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Abstract 
 

Microbial Health Risks to Sanitation Workers in Low-Resource Settings: Incorporation of Field, 
Molecular, and Modeling Approaches 

 
by 
 

Rachel Sklar 
 

Doctor of Philosophy in Environmental Health Sciences 
 

University of California, Berkeley 
 

Professor S. Katharine Hammond, Chair 
 
 
The purpose of this dissertation research is to develop methods and methodologies for estimating 
microbial exposures and health risks in low-resource settings. Specifically, we focus on 
evaluating occupational exposures and pathogenic health risks to sanitation workers, a globally 
understudied and historically marginalized population. Sanitation workers are vital to the 
function of sanitation systems which separate society from their hazardous waste. However, little 
is understood about the health risks sanitation workers encounter during the collection and 
processing of human waste streams. As a result, sanitation workers remain largely invisible in 
sanitation infrastructure planning and process design.  
 
Quantitative risk assessments are necessary to develop meaningful standards and bring visibility 
to the health risks of invisible workers. However, there is a current gap in the methods used to 
estimate microbial risks in low-resource settings. 
 
In this dissertation, we explore different strategies for measuring pathogen exposures and 
estimating health risks in low-resource contexts. Using the methods developed herein, microbial 
exposures and risks to workers are evaluated at each stage in a waste-to-fuel process in Kigali, 
Rwanda. Specifically, worker exposure and risk to inhaled endotoxin, ingested adenovirus, and 
ingested Cryptosporidium are estimated.  
 
Throughout the dissertation, a combination of environmental sampling methods, behavioral 
observations, laboratory analyses, and mathematical modeling techniques are used. A specific 
emphasis is placed on a stochastic modeling approach in order to overcome the variability and 
uncertainty of conducting risk assessment in low-resource settings. 
 
Chapter 1 is an introduction to onsite sanitation systems and the existing gaps in measuring 
microbial risks in low-resource settings. In chapter 2, a model is constructed using a combination 
of empirical measurements and literature reported values. Concentrations of indicator organisms 
are measured in surface waters while parameters such as the frequency of exposure, exposure 
volume, and the ratio between indicators and pathogens are derived from literature reported 
values of other exposure scenarios and country contexts. Although this approach is common, the 
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use of assumptions from the literature introduces a high degree of model uncertainty. Thus, in 
chapter 3 and chapter 4, an attempt to reduce the uncertainty of using ratios is made by collecting 
site-specific data on pathogen and bioaerosol concentrations in environmental and personal 
samples. Site-specific observations of individual worker behavior (including exposure activities, 
exposure frequency, and duration) were also completed incorporated into models estimating 
worker risk along the ingestion (chapter 3) and inhalation (chapter 4) routes of exposure. Chapter 
5 discusses the gaps in sanitation global goal frameworks which perpetuate sanitation worker 
marginalization and exclusion from sanitation intervention benefits, and highlights areas of 
research and action that may bring visibility and voice to sanitation workers worldwide. 
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This work is dedicated to Wellars Ndayisaba whose contributions to this research, as a lab 

technician in Kigali, were invaluable. Wellars passed away on October 9, 2017. Wellars was an 
inspiring young scientist who had a promising career ahead of him. His death was sudden and 

continues to be a reminder of the many interacting determinants of health, especially in societies 
with fragile health-care systems. 
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1 Sanitation Worker Health Risks in Emerging Sanitation Systems 
 

 Overview 
 
1.1.1 Onsite sanitation systems and resource recovery  
Urban sanitation, including the physical infrastructure and services that result in the management 
of human excreta, is challenging especially in low-resource contexts where population growth is 
coupled with rapid urbanization [1, 2]. In such settings, conventual sewage systems are expensive 
to construct, maintain, and equip with the necessary technical expertise to keep them functional. 
Such factors make onsite sanitation solutions (OSS) more context-appropriate and adaptable in 
many urban contexts. 
 
By 2050, the population of urban Africa is expected to triple. Much of this growth is expected to 
occur in areas with limited sewerage networks. According to the World Health Organization and 
United Nations Children’s Fund (WHO/UNICEF) Joint Monitoring Program for Water Supply, 
Sanitation and Hygiene (JMP), the percentage of the urban population in sub-Saharan Africa 
using a toilet connected to a sewer system fell from 13% in 2000 to 11% in 2015. On the other 
hand, 89% of the urban population across Africa is using onsite systems, and this number is 
expected to grow [4]. These growth trends highlight the need for ensuring effective non-
networked sanitation services that are safe and affordable in order to avoid public health crises in 
rapidly expanding urban contexts [4–6].  
 
Fecal sludge, the waste that is contained within OSS, contains infectious pathogens that must be 
handled, disposed of, or reused in a manner that protects human health. Given the high 
concentration of solids and contaminants in fecal sludge waste streams, conventional treatment 
processes are not effective. Therefore, resource recovery treatment systems are favored and offer 
the added benefit of generating value added products recovered from waste such as energy in the 
form of solid fuel or biogas, soil conditioner, organic fertilizer, protein for animal feed, and 
building materials [7].  
 
Resource recovery sanitation systems are premised on the recovery of valuable nutrients or 
energy from waste streams. Unlike traditional sanitation systems which focus on protecting 
human health and preventing environmental contamination, resource recovery systems generate 
valuable resources that can offset the cost of sanitation service delivery and drive economic 
incentives for improved waste collection and treatment [8].  
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Figure 1. Onsite sanitation and resource recovery. The process of delivering urban sanitation services via 
onsite systems requires the effective capture, containment, transport, treatment, and eventual reuse of fecal 
sludge. 
 
Source: SuSanA Secretariat [9] 
 

In addition to addressing the sanitation needs for people without basic sanitation access, resource 
recovery sanitation systems can work towards decreasing food insecurity through the recovery of 
nutrients used in farming activities and provide of  11% of global nitrogen needs, 9% of global 
phosphorus needs, and 12% of projected synthetic potassium fertilizers [10].  In a resource 
recovery sanitation system, fecal sludge, which is the content of pit latrines and septic tanks, has 
shown immense potential as a viable charcoal alternative for use as industrial grade fuel. Dried 
fecal sludge has been shown to have calorific values of up to 17.3 MJ/kg total solids (TS), which 
compares to other biomass derived fuels [11, 12].  
 
Among the different types of reuse products that can be generated from fecal sludge reuse, solid 
fuel has been identified as the product type with the highest demand in the urban setting. In a 
study that was conducted of the sanitation market in Senegal, Uganda, and Ghana, industrial fuel 
in particular was identified as the product with the highest demand due to an unreliable supply of 
fuel regionally and the inability of the available fuel sources to retain enough heat for certain 
industrial processes [7]. Additionally, climate change concerns associated with fossil fuel use 
drive the need for alternative fuel sources, such as those derived from human waste streams [13]. 
 
1.1.2 Sanitation work and occupational health risks 
Safely managed sanitation services are defined by the UN JMP as protecting communities from 
the risks of contact with fecal sludge by using an improved sanitation facility defined as a facility 
which is not shared with others and one in which the contained waste is safely disposed and 
treated off-site. Furthermore, there are specifications for three main ways to meet the criteria for 
having a safely managed sanitation services: 1) people should use improved sanitation facilities 
which are not shared with other households, 2) the excreta produced should either be treated and 
disposed in situ or transported to treatment off-site for treatment [4]. By this definition, in situ 
disposal considered safe if excreta emptied from pits is buried in a covered pit on-site. However, 
if it discharged to open ground, water body or elsewhere, the waste is considered unsafely 
managed.  
 
Within the JMP definition of safe sanitation, there is no specification for how the waste itself 
should be handled. The classification between safe and unsafe is geared at protecting the users of 
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sanitation services from risk factors associated with direct sludge contact but it fails to account 
for risks to workers who manage the waste streams. In fact, the emptying of onsite sanitation 
systems is often done by casual workers who expose themselves to fecal pathogens due to the 
lack of proper equipment or formal training [14].  As such, sanitation facilities may be deemed 
safe by JMP standards while necessitating unsafe methods of maintenance that put sanitation 
workers at risk of disease.  
 
Onsite sanitation facilities eventually fill to capacity. Fill rates vary by factors such as the 
number of individuals sharing facilities, the degree of solid waste disposal into onsite facilities, 
and the construction of the pit or septic tank [15]. When pit latrines fill,  households may empty 
pits and tanks themselves, pay another member of the community to do it for them, or make use 
of a professional service provider. The commonly accepted safe method of emptying onsite 
sanitation systems is the use of vacuum tanker trucks. However, the use of vacuum trucks is both 
cost prohibitive and physically inaccessible for many poor households, especially those in dense 
informal settlements. In dense and poor areas across the globe, manual pit emptying prevails 
[14]. Manual pit emptying requires workers to dig solid fecal waste out of the pit, using shovels, 
buckets and other implements. This work is often performed illegally without any equipment or 
protective gear and poses a number of health risks to workers who are doing the process. 
Practices like manual emptying emerged from the lack of a holistic sanitation design in which all 
people who could potentially be exposed to the sludge were considered.   
 
Despite the growing awareness that workers bear a disproportionate risk of disease in sanitation 
systems, safety standards to safeguard sanitation worker health are lacking. To date, occupational 
health concerns of workers are not a key part of resource recovery system design nor a key 
component of the evaluation of the performance of a sanitation system (such as the JMP 
definition of improved sanitation).  
 
1.1.3 Quantitative microbial risk assessment in low-resource settings 
Resource recovery sanitation systems offer historically marginalized workers the opportunity to 
enter formal supply chains and avoid health risks that are often present in the informal sector. 
When waste is considered a resource, managing it becomes a business opportunity that formal 
service providers, such as utilities and resource recovery businesses, may leverage [12].  In the 
case of a formalized resource recovery system, employers can be tasked with upholding health 
and safety standards. An example of this is in South Africa where sanitation work, including 
manual emptying, is formalized with laws that protect the health of sanitation workers and hold 
employers accountable for occupational safety [16]. In contrast, the provision of sanitation 
services in countries such as Kenya, Rwanda, and Uganda is dominated by informal operators 
who work under the legal radar. In such contexts, laws that discourage manual emptying 
practices are difficult to enforce [14, 17, 18].  
 
In the case of formalized resource recovery systems, health risks to sanitation service workers 
may exist via exposure to pathogens through accidental ingestion, inhalation, and hand-to-mouth 
contacts [19]. As such, the World Health Organization (WHO) recently created the Sanitation 
Safety Plan (SSP) framework manual which was developed in conjunction with a report on 
business models for safe resource recovery and reuse [20]. SSP recognizes multiple user groups 
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(including workers) who should be protected from potential risks introduced by OSS/resource 
recovery systems. The plan requires identifying health risks in the sanitation system, 
implementing improvements, and conducting regular monitoring of workers and workplaces. To 
date, there is little quantitative information about specific risks to which sanitation workers are 
exposed. In most countries, there is little routine monitoring of wastewater for the presence of 
specific pathogens. As a result, the SSP framework is used in a qualitative fashion or attempts to 
implement SSP rely on the use of data from one context to predict pathogen concentration and 
risk in another. Due to cost, equipment, and expertise constraints in low-resource settings, such 
qualitative assessments are favored over quantitative ones, but lack the ability to effectively 
evaluate the tradeoffs between exposures and controls.  
 
In order to integrate occupational health considerations in the design of emerging sanitation 
systems, more research is needed to understand the magnitude of health risks associated with 
specific work activities along resource recovery processes.  
 
Quantitative microbial risk assessment (QMRA) is a modeling approach used to estimate the risk 
of infection and illness from exposure to a particular pathogen. Microbial risk assessments can 
be subject to high levels of variability or uncertainty in the datasets used to populate the relevant 
parameters. QMRA makes use of Monte Carlo simulation to account for and incorporate the 
variability and uncertainty of certain parameters in the risk model [21].  
 
The limited data on pathogens in low-resource countries requires that many QMRAs be based on 
concentrations of indicator bacteria as the primary microbiological input [22]. However, 
indicator bacteria do not cause disease, lack dose-response curves, and are used only to indicate 
the potential contamination by fecal matter and associated fecal pathogens. To use indicator 
inputs in QMRA studies, assumptions are often made which introduce a high degree of 
uncertainty into models based on indicator concentrations. For example, ratios relating fecal 
indicators to pathogens are commonly used to conduct QMRAs in low-income settings for a 
range of scenarios including wastewater treatment, the use of biosolids in farming, and food 
safety. Seidu et al. in 2008 used reported concentrations of indicator organisms and a ratio of 
indicators to viruses in order predict rotavirus and Ascaris infections for farmers using reclaimed 
wastewater in Ghana [23]. Mara et al. used the same approach and ratio values to estimate 
human health risks associated with the use of wastewater for unrestricted and restricted crop 
irrigation in Mexico [24]. Katukiza et al. used the same ratios between indicators and pathogens 
to estimate risks to communities resulting from the ingestion of contaminated water in Ghana 
[25]. Labite et al. also used the same ratio values to evaluate health effects of interventions aimed 
at reducing exposure to contaminated waters in urban Ghana [26].  
 
The ratios that are used in the studies above are commonly cited in the QMRA literature and 
were derived from studies of wastewater in Brazil, the Netherlands, Scotland, and Australia [23]. 
However, the widespread use of these ratios to predict pathogen concentrations in different 
contexts has been called into question by numerous recent publications [27–29]. O’ Toole et al. 
demonstrated that there was no statistical correlation between the presence of E. coli indicators 
and viruses in raw sewage measured in California [29]. Silverman et al. demonstrated the same 
effect for wastewater measured in Ghana—viruses were detected in concentrations of 2-3 orders 
of magnitude higher than those predicted by the commonly used ratios mentioned above [27]. 
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Barker-Reid et al. also found overestimation of enteric viral contamination of vegetables 
irrigated by wastewater due to the use of the same ratios [30, 31]. In order accurately use the 
outputs of QMRA to design control measures that minimize health risks for certain populations, 
context-specific indicator:pathogen ratios are needed. 
 
1.1.4 Stochastic methods for modeling risk in understudied populations 
Existing systems for measuring risk in low-resource settings are not reliable. This puts 
vulnerable populations in these low-resource settings in a bind. Given sparse exposure data in 
low-resource settings, conducting risk assessment is challenging [32]. For one, risk assessments 
are resource intensive as they require data on various parameters from a specific geographic or 
occupational context. To assess risks to sanitation workers in a given context, data on the 
exposure behavior in different types of sanitation systems (whether a worker touches sludge 
directly, is exposed to droplets during cleaning or aeration processes, hand-to-mouth behaviors 
of contaminated hands or gloves), the frequency of that behavior, and the concentration of hazard 
(the pathogen or other microbial agent of interest) are needed as inputs to the model. Measuring 
these data is costly, especially in low-resource settings. Even when data exist, there is inherent 
variability in data, especially in the microbial data . Thus, risk assessments are often based on 
assumptions from a different context than that of the experimental study adding further 
uncertainty to the risk model [30]. For example, ratios between pathogens found in a specific 
wastewater system are often extrapolated to other different types of wastewater sources and 
environmental matrices such as sludge [33, 34].  
 
Stochastic methods for modeling risk have been a strategy used to reduce the uncertainty of risk 
estimates. Such methods, including Monte Carlo simulation, rely on risk assessment parameters 
represented by simulated distributions rather than of point values from sampled data. The result 
of using stochastic methods is a risk estimate represented by a distribution of probabilities and a 
greater ability to characterize variability and uncertainty [32].  
 

 Significance of this work 
 
1.2.1 Preventing risk shifting from communities to workers 
Resource recovery sanitation systems are promising for increasing universal access to sustainable 
sanitation services as well as the meeting the need for basic resources like fuel and soil additives. 
However, designing such systems without an understanding of their associated occupational 
exposures can result in shifting health risks from the community setting, where pathogens occur 
in low densities in the environment, to workplace settings, where pathogens are concentrated in 
high-density waste-fractions during treatment and transformation. Furthermore, sanitation 
workers have historically been marginalized within their communities. Failing to address 
occupational risks in emerging systems perpetuates this marginalization of vulnerable workers 
[35].  
 
1.2.2 Identifying exposure controls for sanitation workers 
The use of stochastic QMRA in this study will provide a quantitative basis for risk reduction by 
controlling variables such as exposure time and exposure concentration. For example, the 
exposure time in high risk tasks can be limited by imposing task rotations, as explored in the 
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exposure scenarios in this study. For such interventions, a balance between the risk to inhaled and 
ingested exposures will need to be considered. Behavioral interventions such as improved use of 
PPE, frequent hand washing and the removal of eating areas from work sites could serve as 
concentration-based controls. Similarly, engineering interventions such as automation of certain 
processes or improved aeration in high risk areas can control the concentration of pathogens and 
endotoxin that workers are exposed to. The findings from this study will help governments, 
process designers, and occupational hygienists target resources that can be expended towards 
controlling exposures that are most important. The baseline model that is constructed in this 
study can be used to evaluate different sanitation systems (in which workers handle different 
types of waste streams) and their impact on worker health risk.  
 

 Dissertation Organization 
The following chapters of this dissertation explore the use of different methods for conducting 
risk assessments in low-resource settings. Chapter 2 exemplifies a method of assessing pathogen 
infection and disease risk using data derived empirical data and reported literature values. In 
chapters 3 and 4, occupational risks are assessed using data derived from site-specific behavioral 
observations and worker personal sampling experiments along the inhalation and ingestion 
routes of exposure. Chapter 5 of this dissertation explores the blind spots in global development 
frameworks that lead to the exclusion of sanitation workers from the design of sanitation system 
benefits and concludes with urgent actions and research needed to include sanitation worker 
health considerations in the global burden of disease. 
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2 Estimating Microbial Risk in Vulnerable Populations Using Indicator to Pathogen 
Ratios—A Case Study from Rio, Brazil 

 
 Abstract 

 
Guanabara Bay has been known to be polluted with trash and sewage from the surrounding 
areas, but health risks from recreational contact with water in the basin have not been well 
characterized. In this chapter fecal indicator bacteria (FIB) monitoring data are used to predict 
risks in three different exposure scenarios: 1) bathing in freshwater rives, 2) wading in 
freshwater rivers, and 3) sailing in the Guanabara Bay.  
 
Concentration of indicator bacteria in river samples were measured directly and concentrations. 
Concentration of indicator bacteria in bay samples were sourced from publicly available 
government data sets. Ratios between pathogens and fecal indicator concentrations were used to 
estimate risks based on the measured and reported indicator concentrations.  
 
The median risk of disease estimated from E. coli indicator concentrations was 1.0, 9.9 x 10-1 
and 8.2 x 10-4 along the swimming, wading, and sailing exposure pathways respectively. Risks 
estimates based on concentrations of the enterococci indicator bacteria in the sailing exposure 
scenario were comparable at 3.4 x 10-4. The sum of total risk estimated from the five selected 
pathogens was 5.9 x 10-1, 3.6 x 10-1, and 1.0 x 10-3 for the swimming, wading, and sailing 
exposure pathways respectively. Estimated risks of swimming and wading in the rivers far 
exceeded risks associated with U.S. recreational contact standards, while estimated risks for 
sailing in the bay were well below these risk guidelines. The 95th percentile of the sailing risk 
was estimated to exceed the U.S. recreational contact risk level.  
 
This chapter exemplifies an approach to conducting quantitative microbial risk assessments 
when only fecal indicator bacteria data are available. This study is intended to provide a 
framework for estimating GI risk based on fecal indicator concentrations while acknowledging 
that the substantial variation in indicator to pathogen ratios make the results of such efforts 
uncertain. 
 

 Background 
 
The poor water quality of Guanabara Bay and the surrounding rivers has been a known health 
hazard for the surrounding communities. Over eight million people live in the Guanabara Bay 
basin area and almost half of them live in neighborhoods lacking sewage treatment facilities 
[36]. The sewage from these neighborhoods flows directly into the ocean, making recreational 
contact with the bay and its rivers a potential source of hazards which can cause gastrointestinal 
illness (GI). GI is recognized as one of the most common illnesses associated with contact with 
contaminated recreation water sources. Thus, GI is the disease outcome that is the focus of this 
risk assessment [37]. 
 
The August 2016 Summer Olympics took place in Rio de Janeiro and elicited a wide range of 
public concerns for athletes who were scheduled to compete in waters with reportedly high levels 
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of contamination. Despite the Brazilian governments promise to capture and treat 80% of the 
sewage that flows into Guanabara Bay as part of Rio’s winning Olympic bid, the project was not 
completed before the Olympic events due to financial and logistical constraints.  
 
Pathogen specific risk assessments are necessary to protect vulnerable populations from 
exposure to the fecal pathogens. However, collecting primary pathogen data is often not possible 
due to resource constraints. Instead, indicator bacteria are used as a pathogen proxy and 
established ratios between indicators and pathogens are used to estimate the pathogen 
concentration in environmental samples.  
 
Fecal indicator bacteria including fecal coliforms, E. coli, and enterococci have long been used 
as the basis for water quality standards [38]. However, linking indicator bacteria concentrations 
to quantitative health risk estimates remains a challenge. Indicator based estimates of risk will 
always be subject to uncertainty given variable shedding rates, survival rate in different 
environmental matrices, fate and transport characteristics, and the specific mixture of different 
pathogens and indicators [39].  
 
Appropriate quantification of the uncertainty associated with indicator-based risk estimates is 
necessary in making informed risk-management decisions. This is especially true when using an 
indicator such as total coliforms which, compared to other indicators, are generally seen as a 
less-specific indicator of fecal pollution [40]. Thus, many western countries set recreational 
water quality standards based on other indicators, namely E. coli and enterococci [41-45]. The 
role of total coliforms in United States Environmental Protection Agency (USEPA) drinking 
water standards is limited to a presumptive test. E. coli analysis used as a confirmatory test [46].  
 
In Brazil, both fecal coliforms and E. coli are used as indicators used for freshwater, and in 
addition to enterococci, are used for saltwater [47] . The Brazilian National Environmental 
Council (CONAMA) recommends that E. coli, enterococci, and fecal coliform be used as 
indicators for recreational contact standards for fresh, brackish and saltwater [47-49]. Upper 
limits have been established of 1,000 CFU/100 ml for fecal coliforms, 800 CFU/100 ml for E. 
Coli, and 100 CFU/100 ml for enterococci. Concentrations must be below these values for five 
consecutive days in order for the water to be classified as satisfactory.  
 
U.S. recreational water quality standards are more stringent.  The USEPA has two sets of 
recommended water quality standards for E. coli in freshwater [41]. One is a statistical upper 
bound (90th percentile) of 410 CFU/100 ml which corresponds to a risk of 36 illnesses per 1000 
users, and the other is a statistical upper bound of 320/100 ml which corresponds to 32 illnesses 
per 1000 users (requirements for geometric means are lower but these upper bounds are 
considered most comparable to the Brazilian requirement that 5 samples be below the specified 
values). In the U.S. standard, enterococci, rather than E. coli, is used as the primary indicator in 
the marine water context. Statistical upper bound values of 130/100 ml (for a risk of 36 illnesses 
per 1000 users) and 110/100 ml (for a risk of 32 illnesses per 1000) are set for enterococci, 
comparable to the Brazilian values [41]. US standards require geometric means to be below 35 
and 30 (for risks of 35 and 32 illnesses per 1000 users, respectively) which provides for lower 
risks of illness on most days. 
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A Quantitative Microbial Risk Assessment (QMRA) for GI has been conducted in this chapter 
based on concentrations of these two fecal indicator bacteria. Two exposed populations are 
considered: 1) residents of communities living along the freshwater rivers to Guanabara Bay, and 
lack sanitation infrastructure, and 2) athletes that competed in 2016 Olympic events that took 
place in Guanabara Bay [50-52].  
 
To characterize water quality in the freshwater rivers, primary data on concentrations of E. Coli 
from freshwater rivers that drain into Guanabara Bay were collected. The rivers serve as a 
potential source of exposure to the inhabitants of the watershed but are not regularly monitored 
by the Brazilian government. To characterize water quality in the bay itself, data on the 
concentrations of fecal coliform and enterococci were sourced from public reports released by 
the Brazilian State Institute of the Environment (INEA) [53].  

 

 Methods  
 
2.3.1 Study area 
Guanabara Bay lies along the northern coast of Rio de Janeiro, which is the second largest city in 
Brazil and home to one of largest urban populations in the world [54]. The Guanabara Bay 
drainage basin receives most liquid effluents produced from the greater metropolitan area of Rio 
de Janiero, one of the most industrialized coastal areas of Brazil (Figure 2.1). Of the 11.8 million 
inhabitants in the Rio de Janeiro City metropolitan area, 70% are located within the Guanabara 
Bay drainage basin [55]. 
 
Numerous efforts leading up to the 2016 summer Olympics were geared at cleaning up the bay 
including testing and monitoring the bay waters for levels of fecal coliforms and enterococci [56-
59]. No testing for any specific pathogen that can cause diarrheal disease was performed as part 
of the pre-Olympics safety measures [36, 60, 61]. 
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Figure 2.1 The Guanabara Bay and its major input rivers with the sampling locations. Black circles represent 
the locations of sampling in freshwater rivers. A triangle represents the saltwater marina from samples of the bay 
were taken.  

 
2.1.1 Population and exposure scenarios  
Two exposed populations were considered in this risk assessment: 1) individuals in communities 
surrounding Guanabara Bay who are in contact with freshwater streams draining into the bay, 
and 2) athletes competing in sailing events in Guanabara Bay. Current governmental monitoring 
is focused on indicator organism concentrations in Guanabara Bay rather than on exposures in 
outlying communities where residents may contact polluted waters before they are diluted by the 
receiving waters in the bay [62]. 
 
Three exposure scenarios across the two different exposure groups were explored. The first 
exposure group included individuals living in communities along rivers draining to the 
Guanabara Bay and the exposure scenarios explored were: 1) swimming in and 2) wading in the 
freshwater rivers sampled in this study. The second exposure group included Olympic sailors and 
the exposure scenario considered was the sailing event that took place in the Guanabara Bay 
saltwater bodies. Distinct indicators were used to model pathogen exposure to water from the 
freshwater rivers and the saltwater bay as there are inherent differences in the survival and 
proliferation of different types of indicator bacteria in fresh versus saltwater sources [63].  
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2.3.2  Microorganisms considered 
To evaluate risk to GI, this risk assessment considered a number of pathogens to represent 
bacteria, viruses, protozoa, and helminths: Campylobacter, and Salmonella were selected to 
represent bacteria; Rotavirus to represent viruses; Cryptosporidium to represent protozoa; and 
Ascaris to represent helminths. These organisms were selected on the basis of their inclusion as 
excreta related pathogens in WHO guidelines for drinking water and wastewater [64], the 
availability of established dose-response curves [21].  
 
The three indicators that were measured in the freshwater river samples and saltwater bay 
samples include fecal coliform, E. coli, and enterococci. These indicator organisms are linked to 
disease risk either through explicit indicator pathogen ratios or implicitly when a dose-response 
function is applied to an indicator organism. In the latter case, the indicator is not causing the 
disease, but rather co-occurs with pathogens. 

 
2.3.3 Data used for risk assessment 
Freshwater rivers were sampled for E. coli as part of this study while fecal coliform 
concentrations of the bay were sourced from INEA reports. To calculate the concentration of 
pathogens in freshwater, an E. coli:pathogen ratio, REC:Pathogen, was applied to the measured 
concentrations of E. coli in the rivers. To calculate the concentration of pathogens based on the 
reported concentrations of fecal coliforms in saltwater, two ratios were used: 1) a fecal 
coliform:E. coli ratio, RFC:EC salt, reported specifically for saltwater and an 2) E. coli:pathogen 
ratio, REC:Pathogen, specific to each pathogen[24, 66-68]. Established dose-response models were 
used to estimate the probability of GI given the estimated concentrations of pathogens and E. coli 
in freshwater. For the saltwater context, an indicator E. coli dose-response curve was fit using 
maximum likelihood estimation methods estimate and literature data [69-72].  

 
2.3.4 Exposure route assumptions 
Exposure to the water sampled from the rivers was assumed to occur via two exposure routes: 1) 
swimming or 2) wading in surface waters. The choice of these exposure routes was informed by 
other studies that report on exposure to microbial risks in the context of  high population density, 
low income and poor sanitation [68,73,74]. Exposure to the saltwater in the bay was assumed to 
occur by ingestion during sailing events. 
 
2.3.5 Indicator concentrations 
Freshwater sampling was conducted by Pontifícia Universidade Católica de Rio de Janeiro for 
three months to represent three seasons (Sept/2014, Jan/2015 and April/2015). A total of 24 
water samples were collected at eight rivers in the Guanabara Bay basin, namely: Caceribu, 
Guapimirim, Suruí, Iguaçu, SJ Meriti, Irajá, Cunha channel and Mangue channel. Samples were 
collected from bridges using sterilized four-liter amber glass bottles mounted on a metallic 
support. An aliquot of 50 mL was subsampled in the field and stored chilled in the dark. Samples 
were analyzed for E. coli by the Fluorcult (Merck, Darmstadt, Germany) LMX Broth modified 
method for detection and quantified using the classic method of multiple tubes.  
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Fecal coliform and enterococci sampling from saltwater in Guanabara Bay was conducted by the 
INEA at five sites within the bay. The analysis utilized the data collected from Marina de Gloria, 
the area of the bay where sailing races were held during the 2016 Olympics [53]. 
 
2.3.6 Estimation of pathogen dose from indicator data 
Freshwater river data: Concentrations of E. coli were measured in the freshwater rivers and an E. 
coli:pathogen ratio, REC:Pathogen , was used to estimate the concentration of pathogens with known 
dose-response curves [24, 67,75].  
 
Saltwater bay data: Fecal coliform and enterococci concentrations from bay water samples were 
published by INEA. Because no fecal coliform:pathogen ratios are reported in the literature, a 
fecal coliform:E. coli ratio, RFC:E. Coli, followed by the E. coli:pathogen ratio, REC:Pathogen, was 
used to estimate the concentration of pathogens.   
 
The following equations represent the concentration of pathogens in the freshwater and saltwater 
sources sampled: 
 

𝐶!"#$%&'(	*"+#,"#'- = 𝐶./ ∗ 𝑅./:1/ ∗ 𝑅1/:!"#$%&'(	(Equation 2.1) 

where 𝐶!"#$%&'(	represents the concentration of pathogen in MPN/ml (for Salmonella, 
Campylobacter, rotavirus, Cryptosporidium, Ascaris), 𝐶!" 	represents the measured concentration 
of fecal coliform in MPN/ml, 𝐶#"  represents the measured concentration of fecal coliform in 
MPN/ml, 𝑅#":!" 	represents the fecal coliform:E. coli ratio used for saltwater [76], and 
𝑅!":%&'()*+, represents the E. coli:pathogen ratio specific for each pathogen.  

 
The exposure dose of each organism was calculated as follows: 

 
𝐷 = 𝐶!"#$%&'( ∗ 	𝑉2(&'*#2%( ∗ 𝑡'3'(#	(Equation 2.2) 

 
where D is the exposure dose per event for each pathogen or indicator bacteria, 𝐶%&'()*+,	is the 
concentration of pathogens in the rivers or bay, 𝑉-,*+.'-),	is the volume of water ingested, either 
per event (for the swimming and wading scenarios) or per hour (for the sailing scenario), and t is 
the exposure time for the sailing scenario, or the duration of the sailing competition event Table 
2.1 summarizes the parameters used in the risk assessment model. 
 
2.3.1 Dose-response model 
Dose-response relationships for E. coli, enterococci, and five criteria pathogens were used to 
estimate the risk of disease given the dose determined by the exposure assessment. Dose-
response relationships for the reference pathogens and for E. coli in freshwater were defined 
from previous studies (Table 2.2). A mechanistic dose-response model for E. coli in saltwater 
was not available in the literature. However, data relating E. coli exposure from saltwater 
recreation to health outcomes have been published from studies done in the US [81, 82]. These 
studies applied a regression analysis to the epidemiological study data for both fresh and marine 
waters, resulting in a log-linear model representing the relationship between E. coli and the risk 
of GI. More recently, a non-threshold, mechanistically based model, the exponential model has 
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been developed to evaluate the best fit dose-response model for the same data, using maximum 
likelihood estimation methods [69]. These later dose-response fitting methods were fit for the 
freshwater context only. In this study, an exponential model was fit to the saltwater data using 
maximum likelihood estimation methods. 
 
Table 2.1.	Model Parameter Summary 

 
Parameter             
Description                        

Units 

Point Value/Distribution                
Reference 

Parameter             
Description                        

Units 

Point Value/Distribution                
Reference 

Parameter             
Description                        

Units 
CEC fresh Concentration of 

E. coli in freshwater rivers 
(from 8 rivers) 

E. coli/100 ml Lognormal 
μ=3.6 x 109 

σ =1.2 x 1011 

Field measurement  
(this study) 

CFC salt  
Cent salt 

Concentration of fecal 
coliforms and enterococci 
in saltwater bay, at Marina 

de Gloria 

fecal coliform/100 
ml 

Lognormal distribution 
μ = 3.2 x 103 

σ = 1.0 x 104 

INEA (2016) [53] 

RFC:EC salt E. coli/ fecal coliform ratio 
in saltwater 

-- Point-value 
μ = 3.0 x 10-1 

 
Fattal (1987) [76] 

REC:Pathogen E. coli:pathogen ratios -- Lognormal distribution 
μ EC:Campylobacter = 105 

μ EC:Salmonella = 105 
μ EC:rotavirus = 105 

μ EC:Cryptosporidium = 105 
μ EC:Ascaris = 106 

Howard (2007) [67] 

VIngestion 

Swimming 
Mean volume of water 

ingested during 
swimming 

ml/event Gamma distribution 
r = 0.45 
λ = 60 

Schets (2011) [77] 

VIngestion Wading Mean volume of water 
ingested during 

wading 

ml/event Point-value 
μ = 3.2 ml 

 

Dorevitch (2011) [78] 
Westrell (2004) [79] 
Labite (2010) [68] 

VIngestion Sailing Mean volume of water 
ingested during 

sailing 

ml/hour Uniform distribution 
μ = 3.9 ml 

Dorevitch (2011) [78] 

t Sailing Duration of the sailing 
event (time) 

hours Point-value 
μ = 0.5 hr 

Aquece Rio (2015) [80] 

 
An exponential dose-response model was used to estimate the risk of Cryptosporidium and 
Ascaris infection, while a beta-Poisson model was used for Campylobacter, Salmonella, and 
rotavirus. The general equations for the exponential and beta-Poisson dose-response models are 
given by the following equations: 

 
Exponential: 𝑃(𝑑) = 1 − e(01∗3) (Equation 2.3) 

 

Beta-Poisson: 𝑃(𝑑) = 1 − .1 + d ∗ 25
4 56 06
778

34
0∝

(Equation 2.4) 

 
where P(d) is the probability of becoming infected by ingesting d number of organisms, N50 is 
the median infection dose representing the number of organisms that will infect 50% of the 
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exposed population, α is a shape parameter with no biological meaning, and k is the probability 
of a pathogen surviving, reaching, and infecting at an appropriate site in the host cell. 
 
The dose-response models for the criteria pathogens were derived from studies of direct 
inoculation or ingestion of pathogens. In contrast, the dose-response models for indicator E. coli 
were derived from epidemiological studies of recreational water users. Evidence from the  
 

Table 2.2. Dose-response Parameters 
 

Pathogens Parameters Model Form References 

E. coli (saltwater) k = 1.4 x 10-4 Exponential Derived here 

E. coli (freshwater) k = 5.1x 10-5 Exponential Sunger 2013 [69] 
Enterococci 
(saltwater) k = 1.8 x 10-4 Exponential Sunger 2015 [83] 

Campylobacter 

α=1.6 x 10-1 

𝑁9:=8.9 x 102 

PDI = 0.3 beta-Poisson Haas 2014 [70] 

Salmonella 

α =3.1 x 10-1 

𝑁9:	=2.4 x 104 

PDI = 3.0 x 10-1 beta-Poisson Haas 2014 [70] 

Rotavirus 

α = 2.5 x 10-1 
𝑁9: =6.2 

PDI = 5.0 x 10-1 beta-Poisson Haas 2014 [70] 

Cryptosporidium 
k = 4.2 x 10-3 

PDI = 7.0 x 10-1 Exponential Teunis 1996 [71] 

Ascaris 
k = 3.9 x 10-2 

PDI =3.9 x 10-1 Exponential 
Navarro 2009 

[72] 
 
literature suggests that the dose-response for indicator E. coli differs between fresh and saltwater 
exposure mediums, as E. coli persistence has been shown to be inversely related to salinity [84]. 
Thus, two distinct dose-response models were selected and used for estimating the risks to E. 
coli in freshwater versus saltwater. 
 
Several dose-response models relating E. coli in freshwater and disease can be found in the 
literature [69, 85-91]. These models are either linear, exponential, beta-Poisson 
or Weibull-gamma type dose-response models. In this study, linear models are excluded, because 
they lack a mechanistic basis [69]. Other reported dose-response models were either based on a 
specific, pathogenic E. coli strain [86,91], derived from exposure via foodborne E. coli outbreaks 
[86-88], and/or based on animal studies, which can differ with the real dose-response in human.  

 
2.3.2 Disease risk estimation 
The risk of disease to an individual per swimming, wading, or sailing event was calculated as the 
product of the risk of infection and the probability of disease given infection (PDI). The resulting 
probability of disease is given by the following equations:  
 

𝑃(𝑑)+9:),+,'-&; = 51 − 𝑒(0<∙>).+)7 ∙ 𝑃𝐷𝐼 (Equation 2.5) 
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𝑃(𝑑)	@+'&0%)-..), = ;1 − <1 + 𝑑𝑜𝑠𝑒 ?5
4
∝06
A78

@A
0∝

B ∙ 𝑃𝐷𝐼 (Equation 2.6) 

 
Uncertainty ranges in input parameters were described with probability distributions, and these 
probability distributions were used in a Monte Carlo simulation to develop a probability 
distribution of risk [70]. Table 2.1and Table 2.2 summarize the statistical distributions and input 
variables used to characterize uncertainty in the model parameters. 
 
The measured concentrations of E. coli in river sources and fecal coliform in the bay were fit to 
lognormal distributions as fecal indicators in recreational waters have been shown to be 
lognormally distributed [91]. A distribution of E. coli to pathogen ratios was built using a 
lognormal distribution reported in the literature based on monitoring in raw sewage in USA, 
Netherlands, Scotland, New Zealand, Brazil, and Australia [67]. The volume ingested during 
swimming was estimated by sampling from a lognormal distribution reported by USEPA based 
exposure assessments for swimmers in freshwater [41]. The parameters for the ingestion 
volumes of adult males were used as a conservative estimate for the population [77]. The volume 
ingested during wading was estimated as a point value representing the mean of reported 
volumes ingested during wading in wading and splashing in a swimming pool study [78], wading 
at a wetland inlet [79], and playing near open drainage channels [68]. The volume ingested 
during sailing was based on sampling from a distribution representing an USEPA based study of 
ingestion during canoeing [78]. Because the volume accidentally ingested during sailing has not 
been reported in the literature, published estimates on the volume of water accidentally ingested 
during canoeing was used as a conservative estimate. Mean volumes ingested during canoeing 
have been reportedly higher than other water-based recreational activities. A point value for the 
average sailing time was used based on the predicted times for all sailing races reported by the 
test event program [80].   
 
A Monte Carlo simulation model was constructed, in which parameters were populated by a 
distribution or point value, using the mc2d package in R (R-3.2.4 version, R Foundation for 
Statistical Computing, Vienna, Austria) [92]. For each pathogen considered in a given exposure 
scenario 10,000 simulations were carried out to estimate the risk of infection and disease.  
 

 Results 
2.4.1 Concentration of indicator organisms in environmental samples 
The concentration of fecal indicator concentrations differed between fresh and saltwater samples, 
both in magnitude and range (Table 2.3). Measured concentrations of E. coli in rivers 
(Median(CEC fresh) = 1.6 x 106 MPN/100 ml) were much higher than the reported fecal coliform 
and enterococci concentrations in the bay (Median(CFC salt) =  7.90 x 102 and Median(Cent) = 7.9 x 
101 MPN/100 ml). This difference cannot simply be attributed to the normal concentration 
variability between E. coli and enterococci, since the recognized gap between those two 
indicators is generally one order of magnitude or less [93]. E. coli concentrations in the river 
show much greater variability (SD(CEC fresh)=2 x 1011) than fecal coliform (SD(CFC salt) = 4 x 103) 
and enterococci SD(Cent) = 9 x 102) concentration measured in the bay. 
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Comparison of indicator concentrations with their corresponding Brazilian regulation limits 
[47,48] show that for freshwater exposure scenarios including swimming and wading, limits are 
greatly exceeded, while for the saltwater sailing exposure, indicator concentrations are around or 
slightly above the limit (Figure 2.2). Specifically, in the swimming and wading pathways, only 
4% of the 24 samples comply with CONAMA’s limit of 800 MPN/100 ml, whereas a minimum 
80% of samples are required by the law to have “satisfactory” water quality. 
 
Results of the saltwater sampling campaign conducted by INEA show that two of the 10 samples 
were far above the Brazilian enterococci limit of 400 MPN/100 ml (with values of 2,729 and 
1,782 MPN/100 ml) while the other eight values were below this limit. Within the same sample 
set reported by INEA, 73% of the 11 data points were below the threshold limit of 2.5 x 103 
MPN/100 ml for fecal coliform, below government requirement of an 80% minimum sample 
number to be below the threshold limit.  
 
Table 2.3: Summary of indicator organism concentrations in freshwater and saltwater sources in the 
Guanabara Bay basin (MPN/100 ml) 

 
  Percentiles (MPN/100 ml)   

Pathogen 
Water type 

(Source) 
N 5th 50th 95th Geometric Mean Standard 

deviation 

E. Coli – 
freshwater 

(measured here) 

24 
4.3 x 103 1.6 x 106 1.74 x 1010 3.20 x 106 2.20 x 1011 

Fecal coliform – 
bay 

(INEA 2016 
[53]) 

12 9.9 x 101 7.9 x 102 9.72 x 103 8.61 x 102 4.24 x 103 

ENT – Saltwater 
(INEA 2016 

[53]) 
11 1.0 x 101 7.9 x 102 2.26 x 103 7.7 x 101 9.1 x 101 

 
  



 
   
 

 
   
 

 

17 
 

 
 

 
Figure 2.2. Scatter plot of measured indicator concentrations in river and bay samples from the Guanabara 
Bay basin compared to international regulatory limits in Brazil, Canada, and the United States. Points 
indicate concentrations of indicators measured in samples from eight freshwater rivers (R) and the Marina de Gloria 
area of the saltwater bay (B). The lines represent standards for various countries for freshwater and saltwater as 
applicable. 
 
2.4.2  Risk estimation 
Estimated risks in the freshwater exposure pathways were three orders of magnitude higher than 
the estimated risks in the sailing exposure in the bay (Table 2.4). Median probabilities of disease 
based on E.coli exposure was higher in the river exposure scenarios (P(d)swim)= 1 and (P(d)wade) 
= 9.9 x 10-1) than in the bay exposure scenario (Median(P(d)sail)= 8.2 x 10-4). Risk estimates in 
the saltwater scenario were found to be comparable using the two different indicators, E. coli 
(P(d)E. coli = 8.2 x 10-4) and enterococci (P(d)enterococci=3 x 10-4). As the saltwater E. coli 
concentrations were derived using a fecal coliform-to-E. coli ratio, RFC:EC, the similarity in risk 
results obtained using E.coli and enterococci suggests that the ratio used [76] is appropriate as it 
led to an equivalent risk estimation for both of these indicators. 
 
Risk estimate derived from the sum of specific pathogens had a lower magnitude than the risk 
derived from indicators. This could be due to the omission of other pathogens that contribute to 
risk from the model derived here. For example, norovirus, adenovirus, and enterovirus are all 
common causes of GI that were not included in the risk assessment conducted here and may 
account for some of the differences between the indicator-based risk assessment and the sum of 
the specific pathogen risks.  
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Table 2.4. Summary of risk of illness, per exposure scenario and pathogen 

 
 Exposure scenarios (water type, location) 

SWIMMING 
(Fresh water, rivers) 

WADING 
(Fresh water, rivers) 

SAILING 
(Saltwater, bay) 

Risk percentiles Risk percentiles Risk percentiles 
Pathogens 

5th 50th 95th 5th 50th 95th 5th 50th 95th 

E. Coli 1.9x10-2 1.00 1.00 4.7 x 10-4 9.9x10-1 1.00 1.5 10-5 8.2x10-4 3.6x10-2 

Enterococci - - - - - - 8.0x10-6 3.4x10-4 1.0x10-2 

∑ Pathogens 1.8 x 10-1 5.9 x 10-1 8.8 x 10-1 1.1 x 10-2 3.6 x 10-1 7.5 x 10-1 4.18 x 10-5 1.0 x 10-3 3.6 x 10-2 

Campylobac
ter 

2.3 x 10-5 6.9 x 10-2 2.4 x 10-1 5.6 x 10-7 5.5 x 10-3 2.0 x 10-1 6.2 x 10-9 3.5 x 10-7 1.5 x 10-5 

Salmonella 1.9 x 10-7 1.5 x 10-3 2.4 x 10-1 3.8 x 10-9 3.9 x 10-5 1.2 x 10-1 3.3 x 10-11 1.8 x 10-9 8.0 x 10-8 

Rotavirus 1.4 x 10-3 3.5 x 10-1 4.9 x 10-1 3.1 x 10-5 1.4 x 10-1 4.6 x 10-1 2.9 x 10-7 1.8 x 10-5 8.3 x 10-1 

Cryptospori
dium 

1.4 x 10-6 1.2 x 10-2 7.0 x 10-1 3.0 x 10-8 2.8 x 10-4 6.9 x 10-1 3.1 x 10-10 1.7 x 10-8 7.1 x 10-7 

Ascaris 6.8 x 10-6 6.7 x 10-2 3.9 x 10-1 1.6 x 10-7 1.6 x 10-3 3.9 x 10-1 1.6 x 10-9 9.2 x 10-8 3.8 x 10-6 

 
2.2 Discussion 
The output of the risk model constructed here showed exceedances of recreational contact 
guidelines for freshwater rivers of Guanabara Bay. Disease risk in the sailing context was 
estimated to be on the order of 1 in 10,000 which is considered acceptable for GI illness due 
recreational water contact by U.S. recreational contact standards which have target risk levels 
ranging from 3.2 to 3.6 in 100.  
 
The analysis here does not explore the scenario of swimming in Guanabara Bay, a scenario that 
would have higher risks than sailing due to the greater amount of water that is ingested. It is also 
notable that the upper bound on risk is roughly 4 in 100 which does exceed U.S. targets for 
allowable recreational water contact risk. There is great variability in indicator concentrations, 
likely related to tidal flows in and out of Guanabara Bay. In the future, the acceptable risks for 
exposure scenarios such as the sailing Olympic event need to be evaluated on a case-by-case 
basis as they are highly subject to the environmental conditions prevailing on a given day. 
Strategies such as scheduling events during a rising tide, when presumably cleaner ocean water 
is flowing through the area in which events are to be held, may help reduce risk for future events 
of a similar nature. 

 
Compared to existing standards, the fecal coliform and enterococci concentrations measured in 
saltwater at the Marina de Gloria in Guanabara Bay are either close to the limits (for Brazil and 
US), far above (for Europe, Australia and WHO), or below the national limits (Canada) while the 
values reported of the E. coli concentrations measured in fresh-water rivers around the 
Guanabara Bay are far above the Brazilian and all other reference limits explored in this study. 
This observation highlights the exceptional risk that local populations face due to contaminated 
surface waters. As a non-quantitative retrospective validation, there were no widely publicized 
reports of athletes in sailing events contracting GI during the Rio Olympics of 2016. 
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2.3 Limitations 
 

This chapter has a number of important conceptual and technical limitations that are worth 
discussing. For one, total risk was calculated as the sum of the risks from selected pathogens in 
the model and compared to the risk magnitude of the indicators. However, the total risk resulting 
from the select pathogens included in the model (Campylobacter, Salmonella, rotavirus, 
Cryptosporidium, Ascaris) may be underestimated due to inexhaustive collection of pathogens 
that were chosen for this risk assessment. Additional pathogens such as bacteria like Shigella 
spp., Vibrio cholera, viruses like noroviruses and adenoviruses, or protozoan like Giardia 
lamblia which endemic in Brazil and could be present in the water and contribute to the risk of 
gastrointestinal disease [37, 70, 93].  
 
We made a major assumption that the transmission routes and behavior of the populations in this 
study could be modeled using data from other country contexts. We were not able to conduct a 
field survey in Brazil to determine the potential exposure pathways that were the most relevant 
for the exposed population. Rather, exposure activities were selected from those reported in 
similar contexts, informal settlements in Accra, Ghana, and Uganda [25, 26].  
 
Further assumptions were made regarding the dose-response parameters used and assumptions 
on the growth, removal, and inactivation of pathogens in this specific context. The majority of 
the dose-response relationships that were used in this paper come from either epidemiological 
experiments or human feeding trials that were conducted in the USA. The Cryptosporidium 
dose-response curve used was derived from data from an epidemiology study that was conducted 
in Mexico. In reality, the susceptibility of humans to the pathogens explored in this study may 
differ depending on individual susceptibility which may vary by culture, age, current health 
status, and previous exposures. Because the dose-response relationships employed here 
originated from studies done on a population of healthy American volunteers, we hypothesize 
that the response and risk may be underestimated for populations living in informal settlements 
near Guanabara Bay.  
 
Another limitation was the use of the same E. coli:pathogen ratio distribution for all seasons. 
Evidence has suggested that this ratio may vary by season. Thus, there is a need for further 
research to determine the seasonal variation of the pathogen concentrations and derive specific 
distributions of ratios for each season. 
 
Finally, we used ratios between indicator bacteria and specific pathogens based on limited 
experimental data from different country contexts. The ratio of E. coli to fecal indicators used in 
the saltwater was derived from studies conducted in Israel. The ratios used for comparing E. coli 
to pathogens were derived datasets collated from nine studies of raw sewage in Australia, 
Netherlands, USA, Scotland, England, and New Zealand, and Brazil [94]. The diversity of 
pathogens and their concentrations in raw sewage has been shown to depend on fecal input and 
the health status of the contributing populations[95]. Both of these factors may differ by 
population or country context. As such, the ratios from the studies cited may be a good estimate 
of the relative concentrations of the organisms within the industrialized world but it is likely that 
the ratio in a developing country like Brazil is lower than what was assumed in this study. 
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2.4 Conclusion 
The work done in this chapter exemplifies a risk assessment conducted in a low-resource setting 
with environmental data limited to concentrations of fecal indicator organisms. Context-specific 
data on the relevant exposure routes, exposure frequency, and site-specific indicator:pathogen 
ratios was also lacking. Overall, the use of surrogate data from different contexts to construct 
model parameter distributions resulted in a model with high uncertainty. In the next chapter, we 
explore field-based sampling methods to create context-specific pathogen:indicator ratios. In the 
next chapter, we also conduct field-based exposure assessments and make use of behavioral 
observations and personal sampling methods to refine our understanding of exposure dose and 
reduce the uncertainty associated with assuming exposure routes and pathways that are derived 
from other studies.  
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3 Estimating Adenovirus and Cryptosporidium Risk to Sanitation Workers During Fecal 
Waste Collection and Processing—A Case Study from Kigali, Rwanda 

 
 Abstract 

 
In this study, experimental work was conducted to evaluate occupational exposure to fecal 
pathogens at each stage in a waste-to-fuel process in Kigali, Rwanda. Primary data were 
collected on the concentration of two pathogens, Cryptosporidium and adenovirus, and two 
indicators, total coliform and E. coli, in bulk fecal waste samples. Pathogen:indicator 
concentration ratios were constructed as point values and probability distributions and used to 
predict the concentration of pathogens in worker hand rinse samples. A Monte Carlo simulation 
was conducted to integrate the estimated pathogen concentration in hand rinse samples and 
observed worker hand-to-mouth behavior frequency to model the probability of disease to 
workers performing waste collection and waste processing tasks. The impact of various model 
assumptions was evaluated through a sensitivity analysis of key parameters. Of all of the 
exposure scenarios and pathogens considered here, workers in the collection process experience 
the highest risk to adenovirus exposure via the hand-to-mouth exposure pathway. Our analysis 
highlights that the ratios of pathogens to indicator bacteria are useful for predicting the risk to 
adenovirus which has a high detection rate. On the other hand, the use of pathogen:indicator 
ratios to predict Cryptosporidium concentration is fraught due to variable detection rates and 
concentration. 
 

 Background 
 
One of the hurdles to scaling up non-sewered sanitation systems in a formalized way is the lack 
of health and safety standards within these new and emerging systems. In the absence of a sewer 
network, non-sewered sanitation systems rely on workers to handle wastewater, fecal sludge, and 
raw excreta which can increase the risks of enteric disease transmission [96]. Developing risk-
based standards for fecal sludge collection and transformation processes is key to ensuring the 
health and safety of workers throughout the sanitation value chain. However, there is currently a 
lack of data on pathogen-specific risks that workers encounter in different types of non-sewered 
sanitation processes. Quantitative Microbial Risk Assessment (QMRA) is a risk assessment tool 
that can be used to assess risks and inform the development of risk based standards [21]. 
 
Prior risk assessments on fecal waste management processes have been conducted largely in the 
context of agricultural land application of recycled fecal sludge [23,27,97,98]. Fewer studies 
have looked at the risks to workers that are upstream in the sanitation value chain such as waste 
collectors, treatment plant workers, and resource recovery workers. Among the few, a 2018 
study done by Mackinnon et al. investigated bacterial exposure to operators of a container-based 
sanitation service in Kenya. The authors observed operators perform their duties and swabbed 
fomites they handled. However, the study findings were limited to qualitatively categorizing job 
specific hazards based on contamination of fomites handled in the different tasks. Neither worker 
dose nor frequency of exposure events was measured which limits the ability to design targeted 
interventions or exposure control standards that protect potentially exposed workers [99]. 
Fuhrimann et. al used a methodology that combined questionnaires with stool samples to 
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determine the link between self-reported exposure pathways and pathogenic disease. The study 
enrolled wastewater treatment plant workers as well as farmers using the waste derived products 
as two of the five distinct risk groups and found that urban farmers are at higher risk of infection 
to helminths than other measured risk groups. Although the study identified the relative risk of 
sanitation workers compared to other risk groups measured, the mechanism of exposure was not 
identified which provides limited insights for the purposes of preventing and controlling 
occupational exposures [100]. Bischel et al. looked at the health risks to workers collecting urine 
for resource recovery in South Africa incorporating primary data such as observed hand-to-
mouth activity and pathogen concentrations in the urine with literature data on transfer 
efficiencies between different objects. This study provided a mechanistic approach to estimating 
pathogen risk for urine collectors [16]. To our knowledge, there are no existing studies which 
provide a well-informed mechanistic risk assessment for handlers of fecal waste. The dearth of 
such risk assessments presents a challenge in the development of well-informed standards that 
can protect workers within the emerging non-sewered sanitation sector.  
 
Risk assessments are data intensive and best practices require data on pathogen concentration 
from specific geographic, workplace, behavioral, and cultural contexts. However, there is limited 
data on the occurrence and concentration of pathogens in developing countries which is often 
due to the lack of resources to conduct regular monitoring. One of the approaches to overcoming 
this data gap in performing risk assessments in developing country settings is to use indicator 
bacteria, which are cheaper and easier to quantify in environmental matrices, as a proxy for fecal 
pathogen concentrations [32]. This approach often makes use of established ratios between 
indicator bacteria and pathogens and avoids the need to do time and resource intensive routine 
monitoring of specific pathogens. The ratios that are most often used have been derived from 
measuring the concentration of pathogens and indicators in a few primary studies and widely 
applied [96,98,102,103]. This introduces uncertainty in models as the ratio of pathogens to 
indicators is known to  vary as a function of context-specific factors [103].  
 
The widespread use of pathogen-to-indicator ratios in order to estimate pathogen concentrations 
in contexts different from which they were generated has been called into question in the 
literature [27, 28, 30] due to growing knowledge that the relative concentration of different 
organisms, and thus their ratios, are driven by context dependent factors such as the source of the 
fecal input, pathogen endemicity in the population, the concentrations of other naturally 
occurring organisms, and exposure of the medium to environmental factors which drive 
differential die-off rates.  
  
Another factor that limits the accuracy of QMRA is a lack of accurate data on the frequency of 
exposure events. Many studies rely on activity recall or extrapolation of frequency parameters 
from other studies [26, 33, 104]. More recent studies have made use of video activity data to 
quantify exposure activities in low-income countries [105, 106]. While the use of videos can 
provide accurate measurement of some activities, it is prohibitive in the low-income 
occupational context where being observed by a video recorder or wearing a video recorder may 
dramatically alter the behavior of the workers and potentially disturb the productivity of the 
workers. Structured observation of workplace exposure activity, if done by a fellow worker or 
someone the workers are used to, could help avoid biases such as the Hawthorne Effect in which 
the workers alter their behavior due to their awareness of being observed [107].  
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Measuring specific fecal pathogens and indicators at each stage in the fecal sludge collection and 
waste-to-fuel process can establish a context-specific relationship between indicators and 
pathogens and enable a more accurate estimation of risk for a vulnerable population of workers. 
Developing context-specific parameters for conducting risk assessments in low-resource settings 
is important for informing the development of control strategies to reduce risks to vulnerable 
populations. In this study we develop methods for these context-specific parameters and 
highlight the remaining gaps in reducing uncertainty in risk assessment aimed at assessing risks 
to workers in the non-sewered waste collection and transformation processes.  
 

 Methods 
 
3.3.1 Study site 
This study is based on samples collected from a sanitation collection and treatment process  in 
Kigali, Rwanda which is currently home to 1.3 million people. Kigali does not have a sewer 
network for collecting wastewater. Instead, households rely on decentralized, on-site sanitation 
systems. The vast majority, 95% of Kigali residents, use pit latrines as their primary form of 
sanitation [30]. When these facilities fill, the waste is removed by service providers who empty 
the waste and transport it to Nduba Hill, Kigali’s landfill disposal site for both solid and liquid 
waste.  
 
In 2015, the City of Kigali and a private American firm commissioned a pilot-scale municipal 
fecal sludge-to-fuel plant situated at the Nduba dump site. Fecal sludge was emptied from 
households with full pits or septic tanks, transported to the Nduba resource recovery plant, and 
converted into solid fuel for use in cement production and other industry. 

 
3.3.2 Recruitment and ethics 
All workers consented to participating in the study, and all study protocols were approved by the 
UC Berkeley Committee for Protection of Human Subjects prior to the conduct of this research. 
All workers in fecal sludge collection waste-to-fuel processing activities in Kigali, Rwanda were 
eligible for the study and given information about the research and research protocol. We 
employed a participatory recruitment and data collection strategy in which one of the workers 
from the lab at the waste-to-fuel plant was trained to recruit workers, sample workers, and 
coordinate the collection of environmental samples that were part of this study. All workers who 
participated in the study were provided with information about reducing workplace exposures. 
All information was provided in Kinyarwanda and written informed consent was collected from 
each participant prior to data collection activities.  

 
3.3.3 Task types and worker exposure groups 
Twelve workers were sampled while performing one of two types of work tasks in the waste to 
fuel process: 1) waste collection tasks, 2) waste transformation tasks at the waste-to-fuel facility. 
Workers in each group performed tasks solely within their work group at all times as the tasks 
(described below) in each group are highly specialized. Workers using the end product in 
downstream industrial processes were initially part of the study design but were not included in 
this study due to difficulty in accessing to this worker population.  
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Potential candidates for inclusion were all workers performing jobs in the waste collection and 
transformation process (Figure 3.1) who were over the ages of 18 and able to wear the samplers 
for the entire shift. Workers were sampled from the waste collection group of workers or the 
waste processing group of workers performing from two different task groups described below: 
 

• Waste collection tasks:  
The collection process started with pit latrine or septic tank emptying to remove fecal 
sludge from full pit latrines and septic tanks, after which the waste was transported via 
truck to the waste to fuel facility, and released the waste of ~ 1-5% solids at the inlet of 
the plant for processing into fuel. The collection team typically emptied and transported 
sludge from 3-5 different households per day using a vacuum tanker truck before dumping 
it at the waste-to-fuel facility.  
 

• Waste transformation to fuel tasks: 
Samples of workers who work at the waste-to-fuel facility were collected during the 
following tasks: 

 
1. Mechanical dewatering: The sludge is conveyed from the inlet by gravity to an MS-80 

mechanical dewatering machine consisting of a rotating membrane and a screw auger. 
The MS-80 operator is responsible for periodic monitoring of the machine as well as 
routine sample collection of the influent and effluent. The operator is also in charge of 
routinely opening the MS-80 machine to prevent overflows as well as clean the 
machine before the task end.  

2. Solar Drying: Workers spread the sludge cake from mechanical dewatering on the floor 
of a solar greenhouse system for evaporative drying. Here, the workers manually turn 
and mix the material over a period of five to seven days depending on the ambient 
temperature and humidity. 

3. Thermal Drying: In this task, a worker loads sludge from the greenhouse into a vertical 
drum dryer, which reaches a temperature of 120 °C, to remove residual moisture and 
inactivate pathogens. At the end of each rotating dryer cycle, a blower fan conveys the 
final fuel product from the inlet of the drum to the outlet and the worker fills bags with 
the final fuel product. 
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Figure 3.1. Waste Collection and Fuel transformation Process. Waste is collected from household pit latrines 
and septic tanks using a combination of portable vacuum pumps and vacuum exhauster trucks. Waste is transported 
to the waste to fuel facility and released at the plant inlet. The transformation to fuel includes three key processes: 
mechanical dewatering to extract the majority of solids using a physical separation process, solar drying in which 
partially dewatered sludge is spread for further drying in greenhouses, and thermal drying in which a vertical drum 
serves to remove final moisture from the fuel product.  
 
Model Framework 
A QMRA framework was developed to estimate the concentration of pathogens collected on 
hands and gloves, and the subsequent pathogen ingestion due to hand- and glove-to-mouth 
contact events during an 8-hour work period. The outcome of the model is a distribution of 
disease probabilities for a worker on a random day in each task group.  
 
To reduce the uncertainty and account for variability in the data collected, probability 
distributions were used for exposure model parameters when possible. The model considered 
four types of input that were measured in this study. The framework used to collect these three 
types of primary data are visualized in Figure 3.2 and further described in the following sections.   
 

1. Indicator bacteria on worker gloves and hands: The concentration of indicator bacteria 
(E. coli and total coliforms) accumulated on worker hands and gloves during a work task 
using hand rinse sampling techniques.  

2. Ratio of pathogens to indicator bacteria in bulk samples: The concentration of pathogens 
and indicator organisms measured in the bulk samples of fecal sludge handled during 
different processing steps  

3. Pathogen concentration on worker hands and gloves: The concentration of pathogens in 
worker hand- and glove-rinse samples based on measured concentrations of indicators in 
task-specific rinse samples and  the task-specific ratio of pathogens to indicators 
established for bulk samples of the same task. 
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3.3.4 Dose of pathogen ingested  
The number of pathogenic organisms (Cryptosporidium or adenovirus) ingested based on the 
concentration of pathogens on worker hands or gloves, the number of hand-to-mouth contacts 
observed during the work shifts, the proportion of pathogen that transfers between the hands and 
the mouth, and the surface area of the hand or glove in contact with the mouth and perioral area 
of the face.  
 

 
Figure 3.2. Sampling Framework. Bulk material samples were collected from the waste in different task 
groups and processed for pathogens using qPCR methods, and indicators using culture methods. Hand rinse 
samples were collected from workers in the two task groups and processed for indicator bacteria using culture 
methods. The ratio of pathogens to indicators in hand rinse samples was determined using the ratio between 
indicators and pathogens established in bulk samples. 
 
3.3.5 Bulk Fecal Sludge Sample Collection  
The concentration of pathogens and indicators in bulk samples of fecal sludge was measured in 
each of the following types of samples: 
 

1. Sludge handled during collection tasks including sludge collected directly from 
individual pit latrines and septic tanks as well as sludge aggregated from multiple 
households and transported on trucks to the waste-to-fuel facility for processing.  
 

2. Sludge processed during facility tasks: Sludge being processed at the facility including 
sludge of varying total solids content in the three-stage drying and fuel transformation 
process: mechanical dewatering, solar dehydration, and thermal drying.   
 

3. Final fuel product emerging from the three-stage transformation process: The final fuel 
products that were tested as part of this work were likely sitting in storage at the facility 
for a duration between three and 30 days.  

 
Two cross sectional sampling campaigns were carried out between June–August 2017 (N=15) 
and January 2018 (N=27). The samples collected in 2017 were processed solely for pathogens, 
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while those that were collected in 2018 were processed for pathogens and indicator bacteria. To 
collect the bulk samples, field sample collectors used a sterile scoop to sample the fecal sludge 
being processed. Samples were placed in a 1.5 ml sterile plastic tube and transported to the 
laboratory for quantification of indicator bacteria and fecal pathogens. Following indicator 
bacteria quantification, the samples were frozen and shipped to UC Berkeley to process for 
pathogen concentration. Nine bulk samples of the final fuel product were collected and processed 
to quantify concentrations of indicator and pathogen concentration. However, these samples 
were not used to estimate risks to workers due to limitation in sampling workers who used the 
final fuel product. Nevertheless, concentrations of indicators and pathogens in the fuel samples 
are reported here in case it is of useful to other risk assessments of workers in similar human 
waste-to-fuel processes. 
 
3.3.6 Quantification of total coliform and E. coli concentration in bulk samples 
All samples were analyzed using membrane filtration system with MI media (BD Difco, Franklin 
Lakes, NJ) and incubated at 35 ± 0.5°C for 24 hours according to the United States 
Environmental Protection Agency method 1604 for enumerating E. coli and total coliforms in 
water. If the measured indicator concentrations were lower than the limit of detection, then half 
the detection limit (1 CFU/filter) was assumed as the concentration per volume filtered. If 
indicators were too numerous to count (>500 CFU/filter), then the concentration of bacteria in 
the sample was calculated assuming 500 CFU/plate. The concentration of bacteria measured per 
bulk sample was converted to a concentration of bacteria per gram (CFU/g) of fecal solids using 
the measured mean total solids concentration (%TS) for each sample type, which was reported in 
the plant operations log. The lower detection limit per gram of dry solids was calculated by 
dividing 1 CFU/plate by the volume filtered per plate and the percentage of total solids by mass 
in each sample type. The limit of detection for samples was  3.3 x 104 CFU/g TS for samples 
from the collection task, 3.0 x 103 CFU/g TS for samples from the facility, and 1.1 x 103 CFU/g 
TS for samples from the final fuel.  
 
3.3.7 Bulk Sample Processing: quantification of pathogens in bulk samples via qPCR  
Two pathogens, Cryptosporidium spp., referred to as Cryptosporidium throughout this chapter, 
and adenovirus, were chosen for this study based on the following criteria: 1) detection and high 
prevalence in stool samples of diarrheal patients in Rwanda; 2)  published dose-response curves; 
and; 3) ability to be detected using qPCR methods.  Following the collection and enumeration of 
bacteria in bulk samples, 43 bulk samples were frozen and sent to Berkeley for analysis of 
adenovirus and Cryptosporidium concentrations. 
 
DNA was extracted from bulk samples using the DNeasy PowerSoil Kit (Qiagen, Hilgen, 
Germany). For heterogeneous bulk samples from the collection tasks, 150 μl of each bulk sample 
was extracted from samples after inverting the tube 10 times in order to achieve a representative 
sample of both liquid and solid particles. Precut pipette tips were used to transfer heterogeneous 
samples. The ends of pipette tips were cut off with clean and sterile scissors, which produces a 
large diameter in pipette tips and allows easier transfer of solid particles within heterogeneous 
samples. For solid bulk samples obtained from the facility, 150 mg of bulk sample was extracted. 
Both five min incubation steps were conducted at 4°C. 
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All samples processed for qPCR were performed in triplicate on a 96-well plate (Applied 
Biosystems, Foster City, CA) with a StepOnePlus Real-Time PCR System (Applied Biosystems, 
Foster City, CA). To detect Cryptosporidium spp., a TaqMan based qPCR assay using a JVA 
probe was used [108]. Each 25 µL reaction consisted of final concentrations of 1X TaqMan, 2X 
Universal PCR Master Mix (Applied Biosystems, Foster City, CA), 0.2 mg/ml Bovine Serum 
Albumen (Thermofisher, Waltham, MA), 0.6 µM each primer (IDT, Coralville, IA), 0.12 µM 
probe (IDT, Coralville, IA). Each reaction contained 2 µL of DNA. gBlocks gene fragments 
(IDT, Coralville, IA) were used as standards and serially diluted in Nuclease-Free Water to 105 

copies/ 2 μL, 104 copies/2 μL, 103 copies/ 2μL, 102 copies/ 2μL, 10 copies/ 2μL. Each run also 
had three no template negative controls. To detect adenovirus in bulk samples, each 25 µL 
reaction consisted of final concentrations of 1X TaqMan, 2X Universal PCR Master Mix 
(Applied Biosystems, Foster City, CA), 0.05 mg/ml Bovine Serum Albumen (Thermofisher, 
Waltham, MA), 0.9 µM of each primer (IDT, Coralville, IA), and 0.3 µM probe (IDT, Coralville, 
IA). Each reaction contained 5 µL of DNA. GBlock gene fragments (IDT, Coralville, IA) were 
used as standards and serially diluted in nuclease-free water to 105 copies/ 2 μL, 104 copies/2 μL, 
103 copies/ 2μL, 102 copies/ 2μL, 10 copies/ 2μL. Each run also included three no template 
negative controls.  
 
All samples were tested for inhibition using a spike-and-dilute method. No samples were 
inhibited for adenovirus, and two samples for Cryptosporidium spp. were inhibited at undiluted 
level and uninhibited at 10-fold dilution. These two samples were diluted 10-fold before qPCR 
analysis for Cryptosporidium.   
 
The HadV hexon gene was selected as a target for qPCR quantification of adenovirus due to it 
being a conserved gene across a broad range of strains and species (forward primer GGA CGC 
CTC GGA GTA CCT GAG, reverse primer ACI GTG GGG TTT CTG AAC TTG TT, and 
probe 56-FAM/CT GGT GCA GTT CGC CCG TGC CA/3BHQ_1) [109]. The Cryptosporidium 
gene that was selected as a target was the 18s rRNA gene (forward primer ATG ACG GGT AAC 
GGG GAA T, reverse primer CCA ATT ACA AAA CCA AAA AGT CC, and probe 56-
FAM/CG CGC CTG CTG CCT TCC TTA GAT G/3BHQ_1) [108]. Samples were considered 
positive if there was amplification in 1 of 3 replicates. The limit of detection in copy numbers of 
each pathogen gene target was determined based on the lowest gene copy that amplified across 
all three dilutions of the standard curve. The limit of detection for each pathogen in the different 
sample types corresponds to the variation in total solids for each sample type. The limit of 
detection for adenovirus was 1 gene copy/g TS in collection samples, 49 gene copies/g TS in 
facility samples, and 215 gene copies/g TS in fuel samples. The limit of detection for 
Cryptosporidium was 11 gene copies/g TS in collection samples, 156 gene copies/g TS in facility 
samples, and 346 copies/g TS in fuel samples.   
 
The 18s rDNA occurs as five copies per genome, with each Cryptosporidium oocyst containing 
four genomes in each of four sporozoites. Thus, to translate gene copies into the number of 
infective sporozoites, we multiplied by 20 [22,110]. Each adenovirus gene copy was assumed to 
represent one virus as the HadV gene target used is not repeated in the viral genome [111].  
Because qPCR does not differentiate between live infectious organisms versus non-infectious 
organisms, we make a conservative assumption that all gene copies of Cryptosporidium and 
adenovirus detected in the qPCR assays are infective. This assumption follows the reported 
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resilience of adenovirus and Cryptosporidium oocysts to similar heat-based and moisture-
reducing treatment processes  [29, 30] as well as the presence of viable E. coli and total coliform 
bulk samples from the beginning and end of the process—an indication of microbial regrowth 
and/or survival. This approach has been applied in other risk assessments that rely on molecular 
methods for pathogen quantification [30]. After running the core risk model with this 
assumption, a sensitivity analysis was conducted to examine the impact of this assumption on the 
final risk output.  
 
3.3.8 Collection of worker hand and glove rinse samples 
Hand rinse samples of ungloved hands and gloved hands were obtained from workers in 
collection tasks and facility tasks using the USEPA method 1604 and a field protocol developed 
by Pickering et al. for use in low-resource field settings [114]. Hand rinse samples were collected 
at the beginning and end of each work task observed. For each task that was observed, four rinse 
samples were collected— a glove and hand rinse sample before the task started, and a glove and 
hand rinse sample when the task was completed. Before starting the task and applying gloves, 
workers’ ungloved hands were sampled. Then, immediately following glove application, the 
worker’s gloves were sampled.  After the task was completed, gloves were sampled, gloves were 
removed, and ungloved hands were sampled before washing. During the tasks observed hand 
washing was neither required nor observed.  
 
Glove and hand rinse sampling were done by first placing a worker’s left-hand into a sterile 
Whirlpak bag (Nasco, Modesto, CA) filled with 500 ml of distilled water. The hand was 
massaged from the outside of the bag, by the sample collector for 15 seconds, followed by 15 
seconds of shaking. The same procedure was repeated with the right-hand in the same bag. A 
total of four samples was collected for each task observed: left- and right-hand rinse before task, 
left and right glove rinse before task, left and right glove rinse after task, left- and right-hand 
rinse after task.  One negative control was performed per day. Field workers also collected field 
blanks by pouring sterile water from a sterile bottle into a Whirlpak as if collecting a stored 
water sample and by opening and massaging a prefilled Whirlpak as if sampling hands. Hand 
rinse samples were transported on ice to the laboratory for analysis within 4 hours of sample 
collection.  
 
3.3.9 Quantification of indicator bacteria in worker hand and glove rinse samples 
All samples were analyzed using membrane filtration system with MI media (BD Difco, Franklin 
Lakes, NJ) and incubated at 35 ± 0.5°C for 24 hours according to USEPA method 1604 for 
enumerating E. coli and total coliforms in water. If the measured concentrations were lower than 
the limit of detection, then half the detection limit of 1 CFU/plate was assumed as the 
concentration (per volume filtered). If the concentrations were too numerous to count (>500 
CFU/plate), then the concentration of bacteria in the sample was calculated assuming 500 
CFU/volume filtered. The lower detection limit per hand or glove rinse sample was calculated by 
dividing 1 CFU/plate by the volume of the hand rinse sample and then multiplying by the 
original hand rinse sample volume. The limit of detection for a single hand was 250 CFU/hand.  
 
3.3.10 Ratio of indicators to pathogens in bulk samples 
Ratios between indicator and pathogens observed in bulk samples were constructed and used to 
estimate pathogen concentration from indicator organism concentrations in hand rinse samples. 
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Ratios were calculated as point estimates and as probability density functions in order to examine 
the variability of the different estimates and their impact on estimated exposure dose and risk. 
The point estimate ratios were constructed in two ways: using the medians of the observed 
values including the non-detectable samples, and the medians of the observed values using the 
all samples in which the non-detects were replaced by half of the limit of detection. The 
probability distribution ratios were constructed using the statistical parameters of the data 
observed, using both the detectable concentration dataset as well as the full dataset with non-
detects replaced by half the limit of detection.  
 
Five different methods were used to construct the ratios that we evaluated as a part of this study: 
1) 𝑅;-' ,	commonly used literature ratio values; 2) 𝑅+B:-C-D&;	B+>-&,,	a point value of the ratio of 
the median of the empirically measured pathogen organism number/gram in the observed dataset 
to the empirically measured indicator concentration in CFU/gram; 3) 𝑅+B:-C-D&;	B+>-&,	E, a point 
value of the medians of measured pathogen concentrations to measured indicators concentrations 
excluding the non-detectable concentrations of pathogens and indicators; 4) R;, >-.'	, the ratio 
distribution constructed as a ratio of the lognormal distribution of the pathogen concentration 
based on the statistical attributes of the empirically measured pathogen and indicator 
concentration datasets in which the concentrations in the empirical dataset below the limit of 
detection are replaced by the half of the value of the limit of detection; and 5) 
R;, >-.'	(>+'+D'&@;+.), a lognormal distribution of ratios derived from the lognormal distribution of 
the pathogen concentration and lognormal distribution of the indicator in which the empirical 
datasets which are used to construct the lognormal distributions of pathogen and indicator have 
concentrations below the detection limit removed. A total of ten ratios were constructed using 
the above five methods to describe the concentrations of indicators and pathogens in collection 
and facility samples.  
 
In this study, the indicator chosen for the construction of ratios was total coliform bacteria. 
Although E. coli is more commonly used to construct ratios between pathogens and indicators 
[94, 97], using E. coli to indicate adenovirus concentration in this study would have led to the 
underestimation of pathogen presence and concentration due to its low rate of detection in the 
bulk samples processed. Of the 26 samples that were processed for all indicators and pathogens, 
only one sample had detectable concentration of both Cryptosporidium and E. coli. In other 
words, E. coli was not detected in 75% of the samples with detectable Cryptosporidium 
concentrations. On the other hand, three samples had concentrations of both Cryptosporidium 
and total coliforms. Constructing ratios of E. coli to adenovirus would have similarly 
underestimated adenovirus prevalence—seven samples had detectable concentrations of 
adenovirus with non-detectable concentrations of E. coli (27% of samples), while only one 
sample had a detectable concentration of adenovirus and no total coliform. 
 
Values of ratios commonly cited in the literature were compared to ratios constructed using 
different methods used in this study as well as their differential impact on the estimates of 
exposure dose and disease probability. The referenced literature ratio between adenovirus and 
total coliform, 𝑅;-'	&>+,):'D, was derived from a study by Oragui et al. of waste stabilization 
ponds in northeast Brazil and cited by several other risk assessment studies while the 
𝑅;-'	"CF:'):'D	 was derived from the concentrations of Cryptosporidium and total coliforms 
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reported in a study of raw US wastewater [94, 97, 101, 102]. Because the Oragui et al. study did 
not report adenovirus or total coliform concentrations, enteroviruses and fecal coliforms were 
used as surrogates for adenovirus and total coliform, a practice that is commonly applied, and 
therefore representative of how literature values are used for risk assessment.  
 
3.3.11 Quantification of worker hand-to-mouth activity  
A worker at the waste to fuel facility was trained to observe fellow workers and enumerate the 
number of hand-to-face activities observed, 𝑓G*, while wearing gloves 𝑔 = 𝑔𝑙𝑜𝑣𝑒𝑠 or using 
ungloved hands 𝑔 = ℎ𝑎𝑛𝑑	during collection 𝑗 = 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛	and facility tasks 𝑗 = 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦. The five types 
of hand-to-face activities recorded during the observation of the tasks include: hand-to-mouth, 
talking on the phone (hand- or glove-to-phone-to-mouth), hand-to-respirator, hand-to-face, and 
hand-to-goggle activities. Hand-to-mouth included behaviors such as wiping sweat from the 
mouth or upper lip or accidentally touching the oral area of the face. Talking on the phone 
included a behavior commonly observed in this study in which a worker holds a small plastic 
phone directly on the mouth using gloves or hands. For each task that was observed, between 28 
and 251 minutes of activity data were recorded across all task types. The contact frequency was 
calculated as the number of contact events observed divided by the duration of sample, or the 
time the worker was in view.  
 
The frequency of all activities (hand-to-mouth, hand-to-respirator, hand-to-face, hand-to-
goggles, and talking on the phone) was very low (< 6 contacts across all types of activities per 
shift). We originally planned on constructing Weibull distributions, as is commonly done in the 
hand-to-mouth exposure literature [104, 115, 116]; however, the hand-to-mouth frequency was 
too low to construct a meaningful probability distribution for each type of activity. Thus, in the 
interest of simplifying the model, we summed the frequency of all types of hand-to-face 
activities in a single parameter, (𝑓G*), and use the maximum of this term, max(𝑓G*), as a 
conservative point estimate of hand-to-mouth frequency [105, 117].   
 
3.3.12  Dose estimation 
The concentration of pathogens on worker hand and glove rinse samples using the following 
equation:   
 
   Cpathogen j g  =	𝐶*(+*,"#%-	.	& ∗ 𝑅	.  (Equation 3.1) 

where Cpathogen g j , is the lognormal distribution representing the concentration of 
Cryptosporidium or adenovirus on either a gloved hand rinse sample (𝑔 = 𝑔𝑙𝑜𝑣𝑒𝑑)	or ungloved 
hand rinse (𝑔 = ℎ𝑎𝑛𝑑) sample of a workers in one of two different task groups, (𝑗 =
𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛)	or	(𝑗 = 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦). 𝐶-,>-D&')C*G is a lognormal distribution that represents the 
concentration of indicators in the hand 𝑔 = ℎ𝑎𝑛𝑑 or 𝑔 = 𝑔𝑙𝑜𝑣𝑒𝑑 glove rinse samples. R j  is the 
ratio between pathogens and indicators in the bulk samples collected from each type of sample 
and represented by either a point value derived from the empirical dataset or a ratio of 
distributions simulated by randomly sampling from the simulated lognormal distributions of 
pathogens 𝐶:&'()*+,G	*	and indicators 𝐶-,>-D&')CG	*.  
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Figure 3.3. Process for determining task group specific concentrations of pathogens in hand rinse samples 
 
The total dose of pathogens, D Pathogen j ,  ingested from both worker hand- and glove-to- mouth 
activities in a given task, was calculated as follows: 
 
D Pathogen j = ∑ (∑ (𝐶:&'()*+,	G* 	 ∗ 𝐹𝑆𝐴 ∗ 	𝑇𝐸 ∗

*H*;)I+
*H(&,> 	max( 𝑓G*

GHJ&D-;-'F
GHD);;+D'-), ) ∗ 𝑣) (Equation 3.2) 

 
where, D Pathogen j is the concentration of Cryptosporidium or adenovirus that a worker ingests in 
a given task type and is represented by a lognormal distribution. 𝐶:&'()*+,	G	*	 is the is the 
lognormal probability distribution of the concentration of Cryptosporidium or adenovirus in the 
hand rinse or glove rinse samples. FSA is the point value representing the fractional surface area 
of the hand, glove, or phone coming into contact with the perioral area. TE is a constant 
representing the fraction of pathogens transferred between hand and the mouth. The frequency of 
glove or hand-to-mouth contacts observed in each task type is represented by max(𝑓G*). The 
viability of detected Cryptosporidium and adenovirus, which is assumed to be 100% in the core 
model, is represented by v.  
 
The fractional surface area of the contaminated hand, glove, or object that comes into contact 
with the mouth, FSA, was derived by AuYeung et al. and used in Beamer et al. as the surface 
area of “all objects” in the model including the fraction of the hand or the glove that touches the 
face, mouth, or perioral area [118, 119]. Due to the lack of data on the specific proportion of the 
surface areas of gloves versus hands that come into contact with the mouth, we assumed that the 
fractional surface area FSA of the hand and glove that come in contact with the mouth are 
equivalent.  
 
The transfer efficiency for viruses between the fingertips to the lips has been estimated as 33%. 
[120]. We use this as a conservative measure of the viral transfer efficiency between 
hand/glove/phone and perioral area and face. Nicas and Best use this same assumption for the 
transfer efficiency of between fingers, eyes, and nostrils. Given the lack of data on hand-to-
mouth versus hand-to-phone-to-mouth transfer efficiency, we assume that the transfer activity of 
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all hand or glove to face, mouth, or perioral area in this study is equivalent to the 33.9% transfer 
efficiency used in the previous studies mentioned. To our knowledge, the transfer efficiency of a 
Cryptosporidium oocyst has not been published so we estimate the peri-oral transfer efficiency to 
be the same as that of a virus.  

 
Due to the inconsistent feedstock arriving at the plant during the time of sampling and the 
associated irregular work hours, we were not able to sample workers for the duration of the full 
8-hour shifts. Shifts sampled ranged between 28-251 minutes. However, an assumption is that 
the tasks measured in this study occur as 8-hour shifts when the facility is operating at full 
capacity. Thus, to estimate worker pathogen ingestion over an 8-hour workday in two different 
work scenarios, j= collection or j=facility, the following equation was used: 
 

8 − ℎ𝑟	𝐷𝑜𝑠𝑒	<"#$%&'(	= =
>	"#$%&'()*

#*
∗ 480	(Equation 3.3) 

 
where the dose of pathogen measured is divided by the maximum duration (𝑡G) observed in the 
task type and then multiplied by 480 minutes to estimate the cumulative dose over an 8-hour 
work period.  
 
The average rate of dose accumulation was assumed to be is consistent throughout an 8-hour 
shift  and estimated by multiplying the average dose accumulated per minute by 480 minutes.  
 
3.3.13 Risk of infection and disease 
A 10,000-trial Monte Carlo simulation method was used to simulate a worker’s probability of 
disease from exposure to Cryptosporidium or adenovirus over an 8-hour work period in either j= 
collection or j=facility tasks. A QMRA framework was developed to estimate the concentration 
of pathogens collected on the hands and gloves, Cpathogen j g , and the subsequent dose of pathogen 
ingestion due to hand and glove to mouth contact events during an 8-hour work period, 
8 − ℎ𝑟	𝐷𝑜𝑠𝑒	:&'()*+,	G. The outcome of the model is a distribution of disease probabilities for a 
worker on a random day in each task group.  
 
The health endpoint of interest for both the adenovirus and Cryptosporidium exposure was 
highly credible gastrointestinal disease (HCGI). The outcome of the model is a distribution of a 
worker’s 8-hour dose of each pathogen in either collection or facility tasks. The probability of 
disease was modeled separately for each pathogen in a each task group. 
 
For each 8-hour exposure simulated, the model randomly selects a set of values from probability 
distributions describing the input parameters’ natural variability and uncertainty. Probability 
distributions for each of the input parameters were constructed here or obtained from the 
literature (Table 3.1). When parameter distributions could not be confidently constructed or 
sourced from the literature, a point value was used.  
 
A published beta-Poisson dose–response relationship specific to oral inoculation was used with 
α=5.1 and 𝑁KL	= 2.8, respectively [121]. The general beta-Poisson model is expressed as follows: 
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𝑃(𝑑)<"#$%&'(	= = (1 − 81 + d ∗ ;?
+ ,- @A
B./

<=
@∝

) × 𝑃𝐷𝐼 (Equation 3.4) 

The probability of illness given infection, PDI, considered for adenovirus via the ingestion route 
was represented by a fixed value described in the literature: 0.5 [122]. 
 
The Cryptosporidium dose-response used was an exponential dose-response model based on 
human feeding trials with an k=4.2 x 10-3. The exponential model was based on the assumption 
that organisms have independent and identical probability of surviving to reach an appropriate 
site and cause an infection.  
 

𝑃(𝑑)<"#$%&'(	= = (1 − eC@D∗F@$-	>%*'01234567	*G) × 𝑃𝐷𝐼	 (Equation 3.5) 
 
All Monte Carlo simulations were conducted in R, a free software environment for statistical 
computing (R-3.2.4 version, R Foundation for Statistical Computing, Vienna, Austria). 

 
3.3.14 Sensitivity Analysis 
A sensitivity analysis was performed to understand the impact of various model assumptions on 
the final probability of disease. We compared the discrepancies of the risk output using 
previously published ratios versus using the ratios that were derived here. Because qPCR does 
not distinguish between viable and nonviable organisms, we made a conservative assumption 
that 100% of the organisms that were quantified are viable. We examine the impact of this 
assumption on the final risk model by running the model assuming a 10% viability and 1% 
viability and 0.1% viability of measured concentrations of both pathogens. We also examine the 
impact our transfer efficiency assumptions. The transfer efficiency reported for viruses of 33% 
was used as an estimate of the transfer efficiency for the protozoa Cryptosporidium. To examine 
the impact of this assumption, we the model was run using 0.95% and 5% transfer efficiencies as 
upper and lower bound assumptions.  
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Table 3.1. Summary of point values and distributions used in the QMRA model 
Parameter Symbol Description Parameter 

Type Units Value Reference 

𝑅("#$%&'∶)*) 
Ratio of Cryptosporidium to 

total coliform in bulk samples 
Lognormal 
distribution -- GM = 1.0 x 10-1 

GSD = 4.0 Derived in this work 

𝑅(+,-.'∶)*) 
Ratio of adeno to total 

coliform in bulk samples 
Lognormal 
distribution -- GM = 8.0 x 10-1 

GSD = 1.7 Derived in this work 

𝑇𝐸 
Transfer efficiency of 

pathogens from hands and 
gloves to mouth 

Point value % 0.33 Rusin et al.  [120] 

𝐹𝑆𝐴 
Fractional surface area of 

hand being mouthed 
Lognormal 
distribution Unitless 

GM = 1.5 x 10-1 

GSD = 1.2 
 

Beamer et al. 2015 
[119] 

𝑓	1'22-1&3'.	 
Observed hand- and glove-to-
mouth contacts in collection 

tasks 
Point value Contacts/task 9 Empirically measured in 

this work 

𝑓4+1323&$ 
Observed hand-and glove-to-

mouth contacts in facility 
tasks 

Point value Contacts/task 10 Empirically measured 
here 

𝑡1'22-1&3'. Maximum observed collection 
task duration maximum Point value Minutes 251 Empirically measured 

here 

𝑡4+1323&$ Maximum observed facility 
task duration Point value Minutes 51 Empirically measured 

here 
Dose-response 

Cryptosporidium 
Exponential dose-response 

model Point value 
-- 

k = 4.2 x10-3 Teunis 1996 [121] 

Dose-response 
adenovirus 

beta-Poisson dose-response 
model Point values 

-- α = 5.1 
𝑁56 = 2.8 Kundu 2013 [122] 

 
PDICrypto 

Probability of disease given 
infection Point Value -- 0.7 Howard 2007 [94] 

PDIadenovirus 
Probability of disease given 

infection Point Value -- 0.5 Howard 2007 [94] 

* Lognormal distributions defined by geometric mean (GM) and geometric standard deviation (GSD). 

 
 Results  

3.4.1 Total Solids in bulk samples  
The average total solids in each type of sample was sourced from the operations data at the 
waste-to-fuel facility and based on routine sampling and processing through using gravimetric 
analysis followed by oven drying. 

 
Table 3.2. Total Solids (TS) Content for samples before, during, and after waste-to-fuel processing 
 

Sample Type Average %TS 
Collection Truck 3% 

Facility 33% 
Fuel 95% 

 
3.4.2 Concentration of total coliforms in bulk samples  
A significant concentration of total coliforms is seen throughout all collection and processing 
task types. Only 4% (1/27) of samples across all bulk sample types had a non-detectable 
concentration of total coliforms (note that only two greenhouse samples were processed, which 
was not sufficient to determine whether there was an overall decrease between greenhouse and 
fuel) (Table 3.3, Figure 3.3) .The box and whisker plots show the measured concentrations on a 
log10 scale, hereafter referred to as log. 
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Surprisingly, the average concentration of total coliforms in facility samples was an order of 
magnitude higher than the concentrations in both truck and fuel samples. However, since only 
two samples were recovered from the facility and given the high variation of the indicator 
organisms in the raw sludge samples, it is likely that this difference in concentration is due to the 
daily variation of the feedstock source as discussed above. 
 
Table 3.3. Concentration of total coliform (CFU/g TS) in bulk fecal sludge samples (positive samples only) 

 
 Sample Type N + - % + Range GM (GSD) 

Collection 15 14 1 93% 5.2 x 104– 

1.5x 107 
1.2 x 106 

(8.1) 
Facility 2 2 0 100% 8.7 x 106– 

1.7 x 107 
1.20x 107 

(1.6) 
Fuel 10 10 0 100% 2.1 x 105– 

4.7 x 107 
4.2 x106  

(5.1) 
LOD Collection: 3.3 x 104 CFU/g; LOD Facility: 3.0 x 103 CFU/g; LOD Fuel: 1.1 x 103 CFU/g  



 
   
 

 
   
 

 

37 
 

 
 

(a) Concentration of total coliform in bulk samples, 
 all samples 

 
 

(b) Concentration of total coliform in bulk samples, 
 positive samples 

 
Figure 3.4. Box and whisker plots showing concentration of total coliforms measured (using membrane 
filtration techniques) per gram of bulk sample collected from three different task groups in the waste-to-fuel 
process. Box and whisker plots showing levels of total coliforms per gram of bulk samples collected from three 
different task types in the waste-to-fuel process. The line in the middle of each box represents the median, the top 
and bottom of the box represent the 75th and 25th percentiles, the top and bottom whisker represent the 90th and 10th, 
and the circles represent outlier points higher or lower than the 10th and 90th percentile, respectively. Panel (a) shows 
the concentrations of samples in the full dataset samples with concentrations below the detection limit were assigned 
a value of half the limit of detection. Panel (b) shows the concentrations of samples that are within the detectable 
range. 
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3.4.3 Concentration of E. coli in bulk samples  
E. coli was detected in 86% (13/15) of samples that were collected in the collection task types of 
the waste to fuel processing. No E. coli was detected in the two samples that were taken at the 
facility. E. coli was detected in 50% (5/10) samples that were collected in the post processing 
bulk samples of the final fuel product (Table 3.4). Only two samples were collected from the 
facility, so we are unable to confidently postulate why the concentration of E. coli fell below the 
limit of detection in these two samples while the concentration of total coliforms in the same 
samples was particularly high in the same samples.  
 
Samples that had E. coli concentrations measured within the detectable range are shown in Table 
3.4 and Figure 3.5 shows the concentrations in both the detectable samples as well as the full 
sample set with samples below the limit of detection replaced by half the detection limit. 
 

Table 3.4. Concentration of E. coli (CFU/gram) in bulk fecal sludge samples 
(positive samples only) 
 

Sample 
Type 

N + - % + Range GM (GSD) 

Collection 15 13 2 86% 4.2 x104– 
5.2 x 106 

2.9 x 105  

(5.9) 
Facility 2 0 2 0% -- -- 

Fuel 10 5 5 50% 5.3 x 104– 
2.1 x 106 

3.9 x 105  
(6.4) 

OD Collection: 3.3 x 104 CFU/g; LOD Facility: 3.0 x 103 CFU/g; LOD Fuel: 1.1 x 103 CFU/g  
 



 
   
 

 
   
 

 

39 
 

 

 
(a) Concentration of E. Coli in bulk samples; 

 all samples 

 
(b) Concentration of E. coli in bulk samples; 

 positive samples 
 

Figure 3.5. Box and whisker plots showing baseline levels of E. coli measured (using membrane filtration 
techniques) per gram of bulk sample collected from three different task groups in the waste-to-fuel process. 
Box and whisker plots showing levels of total coliforms per gram of bulk samples collected from three different task 
types in the waste-to-fuel process. The line in the middle of each box represents the median, the top and bottom of 
the box represent the 75th and 25th percentiles, the top and bottom whisker represent the 90th and 10th percentiles, and 
the circles represent outlier points higher or lower than the 10th and 90th percentile, respectively. Panel (a) shows the 
concentrations of samples in the full dataset samples with concentrations below the detection limit were assigned a 
value of half the limit of detection. Panel (b) shows the concentrations of samples that are within the detectable 
range.  
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3.4.4 Concentration of adenovirus in bulk samples  
Adenovirus was detected in 38 of the 43 bulk samples (88%) using qPCR methods. A high 
adenovirus detection rate was found in the samples of sludge from trucks (89% of samples were 
positive) and from the facility during processing (100% of samples were positive) compared to 
samples from of the fuel (67% of samples were positive) (Table 3.5). There was a high detection 
rate of adenovirus in the truck samples and the geometric mean concentration of the adenovirus 
in the positive truck samples  (7.6 x 104) was an order of magnitude lower than that the 
geometric mean concentration of adenovirus detected in the facility (9.10 x 103) and fuel samples 
(3.4 x 103). 
 

Table 3.5. Concentration of adenovirus (copy number/gram) in bulk fecal sludge 
samples (positive samples only) 
 

Sample 
Type 

N + - % + Range GM (GSD) 

Collection 18 16 2 
89% 2.9 x103– 

2.6 x 106 7.6 x 104 (5.72) 

Facility 16 16 0  
100% 3.8 x 102– 

1.2 x 106 9.1 x 103 (8.3) 

Fuel 9 6 3 
67% 4.5 x 102– 

1.5 x 104 3.4 x 103 (5.0) 
LOD Collection:1 copy/gram for collection; LOD Facility: 50 copies/gram; LOD Fuel: 220 
copies/gram  
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(a) Concentration of adenovirus in bulk samples,  
all samples 

 
(b) Concentration of adenovirus in bulk samples,  

positive samples 
 

Figure 3.6. Box and whisker plots showing baseline levels of adenovirus measured (using qPCR methods) per 
gram of bulk samples collected from three different task groups in the waste-to-fuel process. The line in the 
middle of each box represents the median, the top and bottom of the box represent the 75th and 25th percentiles, the 
top and bottom whisker represent the 90th and 10th percentiles, and the circles represent outlier points higher or 
lower than the 10th and 90th percentile, respectively.  Panel (a) shows the concentrations of samples in the full 
dataset samples with concentrations below the detection limit were assigned a value of half the limit of detection. 
Panel (b) shows the concentrations of samples that are within the detectable range.  
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3.4.5 Concentration of Cryptosporidium in bulk samples 
Cryptosporidium was detected in 7 of the 43 bulk samples from all stages of the process (16%).  Most 
samples of Cryptosporidium did not amplify within the quantifiable range for Cryptosporidium, and the 
samples that did amplify within a detectable range exhibited a very large spread. Cryptosporidium was 
detected in 7 of the 43 bulk samples from all stages of the process (16%).  The variation in the 
concentrations of Cryptosporidium was far higher than in the other indicators and pathogens, especially in 
the facility and fuel samples.  
 

Table 3.6. Concentration of Cryptosporidium (copy number/gram) in bulk fecal sludge 
samples (positive samples) 

Sample 
Type 

N + - % + Range GM (GSD) 

Collection 18 3 15 17 1.7 x 104– 

4.8 x 104 
3.0 x 104 

2.9 x 104 (1.7) 

Facility 16 2 14 13 1.2 x 103– 
3.5 x105 

2.1 x 104 (5.4 x 101) 

Fuel 9 2 7 22 9.6 x 102– 
6.3 x 105 

2.5 x 104 ( 9.8 x 101) 

LOD Collection: 11 copy/gram for collection tasks; LOD Facility: 155 copies/gram; LOD Fuel: 350 copies/gram 
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(a) Concentration of Cryptosporidium in bulk samples; 
all samples 

 

 
(b) Concentration of Cryptosporidium in bulk samples; 

positive samples 
 

Figure 3.7. Box and whisker plots showing baseline levels of Cryptosporidium copies measured (using qPCR 
methods) per gram of bulk samples collected from three different task groups in the waste-to-fuel process. 
Panel (a) shows the concentrations of samples in the full dataset samples with concentrations below the detection 
limit were assigned a value of half the limit of detection. Panel (b) shows the concentrations of samples that are 
within the detectable range. The lines in both panels represent the median concentration. In panel (a) the lines 
represent the median which is equal to the 25th and 75th quartiles due to the presence of a high number of non-detects 
and their replacement by the LOD/2. The circles represent the samples with detectable copy numbers.  
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3.4.6 Pathogen:total coliform ratio 
Five different ratios of indicator to total coliform concentrations in the bulk sample were 
constructed and shown in Table 3.7.   
 
Table 3.7. Ratio alternatives for use in risk model 

   Collection Facility 
Ratio 

Variable 
Type of 
value Description adeno:tc Crypto:tc adeno:tc Crypto:tc 

𝑅-7%3#31+2	7-,3+.	 Point value 

Ratio of median of empirically 
measured total coliforms 

(including samples below the 
limit of detection) to the median 

of empirically measured 
pathogen concentration 

(including samples below the 
limit of detection) 

3.8 x 10-2 9.3 x 10-8 7.9 x 10-5 3.3 x 10-8 

𝑅-7%3#31+2	7-,3+.8	 Point value 

Ratio of median of empirically 
measured total coliforms 

(excluding samples below the 
detection limit) to the median of 
empirically measured pathogen 

concentration (excluding samples 
below the detection limit) 

4.5 x 10-2 1.2 x 10-3 5.4 x 10-4 2.8 x 10-3 

𝑅2. ,39& 
LN 

Distribution 

Ratio distribution constructed as 
the ratio of the lognormal 
distribution of pathogen 

concentration per dry gram to the 
lognormal distribution of the 

indicator per dry gram 

GM=5.4 x 10-2 

GSD=5.3 
GM=3.6 x 10-5 

GSD=5.8 
GM=2.9 x 10-4 

GSD=4.2 
GM=1.1 x 10-4 

GSD=6.3 

𝑅2. ,39&8 LN 
Distribution 

Ratio distribution constructed as 
the ratio of the lognormal 
distribution of pathogen 

concentration (excluding non-
detects) per dry gram to the 

lognormal distribution of the 
indicator per dry gram (excluding 

non-detects) 

GM=6.2 x 10-2 
GSD=4.9 

GM=7.1 x10-4 
GSD=2.7 

GM=4.8 x10-4 
GSD=3.7 

GM=1.2 x 10-3 
GSD=4.2 

𝑅23& Literature Commonly used ratio in the 
literature 5 x 10-4 1.7 x 10-5 5.0 x 10-4 1.7 x 10-5 

 
3.4.7 Concentration of indicators in worker hand rinse samples 
For all 70 hand and glove rinse samples collected (18 sets of before and after task samples 
collected during collection tasks and 52 sets of samples collected during the processing tasks), 
the average E. coli and total coliform concentrations measured in the collection and facility parts 
of the process are shown (Tables 3.8-3.11). Total coliform concentrations were consistently 
higher than E. coli in both hand and glove samples, which is expected given that E. coli are a 
subset of total coliform bacteria. 
 
The geometric mean concentration of indicators collected on hands was higher in samples 
collected at the end of the shift except for the geometric mean concentration of E. coli in hand 
rinse collected from workers in the facility tasks. The concentration of total coliform and E. coli 
in hand and glove rinse samples is notably high in most of the hand and glove rinse samples 
taken before the start of the task. Amongst all of the samples collected from hands and gloves, 
the concentration of total coliform in the before-shift samples was detectable in 98% of samples 
while E. coli was detectable in 81% of samples, an indication of high glove and hand 
contamination levels prior to the work task sampled. The contamination on gloves before each 
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shift was positive for both indicators in the majority samples collected before the tasks (84% 
positive for E. coli, 100% positive for total coliforms). The geometric mean concentration of 
indicators collected from worker gloves in both collection and facility tasks was higher in the 
after shift sample than the before shift sample.  

 
3.4.8 Worker hand-to-mouth activity observations 

In total, 66 tasks were observed for hand to mouth activity data: 46 at the facility and 20 during 
the collection (Table 3.12). The majority of the workers that were sampled did not have any 
observed hand-to-mouth contacts during the shifts that were observed. 
 
Of the tasks observed with worker hand-to-mouth activities, there was a higher frequency of both 
hand and glove to mouth activity observed in the facility tasks than in the collection tasks. 
Within both collection and facility task groups, the glove to mouth activities occurred at a higher 
frequency than the ungloved activities. 
 
The maximum event duration is the upper limit on the duration of each activity and was used as a 
conservative estimate of the number of hand-to-face activities that could occur in a typical shift 
of the pre-facility or facility type of work. We extrapolated the combined glove and ungloved 
hand contacts observed over the observation period to an 8-hour shift and found facility workers 
had a maximum of 51 hand-to-mouth contacts over an 8-hour shift, or 6.3 hand-to-mouth 
contacts per hour.  
 
Table 3.8. Concentration of indicators measured per hand in worker hand rinse samples (positive samples) 
 

   Before shift  After shift  
Task type Org. N   

sets 
+ - % + Range GM  

(GSD) 
+ - % + Range GM 

(GSD) 
Collection E. coli 18 15 3 66% 5.0 x 102– 

4.0 x 103 
2.0 x 103 

(2.1) 
18 0 100% 2.5 x 102- 

4.8 x 103 
3.8 x 103 

(2.42) 
Collection total 

colifor
m 

18 18 0 100% 1.0 x 103– 
1.2 x 104 

5.1 x 103 
(2.7) 

18 0 0% 3.2 x 103- 
1.7 x 104 

8.4 x 103 
(1.7) 

Facility E. coli 52 38 6 61% 2.5 x 102– 
5.7 x103 

1.4 x103 
(2.7) 

44 8 21% 2.5 x 102- 
1.5 x 104 

1.0 x 103 

(3.2) 
Facility total 

colifor
m 

52 51 1 100% 1 x 103– 
1.5 x 104 

6.8 x 103 

(2.0) 
52 0 0% 2.5 x102 -

1.2 x 105 
7.2 x 103 

(3.3) 

 LOD:125 CFU/hand 
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Table 3.9. Concentration of indicators measured per hand in worker glove rinse 
samples (all samples) 

 
   Before shift After shift 
Task type Org. N sets Range GM (GSD) Range  

GM (GSD) 
Collection E. coli 18 1.3 x 102– 

4.0 x 103 
7.9 x 102 

(4.5) 
2.5 x 102- 
4.7 x 103 

9.9 x 102 
(3.06) 

Collection total coliform 18 1.0 x 103–
1.3 x 104 

5.0 103  
(2.78) 

3.2x 103-
1.7x104 

8.3 x 103 
(1.7) 

Facility E. coli 52 1.3 x 102– 
5.7 103 

7.9 x 102  
(3.8) 

1.3 x102- 
1.5 104 

5.6 x 102 
(4.05) 

Facility total coliform 52 1.3 x 102–
1.5 x 104 

5.4 x 103 
(2.78) 

2.5 x 102- 
1.3 x 105 

7.1 x 103 
(2.9) 

 LOD:125 CFU/hand; Samples with non-detectable concentration values assigned a value of LOD/2. 
 

 
 

Table 3.10. Concentration of indicators measured per glove in worker glove rinse samples (positive 
samples) 

 
   Before shift  After shift  

Task type Org. N sets + - % + Range GM 
(GSD) 

+ - % + Range GM  
(GSD) 

Collection E. coli 18 1
8 

0 100% 2.5 x 102 – 
4.2 x 103 

1.8 x 103 

(2.8) 
18 0 100% 5.0 x 102 – 

8.5 x 103 
2.9 x 103 

(2.4) 

Collection total 
coliform 

18 1
8 

0 100% 4.2 x 103– 
1.6 x 104 

9.6 x 103 

(1.6) 
18 0 100% 7.0– 

1.4 x 104 
1.1 x 103 

(1.3) 

Facility E. coli 52 4
4 

4 84% 2.5 x 102– 
9.0 x 103 

1.9 x 103 
(3.0) 

92 4 84% 2.5 x102– 
1.2 x 104 

2.7 x 103 
(2.5) 

Facility total 
coliform 

52 5
2 

0 100% 5.0 x 102– 
1.8 x 104 

8.4 x 103 
(2.3) 

52 0 0% 2.2 x 103– 
1.2 x 105 

1.1 x 104 

(2.0) 
 LOD:125 CFU/hand 

 
Table 3.11. Concentration of indicators measured per glove in worker glove rinse samples (all 
samples) 
   Before shift  After shift  

Task 
Type 

Org. N sample 
sets 

Range GM 
(GSD) 

Range GM 
(GSD) 

Collection E. coli 18 2.5 x 102– 
4.2 x 103 

1.8 x 103 (2.7) 5.0 x 102– 
8.5 x 103 

2.9 x 103 (2.4) 

Collection total coliform 18 4.2 x 103– 
1.6 x 104 

9.6 x 103 (1.6) 7 x 103– 
1.4 x104 

1.1 x 104 (1.4) 

Facility E. coli 52 1.25 x 102– 
9.0 x 103 

1.3 x 103 (4.2) 1.3 x 102– 
1.2 x 104 

1.7 x 103  (4.1) 

Facility total coliform 52 5.0 x 102– 
1.8 x 104 

8.8 x 103 (2.1) 2.2 x 103– 
1.2 x  105 

1.1 x 104 (2.0) 

 LOD:125 CFU/hand; Samples with non-detectable concentration values assigned a value of LOD/2 
 
The majority of worker tasks that were measured did not have any contacts. We attribute this to 
hygiene education of workers as well as the Hawthorne effect of workers modifying their 
behavior in response to being observed. Although we tried to minimize the Hawthorne effect by 
training workers from the plant to conduct the observations, we assume that the workers being 
observed were still altering their behavior to some degree. 
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Table 3.12. Hand- and Glove-to-Mouth Contacts Observed During a Task  
 
Task 
Type Org. 

N (person-
tasks 

measured) 

Tasks with 
contacts* 

Min. 
(contacts/task 

observed) 

Max. 
(contacts/tasks 

observed) 

Median 
duration 
(Minutes) 

Max. 
(contacts/8-
hour shift) 

Gloves Collection 20 4 0 3 105 9 
 Facility  46 12 0 5 67 21 

Hands  Collection  20 16 0 6 251 23 
 Facility  46 36 0 5 167 30 

 
3.4.9 Dose estimation 
The cumulative dose, D Pathogen j , of pathogens ingested by workers in each exposure group over 
an 8-hour period was estimated as a function of the maximum of the measured frequency of 
hand/glove-to-face activities in each task group max (𝑓G*), the probability distribution of the 
concentration of pathogens from hand rinse samples 𝐶:&'()*+,	G	(	, the probability density 
function of the fractional surface area of object/hand/glove being mouthed, 𝐹𝑆𝐴, and the point 
value representing the transfer efficiency of TE of pathogens from glove and hand-to-mouth. The 
cumulative dose of Cryptosporidium (DCryptosporidium j) and adenovirus (Dadenovirus j) for an 8-hour 
work period in the two task groups is shown in Table 3.13 and 3.14. 
 
The geometric mean dose of Cryptosporidium ingested by workers in the facility task group was 
an order of magnitude higher than in the collection task group while the geometric mean dose of 
adenovirus was higher in the collection tasks.  
 

 
Table 3.14. Adenovirus dose distribution (organisms/8-hour work period) 

 Range GM (GSD) 

Collection 
9.4 x 10-1– 

2.3 x 105 
5.0 x 102 (5.28) 

Facility 
1.9 x 10-2– 

2.3 x 103 
4.3 (4.8) 

 Core model parameters: v=1, TE: 0.33, ratio: 𝑅:;,39&	+22	<+2=-9	 
 

3.4.10 Risk estimation 
The risk of contracting gastrointestinal disease resulting from hand-to-mouth exposure events 
during an 8-hour period is shown for both pathogens in two task groups (Table 3.15 and Table 
3.16). Between the two pathogens in both task groups, adenovirus posed a higher risk of 
contracting gastrointestinal disease.  
 

Table 3.13. Cryptosporidium dose distribution (oocysts/8-hour work period) 
 

 Range GM (GSD) 

Collection 
1.1 x 10-4– 

2.1 x 102 3.2 x 10-1 (5.8) 

Facility 
9.3 x 104– 

2.0 x 104 1.5 (7.3) 
Core model parameters: v=1, TE: 0.33, ratio: 𝑅:;,39&	+22	<+2=-9	 
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Table 3.15. Probability of Disease Distributions 
attributable to Cryptosporidium Exposure 

 

 Range GM (GSD) 

Collection 
6.1 x 10-7 – 
4.8 x 10-1 

9.3 x 10-4 

(5.9) 

Facility 
4.1 x 10-6 – 
7.0 x 10-1 

4.6 x 10-3 

(6.9) 
 Core model parameters: v=1, TE= 0.33, ratio= 𝑹𝒍𝒏𝒅𝒊𝒔𝒕	𝒂𝒍𝒍	𝒗𝒂𝒍𝒖𝒆𝒔 
 

Table 3.16. Probability of Disease Distributions 
Attributable to Adenovirus Exposure 
 

 Range GM (GSD) 

Collection 
9.1 x 10-2 – 

5.0 x 10-1 
5.0 x 10-1 

(1.1) 

Facility 
8.7 x 10-2 – 

5.0 x 10-1 
2.3 x 10-1 

(2.3) 
 Core model parameters: v=1, TE= 0.33, ratio= 𝑹𝒍𝒏𝒅𝒊𝒔𝒕	𝒂𝒍𝒍	𝒗𝒂𝒍𝒖𝒆𝒔 

 

3.4.11 Sensitivity analysis: ratio selection 
When estimating the probability of disease from Cryptosporidium exposure in both collection 
and facility tasks, using the literature ratio, 𝑅;-'	"CF:'):'D, yielded a probability of disease estimate 
lower (P(d)=9.3 x 10-4) than the estimated disease probabilities across all ratios except for the 
estimate using the ratio derived from the median of the empirical dataset including all 
values,(P(d)=2.5 x 10-6). There was a difference of four order of magnitude in the  
probability of disease calculated using	𝑅+B:-C-D&;	B+>-&,	E		"CF:'):'D 	(P(d) = 3.1 x 10-2 ) versus the 
probability of disease using 𝑅+B:-C-D&;	B+>-&,	"CF:'):'D		(P(d) = 2.5 x 10-6) in collection tasks. The 
difference in the geometric mean probability of disease using the lognormal distribution 
constructed from all values 𝑅MN >-.'	(GM(P(d) = 9.3 x 10-4) versus the positive values 
𝑅;, >-.'	E	"CF:'):'D	(GM(P(d) = 9.3 x 10-4)) resulted in disease distributions was within the same 
order of magnitude. Within the facility tasks, a similar trend is observed.  
 
In estimating the disease risk from adenovirus using literature ratio versus the various versions of 
the ratios constructed here, the geometric mean probability of disease estimates were all within 
the same order of magnitude. Using the literature value of adenovirus to total coliforms 
𝑅;-'	&>+,):'Destimates the probability of disease as lower compared to the use of all other ratios 
except for using the point value ratio	𝑅+B:-C-D&;	B+>-&,	&>+,):'D to estimate risks in the facility 
tasks in which the low concentration of adenovirus detected drives the ratio lower than the 
literature ratio and results in a lower estimate of the probability of disease. 
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Table 3.18. Probability of disease assuming various adenovirus:total coliform ratios 
      

Task 
Type Ratio Type Dose range Dose GM  

(GSD) Risk range Risk GM  
(GSD) 

 
Collection 

𝑅23& 
5.0 x 10-4 

1.6– 
1.3 x 101 

4.6 
(1.3) 

1.8 x 10-1– 
4.6 x 10-1 

3.3 x 10-1 
(1.1) 

𝑅-7%3#31+2	7-,3+.8 
4.5 x 10-2 

1.7 x 102– 
1.3 x 103 

4.1 x 102 

(1.3) 
4.9 x 10-1 – 
5.0 x 10-1 

5.0 x 10-1 

(1.0) 
𝑅-7%3#31+2	7-,3+.	 

3.8 x 10-2 
1.3 x 102– 
1.6 x 103 

3.47 x 102 
(1.3) 

4.9 x 10-1– 
5.0 x 10-1 

5.0 x 10-1 
(1.0) 

𝑅2. ,39&.8 
GM= 6.2 x 10-2 

GSD: 4.9 

9.9 x 10-1– 
2 x 105 

5.6 x 102 

(5.0) 
6.6 x 10-2– 
-5.0 x 10-1 

4.9 x 10-1 
(1.0) 

𝑅2. ,39&.	 
GM=5.4 x 10-2 

GSD=5.3 
 

9.4 x 10-1– 

2.3 x 105 
5.0 x 102 

(5.3) 
9.1 x 10-2– 

5.0 x 10-1 
5.0 x 10-1 

(1.1) 

Facility 
 

𝑅23& 
5.0 x 10-4 

1.0– 
1.9 x 102 

7.1 
(1.9) 

1.6 x 10-1– 
4.6 x 10-1 

3.8 x 10-1 
(1.2) 

𝑅-7%3#31+2	7-,3+.8 
5.4 x 10-4 

6.9 x 10-1– 
1.7 x 102 

7.8 
(1.9) 

1.0 x 10-1– 
5.0 x 10-1 

3.9 x 10-1 
(1.2) 

𝑅-7%3#31+2	7-,3+.		 
7.9 x 10-5 

1.2 x 10-1– 
2.0 x 10-1 

1.1 
(1.9) 

1.6 x 10-2 – 
4.9 x 10-1 

1.2 x 10-1 
(1.7) 

𝑅2. ,39&.8 
GM=4.8 x 10-4 

GSD=3.7 
 

3.2 x 10-2– 
1.4 x 10-3 

6.8 
(4.3) 

5.3 x 10-3– 
5.0 x 10-1 

3.0 x 10-1 
(1.9) 

𝑅2. ,39&. 
GM=2.9 x 10-4 GSD=4. 

1.9 x 10-2– 

2.3 x 103 
4.3 

(4.8) 
8.7 x 10-2– 

5.0 x 10-1 
2.3 x 10-1 

(2.3) 
Model assumptions: v=0.95, TE=0.33 

 

 
Table 3.17. Probability of disease assuming various Crypto:total coliform ratios 
Task Type Ratio  Dose range Dose GM  

(GSD) Risk range Risk GM  
(GSD) 

Collection 
 

𝑅23& 
1.2 x 10-3 

4.8 x10-2
– 

7.2 x 10-1 
1.5 x 10-1 

(1.3) 
1.4 x 10-4– 
1.4 x 10-3 

4.5 x 10-4  

(1.3) 
𝑅-7%3#31+2	7-,3+.8 

1.2 x 10-3 
3.9– 

3.9 x 101 
1.1 x 101  

(1.3) 
1.2 x 10-2– 
8.61 x 10-2 

3.1x10-2  
(1.3) 

𝑅-7%3#31+2	7-,3+.	 
9.3 x 10-8 

2.9 x10-4– 
2.8 x 10-3 

8.6 x 10-4 

 (1.3) 
8.5 x 10-7– 
8.2 x 10-6 

2.5 x 10-6  
(1.3) 

𝑅2. ,39&.8 
GM= 7.1 x 10-4 

GSD= 2.7 

2.3 x 10-4 – 
1.5 x 102 

3.1 x 10-1 

 (5.9) 
6.7 x 10-7– 
3.3 x 10-1 

9.24 x 10-4  
(5.8) 

𝑅2. ,39&.	 
GM=3.6 x10-5 

GSD=5.8 
 

1.1 x 10-4– 
2.1x 102 

3.2 x 10-1 

 (5.8) 
6.1 x 10-7– 
4.8 x 10-1 

9.3 x 10-4  
(5.9) 

Facility 
 

𝑅:IJ 
1.7 x 10-5 

2.6 x 10-2– 
5.3 

2.4 x 10-1 

 (1.9) 
7.6 x 10-5– 
1.5 x 10-2 

7.2 x 10-4  
(1.9) 

𝑅-7%3#31+2	7-,3+.8 
2.8 x 10-3 

4.3– 
1.2 x 103 

3.9 
 (1.91) 

1.3 x 10-2– 
7.0 x 10-1 

1.0 x 10-1 
(1.78) 

𝑅-7%3#31+2	7-,3+.		 
3.34 x 10-8 

4.5 x 10-5– 
1.4 x 10-2 

4.9 x 10-4  

(1.94) 
1.3 x 10-7– 
4.1 x 10-5 

1.4 x 10-6  
(1.9) 

𝑅2. ,39&.8 
GM=1.2 x 10-3 

GSD= 4.2 
 

7.6 x 10-4– 
1.5 x 103 

1.5  
(7.3) 

2.2 x 10-6 – 
7.0 x 10-1 

4.5 x 10-3  
(7.0) 

𝑅2. ,39&. 
GM=1.1 x 10-4 

GSD=6.3 

9.3 x 104– 

2.0 x 104 
1.5 

 (7.3) 

4.1 x 10-6 – 
7.0 x 10-1 

4.6 x 10-3 

(6.9) 

Model assumptions: v=0.95, TE=0.33 
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3.4.12 Sensitivity analysis: transfer efficiency 
Given the lack of data on the transfer efficiency of Cryptosporidium, for the core risk analysis, 
we applied the same between object transfer efficiency, 33%, as is reported for viruses. To 
examine the impact of assuming the same transfer efficiency value on the total risk and dose 
output for Cryptosporidium, we ran the model using two extreme transfer efficiency values of 
95% and 5% (Table 3.19). Altering the transfer efficiency term between 0.05% and 33% resulted 
in a risk within the same order of magnitude while altering the transfer efficiency to 95% 
resulted in a risk prediction of one order of magnitude higher.   
 

Table 3.19. Cryptosporidium dose per 8-hour shift assuming varying transfer 
efficiencies 

Task Type TE  Dose Range 
 

Dose GM 
(GSD) 

Risk Range Risk GM 
(GSD) 

Collection 
 

0.05 8.01 x 10-5– 

1.82 x 101 
4.9 x 10-2 

(5.8) 
2.4 x 10-7 – 
5.2 x 10-2 

1.4 x 10-4 

(5.8) 
0.33 1.1 x 10-4– 

2.1 x 102 
3.2 x 10-1 

(5.8) 
6.1 x 10-7– 
4.8 x 10-1 

9.3 x 10-4 
(5.9) 

0.95 1.3 x 10-3– 
1.1 x 103 

9.0 x 10-1 
(6.0) 

3.7 x 10-6 –
6.9 x 10-1 

 

2.6 x 10-3 
(5.7) 

Facility 
 

0.05 9.5 x 10-5– 
1.8 x 103 

2.4 x 10-1 
(7.0) 

2.8 x 10-7– 
6.9 x 10-1 

7.0 x 10-4 
(7.0) 

0.33 9.3 x 10-4– 
1.9 x 104 

1.5 
(7.3) 

4.0 x 10-6– 
7.0 x 10-1 

4.7 x 10-3 

(6.9) 
0.95 4.6 x 10-3– 

3.8 x 103 
4.4 

(7.1) 
1.3 x 10-5– 

7.0 x 10-1 
1.2 x 10-2 

(6.6) 
Model Assumptions: v=0.95, TE=0.33 

 
 

3.4.13 Sensitivity analysis: viability of recovered organisms 
Decreasing the viability assumption by an order of magnitude resulted in the accompanying 
order of magnitude shift in the dose ranges for both pathogens in the collection and facility tasks 
(Table 3.20 and 3.21).  
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Table 3.20. Adenovirus dose and risk assuming varying viability rates of organisms detected via qPCR 
 
Task 
Type 

Viability 
Assumption 

Dose Range Dose GM 
(GSD)  

Risk Range Risk GM (GSD) 

Collection 
0.1% 

7. 0 x 10-4 – 
2.2 x 102 

5.1 x 10-1 

(5.4) 
1.7 x 10-4 – 
5.0 x 10-1 

5.4 x 10-2 
(4.1) 

1% 
5.0 x 103 – 
8.3 x 103 

5.07 
(5.4) 

1.2 x 10-3 – 
5.0 x 10-1 

2.5 x 10-1 
(2.3) 

10% 
1.0x 10-2 – 
4.9x 104 

5.1 x 101 
(5.4) 

7.8 x 10-3 – 
5.0 x 10-1 

4.5 x 10-1 

(1.3) 

100% 
9.4 x 10-1 – 

2.3 x 105 
5.0 x 102 

(5.28) 
9.1 x 10-2 – 

5.0 x 10-1 
5.0 x 10-1 

(1.1) 
Facility 

0.1% 
6.7 x 10-6 – 

1.3 
4.36 x 10-3 

(4.8) 
2.7 x 10-6 – 
4.0 x 10-1 

5.6 x 10-4 
(4.7) 

1% 
9.5 x 10-5– 

4.1 
4.2 x 10-2 

(4.8) 
2.2 x 10-5 – 
4.8 x 10-1 

5.6 x10-3 

(4.7) 

10% 
1.6 x 10-3– 
2.3 x 102 

4.2 x 10-1 

(4.9) 
2.5 x 10-4– 

5.0 x 10-1 
4.793 x 10-2 

(4.0) 

100% 
1.9 x 10-2 – 

2.3 x 103 
4.3 

(4.8) 
8.7 x 10-2 – 

5.0 x 10-1 
2.3 x 10-1 

(2.3) 
 Model Assumptions: v=0.95, TE=0.33 
 
 

 Discussion 
The results of this risk assessment suggest that interventions should focus on reducing exposure 
for workers in waste collection tasks. Overall, we calculated that adenovirus poses a higher risk 
to contracting gastrointestinal disease than Cryptosporidium across both task groups, and in the 
collection task group, the geometric mean exposure dose (Dadeno collection= 5.0 x 102 )  and risk of 

Table 3.21. Cryptosporidium dose and risk assuming varying viability rates of organisms detected via 
qPCR 

 
Task 
Type 

Viability 
Assumption 

Dose Range Dose GM (GSD) Risk Range Risk GM 
(GSD) 

Collection 
0.1% 

4.5 x 10-7– 
1.5 x 10-1 

3.2 x 10-4 
(6.0) 

1.3 x 10-9 – 
8.6 x 10-4 

9.4 x 10-7 
(5.9) 

1% 
4.2 x 10-6– 

2.3 
3.12 x 10-3 

(6.0) 
1.1 x 10-8 – 
3.3 x 10-3 

9.53 x 10-6 
(5.9) 

10% 
5.9 x 10-5– 
2.0 x 101 

3.1 x 10-2 
(5.86) 

5.2 x 10-8– 

5.4 x 10-2 
9.6 x 10-5 

(5.9) 

100% 
1.1 x 10-4 – 

2.1x 102 
3.2 x 10-1 

(5.8) 
6.1 x 10-7 – 
4.8 x 10-1 

9.3 x 10-4 

(5.9) 
Facility 

0.1% 
1.3 x 10-6 – 

3.9 
1.5 x 10-3 

(7.1) 
3.3 x 10-9 – 
1.4 x 10-2 

4.5 x 10-6 
(7.2) 

1% 
6.6 x 10-6 – 
8.4 x 101 

1.5 x 10-2 
(7.0) 

4.2 x 10-8– 
1.5 x 10-1 

4.5 x 10-5 

(7.1) 

10% 
1.7 x 10-5 – 
1.9 x 101 

1.6 x 10-1 

(7.1) 
2.7 x 10-7– 
2.5 x 10-1 

4.5 x 10-4 
(7.1) 

100% 
9.3 x 104– 

2.0 x 104 
1.5 

(7.3) 
4.1 x 10-6  –
7.0 x 10-1 

4.6 x 10-3 

(6.9) 
 Model Assumptions: v=0.95, TE=0.33 
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disease (P(d) adeno collection= 5.0 x 10-1  ) is the highest of any of the pathogen task combinations 
explored in this study.   

 
Although the hand- and glove-to-mouth contact was found to be greater in facility tasks  
(𝑚𝑎𝑥	(𝑓	J&D-;-'F	(&,>)=21; 𝑚𝑎𝑥(𝑓	J&D-;-'F	*;)I+)=30), high concentration of adenovirus in the 
samples from the collection tasks make the collection tasks more risky. The increased hand-to-
mouth activity observed in workers at the facility versus those in the collection tasks may be 
caused by a more visceral aversion to raw fecal sludge that is actively being 
 
removed from a toilet. During collection activities, workers may be compelled to reduce their 
normal hand-to-mouth activity. The higher hand-to-mouth activity while wearing gloves 
compared to ungloved hands was surprising and contrary to what has been reported in the 
literature for workers of a similar resource recovery process in South Africa in which rarely 
observed hand-to-mouth contacts mostly occurred after glove removal [16]. The hand-to-mouth 
contact rates observed here are much lower than those observed in children (60 contacts/hour) 
and female caretakers (44 contacts/hour) [105, 118, 119], but more closely aligned with the 
contact rates that have been observed for US office workers (6 contacts/hour). Compared to 
contact rate (0-2 contacts/hour) of sanitation workers studied recently in South Africa, and 
farmers in Vietnam (0-1 contacts/hour), the contact rates measured here are fairly high. These 
differences highlight the importance of frequency data that is specific to the study context. 
Although the differences in the reported contact rates may be due to inherent behavioral 
differences between the Rwandan and South African sanitation workers, factors like workplace 
education, temperature (Rwandan sanitation workers wipe sweat off of their face during the job, 
especially on hot days), or observation bias may be driving the differences in the contact rates 
observed between the two populations. 
 
The high levels of hand contamination seen in the after-shift hand rinse samples compared to the 
before-shift samples suggest that gloves do not provide an adequate exposure barrier. This could 
be due to the use of gloves that have been damaged or ill fitted, allowing for material to collect in 
the openings, or improper glove application and removal practices. Contamination on gloves in 
the majority of rinses collected before each shift suggests poor storage or poor sterilization of 
gloves in between tasks.  For example, storage of gloves in areas that are not protected from 
airborne contamination may contribute to the observed high concentrations of bacteria on gloves 
before the start of the shift. Handling gloves that have been improperly stored may also account 
for hand contamination between the before- and after-shift hand rinses. Hand hygiene following 
glove removal throughout a work period can help protect workers against exposure to pathogens 
that may have penetrated through unrecognized tears during work. Incorporating regular hand 
washing and hand sanitizing practices into standard operating procedures may encourage better 
decontamination of hands and gloves before, during, and after work tasks [123].  
 
The Cryptosporidium risk estimated in this study for workers in both collection and facility task 
groups is comparable to other studies. Westrell et al. estimated a median risk of Cryptosporidium 
infection of 2 x 10-4  and 9 x 10-4 for a single exposure event of workers doing pre-aeration and 
belt press tasks at a wastewater treatment plant in Sweden [33] which is comparable to the 
geometric mean values of 9.3 x 10-4 and 4.6 x 10-3 that were calculated per single 8-hour 
exposure in this study. In the same study of the Swedish wastewater treatment plant, the median 
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adenovirus infection risk was estimated at 2 x 10-1 for workers in the pre-aeration task and 1.0 for 
those working in the belt press task. These values were within the same order of magnitude as 
the geometric mean risks calculated for adenovirus in this study—5.0 x 10-1 in collection tasks 
and 2.3 x 10-1 in facility-based tasks. 
 
The concentration of  indicators measured in bulk samples of the handled material varied widely 
across the different days sampled (GSD(Ctotal coliform) = 5.1-8.1; GSD(CE.coli) = 5.9-6.4). One factor 
affecting the variation in indicator concentrations of the sludge from collection tasks include the 
age distribution of the waste as the sludge that is emptied from the top of onsite sanitations may 
be days old while some sludge fractions deeper in the pit may be older. The moisture content in 
the pit latrine may also affect the survival of indicators. Moisture may vary based on the type of 
pit construction (lined versus unlined pits and type of lining) or the geological features of 
different neighborhoods. Other factors that may influence the variation in indicator 
concentrations of the raw feedstock from the collection tasks include the temperature and pH in 
the pit which may be driven by the use of chemical additives [124–127]. Variation in 
concentrations of indicators in the bulk samples from facility tasks may vary due to the 
underlying variation of concentrations in the feedstock or ambient factors such as temperature 
and humidity differences which affect die off and regrowth differentially across days sampled. 
As discussed earlier, recolonization events may also occur at the facility and be influenced by 
factors such as wind patterns which may aerosolize untreated fecal sludge which may deposit in 
downstream parts of the facility [128]. 
 
The concentration of  pathogens measured in bulk samples also varied widely across the different 
days sampled (GSD(Cadeno) = 4.9-5.7; GSD(CCrypto) = 2.0-2.9). One hypothesis to account for the 
pathogen concentration variation seen across the different sampling days is that the concentration 
of indicators and pathogens depends on the neighborhood from which the waste originates. The 
individual trucks unloading waste at the facility in this study operate by serving households in 
the same neighborhood, before going to dump the waste at the plant. Thus, if some or all of the 
trucks that dumped on a certain day emptied waste from neighborhoods with higher pathogen 
prevalence, or more recent infections, the concentrations would be higher. Similarly, on days in 
which the samples were collected from trucks that served neighborhoods with a lower pathogen 
endemicity, the concentrations would be lower. Spatial variation of pathogens between samples 
of drinking water have been demonstrated in the literature and Cryptosporidium prevalence has 
been shown to vary as a function of the contamination of local water sources, malnutrition, poor 
environmental sanitation, and use of improved sanitation facilities by household members 
[129,130]. These factors have been shown to vary by neighborhood in Kigali and may underly 
differential concentrations of Cryptosporidium observed on different days during this study 
[130]. Further research is required to better understand the drivers of spatial variation of 
pathogens in sludge collected from different neighborhoods.  
 
From the collection through the transformation of waste into the final fuel product, the 
concentration of adenovirus concentrations decreased which could indicate the inactivation of 
the viruses as the material is dried throughout the process. An alternative explanation for the 
decreasing adenovirus concentrations is that feedstock sources of varying pathogen concentration 
levels are mixed at the plant to form a more dilute composite. Unlike adenovirus, the 
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concentrations of detectable Cryptosporidium increase as the waste is processed from the 
collection through the final fuel samples. This may be due to the heartiness of Cryptosporidium 
oocysts and the potential effects of oocysts moving from the liquid fraction to the solid fraction 
of the processed fecal sludge as it is dehydrated. More research is needed to better understand the 
fate and transport of the oocysts through the solid and liquid fractions of fecal sludge as it is 
processed.  
 
The sensitivity analysis showed that the model for Cryptosporidium is highly sensitive to how 
the ratio, R, is used and constructed. This highlights the importance of using ratios that are 
specific to a geographic area and type of waste streams, and to the extent possible incorporating 
uncertainty and variability of observed indicators and pathogens by favoring probability 
distributions over ratios derived from point values.  As highlighted by this work, however, 
conducting the research to measure actual pathogens is challenging, and to adequately capture 
the variability a large number of samples would need to be collected and analyzed.  
 
As shown in the sensitivity analysis, Cryptosporidium risk is very sensitive to the type of ratio 
that is used. For example, in estimating Cryptosporidium disease risk, the vast difference of eight 
orders of magnitude when using the Crypto:total coliform ratio of Rempirical median +  versus the 
Crypto:total coliform ratio of R empirical median  (P(d) =3.1 x 10-2 and P(d) =2.5 x 10-6 respectively) as 
well as the presence of a high number of non-detectable concentration values suggests that ratios 
may be best suited for estimating risks in areas for which baseline concentrations of  
Cryptosporidium in fecal sludge have already been established. For sludge from neighborhoods 
that have no Cryptosporidium measurements in fecal sludge, a crude point value ratio based on 
observed concentration values is not useful. Although the Crypto:total coliform ratios 
constructed from the lognormal distribution Rln dist and Rln dist +  allow for the incorporation of 
variability in the concentrations of Cryptosporidium, using a lognormal distribution to 
characterize Cryptosporidium risk may be lead to an overestimation of risk if sludge is from 
neighborhoods with low to no prevalence, and an underestimation of risk if sludge is from 
neighborhoods with an existing prevalence of Cryptosporidium. In general, using ratios for rare 
species is fraught with uncertainty that is driven by the high number of non-detects and their 
replacement by a representative value. The use of ratios for determining risks to adenovirus, 
which had a high rate of detection but variable concentration, is more useful and less subject to 
uncertainty. Because the majority of the concentration values were directly measured with a low 
number of values below the detection limit, the variability in the risk estimates is likely not due 
to uncertainty but the natural variation in adenovirus concentration. 
 
The sensitivity analysis revealed the model’s sensitivity to the transfer efficiency term used, TE. 
However, in the	absence of any data on the transfer efficiency specific to oocysts, we used the 
transfer efficiency of 33% throughout the core model analyses.  
 
The sensitivity analysis also highlighted that both Cryptosporidium and adenovirus risk models 
are highly sensitive to the viability variable, v. We made the health protective assumption that 
100% of the Cryptosporidium detected in our samples via qPCR methods was viable. 
Cryptosporidium present in fecal sludge from the pit latrines and septic tanks is likely to be 
viable as Cryptosporidium has been shown to survive for over three months in soil and water 
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with the survival rate diminishing at temperatures of 25°C and above [131]. Workers in the 
collection tasks emptying fecal sludge from full pit latrines and septic tanks are emptying the top 
two-meter layer of a pit full of sludge that ranges in age as a typical onsite sanitation in Kigali 
fills, on average, every 7 years. Given the average pit/septic tank depth of eight meters in Kigali, 
the layer that is emptied from the top is likely only a year old. Thus, a conservative assumption 
was made that 100% of the detected concentrations of Cryptosporidium in collection bulk 
samples was not unreasonable. An assumption was made that 100% of detected concentrations of 
adenovirus were viable, a health protective and reasonable assumption because adenovirus in 
surface water, which is exposed to the sun and inactivating UV rays, has been shown to be viable 
for between 160-301 days at 10 °C [132]. Pit latrine and truck samples from bulk samples of the 
collection task, which are exposed to little or no UV inactivation forces and higher ambient 
temperatures (20°C average temperature in Rwanda and higher temperatures in the Rwandan pit 
latrines) are likely to be viable for a similarly long period. Adenovirus has also been shown to be 
resilient to traditional wastewater treatment and thus we assume that a large proportion of the 
targets detected at the facility are viable.  
 
Worker health risk across different tasks is closely tied to the efficacy of pathogen removal in 
each stage of the process. The concentrations of detectable viable bacteria, as measured by the 
positive concentration of indicator bacteria both ends of the process suggest that there may be 
survival of pathogens throughout the process or regrowth of E. coli and total coliforms 
throughout the process. Although the process was designed to completely remove pathogens, we 
have several hypotheses to explain the detection of indicators and potentially viable pathogens in 
the final fuel product. For one, if sludge is going through the process as non-uniformly sized 
cluster of particles, some of the sludge in the center of larger clusters may not completely dry or 
be exposed to the necessary heat to cause inactivation. An alternative hypothesis is a 
recontamination event occurring at some point during the process. For example, sludge that is 
only partially treated in the first parts of the transformation process may have a higher 
concentration of pathogens and be mechanically aerosolized from earlier parts of the process and 
deposit on fomites sludge in downstream process areas and contribute to pathogen load that is 
being detected in those downstream processes. This phenomenon has been shown in poultry 
facilities and if proven, would have an impact on the exposures to nearby communities [133]. 
 

 Limitations 
One limitation of this study is that the recovery of efficiency of the two pathogens using the 
qPCR method could have been suboptimal at several points during the pathogen quantification 
process: DNA extraction and qPCR quantification of gene targets in the extracted DNA. 
Similarly, the loss of indicator organisms in the bulk samples could have occurred during the 
membrane filtration process, or as errors during the plate counting.  With regards to recovery 
efficiency of indicators from hand rinse samples, we did not account for the potential loss of 
organisms during the hand rinse procedure, during the membrane filtration of the hand rinse 
samples, or during the plate counting process. Differences in recovery efficiencies between the 
different indicator and pathogen detection methods would ultimately affect the accuracy of the 
ratios determined. Despite the health protective conservative assumptions made throughout the 
study, it is possible that by failing to account for the recovery efficiency of our molecular and 
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culture-based methods, we underestimated the exposure concentrations pathogens and the 
indicators. 
 
Another limitation that was present during the data collection stage of this study was that the 
potential bias resulting from the workers being observed could not be excluded in our analysis 
and may have influenced the observed rates. However, all observers were fellow workers who 
were trained to the observations and we believe that the bias was kept to a minimum. 
 
The dearth of literature on several model parameters presented limitations during the modeling 
phase of this study. For example, there is no published parameter on the transfer efficiency of 
pathogens from gloves (or other fomites) to the mouth or perioral areas. There is also no 
published transfer efficiency that is specific to protozoan pathogens versus viruses. Another 
major limitation to the model is the lack of knowledge on the infectivity of the pathogens that 
were detected. We assumed that 95% of the pathogens we detected via our qPCR assays were 
viable, a health protective assumption. 
 
Regarding the use of ratios, a major limitation is the use of two different quantification methods 
differing in their ability to differentiate between viable and non-viable organisms—the culture 
based methods used for indicator bacteria quantification were specific to viable organisms while 
the qPCR method used for pathogen quantification did not differentiate between viable and non-
viable organisms. Ultimately, this likely contributed to an overestimation of the pathogen 
concentration and the overall overestimation of the ratio value. Future studies should focus on 
characterizing the viability of pathogens across different types of fecal sludge samples. The 
parallel use of culture methods (adenovirus) or flotation methods (Cryptosporidium) and qPCR 
to may establish the correspondence between qPCR detection rate and viability.  
 
In the process of trying to construct more context-specific ratios, several setbacks were 
encountered. Despite the small number of samples (N=3) with detectable concentrations for both 
Cryptosporidium and total coliform, a lognormal probability distribution was fitted the reported 
pathogen:indicator ratios in the literature. While we intended on collecting more samples, due to 
funding constraints, the facility from which the samples were collected unexpectedly closed 
down during the second year of our research. Thus, the ratios we developed here were based on a 
limited number of grab samples collected over a single year (N=26 total samples collected). 
Although the limitation in sample size introduces a high degree of uncertainty for the dose and 
risk estimate, it provided us a mechanism to explore the impact of ratios, and assumptions about 
ratios on the risk model. Thus, the ratios that are derived here should not be used for other 
QMRA studies. Rather, we view this study as establishing a methodological framework for 
future studies, identifying sources of faulty assumptions commonly used QMRA methodology, 
and identifying priority areas for future research.  
 
In this study participatory research methods were used to recruit participants and collect samples 
in Kigali. This strategy was necessary for ensuring that the critical points in the collection 
process and facility were identified, observer bias was kept to a minimum, and that sample 
collection could continue even in the absence of the authors of this paper. However, employing 
participatory methods required that a non-trivial proportion of the resources for this project be 
diverted from further sample collection and be allocated towards activities such training and 
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communication. Ultimately, we believe that participatory approaches are necessary for 
conducting exposure monitoring in low-resource settings and despite limited sample size across 
the different sample types in this study, we highlight the importance of participatory methods in 
building a framework for long term exposure monitoring in low-resource settings.  
  

 Conclusion 
This study highlights an important aspect of occupational exposure in waste-to-fuel supply 
chains. During the waste-to-fuel process, pathogens are concentrated in the material being 
handled and during a single 8-hour exposure event in the collection and facility task groups 
discussed here, there is a high probability of workers contracting gastrointestinal disease. 
Another important point is that unlike community exposures to fecal sludge which encompass an 
exposure to more dilute and less diverse sources of pathogens, workers in a facility, such as the 
one we measure here are exposed to fecal sludge that is concentrated and from a wider 
geographic context.   
 
Our initial findings suggest that several interventions may be useful in controlling worker 
exposure to fecal sludge. Elimination and substitution are the most effective ways to reduce 
workplace hazards. However, in this case the fecal sludge hazard is the agent that is being 
processed. Engineering controls should be prioritized such as enclosure and automation of 
processes that require workers to handle or come into close contact with sludge. Finally, 
administrative controls such as education on the fecal oral route or implementation of workplace 
hygiene programs can also prevent workplace exposures. For example, a standard and mandatory 
process for properly sterilizing and storing gloves after each shift can ensure that the gloves are 
clean at the beginning of shifts while frequent handwashing and glove sterilization during the 
shifts can help prevent exposures to workers as pathogens collect on hands and gloves during a 
shift. Finally, protecting the worker with PPE that is properly worn, stored, and replaced at 
regular intervals can prevent the hand-to-mouth exposures. Interventions in this realm may 
include the use of disposable gloves or improving the use of reusable gloves through proper 
sanitization and storage.  
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4 Estimating Airborne endotoxin risks to Sanitation Workers During Fecal Waste 

Collection and Processing—A Case Study from Kigali, Rwanda1 
 

 Abstract 
 Resource recovery sanitation systems that transform human waste into value added products are 
gaining momentum in rapidly urbanizing contexts. However, little is known about occupational 
exposures especially along the inhalation route in nascent resource recovery technologies and 
processes. This study characterizes endotoxin exposures to workers performing tasks at each 
stage of a fecal sludge-to-fuel process in Kigali, Rwanda.  
 
Endotoxin exposure concentrations were measured by sampling the breathing zone of workers 
performing tasks at each stage of the fecal sludge collection and resource recovery process. 
Forty-two task-based air samples were collected from workers and processed for endotoxin using 
the limulus amebocyte lysate (LAL) test. To account for the inherent variability in our sample set 
as well as compare our measured concentrations to established occupational exposure limits 
(OEL), Monte Carlo methods were used to model the full 8-hour exposure concentrations over 
eight different exposure scenarios. The geometric mean exposure concentrations measured in 
personal task-based samples ranged from 11-3700 EU/m3, while the estimated 8-hour exposure 
concentrations had geometric means between 6.7-960 EU/m3. Exposure concentrations of 
endotoxin were found to increase with decreasing total solid content by mass. The probability of 
exceedance for all exposure scenarios was above the 0.10 threshold recommended by 
occupational hygienists. Attention should be placed on controlling endotoxin exposure during the 
pit latrine emptying, solar dehydration, and thermal drying tasks. The methods developed here, 
which combine workplace sampling with Monte Carlo modeling, can be used to characterize 
exposures and ensure that fecal sludge collection and resource processes are designed to 
safeguard worker health.  
 

 Background 
 
Fecal sludge, the high-density waste stream that arises from onsite systems, contains infectious 
pathogens which must be handled in order to protect human health. Given the high concentration 
of solids and contaminants in fecal sludge waste streams, conventional wastewater treatment 
processes are neither effective or affordable for treating fecal sludge in resource strapped 
contexts [3]. As it stands, wastewater treatment systems which are built in low-resource contexts 
are often abandoned due factors such as inadequate fecal sludge management infrastructure and 
generally poor operation and maintenance strategies [134].   
 
An emerging alternative for managing fecal sludge waste streams is resource recovery, which 
functions by recycling and transforming fecal sludge into valuable products such as compost, 

 
1 This manuscript has been published: Sklar R, Zhou Z, Zalay M, Muspratt A, Hammond SK. Occupational 
Exposure to Endotoxin along a Municipal Scale Fecal Sludge Collection and Resource Recovery Process in Kigali, 
Rwanda. Int J Environ Res Public Health. 2019;16(23):4740. Published 2019 Nov 27. doi:10.3390/ijerph16234740 
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biogas, or solid fuel, and protein for animal feed [7,135]. The generation and sale of such waste-
derived products can be used to offset the high cost of sanitation service delivery and lower the 
cost of access to basic sanitation services [8,7]. As such, an increasing number of technical 
innovations are emerging to close gaps in sanitation coverage as well improve access to 
resources in low-income contexts [10, 25, 136]. 
 
While resource recovery systems promote obvious beneficial health outcomes for communities, 
less is known about the potential risks for workers in these systems, who may come into close 
contact with human waste containing numerous chemical and microbiological hazards[96]. In 
1989 the World Health Organization (WHO) released guidelines for the safe use of wastewater, 
excreta, and gray water. Updated in 2006, the guidelines recommend management practices to 
minimize health risks associated with use of resource recovery end products. The international 
labor organization (ILO) also released a hazard sheet on risks associated with wastewater 
handling in 2012 [137]. However, both guidelines are far from a comprehensive drawing focus to 
exposures along the ingestion route of exposure compared to the less studied inhalation pathway. 
This is despite a well-established and growing body of literature characterizing hazards 
associated with the dusts and aerosols generated during the handling and treatment of sewage 
and fecal sludge [138].  
 
Endotoxin is widely believed to be the agent responsible for health effects resulting from 
exposure to organic dusts [139–141]. Endotoxin exposure has been associated with health effects 
in workers of sewage treatment plants [142–144], solid waste management processes[145–147], 
and other occupational settings that involve handling of organic materials –cotton textile industry 
[148], livestock farming [149], and composting [150]. Acute endotoxin inhalation exposures in 
workplaces are associated with fever, cough, shortness of breath, wheezing, headache, nose and 
throat irritation, chest tightness, acute airway flow restriction, and inflammation. Chronic 
exposures to inhaled endotoxin are associated with restrictive respiratory diseases such as asthma 
and chronic obstructive pulmonary disorder [151].  
 
The aim of this chapter was to characterize endotoxin exposure to workers at each stage in a 
resource recovery process which converts fecal sludge into solid fuel. The results presented in 
this study are based on samples collected of individuals working at a municipal scale fecal 
sludge-to-fuel operation in Kigali, Rwanda.  
 

 Methods 
 
4.3.1 Study site 
All samples were collected in the city of Kigali which is currently home to 1.3 million people. 
Kigali has neither a central treatment facility for sewage nor a system of sewers. Instead, 
households rely on decentralized, on-site sanitation systems. The vast majority, 95% of Kigali 
residents, use pit latrines as their primary form of sanitation [152]. When these facilities fill, the 
waste is removed by service providers who provide the emptying and transport service to Nduba 
Hill, Kigali’s landfill disposal site for both solid and liquid waste. 
 
In 2015, the City of Kigali and a private American firm commissioned a pilot municipal scale 
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fecal sludge-to-fuel plant situated at the Nduba dump site. Fecal sludge was emptied from 
households with full pits or septic tanks, transported to the Nduba resource recovery plant, and 
converted into solid fuel for use in cement production and other industry. 
 
4.3.2 Process description 
Air samples were collected and analyzed for endotoxin at each stage in the fecal waste collection 
and resource recovery process. Data on the total solids by mass (TS) of the waste handled at each 
stage in the processes was sourced from the plant operations log.  
  

● Pit latrine emptying and waste transport: The emptying process started with three 
preparatory steps: 1) breaking the concrete slab, or floor of the latrine; 2) fluidizing the 
sludge with water and mixing it with a rod to facilitate extraction; and 3) removing trash 
using a “fishing” method in which a long hook is used to remove pieces of trash from the 
sludge filled pit (households often dispose of trash in pit latrines when solid waste 
management services are too expensive or out of reach) and place them into barrels for 
subsequent disposal. Fishing was done periodically during the emptying process to 
prevent solid waste from clogging the vacuum pump hose.  Sludge emptied from pit 
latrines was on average 9% total solids. Fecal sludge accumulated in a pit latrine was 
emptied by a worker using a portable vacuum system to empty sludge into  barrels which 
are sealed and then transported by truck to the fecal sludge-to-fuel plant. 

● Waste release at plant inlet: During the waste release at the inlet of the plant, workers 
unloaded the barrels from the truck and poured sludge into the plant inlet basin directly 
from barrels.   

● Mechanical dewatering: The sludge was conveyed from the inlet by gravity to an MS-80 
mechanical dewatering machine consisting of a rotating membrane and a screw auger. In 
this physical separation process, sludge was conveyed through a screw auger enclosed by 
an outer screen. Dewatering was accomplished as gravity drainage allows the filtrate to 
fall out of solution and the solids are compressed and dewatered as the screw diameter 
decreases towards the outlet of the pipe. The MS-80 operator was responsible for periodic 
monitoring of the machine as well as routine sample collection of the influent and 
effluent. The operator was also in charge of routinely opening the MS-80 machine to 
prevent overflows as well as clean the machine before the task end. The result of this step 
was sludge “cake” which was approximately 25% total solids and a liquid effluent with 
significantly reduced treatment requirements. Effluent from this stage was treated for 
reuse in agriculture while the cake was transported to the greenhouses for solar 
dehydration. 

● Solar dehydration: Workers spread the sludge cake from mechanical dewatering on the 
floor of a solar greenhouse system for evaporative drying. Here, the workers manually 
turned and mixed the material over a period of 5-7 days depending on ambient 
temperature and humidity, until the material reaches an average of 80% total solids.  

● Thermal drying: In this task, a worker loaded sludge from the greenhouse into a vertical 
drum dryer in order to remove residual moisture, achieve ≥95% total solids, and 
deactivate and/or eliminate all pathogenic material. At the end of each rotating dryer 
cycle, a blower fan conveyed the final fuel product from the inlet of the drum to the outlet 
and a worker filled bags with the final fuel product.  



 
   
 

 
   
 

 

61 
 

 
 
Figure 4.1. Schematic of fecal waste collection, transport, and transformation to fuel.  

4.3.3 Sampling strategy 
Two cross sectional sampling campaigns were carried out between July-August 2016 and May-
August 2017. During the first campaign, area air samples (N=20) were collected during the pit 
latrine emptying process. During the second campaign, personal air samples (N=42) were 
collected from the personal breathing zone of 13 workers performing five tasks in the waste 
collection and resource recovery process: (1) septic tank/pit latrine emptying (2) truck waste 
release at the inlet of the fecal sludge-to-fuel plant (3) mechanical dewatering machine operation 
(4) solar drying in greenhouses (5) thermal drying and fuel packaging.  
 
For both area and personal samples, air was sampled onto a 37 mm Teflon filter (source) 
contained in a plastic cassette (source) with an Aircheck touch sampling pump (SKC Inc., 
Eighty-Four, PA) at flow rate between 1.0-3.5 L/min.   
 
Workers wore the personal air monitors for the duration of each task measured, including breaks. 
All workers included in this study wore their normal personal protective equipment provided by 
their employer during this sampling campaign. We considered potential candidates for inclusion 
all workers performing jobs in the waste collection and transformation process who were over 
the ages of 18 and able to wear the samplers for the entire shift. All workers performed a single 
task during the sampling period. All workers consented to participating in the study, and all 
study protocols were approved by the UC Berkeley Committee for Protection of Human Subjects 
prior to the conduct of this research.  
 
4.3.4 Endotoxin sample analysis  
The Kinetic Limulus Assay with Resistant-Parallel-Line Estimation (KLARE) method was used 
to determine the presence of endotoxin in all area and personal air samples collected onto Teflon 
filters [153]. Endotoxin was extracted by sonication with 5 ml of triethylamine phosphate buffer 
for one hour, and the sample concentrations were evaluated using the Kinetic Chromogenic LAL 
Assay (Lonza Inc., Walkersville, MD). Samples were mixed with lysate and loaded onto 96 well 
plates. Optical density was monitored over time by an absorbance microplate reader (Biotek 
Instruments, Winooski, VT). Sample concentrations were first determined in endotoxin units 
(EU), then converted to EU/m3 by incorporating information on flow rate and volume during 
sample collection. The limit of detection per filter was 0.15 EU/ml.  
 
4.3.5 3.5 Eight-hour TWA modeling and comparison to OELs 
Most countries lack an occupational standard for inhaled endotoxin exposure due to the absence 
of a standardized endotoxin detection protocols [154]. In this study we use the health-based OEL 
of 90 EU/m3 for an 8-hour time-weighted average (TWA) proposed by the Health Council for 
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the Netherlands (DECOS) as a benchmark to compare the exposure concentrations we measured 
in this study [151] . The task-based concentration measurements were collected over tasks with 
durations shorter than 8 hours. Thus, to compare the task-based concentrations to the 8-hour 
TWA standard, we constructed probability distributions of eight-hour TWAs for eight exposure 
scenarios using Monte Carlo simulations. Each scenario represents a different rotation schedule 
(a series different tasks performed throughout the 8-hour workday). Six of the eight scenarios are 
rotation schedules for the resource recovery team working on the premises of the fecal sludge-to-
fuel plant and two of the scenarios represents the waste collection team performing the pit latrine 
emptying tasks over an 8-hour period, reflecting the true distinction between these teams and 
their tasks.  
 
Monte Carlo methods were used to construct lognormal distributions of endotoxin 
concentrations, 𝐶	ON3P	-G for each worker 𝑖, in a task j based on the statistical attributes of the 
measured concentration dataset. Then, individual worker distributions, 𝐶ON3P		-G, in each task 
were aggregated to generate a single lognormal distribution 𝐶		!,>)	G for each task  𝑗 =1-5.  
 
Two parameter inputs were used to construct the 8-hour TWA probability distributions: 
𝑇𝑊𝐴		!,>)	., across the selected exposure scenarios s: (1) The lognormal distribution constructed 
for task specific endotoxin concentrations, 𝐶		!,>)G and (2) the observed set of durations, 𝑡G, for 
each task 𝑗 =1-5, which were fixed by the scenario s and sum to eight.  
 
To simulate an 8-hour workday for a selected exposure scenario, the Monte Carlo model 
randomly selected a set of values from the task-specific concentration distributions 𝐶	ON3P	G. The 
parameter representing the duration of time spent in each task in a given exposure scenario,	𝑡G., 
was randomly drawn with replacement from the empirical set of duration values that were 
observed for each task. Sampling from the fixed set of durations observed was done to ensure 
that rotation schedules were realistic and could be practically applied. For scenarios in which the 
t1-t5 does not sum to 8 hours, we assume that the remainder of the day’s duration, t6, is spent 
doing zero exposure tasks such as office work, lunch, or going offsite (𝐶	Q	 = 0 for all scenarios 
s). For each exposure scenario, s, over the lognormal distribution of a random worker’s full 8-
hour workday, exposure to inhaled endotoxin is calculated as the following: 
 

𝑇𝑊𝐴!,>)	. = ∑ "	H∗'HI
R

Q
GH6  (Equation 4.1) 

for which 𝑇𝑊𝐴!,>)	.	is the concentration of endotoxin inhaled by a random worker in scenario s 
expressed in EU/m3. A simulation of 10,000 8-hour workday concentrations was performed for 
each of the eights scenarios,	𝑠. Descriptive exposure levels (geometric mean (GM), geometric 
standard deviation (GSD), arithmetic mean, standard deviation, and 95 percentile) of the 
concentration distribution 𝑇𝑊𝐴!,>)	. modeled for each scenario 𝑠, were calculated.   
 
Given the known variability in endotoxin exposure concentrations and the positive skewness of 
exposure distributions observed in workplaces, health risks may exist despite the presence of a 
sample set with few or limited high concentration data points [155]. To account for this, we 
calculated the probability of exceedance in each scenario defined as the probability that a 
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randomly selected worker’s exposure would exceed the OEL on a randomly selected day. 
Exceedance was calculated from the within and between worker variances derived from the 
simulated concentration distributions across all tasks and considered acceptable if below 0.10 
[156]. All Monte Carlo simulations were conducted in R, a free software environment 
for statistical computing (R-3.2.4 version, R Foundation for Statistical Computing, Vienna, 
Austria.  
 

 Results  
 
4.4.1 Exposure concentration by task 
In total, 62 air samples were collected—20 were area samples and 42 were personal samples 
collected from 13 workers. The duration of all tasks sampled varied between 28 and 250 minutes 
(Table 4.1). Task duration varied due to the intermittent supply of fecal sludge arriving at the 
facility. On days in which a large number of trucks dumped fecal sludge at the plant, the 
individual tasks were performed for longer durations of time compared to days in which the plant 
was operating under capacity due to fewer trucks delivering fecal sludge.  
 
The range of endotoxin concentrations measured across personal task samples was between 2.6 
EU/m3 to 9000 EU/m3. Concentrations of endotoxin varied significantly across the different work 
tasks (GSD=11). The GM endotoxin exposure concentration was highest in the thermal drying 
task (3700 EU/m3) and lowest for the mechanical dewatering task (11 EU/m3). Endotoxin 
exposure increased with increasing total solid percentage of the fecal sludge being handled 
across the tasks. This trend is especially highlighted in the processes that occur at the plant 
during the three stages of resource recovery: mechanical dewatering, solar dehydration, and  
thermal drying (Figure 4.2).  
 
4.4.2 Endotoxin concentration in personal versus area samples 
Concentration of endotoxin varied significantly between personal samples and area samples in 
the pit latrine emptying task. Geometric mean levels of area endotoxin were over six-fold  higher 
in the personal samples (75 versus 12 EU/m3 ) of the same pit latrine emptying task. The area 
samples exhibited a relatively high variability (GSD=4.0) due to the varying distances from the 
latrines in which they were collected.    
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Table 4.1. Endotoxin exposure concentrations and sample durations by task type. 
 

  Endotoxin (EU/m3) Duration (Minutes)  

Sample Type Task n GM (GSD) AM (SD) Range AM (SD) Range 

Area Latrine 20 12 (4.0) 35 (76) 1.6-350 190 (67) 109-394  
Personal Latrine 11 75 (2.4) 97 (61) 11-200 130 (57) 73-251 
Personal Inlet 2 11 (4.8) 18 (21) 3.6-33 75 (37) 48-101 

Personal Mech. Dewatering 10 11 (3.5) 29 (61) 2.6-200 96 (44) 31-167 

Personal Solar Dehydration 10 140 (4.8) 450 (820) 33-2700 53 (19) 28-95 

Personal Thermal Drying 9 3700 (2.0) 4600 (820) 1500-9000 80 (24) 48-105 

 
 

    
Figure 4.2. Endotoxin exposure by task and moisture content. The box plots show medians, 10th, 25th, 75th, 
and 90th percentiles (log10 scale) of endotoxin concentrations in the breathing zone of workers performing 
different tasks in the waste collection and resource recovery process. The dots indicate the total solid percentage 
(TS) of the sludge being handled at each stage in the process.  

 
4.4.3 Exposure scenario analysis 
Table 4.2 summarizes the output of a Monte Carlo model used to estimate  8-hour TWA 
endotoxin concentrations to which workers were exposed across seven different exposure 
scenarios.  
 
The highest exposure scenario presented is the one in which the dryer is run for the maximum 
duration (of the durations observed during sampling campaign) while the lowest exposure 
scenario presented is one in which both the dryer and solar dehydration tasks are eliminated, and 
the inlet and mechanical dewatering tasks are completed for a minimal duration.  
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All scenarios that include the thermal dryer task (scenarios 1-2, Table 4.2) showed exposure 
concentrations with means and 95th percentile values considerably higher than scenarios not 
including the thermal dryer task (scenarios 3-8, Table 2). The 95th percentile concentration in all 
scenarios that included the thermal dryer task (scenarios 1-2) was between 12 and 24 times the 
OEL of 90 EU/m3 and the exceedance probabilities were between 0.74–0.75.  
 
Of the scenarios in which the dryer task is eliminated, there is considerable variation in the 
means and 95th percentiles of the exposure concentrations. If the dryer is eliminated and a plant 
worker rotates through the other tasks for the maximum durations observed, the mean falls below 
the OEL but the 95th percentile and the probability of exceedance are beyond the acceptable 
limits. However, if the dryer is eliminated and a worker rotates through the other tasks for 
minimum durations, the mean and the 95th percentile fall below the 90 EU/m3 OEL but the 
probability of exceedance, at 0.21, remains above the 0.10 acceptable limit.  
 
The lowest mean and 95th percentile exposure concentrations are seen in the two scenarios in 
which both the solar dehydration and thermal dryer tasks are eliminated (scenario 5-6). In both of 
these scenarios, the 95th percentile concentrations fall between three and 12 times below the OEL 
with exceedance probabilities of 0.04.  
 
For the waste collection team scenarios (scenario 7-8), there is considerable difference between 
operating for minimum and maximum durations. In the scenario in which the waste collection 
team is operating for the maximum observed durations, the 95th percentile and the probability of 
exceedance fall above acceptable limits. In the scenario in which the waste collection team is 
operating for the minimum durations, the 95th percentile falls below the OEL, but the probability 
of exceedance is still above the acceptable limit. 
 

Table 4.2. Modeled Probability Distributions 8-hour TWA Exposure Scenarios. 

Exposure 
Scenario 

s 

Description, Task Duration 
𝒕𝒋𝒔 

Geometric 
Mean 
(GSD) 

𝑻𝑾𝑨𝑬𝒏𝒅𝒐	𝒔 

Arithmetic 
Mean (SD) 
𝑻𝑾𝑨𝑬𝒏𝒅𝒐	𝒔 

95th 
Percentile	
	𝑻𝑾𝑨𝑬𝒏𝒅𝒐	𝒔 

Exceedance 
Probability 

γ 

1 Dryer run for max duration (𝑡5	 = max	(𝑡5	)	) 
Average time spent in other plant tasks 𝜇	(𝑡N, 𝑡O	, 𝑡P) 

960 (1.6) 1091 (580) 2200 0.75 

2 Dryer run for min duration (	𝑡5	 = min	(𝑡5	)	) 
Average duration spent in other plant tasks 𝜇	(𝑡N, 𝑡O	, 𝑡P) 

460 (1.6) 520 (270) 1040 0.74 

3 Dryer not run (	𝑡5	 = 0	) 
Max duration spent in other plant tasks max	(𝑡N, 𝑡O	, 𝑡P) 

54 (2.0) 71 (65) 185 0.40 

4 Dryer not run (	𝑡5	 = 0	) 
Min. duration spent in other plant tasks min	(𝑡N, 𝑡O	, 𝑡P) 

15 (2.0) 21 (19) 53 0.21 

5 Dryer and solar dehydration not done. (	𝑡P	,𝑡5	 = 0	) 
Max. duration spent in other plant tasks max	(𝑡N, 𝑡O	) 

11 (1.9) 13 (11) 26 0.04 

6 Dryer and solar dehydration not done. (	𝑡P	,𝑡5	 = 0	) 
Min. duration spent in other plant tasks min	(𝑡N, 𝑡O	) 

2.9 (1.8) 3.5 (2.7) 7.8 0.04 

7 Latrine emptying only for maximum duration. (	𝑡R = max	(	𝑡R)	) 
No other tasks done  (	𝑡N, 𝑡O	, 𝑡P	,𝑡5	 = 0	) 24 (1.4) 26 (8.6) 42 0.11 
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 Discussion 
 

This chapter’s objectives were to measure endotoxin exposure concentrations during fecal sludge 
collection and resource recovery tasks and estimate endotoxin exposure for workers over select 8-
hour workday scenarios. 
 
The findings presented here are consistent with a significant body of literature which show that 
exposure varies significantly with task and type of  waste handled [147,157]. Unsurprisingly, the 
solar dehydration task and the thermal drying task, which exhibited the highest endotoxin 
concentrations, were also the tasks in which workers were handling drier material with a lower 
percentage of total solids. In the solar dehydration and thermal drying task, the relatively fecal 
sludge is handled and agitated in relatively enclosed spaces--the greenhouse and thermal dryer 
enclosure.  
 
Though workers in the pit latrine, inlet, and mechanical dewatering tasks handled material with 
relatively low total solids, the measured endotoxin exposure concentrations were significantly 
higher in the latrine task. One possible reason for this could be related to the nature of the pit latrine 
emptying task itself which requires workers to come into closer proximity with sludge that they 
physically agitate during the fluidization process, trash removal, and hose guiding to facilitate 
pumping. The area sample data supports this hypothesis as concentrations from area samples of 
the latrine task are an order of magnitude lower than those of the personal samples for the same 
task. Similarly, intermediate levels of endotoxin measured across the inlet and mechanical 
dewatering tasks may be explained as the combination of the relatively low total solids as well 
minimal manual agitation of the material compared to the pit latrine task.  
 
The GM of 8-hour TWA endotoxin exposure concentrations estimated for all exposure scenarios 
included in this study (range: 2.9-960 EU/m3) exhibited upper limits significantly higher than those 
observed in similar occupational environments (Agricultural workers in Colorado: 54 EU/m3; 
sewage treatment workers in the Netherlands: 27 EU/m3; solid waste workers in Korea: 2.2 EU/m3) 
but lower than some of the highest concentrations reported in occupational environments (Pig 
Farming: 1510 EU/ m3) [158–160]. 
 
The exceedance probability, or the probability of a randomly selected worker’s mean exposure 
exceeding the OEL, was in excess of the 0.10 recommended level for all scenarios except for the 
scenario in which both the greenhouse task and the thermal dryer task are eliminated. This calls 
for a prioritization of controls and process re-designs that limit or eliminate worker exposure in 
these two tasks. Effective elimination of these two tasks can reduce both 95th percentile TWA 
concentration as well as the probability of exceedance to below 0.10. While the 95th percentile 
exposure concentrations of scenarios 7 and 9 are below the OEL, in both of these scenarios the 
probability of exceedance is above 0.10. This demonstrates the value of a metric such as 
exceedance, which accounts for sample and distribution features such as variability over days and 
workers before deeming an exposure compliant with an OEL.  
 
More work is needed to determine seasonal effects on endotoxin exposure in our given exposure 
context. Other studies have shown that significant differences exist in the background levels of 
endotoxin between developing world and developed world scenarios [161]. Since the area samples 
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were collected during a different year than personal air samples, the magnitude of the differences 
between the area and personal samples may be attributed to external factors that are not discussed 
here.  
 
Though differences in exposures have been displayed here, further work is necessary to establish 
the association between exposure to endotoxin and respiratory symptoms. Factors such as variable 
breathing rates related to the strenuousness of different tasks  may influence final exposure dose 
and the resulting health effects. 
 
Endotoxin is known to exhibit exposure variability as it is derived from Gram-negative bacteria, 
which have variable growth rates depending on various environmental and occupational factors –
production process, tasks and operating procedures, distance between source and workers, and 
ambient temperature and climatological factors [154] . This variability in measured exposure 
concentrations is apparent in our sample set of personal exposures, particularly in those collected 
from the inlet, mechanical dewatering, and solar dehydration tasks. Failing to account for this 
variability with the collection of few measurements over limited sample time frames could 
substantially limit the validity of conclusions. In essence, large health risks may exist despite a 
sample set with relatively low measured exposure concentrations [117, 155]. While repeated 
measurements  are the most effective way to drive down this uncertainty, collecting large amounts 
of samples may be prohibitively expensive, especially in resource strapped contexts.  In this study, 
we combine personal exposure measurements with modeling. The approach outlined here may be 
particularly valuable for implementing in low resource contexts and create a mechanism for 
incorporating worker exposure considerations into the design of emerging sanitation systems.  

 
 Conclusion 

Resource recovery sanitation systems can provide immense societal benefits due to their impact 
on disease reduction and environmental protection. However, little is known about the potential 
occupational health effects these systems may pose on workers. As new resource recovery 
systems emerge, incorporating occupational exposure considerations into the design and 
optimization of emerging systems is necessary to safeguard public health for communities and 
workers alike. This study outlines an exposure assessment method combining workplace 
sampling techniques and stochastic modeling. The methodological approach used here can be 
used for use in further occupational exposure studies as well as preliminary insights on endotoxin 
exposures to workers in a municipal fecal sludge-to-fuel process.  
 
The results of this study can be used to inform the design and optimization of emerging waste 
collection and resource recovery processes. A particular emphasis should be placed on 
controlling endotoxin exposure during tasks that require workers to be in close proximity with 
sludge or in working with material with a high percentage of total solids whose dust can be 
easily aerosolized. Example exposure controls may include better pumping tools that maximize 
the distance between the sludge containing pit and operator, automated tilling equipment to 
eliminate the need for manual agitation of dry sludge in the greenhouse, and an automated 
conveyer belt for loading dry sludge into the thermal dryer and final storage bags.  
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5 Towards Equitable and Inclusive Global Goals: Bridging Blind Spots in Sustainable 

Sanitation Initiatives 
 

 Abstract 

Global efforts and investments aimed at improving sanitation access and infrastructure 
worldwide are largely shaped by Goal 6 of the UN Sustainable Development Goals (SDGs) and 
the normative interpretation of the goal by the associated UN Joint Monitoring Program (JMP). 
Despite the SDG focus on the design and delivery of inclusive sanitation services, sanitation 
worker health and safety remain a blind spot in the sanitation global goals. Instead, in the push to 
achieve inclusive and equitable sanitation services at scale, sanitation workers have been left 
behind as systems are designed and implemented without considering occupational health risks.  

In this chapter, we estimated there are over 5 million workers globally who work to build, 
maintain, and operate sanitation systems. This chapter also examines the blind spots in the 
sustainable development goal framework that consequentially excludes sanitation workers from 
being a focus of the sanitation global goals.  
 

 Introduction 
 
The sustainable development goals (SDGs) were adopted by the United Nations Member States 
in 2015 as a universal call to action to end poverty, protect the planet and ensure that all people 
enjoy peace and prosperity by 2030.  Due to the widespread use of unimproved sanitation and its 
environmental, health and economic impacts, universal clean sanitation has been promoted as 
one of the pillars of the SDGs for 2030. As a result of the goals, there has been a significant push 
to design and implement sanitation systems for communities that have never had them, as well as 
develop improvements to the long-term sustainability of existing sanitation systems.  
 
In particular, the SDGs have focused on the inclusive and equitable provision of sanitation for 
people worldwide and drawn attention to vulnerable populations as a priority for interventions. 
To date, there has been limited critique on the effectiveness of the equity and inclusion approach 
in sanitation interventions, and several vulnerable subgroups have been left out of this 
framework [162, 163]. 

One way in which the equity and inclusion framework has failed in its intent is by neglecting 
sanitation workers as a key marginalized group in the design of sanitation interventions. The 
push to develop and implement improved sanitation systems has outpaced the development and 
enforcement of health and safety standards that protect workers. New sanitation systems are 
designed without consideration of occupational exposures, and existing systems have rarely 
accounted for the health and safety of workers as a core part of their operating principles. When 
sanitation systems are implemented, communities experience benefits such as health and dignity 
and less polluted urban environments, while sanitation workers may experience the health risks 
of operating within the sanitation system as well as loss of dignity. In essence, risks are shifted 
from communities and the environment to sanitation workers. This phenomenon has been 
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explored in the literature—Aramaki et al. and Harder et al. contrasted the reduction of 
community pathogen risk associated with the implementation of a wastewater treatment facility 
with increased worker health risks resulting from operation of the treatment plant [164,165]. In a 
recent report, the World Bank, ILO, WaterAid and WHO explored the hazardous yet invisible 
nature of sanitation work—calling out the need to shed light on the neglected issue of sanitation 
worker health as part of the “no one left behind” push from the WHO to ensure that all members 
of the population benefit from access to water and sanitation in an equitable manner.  

This chapter is an exploration of the continuing marginalization of sanitation workers due to 
blind spots in the existing the UN SDG sanitation goals and monitoring methodologies. Despite 
the SDG goals of promoting equitable and safe sanitation systems, the health concerns of 
sanitation workers, who have been historically isolated and marginalized in the communities 
they serve, remain largely invisible from the SDG framework. Here we propose solutions to 
enhance the intended inclusive and equitable nature of the global sanitation goals.  
 

 Sanitation worker groups and occupational risks 
 
In this chapter, a sanitation worker is defined as a person who works in a job such as cleaning 
toilets, emptying pits and septic tanks, cleaning sewers and manholes and operating pumping 
stations and treatment plants [166]. Sanitation work activities require workers to expose 
themselves to a variety of different types of hazards. Among the types of exposures that 
sanitation workers encounter due to their work are the pathogenic exposures explored in the 
earlier chapters of this dissertation, inorganic pollutants such as heavy metals and organic 
pollutants [167–169], industrial chemicals [170], and sharp objects that are commonly thrown 
into pit latrines or septic tanks [171]. Sanitation work may also include ergonomic risks 
associated with the use of excessive work force or incorrect working posture while conducting 
manual waste collection and treatment activities[172].  
 
Several studies have linked the presence of disease in sanitation workers to the occupational 
exposures listed above. For example, sewage treatment plant workers have been shown to 
experience an increased frequency of diarrhea, eye inflammation, skin disorder, and other 
gastrointestinal symptoms resulting from workplace exposures [142, 173]. Other studies have 
found significant dose-response relationship for lower respiratory symptoms and flu-like 
symptoms in treatment workers [143]. Other acute symptoms such as high headache, fatigue and 
nausea in wastewater treatment workers have been linked to bacterial exposures in wastewater 
treatment plants [174]. 
 
Beyond the physical risks imposed on sanitation workers are psychosocial risks associated with 
the stigmatization and discrimination resulting from the “dirty” nature of their work. For 
example, in India, working as a sanitation worker is viewed as a “permanent state of pollution” 
and over the course of history, sanitation workers and their children have been subject to 
systematic discrimination, affecting their access to clean places to live, clean water sources, 
access to healthcare, and education [175]. In some African contexts, a minority tribe such as the 
Bhaca in South Africa, are treated as untouchables [166].  
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 Estimation of sanitation work force globally 
 
While the conditions of sanitation workers have been elaborated in a few recent studies and 
reports, a quantification of the workforce is still lacking. The total number of workers in the 
sanitation sector is variable across countries and difficult to measure, especially as a sizeable 
majority of sanitation workers in low- and middle-income countries are employed in the informal 
economy and are, therefore, not captured in existing studies or census reports . Nevertheless, an 
estimate of the sanitation workforce is presented here as an important component in calculating 
the occupational burden of disease and thereby bringing visibility to this marginalized subgroup.  
 
To quantify the size of the workforce, data from India was extrapolated to the global scale as 
India is one of the few countries for which data on the size of the sanitation workforce is 
available. A 2017 study estimated a total of 1.1 million sanitation workers in India comprised of 
latrine cleaners, railway cleaners, sewer cleaners, fecal sludge handlers, treatment plant workers, 
drain cleaners, and school toilet cleaners [179]. The Dalberg study did not include data on the 
prevalence of sanitation workers in the informal sector who are involved in unsafe sanitation 
work. As such, the number of informal sanitation workers was extrapolated from our previously 
unpublished primary data on focus groups with informal sanitation workers in Kigali.  
 
We extrapolated the number of each type of sanitation workers per capita in urban India to 
estimate the global prevalence of sanitation workers worldwide. The estimation of the number of 
sanitation workers globally was limited to urban areas based on the assumption that in the 
majority of rural contexts, onsite sanitation systems are decommissioned and sealed by the 
households once full, rather than being emptied or otherwise managed by sanitation workers. 
The estimated number of global sanitation workers was divided into three worker subtypes: 1) 
informal workers conducting toilet maintenance and waste collection for populations residing in 
urban slums that rely on onsite sanitation systems, 2) workers conducting toilet maintenance and 
collection work for populations residing in urban areas that rely on onsite sanitation systems 
(non-slum onsite sanitation), 3) workers conducting wastewater treatment plant operations for 
the urban population that are connected to sewer systems. Data on the global population 
breakdown of urban residents in formal and informal settlements was sourced from the World 
Bank. Data on the percentage of the urban population covered by sewers versus onsite sanitation 
systems was sourced from the UN JMP dataset (United Nations Joint Monitoring Progress). 
 
The per capita rate of collection and maintenance workers in slums was extrapolated from our 
primary data in Kigali and applied to the global slum population. The per capita rate of workers 
conducting toilet maintenance and collection work in non-slum urban areas was extrapolated 
from the Dalberg study of Indian sanitation workers and applied to the global urban population 
that is not including the slum population. Over seven times more sanitation workers are involved 
in delivering informal sector services than in the other sanitation services. For urban populations 
connected to sewers, a per capita rate of workers was averaged across the United States and India 
and applied to the population globally connected to sewers. A total of 5.9 million sanitation 
workers globally was estimated. 
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Table 3. Estimation of urban sanitation workers globally comprised of informal collectors and 
cleaners, formalized collectors and cleaners, and treatment workers 

 

 

Type of 
sanitation 

system 

Per Capita 
Rate 

Per Capita Rate 
Context 

Number of Workers 
(Extrapolated Values) 

Informal collectors 
and cleaners serving 

global slum 
population 

Onsite 4.0 x 10-2 
 

Manual 
emptiers/informal 

settlement population 
in Rwanda  

[unpublished focus 
group data collected by 

author in Kenya, 
Rwanda] 

 

5.1 x 106 

Collectors and 
cleaners serving 

global urban (non-
slum) on-site 

sanitation users 

Onsite 3.0 x 10-3 

 

Waste Collection and 
toilet cleaners/urban 
population connected 

to onsite sanitation 
systems in India 

 

1.6 x 105 

Treatment workers 
serving global urban 

population with 
sewer connection 

Sewer 
connected 

2.1 x 10-4 

 

Treatment plant 
worker/urban 

population connected 
to sewers in India and 

USA 

5.4 x 105 

Sanitation workers 
worldwide All   5.9 x 106 

 
 Blind spots in sustainable sanitation development  

 
5.5.1 JMP Sanitation Definitions 
Underlying the exclusion of sanitation workers from the sanitation SDGs is the definition of 
improved sanitation referenced in the SDGs, defined by the UN JMP (UN Joint Monitoring 
Program). Safely managed sanitation services are defined by the UN JMP program as protecting 
communities from the risks of contact with fecal sludge by using an improved sanitation facility 
that is not shared with others and safely disposed of and treated off-site. Furthermore, to meet the 
criteria for  safely managed sanitation services 1) people should use improved sanitation 
facilities that are not shared with other households, and 2) the excreta produced should either be 
treated and disposed in situ or transported to treatment off-site for treatment [2]. By this 
definition, in situ disposal is considered safe if excreta emptied from pits is buried in a covered 
pit on-site (without regard to the exposures to the worker who carries out this task). However, if 
it is discharged to open ground, water body or elsewhere, the waste is considered unsafely 
managed. 
  
In practice, when an onsite sanitation facility is full, households may empty pits and tanks 
themselves, pay another member of the community to do it for them, or make use of a 
professional service provider. The commonly accepted safe method of emptying onsite sanitation 
systems is the use of vacuum tanker trucks. However, the use of vacuum trucks is both cost 
prohibitive and physically inaccessible for many poor households, especially those in dense 
informal settlements. In dense and poor areas across the globe, manual pit emptying prevails [3]. 
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Manual pit emptying requires workers to dig solid fecal waste out of the pit with the use of 
shovels, buckets and other implements. This work is often performed illegally without any 
equipment or protective gear and poses a number of health risks to workers who are doing the 
process. Technically, by the current JMP definition of a safe sanitation system, such practices are 
considered safe because the waste is buried in a covered pit on-site. However, manual emptying, 
as currently practiced, exposes a blind spot in the definition of safe sanitation--the worker who 
empties the sludge and buries it in a covered pit is exposed to harmful levels of pathogens. 
 
Within the JMP definition of safe sanitation, there is a specification for where the waste should 
be in order for it to be safe, but no specification for how the waste should be handled as it moves 
from the user interface (the toilet), through collection and transport (emptying and trucking to a 
safe disposal site, or sewers), to the final place of disposal or reuse (wastewater treatment plant, 
or reuse center). As it stands, the difference in JMP classification between safe and unsafe is 
geared at protecting the users of sanitation services from risk factors associated with direct 
sludge contact but it both fails to account for and even creates risks to workers who manage the 
waste streams. 
 
5.5.2 Equity and inclusion driven SDG goals 
 
The SDGs were designed to overcome shortfalls of the earlier UN MDG (Millennium 
Development Goals) which focused on reducing, by half, those without access to sanitation. The 
MDGs were criticized as “counterproductive to equity and inclusion for the most marginalized 
groups” as they competed with less disadvantaged but easier to serve groups for limited 
resources. As a result, the new SDGs were designed to take an approach to universalizing 
sanitation access in a more inclusive and equitable way. The SDGs embrace a philosophy of 
inclusion in that they are designed to pay special attention highly vulnerability areas and groups. 
According to the inclusion framework, sanitation interventions must ensure that the most 
disadvantaged, marginalized, and discriminated groups are targeted [163].  

Despite the attempt to develop a new equity and inclusion-based approach, the exclusion of these 
sanitation workers from consideration in the evaluation of interventions creates disparities 
between the users of sanitation systems and the workers of sanitation systems.  Historically 
marginalized sanitation workers have been excluded from the benefits that are offered by 
emerging sanitation systems. This is due, in part, to the way the sanitation goals are defined. The 
sanitation SDG goal 6.2.1 is to achieve access to adequate and equitable sanitation and hygiene 
for all and to end open defecation. The indicators for this goal are the proportion of population 
using (a) safely managed sanitation services and (b) a hand-washing facility with soap and water. 
Goal 6.3.1 is halving the proportion of untreated wastewater and substantially increasing 
recycling and safe reuse globally, measured as the proportion of wastewater safely treated. These 
goals as they stand are rooted in improving health outcomes for the user of the sanitation facility 
as well as improving environmental outcomes by reducing pollution.  Unseen and uncounted are 
the workers who make this possible and whose health may consequently be at adversely affected. 

In essence, the SDGs, which are meant to promote inclusive and equitable sanitation, as 
currently written and interpreted, exclude approximate six million workers globally from the 
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proposed benefits they are expected to provide to society at large. An example of this is the mass 
installation of pit latrines in response to the guidelines outlined by the United Nations in the 
MDGs, the predecessor to the SDGs. Pit latrines were installed en mass in response to the MDGs 
with a goal of addressing growing urbanization and high rates of diarrheal disease illnesses. 
However, the use of pit latrines necessitated their emptying in high density urban areas where no 
room was available for a new pit latrine. As a result, individual sanitation workers have to 
manually excavate the waste, thus exposing themselves to hazards, in order to maintain public 
health for the broader community. In this way, the attempt to mitigate the health risks for 
communities and environmental pollution only shifts the risks to sanitation workers. 

 
5.5.3 Global burden of disease 
 
To fully deliver on the SDG aim of “leaving no one behind,” the Global Burden of Diseases, 
Injuries, and Risk Factors Study 2017 (GBD 2017) is used to measure the SDG indicators. The 
Institute for Health Metrics and Evaluation (IHME) produces the global burden of disease data 
that contribute largely to how global health problems are discussed and inspire frameworks 
which attempt to guide interventions aimed at reducing the global burden of disease caused by 
various risk factors, such as the lack of sanitation.  The metric for comparing the burden of 
disease caused by different types of health risks is the disability-adjusted life year (DALY), 
which combines the burden from death and disability in a single index and permits the 
comparison of the burden from sanitation with the burden from other risk factors [180]. 
Like many informal workers in other sectors, the sanitation worker population is informal, 
marginalized, and poor, sanitation workers often do not have access to health care or social 
services. As a result, sanitation worker related morbidity and mortality may not be captured in 
datasets from healthcare or government derived datasets and the DALYs attributable to 
sanitation work go largely unseen and uncounted. Sanitation worker morbidity and mortality is 
neither captured in the sanitation disease burden nor in the occupational disease burden.  
 
Currently, the burden of disease (defined by a group of diarrheal diseases) that is calculated from 
exposure to inadequate sanitation is regarded as 829,000 deaths and 49.8 million DALYs 
attributable to poor water and sanitation. While the DALYs attributable to sanitation are included 
for the users of sanitation systems, DALYs attributable to workers of the same sanitation 
systems are not. In this way, risks that are shifted from the community to sanitation workers 
seem to disappear as workers effectively serve as a DALY sink, absorbing the risk of operating 
and maintaining sanitation, risk that is ultimately not accounted for in the global burden of 
disease.  
 
The total DALYs attributable to occupational disease is 63,600 [181].  However, the 
occupational disease burden does not account the majority of informal employment in many 
countries due to the paucity of data on the informal sector. Some data on occupational injuries 
for informal work in Sub-Saharan Africa exist, but are focused on transport, agriculture, mining 
and construction [182].  
 
As a result of the poor accounting of DALYs related to sanitation work, neither existing health 
costs nor potential benefits of worker health improvements are considered in the evaluation of 
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existing sanitation systems, or the design of new sanitation systems. Rather, a large share of the 
economic benefits that are commonly referred to when improving sanitation systems and 
services include reductions in cases and deaths associated with diarrheal disease for users of 
sanitation systems, indirect adverse health impacts (e.g. malnutrition) for users of sanitation 
systems, time benefits resulting from the use of improved sanitation systems/services and 
seeking less health care, reduced losses of productive time due to disease, and reduction in 
premature mortality for users [183, 184]. Similarly, the costs of achieving the sanitation SDGs 
are commonly referred to as capital costs of new facilities and the operation and maintenance 
expenses associated with new facilities as well as the upkeep of old facilities. Absent from the 
equation of sanitation costs and benefits is the impact of improved sanitation systems (with 
proper controls in place) on worker health outcomes such as the avoidance of death, lost 
productive time, and healthcare costs associated with sick and injured sanitation workers. 
Without such accounting, attention is not likely to be paid to the true costs of neglecting worker 
health nor the benefits of protecting these workers when sanitary systems are designed and 
implemented. 
 

 Next steps: areas for action and research in sanitation worker health  
 
Several actions and areas of research are proposed to include sanitation workers within the SDG 
framework and in the pursuit of equity and inclusion of sanitation systems. 

1. Redefine the users and beneficiaries in SDG 6 to include workers as key 
beneficiaries of improved sanitation systems and key users to design for and 
protect in emerging technologies. 

2. Redefine the JMP definition for safe sanitation. Currently a sanitation system 
can be considered safe if it is safe for the household user and if the waste is 
effectively collected and managed. This definition, which focuses on community 
and environmental benefit, excludes the burden of exposure the workers within 
the sanitation systems may experience. To make the benefits of safe sanitation 
systems more inclusive, their safety benefits must extend beyond those directed at 
the household users and the environment. Rather, “safe sanitation” should be safe 
for the environment as well as any person who performs the work or comes in 
contact with the substance or product along the entire supply chain [16]. 

3. Include morbidity and mortality related to sanitation work in the Global 
Burden of Disease caused by sanitation. This would require recalculating the 
global burden of disease caused by sanitation in a new way that includes the cost 
of sanitation worker morbidity and mortality across different “improved” and 
“unimproved” sanitation scenarios. 

4. Develop new methods to elucidate exposure response relationships. 
Estimating global exposure to sanitation workplace hazards is key to bringing 
visibility to an invisible workforce that remains relatively under-recognized in the 
GBD framework. New methods are needed to address the challenge of assessing 
global exposures for informal worker populations and including them within the 
GBD. Examples of such methods were explored in the earlier parts of this 
dissertation. Low-cost technologies for measuring microbial exposures across a 
wide range of low-resource settings may further contribute to building a 
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knowledge base on exposures to historically marginalized worker populations. 
 

 Conclusions 
Emerging equity and inclusion-based approaches to water and sanitation emphasize the 
importance of access to safe and affordable services for all. To date, however, sanitation 
interventions have largely excluded marginalized sanitation workers from the design of 
sanitation interventions—occupational health considerations are not factored into the design or 
evaluation of sanitation systems. This chapter highlights this blind spot by estimating the number 
of sanitation workers that experience this disparity. This chapter also highlights the specific gaps 
in the JMP definition of improved sanitation and SDG sanitation goals that perpetuate the blind 
spot in these global frameworks. This analysis highlights a need to focus on redefining the SDG 
goals as well as the definition of an improved sanitation system defined by the JMP. Continual 
research and evaluation will be necessary to avoid creating additional externalities or shifting 
risks from communities, workers, and the environment to other yet to be determined risk groups. 
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