers and RING2-TP probe.151 All samples were tested using the Qiagen QuantiFast 

Pathogen + IC kit (PCR for EAEC and RT-PCR for norovirus) for initial screening and 

assessment of potential PCR inhibition. Any samples that were positive (at least one well 

with a cycle threshold (Ct) value less than 45) or inhibited were quantified using the 

OneStep PCR (EAEC) or RT-PCR (norovirus) kit (Qiagen) and a standard curve. The 

standard curve for EAEC was generated from a plasmid containing the aatA gene.  The 

standard curve for GI and GII norovirus was generated from in vitro transcribed RNA.100  

Positive and negative controls for EAEC or norovirus were included with every PCR run.  

Samples tested for norovirus GI or GII using the OneStep kit and classified as 

positive (both wells had Ct values less than or equal to 45 and a difference of less than or 

equal to 4 between Ct values for duplicate wells) were quantified by a simple average of 

both wells. Due to inconsistencies with the standard curve, samples tested for EAEC 

using the OneStep kit were not quantified but instead were classified as positive or 

negative. Samples with no detectable EAEC or norovirus were assigned the value of the 

theoretical lower limit of detection for the assay (334 cell equivalents (CE) for EAEC or 
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genome equivalent copies (GEC) for norovirus GI and GII per 100mL (2.52 log10 CE or 

GEC/100mL)). 

Survey data collection 

Household surveys were conducted in 100 households in each study 

neighborhood, 25 of which were households with concurrent environmental and stool 

sample collection and 75 of which were divided across political subdivisions of the 

neighborhood and chosen spatially at random within those subdivisions. To be eligible 

for this study, households had to have a child under five years of age. A Global 

Positioning System (GPS) location was collected for each household using Garmin eTrex 

Venture HC devices (Garmin International Incorporated, Olathe, Kansas, USA) prior to 

administration of the survey. The target respondent for the survey was the person 

responsible for water, sanitation, hygiene, and food activities, generally the mother of the 

youngest child, or rarely, the grandmother. If the respondent was not available and the 

household was one of the households where environmental stool samples were to be 

collected, survey enumerators returned to the household at a later time, otherwise, the 

nearest available household was selected for survey. The household survey included 

questions about the household’s population, sanitation, and fecal sludge management 

(FSM) practices, as well as the children’s and adult’s defecation practices. 

Analyses 

Values below the lower detection limit for membrane filtration were 

approximated on the log scale using the value of the lower limit of detection of 1 

CFU/100mL and accounting for sample dilution. Concentrations per pair of hands, 
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sentinel object, and 125cm2 of household floor were then back-calculated using the rinse 

volume for these samples. All microbial concentrations were log10-transformed prior to 

statistical analyses.  

Aspatial statistical analyses were conducted in R version 3.2.3 (R Foundation for 

Statistical Computing, Vienna, Austria) using base packages as well as the “logistf” 

package for penalized likelihood estimation and the “lme4” package for mixed-effects 

logistic regression.157,178,179 Linear regression was used to assess continuous outcomes (E. 

coli concentrations in all environmental samples and norovirus GII concentrations in 

drain water), while logistic regression was used to assess binary outcomes 

(presence/absence of EAEC and norovirus GII in drain water, as well as stool pathogen 

detection). Penalized likelihood estimation, referred to as Firth approximation, was used 

when separation was observed in logistic regression models.158 Aspatial model residuals 

were assessed for global autocorrelation (see below). 

Binary (presence/absence) data from household surveys were evaluated for most-

likely local clustering using Kulldorff’s Bernoulli spatial scan in SaTScan version 9.452. 

Kulldorff’s Bernoulli spatial scan evaluates binary outcomes in point data distributed in 

space to assess the degree of nonrandom clustering of ‘0’ or ‘1’ values. Though p-values 

are presented, an α of 0.05 was used for all tests of significance in autocorrelation, 

clustering (including adjustment for multiple comparisons in Getis G* analyses), and 

regression modeling. 
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Results 

Frequency and within-neighborhood spatial clustering of household sanitation 

To compare sanitation coverage and spatial heterogeneity within and between 

study neighborhoods, we assessed the frequency and type of household sanitation and 

fecal sludge management (FSM) and their most-likely clustering in Chinnallapuram 

(CAP) and Old Town (OT) (Table 1 and Figure 1). In both neighborhoods, all toilets 

were pour-flush toilets (data not shown) and generally either: 1) discharged directly to an 

open drain (defined as “poor FSM”) or 2) were connected to a tank under the household 

that contained the excreta (defined as “good FSM”). Compared to households in CAP, 

households in OT reported a significantly lower proportion of household toilets (33% vs. 

78%). More household toilets in OT had poor FSM than in CAP (82% vs. 35%). Open 

defecation was higher amongst adults (68% vs. 18%) and children under 5 (80% vs. 40%) 

in OT than in CAP. Public toilet use varied between CAP and OT. While about the same 

percentages of households reported any use of a public toilet (59% in CAP and 54% in 

OT), significantly more households reported high use (more than 10 times per month) in 

OT compared with CAP (18% vs. 4%). 

Significant spatial clusters of low toilet coverage and poor FSM were present in 

both CAP (Figure 1a) and OT (Figure 1b); however, significant clustering of high toilet 

coverage was only present in CAP (Table 1b).  
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Microbiological concentrations in environmental samples and enteric pathogen detection 

in stool 

Levels of fecal contamination in the household were characterized by examining 

rinses of children’s hands, rinses of sentinel objects, and swabs of household floors. E. 

coli, enteroaggregative E. coli (EAEC), and GI and GII norovirus levels were quantified 

in these household samples. E. coli was detected in 45/50 rinses of children’s hands 

(geometric mean: 107.2 coliform-forming units (CFU) per pair of hands (standard 

deviation (SD): 11.7 CFU per pair of hands)), 32/49 rinses of sentinel objects (geometric 

mean: 13.2 CFU per 100mL (SD: 5.9 CFU per 100mL)), and 48/50 household swabs 

(geometric mean: 245.5 CFU per 125 cm2 (SD: 9.8 CFU per 125 cm2)). Distributions of 

sample E. coli concentrations were all approximately normal when log-transformed, 

though sentinel object rinses did exhibit a large proportion of left-censored values from 

non-detects (data not shown). EAEC was detected in 1/50 hand rinse samples, 0/50 

sentinel objects rinses, and 1/50 floor swab. GI norovirus was not detected in any samples 

within the household. GII norovirus was detected in 1/50 hand rinse samples, 0/50 

sentinel object rinses, and 0/50 floor swabs. These EAEC and GI and GII norovirus 

samples types were omitted from further analyses due to low levels of detection. 

Levels of fecal contamination outside the household were characterized by 

examining drain samples, which were analyzed for E. coli, EAEC, and GI and GII 

norovirus. E. coli was detected in all 50 drain samples collected, with concentrations 

above the detection limit in 49/50 samples, thus 10 drain sample locations from each 

neighborhood were randomly chosen for re-sampling in September, 2014. Of these 20 

samples, E. coli was detected all samples and was within a quantifiable range in 19/20 
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samples, with a geometric mean of 6.83 log10CFU per 100mL (SD: 0.56 log10CFU per 

100mL) and an approximately normal distribution when log-transformed. However, 

because this drain sampling took place 6 months after initial data collection was 

completed, drain E. coli concentrations were excluded from further analyses. EAEC, GI 

norovirus, and GII norovirus were detected in 15/50, 1/50, and 19/50 drain samples, 

respectively. Mean concentrations of EAEC and GII norovirus were 2.67 log10cell 

equivalents (CE) per 100mL (SD: 0.41 log10CE per 100mL) and 3.43 log10genome 

equivalent copies (GEC) per 100mL (SD: 1.41 log10GEC per 100mL), respectively.  

To assess differences in fecal contamination within households by neighborhood 

and household hygiene practices, logistic and linear regression models for E. coli data 

were constructed (Table 2). Overall, there was no significant variation in E. coli detection 

or concentrations in samples by neighborhood or hygiene status.  

To determine the prevalence of enteric infections in children, stool specimens 

from all children under 5 years of age in study households where environmental samples 

were collected were assayed for viral, bacterial, protozoan, and parasitic enteric 

pathogens. Overall, one or more enteric pathogens was detected in 51/76 (67%) of 

children’s stool. Astrovirus (7/76 children), Campylobacter spp. (32/76), Entamoeba 

histolytica (1/76), Giardia spp. (17/76), GII norovirus (5/76), and pathogenic E. coli 

(14/76) were detected in stool specimens.  

Variation in enteric pathogen prevalence by neighborhood and household hygiene 

status was assessed using mixed-effects logistic regression (Table 3). The prevalence of 

any enteric infection, as well as infection with specific pathogens, did not vary 

significantly by neighborhood. Households with poor hygiene status had significantly 
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higher detection of Campylobacter spp. in stool compared to those with good hygiene 

status. Because no single pathogen was associated with more than half of infections 

across both neighborhoods, pathogen-specific analyses were not conducted and only the 

presence of any enteric infection (i.e. pooled pathogens) was assessed in further 

regression analyses.  

 The significance of most-likely clusters of pathogen-positive/negative-stool was 

assessed by Kulldorff’s Bernoulli spatial scan (data not shown). No significant clusters of 

infection were detected. 

Association between household- and cluster-level sanitation coverage, FSM practices, 

and within-household fecal contamination 

The influence of household sanitation and FSM practices on within-household 

fecal contamination was examined using multivariate linear regression, with and without 

spatial lag. Household-level and cluster-level sanitation variables were considered and 

associations were compared within and between study neighborhoods. Because 

significant spatial lag was not observed in regression models and aspatial model results 

did not exhibit significant global autocorrelation, aspatial modeling results are presented 

(Tables S1-3). At the household level, the presence of a household toilet was associated 

with significantly lower E. coli concentrations on children’s hands in households with 

“good” hygiene status (difference of 1.54 log10CFU/pair of hands, Table S1). Further, 

children in households with toilets containing excreta onsite (good FSM) and good 

hygiene had significantly lower E. coli on hands as well (difference of 1.19 

log10CFU/pair of hands). E. coli concentrations on floors of households with a toilet and 

good hygiene status in CAP were significantly lower than those with poor hygiene 
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(difference of 2.06 log10CFU/125 cm2), while households in OT with a toilet had 

significantly higher E. coli concentrations on floors than those without a toilet (difference 

of 1.53 log10CFU/125 cm2, Table S2). E. coli concentrations in rinses of sentinel objects 

did not vary significantly with any of the sanitation variables tested (Table S3). 

Association between demographics, neighborhood, and household- and cluster-level 

sanitation variables and fecal contamination outside the household 

To examine variation in pathogen levels in the public domain with neighborhood, 

household hygiene, and sanitation, logistic regression models for EAEC and both logistic 

and linear regression models for GII norovirus in drains were constructed. An alpha of 

0.05 was used for determining significance; however, associations with large effect sizes 

and nonsignificant p-values are included. Of note, though not significant, EAEC 

detection was lower in drains outside households with poor hygiene, compared to those 

with good hygiene statuses (OR: 0.30, 95% CI: 0.08, 1.02, p = 0.06), but did not vary by 

neighborhood. Controlling for both neighborhood and hygiene status, variation in EAEC 

detection did not approach significance with household- level sanitation variables (all p-

values > 0.05). However, though not significant, EAEC was less likely to be detected 

outside households in low coverage clusters of household toilets (OR: 0.27, 95% CI: 

0.05, 1.14, p = 0.09), though variation with other cluster-level sanitation variables did not 

approach significance.  

GII norovirus detection and concentrations in drains did not vary significantly by 

neighborhood or hygiene status (Table 4a). At the household- level, the odds of detecting 

norovirus GII in drain samples and the concentrations of norovirus GII in drains were 

higher for drains adjacent to households with toilets compared to those without toilets, 
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though this finding was not significant (Table 4b). At the cluster-level, households within 

the cluster of high toilet coverage had significantly higher GII norovirus concentrations in 

drains (Table 4c).  

Household- and cluster-level sanitation and enteric infection in children 

 Associations between household- and cluster-level sanitation and concurrent 

enteric infection in children (detection of any enteric pathogen in children’s stool) were 

evaluated by mixed-effects logistic regression (Table 5). Children in households with a 

toilet with good FSM had 55% lower prevalence of infection compared to children in 

households with toilets with poor FSM or no toilet present, though the association was 

not significant. Conversely, children in households with a toilet with poor FSM had 3.78 

times the prevalence of infection across both neighborhoods. Similar relationships were 

observed when comparing households with toilets and good or poor FSM practices to 

households without toilets. Prevalence of enteric infection did not vary significantly with 

cluster-level sanitation variables. 

 

Discussion 

 This study examined the effects of household toilets, fecal sludge management 

(FSM), and spatial heterogeneity of sanitation coverage on fecal contamination within the 

household and the local urban environment and enteric infection in young children. The 

results suggest that FSM and neighborhood- level coverage and spatial clustering of 

sanitation have significant effects on household- and neighborhood- level fecal 

contamination and pediatric enteric infection prevalence. Enteric infection was least 
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prevalent among children in households with good FSM and most prevalent among 

children in households with poor FSM. Clusters of high sanitation coverage with poor 

FSM had higher concentrations of norovirus GII in drains adjacent to the house compared 

to the rest of the study area. In households in the neighborhood with low (~30%) toilet 

coverage, the presence of a toilet was associated with higher E. coli concentrations on 

household floors, while in clusters of high sanitation coverage, modest, though 

nonsignificant, decreases in E. coli concentrations and enteric infection were observed. 

Hygiene practices within the household were an important effect modifier of toilet 

presence on E. coli concentrations in both cases. 

This study is one of the first to quantify the spatial heterogeneity in both 

household sanitation and reported FSM in an urban setting and assess its impact on 

household fecal contamination, as measured by E. coli concentrations, and pediatric 

enteric infection. Comparison of onsite excreta containment in tanks under the household 

(which must be desludged and transported away) to open drainage is new to the literature, 

which has previously focused on sewerage when considering FSM.117,180,181 While some 

previous literature has shown lower incidence of pediatric diarrhea associated with urban 

drainage interventions, our findings indicate that toilets that fail to contain fecal sludge 

along the entire sanitation chain can be potential risk factors for fecal exposure and 

enteric infection.120,180,182 Finally, associations between household- or community- level 

sanitation and fecal indicator bacteria or enteric pathogen concentrations within the 

household and local public domain in low-income, urban settings have rarely been 

observed. Studies collecting these data have generally modeled them in QMRAs, rather 

than evaluating them as outcomes alone.68–70,73,85  
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Onsite containment of feces, if properly desludged and transported away after 

filling, should yield lower levels of environmental contamination, and subsequent 

prevalence of enteric infection, when compared with open drainage. While drain 

concentrations of norovirus GII outside of households with good FSM were not 

significantly lower than those outside households with poor FSM, they may not be 

indicative of the levels of all pathogens and may not mirror disease transmission, as 

norovirus is known to have more person-to-person transmission than through open drain 

water.15 Even if concentrations remain unchanged in drains, containment of fecal sludge 

onsite reduces the volume discharged into drains, lowering water levels in small drains 

immediately outside the household and reducing drain contact and transmission of fecal 

pathogens.86 Concentrations of fecal indicator bacteria and pathogens in open drains 

approximate that of pure sewage, especially in low-income urban areas.69,85,86,88,160 Many 

enteric pathogens, including those most detected in stool in this study, survive for long 

periods in the environment, especially environmental waters with large organic loads, 

thus prevention of contact with drains or re-routing of sewage is critical.9,17 Child contact 

with open drains has been identified as a significant contributor to diarrhea disease 

burden in urban environments, including elevated attributable risk in settings with recent 

increases in sanitation coverage.69,70,73,154 Containment of fecal sludge, mainly via 

sewerage, has been shown to interrupt pathogen transmission from open drains.69,117 In 

the absence of this containment, combining increased coverage of toilets with high 

prevalence of open drains puts children at risk of exposure to high concentrations of 

pathogenic organisms.89 Given the cost, planning, and operation and maintenance 

logistics involved with sewered systems, onsite containment of excreta may provide a 
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more realistic alternative for downstream management of fecal sludge that should be 

further evaluated.183  

In areas of low sanitation coverage, increased fecal contamination in households 

with toilets may reflect sharing of sanitation, and subsequently poorer toilet maintenance 

and hygiene. Although our study did not collect information on households’ sharing of 

toilets, the practice is not uncommon among households without sanitation in poor urban 

areas of India.78 Household shared sanitation has previously been linked to increased 

diarrheal prevalence in children.115,144 While household shared sanitation has not been 

directly associated with increased fecal contamination, measurement of fecal 

contamination in households has been inconsistent.78,116 In rural communities and 

schools, studies have shown increased fecal contamination on hands associated with the 

presence and use of toilets, suggesting that poor hygiene practices modify this 

relationship.79,83 Within study neighborhoods, the hygiene survey did not collect data on 

general toilet maintenance and no differences were observed in self-reported 

handwashing practices between different types of household sanitation, though this 

metric is subject to response bias.184–186 However, only households with both a toilet and 

good hygiene status (representative of positive household WASH behaviors) had 

significant reductions in fecal contamination on children’s hands and household floors. 

Further, higher concentrations of fecal contamination on children’s hands were 

moderately associated with presence of enteric pathogens in their stool. These findings 

underscore the importance of improving hygiene practices at the same time as improving 

sanitation infrastructure to offset the potential for increased contact with fecal 

contamination at toilets.83  
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In contrast to increases in fecal contamination associated with household toilets in 

low sanitation coverage areas, clusters of high coverage of toilets were associated with 

decreased within-household fecal contamination and enteric infection. While decreases in 

fecal contamination were modest, we observed a 31% decrease in the prevalence of 

enteric infection in children in these households. When evaluated without regard to 

spatial clustering within the neighborhood, household toilet presence had no effect on 

these outcomes. Evidence of differential associations between sanitation and fecal 

contamination by local sanitation coverage level, including clustering, supports the 

premise of sanitation as a community-level good with a threshold to be attained before 

benefits can be observed. Under these threshold-saturation models, once reaching the 

threshold, localized areas of high sanitation coverage reduce community-level fecal 

contamination, conferring benefits to all households in that area, not only the ones with 

toilets.27,34,36–38 However, increases in fecal contamination observed in drains in high 

sanitation coverage clusters with poor FSM suggest that community-level reductions in 

fecal contamination were not achieved. Combined with evidence that household hygiene 

may modify associations between toilets and fecal contamination, this finding suggests 

that both FSM and hygiene practices are important to attain community- level benefits 

from sanitation.  

While this study included multiple FSM typologies and used microbiological 

measurements of environmental samples to evaluate the effectiveness of sanitation in 

urban household and neighborhood environments, it is limited in its assessment of 

hygiene practices as a potential household confounder related to fecal contamination. 

Classification of households into “good” and “poor” hygiene status was based on a 50% 
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score cutoff within the index, thus households near the cutoff likely did not vary 

significantly in their WASH practices, leading to potential misclassification. Further, 

classification of household hygiene status included questions about practices at the 

household toilet, thus households without a toilet were more likely to score lower on the 

hygiene scale, limiting our ability to separate conclusions about sanitation and hygiene 

practices.  

While a census was not feasible, household selection approximated the spatial 

distribution of households by random selection within each of five divisions in the study 

area. Using this approach and estimating clusters by spatial scan provided a more 

accurate assessment of the spatial heterogeneity underlying the neighborhood, which is 

known to be significant with regard to socio-economic variables in low-income, urban 

settings.187 

Even with limited sample sizes, several variables were non-significant, but had 

large effect sizes worth further investigation. However, assessment of fecal 

contamination in environmental samples and enteric infection in stool as exposure and 

infection outcome measures, respectively, improved objectivity. Because household 

exposure metrics for fecal contamination are inconsistent between studies and subject to 

high temporal variation, three sample types within the household (hand rinses, rinses of 

sentinel objects, and swabs of household floors where the child played) were measured, 

with relatively high correlation between E. coli concentrations in different types of 

samples from the same household.77–79,84 Samples of urban drains in front of the 

household allowed for quantification of fecal contamination spread in the public domain. 

Enteric infection was assessed from stool specimens from children under 5 employing a 
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multi-pathogen panel used in other clinical assessments, avoiding issues of response bias 

associated with self-reported diarrhea and inability to detect asymptomatic infections.30,65  

Future urban sanitation studies must move beyond the household toilet to consider 

household FSM within the neighborhood environment. Despite new efforts to diagnose 

FSM conditions, the effects of FSM typologies on household- and neighborhood- level 

fecal contamination and enteric infection is not well described in the literature.31,32,188 

Open drains persist as default sewerage options throughout low-income, urban settings. 

Given the interconnectedness of urban communities, future studies should quantify the 

effects of this hazard at the household-, neighborhood-, and city-scales.31  

Overall, this study provides evidence of the importance of both fecal sludge 

management and the spatial heterogeneity of sanitation within neighborhoods when 

evaluating the effectiveness of urban sanitation. In order to reduce fecal contamination 

and improve health, good FSM must accompany increases in toilet coverage in order to 

remove and safely contain sewage from drains and other compartments of the urban 

public and private domain. Because isolated toilets in low coverage areas may not yield 

the same benefits as clusters of toilets in high coverage areas, sanitation must be 

considered at the community- level. As urban populations continue to grow, sanitation 

interventions must contain excreta in both the public and private domain in order to 

protect health and the environment. 
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Tables and Figures 

Table 1: Reported frequency and clustering of household sanitation and fecal sludge management (FSM) in Chinnallapuram and Ol d Town 
 

 Chinnallapuram (n = 100) 

Number (%) 

Old Town (n = 100) 

Number (%) 

Overall (n = 200) 

Number (%) 

p-valuea 

a) Household-level     

Household toiletb 

       FSM: Toilet excreta contained onsitcd 

       FSM: Toilet discharges directly to 

draind   

78 (78.0) 

37 (47.4) 

27 (34.6) 

33 (33.0)c 

3 (9.1) 

27 (81.8) 

111 (55.5) 

40 (36.0) 

54 (48.6) 

<0.01 

<0.01 

<0.01 

       FSM: Other/don’t knowd 14 (18.0) 2 (6.1) 16 (14.4) 0.18 

 

Open defecation 

        < 5 year olds 

        Respondent (adult) 

 

 

40 (40.0) 

19 (19.0) 

 

 

80 (80.0) 

68 (68.0) 

 

 

120 (60.0) 

87 (43.5) 

 

 

<0.01 

<0.01 

     

Public toilet use (by respondent)     

      None 41 (41.0) 46 (46.0) 87 (43.5) 0.57 

      Low (1-5 times per month) 51 (51.0) 31 (31.0) 82 (41.0) 0.01 

      Medium (6-10 times per month) 4 (4.0) 5 (5.0) 9 (4.5) >0.99 

      High (>10 times per month) 4 (4.0) 18 (18.0) 22 (11.0) <0.01 

     

 

b) Most likely clusterse 

Chinnallapuram 

Count (Cluster prevalence)f 

Old Town 

Count (Cluster prevalence)f 

 

Household toilet     

 High Coverage Cluster 43 (100.0) -  

 Low Coverage Cluster 40 (50.0) 27 (0.0)  

     

FSM: Toilet discharges directly to drain    

 High Coverage Cluster 18 (77.8) 9 (100.0), 7 (100.0)  
ap-value for T-test of proportions between neighborhoods;  bAll toilets were pour-flush toilets; cOf the 33 households reporting having a toilet, 32 responded to the 

subsequent questions about FSM; dPercent in parentheses represents the percentage of all households with toilets;  eNo significant clusters of households with 

toilet excreta contained onsite were observed; fEach cluster presented had a prevalence of the attribute within it that was significantly different from the overall 

prevalence of the attribute in the neighborhood at 0.05 level, otherwise “ – ” is presented in section (b) of the table. 
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Table 2: Variation in detection and concentrations of E. coli in environmental samples within households with neighborhood an d hygiene status 

 Child hand rinse (n = 50) Sentinel object rinses (n = 49) Household swabs (n = 50) 

 E. coli detection E. coli concentration E. coli detection E. coli concentration E. coli detection E. coli concentration 

 OR (95% CI)a b SE()c p-value OR (95% CI)a d SE()c p-value OR (95% CI)a e SE()c p-value 

Neighb.f 0.22 (0.01, 1.62) 0.51 0.30 0.09 1.27 (0.39, 4.22) 0.15 0.22 0.51 1.00 (0.04, 26.3) 0.07 0.28 0.81 

             

Poor hyg.g 0.18 (0.01, 1.36) -0.07 0.31 0.83 0.99 (0.30, 3.28) 0.19 0.22 0.40 0.85 (0.03, 22.2) -0.28 0.28 0.33 

             

Neighb.f 0.19 (0.01, 1.48) 0.51 0.30 0.10 1.28 (0.39, 4.23) 0.16 0.22 0.48 0.99 (0.04, 26.1) 0.06 0.28 0.84 

Poor hyg.g 0.16 (0.01, 1.24) -0.05 0.30 0.88 1.01 (0.31, 3.34) 0.20 0.22 0.38 0.85 (0.03, 22.3) -0.28 0.28 0.34 
aOdds ratio for detection. Though p-values for ORs are omitted for reasons of space in the table, none approached significance at  = 0.05. bEstimate is in log10coliform-forming 

units (CFU) per pair of hands. cStandard error. dEstimate is in log10CFU per 100mL. eEstimate is in log10CFU per 125 cm.2 fOld Town neighborhood (reference is Chinnallapuram). 
gHygiene status was divided into “poor” or “good” hygiene categories based on a 18-point scale (0-9 as “poor’, 10-18 as “good”) discussed in the methods and presented in 

Collinet-Adler et al.175 

 

Table 3: Variation in detection of enteric pathogens in stool with neighborhood and hygiene status a 

 Any enteric pathogen Campylobacter spp. Giardia spp. Pathogenic E. colib 

 PR (95% CI)c p-value PR (95% CI)c p-value PR (95% CI)c p-value PR (95% CI)c p-

value 

Neighborhood: Old Town 1.32 (0.50, 3.49) 0.57 1.91 (0.71, 5.14) 0.18 1.56 (0.48, 6.46) 0.45 0.73 (0.14, 3.78) 0.64 

         

Poor hygiene 1.97 (0.75, 5.62) 0.17 3.42 (1.30, 12.3) 0.02 1.69, (0.53, 

7.27) 

0.39 0.55 (0.07, 3.37) 0.34 

         

Neighborhood: Old Town  1.37 (0.51, 3.72) 0.53 2.15 (0.80, 5.97) 0.13 1.60 (0.49, 6.78) 0.47 0.70 (0.11, 5.02) 0.56 

Poor hygiene 2.01 (0.76, 5.77) 0.16 3.61 (1.37, 11.4)† 0.01 1.72 (0.54, 7.57) 0.54 0.53 (0.09, 4.10) 0.31 
aN = 76 children from which stool specimens were collected (43 in Chinnallapuram, 33 in Old Town). Enteric pathogens detected in stool specimens included astrovirus, 

Campylobacter spp., Entamoeba histolytica, Giardia spp., GII norovirus, and pathogenic E. coli. A full list of organisms tested in stool specimens is presented in Houpt et al.65. 
Only pathogens detected in >20% of stool specimens were regressed against neighborhood and hygiene status.  bEAEC, EHEC, EPEC, ETEC. cPrevalence ratio for detection of 

enteric pathogen in stool specimen and 95% confidence interval. 
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Table 4: Variation in GII norovirus detection and concentration in drain water 

 GII norovirus detection GII norovirus concentration  

 OR (95% CI)a p-value βb SE(β)c p-value 

a) Demographics and hygiene      

Neighborhood: Old Town 0.42 (0.13, 1.34) 0.15 -0.38 0.39 0.35 

      

Poor hygiene 0.92 (0.29, 2.91) 0.88 -0.05 0.40 0.90 

      

Neighborhood: Old Town 0.42 (0.12, 1.33) 0.15 -0.38 0.40 0.35 

Poor hygiene 0.88 (0.27, 2.86) 0.83 -0.07 0.41 0.87 

      

b) Sanitation (household-level)      

Household toilet  4.73 (0.93, 28.9) 0.07 0.90 0.53 0.10 

      

Toilet excreta contained onsited 1.51 (0.37, 6.10) 0.56 0.41 0.49 0.41 

      

Toilet discharges to draind 1.14 (0.28, 4.74) 0.85 0.17 0.50 0.74 

      

Toilet excreta contained onsitee 1.81 (0.38, 8.95) 0.45 0.61 0.55 0.28 

Toilet discharges to draine 1.50 (0.31, 7.62) 0.61 0.44 0.55 0.43 

      

Open defecation (< 5 year old) 0.22 (0.03, 1.10) 0.09 -0.95 0.52 0.07 

      

Open defecation (adult) 0.29 (0.04, 1.62) 0.18 -0.62 0.58 0.30 

      

Any public toilet use (adult) 1.47 (0.44, 4.96) 0.53 0.33 0.42 0.43 

      

High public toilet use (>10x/mo., adult) 2.38 (0.36, 17.0) 0.36 0.75 0.64 0.24 

      

c) Sanitation (cluster-level)      

Cluster of high HH toilet coverage 3.32 (0.62, 21.2) 0.17 1.47 0.57 0.01 

      

Cluster of low HH toilet coverage 1.05 (0.30, 3.68) 0.94 -0.51 0.43 0.24 

      

Cluster of high coverage of poor FSM 2.29 (0.31, 17.8) 0.41 0.98 0.67 0.15 
aOdds ratios for detection and 95% confidence intervals presented. Models are  adjusted for neighborhood 

and hygiene status (“good” or “poor”, as discussed previously). bConcentration differences are in 

log10genome equivalent copies/100mL; cStandard error. dEstimated relative to all other households , 

including those with toilets with other associated FSM and those without toilets.  eEstimated relative to 

households without a toilet or those with “other” FSM practices .  
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Table 5: Any enteric pathogen detection in child stoola by household- and cluster-level attributesb 

 Prevalence ratio (95%  CI) p-value 

a) Household-level   

Household toilet  1.57 (0.45, 5.49) 0.48 

   

Toilet excreta contained onsitec 0.45 (0.14, 1.43) 0.17 

   

Toilet discharges to drainc 3.78 (1.01, 14.2) 0.05 

   

Toilet excreta contained onsited 0.71 (0.19, 2.64) 0.61 

Toilet discharges to draind 3.24 (0.76, 13.8) 0.11 

   

Open defecation (< 5 year old) 0.38 (0.10, 1.50) 0.17 

   

Open defecation (adult) 0.83 (0.21, 3.32) 0.79 

   

Any public toilet use (adult) 1.50 (0.54, 4.20) 0.44 

   

High public toilet use (>10 times per month, adult) 0.78 (0.16, 3.74) 0.76 

   

b) Cluster-leveld   

High cluster of household toilets  0.75 (0.17, 3.33) 0.71 

   

Low cluster of household toilets  0.73 (0.26, 2.09) 0.56 

   

High cluster of household toilets discharging to drain 2.55 (0.43, 15.1) 0.30 
aPathogens detected in stool included astrovirus, Campylobacter spp., Entamoeba histolytica, Giardia spp., 

GII norovirus, and pathogenic E. coli. bModels with prevalence ratios for detection of any enteric pathogen 

in stool specimens presented, adjusted for neighborhood and hygiene status  (“good” or “poor”, as discussed 

previously). cEstimated relative to all other households , including those with toilets with other associated 

FSM and those without a toilet. dEstimated relative to households without a toilet or those with “other” 

FSM practices. 
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Figure 1a: Sanitation coverage and clustering in Chinnallapuram. 
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Figure 1b: Sanitation coverage and clustering in Old Town 
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Supplemental Information 

Table S1: Analysis of E. coli concentrations in child hand rinses by household- and cluster-level sanitation and 

FSMa 

 b Standard Error p-value 

a) Household-level    

Household toilet -1.54 0.77 0.05 

Neighborhood: Old Town 0.50 0.31 0.11 

Poor hygiene -1.63 0.77 0.04 

Household toilet/Poor hygiene 2.03 0.85 0.02 

    

Toilet contains excreta onsitec -1.19 0.56 0.04 

Toilet discharges to drainc 0.45 0.50 0.36 

Neighborhood: Old Town 0.43 0.29 0.14 

Poor hygiene -0.29 0.47 0.54 

Toilet contains excreta onsite/Poor hygiene 2.14 0.72 <0.01 

Toilet discharges to drain/Poor hygiene -0.87 0.80 0.28 

    

Open defecation (< 5 year old) 0.52 0.39 0.19 

Neighborhood: Old Town 0.39 0.31 0.21 

Poor hygiene -0.36 0.38 0.35 

    

Open defecation (adult) 0.34 0.43 0.44 

Neighborhood: Old Town 0.38 0.34 0.28 

Poor hygiene -0.26 0.41 0.53 

    

Any public toilet use (adult) -0.04 0.31 0.91 

Neighborhood: Old Town 0.50 0.31 0.11 

Poor hygiene -0.04 0.30 0.89 

    

High public toilet use (>10 times per month, adult) -0.01 0.48 0.99 

Neighborhood: Old Town 0.51 0.30 0.10 

Poor hygiene -0.05 0.31 0.89 

    

b) Most likely clusters     

High cluster of household toilet coverage -0.44 0.44 0.32 

Neighborhood: Old Town 0.35 0.34 0.31 

Poor hygiene -0.08 0.30 0.78 

    

Low cluster of household toilet coverage -0.13 0.32 0.69 

Neighborhood: Old Town 0.48 0.31 0.13 

Poor hygiene -0.02 0.31 0.96 

    

High cluster of household toilets discharging to drain 0.05 0.51 0.93 

Neighborhood: Old Town 0.51 0.30 0.10 

Poor hygiene -0.03 0.33 0.92 
aFecal sludge management. Multivariate models are presented for each sanitation variable, adjusting for neighborhood and 

hygiene status (“poor” or “good”, as discussed previously), and are separated by a blank row in the table. In all models, 
interaction terms between the sanitation variable and neighborhood or hygiene were tested and are indicated with a “/” if 

significant at  = 0.10. N = 50 samples. bEstimates are in log10coliform-forming units (CFU) per pair of hands. cReference 

population is households without a toilet or those with “other” FSM practices. 
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Table S2: Analysis of E. coli concentrations in household swabs by household - and cluster-level sanitation and 

FSMa 

 b Standard Error p-value 

a) Household-level    

Household toilet -2.06 0.82 0.02 

Neighborhood: Old Town -0.79 0.45 0.09 

Poor hygiene -1.69 0.69 0.02 

Household toilet/Old Town 1.53 0.57 0.01 

Household toilet/Poor hygiene 2.19 0.77 0.01 

    

Toilet contains excreta onsitec -0.52 0.59 0.38 

Toilet discharges to drainc 0.05 0.53 0.92 

Neighborhood: Old Town 0.23 0.31 0.46 

Poor hygiene -0.67 0.50 0.19 

Toilet contains excreta onsite/Poor hygiene 1.42 0.76 0.07 

Toilet discharges to drain/Poor hygiene 0.75 0.85 0.39 

    

Open defecation (< 5 year old) 0.24 0.37 0.52 

Neighborhood: Old Town 0.00 0.30 0.99 

Poor hygiene -0.42 0.36 0.25 

    

Open defecation (adult) 0.10 0.49 0.84 

Neighborhood: Old Town 0.77 0.42 0.07 

Poor hygiene 0.10 0.37 0.79 

Open defecation (adult)/Neighborhood: Old Town -1.15 0.59 0.06 

    

Any public toilet use (adult) 0.41 0.29 0.16 

Neighborhood: Old Town 0.14 0.28 0.64 

Poor hygiene -0.32 0.28 0.26 

    

High public toilet use (>10 times per month, adult) 0.52 0.45 0.25 

Neighborhood: Old Town 0.01 0.28 0.97 

Poor hygiene -0.35 0.29 0.23 

    

b) Most likely clusters     

High cluster of household toilet coverage -0.27 0.42 0.52 

Neighborhood: Old Town -0.04 0.32 0.89 

Poor hygiene -0.30 0.29 0.30 

    

Low cluster of household toilet coverage 0.43 0.39 0.27 

Neighborhood: Old Town 0.60 0.37 0.11 

Poor hygiene -0.17 0.28 0.54 

Low cluster of household toilet coverage/Old Town -1.38 0.56 0.02 

    

High cluster of household toilets discharging to drain 0.42 0.48 0.39 

Neighborhood: Old Town 0.03 0.28 0.93 

Poor hygiene -0.17 0.31 0.59 
aFecal sludge management. Multivariate models are presented for each sanitation variable, adjusting for neighborhood 

and hygiene status (“poor” or “good”, as discussed previously), and are separated by a blank row in the table. In all 

models, interaction terms between the sanitation variable and neighborhood or hygiene were tested and are indicated 

with a “/” if significant at  = 0.10. N = 50 samples.  bEstimates are in log10coliform-forming units (CFU) per 125 cm2. 
cReference population is households without a toilet or those with “other” FSM practices. 
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Table S3: Analysis of E. coli concentrations in sentinel object rinses by household - and cluster-level sanitation and 

FSMa 

 b Standard Error p-value 

a) Household-level    

Household toilet 0.06 0.30 0.83 

Neighborhood: Old Town 0.18 0.24 0.46 

Poor hygiene 0.23 0.28 0.41 

    

Toilet contains excreta onsitec 0.03 0.30 0.91 

Toilet discharges to drainc 0.16 0.30 0.60 

Neighborhood: Old Town 0.16 0.24 0.49 

Poor hygiene 0.26 0.26 0.32 

    

Open defecation (< 5 year old) 0.37 0.29 0.20 

Neighborhood: Old Town 0.08 0.23 0.74 

Poor hygiene -0.03 0.28 0.93 

    

Open defecation (adult) -0.14 0.32 0.66 

Neighborhood: Old Town 0.21 0.26 0.41 

Poor hygiene 0.29 0.30 0.34 

    

Any public toilet use (adult) -0.14 0.23 0.54 

Neighborhood: Old Town 0.13 0.23 0.56 

Poor hygiene 0.22 0.23 0.34 

    

High public toilet use (>10 times per month, adult) -0.08 0.35 0.82 

Neighborhood: Old Town 0.17 0.23 0.47 

Poor hygiene 0.21 0.23 0.37 

    

b) Most likely clusters     

High cluster of household toilet coverage -0.08 0.33 0.80 

Neighborhood: Old Town 0.13 0.25 0.61 

Poor hygiene 0.19 0.23 0.40 

    

Low cluster of household toilet coverage -0.01 0.24 0.97 

Neighborhood: Old Town 0.16 0.23 0.50 

Poor hygiene 0.20 0.23 0.40 

    

High cluster of household toilets discharging to drain -0.14 0.37 0.71 

Neighborhood: Old Town 0.17 0.23 0.46 

Poor hygiene 0.16 0.24 0.51 
aFecal sludge management. Multivariate models are presented for each sanitation variable, adjusting for neighborhood 

and hygiene status (“poor” or “good”, as discussed previously), and are separated by a blank row in the table. In all 

models, interaction terms between the sanitation variable and neighborhood or hygiene were tested and are indicated 

with a “/” if significant at  = 0.10. N = 49 samples. bEstimates are in log10coliform-forming units (CFU) per 100mL. 
cReference population is households without a toilet  or those with “other” FSM practices. 
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Abstract 

Fecal exposures contribute to pediatric enteric infection, and longer-term 

nutrition, growth, and cognitive impacts beyond diarrhea. In urban environments, 

exposure to fecal contamination may occur in both the household and public domains; 

however, the relative importance of the environmental and behavioral components of 

exposure pathways is poorly understood. This study examined associations between 

household and neighborhood environments, children’s exposure behaviors, and enteric 

infection, evaluated as general infection and by type of pathogen to compare risk factors. 

As part of the MAL-ED study, 230 children in a low income, urban, Indian neighborhood 

provided stool specimens at 14-17 scheduled time points and during diarrheal episodes in 

the first two years of life that were analyzed for bacterial, parasitic (protozoa and 

helminths), and viral pathogens. Exposures were assessed for 100 of these children using 

locational data and interviews with caregivers about household, neighborhood, and 

behavioral aspects of pediatric exposure to fecal contamination. Study households had 

poor reported sanitation coverage (33%) and fecal sludge management (82% of 

household toilets discharged into open drains, which were ubiquitous in the 

neighborhood). Significant household factors, associated with 44-56% higher risk of 

pediatric enteric infection, included the presence of older siblings and open defecation by 

older siblings or adult caregivers. Presence of a household toilet was associated with 

significantly lower infection risk (OR: 0.73, 95% CI: 0.55-0.97). Neighborhood risk 

factors included residence in the drain flooding cluster during the northeast monsoon 

(OR: 2.39, 95% CI: 1.24-4.63), regardless of reported contact with flood water. 

Compared to general infection, viral infection differed most in risk factors, and included 
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frequent use of public toilets as a unique risk factor for GII norovirus infection (OR: 2.05, 

95% CI: 1.09 – 3.86). Overall, enteric infection may have important infrastructural and 

geographic risk factors that must be addressed to improve the health of pediatric 

populations in low-income, urban settings.  

Author Summary 

Enteric infections, both symptomatic and asymptomatic, are important causes of 

morbidity and mortality in children through diarrhea, malnutrition, stunting, and poor 

cognitive outcomes. Though they may be transmitted through the environment by poor 

water, sanitation, and hygiene conditions, specific risk factors for this transmission in 

urban areas is not well understood. We examined the household and neighborhood 

environment and children’s behaviors to understand risk factors for enteric infection 

during the first two years of life. Infections were separated by etiology, using analyses of 

stool specimens, to compare risk factors. Within the household, when examining ‘any’ 

enteric infection (pooled across pathogens), we found that the presence of older siblings 

and defecation practices of other family members were significant risk factors. Outside 

the household, aspects of neighborhood geography, like clustering of drain flooding, were 

significant risk factors, regardless of reported frequency of exposure. Viral infections 

were most unique in their risk factors, such as use of public toilets associated with 

norovirus infection risk. Because many of these health risks were affected by 

environmental neighborhood conditions, and not the child’s exposure behaviors alone, 

reducing risk of enteric infection requires improvement of infrastructure and containment 

of excreta at the neighborhood level, in addition to behavior change.   
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Introduction 

Despite an estimated 1.7 billion cases of diarrhea annually, most of which are in 

children, the impact of enteric infections worldwide is underestimated due to high, 

undetected rates of asymptomatic infection 1,25,66. Even in the absence of diarrhea, these 

infections are detrimental to child health, growth, and cognition 189. While water, 

sanitation, and hygiene (WASH) conditions are thought to influence enteric infection 

incidence, few studies have evaluated their impact on both symptomatic and 

asymptomatic infections 4. 

Existing knowledge of associations between WASH-related exposures and 

transmission of enteric infection is limited by the outcome of interest, detection methods, 

and differences in study settings.30,58,142,190 Most WASH studies have targeted reported 

diarrhea, an outcome that reflects mixed etiologic agents, ignores asymptomatic 

infection, and is subject to observer and respondent bias, limiting its generalizability to 

risk of enteric infection30,58,65,66,191. In addition to recent focus on WASH—and especially 

sanitation—in rural settings, there is an urgent need to understand the complexities of 

urban WASH.102,103 Over half of the world’s population lives in cities, and the urban 

population is expected to almost double by 2050, adding to the 600 million without 

access to basic sanitation 103,139. 

Urban environments include exposure pathways to fecal contamination in both the 

household and public domains 69–73,103,130. When functioning properly, household toilets 

and fecal sludge management (FSM) contain excreta at the household and neighborhood 

levels, along the entire sanitation chain, preventing public contact 29,32. However, poor 
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handwashing behaviors after defecation, maintenance and cleanliness of the toilet, and 

FSM may also contaminate both environments (demonstrated in Aim 2) 32,80–83. In the 

public domain, open defecation fields, open drains, and flood water all represent potential 

exposures to fecal contamination from poor FSM 31,32,69–72. Public toilets may also be a 

point of exposure to fecal contamination if maintenance and containment are poor 

19,109,113,116,192. From household to city scales, uncooked vegetables and municipal water 

can also serve as vehicles of fecal contamination 125–127,193.  

Within a neighborhood, urban density and geography dictate the management of 

fecal sludge, with implications for exposure in the public domain. Urban environments 

are often too dense to construct individual household toilets, forcing residents to either 

open defecate or use public toilets depending on convenience, distance, location, and 

other factors 113. Further, the few household toilets present are often not connected to 

sewers, for logistical and financial reasons, and instead contain excreta onsite 32,117,183. 

Spatial constraints prevent construction of new systems once the old ones are filled, 

necessitating transport of excreta away from households, by truck or connection to open 

drains 32,117,183. The cost and logistics associated with excreta emptying and transport 

make connections to open drains very common, and most excreta remains untreated 

69,70,118,183,194. Children may easily have contact with drains when playing. Depending on 

the local geography, these drains may also routinely flood, leading to clustering of fecal 

exposures 122,156,195.  

Pediatric exposure to environmental fecal contamination in urban settings may be 

direct (personal contact) or indirect (contact with other household members or fomites), 
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and varies by dose and frequency. Direct contact with fecal contamination in open drains, 

for example, can result in exposure to very high concentrations of fecal contamination 

from a single event 69,70,86. Conversely, despite lower concentrations of fecal 

contamination, consumption of municipal water may yield the same cumulative dose 

through higher frequency of exposure and direct ingestion 68. Contact with other 

household members or surfaces in the household or public environment yield indirect, 

frequent exposures with varying doses based on exposure behavior and hygiene practices 

79,130,191,196.  

Though enteric infections generally have fecal-oral transmission, they are caused 

by diverse etiologic agents—bacteria, helminths, protozoa, and viruses—that vary in their 

associations with WASH conditions 9,65. Bacteria have historically represented the 

classical waterborne transmission of disease on which the WASH sector was founded 9. 

Helminths have greater variation in their associations with WASH, however, as they have 

a more complex life cycle that requires development in both the human host and the 

environment, and may be transmitted through dermal contact or via ingestion 10,11,197. 

Protozoa and enteric viruses survive for long periods outside the host and have low 

median infectious doses (ID50), facilitating transmission from person-to-person and 

through environmental surfaces 9,12,198,199.  

Given the numerous environmental pathways for exposure to fecal contamination 

in urban settings and the diversity of etiologic agents causing enteric infection, there is a 

need to compare pediatric exposure pathways across the public and private domains for 

different groups of enteric pathogens. The goal of this study was to examine the 
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associations between the urban environment (including the household and neighborhood 

conditions and location), children’s exposure behaviors, and enteric infection for different 

types of enteric pathogens in a cohort of under-two year olds in a low-income, urban 

neighborhood in Vellore, India. Examining the environmental and behavioral aspects of 

pediatric exposure pathways associated with enteric infection by etiologic agent will aid 

in understanding how fecal contamination in the public and private domains affects 

health risk for children in low-income, urban settings. 

Methods 

Data sources 

This study was conducted using data from three sources in the Old Town 

neighborhood of Vellore, India: 1) The Etiology, Risk Factors, and Interactions of Enteric 

Infections and Malnutrition and Consequences for Child Health and Development Project 

(MAL-ED study); 2) a SaniPath Tool deployment; and 3) surveys of public toilets 

136,172,189. In Vellore, the MAL-ED study was conducted by the Christian Medical College 

and Hospital, Vellore (CMC). Enrollment took place from March 2010 – February 2012, 

with data collection ending in February 2014. The SaniPath Tool deployment and public 

toilet surveys were conducted by Emory University in collaboration with CMC. 

Household surveys took place in February – March 2014, with the public toilet surveys in 

February 2015.  

Study site 

Yearly, Vellore has a dry season (January – May), a southwest monsoon (June – 

September), and a northeast monsoon (October – December) 136.The Old Town 
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neighborhood of Vellore, India, is a small, low-income, urban area with high population 

density (approximately 42,000/km2), poor sanitation, and high burden of enteric disease 

(Aim 2)136. CMC has a longstanding relationship with the community, including mapping 

conducted during previous studies.  

Ethical approval 

Prior to subject recruitment for the MAL-ED study in Vellore, ethical approval 

was obtained from the Christian Medical College Institutional Review Board (IRB) 136. 

Approval was obtained from the Emory University IRB and the Christian Medical 

College IRB prior to SaniPath Tool deployment and public toilet surveys. Informed 

consent was obtained prior to survey administration at the location of the interview. 

Stool specimen collection and testing 

 Stool specimens were collected from children in accordance with MAL-ED study 

protocols 136,200. Specimens were collected monthly over the child’s first year of life, and 

then every 2-3 months over the next year (defined as “routine stool collection”). 

Caregivers were asked to submit specimens from any diarrheal events during the follow-

up period (classified as “diarrheal stool collection”). All stool specimens were tested for a 

range of bacteria (Salmonella, Shigella, Vibrio, Yersinia, Aeromonas, Plesiomonas, 

diarrheagenic E. coli (Shiga toxin-producing E. coli, enterotoxigenic E. coli, 

enteropathogenic E. coli, enteroinvasive E. coli, and enteroaggregative E. coli), 

Campylobacter), protozoa (Balantidium coli, Cryptosporidium, Chilomastix mesnili, 

Cyclospora, Entamoeba histolytica, Giardia lamblia, Endolimax nana, Iodamoeba 

butschlii, Isospora), helminths (Hymenolepis nana, Strongyloides stercoralis, Ascaris 
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lumbricoides, Taenia, Trichuris trichiura, Schistosoma, Enterobius vermicularis, 

Hymenolepis diminuta, hookworm species), and viruses (genogroup I and II norovirus, 

astrovirus, rotavirus, adenovirus) by culture, microscopy, immunoassay, and PCR as 

described previously 25,65. Pathogen detection was grouped into bacteria, parasites 

(protozoa and helminths), and viruses for analysis. Enteroaggregative E. coli (EAEC) and 

genogroup II norovirus were previously selected for analyses of environmental samples 

in households and open drains as primarily human-specific bacterial and viral pathogens, 

respectively, that had high prevalence in the MAL-ED study population in Vellore. 

Genogroup I norovirus was selected as a primarily human-specific pathogen with a low 

prevalence in the study population for comparison (Aim 2). EAEC and GI and GII 

norovirus were examined as specific infections in this study. 

Transect walks and household survey data collection: SaniPath Tool 

 Transect walks with a community leader were conducted in the study 

neighborhood. Locations of potential fecal exposures in the public domain, including 

public toilets and animal grazing areas, were documented using Global Positioning 

System (GPS) points. Locations of other potential public fecal exposure locations, 

including open drains (both location and direction of flow) and the primary open 

defecation field, were recorded by CMC in previous studies 136.  

Survey methods are provided in detail in Aim 2. Briefly, 100 households were 

surveyed within the neighborhood, 25 of which were selected based on results of a CMC 

hygiene survey completed 1 month prior to SaniPath data collection to ensure diversity of 

household hygiene practices 175. The other 75 households were chosen randomly across 

the MAL-ED study areas within the neighborhood 136. The survey assessed household 
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characteristics and sanitation (e.g. demographics, presence of a toilet, FSM), 

neighborhood characteristics near the household (e.g. flooding of the drain outside the 

house (“drain flooding”) or flooding within the house itself (“house flooding”)), 

defecation practices (e.g. open defecation, use of public toilets), and other exposure 

behaviors of the child (e.g. frequency of contact with drains). Contact with fecal 

exposures was divided into frequency categories and presented “per month” or “per 

week”, depending on the exposure. The target respondent was the female head of 

household. GPS points were collected at the time of household survey. 

Survey data collection: public toilet surveys 

 Surveys at public toilets were conducted with the current, onsite manager 

regarding toilet facilities, use, and maintenance, followed by observations of the public 

toilet location and its stalls. Three of four public toilets were open and functional at the 

time of the MAL-ED study and household surveys. Two of those three were open and 

functional at the time of survey. 

Analyses 

 Map construction was completed in ArcMap version 10.1 (ESRI, Redlands, CA, 

USA). Kulldorff’s Bernoulli and Normal spatial and space-time scans were used to 

evaluate most-likely clustering of any enteric infection, as well as by type of infection, in 

space and space-time using SaTScan version 9.4 52. Kulldorff’s Bernoulli scan evaluates 

point data with binary values to assess the distribution of ‘0’ and ‘1’ values in space and 

space-time for non-random clustering. Kulldorff’s Normal scan evaluates point data with 

continuous values in a similar manner. “Any enteric infection” was defined as the 
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detection of at least one pathogen in a child’s stool at a given sampling event. Kulldorff’s 

Bernoulli spatial scan was also used to evaluate most-likely clustering of reported drain 

and house flooding in space. 

Aspatial analyses were conducted in R version 3.1.2 (R Foundation for Statistical 

Computing, Vienna, Austria) using standard packages and the “lme4” package for mixed 

effects models 179. Mixed effects Poisson regression was used to estimate associations 

between pathogen detection and diarrheal stool incidence. Mixed effects logistic 

regression with a random effect for the child sampled was used to estimate bivariate 

associations between household and neighborhood environments or exposures, and the 

outcome: incidence of infection (detection of pathogens in children’s stool). All variables 

significant at p < 0.10 in bivariate analyses were tested in multivariate models, including 

interactions terms, and the final model was selected using the Akaike Information 

Criterion (AIC) score with the goal of providing the best fit to the data 201. Frequency 

categories for a child’s reported exposures were modeled in two ways: any contact vs. no 

contact, and highest group of contact vs. all others. An α of 0.05 was used for all tests of 

significance. Residuals from final models were tested for spatial autocorrelation using the 

Global Moran’s I in ArcMap 10.1. 

Results 

Household and neighborhood environments and exposure behaviors in the study 

neighborhood 

 Household and neighborhood environments and child exposure behaviors were 

quantified through household surveys with the adult caregiver (Table 1). Study children 

in most households were reported to have older siblings. Reported household sanitation 
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coverage was poor (33%), with poor fecal sludge management (“poor FSM,” defined as a 

toilet discharging directly into an open drain) present in 82% of study households with a 

toilet. Only 3 households reported having a toilet with good FSM (defined as a toilet 

discharging into a tank containing excreta onsite), and only one reported the toilet filling 

at least once yearly, indicating regular exhausting of fecal sludge (data not shown). 

Drains were ubiquitous in the neighborhood, and over half (58%) of respondents reported 

drains flooding in front of the household. While more than 80% of respondents reported 

their children had monthly contact with drains and floodwater, frequent contact (>10 

contacts per month) was more limited (15% for drain contact and 26% for flood contact). 

Open defecation was common across all age groups, and approximately half of all 

households reported use of public toilets on a monthly basis, though only 13% reported 

frequent use (>10 times per month). Weekly consumption of uncooked produce and daily 

consumption of municipal water were prevalent among study children. About one-third 

of families reported regularly treating drinking water in some way (boiling, chlorine, or 

other methods). 

 Potential fecal exposure points and neighborhood drains were mapped from GPS 

data and most-likely spatial clustering of reported flooding was evaluated by Kulldorff’s 

Bernoulli spatial scan. Neighborhood drains generally flowed from east/northeast to 

west/southwest (Fig 1). Significant drain flooding and house flooding clusters (24 and 7 

study households, respectively) were detected downstream of the open defecation field, 

one of the highest elevation points present. Within each cluster, flooding was reported in 

100% of study households.  
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Public toilet maintenance and conditions 

 Observations and interviews with managers at the two functioning public toilets 

were used to evaluate their conditions, maintenance, and use (data not shown). Each 

respondent had begun working at his public toilet in 2014. Toilets had multiple, separate 

stalls for female and male users and were estimated to serve about 100 users per day. One 

manager reported rarely cleaning the toilet (less than once every two days), while the 

other reported cleaning the toilet 3-4 times per day. Visible excrement and a noticeable 

smell were observed within stalls of both toilets. Both managers relied on community 

leaders and government officials to coordinate exhausting of the fecal sludge in tanks 

under the toilet. Each tank had an outflow pipe discharging into open drains. 

Distribution of pathogenic organisms in children’s stool 

 Detection of enteropathogen-positive samples per child was compared by 

pathogen and type of stool collected (routine vs. diarrheal), and between children in 

SaniPath-specific and all MAL-ED study households, to assess the overall burden of 

infection and the representativeness of study households in SaniPath to the overall MAL-

ED study. Chi-squared tests of proportions were used to compare percentages between 

groups. Approximately 67% of routine and 80% of diarrhea stool samples were positive 

for at least one pathogen (Table 2). Bacteria were detected in a higher proportion of 

samples than parasites or viruses across both types of stool collected. Detection of 

enteropathogens in stool from children in SaniPath households compared to children 

from all MAL-ED study households did not differ significantly.  
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Pathogens associated with diarrheal stool 

 Associations between pathogen detection and type of stool collected (routine vs. 

diarrheal) were evaluated using mixed effects Poisson regression (data not shown). 

Viruses, both in general and specifically GI and GII norovirus, were detected 

significantly more often in diarrheal stool than in routine stool collection (odds ratio (OR) 

for viral detection: 4.37, 95% confidence interval (CI): 3.39 – 5.63; GI norovirus OR: 

3.13, 95% CI: 1.87 – 5.25; GII norovirus OR: 5.20, 95% CI: 3.82 – 7.09). Bacteria and 

parasites were detected more often in diarrheal stool compared to routine stool collection, 

but these differences were not significant (OR for bacterial detection: 1.17, 95% CI: 0.90 

– 1.53; OR for parasitic detection: 1.21, 95% CI: 0.88 – 1.66). EAEC detection did not 

differ between type of stool specimen (OR: 0.90, 95% CI: 0.58 – 1.40). Because of high 

prevalence (Table 2) and significant association with diarrheal stool, GII norovirus was 

specifically evaluated in further analyses, in addition to pathogen groups.  

Spatial and temporal clustering of enteric infections 

 To assess clustering of enteric infections in space and space-time, Kulldorff’s 

Bernoulli and Normal spatial and space-time scans were conducted on enteric infection 

data from all MAL-ED study households in the SaniPath study area. Space-time 

clustering was assessed using data from 2011 and 2012, when the MAL-ED study 

population was highest. Each 12-month calendar year was analyzed separately to 

minimize dropout within the time period due to completion of follow-up. When evaluated 

in space only, presence of enteric infection at the first month’s follow-up and the number 

of infections during the first year of follow-up were not significantly spatially clustered, 

regardless of whether infections were pooled (any enteric infection) or evaluated by type. 
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When evaluated in space and time, significant clustering of incidence of any enteric 

infection was not detected, but incidences of bacterial, parasitic, and viral infections were 

significantly clustered in 2011 or 2012 (Figures 2 and 3). Significant space-time 

clustering of bacterial infection incidence was observed at the end of the dry season 

(May, 2011, Fig 2) and during the southwest monsoon (July – September, 2012, Fig 3). 

Clustering during the southwest monsoon surrounded the open defecation field. In 2011, 

parasitic infection incidence was clustered during the monsoons, with significant 

clustering of low incidence during the dry season (Fig 2). Multiple, significant clusters of 

viral infection incidence were observed during the dry season in 2012 (Fig 3). Both 

bacterial and viral infections showed acute space-time clusters (within a single month 

period).  

Seasonality of enteric infection risk was evaluated by mixed effects logistic 

regression on all stool samples, controlling for type of stool specimen. Risk of bacterial 

or parasitic infection did not differ significantly by season (p > 0.05, data not shown). 

Viral infection risk was significantly lower during the northeast monsoon (October – 

December) compared to the dry season (OR: 0.60, 95% CI: 0.38 – 0.95, p = 0.04). GII 

norovirus infection risk did not vary significantly by season (p > 0.05). 

Effect of household and neighborhood environments on enteric infection risk, by 

pathogen type 

Associations between household or neighborhood environments and risk of 

enteric infection were evaluated for any enteric infection, as well as by type of pathogen, 

using mixed effects logistic regression, controlling for season and type of stool specimen 

(Tables 3 and 4). Risk of infection with any pathogen (“any enteric infection”) was 
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significantly higher for children in households with older siblings, but was significantly 

lower for those in households with toilets (Table 3a). Though overall, household toilets 

with poor FSM were associated with lower (though not significant, p = 0.06) risk of 

enteric infection (OR: 0.75, 95% CI: 0.55-1.01), this association varied by season. During 

the dry season, presence of a household toilet was associated with significantly lower risk 

of enteric infection (OR: 0.61, p = 0.02); however, during the northeast monsoon season, 

this association was no longer protective (OR: 1.10, p-value for interaction term: 0.06). 

Associations between the presence of household toilets with good FSM and pediatric 

enteric infection were not tested because few households with toilets with good FSM (3) 

were present. 

Several risk factors were significant for specific types of infection, but not enteric 

infection overall.  Risk of viral infections increased with increasing number of people in 

the child’s household (p = 0.03). Risk of parasitic infection (Table 3) was higher for 

children in households with older siblings (p = 0.01). Risk of bacterial infection was 29% 

lower (p < 0.01) and risk of parasitic infection was 39% lower (though not significant, p 

= 0.06) for children in households with a toilet, but risk of viral infection did not differ by 

household toilet status. 

 When evaluated aspatially, neighborhood conditions and flooding were not 

significantly associated with enteric infection risk in study children (Table 3b).   

Spatially, risk of enteric infection differed between children in drain flooding 

clusters and those in the rest of the neighborhood by season (Table 4). During the 

northeast monsoon, risk of any enteric infection was significantly higher for children 

living in the drain flooding cluster compared to those not in the cluster. Risk of bacterial 
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infection showed a similar association. During the southwest monsoon, risk of viral 

infection was significantly lower in this cluster compared to the rest of the neighborhood. 

Risk of enteric infection did not differ significantly between children inside and outside 

of house flooding clusters, regardless of season.  

Effect of exposure behaviors on enteric infection risk, by pathogen type 

Relationships between children’s exposure behaviors and enteric infection risk 

were evaluated by mixed effects logistic regression, controlling for season and type of 

stool collected (Table 5). Children reporting any contact with floodwater, or those living 

in households with older siblings or adults who open defecated, had significantly higher 

risk of any enteric infection compared to the rest of the neighborhood. Children in 

households reporting treating their drinking water had significantly lower risk, compared 

to the rest of the neighborhood. Children reported to have any monthly contact with drain 

water had significantly higher risk of parasitic infection, while those reported to have any 

monthly contact with floodwater had significantly higher risk of bacterial infection. Risk 

of bacterial infections was significantly higher in households where others open 

defecated. Risk of viral infection was not associated with open defecation practices at the 

household. GII norovirus infection was significantly higher among children reported to 

have high (>10) monthly use of public toilets (OR: 2.05, 95% CI: 1.09 – 3.86). Children 

in households that reported treating their drinking water had lower risk of infection across 

all types of pathogens, with significantly lower bacterial and parasitic infection risks. 

Consumption of municipal water or produce were not significantly associated with 

enteric infection risk.  
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Multivariate modeling of enteric infection, by pathogen type 

 To determine the relative contributions of household and neighborhood conditions 

and exposure behaviors to pediatric enteric infection risk by pathogen, multivariate mixed 

effects logistic regression models were constructed, adjusting for season and type of stool 

collected (Table 6). Model residuals did not show evidence of spatial autocorrelation (all 

p-values for Global Moran’s I test > 0.05). Bacterial infection risk in children was 

significantly associated with residence in the drain flooding cluster during the northeast 

monsoon, open defecation by the adult caregiver, and any reported monthly flood contact 

by the child (Table 6a). Presence of a household toilet was almost interchangeable with 

adult open defecation with regard to the fit of the model (OR for presence of a household 

toilet: 0.71, 95% CI: 0.55 – 0.91, model not shown). Increased risk of viral infection in 

children was observed with increasing size of the household population (Table 6b). 

Children in households in the cluster of drain flooding during the southwest monsoon and 

those in households that reported treating their drinking water had lower risk of viral 

infection, though drinking water treatment was not significant in the final model. In the 

final multivariate model for GII norovirus infection (data not shown), risk was 

significantly higher for children with frequent use of public toilets (OR: 1.94 95% CI: 

1.05-3.59), but significantly lower when treatment of drinking water was reported (OR: 

0.44, 95% CI: 0.23-0.85). Because the models failed to converge when testing multiple 

parameters, a final model for parasitic infection is not presented. 

Discussion 

 The goal of this study was to examine the contributions of the household and 

neighborhood environments and exposure behaviors to pediatric enteric infection risk in a 
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low-income, urban setting, separating infection by pathogen group to compare risk 

factors. Household risk factors for any enteric infection, pooled across pathogens, 

included the presence of older siblings and open defecation practiced by older siblings or 

adult caregivers, underscoring the importance of other family members in the child’s 

exposure to fecal contamination. Presence of a toilet in the household was a significant 

protective factor, though associations varied by season. Within the household, water 

treatment—a potential proxy for household hygiene practices—was associated with 

significantly lower risk of enteric infection. At the neighborhood- level, given the poor 

FSM, enteric infection risk was significantly higher in the cluster of reported drain 

flooding during the northeast monsoon. Consequently, behavioral risk factors included 

any contact with drain or floodwater. When separated by type of infection, the household 

and neighborhood- level risk factors associated with viral infections exhibited the largest 

differences from the pooled infection results. For example, risk of GII norovirus infection 

was significantly associated with high use of public toilets, a risk factor not observed for 

bacterial or parasitic infections. The variation in risk factors for pediatric enteric infection 

underscores the complexity of environmental transmission within urban areas and the 

importance of limiting fecal exposures in both the private and public domains. 

 This study is unique in examining urban environmental, infrastructural, and 

behavioral risk factors for enteric infection in a pediatric cohort, as well as comparing 

risk factors between bacterial, parasitic, and viral infections. While previous studies have 

enumerated risk factors for diarrheal disease in urban households and neighborhoods, few 

have used pathogen-specific approaches 91,117,120,121,130,154,180–182,202–205. Previous 

examinations of pathogen-specific environmental risk factors by exposure pathway in 
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urban settings have been quantitative microbial risk assessments (QMRAs), which have 

not shown such enteropathogen-specific differences in risk pathways because of the 

extrapolation of E. coli measurements to other pathogens69,70,73.  

Though exposure occurs within the household, older family members are an 

important connection between young children and fecal contamination in the public 

domain, particularly where poor household sanitation coverage and high open defecation 

exist. Beyond contaminating the local environment, those who open defecate have more 

exposure to fecal contamination, including the feces of others and flies carrying enteric 

pathogens, than if they had used a household toilet 206. Households with a toilet, in a 

similar study area, had significantly lower density of flies and incidence of diarrheal 

disease among young children, compared to those without a toilet 175. Elsewhere, 

presence of an improved household toilet has been associated with lower levels of fecal 

contamination on hands 81. Thus, these pathways may explain why the presence of a 

household toilet was associated with significantly lower risk of enteric infection, despite 

the study child likely being too young to use it during much of the follow-up period. 

While most adult caregivers and older siblings practiced open defecation, siblings 

may provide more exposure to fecal contamination to the study child than the adults did. 

Older children who open defecate have been shown to do so closer to the home, display 

poorer hygiene practices after defecation, and have higher incidences of enteric infection 

than adults 129,207–210. They may also have more contact with the child, as sibling care is 

common in Indian culture 202,210.  

Seasonal variation in the association between household toilets discharging to 

open drains and risk of enteric infection reflects the negative impact of poor 
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neighborhood- and household- level FSM on the beneficial effects of functional 

household toilets. Overall, 82% of household toilets in this neighborhood discharged to 

the drain, contaminating the local environment with fecal pathogens (Aim 2). A previous, 

sub-neighborhood, cross-sectional study amongst a subset of this population and that of a 

nearby neighborhood with better household toilet coverage showed children in 

households connecting their toilets to drains had the highest prevalence of enteric 

infection, even when compared with households without a toilet (Aim 2). Further, the 

northeast monsoon was the period of highest flood-associated risk, as demonstrated in 

Table 4. Due to the direct connection to the neighborhood environment, toilets with poor 

FSM may have become nonfunctional during this flooding period. Thus, users may have 

elected to either 1) use the household toilet, in which case their feces was likely not 

removed from the household and immediate neighborhood environment due to the 

flooding; or 2) open defecate in a higher elevation area without flooding, potentially 

exposing them to more fecal contamination both at the open defecation site and through 

contact with flood water. Within the study neighborhood, significant spatial clusters of 

high levels of reported contact with drain and flood water were present and overlapped 

with clusters of reported drain and house flooding. However, in a nearby neighborhood 

with better FSM,  no significant spatial clusters of high reported contact with drain or 

flood water were detected despite similar, significant clusters of reported drain and house 

flooding.211  

Within the household, reductions in enteric infection risk associated with reported 

water treatment underscore the importance of exposure from drinking water, but may also 

be a proxy for household hygiene behaviors. Contaminated drinking water is an 
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important fecal exposure, and household water treatment has been associated with 33% 

reductions in risk of diarrheal disease, consistent with observations of reduced enteric 

infection in this study 142,212. However, because risk was reduced across all pathogens, 

including some that are not primarily waterborne, reported water treatment may also have 

been representative of improved socioeconomic status and ability to maintain good 

household hygiene practices 12,15,191,209,213. 

At the community- level, elevated enteric infection risk within the drain flooding 

cluster during the northeast monsoon demonstrated the effects of low sanitation coverage 

and poor FSM. Poor coverage of household toilets resulted in more frequent open 

defecation. While some open defecation was reported in drains near households, it was 

primarily concentrated at a high elevation field where fecal contamination could run off 

into drains following heavy rains (Aim 2)214. Further, most household toilets discharged 

directly into open drains. Previous work in this community has shown that drains 

receiving household toilet excreta directly have significantly higher levels of fecal 

contamination compared to the rest of the neighborhood, even households reported 

practicing open defecation (Aim 2). Even when flooded, the levels of fecal contamination 

in drains in the flooding cluster, which was downstream of both the open defecation field 

and many neighborhood drains, were likely high enough to cause infection with a single 

contact event 69–72,85–87.  

Risk from drain and floodwater exposures in this study was not simply due to 

behaviors that were modifiable. Enteric infection risk was elevated in the drain flooding 

cluster, independent of reported contact, and did not show a dose-response relationship 

with drain or floodwater contact. Instead, children reported to have any contact with drain 
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or floodwater had significantly elevated risk of infection, which contrasts with previous 

studies in other urban settings that observed exposure risk driven by frequency of drain 

contact 69,70,86. In the current context, exposure associated with these pathways must be 

managed at the neighborhood level through interventions to both improve FSM and 

reduce flooding. Simply reducing contact by providing fences or covers for open drains is 

unlikely to be effective in reducing risk from open drains 69,70. 

When compared to risk factors for any enteric infection, those associated with 

viral infections were relatively unique because of the importance of direct contact with 

people and fomites, reflecting the biology and epidemiology of enteric viruses. Given 

their low infectious doses and high shedding in both symptomatic and asymptomatic 

individuals, virus transmission is frequently via person-to-person contact 12,15,18,215. Large 

household populations in dense urban areas facilitate more person-to-person contact and 

transmission of infections or fecal exposures between family members within the 

household 103.  

Although hand hygiene measures have been specifically implemented to interrupt 

transmission of viruses, cleaning of environmental surfaces, such as those in public 

toilets, to reduce exposure may also be important 19,191,216. Viruses can survive and 

remain infectious for months in groundwater and days to weeks on environmental 

surfaces 12,17. Environmental transmission of viruses through hands, fomites, or other 

surfaces can require very few particles (18 for norovirus), underscoring the importance of 

regular cleaning of public toilets and handwashing after defecation 18. Visible feces in 

stalls at the public toilets suggested cleaning was not regularly practiced or not 

comprehensive when practiced. Further, handwashing basins and soap were absent from 
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all public toilets surveyed in this neighborhood, making users less likely to practice good 

hygiene after defecation 209,217–219. Given the poor maintenance, lack of hygiene facilities, 

and high volume of users, public toilets may provide excellent sources of viral infection, 

even with infrequent use 17,19,85,89. 

This study has some notable strengths and limitations in its measurement of 

outcomes and exposures. The use of stool specimens collected regularly to assess both 

symptomatic and asymptomatic enteric infections provides greater detail in 

understanding relationships with environmental risk factors than previous outcome 

measures 25,30,58,66,189. However, detection of enteropathogens in diarrheal and non-

diarrheal stool does not indicate current illness. Pathogens can continue to be shed in 

stool for weeks or months after illness resolves 12,215. For exposure, behaviors may be 

overestimated because household surveys were conducted when the children were 2-5 

years old, while infection outcomes were measured during the first two years of life 124. 

Static assumptions had to be made about the household and neighborhood conditions. 

Despite the broad range of public domain exposures assessed, zoonotic exposures, a 

significant contributor to diarrheal diseases even in urban areas, were not measured 220. 

Because observation was not logistically feasible and self-report had large potential for 

response bias, measures of household protective behaviors are limited to responses about 

water treatment 186. Finally, sample size, and especially the small number of households 

with toilets with good FSM, limited our ability to make inferences about the joint effects 

of FSM and toilets on enteric infection risk. 

Mitigation of health risk requires understanding the urban geography, fecal 

contamination levels, and frequency of contact associated with exposure to fecal 
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contamination, and is not possible through household WASH interventions alone. Future 

sanitation and hygiene interventions within the household must be complemented by 

efforts to reduce fecal contamination within the neighborhood, especially where 

neighborhood- level FSM is poor. The complexity of urban settings necessitates multiple 

approaches to reduce environmental fecal contamination exposures in the public domain 

34,35,103,138. Studies need to examine not only public domain interventions and health 

effects, but also how fecal exposures are influenced by behavioral, infrastructural, and 

geographic characteristics in order to identify specific intervention points 46. Where 

possible, enteric infection outcomes encompassing both symptomatic and asymptomatic 

infections should be used to better understand pathogen-specific (or pathogen group-

specific) environmental exposures and transmission.   

Pediatric enteric infection has household- and neighborhood-level risk factors that 

include the defecation practices of other family members and open drain flooding. 

Though frequency of contact is a component of exposure, neighborhood- level clustering 

of drain flooding, combining urban geography with poor FSM, demonstrates the 

importance of neighborhood infrastructure in mitigating fecal exposures and enteric 

infection risk. Though viral infections may not be mitigated by traditional WASH 

strategies, they may have important environmental intervention points as well that are 

necessary to reduce their especially large burden associated with symptomatic enteric 

infection. Approaches accounting for the interconnectedness of the public and private 

domains are essential to designing effective interventions to improve the health of 

children in urban environments. 
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Tables and Figures  

 

Table 1: Reported household/neighborhood conditions and exposure behaviorsa 

Household conditions Count (%) or Mean (SD) 

Demographics  

5-12 year old present 62 (62.0) 

Average number of people per household 6.4 (2.2) 

  

Sanitation  

Household toilet  33 (33.0) 

 With poor FSMb (discharging to drain) 27 (81.8) 

 With good FSMb (excreta contained onsite) 3 (9.1) 

 Other/Don’t know 3 (9.1) 

  

Neighborhood conditions   

Open drain in front of household 96 (96.0) 

  

Flooding  

Drain floods 57 (57.6) 

House floods 23 (23.0) 

  

Exposure behaviorsc  

Drain contact  

Any 86 (86.0) 

>10 times per month 15 (15.0) 

  

Flood water contact  

Any 82 (82.0) 

>10 times per month 26 (26.0) 

  

Open defecation  

<5 year olds 80 (80.0) 

5-12 year olds 45 (78.9) 

Adult 68 (68.0) 

  

Public toilet use  

Any 46 (46.0) 

>10 times per month 13 (13.0) 

  

Municipal water consumption  

Any 84 (84.0) 

Daily 69 (69.0) 

  

Drinking water treatment at the household 32 (32.0) 

  

Raw produce consumption  

Any 70 (70.0) 

Daily 17 (17.0) 
aData from household survey (n = 100 households); bFecal sludge management (describing the containment 

of excreta along the entire sanitation chain, from toilet to treatment 32,221);  cWhere an age group is not 

indicated, the exposure behavior represents that of the study child, as reported by the adult respondent  
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Table 2: Detection of pathogens in children’s stool in SaniPath and all MAL-ED households from 2010-2014 

 Percent of child’s stool specimens collected that were positivea 

 Stool collected from children in SaniPath 
households (n = 100)b 

Stool from children in all MAL-ED study 
households (n = 230) 

Single infections Routinec Diarrheald All stool 

collected 

Routinec Diarrheald All stool 

collected 

Any pathogene 67.2 82.6 69.2 67.6 79.4 69.2 
       

Bacterial infection 60.6 64.5 60.9 59.9 61.0 59.8 
 EAEC 9.8 8.1 9.6 9.5 7.6 9.3 
       

Parasitic infectionf 16.1 18.3 16.3 17.9 21.3 18.3 
       

Viral infection 7.9 39.4 12.5 8.6 35.9  12.8 
 GI norovirus 1.0 4.9 1.7 1.0 5.0  1.7 
 GII norovirus 1.5 19.5 4.3 2.3 17.6  4.7 

       
Combined infections       

Viral + bacterial 5.6 26.4 8.6 6.4 23.7 9.0 
Viral + parasite 1.4 6.2 2.2 1.8 6.6 2.6 
Bacterial + parasite 11.6 12.2 11.7 12.2 13.4 12.3  

Bacterial, viral, and 
parasite 

1.2 4.8 1.8 1.6 4.8 2.2 

aCalculated as the average, by child, of the proportion of stool specimens that were positive for a given pathogen; bSaniPath households consisted of a 

subset of all MAL-ED study households that were surveyed for demographics, exposure behaviors, and household and local neighborhood conditions.  

No significant differences were observed in the detection of pathogens (of any type, including combined infections) in stool from children in SaniPath 

households compared to children in all MAL-ED study households; cRoutine stool was collected monthly over the first year of follow-up, then every 2-3 

months during the second year of follow-up; dDiarrheal stool collected whenever a child had an incidence of diarrhea, as reported by the caregiver;  eA 

full list of pathogens tested in stool specimens is available in Houpt et al. 2014; fIncludes protozoa and soil-transmitted helminths 
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Table 3: Bivariate relationships between household and neighborhood conditions and pathogen detection in 
stool collected from children in SaniPath households, 2010-2014a 

 
a) Household conditions 

Bacteria 
OR (95% CI) 

Parasite  
OR (95% CI) 

Virus  
OR (95% CI) 

Any pathogen  
OR (95% CI) 

Demographics     
Num. people per household 1.01 (0.96, 1.07) 1.11 (1.00, 1.24) 1.09 (1.01, 1.17)† 1.03 (0.96, 1.09) 

     
5-12 year old (YO) present 1.26 (1.00, 1.61) 1.91 (1.17, 

3.12)†† 

1.02 (0.71, 1.46) 1.44 (1.10, 

1.89)†† 

     
Sanitation     

Household toilet 0.71 (0.56, 0.91)†† 0.61 (0.36, 1.02) 1.07 (0.74, 1.54) 0.73 (0.55, 
0.97)† 

     

b) Neighborhood conditions     
Drain present in front of HH 1.12 (0.60, 2.08) 3.91 (0.83, 18.5) 0.97 (0.38, 2.46) 1.32 (0.66, 2.63) 

     
Flooding     
Drain flooding 1.24 (0.98, 1.57) 0.99 (0.61, 1.62) 0.81 (0.57, 1.15) 1.26 (0.96, 1.65) 

     
House flooding 1.10 (0.83, 1.46) 1.01 (0.57, 1.81) 0.83 (0.54, 1.27) 1.04 (0.75, 1.44) 

aAll models adjusted for monsoon seasons (relative to dry season) and stool type (routine vs. diarrheal stool); bToilet discharges to an open drain  ; 
cCompared to households with other toilet/FSM combinations and households without toilets; dToilet excreta is contained onsite; eCompared to 

households without toilets; †p < 0.05; ††p < 0.01; †††p < 0.001 
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Table 4: Bivariate relationships between spatial clustering of flooding in neighborhood, 
seasonality, and pathogen detection in stool collected from children in SaniPath households, 
2010-2014a 

 Bacteria 
OR (95% CI) 

Virus  
OR (95% CI) 

Any pathogen  
OR (95% CI) 

Drain flooding cluster    
Year-roundb 0.97 (0.73, 1.28) 0.86 (0.56, 1.32) 0.96 (0.70, 1.32) 

    
Dry season (Jan. – May) Ref. Ref. Ref. 

Southwest monsoon (June – Sept.) 0.97 (0.56, 1.66) 0.27 (0.11, 0.68)†† 0.86 (0.48, 1.53) 
Northeast monsoon (Oct. – Dec.) 2.26 (1.23, 4.19)†† 0.93 (0.32, 2.67) 2.39 (1.24, 4.63)†† 
   

House flooding cluster    
Year-roundb 1.21 (0.74, 1.98) 1.20 (0.59, 2.46) 1.13 (0.65 (1.96) 

    
Dry season (Jan. – May) Ref. Ref. Ref. 
Southwest monsoon (June – Sept.) 0.74 (0.28, 1.94) 0.18 (0.02, 1.63) 0.75 (0.28, 2.02) 

Northeast monsoon (Oct. – Dec.) 1.02 (0.35, 2.96) 2.11 (0.47, 9.42) 2.19 (0.65, 7.38) 
aAll models adjusted stool type (routine vs. diarrheal stool). Parasite results not shown due to small number of events in clu ster, preventing model 

convergence; bPooled across seasons; †p < 0.05; ††p < 0.01; †††p < 0.001 
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Table 5: Bivariate relationships between household exposure behaviors and pathogen detection in stool 
collected from children in SaniPath households, 2010-2014a 

 Bacteria 
OR (95% CI) 

Parasite  
OR (95% CI) 

Virus  
OR (95% CI) 

Any pathogen  
OR (95% CI) 

Drain contact     
Any 1.45 (0.99, 2.11) 2.41 (1.00, 5.81)† 1.26 (0.71, 2.26) 1.51 (0.99, 2.29) 

>10 times per month 1.25 (0.88, 1.75) 1.73 (0.90, 3.33) 1.18 (0.74, 1.88) 1.33 (0.90, 1.97) 
     

Flood water contact    
Any 1.47 (1.07, 2.00)† 1.35 (0.69, 2.64) 1.52 (0.94, 2.44) 1.44 (1.01, 2.04)† 
>10 times per month 0.96 (0.68, 1.36) 1.56 (0.79, 3.06) 0.86 (0.52, 1.44) 0.93 (0.63, 1.36) 

     
Open defecation     

<5 YO 1.33 (1.00, 1.77) 1.34 (0.73, 2.49) 1.05 (0.69, 1.61) 1.35 (0.97, 1.87) 
5-12 YO  1.68 (1.18, 2.39)†† 1.19 (0.58, 2.43) 0.99 (0.61, 1.60) 1.56 (1.05, 2.33)† 

Adult 1.51 (1.19, 1.92)††† 1.41 (0.83, 2.40) 1.20 (0.83, 1.74) 1.48 (1.12, 1.95)†† 

     
Public toilet use    

Any 0.85 (0.67, 1.08) 1.30 (0.79, 2.13) 1.05 (0.73, 1.50) 0.93 (0.70, 1.23) 
>10 times per month 0.92 (0.65, 1.30) 1.10 (0.54, 2.26) 1.46 (0.90, 2.35) 1.10 (0.73, 1.66) 
     

Municipal water consumption    
Any 0.93 (0.67, 1.29) 0.98 (0.50, 1.91) 1.34 (0.81, 2.21) 0.93 (0.64, 1.36) 

Daily 0.94 (0.72, 1.22) 0.87 (0.52, 1.47) 1.10 (0.75, 1.60) 0.87 (0.64, 1.17) 
     
Drinking water treatment 0.73 (0.57, 0.94)† 0.56 (0.33, 0.94)† 0.69 (0.47, 1.02) 0.66 (0.50, 0.88)†† 

     
Produce consumption     

Any 0.95 (0.73, 1.24) 0.92 (0.54, 1.57) 1.05 (0.72, 1.55) 0.87 (0.65, 1.18) 
Daily 1.07 (0.78, 1.47) 1.04 (0.55, 2.00) 1.28 (0.82, 1.99) 1.15 (0.80, 1.66) 

aAll models adjusted for monsoon seasons and stool type (routine vs. diarrheal stool); †p < 0.05; ††p < 0.01; †††p < 0.001 
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Table 6: Multivariate fecal exposure models by pathogen group for children in SaniPath 
households, 2010-2014a 

a) Bacterial infection β SE OR (95% CI) 

Cluster of drain flooding -0.25 0.16 0.78 (0.57, 1.06) 

Cluster of drain flooding during northeast monsoon 0.85 0.29 2.34 (1.32, 4.15)†† 
Open defecation (adult) 0.42 0.13 1.53 (1.19, 1.97)†† 
Flood contact (any reported per month) 0.39 0.16 1.48 (1.09, 2.00)† 

    

b) Viral infection    

Size of household population 0.09 0.04 1.09 (1.01, 1.18)† 

Cluster of reported drain flooding 0.19 0.26 1.21 (0.73, 2.00) 

Cluster of drain flooding during southwest monsoon -1.27 0.45 0.28 (0.12, 0.68)†† 
Reported water treatment -0.36 0.20 0.70 (0.47, 1.02) 

aUsing AIC for model selection, all models adjusted for season (dry season, southwest (June to September) 

monsoon, or northeast (October to December) monsoon 136 and type of stool specimen (routine vs. diarrheal 

stool) (not shown). A final multivariate model for parasitic infection is not presented due to a lack of model 

convergence preventing testing of all relevant covariates; bToilet excreta contained onsite; †p < 0.05; ††p < 

0.01; †††p < 0.001 
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Figure 1: Reported drain and house flood clustering, Old Town . Significant clusters of reported drain and house flooding, determined by Kulldorff’s Bernouilli 

spatial scan 52, are presented using light and dark gray ellipses, respectively. Each SaniPath study household (represented by white dots) within each of these 

clusters reported flooding. Black lines represent drains, with arrows indicating the direction of drain flow. Only drains within the Old Town neighborhood 

boundary are presented. 
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Figure 2: Space-time clustering of infections, Old Town, 2011 . Significant space-time clusters of enteric infection, by type of infection (bacterial or parasitic), are 

presented using ellipses. The cluster of low incidence of infection is represented in space by the light gray ellipse, while clusters of high incidence of infection 

are represented in space by darker gray ellipses. The time period of the high or low space-time cluster is noted in the figure legend in parentheses. Study 

households are represented by white dots, and include every MAL-ED study household within the SaniPath-specific sub-neighborhood areas that had at least one 

stool specimen collected from the study child during 2011. Black lines represent drains, with arrows indicating the direction of drain flow. Only drains within the 

Old Town neighborhood boundary are presented. 
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Figure 3: Space-time clustering of infections, Old Town, 2012. Significant space-time clusters of enteric infection, by type of infection (bacterial or viral), are 

presented using ellipses. Clusters of high incidence of infection are represented in space by gray ellipses, with the time pe riod of the cluster noted in the figure 

legend in parentheses. Study households are represented by white dots, and include every MAL-ED study household within the SaniPath-specific sub-

neighborhood areas that had at least one stool specimen collected from the study child  during 2012. Black lines represent drains, with arrows indicating the 

direction of drain flow. Only drains within the Old Town neighborhood boundary are presented. 



127 
 

 

Conclusions 

 This dissertation used a mechanistic approach to understanding the effectiveness of 

sanitation systems in six low-income, urban neighborhoods in two countries by examining their 

associations with fecal contamination in household and community environments and with 

enteric infection in children. Aim 1 of the dissertation showed that clusters of significantly 

higher coverage of contained household sanitation (that is, household sanitation with good FSM) 

were associated with significantly lower concentrations of E. coli in drain water. This finding 

highlights the potential for the type and coverage of household sanitation to affect fecal 

contamination in the public domain.  

 Additionally, the findings from Accra suggest that household sanitation, including FSM, 

has a threshold—rather than a dose-response—effect on fecal contamination. While significant 

differences in fecal contamination inside and outside of clusters of high coverage of household 

facilities with good FSM were observed, no significant differences were observed with the level 

of local household sanitation coverage, a measure of dose-response. Previous studies have shown 

threshold relationships between household sanitation coverage and diarrhea disease, as well as 

stunting, in children. 36–38,56 Work from the 1990s and early 2000s suggested that at a 75-80% 

threshold of neighborhood coverage of household sanitation, even households without their own 

sanitation facility showed decreases in diarrhea incidence.36,37 Although the more recent 

evidence from Fuller et al. (2016) uses a measure of improved sanitation within 500m and was 

not able to determine an exact threshold for sanitation coverage to have benefits on childhood 

stunting, the authors still underscore the importance of neighborhood- level coverage in 

influencing an individual child/household’s outcome.56 The results from Aim 1, evaluating an 

intermediate outcome (fecal contamination) on the pathway to diarrheal disease, enteric 
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infection, and stunting, make sense in the context of this previous research. The coverage levels 

observed in Accra (44-68%) were lower than the 75-80% suggested for health outcomes, as 

would be expected in the context of the F-diagram, where decreased fecal contamination should 

be observed before changes in health outcomes are observed.27  

Results from Aim 2 showed that the spatial heterogeneity of sanitation and the 

downstream FSM associated with household toilets were significantly associated with both fecal 

contamination and enteric infection outcomes. Associations between household toilets and fecal 

contamination or enteric infection varied by coverage of sanitation and type of FSM, suggesting 

that both are important in ensuring effective containment of fecal sludge at the household and 

neighborhood level. 

Finally, the third Aim showed associations between public domain exposures linked to 

poor FSM practices and enteric infection in children living in the immediate area. In some cases, 

these exposures were shown to be affected by the location of the household, and not the 

frequency of reported personal contact, suggesting that neighborhood geography and 

infrastructure is important in increasing risk. Further, risk factors varied between different groups 

of enteric infections, reflecting the variation in environmental transmission pathways and 

biological characteristics between pathogens and indicating new areas for WASH-related 

research focus.  

The results of Aims 1 and 2 show differences in associations between GII norovirus 

presence in drains and FSM. Specifically, GII norovirus concentrations were significantly higher 

in areas of poor FSM in Vellore (Aim 2), while no significant associations were observed in 

Accra (Aim 1). This discrepancy likely reflects two key differences between the studies: the use 

of presence/absence vs. concentration data and differences in disposal practices. In the Vellore 
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study, though GII norovirus concentrations were significantly higher in areas of poor FSM, no 

significant differences in detection (presence/absence) of GII norovirus were observed in areas of 

poor FSM compared to the rest of the neighborhood, similar to the findings in Accra. This is 

likely because use of presence/absence data provides a coarser level of detail, thus differences 

may be more difficult to detect. Also, given its environmental persistence, differences in GII 

norovirus levels in the environment are likely above the limit of detection.17 Further, sampling 

locations in open drains in Vellore were closer to households and their discharge pipes when 

compared with Accra, providing a more direct indication of nearby household FSM.  

The research in this dissertation has underscored the importance of excreta containment, 

particularly in dense, urban settings, because of the variety of potential pathways of exposure to 

fecal contamination. Previous QMRAs have highlighted the importance of poor FSM through 

drain exposures.69,70 In low-income neighborhoods of both Accra, Ghana and Kampala, Uganda, 

exposure to “gray water” in drains was the highest risk pathway, even when compared with 

drinking water, for young children.  

Conversely, good FSM—primarily in the form of sewerage—has been shown to be 

effective in reducing diarrhea and enteric infections, as shown in a recent systematic review.117 

Notably, the results of this dissertation are supported by the observed effects of community- level 

sewerage interventions on diarrhea in Brazil (21-66% reductions).120,180 However, the earlier 

study in Brazil by Moraes et al. (2003) also suggests that poor FSM (drainage) yields reductions 

in childhood diarrhea when compared to diarrhea in children in the control group (who had 

toilets but no designed drainage or sewerage), which contrasts with results presented in Aim 2 of 

this dissertation that suggest that poor FSM is associated with increased prevalence of enteric 

infections.120 This differences between studies may result from differences in the definition of 
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urban drainage and the outcome measured. Specifically, drains in the “drainage group” in Brazil 

were covered, which may have reduced exposure when compared with the open drains observed 

in Vellore. The control group in the Brazilian study had high levels of disposal of feces on the 

ground or in open drains, by comparison. Further, the target outcome of the Brazilian study was 

reported diarrhea in children under 5 (compared to enteric infection measured from stool 

specimens from children in Vellore), which may have been subject to response bias associated 

with the intervention.190   

 

Strengths and Limitations 

 This dissertation has some notable strengths and limitations in the methodological 

approach. The use of microbiological analysis of stool and environmental samples provides more 

objective outcome measures than self-reported diarrhea and incorporates quantification of both 

asymptomatic and symptomatic infection.30,58,66 Comparison of pathogen-specific risk factors 

provides important health data to support established and identify new pathways of fecal 

exposure and disease from previous QMRAs.69–73,119 Measurement of associations between 

sanitation coverage and fecal contamination in environmental samples provides direct 

measurement of the mechanism by which sanitation operates, reducing potential confounders or 

competing pathways.27 As illustrated in the F-diagram, effective sanitation works to reduce 

incidence of enteric infection by reducing levels of fecal contamination in the environment. 

However, the inconsistency in environmental sampling in the sanitation literature, including 

variation in types of samples and organisms measured and their correlations with health 

outcomes makes contextualization of these results difficult.74,78–81,84,96,116 Specifically, with 

regard to the effectiveness of sanitation, samples of hands, sentinel objects, soil, swabs, and in 
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stored water have been measured for E. coli, fecal coliforms (thermotolerant coliforms), 

Enterococci, Bacteriodales, and enteric viruses, all of which differ in infectious doses, 

environmental persistence, and source of the contamination (e.g. human only, human and animal 

contributions). Given this variety in methods, overall conclusions about the effects of sanitation 

on fecal contamination are difficult when evaluating E. coli and enteric viruses in samples within 

and outside the household in this dissertation. Further, some types of samples evaluated, such as 

hand rinses and soil, have been shown to vary with factors other than sanitation, including time 

since last handwashing event (for hand rinses), activity of the subject (for hand rinses), and 

amount of foot traffic in the area (for soil), that were not measured.79–81  

While measurement of the concentration of fecal contamination in environmental 

samples provides a more proximal outcome with regard to the impact of sanitation on exposure 

than health outcomes, qPCR assays had relatively low sensitivity (high lower limits of detection) 

for pathogen detection, likely due to the type of environmental media tested.76,101 In addition to 

DNA or RNA from the target organism, soil and drain water may have additional components, 

including humic acids or compounds and metals, that inhibit PCR processes.101 Given that the 

lower limits of detection were generally higher than the ID50 (dose which, on average, results in 

50% of the population becoming infected) of the pathogens and PCR assays are unable to 

indicate infectivity, inferences about public health risk from environmental concentrations is 

limited.12,18,85  

In both study sites, despite the amount of microbiological data collected from 

environmental samples and stool specimens, sample size was limited. Analytical models for 

urban environmental fecal contamination did not have sufficient sample size to include all 

potential confounders, like presence of a public toilet or ownership of animals in the area, tested 
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in previous bivariate analyses. While assessment of these covariates through bivariate analyses is 

useful, the ability to control for them in multivariate models would have yielded stronger 

evidence. Further, the small sample size limited the power of bivariate and multivariate models 

to detect significant effects, restricting inferences made from the data. 

The temporality and content of household surveys have strengths and limitations as well. 

Despite its necessity due to study logistics, assessment of exposures (household surveys) after 

outcomes (MAL-ED study data) was a major limitation of the analysis. While household and 

neighborhood characteristics were likely consistent over time, exposure behaviors of children 

measured at 3-5 years of age likely differed from exposure behaviors during the first two years of 

life, when children were followed for enteric infection.124 Further, while this work was one of the 

few to assess FSM practices, in contrast to presence/absence of a toilet alone, management of 

fecal sludge may change over time, particularly for households with a toilet with onsite 

containment, and removal of fecal sludge from the household does not guarantee safe 

treatment.31,32,118 Thus, measurement at a single time point may not have consistently represented 

the household’s FSM status at all points during follow-up.  

The absence of detailed data on hygiene-related behaviors and animal presence, 

particularly at the Vellore study site, may have limited inferences at the household as well. While 

the CMC hygiene survey provided an approximation of WASH, and specifically hygiene, 

behaviors at the household, all handwashing behaviors were self-reported, a method that is 

known to have response bias.175,191,222 Consequently, there was little variation in reported 

handwashing behaviors within neighborhoods, limiting our precision in controlling for these 

practices (as proxies for household hygiene) when evaluating pediatric enteric infection risk. 

Further, while observation and mapping of animal grazing areas suggests domestic livestock 
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were common in Vellore, we were not able to measure animal ownership as in Accra. Presence 

of livestock in and around human living quarters may have been an important contributor to fecal 

contamination levels and enteric infection risk within the home.220 Animal contact may be a 

source of exposure to fecal contamination and zoonotic enteric infections, particularly through 

direct contact or contamination of soil, thus the associations between direct (i.e. with drain 

water) or indirect (i.e. open defecation) measures of environmental contact may be 

overestimated.  

The absence of detailed climate data is a limitation when quantifying environmental fecal 

contamination levels and enteric infection. While models were adjusted for season using the date 

of sample collection, relationships between enteric infection and climate may be more complex, 

as diarrheal diseases have been shown to vary with temperature, rainfall, and other factors.223–226 

While the relationship between environmental fecal contamination in urban settings and climate 

has not been well-studied, fecal contamination in drinking water sources and other tropical 

ecosystems has been shown to vary with various climatic factors as well.167,227,228 Thus, 

collection of rainfall, temperature, and other climate data may provide more accurate adjustment 

for the effects of climate on fecal contamination and enteric infection in future studies.224 

Finally, the examination of spatial heterogeneity in sanitation coverage and fecal 

exposures through cluster analysis of survey households was a strength of this work. Spatial 

heterogeneity in sanitation has been observed on multiple scales, and space-time clustering of 

enteric infections has been demonstrated in previous studies.40,43,168,187,229–231 Specifically, 

clustering of rotavirus and cholera incidence have been shown to be clustered in space and time 

in urban, Indian settings, while heterogeneity in sanitation has been observed at national and city 

levels.40,168,231 Though no studies have directly evaluated sanitation clustering and enteric 
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infection, Fuller et al. (2016) showed that the sanitation coverage within 500m of a household 

was related to stunting, acknowledging the importance of neighborhood- level sanitation 

coverage.56 Failure to account for this clustering at the sub-neighborhood level could lead to 

misclassification in exposure-disease relationships.232,233 Though spatial clustering was assessed 

from the locations of survey responses based on a sample, and not a census, of households, 

systematic sampling was used in both study locations to approximate the underlying distribution 

of the population. Further, the spatial scan statistic used is robust to variation in the underlying 

population distribution, and significance levels and parameters of the scan were adjusted to 

identify only the most significant clusters.52,168 

 

Future Directions 

 Future studies need to identify feasible sanitation solutions that reduce environmental 

fecal contamination and, subsequently, enteric infection. These solutions require interventions in 

both the private and public domain supported by the work of local governments, community 

members, and the research community. The results of this dissertation indicate that focusing top-

down interventions at the household alone will be insufficient to control fecal contamination, and 

subsequent enteric infection, within the community. Household infrastructural and behavioral 

interventions need to be complemented by community-level infrastructure to reduce risks in the 

public domain. The SFDs provide an indication of the initial problem, but must be followed by 

specific actions, as well as evaluation, of these actions to understand what is effective and 

ineffective. Evaluation and research need to contextualize sanitation within the household and 

community context where the work is being done, by using spatial coverage data for example, to 

understand public and private drivers of infection risk. This understanding should begin by 
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evaluation of levels of environmental fecal contamination, rather than self-reported health 

outcomes. Use of objective health outcomes that measure symptomatic and asymptomatic 

infection is also warranted to understand environmental causes and mechanisms of 

environmental enteropathy and subsequent longer-term sequelae. While cooperation between 

researchers, local governments, and the community is a challenge in any setting, initiation of a 

cycle of evidence-based policy-making, informed by research and followed by rigorous 

evaluation and learning, is essential to mitigating health risks and developing effective 

interventions. 

 

Policy and Involvement of Local Governments and Communities 

Because of the interconnectedness of fecal exposures in the private and public domains, 

WASH interventions must be targeted in both areas and cannot be seen as the responsibility of 

the individual alone. The results of this dissertation suggest that exposures in the public domain, 

including open drain flooding and public toilet use, are important contributors to pediatric enteric 

infection risk. However, these exposures could not be easily modified by changing an 

individual’s behavior alone. For example, risk of enteric infection associated with floodwater 

was elevated in spatial clusters of reported drain flooding, regardless of frequency of reported 

floodwater contact. That is, location of residence (i.e. living in the spatial cluster of drain 

flooding) was associated with increased enteric infection risk, likely because children living in 

these clusters encountered floodwater everywhere they went and could not escape it. Therefore, 

community- level infrastructural interventions, and not behavioral interventions alone, may be 

needed to modify the neighborhood geography and mitigate flooding.123 Further, while hygiene 

activities, like handwashing with soap after toilet use, should reduce the magnitude of exposure, 
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handwashing infrastructure was not present at any of the public toilets.27 Recent research has 

underscored the importance of infrastructure interventions, with or without behavior change 

messaging, in changing handwashing behaviors, as messaging alone has been unsuccessful in 

promoting long-term changes and improvements in health.218,219,234–236 Because of the 

importance of the public environment in mitigating behaviors, fecal exposures, and risk of 

enteric infection, communities and governments need to play a role and provide infrastructure, 

awareness, and education to promote healthy behaviors and reduce environmental fecal 

contamination levels in the public domain.  

As discussed in the introduction, the importance of FSM has been highlighted through the 

work of the SFDs.32 While SFDs provide an important advocacy tool to bring awareness to the 

amount of untreated fecal sludge unsafely discharged into urban communities, follow-up action 

is needed. Providing this “next step” after a municipal government is “triggered” by the SFD is 

an important role that researchers and development actors must work together to fill through 

affordable, feasible, yet safe downstream interventions. The research in this dissertation takes the 

understanding of the consequences of poor neighborhood-level FSM one step further by 

providing evidence of how poor FSM may contaminate the local environment and, indirectly and 

directly, affect human health. 

In terms of targeting sanitation interventions, the results of this dissertation underscore 

the importance of household sanitation facility coverage, FSM improvements, and public domain 

improvements. Rather than choosing one over another, the results indicate that both sanitation 

coverage and FSM improvements are necessary to achieve reductions in fecal contamination 

and, subsequently, enteric infection incidence in children. Improvements in the public domain 

(for example, flood reduction) should be contextualized with FSM interventions. Doing this will 
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improve understanding of the community- level nature of this issue and the need for community-

level, in addition to household- level, interventions. However, findings from the research in both 

Vellore and Accra also suggest that open drains in poor areas are never a good downstream FSM 

strategy, even in the interim. Open drains in both areas had high levels of both E. coli and enteric 

pathogens, and the data from Vellore showed that flooded drains were a significant risk factor for 

infection. Instead of constructing open drains, efforts to improve downstream management of 

fecal sludge should focus on better containment at the household and available, accessible, and 

affordable emptying and transport services.  

 

Research and Evaluation 

Evaluation of sanitation interventions must continue to measure not only the presence or 

absence of the toilet, but presence or absence of containment along the entire sanitation chain, 

particularly at the neighborhood and city scale.32 While toilet provision combined with sewerage 

interventions have been shown to be effective in urban areas, sewerage is not a financially or 

logistically viable FSM option in many urban neighborhoods, and especially low-income 

areas.32,117,120,121,183 The findings of higher prevalence of enteric infection in children households 

with toilets with poor FSM, even above those in households without toilets, suggests that poor 

FSM at the household may be worse than having no toilet at all. Densely populated urban areas 

need FSM interventions that remove fecal sludge from the residential environment, like trucking 

of contained fecal sludge to a treatment plant or transfer station, that are feasible and contain the 

excreta along the entire sanitation chain.32,194  

As sanitation interventions continue to be implemented in urban settings, spatial data is 

an important resource for understanding the urban context. Results from this dissertation suggest 
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that differential effects of sanitation on household fecal contamination may be observed between 

high and low sanitation coverage areas, adjusting for household hygiene and WASH practices. 

Specifically, floors of households with a toilet had significantly higher levels of fecal 

contamination than those of households without a toilet in the neighborhood with low sanitation 

coverage, which may be due to sharing of toilets increasing contamination, as shown in a recent 

study from peri-urban Peru.237 Because the effectiveness of sanitation may vary with the local 

sanitation coverage, it is important to describe and quantify the spatial heterogeneity of 

household toilet and FSM coverage within or between neighborhoods in order to identify where 

new interventions can be targeted and where existing sanitation, and especially FSM, 

interventions must be improved.36–38 Further, in this dissertation, collection of spatial data from 

household survey responses and drain maps allowed identification of clusters with potentially 

high risk exposures. Understanding how components of the sanitation chain are distributed at the 

neighborhood- and city-level provides understanding of the interconnectedness of neighborhoods 

and their fecal sludge. 

Before the effect of sanitation on health outcomes is evaluated, implementers and 

evaluators must measure and reduce environmental levels of fecal contamination in key areas. 

Further research is needed to understand more precisely how fecal contamination levels in 

different environments vary with sanitation coverage. Even studies to establish a baseline in 

high-income contexts would prove useful. Regardless, sanitation interventions should be 

measured by their ability to reduce levels of fecal contamination in the immediate, and even 

downstream, environment.27 Results presented here suggest that high coverage of household 

sanitation that contains excreta onsite may reduce fecal contamination in the public domain. 

Understanding of this intermediate outcome is a key step—in the short term—in identifying why 
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some sanitation interventions have context-specific effectiveness and—in the longer term—in 

designing sanitation interventions that effectively reduce environmental fecal contamination.  

Though only recently a focus in the larger research community, enteric infections and 

diarrhea caused by viruses need to be studied further in the WASH context. Results presented 

here indicate that viral infections were prevalent in children under two in Vellore and were 

predominantly associated with symptomatic (diarrheal) infection. Viral infections are prevalent, 

yet understudied (with the exception of rotavirus), in children in low-income 

contexts.16,25,147,148,169 The results of this dissertation further suggest that levels of viruses in the 

environment may not respond to sanitation coverage in the same manner as levels of FIB. 

Because of their low infectious doses and long environmental persistence, viruses present a 

unique challenge to the WASH community.12,18 Though vaccines have been developed for some 

viruses, like rotavirus, their efficacy in low-income contexts has not matched that demonstrated 

in high- income settings.238–241 Though the cause is unknown, WASH-related environmental 

conditions may play a role in enabling or preventing repeat enteric infections, environmental 

enteropathy, and subsequent efficacy of this or other oral vaccines.4,238,241 Thus, understanding 

the environmental distribution of viruses and their associations with sanitation coverage and 

other WASH interventions is an important part of reducing the overall burden of infection. 

 In addition to effects of WASH on vaccine efficacy, WASH interventions should be 

evaluated for their effects on environmental enteropathy (EE) and other longer term health 

outcomes.4–6 Health outcomes associated with EE include malnutrition, stunting, and poor 

cognitive outcomes. Thus, the potential impact of WASH is much greater than reduced 

morbidity and mortality due to diarrhea alone.4,6,7,242 Because EE is thought to be caused by 

repeat, generally subclinical enteric infections that cause morphological changes in the gut and 
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impair the absorption of nutrients, it is important for future studies to measure the effects of 

WASH on both symptomatic and asymptomatic infection.7,242  

Contribution to the field 

Despite the additional research needed on urban sanitation and FSM, this dissertation has 

provided a significant contribution to the field. Examination of associations between 

downstream, non-sewer-based FSM and objective health outcomes are some of the first in the 

field. Further, its examination of the associations between community- level coverage and fecal 

contamination reopens previous discussion (along with the work of Fuller et al.) on the 

importance of the sanitation in the vicinity of a household. The ability to deconstruct the role of 

sanitation into associations with fecal contamination and subsequently look at enteric infection 

provides an approach for future studies to better understand sanitation mechanistically, which is 

essential to future provision of effective interventions. As urban centers in low-income countries 

become more densely populated, it will be even more important for sanitation to function 

effectively on the household and community level, in combination with efforts to promote clean 

water and proper hygiene, to minimize health risks to those most vulnerable.  
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Appendix: Additional analyses and data 

Aim 1 (Accra, Ghana) 

Associations between drain size, construction, and detection of enteric viruses 

Methods: 

 Variation in enteric virus presence/absence in drain water with increasing drain size and 

drain construction was tested by logistic regression. Drain size was divided into four categories: 

small (< 0.5m), medium (0.5 – 1m), large (1 – 3m), and extra-large (> 3 m). Drain construction 

was divided into ecological construction or formal construction.  

 

Results: 

 To determine whether attributes of the drain itself were associated with enteric viruses in 

drain water, logistic regression models were fit for drain size and type of construction, 

controlling for neighborhood and season of sample (Table A1.1). Overall, no consistent trends in 

odds of detection of enteric viruses with increasing or decreasing drain size were detected. 

Detection of enteric viruses was 1.6-2.2 times more likely in ecologically-constructed drains 

when compared with formally-constructed drains, though these relationships were not 

statistically significant. 

 

Discussion: 

 Drain size and construction were not significantly associated with detection of enteric 

viruses. Given that these enteric viruses are human-specific and, in Accra, smaller drains are 

more likely to be near to households than larger drains, one would expect the odds of detection to 

decrease with increasing size of drains.86 None of the ORs for enteric virus detection displayed 

this trend consistently. Though detection of adenovirus was most likely in small drains, detection 
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of noroviruses was mixed across drain size. However, because noroviruses can survive for 

months to possibly years in soil and groundwater, one would expect to be more likely to detect 

noroviruses in ecologically-constructed drains when compared with those that had more formal 

construction.12,17 Overall, drain construction showed little effect on detection of enteric viruses in 

this setting.
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Table A1.1: Variation in enteric viruses in drain water with drain size and type of constructiona 

 Odds Ratio (95% Confidence Interval) 

 Adenovirus GI norovirus GII norovirus 

Drain size: > 3m 0.82 (0.08, 8.67) 2.70 (0.38, 25.5) 0.55 (0.09, 3.22) 
  1-3m 0.60 (0.06, 4.71) 1.52 (0.20, 14.2) 1.06 (0.19, 6.17) 

  0.5-1m 0.42 (0.06, 2.02) 2.28 (0.48, 16.8) 0.83 (0.20, 3.42) 
  < 0.5m Reference Reference Reference 
    

Ecological construction 2.23 (0.43, 13.6) 1.78 (0.47, 7.19) 1.62 (0.48, 5.70) 
Formal construction Reference Reference Reference 

aAll models control for neighborhood (using Alajo as the reference) and season of sample collection (primary rainy season vs. all other). 
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Associations between sanitation variables and Ct values of enteric viruses in Accra, Ghana 

Methods: 

Because of inconsistent standard curves, analyses of associations between sanitation 

variables and enteric viruses in drain water were limited to presence/absence data. To 

approximate relationships between the amount (concentration) of enteric viruses present in a 

drain sample and selected sanitation variables, Ct values from qPCR were modeled by linear 

regression.  

 

Results: 

To estimate variation in approximate viral concentrations with the presence of public 

toilets and levels of local household sanitation coverage, C t values were modeled by linear 

regression, controlling for neighborhood, season of sampling, and population density. Overall, 

none of the public toilet or local household sanitation coverage classifications showed consistent, 

significant associations at 50 and 100m distances from drain samples (Table A1.2). Ct values for 

adenovirus in drain water were significantly higher (indicating significantly lower concentration) 

within 100m of public toilets compared to outside of that distance. Further, GI norovirus C t 

values were significantly higher (indicating again significantly lower concentration) with 

increasing coverage of minimally shared household sanitation (using the people per toilet 

definition) within 100m.  

To estimate variation in approximate viral concentrations with the presence of cluster of 

household sanitation coverage, Ct values were modeled by linear regression, controlling for 

neighborhood, season of sampling, and population density (Table A1.3). Few significant 

associations were observed between household sanitation clusters and C t values for enteric 
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viruses in drain water, though GII norovirus was the only organism to show consistent trends of 

1) lower concentrations (higher Ct values) within clusters of high coverage of household 

sanitation variables and 2) higher concentrations (lower C t values) within clusters of low 

coverage of household sanitation variables. The lone deviation from these trends was observed 

between GII norovirus Ct values within and outside of clusters of low coverage of minimally-

shared household sanitation (using the people per toilet definition) within 50m, which was likely 

a result of sparse data and small sample size, as shown by the large standard error associated 

with the effect size. 

 

Discussion: 

 Overall, enteric virus Ct values were not significantly associated with local household 

sanitation coverage or sanitation coverage clusters, though consistent trends were observed with 

GII norovirus, but not other viral outcomes. The absence of significance in enteric virus 

concentrations is likely influenced by a few factors, including the small sample size and the finite 

precision of the Ct values themselves when tested on a continuous scale with linear regression. 

Both likely weakened the power of these regression models to detect significant differences. 

However, the trends observed between GII norovirus concentrations and sanitation coverage 

clusters follow our initial expectations. Given that viral infections were not associated with 

household sanitation (as observed in Aim 3), we would expect that viral shedders should be 

evenly distributed between clusters and non-clusters of sanitation, but that the presence of 

clusters of high coverage of household sanitation, especially contained and even minimally 

shared sanitation, should limit the spread of GII norovirus into the environment.27  
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Table A1.2: Adenovirus, NoV GI, and NoV GII Ct values for public drain water by local sanitation prevalence in Accra, Ghanaa 

 
 

Main effect of model 

Within 50m of drain sample (n = 58) Within 100m of drain sample (n = 72) 
Adenovirus 

Estimateb (SE)c 

GI norovirus 

Estimateb (SE)c 

GII norovirus 

Estimateb (SE)c 

Adenovirus 

Estimateb (SE)c 

GI norovirus 

Estimateb (SE)c 

GII norovirus 

Estimateb (SE)c 

Public toiletd 1.92 (1.80) 0.68 (0.98) -1.04 (0.97) 3.69 (1.31)†† 0.88 (0.69) 0.02 (0.76) 

       
Any HH sanitation 

 

1.35 (3.56) 1.72 (1.91) 0.34 (1.92) -1.62 (3.78) 1.82 (1.90) 2.09 (2.10) 

Contained HH sanitation 
  

1.27 (4.10) 1.25 (2.21) 2.84 (2.17) 1.08 (3.84) 1.64 (1.93) 2.16 (2.13) 

Minimally-shared HH sanitation      
≤ 5 HHs/toilet 

  

-0.90 (6.52) 3.79 (3.48) 1.59 (3.51) -5.32 (4.15) 1.84 (2.11) 2.88 (2.32) 

≤ 30 people/toilet 1.49 (7.06) 5.62 (3.73) -0.46 (3.80) 4.21 (4.25) 4.38 (2.10)† 2.35 (2.37) 
aAll models adusted for neighborhood, population density, and season of sample; bEstimate is the difference in Ct value; cStandard error; dOdds of 

detection in samples within the given distance (50 or 100m) of a public toilet compared to those not within the given distanc e; †p < 0.05; ††p < 0.01; 
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Table A1.3: Adenovirus, NoV GI, and NoV GII Ct values for public drain water by sanitation coverage cluster in Accra, Ghanaa 

 
 
Main effect of model 

50m vicinity of drain sample (n = 58) 100m vicinity of drain sample (n = 72) 
Adenovirus 

Estimateb (SE)c 

GI norovirus 
Estimateb (SE)c 

GII norovirus 
Estimateb (SE)c 

Adenovirus 
Estimateb (SE)c 

GI norovirus 
Estimateb (SE)c 

GII norovirus 
Estimateb (SE)c 

Any HH sanitation 

High Coverage Cluster 
  

Low Coverage Cluster 
 

 

2.49 (2.49) 
 

2.88 (1.88) 

 

1.28 (1.35) 
 

0.78 (1.03) 

 

0.94 (1.35) 
 

-0.84 (1.03) 

 

2.26 (2.26) 
 

2.85 (1.69) 

 

1.40 (1.14) 
 

0.27 (0.87) 

 

1.49 (1.25) 
 

-1.81 (1.20)* 

Contained HH sanitation      

High Coverage Cluster 
 

Low Coverage Cluster 
 

11.3 (6.97)** 
 

1.60 (3.07) 

1.34 (1.40) 
 

-2.82 (1.61) 
 

0.40 (1.41) 
 

-0.87 (1.65) 

-1.51 (2.15) 
 

14.5 (8.86)* 

1.20 (1.08) 
 

-2.31 (1.36) 

1.09 (1.19) 
 

-1.24 (1.52) 

Minimally-shared HH sanitation      

≤ 5 HHs/toilet 
High Coverage Cluster 

  
Low Coverage Cluster 
 

 
2.80 (2.92) 

 
2.50 (2.97) 

 
1.57 (1.58) 

 
10.5 (5.21)†** 

 
2.20 (1.56) 

 
-0.49 (1.61) 

 
2.82 (2.23) 

 
2.69 (2.82) 

 
1.64 (1.12) 

 
4.98 (4.54)* 

 
1.30 (1.25) 

 
-0.91 (1.58) 

≤ 30 people/toilet 
High Coverage Cluster 

  
Low Coverage Cluster 

 
1.36 (2.28) 

 
2.88 (3.50) 

 
1.24 (1.22) 

 
1.54 (1.89) 

 
0.75 (1.23) 

 
39.4 (14.1)†** 

 
1.92 (2.02) 

 
-0.11 (2.95) 

 
1.18 (1.02) 

 
1.76 (1.48) 

 
0.96 (1.13) 

 
-3.06 (1.60) 

aAll models adusted for neighborhood, population density,  and season of sample; bEstimate is for the difference in Ct value; cStandard error; †p < 0.05; 
*Interaction of population density and main predictor (sanitation variable) significant at    = 0.10; **Interaction of population density and main predictor 

(sanitation variable) significant at    = 0.05; 
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Aim 2 (Vellore, India) 

Christian Medical College Hygiene Survey 

 Scores on the Christian Medical College (CMC) hygiene survey at each household were 

based on 18 criteria:  

1. Ownership of a container with the sole purpose of storing drinking water 

2. Presence of a cover for the container in (1) 

3. Presence of an object (e.g. cup, etc.) to dip into water to collect water from the container in (1) 

4. Boiling of drinking water 

5. Covering of food 

6. Cleaning or washing of fruit before consumption 

7. Cleaning of the mother’s breast before the child feeds 

8. Indicator for the family member feeding the child (mother, grandmother, aunt, sister, or other) 

9. Hand cleanliness (observation of whether nails are cut and whether there is dirt under them) 

10. Handwashing before feeding the child 

11. Cleaning of feeding implement before child eats 

12. Availability of water at the toilet 

13. Handwashing after use of the toilet 

14. Frequency of bathing (less than once daily, once daily, twice daily) 

15. Occurrence of bathing after using the toilet 

16. Location where those in the household defecate 

17. Location where the child defecates 

18. Whether or not the family pours drinking water into a separate container (for households 

using bottled water) 

These scores were tabulated numerically and divided into “good” (10-18) and “poor” (0-9). 

 

Correlation between fecal contamination levels in different types of environmental samples 

To evaluate how fecal contamination in different environmental sample types was 

correlated within and outside the household, correlation analyses were conducted for E. coli 
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concentrations in environmental samples collected within the household and norovirus GII 

concentrations in drain samples (Table A2.1). No significant correlations were observed between 

E. coli concentrations in samples from CAP. However, the correlation between E. coli 

concentrations in household floor swabs and sentinel object rinses was borderline significant in 

CAP, significant in OT, and significant in both neighborhoods combined (r = 0.38 in each 

neighborhood and overall). The correlation between E. coli concentrations in swabs and hand 

rinses from children was significant within OT (r = 0.48) and in both neighborhoods combined (r 

= 0.33). Norovirus GII concentrations in drains were not significantly correlated with E. coli 

concentrations in any sample types.  

 

Table A2.1: Correlations between sample types within and outside the household a 

  Sentinel objects 

(E. coli) 

HH floor swabs 

(E. coli) 

Drains  

(NoV GII) 

 N r (95% CI) r (95% CI) r (95% CI) 

A) Chinnallapuram 

Child’s hands  

(E. coli) 

25 0.24 (-0.17, 0.58) 0.07 (-0.34, 0.45) -0.04 (-0.43, 0.36) 

Sentinel objects (E. coli) 25  0.38 (-0.02, 0.67) 0.18 (-0.23, 0.54) 

HH floor swabs (E. coli) 25   0.18 (-0.24, 0.53) 

     

B) Old Town 

Child’s hands  

(E. coli) 

25 0.22 (-0.20, 0.57) 0.48 (0.11, 0.74)† 0.06 (-0.35, 0.44) 

Sentinel objects (E. coli) 24  0.38 (-0.03, 0.68) -0.18 (-0.55, 0.24) 

HH floor swabs (E. coli) 25   -0.01 (-0.41, 0.38) 

     

C) Both neighborhoods 

Rinses of children’s 

hands (E. coli) 

50 0.25 (-0.04, 0.49) 0.33 (0.06, 0.56)† -0.02 (-0.30, 0.26) 

Sentinel objects (E. coli) 49  0.38 (0.11, 0.60)†† -0.03 (-0.31, 0.25) 

HH floor Swabs (E. coli) 50   0.06 (-0.22, 0.34) 
†p < 0.05; ††p < 0.01. aDrain E. coli concentrations were excluded from analysis due to resampling of drains at a 

different time period than all other sample types. 
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Further spatial analysis in Vellore, India 

Methods: 

Mapping and spatial analyses of households and drains were conducted in ArcMap 10.1 (ESRI, 

Redlands, CA, USA). Household microorganism concentrations were evaluated for spatial global 

autocorrelation (if there are spatial trends of similar values or not of pathogen concentrations 

throughout the neighborhoods) using Global Moran’s I statistic in the Point Pattern Analysis 

program (PPA, San Diego State University, San Diego, CA).243 The Global Moran’s I statistic 

determines the correlation between values that are near to each other, with 0 being perfect 

random distribution, -1 being perfect negative autocorrelation (values near each other being 

extremely negatively correlated, or unlike, each other), and 1 being perfect positive 

autocorrelation (values near each other being extremely correlated to each other). Local 

clustering (identifying locations of clustering for high or low concentration values at the sub-

neighborhood level) was assessed using the local Getis-Ord G* statistic in PPA.244 The local G* 

statistic compares local attribute values within a distance surrounding each household or sample 

location under consideration to the global average to determine localized high or low clusters. 

Focal clustering, clustering of high or low concentration values at the sub-neighborhood level 

around specific foci) was assessed by the Getis G statistic in PPA.244 The Getis G statistic is 

identical to the Getis G* statistic in calculation except that it omits the attribute value of the focal 

point itself from the calculation. Focal clustering of point data was evaluated using Diggle’s 

method245 in ClusterSEER version 2.5.1 (BioMedware, Ann Arbor, MI, USA). Diggle’s statistic 

compares a model of values moving away from a particular focal point to a model outlining the 

underlying distribution of values in the dataset to goodness of fit to the data. SpaceStat 

(BioMedware, Ann Arbor, MI, USA) was used for regression with a spatial lag, which is used to 
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account for spatial clustering within outcome data and quantify the explanatory power of this 

clustering. 

Results: 

The concentrations of the target enteric microbes in environmental samples were examined for 

spatial clustering trends on global and local scales (global autocorrelation and local clustering), 

as well as focal clustering (clustering around a point) around open defecation and animal grazing 

areas in the neighborhoods (data not shown). The significance of spatial clustering varied across 

sample types. E. coli concentrations from swabs of household floors were significantly non-

clustered (negatively globally autocorrelated) at all scales, from 50-500m, in CAP. Localized 

clustering of similar high/low E. coli concentrations was observed for sentinel object samples 

within 150-190m of each other in CAP. In OT, high values of swab E. coli concentrations were 

significantly clustered within 120-130m of the animal grazing area, while low values were 

significantly clustered within 220m of the primary open defecation field (significant focal 

clustering). The locations of the animal grazing area and primary open defecation field are 

shown in Figure 1b (Aim 2). Global, local, and focal clustering of norovirus GII concentrations 

in drains was not observed. 

 

Final multivariate fecal contamination models 

Final aspatial regression models of E. coli concentrations, by sample type, were chosen by 

adjusted R2 values for models containing household sanitation and FSM variables (Table A2.2). 

Fecal contamination on children’s hands was significantly elevated in households with a toilet 

with good FSM, compared to those without a toilet (Table A2.2a). However, in the same model, 

households with a toilet with good FSM and good hygiene status (representative of other water, 
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sanitation, and hygiene (WASH) practices) had significantly lower fecal contamination on 

children’s hands. The interaction between good hygiene status and household toilet presence was 

associated with a significant reduction in fecal contamination on household floor swabs as well 

(Table A2.2b). Notably, the FSM associated with the toilet was not in the model for E. coli 

concentrations on swabs from household floors. As observed in bivariate analyses, households 

with a toilet in Old Town had significantly higher E. coli concentrations on swabs of household 

floors compared to those without a toilet in the neighborhood. No models with sanitation and 

FSM at the household or cluster level significantly fit the fecal contamination data from sentinel 

objects, thus no model is presented.  
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Table A2.2: Multivariate regression for within-household fecal contamination in child hand rinse and swabs across neighborhoods 

 Parameter attributes Model attributes 

 β SE(β)a p-value F p-value Adjusted R2 

a) E. coli concentrations in hand rinses (log10CFU/pair of hands, n = 50)    3.81 0.004 0.26 

Toilet with excreta contained onsite 0.95 0.46 0.044    

Toilet discharging to drain -0.42 0.61 0.492    

Good hygiene status 0.29 0.47 0.545    

Interaction: Toilet with excreta contained onsite & Good hygiene status  -2.14 0.72 0.005    

Interaction: Toilet discharging to drain & Good hygiene status  0.87 0.80 0.281    

Neighborhood: Old Town 0.43 0.29 0.143    

       
b) E. coli concentrations in household floor swabs (log10CFU/125 cm2, n = 

50) 

   3.16 0.016 0.18 

Household toilet 0.13 0.47 0.781    

Good hygiene status 1.69 0.69 0.018    

Interaction: Household toilet & Good hygiene status -2.20 0.77 0.007    

Neighborhood: Old Town -0.79 0.45 0.090    

Interaction: Household toilet & Old Town 1.53 0.57 0.010    
aStandard error.  
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Fecal contamination associations with enteric infection 

 To examine associations between within-household fecal contamination and enteric 

infection in children, mixed-effects logistic regression models were constructed, examining 

prevalence of enteric infection (with any pathogen) as the outcome and E. coli concentrations in 

environmental samples as the predictor (Table A2.3). Overall, no significant associations 

between E. coli concentrations in environmental samples and prevalence of enteric infection 

were observed. In both neighborhoods combined, however, detection of an enteric pathogen in a 

child’s stool was higher in children whose hands had higher concentrations of E. coli when 

sampled, though this association was not significant. 

 

Table A2.3: Any enteric pathogen detection in child stool by E. coli concentrations in environmental samples a,b 

 Chinnallapuram Old Town Both neighborhoodsc 
 PR for infection (95% CI) PR for infection (95% CI) PR for infection (95% CI) 

E. coli on handsd 1.70 (0.63, 4.62) 1.44 (0.65, 3.18) 1.41 (0.80, 2.49) 

    

E. coli on sentinel objects 2.02 (0.64, 6.38) 0.84 (0.43, 1.64) 1.04 (0.60, 1.81) 
    

E. coli on swabs 1.74 (0.67, 4.48) 1.07 (0.52, 2.21) 1.11 (0.66, 1.87) 
aPathogens detected in stool included astrovirus, Campylobacter spp., Entamoeba histolytica, Giardia spp., GII 

norovirus, and pathogenic E. coli. bBivariate models with prevalence ratios (PR) presented. cAdjusted for 

neighborhood and hygiene status, per previous CMC survey. dEstimated for child with associated stool sample only.  
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Aim 3 (Vellore, India) 

Methods: Model for mixed-effects logistic regression (logistic regression with a random 
intercept) 

The model used for mixed-effects logistic regression analysis (for any (pooled) infection, as an 

example) was the following: 

Infection = X11 + XSW monsoonSW monsoon + XNE monsoonNE monsoon + Xtype of stooltype of stool + Zstool-

child +  

Where: 

 Infection is 1/0, based on all specimens collected from children in SaniPath households. 

 Xnn refer to estimate-variable combinations for the variables in the model (in the example 

given, the first term would be some sanitation variable tested while the subsequent 3 terms are 

added in each model to control for season and type of stool collected (routine vs. diarrheal).  

 Z is a matrix where each column is one child and each row is one stool specimen. If a stool 

specimen belongs to that child, that row/column combination will get a “1”, otherwise a “0”.  

  is a column vector of children, assumed to have a normal distribution with a mean of 0 and a 

variance of “G”, where is only a 1 x 1 matrix in this case (because we have only a random 

intercept) and thus is the variance of the random intercept. 

   is the variance-covariance matrix of residuals, which are (in this case) unstructured.  

 

Burden of enteric infection 

 To describe the burden of enteric infection during the first two years of life, histograms 

were constructed displaying the percent of stool collection, per child, that was positive for a 

given group of enteropathogens (X-axis) and the count of children (Y-axis), divided by the type 

of stool collected (all stool—including both routine and diarrheal stool—vs. routine stool 
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collection only) (Figures A3.1-A3.5). Incidence of enteric infection in general (i.e. not stratified 

by a particular type of enteropathogen) was high (Figure A3.1). For most children, at least half of 

stool specimens collected were positive for at least one enteropathogen (average of 68% of stool 

specimens per child were positive). The lone child showing 0% positive stools dropped out 

before the first year completed. Bacteria were the primary cause of infection (Figure A3.2), 

while children showed much lower burden of parasitic and viral infections (Figures A3.3 and 

A3.4), though these infections contributed to diarrhea (shown by the differences in red vs. green 

bars). Consistencies between the distribution of any infection and that of bacteria reflect that the 

majority of infections were bacterial. Parasitic infections were more prevalent than viral 

infections, reflected in the larger right-skew to the distribution (see differences in X-axis units), 

though the shape of their distributions was similar. This similarity was likely because both 

parasitic and viral infections are shed for longer time periods, on average, than bacteria in stool. 

Thus, though number of unique infections may have been much less than that of bacteria, single 

infections with parasites or viruses may have been detected longer in stool from a single 

infection (especially given the frequency of monthly stool collection and the significant 

contribution of viral infections to diarrheal stool collection), causing select children to have high 

overall detections. Burden of coinfections was relatively high as well, with less than 25 children 

out of the 230 having no evidence of coinfection in stool specimens during follow-up (Figure 

A3.5). 
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Figure A3.1: Enteric infection burden during the first two years of life. The percent of stool 
positive for at least one enteric pathogen is shown, for each child, along the X-axis. Counts 

(number of children with each percentage) are on the Y-axis. Red bars indicate the distribution 
when all stool specimens (both routine and diarrheal) are presented, while green bars indicate the 

distribution when only routine stool is presented. 
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Figure A3.2: Bacterial enteric infection burden during the first two years of life. The percent of 
stool positive for at least one bacterial enteric pathogen is shown, for each child, along the X-

axis. Counts (number of children with each percentage) are on the Y-axis. Red bars indicate the 
distribution when all stool specimens (both routine and diarrheal) are presented, while green bars 

indicate the distribution when only routine stool is presented. 
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Figure A3.3: Parasitic enteric infection burden during the first two years of life. The percent of 
stool positive for at least one parasitic enteric pathogen is shown, for each child, along the X-

axis. Counts (number of children with each percentage) are on the Y-axis. Red bars indicate the 
distribution when all stool specimens (both routine and diarrheal) are presented, while green bars 

indicate the distribution when only routine stool is presented. 
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Figure A3.4: Viral infection burden during the first two years of life. The percent of stool 
positive for at least one viral enteric pathogen is shown, for each child, along the X-axis. Counts 

(number of children with each percentage) are on the Y-axis. Red bars indicate the distribution 
when all stool specimens (both routine and diarrheal) are presented, while green bars indicate the 

distribution when only routine stool is presented. 
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Figure A3.5: Burden of coinfection during the first two years of life. The percent of stool 
positive for two or more enteric pathogens is shown, for each child, along the X-axis. Counts 

(number of children with each percentage) are on the Y-axis. Red bars indicate the distribution 
when all stool specimens (both routine and diarrheal) are presented, while green bars indicate the 

distribution when only routine stool is presented. 
 

 

 

Differences in burden of enteric infection by follow-up period 

 To assess differences in burden of enteric infection by follow-up period, histograms were 

created to show burden by the total follow-up period (two years, Figures A3.6-A3.10, red bars) 

and by the first year of follow-up (Figures A3.6-A3.10, green bars). Likely because most (12) 

specimens that were routinely collected were collected monthly during the first year and only a 
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few (about 4) specimens were collected the second year, there were few discrepancies between 

the burdens of infection during the first year and the overall burden. Though burdens for each 

type of infection shifted right (higher burden) when looking at the overall burden, compared with 

that during the first year, parasitic infection burden (Figure A3.8) appeared to shift the most, 

suggesting more infections during the second year of follow-up than during the first.  

 

Figure A3.6: Burden of enteric infection by follow-up period. The percent of stool positive for at 
least one enteric pathogen is shown, for each child, along the X-axis. Counts (number of children 

with each percentage) are on the Y-axis. Red bars indicate the distribution when stool specimens 
from both years of follow-up are presented, while green bars indicate the distribution when only 
the first year of follow-up (when monthly sample collection took place) is presented. 
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Figure A3.7: Burden of bacterial enteric infection by follow-up period. The percent of stool 
positive for at least one bacterial enteric pathogen is shown, for each child, along the X-axis. 

Counts (number of children with each percentage) are on the Y-axis. Red bars indicate the 
distribution when stool specimens from both years of follow-up are presented, while green bars 

indicate the distribution when only the first year of follow-up (when monthly sample collection 
took place) is presented. 
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Figure A3.8: Burden of parasitic enteric infection by follow-up period. The percent of stool 
positive for at least one parasitic enteric pathogen is shown, for each child, along the X-axis. 

Counts (number of children with each percentage) are on the Y-axis. Red bars indicate the 
distribution when stool specimens from both years of follow-up are presented, while green bars 

indicate the distribution when only the first year of follow-up (when monthly sample collection 
took place) is presented. 
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Figure A3.9: Burden of viral enteric infection by follow-up period. The percent of stool positive 
for at least one viral enteric pathogen is shown, for each child, along the X-axis. Counts (number 

of children with each percentage) are on the Y-axis. Red bars indicate the distribution when stool 
specimens from both years of follow-up are presented, while green bars indicate the distribution 

when only the first year of follow-up (when monthly sample collection took place) is presented. 
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Figure A3.10: Burden of coinfection by follow-up period. The percent of stool positive for two 
or more enteric pathogens is shown, for each child, along the X-axis. Counts (number of children 

with each percentage) are on the Y-axis. Red bars indicate the distribution when stool specimens 
from both years of follow-up are presented, while green bars indicate the distribution when only 

the first year of follow-up (when monthly sample collection took place) is presented. 

 

 

Incidence of enteric infection during the first two years of life 

 To describe seasonality of enteric infection during the 2010-2014 study period, 

percentages of positive stool (including both routinely-collected stool and diarrheal stool) were 

plotted, by month, in histograms (Figures A3.11-A3.15). Of note, enrollment in the MAL-ED 

study was on a rolling basis, and thus was highest in 2011-2013, thus the data for months in 2010 

and 2014 are sparse. Overall, general (pooled) enteric infection incidence and bacterial infection 
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incidence did not show any discernable pattern or seasonality (Figures A3.11 and A3.12, 

respectively). Though low overall, percentages of stool specimens positive for parasites appeared 

to increase over time, showing no seasonal patterns (Figure A3.13). Percentages of stool 

specimens positive for viruses appear to cycle every 2-3 months, with high values around the end 

and middle of the year and lower values in-between (Figure A3.14). Counts of diarrheal events 

appeared to peak around these times as well, though showed less defined cyclical patterns 

(Figure A3.15). Across organisms, percent of positive stool specimens per month tended to 

increase with time, especially over the first 1-2 years of follow-up, which likely reflects increases 

in the number of enrolled children being followed (increases in both the denominator and 

numerator due to new infections). Further, individual children likely experienced increased 

infections due to increased fecal exposures as they aged, especially increases in parasitic 

infection (Figure A3.13), since they stopped breastfeeding and were more mobile outside of their 

household environment.  
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Figure A3.11: Seasonality of enteric infection (percent of positive stool by month). Follow-up 
time is shown on the X-axis. Percentages of stool specimens positive for at least one enteric 

pathogen are shown on the Y-axis. Each bar represents an individual month of follow-up (stool 
specimens were aggregated by month). 
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Figure A3.12: Seasonality of bacterial enteric infection. Follow-up time is shown on the X-axis. 
Percentages of stool specimens positive for at least one bacterial enteric pathogen are shown on 

the Y-axis. Each bar represents an individual month of follow-up (stool specimens were 
aggregated by month). 
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Figure A3.13: Seasonality of parasitic enteric infection. Follow-up time is shown on the X-axis. 
Percentages of stool specimens positive for at least one parasitic enteric pathogen are shown on 

the Y-axis. Each bar represents an individual month of follow-up (stool specimens were 
aggregated by month). 
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Figure A3.14: Seasonality of viral enteric infection. Follow-up time is shown on the X-axis. 
Percentages of stool specimens positive for at least one viral enteric pathogen are shown on the 

Y-axis. Each bar represents an individual month of follow-up (stool specimens were aggregated 
by month). 
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Figure A3.15: Seasonality of diarrhea (count of events per month). Follow-up time is shown on 
the X-axis. Number of diarrheal samples collected each month is shown on the Y-axis. Each bar 

represents an individual month of follow-up (analysis was aggregated by month). 

 

 

Tests of global autocorrelation, local autocorrelation, and spatial clustering for burden of 
enteric infection 

 To determine whether burden (number) of enteric infections was autocorrelated or 

clustered in space, Global Moran’s I, Anselin’s Local Moran’s I, and local Getis GI* tests were 

conducted on the percentage of stool specimens positive for enteric infection (as well as tests of 

pathogen group-specific outcomes) during the first year of follow-up and on counts of diarrhea. 

No significant positive or negative global autocorrelation was detected by Global Moran’s I test. 

Local Moran’s I tests detected a small grouping (about 5 households) of high burden of bacterial 
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infection during the first year (high-high grouping) near the open defecation field, though no 

other significant multi-household groups were detected for bacterial infection, as well as other 

types of infections tested, including general (pooled) enteric infection. Local Getis GI* did not 

detect any significant clusters of high or low infection burden as well. 

 

Tests of global autocorrelation for residuals of final models in Aim 3 

 Residuals of sanitation exposure-enteric infection outcome relationships were tested by 

Global Moran’s I in ArcMap 10.1. Using data from all time points, none of the models (bacterial, 

parasitic, or viral) showed evidence of significant positive spatial autocorrelation. Parasitic 

infection models, using this approach, showed significant negative autocorrelation (Z = -3.31, p 

< 0.001). Model residuals were also compared using the average of each residual at each 

location. Using this method, none of the models showed evidence of significant spatial 

autocorrelation (positive or negative). 

 

Spatial network-based clustering analysis of enteric infection 

Methods 

Network-based clustering analysis of enteric infection, based on MAL-ED stool data 

from all MAL-ED households in the SaniPath study area and maps of the drainage network 

provided by CMC, was completed using GeoDaNet (Arizona State University, Tempe, AZ, 

USA). Global and local K functions, as well as local indicators of network cluster (LINCs), were 

assessed. As global and local K-functions are measures of incident cases in space, these K-

functions were computed for all households on the network (as a test of “baseline clustering” 

since households chosen for follow-up in the MAL-ED study represented a subset of all 
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households). Global K-functions also compared households with greater than 50% prevalence of 

enteric infection during the first year of follow-up (i.e. households with children who had at least 

6 out of 12 monthly stool specimens positive for at least one enteric pathogen) to those with less 

than 50%. An  of 0.05 was used for all tests of significance. 

 LINCs included local Moran’s I and Getis G* tests based on the prevalence of enteric 

infections during the first year (i.e. percent of months positive for at least one enteric pathogen 

during the first year), as well as prevalence of specific infections (bacterial infections, parasitic 

infections, and viral infections) during the first year. Local Moran’s I tests for local 

autocorrelation (grouping of similar values near one-another) along the network, while Getis G* 

tests for clustering of high or low values. Prior to computing LINCs on the drainage network, 

prevalence of enteric infection during the first year (number of months with a positive stool 

divided by 12) was computed. The drainage network was divided into segments by vertices 

(intersections). Each household was matched to the single drain segment nearest to it (if within 

50m, otherwise the household was excluded from the analysis). Each drain segment was 

assigned the average prevalence of all households matched to it.  

Results: 

Global K-functions comparing cases (children with greater than 50% prevalence of 

infection during the first year) to controls (children with less than 50% prevalence of infection 

during the first year) showed no significant clustering at distances up to the median distance on 

the network (800m). Local K-functions showed significant clustering in the drains around the 

open defecation field at distances up to the median distance between households (300m); 

however, this clustering was no different from clustering of household locations along the 

network at baseline (data not shown).  
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Tests of local Moran’s I showed some significant localized autocorrelation in prevalence 

of enteric infection along the drain network, showing areas where households high prevalence of 

enteric infection were near to others with similarly high prevalence (Figures A3.16—A3.18). 

Only high-high autocorrelation is presented, as the distribution of the MAL-ED sample of 

households relative to the drainage network resulted in large sections with 0% prevalence due to 

no households present. Testing for local autocorrelation of prevalence of enteric infection 

showed significant autocorrelation for households along a large stretch of drain segments south 

and east of the open defecation field (Figure A3.16). The same locations had significant high-

high autocorrelation of bacterial infection prevalence during the first year (Figure A3.17). 

Testing of prevalence of parasitic infection during the first year showed a small significant 

section of the internal drain network in the center of the neighborhood (Figure A3.18). 

Prevalence of viral infection during the first year did not show significant network-based 

autocorrelation (data not shown). 

Tests of Getis G* showed little significant local clustering of enteric infection prevalence 

during the first year of life (Figures A3.19—A3.21). While prevalence of bacterial infection 

during the first year showed significant local clustering along one of the long stretches of the 

drain network previously associated with significant autocorrelation (FIGURE A3.20), clusters 

of prevalence of any enteric infection and that of viral enteric infection during the first year were 

restricted to small segments of the drain network, representing few households (Figures A3.19 

and A3.21, respectively). Prevalence of parasitic infection during the first year of life was not 

significantly clustered along the drainage network (data not shown).  
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Figure A3.16: Network-based clustering (local autocorrelation) of enteric infection (with any pathogen) in Old Town using local 
Moran’s I statistic. Areas of significant (p < 0.05) local autocorrelation of prevalence (during the first year of life) of enteric infection 

are shown with red ellipses. 
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Figure A3.17: Network-based clustering (local autocorrelation) of bacterial enteric infection in Old Town using local Moran’s I 

statistic. Areas of significant (p < 0.05) local autocorrelation of prevalence (during the first year of life) of bacterial infection are 

shown with red ellipses. 
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Figure A3.18: Network-based clustering (local autocorrelation) of parasitic enteric infection in Old Town using local Moran’s I test. 

Areas of significant (p < 0.05) local autocorrelation of prevalence (during the first year of life) of parasitic infection are shown with 

red ellipses. 
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Figure A3.19: Network-based clustering of enteric infection (with any pathogen) in Old Town using Getis G* statistic. Areas of 

significant (p < 0.05) local clustering of prevalence (during the first year of life) of enteric infection are shown with red ellipses. 
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Figure A3.20: Network-based clustering of bacterial enteric infection in Old Town using Getis G* statistic. Areas of significant (p < 

0.05) local clustering of prevalence (during the first year of life) of bacterial infection are shown with red ellipses. 
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Figure A3.21: Network-based clustering of viral enteric infection in Old Town using Getis G* statistic. Areas of significant (p < 0.05) 

local clustering of prevalence (during the first year of life) of viral infection are shown with red ellipses. 
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Tests of spatial, temporal, and space-time clustering of coinfections 

The same tests were conducted on coinfection data (with the addition of a SaTScan 

normal test of counts of coinfections during the first year) to assess autocorrelation and 

clustering. Significant positive or negative global autocorrelation of coinfections during the first 

year was not observed. Local Moran’s I testing reveal no consistent high-high areas of more than 

one household, and local Getis GI* statistics were not significant. SaTScan testing revealed no 

significant high or low incidence clusters in the neighborhood as well. 

To test for temporal variation in coinfections, a mixed-effects logistic regression model 

was constructed for coinfection (yes/no) as the outcome, testing the southwest and northeast 

monsoon seasons as individual predictors, controlling for stool type. There was no significant 

variation in coinfection risk by season; however, diarrheal stool was significantly associated with 

coinfection, when compared with routine stool collected (OR: 3.18, 95% CI: 2.33-4.35). 

 To test for space-time clustering of coinfections, SaTScan tests on coinfection incidence 

by year (2011 or 2012) were conducted. In 2011, a significant most-likely cluster of low 

coinfection incidence (5%) was observed in 45 households from January to June, while a 

significant most-likely cluster of high coinfection incidence (79%) was observed among 8 

households from May to October (Figure A3.22). In 2012, a significant most-likely cluster of 

high coinfection incidence (86%) was observed from January to June (Figure A3.23). 
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Figure A3.22: Space-Time Clustering of Coinfections, Old Town, 2011. Areas of significant 
space-time clustering (using Kulldorff’s space-time scan, p < 0.05) are designated with ellipses. 

Type of cluster (high or low) and months when incidence of coinfection was clustered are shown 
in the figure legend. All months are for the 2011 calendar year. 
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Figure A3.23: Space-Time Clustering of Coinfections, Old Town, 2012. Areas of significant 
space-time clustering (using Kulldorff’s space-time scan, p < 0.05) are designated with ellipses. 

Type of cluster (high or low) and months when incidence of coinfection was clustered are shown 
in the figure legend. All months are for the 2012 calendar year. 

 

 

Tests of spatial autocorrelation among mixed-effects logistic regression models 

 To identify whether spatial processes needed to be accounted for in mixed-effects logistic 

regression models in Aim 3, tests of global autocorrelation (Global Moran’s I) were conducted 

on residuals from all time points in the final model, as well as on the average of the residuals per 

child (location). Tests on both sets of residuals showed no evidence of significant positive spatial 

autocorrelation among residuals. 
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Modeling of symptomatic stool 

Methods: 

 Mixed effects Poisson regression models were used to determine whether variables 

associated with risk of “any enteric infection” in Aim 3 (Tables 3-5) were associated with risk of 

diarrheal (symptomatic) stool specifically. To do this, diarrheal stool was separated from 

routinely-collected stool and analyzed on its own (i.e. Poisson model predicting number of 

diarrheal events). 

Results: 

Presence of an older sibling, presence of a household toilet, residence in the drain 

flooding cluster (including during the northeast monsoon), any reported flood water contact, 

open defecation, and water treatment were tested in separate models, controlling for season. 

None of the variables tested were significantly associated with diarrheal stool (data not shown). 

Discussion: 

 Given that these variables were significant risk factors for pooled enteric infection 

incidence, but not diarrheal events alone, this finding has significant implications for the 

interpretation of results of past research. For example, the observation that children in 

households with toilets had significantly lower risk of enteric infection, but not diarrhea alone, 

suggests that the failure to detect a health impact in recent randomized-controlled trials of 

sanitation in India may have been due to issues with the choice of health outcome (self-reported 

diarrhea).246,247 Considering the significant associations between viral infection (which was not 

associated with sanitation) and diarrhea in this study, this finding suggests that previous 

discussion of the ineffectiveness of sanitation in reducing enteric infections may be of limited 

utility since it fails to reflect the biological and environmental mechanisms observed. Further, it 
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suggests that future studies must understand the etiologic causes of diarrhea and enteric infection 

within the study population before selecting a health outcome (or better, an intervention) in order 

to more appropriate measure and understand the true health impact of sanitation. 

 

Hazard analysis of enteric infection 

Methods: 

To determine associations between household characteristics, neighborhood 

characteristics, household exposures behaviors, and the instantaneous risk (hazard) of enteric 

infection, Cox Proportional-Hazard models (survival curves) were fit to the data for pooled 

enteric infection. This model differs from the risk calculated in mixed effects logistic regression 

models as the latter is cumulative risk over the two year time period while the former is the 

instantaneous risk, and is based on (in this case) the time to first event (first enteric infection of 

any kind).248  

Results: 

Models for household and neighborhood characteristics, controlling for season, are 

shown in Table A3.1. Only children living in households with a toilet (and specifically a toilet 

leading to the drain) had significantly lower risk of enteric infection. Specifically, children in 

households with a toilet had 35% lower chance of infection (hazard) when compared with 

children in households without a toilet. Children in households with a toilet leading to the drain 

had 37% lower chance of infection (hazard) when compared with those without toilets at all.  

 Relationships between spatial clustering of drain flooding, seasonality, and hazard are 

shown in Table A3.2. Spatial clusters of drain flooding and house flooding did not show 
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significant associations with hazard (pooled enteric infection), both when controlling for season 

and when evaluating interactions with season. 

 Relationships between household exposure behaviors and hazard are shown in Table 

A3.3, controlling for season. Children in households where the adult caregiver open defecation 

had an 84% greater chance of enteric infection at any given time point when compared to 

children in households where the caregiver did not report open defecating. Children in 

households where the older sibling open defecated had similarly elevated chance of infection, 

though this was not significant.  

 

Discussion: 

 Overall, fewer variables were significantly associated with the hazard (chance at any 

given time point) of enteric infection in general than were significantly associated with risk 

(cumulative, over the 2-year follow-up period) of enteric infection. Notably, household sanitation 

and sanitation practices were the strongly associated with hazard in these models and were also 

associated with enteric infection risk in earlier models, underscoring their importance in the 

home. Practically, this means that sanitation variables not only were associated with risk of 

infection, but also that children in households with a toilet did not encounter their first enteric 

infection until later in life. However, as noted in Aim 3, enteric infection incidence was high and 

all children had been infected at least once by 1 year of age. 
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Table A3.1: Bivariate relationships between household and neighborhood conditions and infection hazard using 
stool specimen data collected from children in SaniPath households, 2010-2014, Vellore, Indiaa 

 

a) Household conditions 

Any pathogen  

Hazard Ratio (95% CI) 

Demographics  
Num. people per household 0.99 (0.93, 1.07) 

  
5-12 year old (YO) present 1.09 (0.77, 1.54) 

  
Sanitation  
Household toilet 0.65 (0.45-0.96)† 

  
Toilet with poor FSMb,c 0.62 (0.41, 0.94)† 

  
Toilet with good FSMc,d 1.50 (0.53, 4.27) 
  

Toilet with poor FSMb,e 0.63 (0.41, 0.95)† 
Toilet with good FSMd,e 1.41 (0.49, 3.99) 

  
b) Neighborhood conditions  
Drain present in front of HH 0.47 (0.20, 1.11) 

  
Flooding  
Drain flooding 1.24 (0.87, 1.75) 

  
House flooding 0.96 (0.65, 1.43) 

aAll models adjusted for monsoon seasons (relative to dry season); bToilet discharges to an open drain  ; cCompared to households with other toilet/FSM 

combinations and households without toilets; dToilet excreta is contained onsite; eCompared to households without toilets; †p < 0.05; ††p < 0.01; †††p < 0.001 
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Table A3.2: Bivariate relationships between spatial clustering of flooding in neighborhood, 
seasonality, and infection hazard using stool specimen data collected from children in SaniPath 
households, 2010-2014, Vellore, India 

 Any pathogen  
Hazard Ratio (95% CI) 

Drain flooding cluster  
Year-rounda 0.88 (0.58, 1.34) 

  
Dry season (Jan. – May) Ref. 

Southwest monsoon (June – Sept.) 0.98 (0.34, 2.82) 
Northeast monsoon (Oct. – Dec.) 0.92 (0.31, 2.69) 
   

House flooding cluster    
Year-roundb 0.79 (0.39, 1.62) 

  
Dry season (Jan. – May) Ref. 
Southwest monsoon (June – Sept.) 0.18 (0.02, 1.74) 

Northeast monsoon (Oct. – Dec.) 0.62 (0.12, 3.11) 
aPooled across seasons; †p < 0.05; ††p < 0.01; †††p < 0.001 
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Table A3.3: Bivariate relationships between household exposure behaviors and infection hazard using stool 
specimen data collected from children in SaniPath households, 2010-2014, Vellore, Indiaa 

 Any pathogen  

Hazard Ratio (95% CI) 

Drain contact  
Any 1.20 (0.66, 2.16) 
>10 times per month 1.45 (0.92, 2.30) 

  
Flood water contact    

Any 1.08 (0.65, 1.77) 
>10 times per month 0.83 (0.51, 1.32) 
  

Open defecation  
<5 YO 1.40 (0.91, 2.15) 

5-12 YO  1.90 (0.98, 3.69) 
Adult 1.84 (1.24, 2.73)†† 
  

Public toilet use    
Any 1.00 (0.70, 1.42) 

>10 times per month 1.22 (0.77, 1.95) 

  
Municipal water consumption    

Any 0.70 (0.44, 1.10) 
Daily 0.73 (0.51, 1.04) 
  

Drinking water treatment 0.72 (0.49, 1.05) 
  

Produce consumption  
Any 0.72 (0.50, 1.03) 
Daily 1.24 (0.81, 1.89) 

aAll models adjusted for monsoon seasons ; †p < 0.05; ††p < 0.01; †††p < 0.001 
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Retesting of household and neighborhood risk factors, controlling for breastfeeding status 

Methods:  

Breastfeeding status of the study child was recorded daily by the MAL-ED study staff, 

and was divided into exclusive breastfeeding, predominant breastfeeding, and partial 

breastfeeding during the follow-up period. Because exclusive breastfeeding has been shown to 

be protective against diarrhea and may reduce fecal exposures, it was included as a binary 

variable (exclusive breastfeeding or not exclusive breastfeeding in last 24 hours at time of 

specimen collection) in mixed-effects logistic regression models, with stool type and season.249 

Results: 

To understand whether breastfeeding was a potential confounder of relationships between 

the risk factors examined in Aim 3 and pediatric enteric infection outcomes, breastfeeding was 

included in mixed-effects logistic regression models for enteric infection by itself and with 

previously tested risk factors (Tables A3.4 – A3.6). Controlling for season of specimen 

collection and type of stool collected, breastfeeding at the time of specimen collection was 

strongly associated with reduced risk of enteric infection (OR: 0.23, 95% CI: 0.17, 0.31). Among 

pathogens tested, risk was similarly reduced for bacterial infections (OR: 0.26, 95% CI: 0.19, 

0.36), but was not significant for viral infection risk (OR: 0.63, 95% CI: 0.37, 1.09). The model 

for parasitic infection risk did not converge and thus is not presented. 

 Associations between household and neighborhood conditions and enteric infection risk 

were retested, controlling for exclusive breastfeeding status (Table A3.4). Overall, breastfeeding 

status was not a meaningful confounder (did not change main effect estimates by more than 10% 

when included in the model) for these models. Of note, household toilets were associated with 
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borderline significantly reduced risk of parasitic infection in Aim 3; however, when controlling 

for exclusive breastfeeding, this relationship was statistically significant.  

 Associations between spatial clustering of flooding in neighborhoods and enteric 

infection risk were also retested, controlling for exclusive breastfeeding status (Table A3.5). 

Breastfeeding status was not a meaningful confounder of these relationships. 

 Finally, associations between household exposure behaviors and enteric infection risk 

were retested, controlling for breastfeeding status (Table A3.6). As with the earlier associations, 

breastfeeding status was not a meaningful confounder of these relationships. Controlling for 

breastfeeding in the models with open defecation did increase the size and statistical significance 

of the effects observed, however. 

Discussion: 

 Overall, breastfeeding status was not a meaningful confounder of the existing 

associations between household and neighborhood risk factors and enteric infection risk, though 

on its own, it was a significant protective factor. Exclusive breastfeeding provides the child with 

essential immunologic protection and may act as a barrier to drinking water-associated exposure 

pathways, as children being exclusively breastfed do not receive any water or water-based 

products.249,250 Given these reasons, it is somewhat surprising that breastfeeding status did not 

confound estimates of the association between drinking water consumption (or reported water 

treatment) and enteric infection risk. One would expect that risks associated with drinking water 

consumption would be biased towards the null in the absence of adjustment for breastfeeding, 

given that children who were breastfed at the time of specimen collection would have been 

previously mixed with children who were actually consuming the municipal water. Thus, the 

addition of breastfeeding to would be expected to shift effects away from the null. These shifts 
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are not observed, however, likely because municipal water consumption was protective for some 

outcomes (bacterial infection) and a risk factor for others (viral infection), though none of the 

associations were significant. 
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Table A3.4: Bivariate relationships (retested, controlling for breastfeeding) between household and neighborhood 
conditions and pathogen detection in stool collected from children in SaniPath households, 2010-2014, Vellore, Indiaa 

 

a) Household conditions 

Bacteria 

OR (95% CI) 

Parasite  

OR (95% CI) 

Virus  

OR (95% CI) 

Any pathogen  

OR (95% CI) 

Demographics     

Num. people per household * * 1.08 (1.00, 1.17) 1.02 (0.95, 1.10) 

     
5-12 year old (YO) present 1.33 (1.02, 1.74)† 1.91 (1.15, 3.18)† 1.00 (0.69, 1.45) 1.53 (1.13, 2.08)†† 

     
Sanitation     
Household toilet 0.67 (0.51, 0.88)†† 0.58 (0.33, 0.99)† 1.09 (0.75, 1.58) 0.68 (0.50, 0.94)† 

     

Toilet with poor FSMb,c 0.69 (0.52, 0.93)† * 0.82 (0.55, 1.24) 0.70 (0.50, 0.99)† 
     

b) Neighborhood conditions     
Drain present in front of HH 1.17 (0.59, 2.32) 3.98 (0.83, 19.1) 0.96 (0.37, 2.50) 1.41 (0.65, 3.06) 

     
Flooding     
Drain flooding 1.23 (0.94, 1.61) * 0.79 (0.55, 1.13) 1.27 (0.93, 1.73) 

     
House flooding 1.08 (0.79, 1.49) * 0.84 (0.54, 1.30) 1.02 (0.71, 1.48) 

aAll models adjusted for monsoon seasons (relative to dry season), exclusive breastfeeding at the time of specimen collection, and stool type (routine vs. diarrheal 

stool); bToilet discharges to an open drain  ; cCompared to households with other toilet/FSM combinations and households without toilets; †p < 0.05; ††p < 0.01; 
†††p < 0.001; *Model did not converge 
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Table A3.5: Bivariate relationships (retested, controlling for breastfeeding) between spatial 
clustering of flooding in neighborhood, seasonality, and pathogen detection in stool collected from 
children in SaniPath households, 2010-2014, Vellore, Indiaa 

 Bacteria 
OR (95% CI) 

Virus  
OR (95% CI) 

Any pathogen  
OR (95% CI) 

Drain flooding cluster    
Year-roundb 0.93 (0.68, 1.27) 0.79 (0.51, 1.24) 0.91 (0.63, 1.31) 

    
Dry season (Jan. – May) Ref. Ref. * 

Southwest monsoon (June – Sept.) 0.96 (0.54, 1.69) 0.21 (0.08, 0.55)††  
Northeast monsoon (Oct. – Dec.) 2.19 (1.25, 4.17)† 0.72 (0.23, 2.18)  
   

House flooding cluster    
Year-roundb 1.22 (0.70, 2.11) 1.27 (0.61, 2.63) 1.08 (0.58, 2.02) 

    
Dry season (Jan. – May) Ref. Ref. * 
Southwest monsoon (June – Sept.) 0.63 (0.22, 1.73) 0.17 (0.02, 1.55)  

Northeast monsoon (Oct. – Dec.) 1.06 (0.34, 3.30) 1.99 (0.44, 9.12)  
aAll models adjusted stool type (routine vs. diarrheal stool) and exclusive breastfeeding at the time of specimen collection. Parasite results not shown due to small 

number of events in cluster, preventing model convergence; bPooled across seasons; †p < 0.05; ††p < 0.01; †††p < 0.001; *Model did not converge 
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Table A3.6: Bivariate relationships (retested, controlling for breastfeeding) between household exposure behaviors and 
pathogen detection in stool collected from children in SaniPath households, 2010-2014, Vellore, Indiaa 

 Bacteria 
OR (95% CI) 

Parasite  
OR (95% CI) 

Virus  
OR (95% CI) 

Any pathogen  
OR (95% CI) 

Drain contact     
Any 1.46 (0.95, 2.24) 2.46 (0.99, 6.08) 1.29 (0.70, 2.36) 1.55 (0.96, 2.50) 
>10 times per month 1.29 (0.88, 1.90) 1.72 (0.88, 3.38) 1.16 (0.71, 1.88) 1.37 (0.88, 2.14) 
     
Flood water contact    
Any 1.44 (1.01, 2.05)† 1.28 (0.64, 2.59) 1.41 (0.87, 2.30) 1.42 (0.96, 2.11) 
>10 times per month 0.91 (0.62, 1.34) 1.64 (0.81, 3.30) 0.82 (0.48, 1.40) 0.88 (0.57, 1.36) 
     
Open defecation     
<5 YO 1.43 (1.04, 1.98)† * 1.06 (0.69, 1.65) * 
5-12 YO  1.73 (1.18, 2.54)†† 1.23 (0.58, 2.59) 0.95 (0.58, 1.57) 1.63 (1.06, 2.54)† 

Adult 1.63 (1.25, 2.14)††† * 1.23 (0.84, 1.81) 1.62 (1.18, 2.21)†† 
     
Public toilet use    
Any 0.84 (0.64, 1.10) * 1.04 (0.72, 1.51) 0.91 (0.66, 1.25) 
>10 times per month 0.93 (0.63, 1.38) * 1.48 (0.90, 2.43) 1.18 (0.74, 1.88) 
     
Municipal water consumption    
Any 0.95 (0.66, 1.38) * 1.38 (0.82, 2.33) 0.99 (0.65, 1.51) 
Daily 0.95 (0.71, 1.28) * 1.09 (0.74, 1.61) 0.91 (0.65, 1.28) 
     
Drinking water treatment 0.75 (0.56, 0.99)† 0.57 (0.33, 0.99)† 0.75 (0.50, 1.11) 0.67 (0.49, 0.92) † 
     
Produce consumption     
Any 0.88 (0.66, 1.18) * 1.06 (0.71, 1.56) 0.81 (0.58, 1.13) 
Daily 1.10 (0.77, 1.57) * 1.21 (0.76, 1.91) 1.20 (0.79, 1.81) 

aAll models adjusted for monsoon seasons , exclusive breastfeeding at time of specimen collection, and stool type (routine vs. diarrheal stool); †p < 0.05; ††p < 

0.01; †††p < 0.001; *Models did not converge 
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Further discussion of results from Aim 3: 

Discussion of microbiological data in the context of Aim 3 findings: 

 The finding of significantly reduced risk of enteric infection in children in households 

where drinking water treatment was reported corroborates previous evidence of poor drinking 

water quality in Vellore.193,214 [Kirby et al., unpublished data] Recent studies have suggested 

Vellore’s drinking water, though reported to be treated, is not sufficiently treated and that 

household storage practices in many of the residences actually increase fecal contamination in 

the water.193,214 Further, environmental samples collected as part of the recent SaniPath 

deployment in Vellore (documented in [Kirby et al., unpublished data]) showed that drinking 

water was a high-risk pathway because of high levels of E. coli detected in it. Thus, drinking 

water treatment, if practiced as reported by household members, may have mitigated a major 

environmental pathway for young children to get exposed to fecal contamination.27  

 

Discussion of pathogen group-specific findings from Aim 3: 

 Use of toilets was observed to be significantly associated with lower bacterial, but not 

viral (and, to a limited extent, parasitic) infections, and corresponding open defecation was a risk 

factor, for a number of biological reasons. As noted in Aim 3, parasites and viruses have lower 

infectious doses, on average, when compared with bacteria, meaning that removal of fecal 

contamination from the environment via the use of toilets may not have been large enough to 

observe changes in incidence of those infections. Further, viruses and most parasites cannot 

replicate (or have limited ability to develop) outside the human host, forcing them (in addition to 

having lower infectious doses) to have greater environmental persistence and the ability to 

persist on numerous environmental surfaces.9,12 Open defecation fields may not be the primary 
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exposure point for infection from these organisms. Rather, individuals’ contact with each other, 

or with common household or public surfaces (even toilets), are more likely exposure points, as 

demonstrated by the association of frequent use of public toilets with increased GII norovirus 

risk. Thus, on the whole, the reduction in fecal contamination levels associated with use of 

household sanitation 1) may not have been sufficiently large to impact organisms, like viruses 

and parasites, with low infectious doses and 2) the use of sanitation may not have impacted the 

most important environmental exposure/transmission pathways for those organisms.
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