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EXECUTIVE SUMMARY

The World Health Organization's (WHO) water quality guidelines recommend a preventive, risk-based approach to
water quality management from source to exposure for the management of microbial hazards. Risk assessment
therefore plays a central role in implementing the guidelines through the development of water safety plans (WSPs)
and sanitation safety plans (SSPs). Several risk assessment approaches are available, ranging from risk scoring

in sanitary inspections and risk matrices to quantitative microbial risk assessment (QMRA). Guidance is available
for sanitary inspections' and for the use of risk matrices in WSPs23 and SSPs.* However, although much academic
literature is available on QMRA, limited documentation exists to facilitate the consistent application of QMRA in the
practice of water supply, water reuse or water recreation.

The purpose of this document is therefore threefold:

1) to present a harmonized framework for the application of QMRA to evaluate risks associated with faecal
pathogens for the drinking-water, wastewater and recreational water pathways;

2) to provide guidance on the interpretation of scientific data (pathogen concentrations in different water matrices,
data on pathogen removal by different barriers under different conditions, data on exposure volumes and dose-
response relationships) for application in QMRA; and

3) to provide guidance on how to set up and interpret the results of QMRA in order for it to be an effective support
for water safety management.

The intended audience for this document is regulators, water supply and sanitation system engineers and
managers, as well as scientists working to ensure that water-related health risks are minimized in a particular
setting. The document serves to support an understanding of how QMRA works, the value of QMRA for water safety
management and considerations in applying QMRA. By capturing QMRA methods and application in one document,
the intention is to achieve crossover and understanding for readers from different backgrounds.

The four steps of the harmonized QMRA framework are:
1) problem formulation;

2) exposure assessment;

3) health effects assessment; and

4) risk characterization.

Each step of the QMRA is presented in detail within the document. Briefly, in problem formulation, the scope and
purpose of the risk assessment are carefully defined in consultation with risk managers. In order for the QMRA to
be useful, it is critical that there is a transparent dialogue between the risk manager and risk assessor throughout
the assessment process. This begins at the scoping, planning and problem formulation stage to ensure that the
risk assessment addresses the needs of the risk manager. It is essential that the assessment is defined in such a
way to ensure that the calculations (including uncertainty analysis) are targeted towards the objectives and needs
of the risk manager.

Relying on the scope defined during problem formulation, the exposure assessment is undertaken to quantify the
magnitude and frequency of exposure to reference pathogens via the defined exposure pathways and hazardous
events. The exposure assessment involves three steps. Firstly, the exposure pathway is defined in terms of
pathogen sources (the point of initial pathogen quantification), barriers or control measures, and mechanisms of
exposure. Secondly, each component of the exposure pathway is quantified based on the best available scientific
data and an understanding of the expected variability and uncertainty associated with the model variables (Chapter
6 and Annex C contain detailed discussion and resources to support this quantification). Thirdly and finally, the
magnitude and frequency of exposure are quantified for the range of defined scenarios.

! Guidelines for drinking-water quality, second edition. Vol. 3. Surveillance and control of community supplies. Geneva: World Health
Organization; 1997.

2 Water safety plan manual. Step-by-step risk management for drinking-water suppliers. Geneva: World Health Organization; 2009.

3 Water safety planning for small community water supplies. Step-by-step risk management guidance for drinking-water supplies in small
communities. Geneva: World Health Organization; 2012.

4 Sanitation safety planning: manual for safe use and disposal of wastewater, greywater and excreta. Geneva: World Health Organization; 2015.
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Similarly relying on the scope defined during problem formulation, the health effects data are compiled for each
reference pathogen. This will include a dose-response relationship and any subsequent health outcomes, sequelae
or disease burden estimates. Appropriate selection of these values to represent the pathogen of interest and the
exposed population is important to the outcome of the risk assessment. More detailed discussion of these factors
and supporting information for dose-response is included in Chapter 7 and Annex D.

Finally, the exposure and health effects information is combined by calculating the risk for the defined conditions
and scenarios during risk characterization. The outcome of the risk characterization must feed directly back to
the risk management questions defined during problem formulation. Uncertainty analysis and/or sensitivity
analysis can be extremely valuable for testing the robustness of the risk calculations to support the risk
management decision.

In undertaking a QMRA, the following overarching principles need to be considered so that the QMRA is useful for
risk management:

« The QMRA is driven by the risk management need; the decision (and the required level of certainty for that
decision) has driven the problem formulation.

« The QMRA is fit-for-purpose in terms of scope and level of detail.

« The QMRA is based on exposure scenarios consistent with the risk management options, local context and
data constraints.

< Factors influencing variability associated with each component of the exposure are considered and documented.

«  The data and information used to quantify exposure are the most appropriate for use and weighed against the
information in the scientific literature.

« The representativeness of published dose-response models is evaluated.

« The QMRA is focused on the population exposed. As appropriate, it will give consideration to susceptible
population subgroups and life stages.

« The quantities of risk calculated are driven by the problem and directly relate to the risk management decision.
» The influence of uncertainties on the outcome of the assessment is evaluated.

These principles, combined with documentation, model verification and review, can result in a transparent
assessment that enables peers, risk managers and other stakeholders to understand the basis for model
development, data selection and processing, and assumptions. This will help to increase confidence that the QMRA
approach taken is adequate for the risk management questions that it addresses and that the conclusions about
risk management options are credible.

Using this framework, QMRA can be of great value for water safety management at both the regulatory and site-
specific levels. Many examples of the application of QMRA for water safety management in different settings and
for different purposes are given in Chapter 9 and the case-studies in Annex A. Specific applications to support
WSPs and SSPs include determining whether microbial health-based targets are achieved, evaluating monitoring
requirements and establishing critical limits to support system planning and development, choosing between
potential interventions and cost-benefit analysis.

XIV Quantitative Microbial Risk Assessment: Application for Water Safety Management



Chapter 1

INTRODUCTION: THE EVIDENCE BASE FOR
ADEQUATE RISK MANAGEMENT

1.1 Moving towards preventive, risk-based water safety management

According to the most recent World Health Organization (WHO) estimates, 842 000 diarrhoeal deaths in low- and
middle-income countries are caused by inadequate drinking-water, sanitation and handwashing practices (WHO,
2014a). Although this number represents a large drop in water, sanitation and hygiene-related diarrhoeal disease
in the last decade, the burden is still unnecessarily large. In addition, outbreaks of waterborne disease continue
to occur in both developed and developing countries, leading to loss of life and significant disease and economic
burden for individuals and communities (e.g. Craun et al., 2010; Collier et al., 2012).

These findings highlight the importance of ensuring the microbial safety of water and sanitation services. The
WHO water quality guidelines therefore emphasize that primary attention should be given to managing microbial
hazards in the water cycle. In controlling these, there has traditionally been great emphasis on the examination of
faecal indicator bacteria. At the turn of the millennium, it was increasingly recognized that this basis for the risk
management of microbial hazards was:

« too little — viruses and parasites are significant microbial hazards in water; their fate and transport in the
environment and water treatment processes are very different from those of (faecal indicator) bacteria;
and outbreaks of waterborne disease have occurred while the water complied with the guidelines for faecal
indicator bacteria; and

* too late — by the time the faecal indicator bacteria examination highlighted a potential health problem, the
exposure to the water had already occurred.

For these reasons, the WHO water quality guidelines recommend a preventive, risk-based approach to water
quality management, covering source to exposure. The risk-based approach was first adopted by WHO in 1999
as the Stockholm Framework. The framework provides a common conceptual approach to assessing water
quality hazards and managing associated risks (Fig. 1.1). Although it was developed for the control of waterborne
infectious diseases, it also serves as a basis for the control of toxic chemicals and other health hazards. This
framework involves a systematic assessment of risks, definition of health-based risk management objectives
and planning the appropriate risk management response (Fig. 1.1; see also Fewtrell & Bartram, 2001; WHO, in
preparation). The systematic risk assessment advocated in this framework provides an evidence base to guide
appropriate risk management decisions. The WHO water-related guidelines have been structured in line with the
Stockholm Framework.

The instruments to make the framework and guidelines operational are preventive risk management plans for
drinking-water, recreational water and sanitation. WHO has published step-by-step guidance documents for
developing and implementing water safety plans (WSPs) for piped water supply systems (Bartram et al., 2009) and
for water supply systems for small communities (WHO, 2012, 2014b), as well as for developing and implementing

Introduction: the evidence base for adequate risk management 1



sanitation safety plans (SSPs) (WHO, 2015a). Fig. 1.1 provides links to each WHO water quality guideline and their
associated water safety planning resources.

Water Safety Management

A preventive risk-based approach to minimizing water-related infectious diseases

Drinking-water

Relevant guidelines:
Guidelines for drinking-water quality (GDWQ), fourth edition incorporating first addendum, in preparation

Practical framework for site-specific implementation:
Water safety plan (WSP):
* Water safety plan manual: step-by-step risk management for drinking-water suppliers, 2009 (WSP manual)

* Water safety planning for small community supplies: step-by-step risk management guidance for drinking-water
supplies in small communities, 2012

* Water safety plan: a field guide to improving drinking-water safety in small communities, 2014

Wastewater and excreta reuse

Relevant guidelines:
Guidelines for the safe use of wastewater, excreta and greywater (GWEG) (Vols I-1V), 2006

Practical framework for site-specific implementation:
Sanitation safety plan (SSP):
¢ Sanitation safety planning: manual for safe use and disposal of wastewater, greywater and excreta, 2015
(SSP manual)

Recreational waters

Relevant guidelines:
Guidelines for safe recreational water environments (GREC), 2003

Fig. 1.1 Water safety management in the WHO water quality guidelines

1.2 Purpose of this document

Risk assessment plays a central role in the WHO water quality guidelines and in WSPs and SSPs. Several risk
assessment approaches are available, ranging from risk scoring in sanitary inspections through use of sanitary
inspection forms to risk matrices, which are often the risk assessment approach used in WSPs and SSPs, to
quantitative microbial risk assessment (QMRA) (see Box 1.1). Guidance is available for sanitary inspections (WHO,
1997, 2014b) and for the use of risk matrices in WSPs (Bartram et al., 2009) and SSPs (WHO, 2015a). However,
although much academic literature is available on QMRA, limited documentation exists to facilitate the consistent
application of QMRA in the practice of water supply, water reuse or water recreation.

The purpose of the document is therefore threefold:
1) to present a harmonized framework for the application of QMRA to evaluate risks associated with faecal
pathogens for the drinking-water, wastewater and recreational water pathways;

2) to provide guidance on the interpretation of scientific evidence (pathogen concentrations in different water
matrices, data on pathogen removal by different barriers under different conditions, data on exposure volumes
and dose-response relationships) for application in QMRA; and

3) to provide guidance on how to set up and interpret the results of QMRA in order for it to be an effective support
for water safety management.
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Box 1.1 Epidemiology and risk assessment

While risk scoring, risk matrices and QMRA are approaches that assess the potential risk to human health,
epidemiology is the science that attempts to measure the actual distribution and determinants of health events.
Epidemiology has particular value in estimating the population incidence of certain diseases and determining
the proportion of such cases that are attributable to different exposures. As such, epidemiological studies can
provide estimates of the actual disease burden due to various exposures, including disease associated with
water exposures (see Blumental et al., 2001; Hunter et al., 2003). However, epidemiological studies are often
expensive (requiring the recruitment of large numbers of participants) or time consuming (necessitating follow-
up of study participants for months), or both. Therefore, although epidemiological studies provide an essential
basis for understanding the actual health outcomes and burden of disease associated with water, such studies
are often not applicable to individual local supplies and settings, because the population size is not big enough,
because there are too few cases to give sufficient statistical power or because of the cost and effort needed to
undertake them. In these contexts, QMRA and other risk assessment techniques are more feasible and may in
fact be the only approach open to water supply managers to assess any risk to their consumers. Consequently,
this document focuses on the complementary risk assessment approaches that are available for source-to-
exposure water safety management.

1.3 Intended audience and reading guide

The intended audience is regulators, water supply and sanitation system engineers and managers, as well as
scientists working to ensure that water-related health risks are minimized in a particular setting. The document
serves to support an understanding of how QMRA works, the value of QMRA for water safety management and
considerations in applying QMRA. Readers who are primarily interested in understanding how QMRA fits within
the risk assessment spectrum, the basics of QMRA and learning how QMRA can support decision-making will find
this information mostly in Chapters 1, 2 and 9 and in the case-studies in Annex A. Readers who are interested in
gaining an in-depth understanding of the QMRA process and considerations for undertaking a QMRA (e.g. how
to work with microbiological data on pathogens, indicator organisms, barrier efficacy, dose-response data,
probabilistic models) will find this information in Chapters 3-8 and Annexes B-D. By capturing QMRA methods
and application in one document, the intention is to achieve crossover and understanding for readers from these
different backgrounds.

1.4 Structure of this document

Introduction (Chapter 1): In Chapter 1, the importance and key elements of preventive, risk-based water safety
management are described.

Spectrum of risk assessment approaches (Chapter 2): This chapter gives an overview of risk assessment
approaches that are in use in water safety management, how they provide an evidence base for risk management
decisions and their strengths and limitations.

Framework for water-related QMRA (Chapter 3): The four-step process (problem formulation, exposure
assessment, health effects assessment and risk characterization) is described to facilitate the harmonized
implementation of QMRA for drinking-water, wastewater and recreational exposures. Initial planning
considerations for conducting QMRA are highlighted, including team characteristics, tools required and how to
work in resource-limited settings. The principles of a QMRA that is relevant for risk management are given.

Variability and uncertainty (Chapter 4): The concepts of variability and uncertainty as they relate to the
guantification of waterborne infectious risks are introduced. Appropriate consideration of these factors is critical
to the overall implementation of the QMRA framework and to ensure that the risk assessment results are useful to
support decision-making.

Chapters 5-8 expand on the content of each of the four steps in the QMRA framework:

1) Problem formulation (Chapter 5): Including how to define the scope and purpose of the QMRA so that it will
meet the objectives of the study and the needs of risk managers.

2) Exposure assessment (Chapter 6): The process of simplifying a complex environmental system into a defined
exposure pathway that will meet the objectives of the risk assessment.
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3) Health effects assessment’ (Chapter 7): Considerations for evaluating and quantifying the health effects (short
and long term) associated with exposure to faecal pathogens.

4) Risk characterization (Chapter 8): Considerations for combining the content of steps 1-3 into quantitative
measures of risk that are meaningful for addressing the defined problem.

How can QMRA support water safety management? (Chapter 9): The role of QMRA in supporting the management
of infectious disease risks is discussed, and examples are presented.

Conclusions and next steps (Chapter 10): Overview of further opportunities for development of QMRA as a tool to
support risk managers.

Annex A: Case-studies: Risk management is the process of evaluating alternative options and selecting the most
appropriate interventions. Annexed to this document is a collection of case-studies (Table 1.1) that demonstrate
the practical application of QMRA for different water safety management strategies. Studies were selected to
represent a range of QMRA approaches, different contexts, including drinking-water, wastewater and recreational
water, and different management objectives (e.g. household, utility, national levels).

Table 1.1 Overview of case-studies

Risk management Related WHO
... Case-study Reference sy s
objective guideline

. Pathogen risk to swimmers at non-sewage-impacted Schoen &
STELTEE CIEPETT S ! recreational beaches in the USA Ashbolt (2010) GREC
Evaluate alternative Water reclamation redesign for reducing
. 2 | Cryptosporidium risks at a recreational spray park in Weir et al. (2011) ' GREC
options
the USA
e 3 Ev.alu.atlng Cryptosporldu{m risk at a large number of Medema et al. GDWQ
drinking-water systems in France (2009)
USEPA Long Term Surface Water Treatment Rule -
Cost-benefit 4 | health benefit of new drinking-water regulation in the USEPA (2005) GDwaQ
USA
Guidelines for water recycling — Setting health-based
) 5 | performance targets and safe use of wastewater in NWQMS (2006) GWEG
Setting health-based Australia
performance targets . ;
6 WHO health-based crlterla.for evaluating household WHO (2011) GDWaQ
water treatment technologies

USEPA: United States Environmental Protection Agency

Annex B: Drinking-water QMRA demonstrating the application of variability and uncertainty analysis: This
annex illustrates the concepts presented in Chapter 4 and provides a hypothetical worked example of QMRA
of Cryptosporidium in drinking-water. The example begins simply and progresses to a more complex analysis,
including variability and uncertainty assessment.

Annex C: Microbiological data and statistical inference: This annex is targeted at water management teams that
have limited knowledge of microbial laboratory and data analysis techniques. It provides practical guidance and
examples for performing basic to more complex assays and for analysing microbial data.

Annex D: Dose-response: A more detailed overview of published models for each of the key reference pathogens
is given.

Annex E: Glossary: Definitions of selected terms used throughout this document are included.

! Referred to as hazard characterization in some QMRA frameworks.
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Chapter 2

SPECTRUM OF RISK ASSESSMENT
APPROACHES

In this chapter, the concept of risk assessment is explained, and the various approaches ranging from sanitary
inspection to QMRA are introduced.

Risk assessment is a key element of the Stockholm Framework and is used in all water-related WHO guidelines.
This chapter introduces the spectrum of risk assessment approaches that are in use in water safety management,
ranging from sanitary inspections to QMRA, in order to provide an overview of the application, information
requirements, strengths and limitations of each approach. All text and examples in this chapter are on drinking-
water systems to avoid repetition and to facilitate a more direct comparison of approaches. The basic principles
are also applicable to recreational water or water reuse.

For drinking-water systems, risk assessment is an integral part of developing and implementing WSPs. The
purpose of the risk assessment is to identify and evaluate the health risks associated with the water supply, to
determine if the health hazards are adequately controlled, to inform operation and management of the water
supply and to identify necessary improvements and upgrades to ensure the delivery of safe drinking-water. Health
hazards can be pathogenic microorganisms, chemicals or radioactive substances in concentrations that have an
adverse health impact. The process of risk assessment is a systematic evaluation of:

1) hazards - in this document, pathogenic microorganisms (pathogens) that may have an adverse impact on the
health of the people who drink the water;

2) hazardous events — events that may introduce pathogens into the water supply or fail to remove them. These
events may occur at every step of the water supply chain - for example, at the source (e.g. rain events that flush
human or animal faecal waste into the water supply), in treatment (e.qg. failures in filtration or disinfection), in
the distribution network (e.g. improper repair work introducing microbial contamination) and in households (e.g.
handling storage containers with dirty hands);

3) the adequacy of the controls to prevent contamination — control measures that are or could be put in place to
prevent these hazards from occurring, to remove these hazards from the water supply system or to reduce
these hazards to an acceptable level. These can be engineered controls, such as a water treatment process,
as well as non-engineered measures, such as hygiene protocols for repair works on the water distribution
network.

Hazard: a biological (or physical, chemical, radiological) agent that can cause harm to public health.
Hazardous event: an event that introduces a hazard into the water supply or fails to remove it.

Risk: an assessment of the likelihood that a hazardous event occurs and the severity or consequence of
the hazard.
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There are potentially many hazards, many hazardous events and many control measures. The objective of risk
assessment is to identify those risks that are critical for the safety of a specific water supply system and to help
to select the best steps to improve the safety of the system. Hence, to help risk management focus on the needed
improvements that contribute most to water supply safety, risk assessment needs some form of classification or
guantification of the risks in terms of health impact.

The outcome of the risk assessment process is an evaluation of the safety of the water supply system, based on
an understanding of the hazards, hazardous events and validity of control measures in the water supply system
and their relative significance. Through the risk assessment process, the multidisciplinary team that is preparing
the WSP will understand the hazards and hazardous events that may have an impact on the water supply system
and the adequacy of the barriers and control measures that are in place. The risk assessment may show that

the system is safe and provide the justification for this conclusion, or the risk assessment process may highlight
shortcomings in the current water supply system design, operation or maintenance and support the prioritization
of these shortcomings according to their health risk and thus their priority for management. This provides the
evidence-based justification for an improvement plan for the water supply system, focusing on the priorities
highlighted by the risk assessment process. Risk assessment is therefore a decision support tool that provides
the risk manager with an objective and rational picture of what is known (or assumed, based on expert judgement)
about the risks associated with the water supply. It is imperative that risk assessment is quantified in some
manner; otherwise, the risk manager is faced with all possible risks without an indication of their significance.

A range of approaches to conduct a risk assessment is available:

- Sanitary inspection: An on-site visual evaluation of observable features and conditions at or in the vicinity of
the water supply that may lead to an unsafe supply. Sanitary inspections are typically based on standardized
forms/checklists to identify the most common issues that may lead to the introduction of hazards into a system.
This approach has been developed and promoted as a simple and effective tool for small water supplies (WHO,
1997) and, more recently, as part of WSPs for small supplies (WHO, 2012b, 2014b). At the local level, sanitary
inspections will assist operators, as well as water and health officers, in the identification of the most important
causes and pathways of contamination and control options to prevent or minimize contamination. The approach
is also useful when applied more broadly to inform regional or national priorities for improving small supplies.

* Risk matrix: The risk assessment approach that makes a qualitative or semiquantitative evaluation of the
likelihood that a hazardous event will occur and the severity or consequence of the hazard and combines them
into a risk score or risk rating. The approach relies on expert judgement and can be undertaken at different
levels of detail. It has been applied as a simple, common approach to evaluate the range of different (water
quality—associated) risks in the WSP.

«  QMRA: A formal, quantitative risk assessment approach that combines scientific knowledge about the presence
and nature of pathogens, their potential fate and transport in the water cycle, the routes of exposure of humans
and the health effects that may result from this exposure, as well as the effect of natural and engineered
barriers and hygiene measures. All this knowledge is combined into a single assessment that allows evidence-
based, proportionate, transparent and coherent management of the risk of waterborne infectious disease
transmission. QMRA has developed as a scientific discipline over the last two decades and has been embedded
in the WHO water-related guidelines (WHO, 2003, 2006a,b, in preparation).

All aforementioned risk assessment approaches are valid — their use is context specific and will depend on,
among others, human resources (personnel, skills, access to support institutions) and type of supply system
(small community-managed supplies versus larger utility-managed supplies). They represent a continuum from
more simple to more detailed and from more expert judgement to more evidence-based assessment of the risks
(Fig. 2.1). In general, risk assessments should be as simple as possible, finding the right balance between more
detail and evidence base and the use of assumptions and expert judgement. The right balance is the one that is
consider