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Abstract 

 
Quantifying Urban Sanitation Coverage and its Association with Fecal Contamination in 

Open Drain Systems in Accra, Ghana 
By Laura M. de Mondesert 

 
 

Introduction: Poor sanitation coverage is a common issue in most low and middle 
income countries around the world today and is often associated with higher levels of 
fecal contamination in the environment. This study aims to analyze whether associations 
exist between sanitation coverage at the household level and fecal contamination in open 
drain systems in Accra, Ghana. 
Methods: Household surveys (n = 750) and drain water samples (n = 163) were collected 
in 5 neighborhoods of Accra. Kulldorff’s Bernoulli spatial scans were used to identify 
most-likely clusters of surveyed household sanitation characteristics (level of toilet 
containment, shared vs. unshared toilet, and frequency of public toilet use). Toilet 
containment refers to the safe disposal and physical separation of excreta from human 
contact. E. coli concentrations were quantified in drain water samples and regressed 
against sanitation characteristics, controlling for neighborhood, drain infrastructure, and 
rainfall. 
Results: Compared to all other study neighborhoods, Ringway — the neighborhood with 
the highest coverage of private sanitation use (vs. public sanitation use) — had 
significantly lower E. coli concentrations in drain samples. Drain sample sites within 50 
meters of clusters of high coverage of contained sanitation had, on average, 1.08 
log10CFU/100mL lower E. coli concentrations than drains located outside of these 
clustered areas (p=0.003). Drains within 100 meters of clusters of low coverage of 
households that did not use public toilets had, on average, 1.19 log10CFU/100mL higher 
E. coli concentrations than all other drains located outside of these clustered areas 
(p=0.007).  
Discussion: The results from this study provide some of the first evidence suggesting that 
clustering of contained sanitation and private toilet use, as opposed to public toilet use, 
may be associated with lower levels of fecal contamination in open drain systems, and 
conceivably the remaining proximal environment. 
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I. BACKGROUND/LITERATURE REVIEW 

A review of the recent literature suggests that there are large gaps in the described 

associations between sanitation and fecal contamination. Many studies describe the effect 

of sanitation on diarrheal disease incidence, ignoring the intermediate outcomes that may 

contribute to this causal pathway (1-6). A targeted effort to identify the missing links to 

these pathways is described throughout this report. This paper reviews the impact of 

water, sanitation, and hygiene (WASH) activities on health and environmental outcomes, 

paying particular attention to the existing pathways of fecal contamination. The analysis 

provides evidence to support the relationship between spatial heterogeneity in sanitation 

coverage and fecal contamination of the proximal environment. Understanding how these 

mechanisms function, especially in low-resource settings, is integral to the success of 

future interventions that aim to reduce the global burden of sanitation-related 

consequences.  

 

A. Setting Up the Context 

Diarrheal Disease 

Diarrheal disease is one of the largest contributors to morbidity and mortality, 

accounting for 4% of all deaths around the world (7, 8). Lack of access to appropriate 

water, sanitation, and hygiene (WASH) infrastructure is believed to be the main cause of 

the 4 billion reported cases of diarrhea per year, and 1.8 million deaths (9-11). Diarrhea, 

defined as 3 or more uncommonly loose stools within the past 24 hours, is the second 

leading cause of death in children under 5 years of age, killing an estimated 1 in 9 

children every year (10, 12, 13). While annual childhood mortality has decreased from 
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4.6 million deaths in the late 1980’s to approximately 2.5 million in recent years due to 

increased use of pit latrines, diarrheal diseases are still considered to be the third leading 

cause of morbidity behind respiratory infections and HIV/AIDS (14, 15). The burden of 

disease is most felt in low- and middle-income countries (LMICs), where diarrhea is 

responsible for 7.2% of all disability-adjusted life years (DALYs), or years of healthy life 

lost due to disease, and the average child experiences 2-3 episodes of acute diarrhea per 

year (15, 16). 

Diarrhea is clinically classified as a symptom, typically of an enteric infection, 

caused by the ingestion of viral, parasitic, or bacterial organisms (12-14). While most 

episodes of diarrhea result from some form of enteric infection, not all enteric infections 

lead to diarrhea (17). Some of the most common agents responsible for these types of 

infections include pathogenic E. coli, norovirus, Cryptosporidium spp., Shigella spp., and 

rotavirus (13, 18). People residing in low- and middle-income countries (LMICs) are 

primarily exposed to enteric pathogens through poor food sources, contaminated drinking 

water, and poor sanitation infrastructure (19). 

 

WASH & Diarrheal Disease  

Water, sanitation, and hygiene (WASH) comprises three separate, yet 

interdependent, themes that are used collectively to describe issues surrounding sanitary 

behaviors along with water access, quality, and sustainability (20). These three themes 
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include water quality and access, access to basic sanitation* facilities that safely separate 

excreta from human contact, and the practice of good hygiene behaviors across entire 

populations (20, 21). WASH activities function as barriers that act upon the F-diagram, 

which illustrates how the routes of fecal contamination flow in a stream-like manner with 

sanitation – and its role in containment – upstream of water, flies, fingers, food, and 

fields (22). The careful and safe separation of feces creates a physical barrier against the 

contamination of liquids, the environment and insects through piped toilet systems, 

interrupting major fecal contamination exposure pathways in both humans and their 

environment (22, 23). This serves as a first line of defense against the introduction of 

harmful pathogens to water systems and foods (24, 25). 

Much of the WASH literature uses incidence of diarrhea as a primary outcome 

measure. Impact assessments of these interventions in the developed and developing 

world alike have reported a 30-50% decrease in new cases of diarrheal disease (26). 

Meta-analyses of different WASH-related studies have found that the most effective 

strategies addressed a combination of WASH components, such as improved sanitation 

and water quality together (4, 26). Those with improved sanitation alone had a 27% 

reduced risk of diarrheal disease compared to those with unimproved sanitation. 

However, this effect was even greater (79% reduced risk), when improved sanitation was 

																																																								
*The WHO defines sanitation as the “provision of facilities and services for safe management and 
disposal of human urine and feces” (WHO, 2015). The terms “improved” and “unimproved” 
sanitation do not indicate a certain level of cleanliness, but rather are indicative of the quality of 
the toilet and its ability to efficiently separate excreta (WHO, 2001). The terms “improved 
sanitation” and “quality of sanitation” are often used interchangeably and incorrectly in the 
literature. However, it is important to note their distinction, especially when using them as 
measures to quantify levels of fecal contamination. “Improved sanitation” refers to the 
technology involved in the design of a sanitation facility, while “quality” refers to the degree of 
exposure to contaminants (Exley, 2015). 	
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combined with other WASH interventions (e.g., piped water access) (4). These results 

demonstrate the need for a collaborative effort towards more comprehensive WASH-

interventions to reduce incidence of diarrheal disease at the community level. 

 

Sanitation in Low- & Middle-Income Countries (LMICs) 

Poor sanitation coverage, or lack of access to improved sanitation facilities and 

fecal management infrastructure, is a common issue in most low and middle income 

countries (LMICs) around the world today and is often associated with poorer health 

outcomes (9). Unimproved sanitation is responsible for over 126,300 deaths globally, 

88% of which occur in LMICs in Africa and Southeast Asia (27). Nearly a third of the 

world’s population resides in homes that lack basic sanitation, leaving them particularly 

vulnerable to disease through contact with human feces (14, 22, 23, 28, 29). Of these 2.6 

billion people living with poor sanitation, over 90% live in LMICs (15, 30). Access to 

sanitation is low primarily because those who reside in LMICs lack the financial 

resources to pay for these services (31). Even health facilities in LMICs suffer from poor 

WASH, as an estimated 19% lack improved sanitation and over a third (38%) do not have 

access to piped water systems (32). The WHO estimates that improving global sanitation 

alone could lead to 1.8 billion fewer cases of diarrheal disease annually, an impact that 

would be felt most in LMICs (15).  

 

Diarrheal Disease and Sanitation in Context to Africa 

Diarrheal disease is the second leading cause of child mortality in Sub-Saharan 

Africa next to respiratory infections, responsible for over 750,000 deaths in children 
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under 5 per year (33). A disproportionate number of deaths due to diarrheal disease 

worldwide (43%) is concentrated in the continent of Africa (16, 34). The burden of 

disease is also disproportionately felt in Africa, as the average child has 7 episodes of 

diarrhea a year, compared to global averages of 2-3 episodes per child per year (15, 35). 

While WHO disease updates report a global decrease in mortality rates in the past three 

decades, Africa has witnessed marginal reductions since the 1980’s (36). This 

consistently high incidence of disease has been linked to limited access to improved 

water and sanitation infrastructure across the continent (23, 30, 36, 37). 

Poor WASH conditions are responsible for 90% of all diarrhea-related deaths in 

Africa (27, 38, 39). In 2015, around 32% of people living in Sub-Saharan Africa did not 

have access to safe water for consumption. Ingestion of contaminated water from these 

sources alone was responsible for an estimated 229,000 diarrhea-related deaths (40). 

Access to improved sanitation, or a toilet that is capable of hygienically separating 

excreta from human contact, is restricted to 31% of the African population, leaving 535 

million people exposed to unsafe sanitation practices, and subsequent environmental 

fecal contamination (9, 37).  

 

Urbanization & Sanitation  

The world is currently experiencing its largest surge in urban population to date. 

For the first time in history, the majority of the world’s population (54%) resides in urban 

settlements (41). Urban populations have been growing at a rate of 1.84% per year, with 

180,000 people moving to already-dense cities every day (9, 41). The United Nations 

(UN) projects that by 2050, the world’s population will increase by 2.5 billion people in 
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urban settlements alone (41). Among some of the largest drivers of urbanization are 

economic development, poverty, and hopes for better access to health and sanitation 

services. Yet, many upon arrival are faced with the grim reality of water and sanitation 

infrastructures that are unable to support the growing population (11, 42).  

Increased urbanization along with growing urban populations have contributed to 

the challenges of maintaining an adequate global WASH landscape by adding stress to 

already poor sanitation infrastructure (42, 43). Since 1990, 146 million Africans have 

gained access to improved sanitation. At this same time, however, the urban population in 

Africa also grew by 213 million, leaving an additional 159 million people without access 

to basic sanitation (9, 41, 44). A total of 863 million people worldwide currently live in 

urban slums, many with no access to toilets (11). Public toilets in slums often do not have 

sufficient capacity to serve the local population, and thus an estimated 25 million people 

living in Sub-Saharan Africa must resort to open defecation, or the convention of 

defecating in open spaces instead of toilets, in or around their communities (28, 30, 45-

47). Thus, as population growth and urbanization continue to drive large numbers of 

people into already crowded areas, fecal waste management is expected to become more 

scarce (48). 

 

Urbanization & Sanitation Coverage in Accra 

Among cities in Africa experiencing rapid urban population growth is Accra, 

Ghana (49). The Greater Accra Metropolitan Area (GAMA) is the most densely 

populated region (2,154 people per km2) in the country of Ghana with an estimated 

population of 2.7 million people (50, 51). While the city as a whole has experienced mass 
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expansions in both population and geographic size, the United Nations Centre for Human 

Settlements indicated that peri-urban populations are growing at twice the rate of the 

city’s center (52, 53). About 60% of the GAMA population is concentrated in urban 

slums and neighborhoods, with the most population-dense settlements positioned along 

the city’s coast (49). Population redistribution to these urban areas is largely driven by 

rural dwellers escaping their more remotely located homes in search of infrastructural 

development and the provision of better services. However, a 38% increase in population 

density over the past 10 years has started to make these resources less accessible to 

Ghana’s poorer citizens (51, 54). 

The growing population in Accra has pushed residents out to poorer areas within 

the city where adequate sanitation infrastructure and piped water supply systems are 

either scarce or inaccessible (51, 55, 56). In Accra, only 28.8% of households have piped 

indoor plumbing or equivalent forms of improved sanitation (57). Of the households that 

report ownership of a toilet, 79.5% of these are considered to be improved. Access to 

adequate sanitation, however, varies immensely by region. For example, roughly 70% of 

people residing in West Accra have no access to a toilet and report practicing open 

defecation, while the majority (93.7%) of those who live closer to the center of the city 

have access to some form of a toilet. Among those who do not have a toilet in the home, 

over a third (34.8%) report using nearby public latrines (51). Many of the remaining 

citizens rely on pit latrines, defecate in the open, or manage their own fecal sludge by 

depositing it in nearby drainage channels (51, 57). Depending on the season as well as the 

size and infrastructural composition of the drains, these channels are prone to 

overflowing of flood and other contaminated wastewater, exposing the environment to 
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hazardous waste. Pools of nearby standing water are commonly seen around homes and 

compounds belonging to poorer communities in Accra and are presumed to be the result 

of these flooding incidences (58, 59). The proportion of people in Accra with access to 

piped water systems has decreased by 3.4%, with a third of the city’s population reliant 

on potentially contaminated water sources (51). 

Residents of Accra have already begun to see the effects that urbanization on the 

population’s health, as the sanitation infrastructure in place has not been able to support 

the city’s growing sanitation needs (60). In 2013, diarrheal disease alone was responsible 

for 12% of all deaths in children under 5 in Ghana. Many of these deaths were linked to 

low sanitation coverage in large cities like Accra (61). An observational study conducted 

in Accra that aimed to describe the associations between diarrheal disease and household 

sanitation coverage found that 24.5% of diarrheal cases in their study population resided 

in homes where the practice of open defecation was common. Among other sanitation 

characteristics considered, toilets shared with 5 or more households were associated with 

increased incidence of diarrheal disease (57).  

 

B. Fecal Sludge Management (FSM) 

Fecal Waste Management & the Sustainable Development Goals (SDG) 

While the Millennium Development Goals (MDG) successfully expanded 

coverage of improved sanitation facilities, the final fate of fecal waste was not measured 

(62, 63). Because fecal waste management has often been viewed as a temporary solution 

to insufficient sewerage coverage, little attention was paid to its impact on sanitation. 

Many global sanitation assessments and MDG reports measured improvements in 



	

	

9	

sanitation by using the Joint Monitoring Program’s (JMP) classifications of “improved” 

and “unimproved” sanitation (23, 62, 64). These definitions did not explicitly consider 

the final fate of the fecal waste, likely due to the difficultly of measurement (65). 

Creation of the Sustainable Development Goals (SDG) have since shifted the focus of 

sanitation goals to ensure safe management of feces along the entire sanitation chain.  

Sustainable development goal (SDG) 6 aims to “ensure availability and 

sustainable management of water and sanitation for all by the year 2030”(66). Sub-goals 

that serve as intermediate results of the final aim of SDG 6 involve water system quality 

improvement, prioritization of vulnerable populations, and equitable access to safely 

managed sanitation services (23). The term “safely managed services” encompasses the 

provision of private, contained toilets that allow for the safe disposal of excreta, with 

access to appropriate fecal waste treatment services (67). Achievement of this goal would 

help to reduce exposure to fecal waste in the 1.8 billion people in LMICs who lack fecal 

sludge management (FSM) services (68). Experts believe that this shift in focus will 

allow for a more comprehensive approach to sanitation expansion, better accommodating 

to the demands of the growing global population (23). 

 

FSM & Open Drain Systems 

 An estimated 2.7 billion people in LMICs are reliant on the sanitation services 

provided by onsite FSM technologies (62). FSM refers to the management of untreated 

excreta from onsite systems, including the emptying, safe transport, and eventual 

treatment of fecal sludge (23, 62, 64). These technologies are estimated to serve 65-100% 

of unsewered toilets, both private and public in urban African settlements (64). FSM 
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technologies must often adapt to the funds available in the population and the 

environment they are serving, making it difficult to devise a standard solution applicable 

to all LMICs. However, countries like Tanzania have implemented the use of mobile 

sludge management companies that send tankers with desludging equipment to the homes 

of people who do not have access to fecal waste management treatment centers (46). This 

method along with other FSM models provide an effective alternative for sewer-based 

systems and sustainable solution for solving ecological sanitation issues.  

The issue with FSM technologies, specifically in Africa, is that most communities 

lack the appropriate infrastructure to support safely-managed sanitation, often leading to 

spillover of residual waste and the manual emptying of fecal waste into open drain 

systems (62, 69). Infrequent services along with small or too few septic tanks are not able 

to keep up with the volume of fecal sludge that requires FSM services. With nowhere else 

to store excess sludge, many resort to dumping excreta into open drain systems. Many 

illegal and legal FSM providers, alike, also directly empty fecal waste into open drains, 

where an accumulation of fecal waste goes largely untreated (69, 70). In the case of 

Accra, only one privately owned fecal sludge treatment facility serves the entire city, 

capable of collecting a no more than of 700 m3 of sludge per day. The majority of the 

waste that is unable to reach this facility often ends up contaminating the nearby coastal 

waters and the proximal environment (70). A study evaluating microbial risks by 

sampling different environmental structures in Accra found that open drains had the 

highest concentrations of fecal indicator bacteria and other harmful pathogens, 

demonstrating the harmful effects of these practices and of insufficient resources to 

support successful FSM (56).  
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C. Evaluation of Fecal Contamination 

Fecal Indicator Organisms 

Indicators of fecal contamination have been suggested and used in the past due to 

their presence in feces at concentrations much higher than those of pathogens (65). 

Humans expel between 100-400 billion coliform bacteria per day, including over 50 

types of pathogenic organisms such as pathogenic E. coli, Cryptosporidium spp., and 

Giardia (71). While fecal indicator bacteria (FIB) generally do not cause disease, their 

detection indicates that disease-causing fecal pathogens may be present. Thus, they are 

useful in assessing the safety and quality of recreational waters, and in determining 

whether water is suitable for human consumption (72). Ideal indicators include 

microorganisms that are naturally present in fecal matter and indicators that have strong 

disease predictability due to their correlation with pathogenic organisms (73). Results of 

a systematic review on studies assessing water quality indicators found that enterococci 

and enteric viruses are generally strong indicators for gastrointestinal illnesses, while E. 

coli is a strong indicator for the presence of fecal matter in a recreational water source 

(72, 73). 

 

E. coli as a Contaminant  

E. coli has been one of the most popularly used indicator organisms for fecal 

contamination in varied water sources because it is naturally abundant in fecal matter, it 

is a large contributor to overall contamination, and is easily detectable (74-76). E. coli 

largely exists and originates from the intestinal tracts of mammals and is expelled into the 
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environment through fecal waste (77). The bacteria, however, is a non-specific indicator 

of fecal contamination because it can originate from other sources outside of the 

gastrointestinal tract (78). Bacterial biomass, including E. coli and other coliform 

bacteria, accounts for 25-54% of solid organic material in feces (79). Pathogenic E. coli 

are a small fraction of the total E. coli strains found in fecal matter (25, 65, 72, 80). While 

the majority of E. coli is non-pathogenic, it is significantly associated with a 54% 

increase in risk of diarrheal disease. This finding suggests that the presence of E. coli is 

likely consistent with the presence of diarrhea-causing pathogens (76). E. coli’s presence 

is easily quantified using standard culture-based methods in routine microbiological 

analyses (73, 81). Furthermore, E. coli is considered the best indicator of fecal 

contamination by the WHO’s Guidelines for Drinking-Water Quality (GDWQ) and is the 

Environmental Protection Agency’s (EPA) recommended FIB for all recreational water 

quality assessments (76).  

 

D. Fecal Contamination Exposure Pathways 

Fecal-Oral Transmission Pathway 

Fecal-oral exposure pathways are best represented by the F-diagram, which is a 

useful tool for visualizing environmental transmission of enteric pathogens (14, 22). As 

the phrase “fecal-oral exposure” implies, enteric pathogens present in the feces of some 

host infect another host through the ingestion of these microorganisms. These pathogens 

are spread through their interaction with other hosts and/or the proximal environment by 

way of one of the “five f’s” – fluids, flies, food, fingers, or fields (18, 22). The literature 

often describes water, or fluids, as one of the most effective fecal exposure pathways, as 
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there are many ways that people can interact with untreated water (e.g., consumption, 

recreational purposes, handwashing, etc.) on a daily basis (2, 82). Enteric pathogens 

interact with fluids both at the source (e.g., lakes, oceans, and other recreational waters) 

and through poor water containment infrastructure (62, 73, 83). Fecal matter is often 

introduced in the environment, or fields, directly through open defecation (18, 84). 

Pathogens can interact directly with flies or with hands directly following defecation, 

which threaten the contamination of foods (84, 85). While these transmission pathways 

are well-defended in the literature, actual contamination depends on the frequency and 

the magnitude of exposure to enteric pathogens (14, 18, 22, 25). 

 

Uncontained Toilets as an Environmental Exposure 

Many observational studies consider toilet ownership as an important predictor of 

exposure to fecal contaminants, as different types of types of toilets pose different levels 

of risk of enteric infection (86). Uncontained toilets pose the largest risk, as they cannot 

safely separate fecal waste from human contact or the environment (87, 88). Because of 

this, uncontained toilets, such as pans or buckets are much more difficult to clean (86). 

Those without access to contained toilets may also be required to manage or dispose of 

their own waste, exposing them to potentially harmful microorganisms. Enteric 

pathogens, thus, are able to interact with and potentially contaminate the surrounding 

environment, the hands of those who may touch the waste, and any animals or insects in 

the area through direct contact (89). Hand contamination can lead to the direct 

transmission of pathogens through hand-to-mouth contact, or can lead to indirect 

transmission by contaminating foods or water that are later ingested by a host (18). 
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 Previous studies found that ownership of contained toilets is associated with 

significantly lower concentrations of E. coli in the proximal environment (15, 35, 86, 90). 

A 63% reduction in E. coli concentrations was observed in a performance evaluation of 

newly installed contained toilets in Ghana (90). Homes with contained toilets were also 

found to have significantly lower levels of E. coli concentrations (-1.18 

log10CFU/900cm2) compared to homes with uncontained toilets (35). Still, the magnitude 

of exposure is dependent on the type of toilet used, as lower levels of toilet containment 

functionality was associated with higher concentrations of E. coli (86). 

Many observational studies that consider sanitation coverage as an exposure 

variable aim to determine its effect on the risk of diarrhea (1, 2, 4). In many children 

residing in areas of low sanitation coverage, fecal contamination by way of the 

environment has been linked to enteric infections caused by the direct ingestion of fecal 

matter (89). The results of a meta-analysis considering the impact of toilet containment 

on diarrheal disease risk found that people who use contained toilets had a 27% reduced 

risk compared to those who reported using uncontained toilets (4). A similar study found 

that uncontained toilet use was associated with a 33% increase in diarrheal disease (1).  

 

Shared Sanitation as an Environmental Exposure  

Shared sanitation has widely been used as an environmental exposure variable in 

observational studies, which have described clear trends between increased sharing 

practices and increased incidence of diarrhea (91-93). This mechanism is likely driven by 

the fact that shared toilets tend to be dirtier than private ones and may also be prone to 

over-filling (28). This mechanism, furthermore, presents a high risk of direct contact with 
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enteric pathogens for all those who use the shared facility (18). Regions where shared 

sanitation coverage is high have often been associated with higher prevalence of diarrhea-

related diseases compared to low shared sanitation coverage areas (91). This is likely due 

to the fact that a larger proportion of the population is exposed to fecal waste through 

direct contact with dirty toilets or indirect means of transmission through other elements 

of the F-diagram (i.e., fields, fluids, and/or foods that interact with the contaminated 

hands of an exposed person) (22). Issues with toilet cleanliness are exacerbated by the 

growing population in regions of high shared sanitation coverage (28). 

Overpopulation and increased migration to urban areas have outpaced the 

expansion of sanitation infrastructure in LMICs, often requiring households to share a 

single toilet with many other community members (94). The proportion of people who 

use shared toilets is highest in Sub-Saharan Africa, where 19% of the population reports 

sharing a toilet with one or more households (23, 95). Many households in these areas, 

however, often report sharing a toilet or latrine with more than five other households 

(94). Inability to afford private sanitation and issues with land ownership prevent people 

from building sanitation facilities of their own, thus driving the proportion of people who 

share up as rapid urban growth continues (95). 

While causality has yet to be confirmed, study results have generally described a 

link between use of shared sanitation and diarrheal disease prevalence (91-93). An 

analysis of surveys describing sanitation characteristics across 51 countries observed a 

9% increase in prevalence of diarrhea among people who shared toilets with other 

households, compared to those who do not share a toilet. This association was markedly 

higher in Ghana, where shared toilet users had 35% higher prevalence of disease 
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compared to private toilet users (92). Higher frequencies of sharing, larger number of 

people or households sharing a toilet, and uncontained shared toilets (vs. contained 

toilets) were all related to an increased prevalence of diarrheal disease (91).  

 

Fecal Exposure Through Open Drain Systems in Accra 

Similar to toilet ownership and shared sanitation status, contact with open drains 

has been described as an important source of fecal contamination in the literature (29, 

56). Quantitative Microbial Risk Assessments (QMRA) – models built using a risk-based 

scenario – recently conducted in Uganda found that exposure to open drain systems was 

the largest contributor to the burden of waterborne disease (29). A similar study found 

that exposure to open drain systems contributed 62% to the total number of DALY’s per 

year (56). Exposure to harmful enteric pathogens through open drains can be described in 

the context of the F-diagram. In Accra, different drain channels lead to larger drains 

which often lead to recreational water sources such as rivers, streams, and the ocean (56, 

96). As fecal waste is discharged into these drains, either directly through open 

defecation and illegal emptying of waste by waste treatment agencies, enteric pathogens 

interact with much of the proximal environment (56, 62, 69, 97). Contamination of fluids 

and fields, thus, increases the risk of human fecal contamination for those who interact 

with the contaminated environment (22, 73). 

Wastewater disposal into open drain systems increases the risk of fecal 

contamination for nearby populations, among which children are most affected.  An 

observational study analyzing environmental health disparities in Accra found that 

approximately 51% of households in the city admit to discarding wastewater into open 
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drains near their homes (57). Those that are most vulnerable to contamination from these 

drains are children residing in poor neighborhoods near open drain systems, as they are 

often seen playing near and at times in the drains (59). Children generally tend to be more 

vulnerable to enteric/waterborne diseases caused by contact with fecal contamination 

than adults living in the same communities, as they are more likely to play and come in 

contact with the contaminated environment and generally have poorer hygiene behaviors. 

A team of researchers working in Accra found that the sequence of these behaviors leads 

to different pathways of exposure to fecal contamination (59). For example, if a child 

plays in an open drain then eats, his or her likelihood of oral exposure to fecal 

contaminants is much higher than if they would have eaten first then played in or near the 

same drain.  

 

E. Impacts of Understanding Fecal Exposure Pathways 

If we hope to meet the aims set by SDG 6 by 2030, public health must place 

greater emphasis on the study of how fecal exposure at the environmental level affects 

environmental infrastructure in low-resource communities (23). Understanding pathways 

of fecal contamination exposure by way of the environment could potentially lead to 

policy changes to improve sanitation conditions for the poor. The health interventions 

currently in place could be improved by prioritizing environmental goals through 

sanitation-based activities. Census projections indicate that populations will continue to 

get more congested with increased urbanization (15, 41). Thus, it is important for policy 

makers and public health professionals alike to recognize the interconnected relationships 
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between the environment, the population, and safely-managed sanitation for the sake of 

their populations and the quality of the environment. 

Much of the literature has focused on the associations between sanitation and 

diarrhea, with little examination of fecal contamination as either an intermediate outcome 

or as an exposure (1-6). Thus, there is a need to understand how sanitation conditions can 

lead to improvements in environmental conditions through reduced levels of fecal 

contamination in the public domain. The goal of this analysis is to study the relationship 

between varied levels of household sanitation on environmental contamination. This 

analysis attempts to measure this directly instead of examining the more distal, and 

potentially confounded, outcome of diarrhea. Improved understanding of this pathway 

will allow greater success towards achieving the goals that apply to SDG 6 by 2030 and 

can lead to dramatic improvements in urban environmental conditions.  
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II.  MANUSCRIPT 

A. Abstract 

Introduction: Poor sanitation coverage is a common issue in most low and middle 

income countries around the world today and is often associated with higher levels of 

fecal contamination in the environment. This study aims to analyze whether associations 

exist between sanitation coverage at the household level and fecal contamination in open 

drain systems in Accra, Ghana. 

Methods: Household surveys (n = 750) and drain water samples (n = 163) were collected 

in 5 neighborhoods of Accra. Kulldorff’s Bernoulli spatial scans were used to identify 

most-likely clusters of surveyed household sanitation characteristics (level of toilet 

containment, shared vs. unshared toilet, and frequency of public toilet use). Toilet 

containment refers to the safe disposal and physical separation of excreta from human 

contact. E. coli concentrations were quantified in drain water samples and regressed 

against sanitation characteristics, controlling for neighborhood, drain infrastructure, and 

rainfall. 

Results: Compared to all other study neighborhoods, Ringway — the neighborhood with 

the highest coverage of private sanitation use (vs. public sanitation use) — had 

significantly lower E. coli concentrations in drain samples. Drain sample sites within 50 

meters of clusters of high coverage of contained sanitation had, on average, 1.08 

log10CFU/100mL lower E. coli concentrations than drains located outside of these 

clustered areas (p=0.003). Drains within 100 meters of clusters of low coverage of 

households that did not use public toilets had, on average, 1.19 log10CFU/100mL higher 
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E. coli concentrations than all other drains located outside of these clustered areas 

(p=0.007).  

Discussion: The results from this study provide some of the first evidence suggesting that 

clustering of contained sanitation and private toilet use, as opposed to public toilet use, 

may be associated with lower levels of fecal contamination in open drain systems, and 

conceivably the remaining proximal environment. 

 

B. Introduction 

Diarrheal disease is one of the largest contributors to morbidity and mortality, 

accounting for 4% of all deaths around the world (7, 8). Lack of access to appropriate 

water, sanitation, and hygiene (WASH) infrastructure is believed to be the main cause of 

the 4 billion cases of diarrhea per year, and 1.8 million deaths (9-11). The burden of 

disease is most felt in low- and middle-income countries (LMICs), where diarrhea is 

responsible for 7.2% of all disability-adjusted life years (DALYs), or years of healthy life 

lost due to disease, and the average child experiences 2-3 episodes of acute diarrhea per 

year (15, 16). 

Poor sanitation coverage, or lack of access to improved sanitation facilities and 

fecal management infrastructure, is a common issue in most LMICs around the world 

today and is often associated with poorer health outcomes (9). Nearly a third of the 

world’s population resides in homes that lack basic sanitation, leaving them particularly 

vulnerable to disease through contact with human feces (14, 22, 23, 28, 29). Of these 2.6 

billion people living with poor sanitation, over 90% live in LMICs (15, 30). The WHO 
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estimates that improving global sanitation alone could lead to 1.8 billion fewer cases of 

diarrheal disease annually, an impact that would be felt most in LMICs (15).  

Most communities in LMICs lack the appropriate infrastructure to support safely-

managed sanitation, often leading to spillover of residual waste and the manual emptying 

of fecal waste into open drain systems (62, 69). Infrequent services along with small or 

too few septic tanks are not able to keep up with the volume of fecal sludge that requires 

fecal sludge management (FSM) services. FSM refers to the management of untreated 

excreta from onsite systems, including the emptying, safe transport, and eventual 

treatment of fecal sludge (23, 62, 64). With nowhere else to store excess sludge, many 

resort to dumping excreta into open drain systems. Many illegal and legal FSM providers, 

alike, also directly empty fecal waste into open drains, where an accumulation of fecal 

waste goes largely untreated (69, 70). 

Increased urbanization along with growing urban populations have contributed to 

the challenges of maintaining an adequate global WASH landscape by adding stress to 

already poor sanitation infrastructure (42, 43). As is, access to improved sanitation, or a 

toilet that is capable of hygienically separating excreta from human contact, is restricted 

to 31% of the African population, leaving 535 million people exposed to unsafe 

sanitation practices, and subsequent environmental fecal contamination (9, 37). Since 

1990, 146 million Africans have gained access to improved sanitation. At this same time, 

however, the urban population in Africa also grew by 213 million, leaving an additional 

159 million people without access to basic sanitation (9, 41, 44).  

Residents of Accra have already begun to see the effects that urbanization on the 

population’s health, as the sanitation infrastructure in place has not been able to support 
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the city’s growing sanitation needs (60). In 2013, diarrheal disease alone was responsible 

for 12% of all deaths in children under 5 in Ghana. Many of these deaths were linked to 

low sanitation coverage in large cities like Accra (61). An observational study conducted 

in Accra that aimed to describe the associations between diarrheal disease and household 

sanitation coverage found that 24.5% of diarrheal cases in their study population resided 

in homes where the practice of open defecation was common. Among other sanitation 

characteristics considered, toilets shared with 5 or more households were associated with 

increased incidence of diarrheal disease (57).  

Previous studies have found that ownership of contained toilets is associated with 

significantly lower concentrations of E. coli in the proximal environment (15, 35, 86, 90). 

A 63% reduction in E. coli concentrations was observed in a performance evaluation of 

newly installed contained toilets in Ghana (90). Homes with contained toilets were also 

found to have significantly lower levels of E. coli concentrations (-1.18 

log10CFU/900cm2) compared to homes with uncontained toilets (35). Still, the magnitude 

of exposure is dependent on the type of toilet used, as lower levels of toilet containment 

functionality was associated with higher concentrations of E. coli (86). 

Shared sanitation has also been widely used as an environmental exposure 

variable in observational studies, which have described clear trends between increased 

sharing practices and increased incidence of diarrhea (91-93). This mechanism is likely 

driven by the fact that shared toilets tend to be dirtier than private ones and may also be 

prone to over-filling (28). This mechanism, furthermore, presents a high risk of direct 

contact with enteric pathogens for all those who use the shared facility (18). Regions 

where shared sanitation coverage is high have often been associated with higher 
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prevalence of diarrhea-related diseases compared to low shared sanitation coverage areas 

(91). This is likely due to the fact that a larger proportion of the population is exposed to 

fecal waste through direct contact with dirty toilets or indirect means of transmission 

through other elements of the F-diagram (i.e., fields, fluids, and/or foods that interact 

with the contaminated hands of an exposed person) (22). The F-diagram is a tool used to 

visualize environmental transmission of enteric pathogens (14, 22).  

Similar to toilet ownership and shared sanitation status, contact with open drains 

has been described as an important source of fecal contamination in the literature (29, 

56). A study evaluating microbial risks by sampling different environmental structures in 

Accra found that open drains had the highest concentrations of fecal indicator bacteria 

and other harmful pathogens (56). In Accra, different drain channels lead to larger drains 

which often lead to recreational water sources such as rivers, streams, and the ocean (56, 

96). As fecal waste is discharged into these drains, either directly through open 

defecation and illegal emptying of waste by waste treatment agencies, enteric pathogens 

interact with much of the proximal environment (56, 62, 69, 97). Contamination of fluids 

and fields, thus, increases the risk of human fecal contamination for those who interact 

with the contaminated environment (22, 73). 

Much of the literature has focused on the associations between sanitation and 

diarrhea, with little examination of fecal contamination as either an intermediate outcome 

or as an exposure (1-6). Thus, there is a need to understand how sanitation conditions can 

lead to improvements in environmental conditions through reduced levels of fecal 

contamination in the public domain. The goal of this analysis is to study the relationship 

between varied levels of household sanitation on environmental contamination. This 
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analysis attempts to measure this directly instead of examining the more distal, and 

potentially confounded, outcome of diarrhea. Improved understanding of this pathway 

will allow greater success towards achieving the goals that apply to SDG 6 by 2030 and 

can lead to dramatic improvements in urban environmental conditions. 

 

C. Methods  

i. Study Area 

 This cross-sectional study was conducted in five neighborhoods (Adabraka, 

Chorkor, Kokomlemle, Ringway, and Shiabu) of Accra, Ghana, in collaboration with the 

Water Research Institute of the Center for Scientific and Industrial Research Institute, 

Ghana (WRI). Neighborhoods were purposively selected for variation in levels of 

sanitation coverage, population density, and socioeconomic status per the 2010 Ghana 

census (96). The data used in this analysis were collected from March-July 2016 as part 

of a SaniPath rapid assessment,† which seeks to characterize the environmental pathways 

of exposure to fecal contamination in urban neighborhoods using both behavioral and 

microbiological data (98). The dataset consisted of geo-coded household surveys and 

environmental samples from soil and open drains in each neighborhood.  All study 

protocols and documents were approved by Emory University’s Institutional Review 

Board (IRB). 

Accra receives approximately 760 mm of rainfall each year, with March-July as 

the wettest months (Table 1) (99). Accra has two rainy seasons – the first in March-July 

																																																								
† SaniPath’s (www.sanipath.org) rapid assessment tool collects information on households’ 
sanitation practices, hygiene behaviors, and their level of interaction with the environment to 
characterize the potential environmental pathways of exposure to fecal contamination. 
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and the second August-October, and has a year-round mean temperature of 20° – 30°C 

(45). Ghana’s most recent census report (2010) indicated that the average household size 

within the Greater Accra Metropolitan Area (GAMA) was approximately 3.7 persons per 

household (51).  

 

ii. Household Surveys 

Within a neighborhood, 200 households were surveyed using purposive sampling 

methods. A purposive approach was used to ensure heterogeneity within sub-populations 

and even representation of the sanitation characteristics of the residents. Households were 

defined as any living space shared by a group of two or more people. Each neighborhood 

was divided into 10x10m sub-section grids using ArcGIS version 10.2 mapping software 

(ESRI, Redlands, CA, USA) and all households within a subsection were enumerated. 

Subsequently, households were systematically sampled within a sub-section, with total 

subsection sample size proportional to the estimated number of households during 

enumeration. A random starting location was chosen and an interval of eight households 

was used for the systematic sampling. 

Enumerators worked in pairs to administer the survey. In cases where the 

randomly selected household did not wish to participate in the survey, the nearest 

household was selected until the survey was successfully conducted. Enumerators 

collected GPS coordinates at each household using a Garmin eTrex Venture HC device 

(Garmin Ltd., Olathe, KS, USA).  

Surveys were administered to female household heads or female adult members 

of the residence regarding their sanitation practices for the purposes of characterizing the 
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potential environmental pathways of exposure to fecal contamination. If a household 

toilet was reported, enumerators observed the toilet and classified it as a pour flush/flush 

toilet, Kumasi ventilated improved pit (KVIP) latrine, ventilated improved pit (VIP) 

latrine, traditional pit latrine with a slab, bucket/pan, or other (see Glossary for 

definitions). Households containing at least one toilet were also asked whether they 

shared their toilet with any other households, and if so, how many.  

 

iii. Drain Sample Collection 

Drain sample sites within each study neighborhood were selected spatially at 

random a priori using a spatial grid of each neighborhood. Each study neighborhood was 

divided into 10x10m square grids in ArcGIS version 10.2, of which 30 squares were 

randomly selected. Sample collection teams collected 500 mL of drain water at a random 

site within the grid and recorded observations of drain conditions at the time of collection 

(e.g. rainfall at the time of collection, size of the drain, and other conditions). If no drains 

were present within a selected grid, the team sampled from the drain located nearest to 

the grid. GPS coordinates were collected at the drain sample site using a Garmin eTrex 

Venture HC device.  

Drain samples were collected using a sterile bailer or Sludge Nabber (Nasco, Fort 

Atkinson, WI, USA) to scoop drain water into sterile 500 mL Whirl-Pack bags (Nasco, 

Fort Atkinson, WI, USA). Whirl-Pack bags were sealed and transported in coolers with 

ice packs to the WRI laboratory within 8 hours of collection. Samples were stored at 4°C 

until analysis. Escherichia coli (E. coli) was chosen as an indicator of fecal 

contamination for the purposes of this analysis because of its natural abundance, its 
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specificity to fecal sources of contamination, it is a large contributor to overall 

contamination, and it is universally used as an indicator for fecal contamination (74-76). 

Samples were analyzed by membrane filtration for E. coli and total coliforms according 

to United States Environmental Protection Agency (USEPA) Method 1604 (100). Three 

dilutions of 1:10-5, 1:10-6, and 1:10-7 were performed on each sample.  

The lower limit of detection (LLOD), or the lowest observable quantity of E. coli 

colonies found in an agar plate, was 10-5 CFU/100mL. If a sample did not have any 

detectable colonies following standard dilutions (above), sequential ten-fold dilutions 

were performed (up to 1:10-3). If at least one colony was detected in these dilutions, that 

result was used in place of the standard dilution results. If no colonies were detected up to 

a 1:10-3 dilution, a random number between zero and 103 CFU was generated using SAS 

version 9.4 (Cary, NC) as a replacement for the LLOD. All final coliform concentrations 

were log10 transformed to and calculated per 100mL.  

 

iv. Sanitation Coverage Quantification 

Within each neighborhood, sanitation coverage was quantified using SaTScan 

version 9.4.4 (101) to identify most-likely clusters of sanitation characteristics, including 

a) presence/absence of a toilet, b) quality of containment of the toilet, c) shared sanitation 

coverage, and d) public toilet use (Glossary). Contained sanitation was defined as a toilet 

that allowed for the safe disposal and physical separation of excreta from human contact 

(Glossary). Shared sanitation was defined as any toilet that was shared or used by two or 

more households (Glossary). Private toilet use was defined by households who reported 

never using public toilets vs. households who reported any weekly use of public toilets 



	

	

28	

(Glossary). Kulldorff’s Bernoulli spatial scan was used to identify clusters of binary 

measures of household sanitation, while the ordinal spatial scan was used to identify 

clusters of the ordered categorical variable describing toilet type (contained toilet vs. 

uncontained toilet vs. no toilet). The Bernoulli model detected the degree of non-random 

clustering of binary 0/1 values of group-level data in space using a spatial probability 

model. This model identified areas of high and low coverage of selected sanitation 

characteristics, or areas where an excess of households with a certain sanitation 

characteristic was present and areas where this characteristic was sparse. Conversely, the 

ordinal model detected non-random clustering of ordered categorical data in space using 

a spatial probability model. This model detected statistically significant high clusters, or 

spatial areas where an excess of high-valued categories were present. Spatial scans were 

conducted within each neighborhood given the spatial discontinuity of neighborhoods 

and elliptical cluster shapes were identified.  

Private sanitation was defined as a binary variable to address the issue of 

uncertainty in the frequency of public toilet use. This variable was created by defining 

whether people in the surveyed household ever use public toilets or if they exclusively 

use the private toilets belonging to a home. For interpretation purposes, Bernoulli spatial 

scan “cases” (or “1”s) were defined as people who reported never using a public toilet, 

while “controls” (or “0”s) were defined as people who reported using a public toilet at 

least once per week. Thus, when trying to identify clusters of private sanitation use 

coverage (as opposed to public sanitation coverage) using the log likelihood ratio 

generated by SaTScan output, test statistic values greater than one indicated clusters of 

high coverage of private sanitation. In other words, clusters with a log likelihood ratio >1 
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described clustered areas of high density of households who reported never using public 

toilets in any given week.  

Statistically significant (! =	0.10) clusters of households with high or low 

sanitation coverage were transferred to ArcGIS 10.4 mapping software (Figures 1-3). 

Buffers of 50 and 100 meters around GPS data points of drain sample sites were created 

as catchment areas to match household clusters to drain sample sites for regression 

modeling. In the event that drain sample site buffers overlapped, household clusters were 

assigned to closest the drain by Euclidean (straight-line) distance.  

 

v. Regression Modeling 

A literature search was conducted to identify potential confounders of the 

relationship between sanitation and fecal contamination, and a directed acyclic graph 

(DAG) was subsequently constructed to identify causal and non-causal associations 

(Figure 4). This method allowed for consideration of multiple confounders at once. While 

some potential confounders identified in the DAG were not measured during the data 

collection phase of the study, proxy variables were identified and included in regression 

models. According to the DAG, we suspected that contaminated runoff water may be a 

confounder of the association between sanitation coverage and fecal contamination. Since 

it is difficult to measure contaminated runoff water that flows into open drain systems, 

data collected on rainfall and the presence of rain the day before collection served as 

suitable representations of the confounder. This method illustrated the need to control for 

neighborhood, drain infrastructure, and rainfall (45, 102-104). Two variables were used to 

estimate rainfall: whether or not it rained the day before drain site sample collection 
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(observed by enumerators onsite) and millimeters of rainfall in Accra on the day of 

sample collection (collected through an online database for global weather and climate 

reports) (105). Final models were adjusted for neighborhood, drain size, drain lining 

composition (cement, stone, dirt, or mixed), presence of rain the day before sampling 

(binary), and millimeters of rain recorded in the GAMA on the day of drain site sample 

collection (continuous). 

 

vi. Assumptions 

The assumptions of linearity, independence, homoscedasticity, and normality 

were verified by analyzing the partial and residual plots of the selected final model. 

Residual plots were generated and correlation coefficients assessed to confirm the 

presence of a linear relationship between E. coli concentration and the independent 

variables in question. Residual plots also served as a tool to assess homogeneity of 

variance. Since samples and households were sampled randomly, it is appropriate to 

assume that there was no violation of the assumption of independence.   

 

vii. Analysis 

An exploratory data analysis was initially performed to investigate the validity of 

the assumptions and to describe environmental and sanitation characteristic distributions. 

Tests of association were performed to assess the relationships between the risk factors of 

interest. A two-sample t-test was chosen when comparing one continuous predictor to a 

binary predictor. In a two sample t-test, pooled results were reported when the equality of 

variances had a p-value <0.05, indicating that the variances between the two categorical 
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groups were similar. Conversely, unpooled results were reported when the p-value of the 

equality of variances was >0.05. Assessments of proportional differences between two 

categorical variables were estimated using the Chi square test of association. 

Multiple linear regression models were estimated using SAS version 9.4 (Cary, 

NC). Test statistic p-values <0.05 were considered statistically significant. Using the pre-

specified potential confounders identified in Figure 4, multiple linear regression models, 

adjusting for neighborhood, were used to test whether a particular variable was 

significant. The three sanitation exposure variables along with the selected covariates 

were regressed, individually, against E. coli concentration to determine which factor had 

the highest correlation with the outcome and explained the largest amount of variability 

in the model.  

Three sets of linear regression models were performed on five predictor variables 

to determine differences in E. coli concentrations across different sanitation 

characteristics. One set of models included shared sanitation status as the exposure 

variable of interest, another considered inclusion in contained versus uncontained 

clusters, and the last considered reported usage of public toilets per week. All three sets 

of models controlled for neighborhood, drain infrastructure, and rainfall conditions (i.e, 

millimeters of rainfall on the day of sample collection and whether or not it rained the 

day before sample collection). Effect modification of sanitation characteristics was tested 

in each model. 

Assumptions of linearity, independence, homoscedasticity, and normality were 

verified by analyzing the partial and residual plots of the selected final model. Residual 

plots were generated and correlation coefficients assessed to confirm the presence of a 
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linear relationship between level of fecal contamination in open drains and the predictors 

in question. Residual plots also served as a tool to assess homogeneity of variance. 

 

D. RESULTS 

i. Household Demographics & Environmental Characteristics  

A total of 843 households within the 5 study neighborhoods – Adabraka, Chorkor, 

Kokomlemle, Ringway, and Shiabu – were surveyed without replacement. From this, 65 

households were missing GPS coordinates and 28 households had GPS coordinates that 

were outside of the city limits of Accra. Therefore, a total of 750 households were used in 

this analysis. Demographics and sanitation characteristics of surveyed households were 

compared across five neighborhoods in Accra, Ghana to assess heterogeneity and spatial 

clustering of sanitation.  

Most (70.3%) of the surveyed households had a toilet (Table 2). Household toilet 

coverage, as defined by the presence of any type of toilet, varied significantly between 

the different neighborhoods (X2=204.7, p<.0001). By observation, 69.7% of surveyed 

households had contained toilets, mostly in Ringway (96.5%), Kokomlemle (92.0%), and 

Adabraka (85.8%). In Shiabu and Chorkor, only about 44% of surveyed households had 

contained toilets. Of those who had a toilet in their home, nearly half (47.2%) also 

reported sharing their toilet with other households. Exactly 40% of all surveyed 

households reported using a public toilet at least once per week. Most contained toilets 

(88.4%) were flush toilets. Over half of all households in Chorkor (55.6%) and Shiabu 

(50.3%) reported that they did not have a toilet in the household and would instead 

defecate in a bush or field whenever necessary. All household sanitation characteristics, 
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including toilet type and toilet sharing practices, varied significantly across 

neighborhoods (p<0.05). 

A total of 175 drain sites were sampled. Five of these samples had duplicate 

sample ID numbers, therefore one of each duplicate was excluded in the analysis. From 

this, 7 drain samples were not processed or counted in a laboratory, and thus were also 

excluded from the analysis. The remaining 163 drains – 35 in Adabraka, 48 in Chorkor, 

37 in Kokomlemle, 27 in Ringway, and 16 in Shiabu – were included in the analysis 

(Table 2). 

 Drain characteristics and their surrounding conditions, such as whether or not it 

rained the day before sample collection, were significantly different across 

neighborhoods (X2=71.1, p<.0001). The average E. coli concentration across all sampled 

drains sites was 4.6 ± 1.3 log10CFU/100mL. Drains in Chorkor had the highest average 

concentration of E. coli, with a mean concentration that was 1.0 log10CFU/100mL higher 

than the overall average concentration. Average E. coli concentrations in Adabraka (4.3 ± 

1.0 log10CFU/100mL) and Kokomlemle (4.2 ± 1.4 log10CFU/100mL) were similar to the 

average concentration across all neighborhoods. Mean E. coli concentrations in sampled 

drain sites was lowest in Ringway (3.4 ± 0.7 log10CFU/100mL). Most of the sampled 

drains (64.4%) were less than 0.5 meters wide at the sampled location. Additionally, most 

of the sampled drains (89.0%) were lined with cement. As with drain size, drain lining 

composition also varied significantly across neighborhoods (X2=30.9, p<.0001). Rain 

during (1.2%) or the day before (16.0%) drain sample collection was rare. The month of 

May 2016 experienced the most rainfall, on average, across all of Accra (218.9 mm) 
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during the time of the study, while March 2016 experienced the most days of 

precipitation (27 days) (Table 1). 

 

ii. Spatial Sanitation Cluster Coverage 

Four sanitation characteristics – a) presence/absence of a toilet in the household, 

b) presence of a contained versus an uncontained toilet, c) whether an individual’s toilet 

was shared with other households or not, and d) reported public toilet use (vs. exclusive 

private toilet use) – were assessed for spatial clustering. Separation of clusters of toilet 

presence from clusters of contained toilets was not possible within the study population. 

Thus, clusters of “contained sanitation” were comparing households with contained 

sanitation to households without sanitation facilities, and only the Bernoulli model was 

used to identify in subsequent analyses. Across measured sanitation characteristics, 

significant heterogeneity in coverage—identification of both clusters of high and clusters 

of low coverage in a single neighborhood—was most often observed in Ringway and 

Shiabu. Only single clusters of either low or high sanitation coverage were observed in 

other neighborhoods for each of the sanitation characteristics (Figures 1-3). Multiple 

clusters of high (71.4% and 92.9%) and low (0%, 3.4%, and 13.2%) coverage of 

contained sanitation were identified in Shiabu (Figures 1 & 3), while clusters of high 

(96.4%) and low (0%) coverage of private sanitation use (vs. public sanitation use) were 

identified in Ringway. Among all neighborhoods, areas of high versus low sanitation 

were consistently on opposite sides of the neighborhoods (e.g. high coverage of shared 

sanitation in northern Adabraka versus low coverage of shared sanitation in southern 

Adabraka).  
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Average E. coli concentrations were compared for each type of cluster across 

each of the 5 study neighborhoods (Table 3). A total of 27 drain sample collection sites 

(16.6%) were within 50 meters of clusters of high coverage of any type of measured 

sanitation. Of drain sample sites within 50 meters of clusters of high coverage of 

unshared sanitation, the average E. coli concentration was lowest in Ringway (4.0 ± 0.8 

log10CFU/100mL). Only two drains, one in Ringway and one in Shiabu, were within 50 

meters of clusters of high coverage of private sanitation (indicating a high density of 

households who reported never using a public toilet, thus exclusively using their own 

private toilet). None of the sampled drain sites were within 50 nor 100 meters of any 

clusters of high sanitation coverage in Kokomlemle. Of all drain sample sites, 37 (22.7%) 

were within 100 meters of clusters of high coverage of any type of measure sanitation. 

Average E. coli concentration was highest in drain sample sites within 100 meters of 

clusters high coverage of contained sanitation (5.5 ± 1.0 log10CFU/100mL) in Chorkor. 

The average E. coli concentration of drains within 100 meters of clusters of high 

coverage of contained sanitation was 25% higher in Chorkor (5.5 ± 1.0 

log10CFU/100mL) than in Shiabu (4.4 ± 0.6 log10CFU/100mL). Only one drain in 

Ringway was identified within 100 meters of clusters of high coverage of private 

sanitation use (vs. public sanitation use). 

 

iii. Variation in E. coli Concentration in Drain Water by Neighborhood, Drain 

Infrastructure, & Rainfall 

Multiple linear regression was used to examine the effect of drain infrastructure 

and rainfall conditions (including millimeters of measured rainfall on the day of sample 
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collection and whether or not it rained the day prior to sample collection) on fecal 

contamination, adjusting for neighborhood (Table 4). Drain sample locations that had 

received rain in the previous 24 hours, on average, had significantly lower E. coli 

concentrations (-0.61 ± 0.30 log10CFU/100mL) than other drain sites (p=0.043). The 

presence of rainfall in the previous day explained 38% of the variation in E. coli 

concentration (R2=0.38).  No significant associations between drain size and E. coli were 

observed: drain E. coli concentrations varied by 0.08-0.13 log10CFU/100mL by size. E. 

coli concentration was not significantly associated with drain lining composition or 

millimeters of rainfall on the day of sampling. The model assessing impact of drain size 

on E. coli concentration explained 37% of the variation in the outcome variable, E. coli 

concentration, while models that considered rainfall conditions explained 37 – 38% of the 

variation in concentration. 

Linear regression was also used to examine the differences in E. coli 

concentrations of sample drain sites between different study neighborhoods (Table 5). 

The largest difference noted was between Ringway and Chorkor: drain sample sites in 

Ringway were, on average, 2.20 log10CFU/100mL lower than drain sites in Chorkor 

(p<.0001). Compared to all other study neighborhoods, Ringway drain sample sites had 

significantly lower E. coli concentrations (p<0.05). Average E. coli concentrations in 

drain samples from Shiabu and Chorkor did not vary significantly (p=0.224). Two other 

adjacent neighborhoods—Adabraka and Kokomlemle—also did not have a significant 

difference in mean E. coli concentrations (p=0.622).  

 

Variation in E. coli Contamination in Drain Water 
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Relationships between sanitation characteristics (presence of a contained versus 

an uncontained toilet, whether an individual’s toilet was shared with other households or 

not, and private – vs. public – sanitation use) and fecal contamination (measured by E. 

coli concentration) were assessed using multiple linear regression models, adjusting for 

neighborhood, drain infrastructure, and rainfall conditions (Table 6). Drains within 50 

meters of clusters of high coverage of contained sanitation had 1.08 log10CFU/100mL 

lower E. coli concentrations than drains located outside of these clustered areas 

(p=0.003). Conversely, drains within 50 meters of clusters of low coverage of contained 

sanitation had an average of 0.43 log10CFU/100mL higher E. coli concentrations than 

drains outside of these clustered areas, though this difference was not significant 

(p=0.148). This model explained 46.9% of the total variability in E. coli concentration 

(R2=0.469). A similar, though not significant, trend was observed in drains within 100 

meters of clusters of high coverage of contained sanitation. Drains within 100 meters of 

clusters of high coverage had, on average, 0.56 log10CFU/100mL lower E. coli 

concentration than all other drains (p=0.078). Drains within 100 meters of clusters of low 

coverage of contained sanitation had, on average, 0.16 log10CFU/100mL higher E. coli 

concentration, compared to drains outside of these clustered areas (p=0.549). Drains 

within 100 meters of clusters of low coverage of private sanitation use (vs. public 

sanitation use) had 1.19 log10CFU/100mL higher E. coli concentrations than all other 

drains located outside of these clustered areas (p=0.007). Use of shared sanitation was not 

significantly associated with E. coli concentrations in drains, adjusting for neighborhood, 

drain infrastructure, and rainfall conditions. E. coli concentrations of drains near clusters 

of high coverage of private sanitation use (vs. public sanitation use) showed similar 
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results. No significant interactions were observed between sanitation characteristics (data 

not shown). 

 

E. DISCUSSION 

The purpose of this study was to examine whether associations exist between 

sanitation coverage at the household level and fecal contamination in open drain systems 

in urban environments. Sanitation coverage was measured by statistically significant non-

random spatial clusters within five neighborhoods of Accra that varied in SES, while 

fecal contamination was quantified using E. coli concentrations in sampled drain water. 

When comparing clusters of 1) contained vs. uncontained sanitation coverage, 2) shared 

vs. unshared sanitation coverage; and 3) private toilet vs. public toilet use, drains within 

50 meters of clusters of high coverage of contained sanitation had 1.08 log10CFU/100mL 

lower E. coli concentrations then drains in the rest of the study area. This finding 

suggests that higher coverage of toilets capable of efficiently separating human excreta 

may yield improved environmental quality, with the potential for community-level 

benefits. These benefits include a lower level of fecal contamination in the proximal 

environment. At the neighborhood level, average E. coli concentrations in sampled drain 

sites were significantly inversely associated with neighborhood socioeconomic status and 

sanitation coverage. This association may be because neighborhoods of higher SES are 

able to afford better sanitation conditions and have better access to sanitation services 

than households of lower SES, thus leading to lower levels of contamination in the 

environment. Finally, drains within 100 meters of clusters of low coverage of private 

sanitation had 1.19 log10CFU/100mL higher E. coli  concentrations than drains in the rest 
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of the study area, indicating that available public toilets may be insufficient in containing 

large volumes of excreta in areas where private household sanitation coverage is low. 

There were no significant associations between shared sanitation coverage and fecal 

contamination in drains.  

This study is one of the first to analyze the associations between spatial 

heterogeneity in sanitation coverage and fecal contamination in drains. Many other 

observational studies that have considered sanitation coverage as an exposure variable 

aimed to determine its effect on the risk of disease transmission, namely diarrheal disease 

(1, 2, 4). The results of a meta-analysis considering the impact of toilet containment on 

diarrheal disease risk found that people who use contained toilets had a 27% reduced risk 

compared to those who reported using uncontained toilets (4). A similar study found that 

uncontained toilet use was associated with a 33% increase in diarrheal disease (1). Since 

contained toilets are generally less contaminated with E. coli (106), E. coli is a strong 

indicator of fecal contamination in the environment (65). Temporal analyses support 

strong correlations between high concentrations of E. coli in the environment and 

increasing incidence of diarrheal disease (107). Thus, it is likely that fecal contamination 

as indicated by the presence of E. coli is mediating these researched associations. This 

connection shows that studying the effect of structural sanitation on diarrheal disease 

transmission alone disregards the role that contamination of the environment plays as an 

intermediate outcome on this mechanism. The results from our study suggest that the 

level of contamination in the environment may contribute to this under-researched 

mechanism and presents new evidence that illustrates the relationship between spatial 

heterogeneity of clusters of fecal contamination. 
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The association between lower concentrations of E. coli and drains near clusters 

of high coverage of contained sanitation is likely explained by the functional separation 

of human waste through contained toilets, leading to community-wide environmental 

benefits (86, 108, 109). Toilets classified as “contained” were those designed to ensure 

the physical and hygienic separation of human waste to avoid human and environmental 

contamination, including flush toilets, pour flush toilets, Ventilated Improved Pit (KVIP) 

latrines, Ventilated Improved Pit (VIP) latrines, traditional pit latrines with a slab, and 

other facilities connected to either pipes or a septic tank (110). Previous studies have 

confirmed the functionality of this design, as ownership of various types of contained 

toilets has been linked to significantly lower concentrations of E. coli in the surrounding 

environment (5, 9, 90, 106). Another study observed broad reductions in levels of fecal 

contamination of the environment in communities that had high levels of latrine 

ownership (65%). Conversely, communities that had low latrine ownership (0%) were 

associated with significantly higher E. coli concentrations and twice the number of cases 

of diarrhea compared to communities with high coverage of contained sanitation (5). This 

association was likely due to common open defecation practices in the proximal 

environment (5, 23, 111). Households with uncontained toilets have also reported 

defecating in or near open drain systems, many of which connect to open water sources 

such as the ocean, rivers, ponds, etc. (23, 112). Drains near clusters of low coverage of 

contained sanitation in our study, however, were not significantly associated with higher 

concentrations of E. coli. While the literature has focused on the differences between the 

two sanitation extremes (contained vs. uncontained toilets) (5, 26, 86, 89, 109), these 

associations are expected to vary with differing levels of the functional quality in 
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contained toilets. Although we would have expected to see significantly higher E. coli 

concentrations in clusters of low coverage of contained sanitation, this association was 

likely moderated by households’ ability to access contained toilets outside of their homes. 

For instance, if a household that does not have a contained toilet uses the contained toilet 

of a nearby household, this area would conceivably have lower levels E. coli 

concentration in the environment. This diminished effect would thus underestimate the 

effect of clusters of low coverage of contained sanitation on fecal contamination. 

Households in higher SES neighborhoods may have lower levels of fecal 

contamination than their lower SES counterparts, as they likely have access to better fecal 

containment and treatment services leading to improved environmental outcomes. Results 

showed significant differences in average E. coli concentrations in sampled drain sites, 

with a clear division between Ringway and the other study neighborhoods. Furthermore, 

drains in Adabraka and Kokomlemle along with drains in Chorkor and Shiabu had 

comparable average E. coli concentrations. Ringway drains were between 0.79 – 2.20 

log10 CFU/100mL lower than the drains from the other study neighborhoods. In their 

most recent Human Development Report (2006), the United Nations Development 

Programme (UNDP) described that wealth, or higher SES, is directly related to lower 

levels of fecal contamination in the public environment (30). We also found that drains in 

Adabraka and Kokomlemle along with drains in Chorkor and Shiabu had comparable 

average E. coli concentrations, thus we were able to detect large-scale differences in fecal 

contamination between neighborhoods, but not finer scale differences. These results may 

have been confounded by spatial proximity in addition to the similar neighborhood SES. 

An observational study in Kenya that described the spatial distribution of sanitation 
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coverage reported similar results, as nearby neighborhoods of similar SES also had 

similar sanitation coverage rates (113). Much of the clustering of areas of high and low 

sanitation coverage can, in part, be explained by the sanitation infrastructure in place. 

Access to improved sanitation and adequate FSM services are often reserved for those 

who can afford them (28). As a result, poorer households are often grouped together in 

remote areas where FSM access is limited, piped sewer or sanitation systems are absent, 

and sanitation infrastructure is lacking (30, 113-115). The disparity of sanitation coverage 

among different SES groups has been well described in the literature, which also reported 

patterns of lower E. coli concentrations in the environment in wealthier neighborhoods 

(113). Thus, we would expect that areas with high sanitation coverage are likely to have 

better access to FSM services than areas of low coverage of contained sanitation. These 

improved sanitation services often lead to better health outcomes and thus, improved 

environmental conditions. Conversely, clusters of low sanitation coverage are often 

positioned in areas of low SES where plumbing or other type of fecal sludge management 

infrastructure are scarce (9, 116). These associations support the finding that Ringway 

(the neighborhood with the highest SES of all study neighborhoods) had the lowest 

concentration of E. coli across all study neighborhoods. Adabraka and Kokomlemle, and 

similarly Chorkor and Shiabu, were found to be of similar SES, thus explaining why 

levels of fecal contamination in these drains were similar (51).     

While public latrines have long been considered a successful alternative to large 

gaps in sanitation coverage, the results from this study suggest that use of public toilets, 

especially in population-dense regions, may still be associated with environmental 

contamination (117). Our results showed that spatial areas of low coverage of private 



	

	

43	

sanitation use were associated with much higher (1.19 log10CFU/100mL) E. coli 

concentrations in nearby open drains. A systematic review of health outcomes associated 

with different types of shared sanitation confirmed this higher presence of fecal 

contaminants in public toilets and found that they are traditionally less hygienic than 

private toilets. Public toilets were also much more likely to have feces on or near the 

facility than private toilets (91). These associations can largely be explained by overuse 

of public toilets and low levels of functional containment, indicating that public toilets 

were not as efficient in separating excreta from human contact than other types of private 

improved sanitation (28, 49, 91). Lack of access to public toilets in Accra means that 

public latrines often serve many households, leading to long lines, especially during busy 

hours of the day. For many of those (29.3%) who cannot wait in long queues, 

neighborhood open defecation has become a common alternative (94). As mentioned in 

previously described mechanisms of drain contamination, improper containment of feces 

can lead to poor environmental outcomes through direct contact with fecal waste or by 

way of runoff wastewater that empties fecal sludge into nearby drains (23, 56, 57, 116). 

The wastewater flowing in open drain systems in Accra are rarely treated, thus leaving 

people who reside nearby vulnerable to the effects of exposure to harmful fecal 

contaminants (29, 45, 56). 

While some drains had lower E. coli concentrations than others, it should be noted 

that none of the five neighborhoods had low concentrations of E. coli on an absolute 

scale. Ringway had an average E. coli concentration of 3.4 log10CFU/100mL, which is 

still well above the Environmental Protection Agency’s (EPA) criteria for safe freshwater 
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(Table 1) (118). These criteria are developed based on the highest acceptable risk of 

exposure to waterborne pathogens from wastewater sources (118-120).   

As diarrheal disease continues to be one of the leading causes of death around the 

world today, a better understanding of the causal pathways of exposure to fecal 

contaminants may lead to improvements in environmental conditions (10, 20). The 

findings presented in this study suggest that better spatial coverage of contained 

sanitation and increased coverage of private toilet use (vs. public toilet use) may reduce 

environmental fecal contamination, a known risk factor for diarrheal disease (1-4, 18, 

107). Furthermore, the evidence provided in this study supports the importance of 

extending household sanitation coverage and access to basic sanitation services to reduce 

risks associated with exposure to fecal contaminants in the proximal environment.     

 

F. STRENGTHS/LIMITATIONS 

The largest limitation to this study was the relatively small sample size, as this 

increases the potential for random error in parameter estimates, contributes to low 

statistical power, and may cause collinearity issues between different sanitation 

characteristics. Purposive sampling of surveyed households provides another limitation in 

terms of generalizability of study results. However, random sampling of spatial grids 

attempts to resolve generalizability issues by allowing for much geographic variation in 

the data. A meaningful amount of missing household data (11.0%) also contributes to 

systematic error in the study results. However, a very small amount of drain sample site 

data was missing (6.9%), meaning that missingness in drain laboratory and collection 

data probably did not have a large effect on the results data. 
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Information regarding shared toilet status and frequency of public toilet use was 

self-reported and thus subject to recall bias. Specifically, household surveys collected 

data on the frequency of both sanitation characteristics and it is likely that some 

respondents misreported some of these characteristics. Potential recall bias, thus, may 

have increased the potential for random error. The methods used in this study’s analysis 

addressed the issue of uncertainty in the frequency of public sanitation use by creating a 

binary variable, defining whether people in the surveyed household ever use public 

sanitation or if they exclusively use the private toilets in their homes. Still, analyzing 

variables at two ends of the extreme (i.e., contained toilets vs. uncontained toilets) may 

be influencing the strength in the observed effect, as there is no middle group to help 

identify finer scaled differences. Lastly, household surveys were designed to capture the 

general behaviors of all members of each household, however only one person was asked 

to respond on behalf of the household. Therefore, some reported behaviors may not be 

representative of all members of said household.  

A strength in this study involved the verification of some of the information 

reported in the household survey. While respondents were asked whether or not they had 

a toilet in their respective household, people administering the questionnaire were asked 

to verify this and note the type of toilet present, if applicable. Another strength included 

the collection of behavioral and microbial data in parallel.  

Some researchers argue that zero-replacement of quantified bacterial counts is 

inappropriate when modeling pathogen concentrations, as it may bias result estimates 

(121, 122). Thus, some may consider this a limitation to the study. However, given the 

study’s moderately small sample size, it seemed essential to include these observations in 
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the construction of the model. These observations contribute valuable data to the overall 

analysis and help to improve the study’s statistical power.  
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H. TABLES 
 
Table 1. Average rainfall across Accra and days of 
precipitation by month, March – July 2016 

Month Average rainfall (in 
mm) Days of precipitation 

March 73.9  27 
April 64.3 18 
May 218.9 24 
June 116.1 23 
July 59.5 26 

Source: World Weather Online. Accra: Greater Accra 
monthly climate average, Ghana. 
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Table 2. Sub-neighborhood household demographics and environmental characteristics of Accra, Ghana* 

 Adabraka Chorkor Kokomlemle Ringway Shiabu Total 
Households 148 171 150 114 167 750 
No. Households with a toilet (%) 129 (87.2) 75 (43.9) 139 (92.7) 110 (96.5) 74 (44.3) 527 (70.3) 
      No. HH’s with at least 1 contained toilet (%)** 127 (85.8) 75 (43.9) 138 (92.0) 110 (96.5) 73 (43.7) 523 (69.7) 
      No. who report sharing toilet with ³1 
      household/compound (%)† 64 (43.2) 23 (13.5) 84 (56.0) 44 (38.6) 34 (20.4) 249 (33.2) 

No. of Households who report using public toilets 
at least once per month 82 (55.4) 45 (26.3) 67 (44.7) 63 (55.3) 43 (25.7) 300 (40.0) 

Type of toilet/latrine in Household/Compound†       
      Flush toilet 119 (80.4) 61 (35.7) 131 (87.3) 109 (95.6) 46 (27.5) 466 (62.1) 
      Pour flush 2 (1.4) 5 (2.9) 1 (0.7) 0 6 (3.6) 14 (1.9) 
      Kumasi Ventilated-Improved Pit (KVIP) 4 (2.7) 3 (1.8) 2 (1.3) 0 5 (3.0) 14 (1.9) 
      Ventilated Improved Pit (VIP) 2 (1.4) 5 (2.9) 4 (2.7) 0 11 (6.6) 22 (2.9) 
      Traditional pit latrine 0 1 (0.6) 0 1 (0.9) 5 (3.0) 7 (0.9) 
      Bucket/Pan 2 (1.4) 0 0 0 1 (0.6) 3 (0.4) 
      No facility/bush/field 15 (10.1) 95 (55.6) 11 (7.3) 4 (3.5) 84 (50.3) 209 (27.9) 
      Other 0 1 (0.6) 1 (0.7) 0 0 2 (0.3) 
       
Drain/Environment       
Sample drain sites 35 48 37 27 16 163 
Average E. coli Concentration in Sampled Drain 
Locations (log10CFU/100mL) 4.3 (1.0) 5.6 (0.9) 4.2 (1.4) 3.4 (0.7) 5.3 (1.1) 4.6 (1.3) 

Average Drain Size       
      Small (<0.5m wide) (%) 26 (74.3) 39 (81.3) 16 (43.2) 19 (70.4) 5 (31.3) 105 (64.4) 
      Medium (0.5 – 1m wide) (%) 7 (20.0) 5 (10.4) 21 (56.8) 6 (13.0) 7 (43.8) 46 (28.2) 
      Large (>1m wide) (%) 2 (5.7) 4 (8.3) 0 2 (7.4) 4 (25.0) 12 (7.4) 
Primary Drain Lining Composition       
      Cement (%) 35 (100) 35 (72.9) 37 (100) 26 (96.3) 12 (75.0) 145 (89.0) 
      Stones (%) 0 2 (4.2) 0 0 0 2 (1.3) 
      Dirt (%) 0 6 (12.5) 0 0 1 (6.3) 7 (4.3) 
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      Mixed (%) 0 5 (10.4) 0 1 (3.7) 3 (18.8) 9 (5.5) 
Rained during drain sample collection 2 (5.7) 0 0 0 0 2 (1.2) 
Rained the day before drain sample collection 20 (57.1) 0 0 0 6 (37.5) 26 (16.0) 
*Chi-square tests of significance were significant at the 0.05 level across all predictors. In categorical comparisons where expected cell 
frequencies were less than 5, Fisher’s exact tests were also found to be significant at the 0.05 significance level. 
**A total of 13 households who had toilets refused to report shared sanitation habits 
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Table 3. E. coli concentrations (in log10CFU/100mL) in public domain samples, by neighborhood 

 Adabraka 
(n=35) 

Chorkor 
(n=48) 

Kokomlemle 
(n=37) 

Ringway 
(n=27) 

Shiabu 
(n=16) 

Total 
(n=163) 

No. of HH’s within 50m of High Sanitation Clusters 
(%) 10 (28.6) 6 (12.5) 0 4 (14.8) 7 (43.8) 27 (16.6) 

   High Contained Sanitation Coverage (±SD)** - 4.8 (0.7) - - 4.2 (0.5) 4.5 (0.7) 
   High Unshared Sanitation Coverage (±SD)† 4.8 (0.7) - - 4.0 (0.8) - 4.6 (0.8) 
   High Private Sanitation Coverage (±SD)‡ - - - 3.6* 4.3* 4.0 (0.5) 
       
No. of HH’s within 100m of High Sanitation 
Clusters (%) 12 (34.3) 11 (22.9) 0 6 (22.2) 8 (50.0)  37 (22.7) 

   High Contained Sanitation Coverage (±SD) - 5.5 (1.0) - - 4.4 (0.6) 5.0 (1.0) 
   High Unshared Sanitation Coverage (±SD) 4.9 (0.6) - - 3.7 (0.7) - 4.5 (0.8) 
   High Private Sanitation Coverage (±SD) - - - 3.6* 4.9 (0.8) 4.4 (0.9) 
*Only one drain was detected within these clusters, thus a standard deviation could not be calculated 
**Contained sanitation is defined by a facility’s structural capability of safely containing and separating excreta away from human contact. 
Latrine types that are considered to be contained include flush, pour flush, KVIP, VIP, and traditional pit latrines with slabs. Uncontained 
toilets include buckets, pans, bush, fields, the absence of a latrine in a HH, any other toilet form. 
†Unshared sanitation includes any and all HH’s who do not report sharing a toilet with any other HH 
‡Private sanitation describes HH’s who report never using a public toilet 
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Table 4. Differences in E. coli concentrations (in log10CFU/100mL) of 
sample drain sites by drain infrastructure and seasonality 

   

 
Parameter Estimate 

(n=162) 
Main effect of model* β SE p-value 
Drain size**    
      Small (<0.5 m wide) -0.08 0.34 0.8073 
      Medium (0.5 – 1.0m wide) 0.13 0.36 0.7233 
    
Drain lining†    
      Cement -0.35 0.43 0.4225 
      Stones 0.80 0.85 0.3505 
      Mixed -0.15 0.54 0.7765 
    
Rainfall (in mm) -9.3 x 10-3 1.9 x 10-2 0.6206 
    
Rain last day -0.61 0.30 0.0431 
*Models are adjusted for neighborhood 
**Reference group used is “large drain size (>1.0m in width) 
†Reference group used is “dirt lining” of drains 
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Table 5.  Differences in E. coli concentrations (in log10CFU/100mL) of sample drain sites 
by neighborhood* 

 Adabraka Chorkor Kokomlemle Ringway 
 β Estimate 

(p-value)** 
β Estimate 
(p-value) 

β Estimate 
(p-value) 

β Estimate 
(p-value) 

Adabraka  
    

Chorkor 1.29  
(<.0001)    

Kokomlemle -0.12  
(0.6223) 

-1.41 
(<.0001)   

Ringway -0.91  
(0.0010) 

-2.20  
(<.0001) 

-0.79  
(0.0041)  

Shiabu 0.91  
(0.0052) 

-0.38  
(0.2235) 

1.04  
(0.0015) 

1.82  
(<.0001) 

*Neighborhoods on the tops of each column describe the neighborhoods that were used as 
the reference group in simple linear regression models. 
**Estimates were found to be significant at or below the 0.05 level of significance 
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  Table 6. E. coli concentrations (in log10CFU/100mL) in sample drain sites by sanitation coverage cluster 

 
Within 50m of drain sample 

(n=162) 
Within 100m of drain sample 

(n=162) 
Main effect of model* β SE p-value β SE p-value 
Contained Household Sanitation       
      High Coverage Cluster -1.08 0.35 0.0027 -0.56 0.31 0.0780 
      Low Coverage Cluster 0.43 0.30 0.1484 0.16 0.26 0.5494 
       
Shared Household Sanitation**       
      High Coverage Cluster 0.19 0.41 0.6501 0.35 0.35 0.3202 
       
Private Household Sanitation Use†       
      High Coverage Cluster -0.95 0.79 0.2330 -0.55 0.64 0.3982 
      Low Coverage Cluster 0.91 0.63 0.1528 1.19 0.43 0.0066 
*Models are adjusted for neighborhood, drain sample site infrastructure, and rainfall or seasonality (total rainfall on the day 
of sample collection) 
**No drain sample sites fell within any of the low coverage clusters in either of the five neighborhoods, thus the association 
with E. coli concentration cannot be determined 
† Areas of high private household sanitation use indicate areas of low density of reported public toilet use 
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I. FIGURES 
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Figure 4. Causal relationship between sanitation indicator variables and fecal contamination in open drains 
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J. GLOSSARY 
 
Term Abbreviation 

(if applicable) Definition 

Cluster - Areas of statistically significant spatial groupings of households based on a similar characteristic 
   

Coliform - Also known as “fecal coliform”. A class of hard-to-detect pathogenic bacteria that grows in 
colonies 

   

Contained toilet (vs. 
uncontained) - 

A toilet/latrine/sanitation facility that allows for the safe disposal and physical separation of 
excreta from human contact (includes flush toilets, pour flush toilets, Kumasi Ventilated-
Improved Pit latrines (KVIP), Ventilated Improved Pit latrines (VIP), and traditional latrines) 

   

Directed acyclic graph DAG 
A visual tool used to evaluate confounding, selection bias, and information bias. This tool is also 
helpful for visualizing the different pathways between exposure and outcome variables, along 
with any variable that potentially influence this association. 

   

Enteric infection - Infection of the gastrointestinal tract by a pathogenic bacteria. Often associated with diarrhea, 
nausea, vomiting, abdominal pain and discomfort, among other symptoms 

   
High coverage cluster - Statistically significant cluster based on high density of high sanitation coverage 
   
Household HH A person or group of people sharing a living space/area 
   

Kumasi Ventilated-
Improved Pit latrine - 

Similar to a Ventilated Improved Pit (VIP) latrine, the KVIP is a type of contained toilet/latrine 
whose design also includes a ventilation pipe, but has the added benefit of using two pits which is 
useful for reducing the volume and assisting in the degradation of excreta 

   
Log10CFU/100mL - Units for E. coli concentration; the log reduction of colony forming units per 100 mL of liquid 
   
Low coverage cluster - Statistically significant cluster based on low density of high sanitation coverage 
   
Lower limit of detection LLOD The lowest observable/measurable quantity of colonies found in an agar plate 
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Private household 
sanitation - Households who report never using public toilets in any given week 

   
Public sanitation (vs. 
private sanitation) use - Reported use of a public toilet outside of one’s household at least once per week 

   

Sanitation 
characteristics - 

Includes the presence/absence of a toilet, containment classification, shared sanitation coverage, 
and whether or not people from each respective household report using a public toilet at least 
once per week 

   
Shared sanitation - Toilets that are shared with one or more households 
   

Spatial heterogeneity - A property used to describe the difference(s) of a population within a given geographical region 
or area in space 

   

Toilet - Also known as a “latrine” or a “sanitation facility”; a sanitation fixture used for the disposal of 
human waste such as urine, feces, etc. 

   
Ventilated Improved 
Pit latrine VIP A contained toilet/latrine that contains a ventilation pipe which serves to help eliminate odors that 

attract mosquitos, flies, and other insects to the facility 
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III. FUTURE DIRECTIONS 

Our models dichotomized all exposure variables used in this analysis to examine 

whether large scale differences in opposing sanitation conditions led to differences in 

fecal contamination to begin to understand the under-researched intermediate outcomes 

that interact with environmental fecal exposure pathways. While future research should 

continue to investigate these broader relationships, it may be beneficial to combine data 

regarding the frequency of sanitation-based behaviors to multi-level categories in order to 

identify finer-scaled differences. For example, it is important to consider different levels 

of shared sanitation, as it is likely that a house that shares a toilet with one other 

households is located in an area with meaningfully better sanitation coverage (compared 

to a house contribute to a better understanding of the pathways that contribute to the risk 

of fecal contamination in the public). Considering multi-level parameters can also avoid 

burying important relationships that may interact differently in the described mechanisms 

of exposure and may also help to avoid under-or over-estimating the associations 

between fecal contamination of certain sanitation conditions.  
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IV. APPENDIX 
 
A. IRB APPROVAL 

 



	

	

77	
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B. HOUSEHOLD SURVEY 
 
 
 
 
 

Household Survey Form 
 
 Neighborhood   Response date   
 

 
Neighborhood A 

       

        
  Neighborhood B        

 Household ID   GPS latitude   
          

         

          
          

 GPS longitude        
          
          

          
          

          
 

1. Do you have children between the ages of 5-12? (Y/N)  
 Yes  
 No 

 
 
 

2. Think about whether you go into the ocean. This includes wading, swimming, splashing around, 
fishing, doing laundry, or to [defecate]. How often do you go into the ocean for any of these 
reasons? (select one option)  

 2a. I go into the ocean more than 10 times total every month.  
 2b. I go into the ocean 6-10 times total every month.  
 2c. I go into the ocean 1-5 times total every month.  2d. I 

never go into the ocean. 
 
 

3. Now think about whether your children go into the ocean. This includes wading, swimming, splashing 
around, fishing, helping with laundry, or to [defecate]. How often do your children go into the ocean for 
any of these reasons? (select one option)  

 3a. My children go into the ocean more than 10 times total every month.  
 3b. My children go into the ocean 6 to 10 times total every month.  
 3c. My children go into the ocean 1 to 5 times total every month.  
 3d. My children never go into the ocean.  
 3e. I do not know how often my children go into the ocean. 

 
 
 

4. Think about whether you ever go into [rivers or ponds] in your neighborhood? This includes 
wading, swimming, splashing around, fishing, doing laundry, or to [defecate]. How often do you go 
into the [rivers or ponds]? (select one option)  

 4a. I go into the [rivers or ponds] more than 10 times total every month.  
 4b. I go into the [rivers or ponds] 6 to 10 times total every month.  
 4c. I go into the [rivers or ponds] 1 to 5 times total every month.  4d. I 

never go into the [rivers or ponds]. 
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5. Think about whether your children ever go into the [rivers or ponds] in your neighborhood: this includes wading, 
swimming, splashing around, fishing, helping with laundry, or to [defecate]. How often do your children go into the 
[rivers or ponds]? (select one option)  

 5a. My children go into the [rivers or ponds] more than 10 times total every month.  
 5b. My children go into the [rivers or ponds] 6 to 10 times total every month.  
 5c. My children go into the [rivers or ponds] 1 to 5 times total every month.  
 5d. My children never go into the [rivers or ponds].  
 5e. I do not know how often my children go into the [rivers or ponds]. 

 
 
 
6. Think about whether you ever go into open drains. This could include picking up something that fell 
in there, or having to go through the drain to cross the street. How often do you go into the drains? 
(select one option)  

 6a. I come into contact with drain water more than 10 times total every month.  
 6b. I come into contact with drain water 6 to 10 times total every month.  
 6c. I come into contact with drain water 1 to 5 times total every month.  6d. I never 

come into contact with drain water. 
 
 
7. Think about whether your children ever go into the drains. This could include picking up 
something that fell in there, or having to go through the drain to cross the street. How often do your 
children go into the drains? (select one option)  

 7a. My children come into contact with drain water more than 10 times every month.  
 7b. My children come into contact with drain water 6 to 10 times total every month.  
 7c. My children come into contact with drain water 1 to 5 times total every month.  
 7d. My children never come into contact with drain water.  
 7e. I do not know how often my children come into contact with drain water. 

 
 
 
8. How often do you come into contact with floodwater during the rainy season? (select one 
option)  

 8a. I come into contact with floodwater more than 10 times total every month during the rainy 
season.  
 8b. I come into contact with floodwater 6 to 10 times total every month during the rainy 
season.  
 8c. I come into contact with floodwater 1 to 5 times total every month during the rainy 
season.  
 8d. I never come into contact with floodwater. 

 
 
 
9. How often do your children come into contact with floodwater during the rainy season? (select one 
option)  

 9a. My children come into contact with floodwater more than 10 times total every month 
during the rainy season.  
 9b. My children come into contact with floodwater 6 to 10 times total every month during the 
rainy season.  
 9c. My children come into contact with floodwater 1 to 5 times total every month during the rainy 
season.  

 9d. My children never come into contact with floodwater during the rainy season.  9e. I do not know how 

often my children come into contact with floodwater. 
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10. How many days a week do you drink municipal water? (select one option)  10a. I 

drink municipal water every day.  
 10b. I drink municipal water 4 to 6 days a week.  
 10c. I drink municipal water 1 to 3 days a week.  
 10d. I never drink municipal water.  
 10e. I do not know if I drink municipal water. 

 
 
 
11. How many days a week do your children drink municipal water? (select one option)  11a. My 

children drink municipal water every day.  
 11b. My children drink municipal water 4 to 6 days a week.  
 11c. My children drink municipal water 1 to 3 days a week.  
 11d. My children never drink municipal water.  
 11e. I do not know how often my children drink municipal water. 

 
 
 
12. Does your family regularly treat your water by [boiling, adding chlorine, or using a filter] to make it 
less cloudy or safer to drink? (Y/N)  

 Yes  
 No 

 
 
 
13. How many days during the week do you eat produce that is raw (uncooked)? For this question, we 
are referring to any produce that does not grow on a tree, and that does not have a peel or shell. 
Please think both about produce you eat whole and produce you prepare but eat raw, such as a salad. 
For example [list types of produce identified in the preliminary assessment]? (select one option)  

 13a. I eat raw produce every day.  
 13b. I eat raw produce 4 to 6 days a week.  
 13c. I eat raw produce 1 to 3 days a week.  13d. I 

never eat raw produce. 
 
 
14. How many days during the week do your children eat produce that is raw (uncooked)? Again, for this 
question, we are referring to any produce that does not grow on a tree, and that does not have a peel or shell. 
Please think both about produce you eat whole and produce you prepare but eat raw, such as a salad. For 
example [list types of produce identified in the preliminary assessment]? (select one option)  

 14a. My children eat raw produce every day.  
 14b. My children eat raw produce 4 to 6 days a week.  
 14c. My children eat raw produce 1 to 3 days a week.  
 14d. My children never eat raw produce.  
 14e. I do not know if my children eat raw produce. 
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15. How often do you use public latrines - that means a community shared toilet, school toilet, or work 
toilet? (select one option)  

 15a. I use a public latrine more than 10 times total every month.  
 15b. I use a public latrine 6 to 10 times total every month.  
 15c. I use a public latrine 1 to 5 times total every month.  15d. I 

never use a public latrine. 
 
 
16. How often do your children use public latrines - that means a community shared toilet, school 
toilet, or work toilet? (select one option)  

 16a. My children use public latrines more than 10 times total every month.  
 16b. My children use public latrines 6 to 10 times total every month.  
 16c. My children use public latrines 1 to 5 times total every month.  
 16d. My children never use public latrines.  
 16e. I do not know how often my children use a public latrine. 

 
 
17. Do you have a latrine in your [house/compound]? (Y/N)  Yes  

 No 
 

 
18. If you have a latrine in your [house/compound], do you use it? (Y/N)  Yes  

 No 
 
 
 
19. If you have a latrine, do you flush it with water? (Y/N)  Yes  

 No 
 

 
20. If you have a latrine in your [house/compound], how many households do you share a latrine 
with? Your answer can be a zero or higher. (number) 
 
 
 

 
21. If you are outside of your house and you cannot find a latrine, what do you do? For this  
question, you may select all that apply.  

 22a. This never happens to me.  
 22b. I go back to my home.  
 22c. I go in search of a latrine (e.g. at a friend's, or in a public area).  
 22d. I use a plastic bag.  
 22e. I [defecate] in the open. 
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C. DRAIN WATER: ENVIRONMENTAL SAMPLE COLLECTION AND 
PROCESSING FORM 
 
 
 

Drain Water 
 

Environmental Sample Collection and Processing Form 
 
 
Sample ID         Collection date and time   
              

 generated by tool-leave blank          
               

GPS Latitude (N, S)   GPS Longitude (W, E)   Way Point   
               
              

               
               

Neighborhood              
 Neighborhood    Neighborhood        
 A    B        
Notes              
               

 
 
 
 
 
 
 
 
 
 
 
Laboratory  
Sample processing date and time  
                

                

Date and time placed in incubator    Date and time removed from incubator  
               

                
                

Plate Dilution (mL)    E. coli Count  TNTC * TDTC ** 
   

1:1 1:10 
 

1:100 1:1000 
       

           

 Plate 1         
   

1:1 1:10 

 

1:100 1:1000 

       

           
           

 Plate 2         
                

               

 Blank               
             
                

Collector Name      Lab Operator Name      
         
      

                
                

* TNTC = too numerous to count (> 200 E. coli)  ** TDTC = too dirty to count 
 


