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Microbial risk assessment in urban water systems

1 Introduction

Sustainable development was defined in the ‘Bruntland Report’ (WCED, 1987) as
“development that meets the needs of the present without compromising the ability
of future generations to meet their own needs”. Within the water sector
sustainability could be described as the ability to plan and manage water resources in
such a way that they can be sustained for use by future generations.

All nine Millennium Development Goals set by UN member states in 2000 can be
related to water and sanitation, as described in the report from the Joint Monitoring
Programme for Water and Sanitation by the World Health Organization (WHO)
and the United Nations Children’s Fund (UNICEF) (2004). Ensuring
environmental sustainability, for example, demand adequate treatment and disposal
of wastewaters to contribute to better ecosystem conservation and less pressure on
scarce freshwater resources. Reduced child mortality can be achieved by improved
sanitation and drinking water sources. The goal is to halve the proportion of people
that are without sustainable access to safe drinking water and basic sanitation by
2015. While the progress in drinking water is good so far, with 83 percent coverage
today, the action on sanitation is slow in most developing regions. An estimated 2.6
billion people were still without improved sanitation facilities in 2002 (WHO and
UNICEF, 2004).

Today many efforts towards urban water sustainability are being made, for example
by reusing treated wastewater for watering of golf courses, irrigation in agriculture,
ete. However, more sustainable options require water recycling and demand
management. One example is NeWater in Singapore where advance-treated
wastewater will be returned to raw water reservoirs in what is called indirect potable
use (Guendert, 2004). Reuse of treated wastewater for toilet flushing and garden
irrigation is practised for example in Tokyo and Kobe, Japan (Ogoshi ez al., 2001)
and in Sydney, Australia (Anderson, 1996). In order to sustain urban water supply
for future generations planning for future population growth and change must be
attended to, which will influence the choice of alternative watetr soutces.

It has become clear that sanitation and sanitary systems should not only safely
dispose of human residuals, but also provide the option of reusing nutrients in
agriculture. Simultaneously, processing of human waste should minimise risks to the
human population and the natural environment. Within the Swedish research
program Sustainable Urban Water Management Program (hereafter called Urban
Water) the objective is to evaluate water and wastewater systems adapted to urban
environments, taking into account various stakeholders and interactions (Figure 1-
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The aim of the research in Urban Water is to develop support for strategic decisions
on future sustainable urban water systems in Sweden. The approach consists of a
common conceptual framework, a number of sustainability aspects or groups of
criteria, indicators and assessment tools.

3HNLINJ-0100S

FIGURE 1-1. The conceptual framework of Urban Water
with its components: users, organisation and technology and
the five sustainability aspects used to evaluate systems (Urban

Water, 2002)

The urban water system is more than just the technical system. Users and
organisations (¢.g water companies, municipal boards, authorities) form the system
(Figure 1-1) and the interactions need to be studied, where five sustainability aspects
are recognised as central, namely:

* Health and hygiene

* Environment and resoutce use
¢ Technology and function

* Economy

*  Socio-culture

These aspects must be taken into consideration when assessing urban water systems
with respect to sustainable development even though some aspects may be more
decisive in each specific application. The criterion for the health and hygiene aspect
is ‘risk of infection’ and the method chosen for evaluation of this criterion is
quantitative microbial risk assessment, QMRA. The method of QMRA will be
developed into a toolbox for use in comparison of water and wastewater systems
(Ashbolt ¢# al., 2004) within Urban Water.
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This thesis deals with how to assess hygienic risks in urban water systems as a
means to evaluate the future sustainability of the systems, also in compatison with
other sustainability aspects. The work is mainly focused on Sweden however the
methodology is also applicable to other regions of the world.

1.1 Environmental transmission of infectious diseases

Infectious diseases are transmitted from one person to another and may include
various environmental pathways (Figure 1-2). The pathogens excreted in the faeces
of an infected person will, in a conventional system, end up in sewage. In Sweden
the wastewater from all urban residents (7.7 out of 9 million inhabitants) is treated
in municipal wastewater treatment plants (Svenskt Vatten, 2000). Although
treatment normally reduces the levels of microorganisms by 90-99.9%, given the
potentially high numbers in sewage, substantial loads of pathogens may still remain.
When treated wastewater is discharged into receiving waters the pathogens can be
transmitted to humans via waters used for recreation or food production. If the
water source is used for drinking water production, municipal water treatment must
be sufficient to prevent disease transmission to the consumer.

FIGURE 1-2. Circulation of pathogens in the environment

Many pathogens are concentrated in the sewage sludge. When sludge is used in
agriculture as a fertiliser, transmission of pathogens via crops could occur if the
treatment or storage time has not been sufficient. Some pathogens can be
transmitted between animals and humans, so called zoonoses, and can be found in
both domestic and wild animals (Wahlstrém ez a/, 2003; Hutchison ez al., 2004).
Heavy rains or snowmelt can cause run-off from pastures and agricultural land
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fertilised with animal slurry, manure or sludge, which can contribute substantial
loads of pathogens to water courses (Hansen and Ongerth, 1991; Kistemann ez 4/,
2002; Ferguson ¢ al., 2003). Heavy rains can also cause combined sewer overflows
(CSO), which means that wastewater mixed with stormwater is discharged,
untreated or partially-treated, to the recipient.

Other diffuse sources of microbial pollution to watercourses are also common, for
example leaking septic tanks, waterfowl e In some places crops are irrigated with
wastewater and transmission of pathogens to humans (and animals) can occur
directly or via crops, aerosols and potentially via groundwater. Transmission of
pathogens via the environment can clearly result in infections and diseases and also
secondary person-to-person transmission can occur. In this way the circulation of
pathogens in the environment will continue. The design of our water and
wastewater systems will affect how and where this transmission can occur and how
it can be restricted.

1.1.1 Disease ontbreaks associated with drinking water

The largest waterborne outbreak of disease in recent time for a developed country
occurred in Milwaukee, USA, in 1993 where an estimated 403 000 people fell ill
with gastroenteritis caused by the parasitic protozoa Cryptosporidinm (Mac Kenzie ef
al., 1994). (The microbial agents are further described in Section 3.1.) About 4 400
people were hospitalised and an uncertain number of people died as a result of the
outbreak (Kramer ¢z al, 1996). The reason for the outbreak was deterioration in
water quality and decreased effectiveness of the coagulation-filtration process in the
waterworks. Although the treated water had turbidity levels more than four times
the highest recorded during ten years, it still fulfilled all requested water quality
standards at that time (Kramer ¢# a/, 1996). Another very sevetre outbreak occurred
in Walkerton, Canada, in 2000 where 2 300 people fell ill and seven died from
exposure to the bacteria enterohaemorrhagic Escherichia coli (EHEC) and
Campylobacter in the drinking water (Hrudey e# al, 2003). The likely cause of the
outbreak was surface water contamination of one of the groundwater wells after
heavy rains accompanied by flooding.

Sweden has a long history of surveillance of waterborne disease outbreaks. Every
year a few outbreaks are reported, resulting in a few hundred up to several thousand
disease cases (Andersson and Bohan, 2001). The two largest outbreaks occurred in
1988 and 1995. In the first of these, approximately 11 000 people became ill due to
a chlorination failure in the water treatment plant. The etiological agent, ze. the
microorganism that caused the outbreak, could not be established. In 1995
approximately 10 000 people fell ill with Campylobacter when a change in pipeline
introduced stagnant raw water to the distribution network (Andersson and Bohan,
2001).
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More than 70% of Swedish waterborne disease outbreaks are due to unknown
agents (Andersson and Bohan, 2001). The most commonly identified agents
between 1980 and 1999 were Campylobacter and the protozoa Giardia lamblia. During
the last few years the number of waterborne outbreaks involving noroviruses has
increased nationally (Andersson and Bohan, 2001; Carrique-Mas ¢ al., 2003; Nygard
et al., 2003), in other Nordic countries, such as Finland (Kukkula ez a4/, 1997,
Kukkula e a/, 1999) and Norway (Nygéard e a/, 2004b), and also internationally
(Lopman ¢t al., 2003; Blackburn ef al, 2004). Surface water systems have been
responsible for the largest waterborne outbreaks. Nonetheless most outbreaks occur
in groundwater systems where the most common cause is contamination of the

water source through (surface) wastewater infiltration (Andersson and Bohan,
2001).

1.1.2 Disease outbreaks associated with recreational waters

In the USA 65 outbreaks in recreational waters occurred during 2001-2002 (Yoder ef
al., 2004) affecting a total of approximately 2 500 persons. One third occurred in
fresh waters. The major agents involved in the outbreaks were Cryprosporidium,
noroviruses, EHEC, Giardia and Shigella. In 25% of the outbreaks in fresh waters
the etiologic agent was unknown. In Europe the same agents as in the USA are
thought to be involved in most recreational waterborne outbreaks.

Outbreaks with Escherichia coli O157:H7 and other Shiga toxin-producing E. ¢o/i have
been associated with recreational swimming in lakes (Keene e¢# a/., 1994; Ackman ez
al., 1997; Barwick ez al., 2000; McCarthy ez al., 2001; Feldman ez al., 2002; Samadpour
et al., 2002; Bruce e# al., 2003). These outbreaks have mainly affected children and
the attack rates have been higher when swallowing water and submerging the head.
The most likely source has often been infected bathers or run-off from cattle
grounds.

The most recent outbreak associated with recreational waters in Sweden occurred in
the summer of 2004 when more than 200 people fell ill from swimming in lakes in
the Gothenburg area. The causative agent was found to be norovirus. The lake
where most people got ill serves as the water source for about half of the city. The
performance of the associated drinking water system was evaluated in Papers I and
II. Other norovirus outbreaks in recreational waters have been reported by Hoebe e7
al. (2004) and Maunula ¢z a/. (2004).

1.1.3  Illness associated with the reuse of wastewater and siudge

Several epidemiological studies have revealed an increased risk for parasitic
infestations and other enteric diseases associated with raw wastewater reuse in
agricultural irrigation (Katzenelson ef al, 1976; Fattal ez al., 1986; Cifuentes, 1998;
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Srikanth and Naik, 2004). Melloul ¢ a/ (2002) showed that the incidence of
protozoan infections and infections with Salmonella were over represented amongst
children living in areas with wastewater irrigation compared to control areas (72%
compared to 45% and 21% compared to 1%, respectively). Blumenthal ez 2/ (2001)
noticed in a similar study an increased risk of parasitic helminth infections.
Treatment of wastewater, g in storage lagoons, however seems to be efficient in
reducing the transmission of pathogens (Shuval, 1991; Blumenthal ¢# a/, 2001).

Several foodborne outbreaks of disease have been associated with the irrigation of
crops with sewage-impacted water (Colley, 1996; Hardy, 1999; Doller e# al., 2002).
Amahmid ez a/. (1999) investigated the contamination of vegetables after raw sewage
irrigation and found high levels of pathogens, ¢.g. 254 cysts of Giardia and 2.7 ova of
the parasitic roundworm Ascaris per kilogram of coriander. Similarly in Israel,
Armon et al. (2002) demonstrated the presence of Cryptosporidium in soil and crops
irrigated with wastewater effluents.

There have not been any recorded outbreaks or evidence of transmission of
pathogens via wastewater irrigation or sludge application to agricultural land in
Sweden (Carlander, 2002). Carlander (2002) however, detected significant numbers
of faecal indicator bacteria in groundwater following wastewater irrigation on energy
crops, which could imply that transmission of pathogens could occur via this
pathway. Furthermore, in Norway, supermarket samples were shown to have
Cryptosporidium oocysts in 8% of the sprout samples and Giardia cysts in 2% of the
samples (Robertson ez al., 2002).

1.14 Epideniological limitations

Epidemiological tools are often not sensitive enough to detect a few cases arising
from exposure to pathogens transmitted via the environment (Eisenberg ez al.,
2002). As shown in Figure 1-3 infectious diseases may be endemic in the
population, ze. a few cases are always present. Large outbreaks are more frequently
detected since they draw considerable attention and outbreak investigations can thus
be initiated, which can establish the link between the disease and a certain source.
For example, the Milwaukee outbreak was only recognised after widespread absence
among hospital employees, students, and school teachers, increased numbers of
emergency room visits for diarrhoeal illness, and a shortage of anti-diarrhoeal drugs
(Kramer e al, 1996). The etiological agent and the waterborne nature of the
outbreak were not identified until at least two weeks after its onset. Not until then
was a boil-order advisory issued. Minor outbreaks or sporadic cases are unlikely to
be reported. Few data are available for evaluation of endemic transmission, and
specifically designed blinded randomised studies have given contradictory results,
proposing that less than 5% (Hellard ef @/, 2001; Sinclair, 2003b) or up to 40%
(Payment ef al, 1997) of community gastrointestinal illness may be waterborne.
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Quantitative microbial risk assessment (QMRA) can here serve a purpose for
estimating infection risks from low exposure to hazards transmitted via the
environment.

n/ Detected outbreak

[}

@ Threshold of detection |

S /

L

° I \ Undetected outbreak ]

o AN Sporadic cases

'g Endemic level }‘\

3

2 | J\ J \_ -~ [\
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FIGURE 1-3. Difference between endemic background rates,
sporadic cases and outbreaks. Adapted from Haas ¢z a/. (1996).

1.2 What is risk and how is it estimated?

Risk is the likelihood and consequence that something with a negative impact will
occur. The ‘agent’ that causes an adverse effect is a hagard. When considering the
hazardous agent Salmonella, for example, a measure of risk is the probability of
getting disease symptoms after exposure to a certain dose of that hazard. Lidskog ez
al. (1997) describe the scientific idea about risk as containing: a cause — effect
relationship, negative consequences, probability of occurring and ability to affect.
Risk incorporates the probability that an event will occur with the effect it will have
on the society and the environment, and also in which socio-political context it

takes place (Cutter, 1993).

There are different classifications of risk. One is the separation between dreaded
risk, such as nuclear power plant accidents, and more everyday, known risk that
most people do not experience as a real danger, e¢g accidents with bikes and
lawnmowers. Another is the separation between risks of low probability but large
negative outcome and risks of high probability but less negative effect. A general
consensus is that voluntary risks are much more accepted than non-voluntary risks,
z.e. people are willing to accept higher risks when they have made the choices
themselves compared to risks that they have not chosen and cannot affect (Covello,

1983).

How risks are dealt with within the society is formulated within the area of risk
analysis, which includes three components: risk assessment, risk management and
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risk communication (Haas ¢f a/., 1999). These are highly interrelated and should be
worked through together for a successful risk analysis.

Risk assessment is defined as the qualitative or quantitative characterisation and
estimation of potential adverse health effects associated with exposure of
individuals or populations to hazards (here microbial agents).

Risk management is the process for controlling risks, weighing alternatives and
selecting appropriate action, accounting for risk assessment, values,
engineering, economics, and legal and political issues.

Risk communication is the communication of risks to managers, stakeholders,
public officials, and the public. It includes public perception and the ability to
exchange information.

Risk assessment is further divided into four subsequent steps (CAC, 1999):

*  hazard identification, in which the human health effects of the particular hazard
are described;

* exposure assessment, which determines the size and nature of the exposed
population and the pathways, amount and duration of the exposure;

* dose-response  assessment, which characterises the relationship between
administered dose and incidence of health effect from both human and
animal studies; and

*  7isk characterisation, which integrates the information from the previous steps
in order to estimate the magnitude of the public health problem and to
evaluate variability and uncertainty.

1.3 Microbial risk assessment (MRA)

The first field subjected to risk assessment was that of the risks of chemicals to
human health. Microorganisms however differ from chemicals in many ways and
the concept has therefore been further developed for assessing microbial hazards.
Important characteristics for microorganisms are that they are affected by their
environment to a high degree and under unfavourable conditions can be inactivated
or die, while under favourable conditions some may multiply. Their transport in the
environment differs between different groups of microorganisms. The response in
humans and animals after ingestion of pathogenic microorganisms varies widely due
to many factors, for example strain or species of the microorganisms, health of
humans or animals, prior exposure (immunity), intake together with food ez. The
risks from microorganisms therefore have to be addressed specifically but can later
be integrated in a combined or overall assessment.
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Haas et al. (1999) define quantitative microbial risk assessment (QMRA) as the
application of principles of risk assessment to estimate the consequences from a
planned or actual exposure to infectious microorganisms. Risk assessments have
also been developed for describing the public health consequences of exposure to
pathogens from drinking water, based on its initial use within the food and chemical
sectors. QMRA is today applied to establishing standards, guidelines and other
recommendations regarding drinking water and consumer health (Rose and Gerba,
1991b; Macler and Regli, 1993; Eisenberg ef al., 2002). It has a central role in the
new drinking water guidelines from the WHO for assessment of the
accomplishment of established health targets and for the evaluation of Water Safety
Plans (WHO, 2004). In the latter, it is used to support decisions regarding barriers
and treatments necessary to safeguard public health in water supply systems.

One of the most influential QMRA studies was undertaken by Regli ez 2/ (1991).
They described the quantitative assessment of risk from microorganisms in drinking
water, the problems associated with such an analysis as well as the monitoring
required to demonstrate that risk levels are met. They also showed how QMRA can
be used to determine the level of treatment necessary to ensure that consumers
receive a finished drinking water with risks of less than one infection per 10 000
people a year from Giardia and enteric viruses in drinking water, a benchmark set up
by the US Environmental Protection Agency (USEPA).

Other researchers have assessed the infectious risks in drinking water from viruses
(Haas ez al., 1993; Gerba ez al., 1996b; Crabtree ez al., 1997) and protozoa (Haas ez 4/,
1996; Teunis e al, 1997; Gale, 2000; Medema ¢z al., 2003; Pouillot ez al., 2004).
Microbial risk assessment has both been used to qualitatively (Parkin e a/., 2003)
and quantitatively (Ashbolt ez al, 1997; Soller e# al., 2003) assess the health risks of
recreational swimming and it is incorporated in the WHO Guidelines for Safe
Recreational Waters (WHO, 2003).

The potential adverse health effects associated with the reuse of treated wastewater
and sludge is poorly documented (Stenstrém and Carlander, 1999). QMRA is an
appropriate tool for estimating the associated risks and important exposure
pathways. This is especially valuable when implementing new reuse strategies. For
example, QMRA has been undertaken to assess the health risks of using reclaimed
water for irrigation in urban areas, ¢g parks and golf courses (Asano and Sakaji,
1990; Rose and Gerba, 1991a; Tanaka ef a/, 1998; Jolis et al., 1999), use of treated
sewage sludge (often referred to as biosolids) in agriculture (Gale, 2003; Eisenberg ez
al, 2004) and irrigation of crops with raw (Shuval ¢ a4/, 1997) and treated
wastewater (Petterson et al, 2001). In Sweden QMRA have been performed on
source-separating sanitary systems, namely the use of urine as fertiliser in agriculture
(Hoglund e al., 2002) and local greywater treatment (Ottoson and Stenstrém, 2003).
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Many variables in a QMRA are subjected to regional differences. The incidence of
diseases in the human and animal population is known to differ between countries,
resulting in differences in the occurrence and concentrations of pathogens in
surface waters, wastewaters e#. The survival of pathogens in the environment is
highly affected by climatic factors, e.g. temperature and solar irradiation, and hence
differs between tropical and temperate regions. The treatment processes used also
differ, eg. chlorination is commonly practised on wastewater effluents in the USA
while it is seldom used in Sweden; ozonation can occur in several steps in drinking
water treatment in the Netherlands while it is still unusual in Swedish waterworks.

QMRA are often focused on a specific pathogen or pathogen group and only
consider one exposure pathway. A holistic approach is needed in order to assess the
impact on public health of a whole water and wastewater system and in order make
comparisons of different systems.

10
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2 Aims, Rationale and Approaches
21 Aims

The general aim of this thesis was to investigate health risks from infectious
microorganisms transmitted via urban water and wastewater systems. This was
undertaken by developing models for microbial risk assessment with particular
emphasis on exposure assessment. The specific research questions were:

* Is decentralised drinking water treatment feasible and microbiologically safe
from a sustainability point-of-view? (Paper I)

*  What impacts do failures in drinking water treatment and distribution have
on the health of tap water consumers? (Paper II)

* What are the concentrations of noroviruses in surfaces waters, do they
fluctuate and if so, how can such fluctuations be predicted? (Paper III)

*  What does tap water consumption look like in Sweden and does it differ
between groups in the population? (Paper IV)

*  What infection risks are associated with local handling and reuse of human

facces? (Paper V)

* How can hygienic risks in handling and reuse of wastewater and sewage
sludge be controlled? (Paper VI)

2.2 Rationale

Paper I
Today the possibility of using different water qualities for different purposes in a

household is discussed and sometimes applied (McGann, 2004). Since only about 10
of the 200 litres of water used per person and day (Svenskt Vatten, 2000) are used
for drinking and food, it may be possible to supply lower quality water for other
uses. As mentioned, reuse of treated wastewater has been realised in e.g. Singapore,
Australia and Japan, and in China decentralised systems with membrane treatment
have been built in order to improve the drinking water quality for the residents (Ma
et al, 1998). The health risks however have not been assessed in relation to
conventional distribution.

11
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Paper 11

Waterborne outbreaks of disease are often associated with different types of failure
(Stenstrém et al., 1994). Teunis ef al. (1997) concluded that the frequency of failure
in treatment processes rather than the average removal would determine the risks of
infection with protozoa from drinking water. Payment ez a/. (1997) proposed that
contamination in the distribution system was responsible for a major part of
waterborne disease. The aim therefore was to assess the type and frequency of
failures in drinking water treatment and distribution and their possible health
impacts on the population. As mentioned in Section 1.2, most of the waterborne
outbreaks in Sweden, where an etiological agent was identified, were caused by
Campylobacter. No other quantitative assessment of the risks posed by this organism
in drinking water has however been published.

Paper 111

The numbers of waterborne outbreaks of disease associated with noroviruses
appear to have increased in recent years. In order to assess the risk of transmission
of noroviruses via drinking water and recreational waters it is essential to know their
occurrence and concentration in surface waters or recycled wastewaters. Since these
viruses cannot be cultured 7# wifro their detection is dependant on molecular
methods, which only result in presence/absence or semi-quantitative real-time PCR
data. In order to ensure safe waters for recreation and drinking water production,
risk managers are in urgent need of tools to predict the likely occurrence of peak
norovirus concentrations in surface waters.

Paper IV

A significant correlation between the risk of becoming ill and the quantity of water
consumed have been reported from investigations of waterborne outbreaks (Maurer
and Sturchler, 2000; Carrique-Mas ef a/., 2003). In QMRA it is essential to know the
amount of unheated tap water ingested on a daily basis in order to establish the dose
of potential pathogens reaching consumers. Water consumption varies between
individuals and demographic variables may also be important. A stochastic
distribution representing the whole population or certain groups of the population
is therefore warranted for risk assessments. Only one such study has been published
until now, based on data dating from the end of the 1970’s (Roseberry and
Burmaster, 1992). More recent and country-specific data are therefore required in
order to refine the QMRA models.

Paper V

An increased interest in nutrient recycling has resulted in source-separating systems
being implemented at ‘eco-villages’” in Sweden. In some of these the households are
responsible for management of urine and faeces. This arrangement involves new
types of exposure than would be encountered in conventional wastewater systems.
Recommendations on safe handling of excreta in such systems are still lacking,
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especially regarding colder climates. The World Health Organization will publish
separate guidelines for the safe reuse of excreta in 2005 (T.A. Stenstrdm, pers. comm.).
While the health risks associated with the reuse of urine have been assessed
(Hoglund ez al, 2002) the risks associated with storage and reuse of the faecal
fraction still need to be evaluated, with emphasis on different exposure scenatios
and for situations relevant to Nordic countties.

Paper VI

In order to ensure the safe reuse of wastewater and sludge, proper risk management
is needed. Besides posing risks to the end users of food crops or likewise, the
handling of these fractions during treatment and reuse should be considered.
Proposed here is the application of Hazard Analysis and Critical Control Points
(HACCP) for the management of microbial hazards in wastewater and sludge
handling and reuse. This has recently also been recommended by Water UK for
biosolids treatment and use in agriculture (Water UK, 2004). Other transmission
routes besides the consumption of crop however need to be studied, both on an
individual basis and on a population basis.

2.3 Approaches
Paper I

A systems analysis comparing the existing drinking water system in the city of
Gothenburg with two scenarios with membrane treatment was undertaken (the
system structures are presented in Figure 2-1). The methods used were Material
Flow Analysis (MFA) for the evaluation of environmental aspects and Quantitative
Microbial Risk Assessment (QMRA) for the estimation of health effects. The
pathogens chosen for evaluation were Campylobacter, rotavirus and Cryptosporidinm.

Paper 11

Incident reports dating several years were reviewed and interviews with key staff
were undertaken in order to assemble information regarding failures in treatment
and distribution. Based on a compilation of this material a QMRA was carried out
with the same pathogens as in Paper I. The QMRA was validated against
epidemiological data and included a sensitivity analysis.

Paper 111

Norovirus concentrations in a surface water source in the Netherlands were
quantitatively described by a most-probable-number (MPN) approach. Statistical
distributions were fitted to these data for use in risk assessment. The viruses were
monitored monthly over a whole year and daily during part of the winter season.
Time series analysis was evaluated as a tool for the prediction of forthcoming
concentrations. In addition, samples were analysed for enteroviruses, rotaviruses, I'-
specific bacteriophages and turbidity.
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FIGURE 2-1. System structures analysed with MFA and QMRA in Paper I. GAC =

granular activated carbon. RO = reverse osmosis.

Paper IV

Three sources of information were used to estimate the daily water intake in the
Swedish population; a nationwide survey on health and environmental factors from
1999, data from a waterborne disease outbreak investigation in 2002, and a small
study on water consumption performed within the Urban Water program in 2003.
All three data sets were representative for the Swedish population regarding age and
sex distribution. The central issue was the daily consumption of cold tap water
however analyses were also made regarding the daily consumption of heated tap
water and bottled water.

Paper V
The QMRA dealt with the handling of faeces and possible reuse in the garden as

fertiliser. The study was based on a theoretical system where households would use
dry toilets in which faeces can be stored for a year before emptying, either for
additional storage indoors or for application in the garden. Scenarios were tested for
three different exposures; emptying and spreading of the material in the garden,
recreational activities in the garden and gardening; and for three different storage
times; zero, six or twelve months. Seven pathogens were included in the QMRA,
two bacteria, two viruses, two protozoa and one helminth. Two different
approaches were used: 1) calculation of the risks of exposure to faeces taking the
incidence of the pathogens in the population into consideration (‘unconditional’)
and 2) calculation of the risks when a person in the household was assumed to be
infected (‘conditional’).
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Paper VI
This paper integrated QMRA with HACCP for the safe handling and reuse of

wastewater and sludge. As a case study a wastewater treatment plant of a medium
sized city in the south of Sweden was used. Places where people could be exposed
to wastewater or sludge were identified through site visits and in discussions with
staff. These included exposure to wastewater and sludge of staff at the treatment
plant, visitors to the wetland, people swimming at the bathing place, entrepreneurs
collecting and spreading sludge in agriculture and consumers of sludge-fertilised
crops. Six pathogens were included in the QMRA; two bacteria, two viruses and
two protozoa. The results were expressed as risk per exposure as well as the annual
number of infections per exposure route. The latter was also estimated in terms of
the resulting increase of endemic disease in the population

15






Microbial risk assessment in urban water systems

3 Quantitative microbial risk assessment (QMRA)

QMRA was the method chosen for assessing risks in water systems. A quantitative
approach was preferred since it enables a better comparison of different water and
sanitation systems. Substantial amounts of background data have been required for
the risk assessments, especially regarding the exposure assessment. Described here
are the methods of data collection, the data itself and the data handling in a QMRA
framework.

The rationale for the selection of pathogens is described under Hazard identification
in Section 3.1 followed by a short description of each pathogen. The Exposure
assessment in Section 3.2 deals with how exposures were identified and the
information needed to estimate doses of pathogens at exposure. Data availability
and quality is addressed, as is the line of thought on how the doses were derived. A
separation was made between exposure to ‘clean’ water, primarily drinking water but
also recreational water, and ‘dirty’ fractions, namely wastewater, sludge and faeces.
Groundwater, greywater, urine and stormwater were not dealt with in the thesis.

The Dose-response assessment Section 3.3 mainly deals with how the relationships
between dose and response have been derived in previous studies and limitations of
the data. Examples of dose-response parameters used in the risk assessments are
also given. Issues of data handling, in particular how to address variability and
uncertainty, are described in the Hazard characterisation Section 3.4.

3.1 Hazard identification

In hazard identification the microbial agents are identified as well as the spectrum of
human illness and diseases associated with each specific pathogen. This also
includes pathogenicity and virulence of the microorganism, aspects of acquired
immunity and multiple exposures (for example exposure on different days) of the
host ef.

There is a large range of known waterborne pathogens representing the different
groups; bacteria, viruses, protozoa (unicellular organisms) and helminths. Some, like
Salmonella typhi or 1'ibrio cholerae, have been known for a long time, while others, like
noroviruses and Escherichia coli O157, have been discovered quite recently
(LeChevallier ef al., 1999a, 1999b). Since it is not feasible to assess the potential
impact of all waterborne pathogens in a risk assessment, a few are chosen as
reference pathogens (WHO, 2004). The choice of reference pathogens in this thesis
was based on the following criteria:
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* The major types of organisms should be represented, Ze. bacteria, viruses and
parasites;

* The organisms should be occurring in the Swedish population;

* They should have a documented record of being involved in waterborne
disease outbreaks or constitute a hazard in sanitation;

* Some of the most persistent organisms should be included;

¢ Organisms with low infectious doses should be represented;

*  Organisms with more serious symptoms should be included if relevant; and

¢ The organism and its occurrence should be sufficiently well described in the
literature.

The pathogens selected for use in QMRA (Papers I, II, V and VI) or studied in
Paper III are described in Sections 3.1.1-3.1.4. Most of the information is from the
microbial fact sheets of the recent WHO Guidelines for Drinking Water Quality
(WHO, 2004) if not stated otherwise.

The incidence rate of a disease is the yearly number of reported cases divided by the
total population, often expressed per 100 000 people (Table 3-1). The reported
number of cases is however often substantially underestimated. Several events have
to follow upon each other for a case to enter the statistics. The infected person,
who excretes pathogens in faeces, may not show any symptoms of disease. People
with symptoms must then feel so ill that they seek medical care. The doctor must
set the right diagnosis and then report the case further. Not all waterborne diseases
are notifiable (have to be reported to an authority) in Sweden and reporting of
diseases from laboratories is voluntary (Anonymous, 2004). Estimates of
underreporting (z.e. how many more cases exist in the community) are presented in
Table 3-1. The real incidence of rotavirus is for example estimated to be 21 x 35 =
754 per 100 000 (see Table 3-1). Generally, pathogens causing less severe symptoms
are less likely to be reported (Wheeler ¢f a/., 1999).

In order to become infected when exposed to a pathogen, pathogens must breach
the host’s defence mechanisms to reach the target cells where they multiply. 1Dy is
the dose, or number of pathogens, at which 50% of a population will be infected.
Dose-response issues are further discussed in Section 3.3. An infected person
excretes pathogens, often in very high numbers and for many days (Table 3-1). Not
all infections are symptomatic, however. Morbidity is a measure of the percentage
of people that will acquire symptoms when infected. As can be seen in Table 3-1
this figure varies considerably.
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TABLE 3-1. Different epidemiological statistics of the waterborne pathogens
represented in this thesis

Incidence®  Under- Morbidity ~Excretion® Duration” — IDjS

(per 100 000)  reporting (%) (g facces) (days)

Salmonella 42-58 3.2¢ 6-80° 10** 26-51 23 600
Campylobacter 78-97 7.6 25° 10%¢ 1-77" 900
EHEC 0.8-1.4 4.5-8.3' 76-89' 10*° 5-12 1120
Hepatitis A 0.8-7.8 3 70" 10 13-30 30
Rotavirus 21¢ 35¢ 50" 0™ 1-39 6
Norovirus 1.2¢ 1562¢ 70° 10°7 5-224 10?
Adenovirus 300" - 54" 10M* 1-14° 1.7
Cryptosporidium 0.3-1.6 4-19" 39¢ 10™* 2-30 165
Giardia 15-26 20" 20-40" 107* 28-284 35
Ascaris 15-25" - 15° 10°* 107-557 0.7

2 Based on reporting to Swedish national surveillance 1997-2003 (SMI, 2004) if not stated otherwise.
Cryptosporidium is from July 2004 a notifiable disease but was until then only included in the voluntary
laboratory reporting. > Adapted from Paper V, with 90% confidence interval, if not stated otherwise.
NB these ate biased to those sick enough to be examined, so it may overestimate the excretion rates in
the general population infected with the pathogen. ¢ Dose which will infect 50% of exposed
individuals. Based on dose-response models reported in Table 3-10. The dose-response for norovirus
is still unknown but as few as ten organisms may be sufficient to cause infection (Schaub and Oshiro,
2000). 4 Wheeler ez al. (1999). The incidence for adenovirus was estimated from a community study
and the undetreporting is therefore not required. ¢ Haas e @/ (1999). fHavelaar et al. (2000b).
8 (Feachem ef al., 1983). » Appendix 3 in Havelaar ez a/ (2000b). ' Michel ez a/. (2000). * Mead ez al.
(1999). m Lemon (1997). Children younger than two years rarely manifest symptoms when infected.
0 Gerba ¢ al. (1996b). © Graham e# al. (1994). » Marshall e a/. (2001) and K.O. Hedlund, pers. comm.
9 Rockx ¢f al. (2002). * Van et al. (1992). s Wadell (1984). t Calculated from Catrique-Mas (2001) based
on the incidence in the first column. U Tessier and Davies (1999). vIncidence in Denmark,
underreporting accounted for (Arnbjerg-Nielsen e al., 2004).

3.1.1 Bacteria

The chosen waterborne bacteria may be zoonotic, Ze. can be transmitted from
animals to humans and wice versa. Bacteria generally have a shorter survival in the
environment compared to enteric viruses, parasitic protozoa and helminth ova and
are often more easily killed by disinfection. On the other hand the bacteria are the
only group that may multiply in the environment (under favourable conditions). The
infectious dose is high for many bacteria, but low for some of the selected ones,
such as EHEC and Campylobacter (see Table 3-1).

Campylobacter

Campylobacter is the most commonly identified cause of waterborne disease
outbreaks in Sweden (Andersson and Bohan, 2001) (see Section 1.1.1) and the most
important cause of acute gastroenteritis both nationally (Table 3-1) and worldwide.
The most frequently isolated species from humans are C. jguni and C. coli. The
disease outcome is mainly gastrointestinal symptoms (abdominal pains and
diarrhoea), but C. jguni can also give rise to reactive arthritis, meningitis and the
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severe Guillain-Barré syndrome (an acute immune-mediated disorder of the
petipheral nervous system) (Havelaar ef @/, 2000b; McCarthy and Giesecke, 2001).
The principal reservoir of pathogenic Campylobacter spp. is the alimentary tract of
mammals and birds, commonly found in broilers, cattle, pigs, sheep, wild animals
and birds, and domestic pets (Koenraad e# al., 1997; Wahlstrém ez al., 2003; WHO,
2004).

Salmonella

Salmonella is second only to Campylobacter in terms of the number of annual cases in
Sweden regarding reportable enteric diseases (Table 3-1) (SML, 2004). Salmonella are
classified into a few species with numerous subspecies or serovars. Many of these
are zoonotic and occur frequently in poultry, cattle and swine stocks. Most species
cause self-limiting gastroenteritis however S. #phi and S. paratyphi can cause sepsis
and other serious symptoms. Only non-typhoid Salmonellae were considered in this
thesis. Salmonella has the highest infectious dose of the pathogens used in QMRA in
this thesis (Table 3-1). It is commonly found in wastewater (Table 3-5) and sewage
sludge (Table 3-8) and has been shown to be able to multiply in sludge and sludge-
amended soil (Gibbs ¢# a/., 1997).

Enterohaemorrhagic E. co/f (EHEC, VTEC or STEC

Enterohaemorrhagic Escherichia coli (EHEC), verotoxin producing E. cw/i (VTEC) or
Shiga-toxin producing E. ¢/ (STEC) are different names for the same group of
organism, of which the strain O157:H7 is the most commonly recognised. This
bacterium can give rise to bloody diarrhoea and 2-7% of cases develop haemolytic
uremic syndrome (HUS), which can cause severe kidney syndromes that can be
fatal. Cattle are thought to be a primary reservoir for EHEC organisms (AWWA,
1999). The infectious dose is thought to be low, however some discrepancies exist
between studies (Haas ¢ @/, 2000; Strachan e al, 2001; Teunis et al., 2004). The
disease is fairly rare among humans in Sweden (Table 3-1), and therefore the
prevalence of EHEC in municipal sewage is expected to be low.

3.1.2 Enteric viruses

Viruses excreted in faeces (enteric viruses) are much more host-specific than
bacteria and therefore a certain virus strain will normally only infect a certain host,
e.g. humans. Viruses need to infect host cells in order to replicate and can therefore
not multiply outside of the host. The surface structure of the capsid (the outer
“shell” surrounding the viral DNA or RNA) is more resistant than the cell wall and
cell membranes of bacteria and viruses therefore survive better in the environment.
Non-enveloped viruses are generally more persistent than enveloped viruses.
Infected individuals excrete high numbers of viruses (virions) in faeces. Since they
generally are very infectious only a few virions are sufficient to cause an infection.
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Hepatitis A

The hepatitis A virus can cause infectious hepatitis, which affects the liver and gives
rise to the classical symptoms of jaundice. In many cases however, especially in
children, the infection is asymptomatic (Koff, 1998). An infection with hepatitis A
virus is thought to elicit life-long immunity. The disease is not so common in

Sweden (Table 3-1). The transmission of hepatitis via contaminated water and food
is well established (WHO, 2004).

Rotavirus

The symptoms of rotavirus infection are gastrointestinal illness with vomiting and
diarrhoea. Internationally, rotavirus accounts for neatly half of all cases of diarrhoea
in children younger than two years requiring admission to hospital, and may also
account for 5-10% of sporadic cases of diarrhoea in adults (Hrdy, 1987). It is also
the major cause of gastroenteritis in Swedish children (Uhnoo ef @/, 1986). The virus
has the highest infectivity of any known waterborne virus (Gerba ez a/., 1996b) and
asymptomatic infections occur frequently (Anderson and Weber, 2004). Only one
large waterborne outbreak has been reported in Sweden (Stenstrom ez al., 1994).

Norovirus

Norovirus is one of two genera of the human caliciviruses (the other being Sapovirus).
They were formerly known as Norwalk-like viruses (NLV) or ‘small round
structured viruses’ (SRSV). The symptoms of norovirus infection are acute viral
gastroenteritis and vomiting, which generally ceases within a few days. Noroviruses
affect all age groups and are today considered to be the most common cause of
gastroenteritis in the western world regarding the number of outbreaks and people
affected (Koopmans and Duizer, 2004). These viruses can be passed from person-
to-person but are also transmitted via contaminated water, foods and fomites (solid
surfaces). The number of reported waterborne outbreaks with noroviruses is
steadily increasing both in Sweden and internationally (Andersson and Bohan,
2001). In Paper III it was shown that the concentration of noroviruses in surface
water can be substantial.

Adenoviruses

Human adenoviruses consist of 51 antigenic types associated with a wide range of
infections including gastrointestinal, respiratory, urinary tract and eye infections.
The types of particular concern for waterborne gastrointestinal illness are
adenovirus types 40 and 41, which are excreted in faeces along with other serotypes.
Culturable adenoviruses are frequently found in surface waters (Pina ez a/, 1998),
although often in low concentrations (Tani ez a/, 1995), yet some may come from
other animals (de Motes ¢f al., 2004) and therefore will not be infectious in humans.
Furthermore, in the control of Cryptosporidium, changes in disinfection from chlorine
to UV may result in increased adenovirus risk, as they are extremely resistant to UV
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disinfection (Meng and Gerba, 1996) and can survive for long periods in water
environments (Enriquez ¢f a/., 1995).

3.1.3 Parasitic protozoa

Protozoa are unicellular parasitic organisms with complex life cycles. After passing
several stages within the host (including sexual reproduction) a transmission stage is
formed which is excreted in the faeces. These so called cysts or oocysts are very
resistant to different environmental conditions. Many of the protozoa are zoonotic.

Cryptosporidinm
The host ranges of different types of Cryptosporidium vary. Infections of

Cryptosporidinm in humans are caused by C. hominis, previously classified as C. parvum
genotype 1, or by the animal genotype 2, C. parvum (Catey et al., 2004; Xiao ef al.,
2004). The protozoa cause self-limiting diarrhoea, however cryptosporidiosis can be
life threatening in immunocompromised people. C. parvum is very common among
newborn calves that can excrete oocysts in high numbers, but is also frequently
found in adult livestock and other ruminants. The oocysts are extremely resistant to
chlorination and have been involved in many waterborne outbreaks, eg the
Milwaukee outbreak (see Section 1.1.1).

Giardia

The flagellated protozoa Giardia has been found in a variety of animals. The species
infecting humans is G. intestinalis (syn. G. lamblia, G. duodenum), which can also infect
numerous mammals (AWWA, 1999). Symptoms generally include diarrhoea and
abdominal cramps, however many infections may be asymptomatic. Giardiasis may
be chronic in some patients, lasting for more than one year. Giardia is the second
most common identified etiological agent in waterborne outbreaks of disease in
Sweden (Andersson and Bohan, 2001).

3.14 Helpinths

Parasitic helminths have complex life cycles where the survival stages, ova, are
excreted from the host to later be ingested by a new host or a middle host. The ova
are extremely resistant to different environmental conditions although they generally
cannot withstand higher temperatures (Feachem e7 a/, 1983). In Sweden, helminths
are mainly a problem among animal herds.

Ascaris

Most infections with the human roundworm Ascaris lumbricoides are asymptomatic
although very severe symptoms can occur due to migration of adult worms to the
liver, gall bladder or appendix (Feachem ez a4/, 1983). The worms can lead to
impaired nutritional status in their host (AWWA, 1999). Ascariasis occurs
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worldwide, especially in warm climates and is often associated with poor sanitary
conditions. An estimate of the wotldwide prevalence is 1 273 million infections
(AWWA, 1999). The Ascaris ova can survive for several years in moist soils,
however they are sensitive to desiccation and are easily killed by high temperature,
e.g. 100% destruction after one hour at 55 °C (Feachem ez al., 1983).

3.2 Exposure assessment

Exposure assessment is an attempt to determine the frequency, duration and
magnitude of pathogen exposure by one or more pathways. The assessment is
dependent on adequate methods for recovery, detection, quantification, sensitivity,
specificity, virulence and viability of the microorganisms in question and is often
dependent on studies and models of transport and fate in the environment.

Exposure assessment uses a wide array of information sources and techniques. Most
likely, data will not be available for all aspects of the exposure assessment and those
data that are available may sometimes be of questionable or unknown quality. In
these situations qualified assumptions must be made. These are based on
professional judgments and inferences based on analogy with similar
microorganisms or processes ez. In the end the exposure assessment will be based
on a number of variables with varying degrees of uncertainty. Ideally it is important
to capture data uncertainty versus variability in full QMRA models, so these two
‘dimensions’ can be provided in the final reporting of infection risk.

Exposure to pathogens via the environment can occur through different pathways
(partly described in Section 1.1). Pathogenic microorganisms can also enter the body
in several ways. The most common is via ingestion but other routes can also be of
importance for some microorganisms, like exposure via inhalation, eye or dermal
contact (Haas ¢z 4/, 1999). Standard values for use in risk assessments have been
published by the USEPA (USEPA, 1997) and others (McKone and Daniels, 1991;
Finley ez al., 1994).

In Paper I exposure to potential pathogens in drinking water and water ingested
during showering was assessed. The former exposure, also used in Paper II, was
assumed to occur daily with median intakes of 0.96 L as reported by Roseberry and
Burmaster (1992), while the latter was assumed to be 10 mL ingested once a week.
In Paper IV the water consumption in Sweden was assessed and quantified for use
in future risk assessments. Paper V involved the accidental ingestion of faeces
during handling and reuse in the garden where the exposure was based on a survey
of studies of daily soil ingestion rates for adults and children. In Paper IV exposure
to wastewater and sludge during handling and reuse was considered. The exposure
volumes, frequencies and number of persons affected were based on a combination
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of exposure data described in the literature and assumptions based on site visits and
in discussion with people at the site. These are presented in Table 3-2.

TABLE 3-2. Exposure points identified in Paper VI with assumptions on volume ingested,
frequency and the number of persons affected in a population of 29 000 people.

Type of exposure Volume ingested 'Frequencyr1 Number of
(mL or g) (times * year’)  persons affected

1. WWTP worker at pre-aeration 1 52 2

2. WWTP worker at belt press 5 208

3. (Un)intentional immersion at wetland inlet 30 1 2

4. Child playing at wetland inlet 1 2 30

5. Recreational swimming 50 10 300

6. Child playing at sludge storage 5 1 2

7. Entrepreneur spreading sludge 2 30 2

8. Consumption of raw vegetables 1 2 500

In order to derive the dose of pathogens at each exposure, different points of
departure are made. When assessing the risk of infection from drinking water there
is the problem that most pathogens cannot be detected in potable waters due to the
lack of suitable analytical methods, low concentrations of the pathogens regarded as
a cause of concern and potentially large variations with time. A way to circumvent
this is to start from the occurrence of the pathogen in the raw water and calculate
the concentration in drinking water considering the removal or inactivation during
treatment (Teunis ¢f al, 1997). Filtering of large volumes of water is often necessary
in order to detect pathogens in surface water (Figure 3-1).

FIGURE 3-1. In Paper III large
volume water samples of 200-500 L
were filtered at the point of sampling
while small volume water samples, 10
L, were filtered in the laboratory as
shown in the picture.

Exposure to raw or treated wastewater is more straightforward since several studies
report the concentration of different pathogens in wastewater. Another approach is
to calculate the concentration of pathogens in wastewater from epidemiological data
regarding the incidence of the illnesses in the society, adjusted for the rate of
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underreporting (ze. the proportion of cases that will not be reported to
epidemiological statistics) and morbidity (7.e. the proportion of symptomatic cases to
infections), the excretion of the pathogens from an infected host and the dilution in
wastewater. Such an approach was used in Paper V to estimate the potential
concentrations of pathogens in faeces.

Due to the problem of detection of many pathogens in water, indicator organisms
have been used to imply potential occurrence of pathogens in different water
streams. Their concentration and reduction are often used as surrogate values for
pathogens. The traditional indicators are bacteria of faecal origin; total coliforms,
faecal coliforms (a subset of total coliforms), Escherichia coli and Enterococci. During
recent years the suitability of indicators has been largely criticised (Ashbolt ez af,
2001). The bacterial indicators have been found to be more sensitive to decay than
many of the other pathogenic microorganisms and thus do not adequately reflect
the survival of more sturdy pathogens such as viruses and protozoa. If risk
assessment is based solely on the traditional indicators it will probably
underestimate the risks.

There is also no direct correlation between the indicators and the occurrence of a
certain pathogen in water (Jiang and Chu, 2004, Paper III). The occurrence of
pathogens in a water source should therefore be based as much as possible on real
pathogen measurements, either from the water of interest or from similar sources
described in scientific papers. Indicator organisms can nonetheless be useful as
process indicators, Ze. to assess the removal of microorganisms in different
treatments or model pathogen survival in the environment. Additional indicators,
such as bacteriophages and spore-forming bacteria, can be included to better model
the behaviour and survival of viruses and protozoa respectively.

Many studies report the reduction of microorganisms by different treatment
processes and their die-off or potential re-growth in the environment. Most of these
are based on indicator bacteria but some were undertaken with pathogens. There
are also differences in the scale of studies, ranging from full-scale to pilot to bench-
scale studies. The time and cost of performing microbiological investigations makes
it unfeasible to carry out for every system under evaluation. Therefore previous
studies reported in the literature are very useful. Many variables included in a
microbial risk assessment are however subjected to regional differences, as
mentioned in Section 1-3. There is therefore a great need for locally-produced data
regarding critical input variables (further dealt with in Section 6.2 and 7.1).

3.2.1 Source water to drinking water

The main pathogen sources of surface water contamination are sewage effluents and
agricultural run-off. Concentrations of pathogens in raw water vary substantially
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depending on the degree of anthropogenic activities. Wastewater discharge may
constitute a significant proportion of the water flow in rivers. Any enteric pathogen
that occurs in the population can potentially be found in surface waters impacted by
wastewater discharges, though will fluctuate due to seasonality in the incidence of
the disease and variability in treatment efficiency. Run-off from agricultural land can
contain pathogens from livestock, such as Cryptosporidium and EHEC. Campylobacter
can be frequent in the bird population (Waldenstrom e al., 2002; Wahlstrém ez al.,
2003).

In a survey of Swedish surface water sources, Giardia was detected in 26% and
Cryptosporidinm in 32% of the investigated waters (Hansen and Stenstrém, 1998)
(Table 3-3). When screened for Campylobacter, 7% of all samples from Swedish
surface waters were found positive (SLV, 2002). With repeated sampling in some
water sources the bacterium was found in 38% of the samples, often in the absence
of faecal indicator bacteria. Campylobacter was also detected in groundwater with
clear faecal contamination. In Norway Campylobacter was isolated from 53% of the
samples from a river (Rosef ¢ al, 2001) and from 17% of Finnish lakes and rivers
(Horman ez al., 2004).

In Paper I and II previously unpublished data from Hansen was used where
Cryptosporidinum had been detected in 45% of the samples (Table 3-3). Quantitative
data were lacking regarding Campylobacter and rotavirus, which instead were taken
from Obiri-Danso and Jones (1999) and Gerba ¢ al. (1996b), respectively. In Paper
III the concentrations of noroviruses were estimated from a dilution series of
nucleic acid extraction detected with reverse transcriptase polymerase chain reaction

(RT-PCR).

Environmental factors such as temperature, UV light, water currents and rainfall
affect the concentration of viable pathogens reaching the waterworks, as does
pathogen adhesion to particles and sediments (Rao e¢7 al, 1984; LeChevallier ef al.,
1991; Atherholt ez 4/, 1998; Obiri-Danso and Jones, 1999; Payment ef a/., 2000).
Interaction with autochthonous populations of microorganisms will also have a
substantial effect on the survival of pathogens in aquatic environments (Medema e#
al., 1997). The time (in days) for 90% die-off of some pathogens in fresh water can
be found in Table 3-7.

Drinking water treatment units act as microbiological barriers. A microbiological
barrier is “an appliance or action that counteracts the occurrence of disease-causing
viruses, bacteria and parasitic protozoa in the drinking water” (from the Swedish
drinking water regulations, SL.V, 2003). The number of barriers needed is dependent
on the quality of the raw water (SLV, 2003). The barriers could be based either on
mechanical removal or inactivation via disinfection. Examples of mechanical
barriers are sedimentation, flotation and filtration, which physically (and sometimes
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biologically) remove the microorganisms. Through prior addition of chemical
coagulants the adsorption of microorganisms to particles is increased and the
aggregation of these to form larger particles enhances their removal. In the new
national guidelines membrane filtration with pore sizes of 100 nm or less is also
accepted as a barrier. These membranes include nanofilters, reverse osmosis and
most ultrafilters, however not microfilters with regard to viruses. Disinfection acts
by damaging the surface structures or the nucleic acid of the organisms, ze. DNA or
RNA. Chlorine for example acts by disrupting cell permeability but also damages
nucleic acids and enzymes while UV light mainly causes damages to the nucleic acid
(Bitton, 1994).

TABLE 3-3. Concentration (I'1) of different pathogens in surface water

Mean Range Pos" Place Reference
Campylobacter ~ Det. in n.a. 7% Sweden SLV, 2002
100 mL
40-70° <10-600 94% UK Obiri-Danso and
Jones, 1999
EHEC Det. in n.r. 1.7 Canada Gannon ef al., 2004
90 mL
Enterovirus 0.3 0.003-0.90  100%  The Netherlands ~ Paper III
41 0-190 nr. Japan Tani ez al., 1995
Hepatitis A Det. in n.a. 43% Spain Pina e al., 1998
1L
Rotavirus 0.2-29 0-41 8-100%  North and South  Gerba ez 4/, 1996b
America
Notovirus Det. in n.a. 9.4% Finland Ho6rman e al., 2004
1L
40 <1-240 38% The Netherlands ~ Paper III
390 12-1700  100%°  The Netherlands ~ Paper III
Adenovirus Det. in n.a. 65% Spain Pina et al., 1998
2L
n.r. <1-25 24% Japan Tani et al., 1995
Cryptosporidinm 1.0° <0.01-4.6 32% Sweden Hansen and
Stenstrom, 1998
0.2 <0.01-16 45% Sweden Hansen, unpublished.
Used in Papers I and
II
0.1 <0.1-0.4 21% Norway Robertson and
Gjerde, 2001
Giardia 0.5 <0.01-4.6 26% Sweden Hansen and
Stenstrom, 1998
0.1 <0.1-4 16% Norway Robertson and
Gijerde, 2001

2 Percent positive samples. ® Geometric mean. ¢ Winter months.
Det. = detected, n.r. = not reported, n.a. = not applicable
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A compilation of studies regarding the removal and inactivation of microorganisms
in drinking water treatment processes was undertaken for Papers I and II. The
removal was described as triangular distributions of decimal reduction (z.e. expressed
as log,, removal) for use in the risk assessment (see further Section 3.4.3). The
decimal reduction or log,, removal is:

Log, (C,,)— Log,,(C,,)

where C,

m

is the incoming and C,

out

the outgoing concentration.

TABLE 3-4. Median and range of removal in logio of microorganisms in
drinking water treatment processes. Modified from Hijnen e a/ (2004),
Paper II and Kiérrman ez al. (2004).

Process Bacteria Viruses Protozoa
Coagulation/flocculation 1.7 (0.5-3.9) 1.9 (0.2-43) 2.0 (0.4-3.7)"
Rapid sand or GAC" filtration® 1.0 (0.3-1.5)  (0.7-1.2) 0.6 (0-1.4)
Slow sand filtration 22(1.3-34) 21(09-35) nd?(0.3->6.5)"
Chlorination® 3.5(25-5.0) 2.0(1.5-3.00 0.4(0-1.0)

UV inactivation®* (6.5-8) 3-4) (3->4.5)
Microfiltration® 7 (3-8) 2 (<1-3) 6.5 (>4-7)
Ultrafiltration® 8 (7->8) 6 (1->8) 8 (3-8)

a Cryptosporidium. Lowet removal reported for Giardia. ® GAC = granular activated carbon.
¢ Compilation adjusted for the process conditions described in Paper III and Kirrman ez
al. (2004) regarding the pathogens Campylobacter, rotavirus and Cryptosporidium. 4 n.d. = not
determined. ¢ Estimated at a UV dose of 30-40 mWs/cm?

As shown in Table 3-4 the removal of microorganisms varies between treatment
process and organism groups. This is due to different properties of the
microorganisms. Viruses are for example more likely to pass barriers that are solely
based on mechanical removal (eg microfiltration) due to their small size, while
protozoa and especially Crpyptosporidium, are very resistant to chlorination. The
implications for this regarding doses of pathogens reaching consumers is further
discussed in Paper II. There can also be large differences between organisms within
a certain group. The resistance to UV disinfection for example, varies substantially
among the enteric viruses with hepatitis A being the least and adenoviruses the most
resistant (Hijnen e# a/,, 2004). Such differences may depend on structural differences
between the organisms, for example whether the organisms have DNA or RNA and
whether this is single or double stranded (Meng and Gerba, 1996).

After treatment the water is supplied to the consumers via the distribution network.
If a chlorine residual is present additional reduction of pathogens is possible.
Payment ez al. (1999) however found that poliovirus and indicators, except E. coli
were relatively unaffected by the chlorine residuals in the tested systems.
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Contamination of treated drinking water with wastewater during distribution is one
of the most common causes of waterborne outbreaks (Stenstrém ez al, 1994).
Effects of microbial contamination of the distribution network on the health of the
consumers were assessed in Paper II.

3.2.2 Wastewater and sewage sludge

The occurrence of pathogens in sewage is dependent on the infection levels in the
population, which may vary with season (Mounts ez al, 2000; Nylen ez al., 2002). If
slaughterhouses are connected to the municipal sewage they can also contribute
substantial amounts of zoonotic pathogens, eg Campylobacter (Holler, 1988;
Koenraad ¢t al, 1996). Some pathogens such as Salmonella and adenoviruses are
common in the population and are likely to be detected in wastewater (Table 3-5).
Others such as noroviruses have a more seasonal occurrence, and are detected in
higher concentrations in wintertime (Lodder e# al, 1999; Ottoson et al., submitted)
(Table 3-5). Since EHEC have only been detected with PCR in sewage, the
concentration of this organism for use in Paper VI was based on the incidence rate,
excretion rate and duration, and adjusted with the ratio of calculated and detected
numbers of E. co/i in sewage.

TABLE 3-5. Concentration (L1) of different pathogens found in wastewater

Mean Range Pos.” Place  Reference
Campylobacter 160 000  500-4 400 000  100%  Getmany Holler, 1988
Salmonella Det. in n.a. 41% Sweden  Carlander and
1 mL Stenstrom, 2001
22 000 930-110 000 100%  Finland  Koivunen ez a/., 2003
EHEC Det. n.a. 93%”  Germany Holler ez al, 1999
Det. in n.a. 53%" France  Vernozy-Rozand ¢z al.,
25¢ 2002
Enterovirus 28 000  4200-720 000 100%  Sweden  Ofttoson et al., submitted
Hepatitis A Detin n.a. 23% France  Schvoerer ez al., 2000
50 uL.
Rotavirus 215 40-510 100% USA Rao et al., 1987
Notovirus 1900 <800-4 500 78%° Sweden  Ottoson ez al., submitted
Adenovirus 7 600¢ 250-25 000 100%  Sweden  Bofill-Mas e# a/., 2000
Giardia 2 000 260-13 000 100%  Sweden  Ottoson et al., submitted
Cryptosporidium 20 <8-160 28% Sweden  Ottoson ef al., submitted
Ascaris 30 n.r. n.r. USA AWWA, 1999

2 Percent positive samples. P Positive for stx genes by PCR, E. co/i O157:H7 one of the serotypes
detected. © 78% positive in winter time, otherwise <100 L-1. ¢ Mean calculated from only four
samples. Det. = detected, n.a. = not applicable, n.r. = not reported

The mathematical procedure used in Paper III to estimate concentrations of

noroviruses from dilution series of RT-PCR was used also in Ottoson et 4.
(submitted) for the estimation of enterovirus and norovirus concentrations in sewage.
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The treatment in Swedish wastewater treatment plants normally consists of
sedimentation, chemical precipitation and biological treatment (mostly activated
sludge, but also trickling filters). During the 1990’s, tertiary treatment for nitrogen
reduction was also implemented in many municipalities (MISTRA, 1999), resulting
in the introduction of wetland treatment and similar solutions. In an investigation
by Stenstrém (1987) the reduction of indicator organisms in the water phase at
different wastewater treatment plants in Sweden was about 99%. A higher reduction
would be desirable since the concentration of some organisms is still in the range of
hundreds to several thousands per millilitre. The log,, removal of microorganisms in
the wastewater treatments used in Paper VI is listed in Table 3-0.

TABLE 3-6. Mean and range of removal in logio of microorganisms in the
wastewater treatment processes used in Paper VI. Based on previous
measurements of faecal coliforms, coliphages and clostridia spores in this
system (Stenstrém et al, 1985) and in a constructed wetland (Stenstrom

and Catlander, 2001).

Process Bacteria Viruses Protozoa

Pre-aeration and sedimentation

(chemically aided) 0.2 (0-0.7) 0.2 (0-0.6) 0.2 (0-1.1)

Activated sludge 1.3 (1.1-1.8) 0.6 (0.2-0.7) 0.7 (0.4-0.9)
Chemical precipitation 0.4 (0.1-1.0) 0.7 (0.5-1.0) 0.3 (0-1.2)

Sand filter 0.5 (0.1-1.0) 0.2 (0-0.5) 0.4 (0.3-0.8)
Wetland 2 1 1

The treated wastewater is discharged into the receiving waters. Pathogens can
survive for substantial periods in water environments (Table 3-7) and can
subsequently contaminate surface waters used for drinking water production and
recreational waters (see Section 3.2.1). Numerous epidemiological studies have
shown that swimming in wastewater contaminated water results in a greater risk of
gastroenteritis (Gerba ef al, 1996b).

The die-off of pathogens in water and other materials often follows a first-order
decay rate (Tchobanoglous and Burton, 1991):

r=Cxk

where r is the rate of die-off per unit time per unit volume of water, C is the
concentration of the pathogen and £ the decay constant. In many studies the time
for 90% reduction is instead reported as Ty, The relationship between £ and Ty, is

_—In(0.1) 23

T90 k k
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The Ty,-values used for the survival of pathogens in lake water in Paper VI are
presented in Table 3-7. The temperatures recorded in the studies ranged from 4 °C
to 25 °C and the higher temperature the shorter the survival. Although it is unlikely
that people will go swimming in water temperatures below 15 °C, the lower
temperatures were included since the survival can be very long, especially for
Cryptosporidinm (ap to three months for 1 log,, reduction).

TABLE 3-7 Die-off of pathogens in fresh water expressed
as days for 90% reduction, Too. Values used in Paper VI

Organism Ty, Reference

EHEC 7-19 Wang and Doyle, 1998
Salmonella same as for EHEC ~ Assumption

Rotavirus 5-16 Raphael ¢z al., 1985
Adenovirus 21-29 Enriquez ez al., 1995
Giardia 23-30 DeRegnier ez al., 1989
Cryptosporidium 40-100 Medema ez al., 1997

During wastewater treatment, many of the microorganisms are trapped in, or
adsorbed to, particulates and concentrated in the sludge (Chauret ¢ @/, 1999).
Concentrations of pathogens in untreated sludge are presented in Table 3-8. In
Paper VI a different approach was however used, in order to be able to utilise
national data on the occurrence of some pathogens in sewage. The ratio between
concentrations in sewage and in sludge was calculated from the data by Chauret ¢z
al. (1999) for indicator bacteria, protozoa and bacteriophages, respectively. These
ratios were then used to estimate the concentration of pathogens in sludge based on
their concentration in sewage.

TABLE 3-8. Concentration (g'! wet weight) of different pathogens found in sewage sludge

Mean Range Pos* Place Reference

Campylobacter ~ Det.in 25 g n.a. 30% Sweden  Sahlsttém ez al., 2004
Salmonella Det.in25¢g n.a. 64% Sweden  Sahlstrém ez al, 2004
EHEC Det.in25¢g n.a. 16% France  Vernozy-Rozand ez al., 2002

Detin25g n.a. 2% Sweden  Sahlstrém e al., 2004
Giardia 441 <25-1180 n.r. Canada  Chauret ¢ /., 1999
Cryptosporidium 529 <25-381 n.r. Canada  Chauret ¢ al, 1999
Nematodes” n.r. 0.2-4.5 n.r. France Gantzer ¢t al., 2001

2 Percentage positive samples. b Ascaris constituted 35% of viable nematode eggs. Figures are reported
per gram dry matter. Det. = detected, n.a. = not applicable, n.r. = not reported

The most common sludge treatment in Sweden is mesophilic anaerobic digestion.
Chauret ez al. (1999) found that the reduction or inactivation of microorganisms in
mesophilic anaerobic digestions of sludge was low, especially for protozoa.
Sahlstrom ez al. (2004) also showed that both Salmonella and Campylobacter were
detected in digested sludge. Thermophilic digestion has however shown to be much
more efficient. While the removal of total coliforms in mesophilic digestion was 1.5
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log,, the corresponding figure for thermophilic digestion was 5.9 log,, (Sahlstrém e#
al., 2004). Aerobic digestion has been shown to completely eliminate Campylobacter
(Koenraad ef al., 1997), which may be attributed to the bacteria’s inability to cope
with aerobic conditions (these bacteria are microaerophilic).

In Sweden, reuse of waste products from wastewater treatment has mainly included
sludge. Approximately 35% of all of the sludge from municipal plants was earlier
used in agriculture, however the percentage used today has decreased after the
directive issued by the Federation of Swedish Farmers (started after discussions on
the presence of bromated flame retardants in the sludge) (MISTRA, 1999). The
wastewater treatment plant used as a case study in Paper VI was still using a part of
its sludge in agriculture, however the assumption made in the paper was that all
sludge was applied.

323 Faeces

The faeces fraction is normally disposed of by flushing to municipal sewers. Other
systems where the faeces are collected dry however also occur. This type of system
was theoretically investigated in Paper V. A separate risk assessment has also been
performed on a real system in Sweden, which is discussed in Section 7.5.

The survival of pathogens in faeces is poorly investigated. Carlander and Westrell
(1998) studied the survival of bacteriophages and Ascaris ova in faeces in dry urine-
diverting toilets in Vietnam. In Paper V an extensive literature survey was
undertaken where studies on the survival of pathogens in animal manure, animal
slurry and sewage sludge were assumed to be applicable. A similar procedure was
used for estimating the survival of pathogens after incorporation into soil. These
resulting Ty -values are presented in Table 3-9.

TABLE 3-9. Inactivation rates of pathogens
in faeces and soil expressed as days for 90%
inactivation, compiled for Paper V.

Ty, faeces Ty, soil
(mean * stdv) (mean ¥ stdv)
Salmonella 30+ 8 35+6
EHEC 20+ 4 25%6
Rotavirus 60 £ 16 308
Hepatitis A 55118 75+ 10
Giardia 275%+9 30+ 4
Cryptosporidium 70 £ 20 495 £ 182
Ascaris 125 1 30 625 + 150
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A potential method for treatment of faeces in small-scale systems of the kind
described in Paper V is through the addition of urea (Vinneris e# al., 2003b) or by
co-composting with organic housechold waste (Vinnerds ef al, 2003a). The latter
however requires thorough mixing of the material, which will increase the exposure
to potential pathogens in the faeces.

3.3 Dose-response assessment

Dose-response assessment aims at presenting a mathematical relationship between
the dose and the probability of infection or illness in exposed persons. Most dose-
response studies have been based on human feeding trials, ze. volunteers have been
fed with pathogens in different doses and the percentage of subjects
seroconverting/excreting the pathogen (or other outcome such as illness) at a
certain dose is calculated. Feeding trials using human subjects can provide useful
dose-response analysis data, however the doses applied in these studies are usually
high, and the subjects are predominantly healthy individuals. Furthermore, these
studies often use one or a limited number of strains that may not represent all the
virulence characteristics of a species.

Other possible data sets that can be used ate those from epidemiological outbreak
studies. Epidemiological data, if collected well and if information such as attack rate
and ingested dose are provided, can be an ideal data set. These data would
essentially provide “real-world” response using subjects that are representative of the
population at large. Although epidemiological studies are abundant the enumeration
of the disease-causing agent in foods is difficult and often only provide a
presence/absence result.

By different mathematical methods dose-response models can be fitted to
experimental data (Crockett ez al, 1996; Teunis ez al., 1996). The risk of becoming
infected is dependent on the occurrence of two conditional probabilities: the
probability that the organism is ingested and the probability that the organism is
able to survive and infect the host once it is ingested. The environment, the
pathogen and the host are all variables that play an important role in the probability
of infection. Environmental influences include the food vehicle and the stability of
the microbiota of the gastrointestinal tract. Pathogen influences include the dose,
virulence, and the colonisation potential in the host gastrointestinal tract. Host
influences include immune status, age and stomach contents (Coleman and Marks,
1999), which also influence the conditional probability of illness given infection.

It was previously believed that a threshold number of organisms, or minimum
infectious dose, had to be ingested before any infection or adverse effects could
occur. Today the currently accepted theory is that of the single hit model, ze. that a
single pathogen particle has the ability to initiate an infection or illness (Haas, 1983).
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The probability of causing infection increases with the dose of the pathogen. The
primary non-threshold, single-hit models currently used in microbial risk assessment
are the exponential and beta-Poisson dose-response models.

In the exponential model it is assumed that all of the ingested organisms have the
same probability, 7, of causing an infection. The dose ingested is assumed to be
Poisson distributed with a mean of D organisms per portion (Haas, 1983; Haas ez

al., 1999).

where P, is the probability of infection, r is the probability of one organism
initiating an infection and D is the dose.

In the beta-Poisson model, heterogeneity in the organism/host interaction is
introduced and 7 is assumed to follow a beta-distribution (Haas, 1983; Haas ez 4/,
1999). The resulting model is rather complex but can be approximated under the
assumption than g is much larger than both g and 1 to:

})inf 21_(1+D]
p

where P, is the probability of infection, D is the dose ingested and a and f are the

dose response parameters.

Several publications are now available on dose-response relations fitted to human
feeding trials or outbreak data. The dose-response relations used in the risk
assessments of this thesis are presented in Table 3-10. Two different models for
EHEC have been used, which vary substantially. In a recent study by Teunis e a/.
(2004) the data from a foodborne outbreak with E. co/ O157:H7 was shown to
agree better with a dose-response model based on Shige/la than the rabbit model
used by Haas ef 4/ (2000). For a worst-case evaluation the exact single-hit model
(r=1), which represents the maximum risk curve (Teunis and Havelaar, 2000), can
be used. This was applied for the parasite Asaris where no dose-response studies
are available. Norovirus dose-response studies are currently under development,
however not yet published. Preliminary results however indicate that as few as 10
PCR-detectable units may cause infection in human adult volunteers (Schaub and
Oshiro, 2000). Additional information, eg regarding the uncertainty of the
parameter estimates in dose-response relations, can be found in Teunis ¢f a/. (1996).

Differences have been discovered regarding pathogenicity and virulence between
strains or isolates (Teunis e¢f al, 2002a; Coleman e al, 2004). In the future this
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heterogeneity in infectivity should be addressed, however as long as most detection
methods used for monitoring pathogens in water do not discriminate between
strains or sometimes not even species, such distinctions cannot be made. The
incorporation into dose-response relations of differences among hosts in
susceptibility to infection (due to immunity) has been proposed by Teunis ez /.
(2002b).

TABLE 3-10. Dose-response parameters for the pathogens used in the risk assessments
of Papers I, I, V and VI

Parameters Comments Reference
Campylobacter jejuni a=0.145,5=759 H.f.t"by Black eza/ 1988  Medema ez al., 1996
Salmonella spp. a=0.3120, H.f.t. by McCullough and ~ Haas e a/, 1999
(non-#phi) N,,” = 23 600 Wesley Eisele 1951a,
1951b, 1951c. Several
strains
E. cli O157:H7 a=0.2099, Based on h.f.t. on Shigella  Crockett ez al., 1996
N,,"=1120 by DuPont ez al. (1969,
1972) and Levine ¢f al.
(1973)
a=0.49, Rabbit study by Pai ez al. Haas ez al., 2000
N,,” = 5.96x10° 1986
Hepatitis A a=02,N," =30 Assumption by Shuval e~ Shuval ¢f a/,, 1997
al., 1997
Rotavirus a=0.253,5=0.422 H.f.t by Ward ezal 1986  Teunis ez al. 1996
Adenovirus 4 & =2.397 H.f.t. by Couch ez al. 1966  Haas ez al., 1999
Giardia lamblia r=10.0199 H.f.t. by Rendtorff 1954 Teunis ef al. 1996
Cryptosporidium parvum k5 = 238.6 H.f.t. by DuPont ez a/. Haas et al., 1996
1995
Ascaris r=1 None available Assumption

+ H.£t. = human feeding trials. > § = N,(2"/*-1). < r=1/4.

Much is however still unknown regarding the interaction of pathogens in a host.
Some of the dose-response relations are based on animal studies and the
extrapolation to humans is uncertain. Since low doses are normally encountered in
environmental transmission of pathogens there is a necessity to extrapolate the
dose-response curve to the low doses in question. Due to ethical reasons dose-
response studies have not been made for pathogens that give more severe
symptoms. Here, outbreak data can provide the needed information. Other
drawbacks are limitations in cultivation technique that can result in either
overestimates or underestimates of the correct number of viable organisms. As
mentioned earlier, the host defences (immune system) have a large impact on which
people get infected and particularly which develop more severe diseases from a
certain dose of microorganisms.
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3.4 Risk characterisation

The final step of the risk assessment combines the information from the previous
steps to estimate the likelihood of an adverse consequence. It should include
descriptions of the variability and uncertainty of the hazards and preferably a
discussion on the magnitude of the public health problem (Haas ez a/, 1999).

3.4.1 Stochastic modelling versus point estimates

Point estimates can be used to calculate risks, ze. one value is chosen to represent
each variable and the risk is calculated. Mean values of variables are chosen to
calculate the average risk while extreme values, such as the 99-percentile, can give an
idea of the worst-case situation. Such an approach however does not give a
comprehensive picture nor appropriate weight of all combinations. Stochastic
modelling where each variable is described as a distribution can instead be used. By
random sampling of each distribution with Monte Carlo methods the output risk
distribution can be obtained (Figure 3-2).
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FIGURE 3-2. Schematic picture on the logical sequence of events when calculating the
risks of infection, for example from Cryptosporidium in drinking water. Arrows indicate
random sampling from distributions with Monte Carlo methods. The distributions can
be presented either as probability density curves, as shown for the exposure, or as
cumulative density curves, as shown for the risk of infection.
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34.2 Variability and uncertainty

Variability is the inherent variation in the data, which cannot be reduced. The
uncertainty reflects flaws in the data collection and can accordingly be reduced by
increased investigations. One simple example is the body height of individuals in a
population. After measuring a few individuals, statistical measures about the
population as a whole can be derived, such as mean, standard deviation ez. If more
individuals are measured the certainty in the statistical measures will increase,
however the variability, for example expressed as the range of heights, will not be
reduced.

The USEPA (1997) point out three different types of variability, which can be
useful for classifying variability in different variables, e.g. concentrations, removals
ete. These three are:

* spatial variability — variability across locations. Can occur at different levels,
e.g. regional, local ez.

* temporal variability — variability over time whether long or short term
(studied in Paper III)

* inter-individual variability — variability among individuals (studied in Paper

1V)
There are also different types of uncertainty, also described by USEPA (1997):

* scenario uncertainty (e.g. incorrect or insufficient information, overlooking an
important pathway)

* parameter uncertainty (e.g. small or unrepresentative samples)

* model uncertainty (e.g. excluding relevant variables)

Often the second order uncertainty, ze. the uncertainty in the parameter estimates of
the distribution functions, is intended when mentioned in risk assessment papers.
Second order uncertainty bounds are presented in the figures of Paper III and IV.
An example from Paper III is shown in Figure 3-3.
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34.3 Fitting of stochastic distributions

Variability can be taken into consideration in a distribution function. The
concentrations of pathogens in source waters are for example usually low but with
occasional peaks. Lognormal distributions were therefore chosen to describe this
variability, used for example in Paper II. In Paper III the counts of culturable
viruses in a sample were described with a Poisson distribution while the variable
concentrations between samples, due to spatial and temporal variations, were
described by a Gamma distribution.

Different methods can be used to fit a distribution to data. Frey and Burmaster
(1999) describe two equally well-suited methods, maximum likelihood estimation
and bootstrap simulation, and also describe how to characterise the uncertainty in
the estimates. Maximum likelihood estimation was used in Papers III and IV and is
also one of the methods used in the mathematical package @Risk™ (Palisade
Corporation, Newtfield, NY) for fitting distributions.

Maximum likelihood estimation is used for finding the parameter values of a
distribution that maximise the probability of obtaining a particular set of data. If
several distributions are tested the one with the highest likelihood will accordingly
have the best fit. The likelihood function is

L(x,,%,,..,%,10,,0,,...0,)=L0O) = Hf(xiﬁl,ez,...,ek)
i=1

where L is the likelihood, ¢ the parameter estimates and x the observed sample
values. Often the natural logarithm (/) of the likelihood function is used, or even
the negative log-likelihood, for computational reasons.

Often though, we do not have access to raw data for all variables in the risk
assessment. Instead, the most suitable data can be identified from literature studies.
This was the method primarily used for estimating removal efficiencies in Papers I,
I1, V and VI. The values chosen for use in the QMRA were based on a judgement
on the quality and applicability of the studies of the specific case. Studies were
ranked according to quality of the study (in terms of number of samples, choice of
methods, description of set-up e#.), scale (lab, pilot, full-scale efz.), organisms (real
pathogens, indicator organisms, other indicator parameters such as particles ez.) and
process conditions (processes characteristics should be as similar as possible to
those under evaluation in the QMRA). Results from investigations on the removal
of human viruses in full-scale operation were for example weighted higher than lab-
bench experiments with bacteriophages. Several studies were combined to get an
estimation of the removal. Often triangular distributions were used with the most
likely value and minimum and maximum values. When even less data were available
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uniform distributions were used where all values between minimum and maximum
have the same probability of occurring. A good description on how to make this
assessment more semi-quantitative can be found in Hijnen ez 4/ (2004) where
weights for different quality aspects of studies are applied when comparing the
results.

344  Sensitivity analysis

As seen in previous sections many of the input variables in a QMRA have large
statistical variability and uncertainties, while the quantitative effect of various
phenomena is unknown. With sensitivity analysis the effects of the input variables
on the output risk can be assessed. It can therefore be a valuable tool in quantitative
risk assessment for examining the main risk-determining phenomena, as well as the
variables that mainly determine the inaccuracy (or spread) in the risk estimate, thus
identifying where most effort should be placed in reducing uncertainties (Frey and
Patil, 2002).

Many mathematical packages used in QMRA allow for sensitivity analysis. One
example is @Risk™ where the sensitivity analysis is made with multivariate step-
wise regression and/or Spearman rank order correlation. The sensitivity analysis in
Paper II was adapted from Zwietering and van Gerwen (2000). The impact of the
lowest and highest values, respectively, of a distribution (minimum and maximum
for closed distributions and 5- and 95-percentiles of open distributions) on the
output risk was assessed for each variable with all other variables left unaltered. The
resulting ‘best-case’ and ‘worst-case’, respectively were compared to the median risk
from when all variables were used.

3.4.5  Different ways of expressing risks

The risk of infection can be described or characterised in a number of different
ways depending on the purpose, scope, and level of detail of the assessment. One
common measure is the risk per person and exposure (used eg in Paper I). This
can in turn be described as the mean, the median, or any percentile or confidence
interval of the risk. Mean risks are sometimes presented in risk assessments,
however since extreme values from the upper or lower percentiles of an output risk
distribution can affect the average dramatically (especially when using skewed input
distributions) the median risk is often preferable. Both the median and the 95-
percentile are presented in all risk assessments in this thesis. In Papers I and II the
95% confidence interval is depicted in the figures.

By multiplying this figure with the persons affected, the number of infections in this

population per exposure is achieved (see e.g. Papers IT and VI). This transformation
is possible since the dose-response models are ‘population-based’, ze. based on the
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proportion of subjects that will be infected not the probability that each single
person is infected. This measure may be more useful in risk communication with
the public or specific stakeholders. The risk can also be described as the annual risk
of infection per person or population. This is calculated by taking the number of
yearly exposures into consideration:

P

yearly =1=
where P, is the risk per exposure and 7 the number of exposures per year. The

annual risk can be valuable when evaluating risk impacts over longer time periods
rather than single exposures, which was the reason for its use in Paper II.
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4 Epidemiological concerns

4.1 Susceptibility and immunity

Not all individuals in a population are susceptible to infection. Exposure to a certain
agent may have resulted in whole or partial immunity against that agent. Many
people in Sweden are for example vaccinated against hepatitis A, which may confer
lifelong immunity. Prior exposure to Cryptosporidium appears to increase the
resistance to illness after new exposure (Balbus and Embrey, 2002). Rotaviruses
have previously been believed to provide lifelong immunity. Since in principle all
children have been infected before the age of two (Hrdy, 1987), no adults would
ever be infected. This is however not true (Hrdy, 1987; Svenungsson e al., 2000;
Nakajima e7 al., 2001) and the role of rotaviruses in adult gastroenteritis is now being
reassessed (Anderson and Weber, 2004).

Recent evidence suggests that not all persons can be infected by certain pathogens.
The ‘ability’ to become infected with noroviruses for example appears to be
dependant on the presence of certain histo-blood types (Huang er a/, 2003;
Lindesmith e a/., 2003) and thus controlled by genetic factors. While some people,
estimated at approximately 20% of a population, seem to be resistant to infection
(Lindesmith ez a/, 2003) others have been shown to be re-infected despite high
levels of antibodies (Parrino e al., 1977). The latter effect could also be attributed to
the numerous strains that are in circulation, ze¢. immunity only protects for a certain
strain. The ability of a pathogen to evolve new surface structures and become more
infectious or less infectious must also be considered, ze. a pathogen can change into
new forms that the humoral response does not recognise.

4.2  Sensitive subpopulations

Young children, the eldetly, pregnant women and the immunocompromised (organ
transplants, cancer patients, AIDS patients) are more sensitive to infections than
others. The elderly may be less able to build up an effective defence against
microbial or chemical contaminants because of a weakened immune system or pre-
existing disease. Infants and children are sensitive to microbial and chemical
contaminants because their defence mechanisms may not be fully developed. These
sensitive populations can represent a rather large part of the total population in a
country. In the US for example, this group constitutes almost 20% of the
population and is expected to increase significantly, because of increases in life-span
and the number of immunocompromised individuals (Gerba ¢ al., 1996a).

If risk assessments are based on dose-response models from studies on healthy

adults, they may underestimate the risk for these vulnerable groups. Pouillot ef 4/
(2004) however made an attempt to include the immunodeficient population when
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assessing the risk from oocysts in drinking water by using dose-response data from
a study on immunosuppressed mice. Parkin e¢f a/ (2003) made a qualitative risk
assessment for children exposed to enteroviruses in river water. In Paper IV the
drinking water intake of sensitive subgroups in the population was assessed.

4.3 Secondary transmission

A person infected with a gastrointestinal pathogen excretes the pathogen in her
faeces, regardless of any symptoms of disease. The pathogen can then be
transmitted further to other persons, either through direct contact, aerosols or
through objects contaminated with faeces. Since some pathogens are zoonotic they
can also be further transmitted to animals. Secondary transmission is often specific
to the setting (e.g. different in homes than in hospitals or day-care centres) and also
highly dependent on the infectivity of the pathogen.

4.4 Dynamic modelling

The above-mentioned issues could be taken into consideration in QMRA by using
dynamic models. Dynamic models can incorporate the proportion of individuals in
a population that are either susceptible to infection, infectious and asymptomatic,
infectious and diseased, or immune, and the transition between these states
(Eisenberg ez al., 1996) (Figure 4-1). In this way the impact of pathogen exposure on
a whole population can be assessed, including the role of secondary transmission in
sustaining the endemic rate in the population (Chick e 4/, 2001). Examples on how
to use dynamic models have been presented by Chick e /. (2001) and Eisenberg ez
al. (2002) regarding the assessment of the impact of waterborne pathogens from
drinking water and by Eisenberg e al. (2004) regarding the beneficial uses of
biosolids. Such models however require considerable amounts of supplementary
data.

o
symptoms
Infection / % Symptoms

Recovery

Susceptible ‘ Death ‘

FIGURE 4-1. Possible epidemiological states of a person
after the exposure to pathogens
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4.5 Health indices

The hazards that may be present in water are associated with a diversity of adverse
health outcomes. While most waterborne infections cause acute symptoms such as
diarrhoea, some such as hepatitis virus have delayed symptoms. There are also
differences in the severity of the symptoms, ranging from mild gastroenteritis to, for
example, the severe haemolytic uremic syndrome (HUS) caused by EHEC or
Gullain-Barré syndrome caused by Campylobacter. In many QMRA the risk of
becoming infected with a specific pathogen after a certain exposure is presented,
however the outcome of these infections are seldom addressed in terms of illness or
fatalities. One way to progress further in the evaluation of health impacts is via the
use of a health index. Several health indices exist (McAlearny ¢f a/, 1999), among
them the Disability Adjusted Life Years (DALY).

4.5.1 Disability adjusted life years (DALY)

In 1992 (with the first stages proposed already in 1988), the Global Burden of
Disease (GBD) Study was initiated at the request of the World Bank. The study
represents a unique achievement based on the collaboration of over 100 scientists
from more than 20 countries and describes the world’s disease burden status and
trends in the health of populations. The burden from 107 diseases and injuries and
10 major risk factors or risk groups for various age groups and geographical regions
were described (Murray and Lopez, 1996; Murray and Lopez, 1997).

To allow comparisons to be made between different health outcomes and allowing
quantification of non-fatal outcomes a new unit was introduced: DALY or
Disability Adjusted Life Years. DALYs are the sum of life years lost to premature
mortality and years lived with disability adjusted for severity (Murray and Lopez,
1997). The basic principle of the DALY is to weight each health effect for its
severity from 0 (normal good health) to 1 (death). By multiplying this weight with
the duration of the effect and by the number of people affected by a particular
outcome, it is then possible to sum the effects of all different outcomes due to a
particular agent. In consequence, the DALY is the sum of years of life lost by
premature mortality (YLL) and years of healthy life lost in states of less than full
health, ze. years lived with a disability (YLD), which are standardised by means of
severity weights. In other words, DALY = YLL + YLD.

Although the choice of values incorporated into DALYs have been debated and
discussed (Arnesen and Nord, 1999) its key advantages lie in its “aggregation” of
different effects and the combining of quality and quantity of life. This metric can
be used to promote and enable the setting of rational public health priorities. As
such it has been proposed by the WHO for comparing the health impact of
different agents in water (WHO, 2004). It can also be used for comparing the health
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effects of microbial and chemical risks, for example in order to compare the risks
from disinfection by-products in ozonation, with the risk from Chryptosporidinm
parvum in drinking water (Havelaar ef 4/, 2000a). Furthermore, the use of DALY
may enhance the understanding of risk in risk communications. Havelaar ef 4.
(2000b) used DALY for assessing the total health burden in the Netherlands due to
infection with Campylobacter species. It could also be useful in a holistic assessment

of water systems and in comparisons of water systems. WHO now promote the use
of 1 kDALY /y as the benchmark health burden (see Section 5.3).
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5 Risk management of water systems

5.1 Guidelines and regulations

Guidelines and regulations exist at different levels for protecting the health of the
public when exposed to drinking water, recreational waters, crops amended with
sludge ere. Many regulations ate based on critical levels of indicator organisms that
should not be exceeded in order to be classified as acceptable. The frequency of
sampling is usually also regulated. Both the drinking water and the recreational
water regulations in Sweden are set up in this way (SNV, 1996; SLV, 2001). There
are currently no regulations regarding levels of microorganisms in treated
wastewater. Upcoming Swedish regulations on the use of sludge for crop
fertilisation will include treatment recommendations for use on different types of
crop (Schénning, 2003). The current regulations however do not require any sludge
treatment, only mixing of sludge into soil within 24 hours.

The revised WHO Guidelines for Drinking Water Quality (WHO, 2004) promote
protection of drinking water through use of Water Safety Plans, which incorporates
water quality management from the 'source to tap'. A similar approach has also been
proposed in the Bonn Charter for Safe Drinking Water by the IWA (2004). The
approach in the 3* edition of the WHO guidelines is based on developing health-
based targets. These are based on a consistent framework applicable to all types of
hazards and for all types of water supplies. This approach is thought to be more
flexible than the previous guideline values since it can account for national priorities
and suppotts a risk—benefit approach. The framework includes different types of
health-based targets that differ considerably with respect to the amount of resources
needed to develop and implement the targets and in relation to the precision with
which the public health benefits of risk management actions can be defined. The
different types of targets are: health outcomes, either based on epidemiology or
quantitative risk assessment; water quality; performance or specified technology.
QMRA has also been incorporated into the WHO Guidelines for Safe Recreational
Waters (WHO, 2003) and will be included in their upcoming guidelines for the safe

use of wastewater and excreta in agriculture.

5.2 Hazard analysis and critical control points (HACCP)

Within food and drinking water production the risk management system Hazard
Analysis and Critical Control Points (HACCP) has been applied (FAO, 1997,
WHO, 2004). HACCP offers a preventative management and quality assurance
approach rather than random monitoring of the end product. The system involves
identification of critical points to control hazards and maintain best management
practices throughout production and distribution. Criteria are established for each
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control point, which are monitored, and corrective actions are established that
should be carried out when critical limits are not met (FAO, 1997).
The working process in the HACCP system consists of seven consecutive steps:

1 Conduct a hazard analysis.

2 Determine the Critical Control Points (location in the process that a certain
hazard can be controlled, either through total prevention, elimination or
reduction).

3 Establish critical limits (a criterion that separates acceptability from
unacceptability, for example a certain temperature, time, moisture level, pH
ete.).

4 Establish a system to monitor control of the CCP.

5 Establish the corrective action to be taken when monitoring indicates that a
particular CCP is not under control.

6 Establish procedures for verification to confirm that the HACCP system is
working effectively.

7 Establish documentation concerning all procedures and records appropriate to
these principles and their application.

Originally developed for control of microbial hazards during space flights, it is now
mandatory within the production and distribution of food. The system facilitates
managing and is compatible with other quality management systems, such as the
ISO 9000-series (FAO, 1997). Current EU legislation decrees the incorporation of
HACCP within drinking water production and it is under implementation in
Swedish waterworks (SLV, 2003). The WHO also incorporates HACCP as part of
their Water Safety Plans (WHO, 2004). Examples on how to use HACCP in
drinking water have been given by Havelaar (1994) and Jagals and Jagals (2004).

As well as controlling microbial risks within drinking water production, HACCP
might also be used for safeguarding the quality of different fractions from
wastewater and sludge reuse. The approach is in many ways similar to that already
utilised in the reuse of wastes within agriculture for reducing the risks for
transmission of diseases, namely use of control measures on different levels: waste
treatment, crop restrictions, localised application methods, control of human
exposure and a combination of the different methods (Blumenthal ez o/, 1989).

Other researchers have suggested HACCP for water reuse in the food industry
(Casani and Knechel, 2002) and in a wastewater reuse system including
groundwater recharge and production of drinking water (Dewettinck e a/, 2001). It
has recently also been recommended by Water UK for biosolids treatment and use
in agriculture (Water UK, 2004).

The HACCP system contains some of the elements of QMRA, including parts of
hazard identification and exposure assessment, but could benefit from more
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contributions from quantitative microbial risk assessment (Notermans ef al, 1994;
Haas ¢z al, 1999). In Paper VI this idea was developed by trying to adopt HACCP
to wastewater and sludge handling and reuse. A major difference in producing safe
wastewater or biosolids compared to safe food is that the wastewater already
contains the hazards while in the latter the goal is to prevent contamination. The
focus must therefore be placed on controlling the exposure to wastewater or sludge
and eliminate or reduce the hazards through effective treatment.

The hazards or hazardous exposures must be ranked in order to distinguish between
important and less important hazards for setting priorities in risk management. The
risk associated with each hazard or hazardous event is described in a matrix in
HACCP with the likelihood of occurrence (eg, certain, possible, rare) and the
severity of consequences if the hazard occurred (eg, insignificant, major,
catastrophic). In Paper VI the occurrence of a hazardous exposure was instead
included in the risk estimates and a suggestion of severity of consequences based on
the endemic disease in the population was developed (Table 5-1).

TABLE 5-1. Suggested definitions of severity of consequences of hazards based on
increase of endemic disease in the community. Developed for use in the ranking of
hazardous exposures in Paper VI

Item Definition

Catastrophic Major increase in diarrhoeal disease >25% or >5% increase in more
severe disease or large community outbreak (100 cases) or death

Major Increase in more severe diseases’ (0.1-5%) or large increase in diarrhoeal
disease (5-<25%)

Moderate Increase in diarrhoeal disease (1-<5%)

Minor Slight increase in diarrhoeal diseases (0.1-<1%)

Insignificant No increase in disease incidence (<0.1%)

2 Here represented by EHEC

5.3 ‘Tolerable risk

In order to decide a baseline for the infection risks that can be tolerated from a
societal point of view there is a need to set up an ‘acceptable’ or ‘tolerable risk’ level.
The whole concept of acceptable risk can seem controversial. How can we decide
which risks are acceptabler Is it acceptable that people get ill or die due to
pathogens in drinking water? At the same time we have to balance costs against
benefit. Is it defendable or even possible to treat drinking water to the extent that
no microorganisms remain?

In the U.S. the Environmental Protection Agency (USEPA) have accepted a yearly
risk of 1 infected person in 10 000 from drinking water, which is often expressed as
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a risk of 10 per person. This level has been used by several researchers in risk
assessments of drinking water and also to compare risks from other types of
exposure (Gerba ¢f al., 1996b; Rose ¢# al., 1996; Tanaka et al., 1998; Jolis ez al., 1999).
In the 3* WHO Drinking Water Guidelines a “reference level” of risk of 10°
DALYs per person and year is suggested (WHO, 2004). This is approximately
equivalent to a lifetime excess cancer risk of 107 (Z.e. one excess case of cancer per
100 000 of the population ingesting drinking water containing the substance at the
guideline value over a lifespan). For a pathogen causing watery diarrhoea with a low
case fatality rate (ie. the proportion of cases for which the disease would be lethal,
eg 1 in 100 000), this reference level of risk would be equivalent to 1/1000 annual
risk of disease to an individual (approximately 1/10 over a lifetime).

The acceptable risk level of 1 in 10 000 has been used for the discussion of risks in
Paper I, II, and V and is in Paper III referred to in terms of the wvirus
concentration in finished drinking water resulting in this risk level. In Paper VI the
approach described in the previous section was used for risk classification and
prioritisation.
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6 Short summary of results

6.1 Paper I — Centralised versus decentralised drinking water
treatment

The systems analysis included the evaluation of environmental aspects and
microbial health effects. The system structures are shown in Figure 2-1.

Both air and water emissions from the production and transport of chemicals were
relatively small. The energy use was dominated by the energy needed for
distribution, which was similar for the three systems. The system with two
membranes had approximately the same energy use as the conventional system. The
decentralised system with ultrafiltration could however reduce total energy use with
25% compared to the other systems.

The conventional treatment exceeded the 10" median yearly risk of infection
primarily regarding viruses but also regarding protozoa and slightly for bacteria
(Figure 6-1). Both membrane systems reduced the risks of infection among the
consumers substantially, even during partial damages of the membranes (a few
broken capillaries, represented by the upper range on the confidence interval in
Figure 6-1 and 6-2). Possible growth of bacteria in storage tanks however increases
the risk of infection with bacteria.
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Cryptosporidium Rotavirus Campylobacter

Two consecutive membranes gave a good risk reduction regarding the exposure to
drinking water since the probability of simultaneous failures was low. Regarding
shower exposures, the risks were higher in the second membrane scenario (for
rotaviruses also higher than in the conventional system) than the first due to the fact
that only microfiltration, which has lower removal capacity (pore size 200 nm)
compared to nanofilters (pore size 10 nm), was used for treatment of this water
(figure 6-2).
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6.2 Paper II — Failures in drinking water treatment and distribution

The major finding in Paper II was that a larger number of people were estimated to
be at risk of becoming infected from pathogens passing the treatment under normal
operating conditions rather than at failure incidents when calculated on a yearly
basis. The incidents in the waterworks were short and did not have a substantial
effect on the yearly risk of infection, although the potential for plug-flows was not
fully considered. Incidents on the distribution network were less common and only
affected parts of the population, however these were of high risk of becoming
infected.

Rotavirus, used as a model for viral transmission, caused the largest number of
potential infections. The most infections with Campylobacter would originate from
contamination of reservoirs in the distribution network. The calculated risk of
Cryptosporidinm infections was significantly lower than for the other two pathogens.

The sensitivity analysis pointed out the concentration of pathogens in the raw water,
the chlorination regarding Campylobacter, and the dose-response functions to be the
most critical factors for the risk of infection.

The simulated total number of annual infections in the system was within the range
of the equivalent figures estimated from epidemiological data and fraction of
gastroenteritis attributable to tap water.

6.3 Paper III — Norovirus fluctuations in surface water

Noroviruses were almost exclusively found during the winter season, while
enteroviruses were detected throughout the year with minor peaks in March-April
and October-December. Rotaviruses were only detected once in December the
subsequent year. The levels of noroviruses were several orders of magnitude higher
than those of enteroviruses. All viruses (also bacteriophages) were in low numbers

50



Microbial risk assessment in urban water systems

or non-detectable during the summertime. There was no coincidence in peaks with
F-specific bacteriophages or turbidity and human viruses, although some similarities
in patterns did occur.

The intensified sampling of noroviruses during the winter season revealed that the
winter peak consisted of several shorter peaks of varying duration and magnitude.
The peak concentrations were also several orders of magnitude higher than the
previous year.

Small volume water samples of 10 litres were as efficient in detecting viruses as large
volume water samples of 200-500 litres. They also gave a clearer signal in the gel
and blotting in the undiluted RNA extracts due to less concentration of inhibitors.

Norovirus concentrations could be estimated from the results of dilution series in
the PCR with an MPN approach. The time series analysis was shown to predict
forthcoming sample concentrations accurately and gave a narrower 95% confidence
interval than the MPN estimate. Probability distributions were fitted to the
norovirus concentrations of the whole year and separately for the winter season.

6.4 Paper IV — Drinking water consumption patterns

Water consumption was shown to differ with demographic and socio-economic
factors. Women were for example found to consume higher quantities of cold tap
water than did men (on average 0.95 litres compared to 0.79 litres). Tap water
consumption was higher in the countryside than in the large cities and consumption
was shown to decrease with increasing income. A lognormal distribution was fitted
to the quantitative data from the outbreak investigation representing the whole
population.

Sensitive subgroups were shown to have higher cold tap water consumption than
other groups. The oldest age group, 70 years and above, had the highest daily intake.
Although young children had the lowest intake in volume they will have the highest
intake in relation to their body weight (Forthammar ez a/, 1986; USEPA, 2000). In
the stratification based on health, people of very poor health had the highest intake.

The heated tap water consumption was somewhat lower than the cold tap water
consumption. Men appeared to consume more water in hot beverages than did
women (some inconsistency in results between data sets). No differences were
detected between age groups, representing 20 years and upward.

Bottled water consumption was generally low with a calculated average of 60 mL

per person and day. A slightly higher proportion of women consumed bottled
water, however no significant differences were found in consumed volumes
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between sexes. The bottled water intake was significantly higher in cities compared
to the countryside and increased with increasing income.

6.5 Paper V — Risks associated with local handling of faeces

In approximately 9 out of 10 gardens, the use of stored faeces as a fertiliser would
not result in a risk of infection because no pathogens were excreted and collected in
the container. One out of 200 containers would contain two pathogens or more.
Rotavirus and Grardia would be the most frequently-occurring pathogens based on
the incidence in the population.

The die-off during storage would be substantial for some of the pathogens, ¢.g.
Salmonella, while other pathogens, especially Ascaris, have a much higher persistence
in faeces. The pathogen with the most severe symptoms, EHEC, was reduced to
very low levels already during the storage in the toilet and did not constitute any
significant risk in any of the scenarios.

Use of material directly after emptying the toilet container resulted in median risks
exceeding 10 for the unconditional scenario regarding rotavirus and the parasites.
After one year of storage however the median risks were below this level for all
pathogens, also in the conditional scenario (ie. a family member excreting the
pathogen) with the exception of Ascaris. The worst-case risks however exceeded the
level regarding the viruses and parasites.

The exposure to faeces in terms of ingested amounts was lower during recreational
activities or gardening than when emptying the container due to the mixing with
soil, however since the frequency of exposure was higher in the former exposure,
the annual risks were almost as great.

6.6 Paper VI -HACCP for safe handling and reuse of wastewater and
sludge

The highest individual health risk per single exposure was achieved through
exposure to droplets and aerosols for workers at the treatment plant, particularly at
the belt press for sludge dewatering, and through contact with digested sludge for
children or for entrepreneurs when spreading sludge, with a risk of viral infection
nearly or equal to 1. The lowest risk was from recreational swimming with infection
risks of 10"'-10 for the range of pathogens evaluated.

The risk entity ‘yearly number of infections’ took the number of people exposed at

each exposure point during a year, into consideration. These values were generally
very low for non-viral pathogens (<<1) although it reached or neartly reached the
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maximum number of infections for both adenovirus and rotavirus in the high-risk
exposures mentioned above (which each included two exposed persons). Although
several of the exposures only resulted in fractions of infections they had a large
impact on the community as a whole in terms of increase in endemic disease level in
the community, due to the already low incidence of these pathogens.

Control measures to reduce the hazardous exposure were identified as optimisation
of treatment processes for wastewater, use of personal protective equipment for
staff, change from mesophilic to thermophilic digestion or prolonged sludge storage
times, fencing of sludge storage, and crop restrictions.
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7 Discussion

7.1  Use of appropriate data and models

Indicator organisms are used for assessing the faecal contamination of waters. In
Paper III peaks of F-specific bacteriophages and turbidity did not coincide with
those of noroviruses. Since indicator organisms are constantly excreted from
humans and animals they would not reflect peaks in pathogen occurrence that were
due to varying incidence in the human or animal population.

The sensitivity analysis in Paper II pointed out the concentrations of pathogens in
the surface water as one of the most critical factors for the risk of infection. The
concentrations of Campylobacter and rotavirus were based on international data.
During recent sampling in the water source in question no Campylobacter were
detected and the viral contamination seems to be low based on negative findings of
noroviruses and enteroviruses. Cryptosporidinm was however found in concentrations
similar to those used in the QMRA. This suggests that the risks of infection with
Campylobacter and rotavirus may have been overestimated in Paper II however they
may be realistic at certain events when the raw water concentrations are higher than
usual. This highlights the importance of availability to site-specific data regarding
the occurrence of pathogens from different sources.

In order to be able to use data compiled from many different studies, the treatment
in the waterworks or wastewater treatment plant in Papers I, II and VI was
modelled as separate distributions for each process. By using separate distributions
it is however assumed that the processes act independently of each other. Hijnen ef
al. (2002) concluded that variability in treatment efficiency in the overall treatment
was smaller than expected from the sum of the variation of the processes. This
procedure may therefore result in an overestimation of the treatment variability.

In Paper IV the drinking water consumption in Sweden was assessed. A log-normal
distribution was fitted to one of the data sets for use in future QMRA on drinking
water associated health risks. The fitted distribution was shown to be similar to that
reported by Roseberry and Burmaster (1992) (Figure 7-1) which justified the use of
their model in Papers I and II. The distribution fitted to the Swedish data was
however consistently lower. Besides country-specific differences this effect could be
explained by the fact that the data used by Roseberry and Burmaster included all tap
water consumption and not only the direct tap water consumption. Our model
would therefore be more suitable for the use in QMRA since only the cold tap
water constitutes a risk.
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7.2 The importance of different agents

Infections with viruses generally constituted the highest risk in Papers I, IT and VL.
Only in Paper V where the helminth Ascaris was included did viruses not present
the highest risk, which was due to the maximum-risk dose-response model used for
Ascaris in the absence of other information. While Ascaris is very uncommon in
Sweden, viruses are frequently found in both surface water (Table 3-3) and
wastewater (Table 3-5) and apart from being very infectious, they are also excreted
in high titers from infected persons (Table 3-1). In Paper II it was shown that high
numbers of people could be infected with rotavirus from drinking water. As
mentioned above, the risks may have been overestimated in this case due to the use
of non-specific literature data regarding the virus concentrations in raw waters.
There is also a chance that a large part of the population is already immune to this
pathogen due to early infections in life, however the role of rotavirus in adult
gastroenteritis may be largely underestimated (Anderson and Weber, 2004).

When the dose-response models for norovirus are published, norovirus may be the
virus of choice for assessing risks associated with drinking water due to the high
concentrations detected in sewage and the numerous waterborne outbreaks.
Adenoviruses may be useful as a conservative virus index organism due to its
persistence in the environment and resistance to some treatment methods. Hepatitis
A is uncommon in Sweden but could be appropriate for assessing the more severe
symptoms of diseases associated with reuse of wastewater and sludge, especially in
high endemic areas.

As mentioned previously, Campylobacter causes most waterborne outbreaks of disease
in Sweden where a causative agent has been identified. In Paper II most infections
with Campylobacter jejuni would originate from contamination in the distribution
network, assumed to originate from sewage. Since most bacteria are sensitive to
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chlorine, failures in chlorination or contamination in the distribution network with
low chlorine residuals may be the main hazardous events regarding infections with
Campylobacter via drinking water. This is supported by the study of Nygird er 4/
(2004a) who, in their analysis of the relationship between infections with
Campylobacter in Sweden and parameters concerning tap water and livestock,
concluded that contamination occurring in the water distribution system may be
more important than previously considered. Regarding the associated health risks
with faeces, wastewater or sludge, Salmonella and EHEC were considered to be
appropriate. Salmonella has a high incidence in the population and are found in high
concentrations in wastewater. EHEC is more rare but causes much more severe
symptoms. Both Salmonella and E. coli have been shown to be able to re-grow in
sludge (Gibbs ¢z al., 1997; Gantzer ef al., 2001).

The calculated risk of Cryptosporidinm infections was significantly lower than for
rotavirus and Campylobacter in Paper II. This contrasts to the cutrent attention
within the water industry where major efforts are placed on minimising the risk of
Cryptosporidinm. One explanation provided above was that the risks with the other
pathogens might have been overestimated. While the concentrations of
Cryptosporidinm and Giardia (oo)cysts in Swedish surface waters are similar (Table 3-
3), Giardia is found in much higher concentrations in wastewater (Table 3-5). This
suggests that Cryptosporidinm oocysts in surface waters are more likely to originate
from animals than from municipal sewage. It also implies that Giardia may be a
more suitable agent for assessing the risk of protozoa from wastewater fractions,
including faeces.

7.3 Fluctuating pathogen concentrations in surface waters

In Paper III it was shown that the occurrence of human viruses had a seasonal
variation. Noroviruses had a distinct winter peak, which was even higher in the
intensified sampling during the second winter. The latter may be due to the
exceptionally high number of outbreaks in the population during the season of
2002/2003 (Lopman et al., 2004). Turbidity was also markedly increased in January
2003, which may be related to the occurrence of an unusual event, eg a heavy
rainfall.

The occurrence of other waterborne pathogens can also be seasonal. Newborn
calves can excrete large numbers of oocysts and spring is therefore a time for large
potential  Cryptosporidium  parvum contamination. Peak concentrations of both
Cryptosporidinm and Giardia (oo)cysts in a watershed have been shown to coincide
with calving activity (Ong e al., 1996). During heavy rainfall and snowmelt, run-off
from pasture or agricultural land can cause substantial contamination of water
bodies (Mawdsley e7 al, 1995; Kistemann ef a/, 2002). Such events may also cause
combined-sewer overflows and re-suspension of pathogens from bottom sediments
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(Atherholt ez al., 1998). The pathogen load in an Australian river after one heavy
rainfall was estimated to be equivalent to two years of load during ‘baseflow’
conditions (N. Ashbolt, pers. comm.). The need for the development of effective
management strategies at urban run-off during storm events was highlighted by
Jiang and Chu (2004) due to the increased levels of viruses in rivers following such
events.

A question that therefore remains is whether there is a need for additional drinking
water treatment during certain seasons or events to avoid waterborne transmission.
The norovirus concentrations detected in the source water in wintertime was high
(Paper III) and even though some proportion of the viruses may not have been
infectious, there could be a substantial risk for waterborne transmission in case of
insufficient water treatment. In order to reduce the maximum concentration of
noroviruses detected in Paper III to the acceptable virus level in drinking water
suggested by Regli e a/. (1991) (<107 viruses per litre) subsequent drinking water
treatment must reduce the levels of viruses by 10 log,. The storage reservoirs
following on the point from where the water was sampled have been shown to
reduce the levels of F-specific bacteriophages by 3 log,, during five months (van
Breemen ez al., 1998). Additional removal of up to 7 log,,is then still required in the
waterworks. While some discrepancies exist between studies on the efficacy of
chlorine for disinfection of noroviruses (Keswick e /., 1985; Thurston-Enriquez ez
al., 2003), these viruses seem to be effectively inactivated with ozone (Shin and
Sobsey, 2003). The ordinary treatment conditions may not however be adjusted to
cope with such fluctuating concentrations in the raw water.

If discharged wastewater is the most likely source of norovirus peaks, their
concentrations in surfaces waters could be reduced by optimising or introducing
additional treatment in the wastewater treatment plant. Soller e @/ (2003) used
dynamic disease transmission models to assess the public health benefits of
additional wastewater treatment also in winter time, on the risk of acquiring viral
gastroenteritis from recreational waters. Although the risk already under the existing
treatment scheme was several orders of magnitude below the tolerable illness level
set up by the USEPA, the additional winter treatment would further reduce the risk
by 15-50%.

Another way to proceed in the management of peaks is by introducing an eatly
warning system. The time series analysis used in Paper IIT was shown to be useful
in these respects since it can discriminate an increase or decrease in concentration
from random fluctuations. This however requires frequent sampling and rapid
processing of samples to allow for the detection of short-term fluctuations. Time
series analysis also gives the opportunity to control for events, for example by
implementing an action plan to follow when a critical limit is exceeded. This fits
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very well into the HACCP system, which nowadays is mandatory for the
management of drinking water production within the EU.

The distribution functions developed for noroviruses in Paper III could also be
valuable in HACCP in order to calculate how probable different virus levels are.
This information could then be used to assess the treatment efficiency needed to
ensure safe drinking water.

7.4 Use of epidemiology in QMRA

Epidemiology can be integrated into QMRA in different ways and serve different
purposes. One is by the use of dynamic models described in Section 4.4 where it
can be used to assess the impact of pathogen exposure on a whole population,
incorporating susceptibility, immunity and secondary transmission.

The ranking of a hazard or hazardous event in HACCP is usually done by
combining the severity of its consequences and the likelihood of its occurrence
(Deere et al., 2001). This was in Paper VI modified for the application in HACCP
of wastewater and sludge treatment and reuse. The ranking was based on the
increase of endemic disease expected in the community after a certain hazardous
exposure and was estimated on a yeatly basis (see Table 5-1). As such it could be
applied in different parts of the world with differing endemic rates. It may however
be inappropriate to use in areas where the reuse of untreated wastewater and sludge
already contributes substantially to the endemic rate. The level at which the
exposures were considered to become severe, 0.1% increase in endemic disease, is
also the reference level of disease suggested by the WHO for pathogens causing
watery diarrhoea (see Section 5.3).

As a means to evaluate the plausibility of the results of the QMRA, a comparison
was made in Paper II between the simulated number of annual infections and the
number of infections estimated from epidemiological data. The proportion of
gastrointestinal illness attributable to drinking water used in the calculations, 14-
40% from the study by Payment et a/ (1997), is however debated in the scientific
community. In the first Water Evaluation Trial, out of five initiated by the USEPA
and the Centers for Disease Control and Prevention (CDC), no excess
gastrointestinal illness was detected in households without additional water
treatment at the kitchen tap (Sinclair, 2003b). There were however large differences
in the chlorine residual in the distribution network between the studies, 2.1 mg L
in the American study and only 0.5 mg L' at the first consumers’ tap in the
Canadian study by Payment ¢ a/. The system under study in Paper II had a chlorine
residual of 0.2 mg L. when leaving the plant. Since Payment ez /. (1997) concluded
that the distribution system appeared to be the major source of contamination, the
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chlorine residual is naturally important in reducing the viability of pathogens
reaching the consumers.

7.5 Microbial health risks in decentralised systems

The centralised treatment of water and wastewater has been the only solution
implemented for cities since the introduction of piped water and sewerage in
Sweden by the end of the 19" century. A question remains as to whether this is this
the only possible way to go. In this thesis the hygienic risks associated with
decentralised treatment of drinking water and local collection of faeces have been
investigated.

In Paper I it was concluded that decentralised drinking water treatment with
membranes was competitive with the centralised conventional treatment regarding
environmental impacts and health. Local drinking water treatment may in one sense
give a more robust infrastructure, since high concentrations of pathogens in the raw
water or sewage ingress and other contamination within the distribution system will
be counteracted by the treatment at the point-of-use.

Failures in decentralised systems will, in contrast to failures in centralised systems
(Paper II), not affect the whole population at the same time. Those failures that
could have an impact in the separate systems were identified as indoor cross-
connections and membrane failures. The normally negligible risk in an end-point
membrane system could be increased by several orders of magnitude if the integrity
of the membrane was not maintained, but could still be lower than the risk from the
conventional system. Integrity testing is therefore a key component in membrane
filtration applications however may be less feasible to carry out in many small units.
The number of barriers is also important for safety. As shown in Paper I, the
decentralised system with only ultrafiltration could constitute a high risk for viruses
and bacteria if the membrane was compromised. This highlights the importance of
having several subsequent barriers. On the other hand the risks from exposure to
water in showers was much higher in the membrane scenario with only
microfiltration of the water due to the larger pore size of the membrane.

There is also a risk of cross-connections of water with different qualities within the
buildings. This happened in a dual water supply in the Netherlands where partly-
treated surface water was supplied to households for garden watering, toilet flushing
and laundry use. The cross-connection with potable water was not discovered until
after a week and by that time an outbreak of gastroenteritis affecting 200 people had
occurred (Sinclair, 2003a). A very important issue is therefore that of operation and
maintenance. A system with many small treatment units spread over the city may be
difficult to keep under satisfactory control for a centralised organisation, which may
suggest that the management would have to be outsourced to sub-contractors.

60



Microbial risk assessment in urban water systems

The microbial health risks in systems with local collection of faeces are highly
dependent on the incidence of disease in the population, as shown in Paper V.
Wastewater from a large city will always contain pathogens, e.g. in a population of
100 000 people several hundreds would excrete Campylobacter during a year (see
Table 3-1). In systems based on a household level however, most households would
not have any pathogens in their faeces bins during a year, and in households where
a person was infected, the risks for other family members of acquiring an infection
would most likely be higher via other transmission routes, e.g. person-to-person
contact or via fomites.

The study in Paper V was based on a theoretical system, however an existing
system in Sweden has also been evaluated in a similar way (unpublished). In the
latter, in Urban Water called the ‘urban enclave’, the faeces from each household
was emptied into a common outdoor compost (although no composting process
has been observed in terms of temperature increase) with sufficient capacity for
several years of storage. The possibility of long-term storage will render possible
sufficient die-off of potential pathogens in order to reduce risks to tolerable levels.
On the other hand, the bins had to be emptied much more frequently than in the
system in Paper V (on average every month to every third month compared to
once a year), which results in more frequent exposure to potentially hazardous
material.

A fundamental difference between the systems is that the people in the ‘urban
enclave’ are not only exposed to the faeces from their own family but also to those
of thirty other families, which increases the likelihood of exposure to pathogenic
microorganisms when emptying bins or reusing the material in the area. In single
households knowledge about prior diarrhoeal illnesses could entail increased
awareness when handling the faeces — information that would not be available in a
system encompassing several households. If systems like this should be
implemented in urban areas, it is crucial that they are properly operated and

maintained and that routines for handling the hazardous material are set up and
followed.

7.6  Outbreaks versus sporadic cases

In Paper II it was estimated that a larger number of people were at risk of
becoming infected from pathogens passing the treatment under normal operating
conditions rather than at failure incidents. It is unlikely that these cases would be
reported to epidemiological statistics since the cases would be sporadic both in time
and place and the link to drinking water therefore not be evident from a medical
viewpoint (see Figure 1-3). While the incidents in the waterworks did not have a
substantial effect on the yearly risk of infection due to their short duration and
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mixing of water produced during failure with that produced during normal
operating conditions, the incidents in the distribution network were more likely to
cause evident outbreaks. The reasons for this were that affected persons were of
high risk of becoming infected and because a local contamination would affect the
residents in a limited area. This geographical cluster of cases could lead to the
suspicion of a common source.

To conclude, although the risk of becoming infected during a failure event can be
high, the resulting annual number of cases could be higher from tap water produced
during normal operating conditions. This issue is very important when it comes to
risk management and risk minimisation and the question remains as to whether the
focus should be on reduction of the total number of infections or on the prevention
of events that can lead to outbreaks.

Risk experts often consider hazards that affect many people at a single occasion and
hazards that affect many people but sporadically as comparable (Covello, 1983).
From this point-of-view the effort that would have the highest impact on the
number of infections would be preferred. Non-experts however often consider
hazards that affect many people at the same time as being more dangerous (Covello,
1983). It is therefore probable to believe that the public would want to prevent
outbreaks, no matter how small or rare these are.

Considering the impact a waterborne disease outbreak has on society, this may
actually be the right priority. Beside the negative health impact for affected people
and the possibility of lost consumer confidence in the drinking water, waterborne
disease outbreaks also cost the society a substantial amount of money. In the
Milwaukee outbreak in 1993, where 400 000 people were estimated to be affected,
the total costs of illness has been estimated at US $96 million; $32 million in medical
costs and $64 million in productivity losses (Corso et al., 2003). The costs for
outbreak investigations and follow-up, Ze. trying to determine what pathogens and
what technical defects caused the outbreak, how many people were affected, how to
prevent further impact and so on, can also be substantial. Andersson ez al. (1997)
estimated the cost of a waterborne outbreak with more than 3 000 cases of
Campylobacter in Sweden to be 4.8 million SEK (US $675 000). The total cost of
waterborne outbreaks in Sweden has not been assessed, however for comparison
the annual cost of foodborne illnesses in Sweden has been estimated at 1082
million SEK (US $152 million) (Lindqvist ¢# a/., 2001).

7.7 Sensitive sub-populations

As mentioned in Section 4.2 sensitive populations can constitute a large part of the
population and are likely to increase (Gerba et al, 1996a). These groups of
individuals would be at the greatest risk of serious illness and mortality from water
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and foodborne enteric microorganisms. There may therefore be a need to take these
individuals into special consideration in the risk management of drinking water and
different reuse practices of wastewater and sludge.

In Paper IV it was concluded that the sensitive subpopulations, the young, the
elderly and the sick had higher unheated tap water intake than other groups in
Sweden. If the drinking water is contaminated with pathogens these groups are at
increased risk of becoming infected or to develop more severe symptoms than
would healthy individuals. This may call for a raised concern regarding risk
assessment and management of drinking water systems. Some countries have special
water advice for the immunocompromised population (CDC, 2004) a situation that
has mainly arisen as a result of the high sensitivity to and fatality in cryptosporidiosis
for HIV patients (Aragon ez al. 2003). Aragon ez al. (2003) found that the proportion
of cases of cryptosporidiosis in AIDS patients attributable to tap water
consumption could be as high as 85%.

Since decentralised treatment of drinking water in Paper I was shown to be feasible
both from a health risk and from environmental effects perspective, additional
water treatment could be provided to sensitive consumer groups such as day-care
centres, nursing homes and hospitals. Such decisions should preferably be made in a
forum of decision makers and the public in general.

Nwachuku and Gerba (2004) suggest that children should be taken into separate
consideration in QMRA. This is because children are of increased risk of infection
to enteric pathogens, but also because they may be more environmentally exposed.
The hand-to-mouth and object-to-mouth contact is much greater among children
than adults (Nwachuku and Gerba, 2004) for example. This was considered in the
QMRA in Papers V and VI where separate soil ingestion rates for children were
used. Exposures were identified specifically for children such as playing at the
sludge storage and more frequent transfer of water-to-mouth in the wetland
compared to adults. Several outbreaks with EHEC from recreational waters have
mainly affected children and the attack rates have been higher when swallowing
water and submerging the head (Feldman ef 4/, 2002). The same observation was
made at the outbreak with noroviruses in Gothenburg in the summer of 2004.

7.8 Application of HACCP in the management of wastewater and
biosolids treatment and reuse

HACCP was recently proposed for the management of hazards in biosolids reuse
on agricultural land in the UK (Water UK, 2004). The proposed procedure covers
different types of hazards, not only microbiological. The focus is however only on
the end product and does not include the management of hazards for staff or other
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people involved in the treatment and handling of biosolids. These issues were
however addressed in Paper VI.

In Paper VI the calculated risks of infection of staff working at the wastewater
treatment plant were exceptionally high. Although staff may have acquired
immunity to some of the pathogens encountered in wastewater, this should not be a
reason for accepting high risks. Gastrointestinal symptoms, airway symptoms, joint
pains, unusual tiredness and toxic pneumonitis have been found in significantly
higher frequency among operational staff at sewage treatment plants in Sweden
compared to controls (Thorn ez al., 2002; Thorn and Beijer, 2004). Although some
of these symptoms may be associated with exposure to endotoxins, somewhat
higher antibody levels to adenovirus and enterovirus were also found (Thorn and
Beijer, 2004). Risk reducing measures would however be relatively easily to
implement.

The reuse of sludge or biosolids in agriculture resulted in low risks from crops in
Paper VI. The use of treated sludge in agriculture probably constitutes lower
microbial hazards than the common use of animal slurry and manure, however
chemical hazards are most likely higher in sewage sludge. To be on the safe side
when reusing wastewater fractions, risks should be reduced substantially at
treatment to ensure a safe product for further handling. For this to be possible,
wastewater treatment plants must be designed such that the desired effluent quality
is consistently achieved (Cooper, 1991).

The ranking of hazardous exposures based on increase in endemic disease was
found useful in setting the risks in a public health perspective. The amounts and
frequencies of exposure were however uncertain in several of the exposures and
need further investigation. The QMRA and HACCP procedure was in Paper VI
applied to conditions of normal operation of the treatment plant. Worst-case
scenarios or hazardous events need to be further evaluated in order to propose a
final management system. Such events could be flooding, a major failure in the
wastewater treatment or sudden peaks based on treatment variability. The remaining
steps in HACCP should also be addressed with the participation of the managers
and staff of the treatment plant.

7.9 Risk communication — experts and users

As mentioned in Section 1.2 people generally regard exposures to involuntary risks
as less acceptable than voluntary risks. Considering this, people are less likely to
accept hazards in their drinking water since that is something they cannot affect and
since they are dependent on drinking water for their daily life. People may on the
other hand accept high microbial risks from a system they have chosen themselves,
as seen for example regarding the faeces collection in the ‘urban enclave’ mentioned
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above. In that system the users appeared to be aware of and take precautionary
measures to avoid some of the obvious hazardous exposures such as when
emptying bins (H. Krantz, pers. comm.). Other hazardous exposures identified by the
risk assessor were however not considered such as children playing at the faeces
compost or the occurrence of flies in some apartments originating from the faeces.

Although QMRA require a lot of effort in data collection and skills in modelling,
the communication of risks to the public may be the most difficult task in risk
analysis. The way that experts use quantitative assessments, with advanced
computer programs and models, to identify, estimate and assess risks is very
different from the intuitive risk assessment or risk perceptions that people use in
everyday life (Slovic, 1987). The question is how experts and the public should
communicate with each other when they use such different languages and methods.

One possible way to proceed regarding the communication of microbial risks is by
the use of health indices, such as DALYs (described in Section 4.5) since the
number of years lost or lived with disability gives more information on the severity
of a hazard compared to measures of infection risk. In the Urban Water program
multi-criteria decision aid is proposed for use in decision making of urban water
systems involving different stakeholders (S6derberg and Kain, 2002; van Moeffaert,
2003). These should take all sustainability aspects into consideration, out of which
health is one of the most important.
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8 Conclusions

The most important conclusions in relation to the formulated research questions
were:

*  Decentralised drinking water treatment with membranes can be competitive
with centralised conventional treatment regarding environmental impacts and
health. Even in systems encompassing treatment processes with very high
removal efficiency such as membranes, more than one barrier is required to
minimise health risks in case of failures. In order to safeguard the health of
consumers in decentralised systems it is crucial that system operation and
management is well established.

* Failures in drinking water distribution involving microbial contamination are
likely to result in waterborne disease outbreaks. Short-term failures in
treatment may not have a large impact on the health of consumers, especially
if the water produced during failure is mixed with water produced during
normal operating conditions. Averaged over a year, the total number of
people at risk of becoming infected with pathogens from drinking water
could be higher from water produced during normal operating conditions
than during failures.

* The concentrations of noroviruses in surface water can be estimated by a
most-probable-number approach. These viruses show substantial fluctuations
in concentration over the year with peak concentrations in the wintertime.
These peaks could be further resolved into smaller peaks, possibly resulting
from outbreaks in the human population or different types of events.
Fluctuating concentrations of noroviruses or other pathogens could be
predicted by time series analysis and used as an eatly warning system if
complemented by regular monitoring.

* The direct, or cold, tap water consumption in Sweden differs between groups
in the population and to that reported from several other countries. Groups
already sensitive to infection, ze. the elderly, the sick and children, consume
higher volumes of cold tap water than the rest of the population. This may
call for special attention in the risk management of drinking water systems.

* The infection risks associated with local handling and reuse of human faeces
is highly dependent on the incidence of infectious diseases in the population
and would be low for the majority of households in Denmark and Sweden.
In order to reduce risks to acceptable levels over the system as a whole,
sufficient die-off of the most persistent pathogens must be secured, which
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requires facilities for the long-term storage of locally-collected faeces in case
no other treatment is provided. Without the assurance of proper maintenance
and following of directions, these kinds of systems should not be
recommended on a larger scale, especially if the material is to be applied to
soil.

*  Microbial health risks associated with the handling and reuse of wastewater
and sludge can be successfully addressed and controlled within the
management system Hazard Analysis and Critical Control Points (HACCP).
The infection risks of hazards and hazardous exposure pathways can be put
into an epidemiological framework in order to facilitate decision-making
regarding hazard prioritisation. Many exposure pathways can be controlled
through easy measures. Worst-case scenarios or hazardous events need to be
included in a final risk management system.

QMRA has the potential to be used in many different contexts in the future, not the
least in the comparison between different water and wastewater systems. Although
many important questions have been resolved in this thesis many others remain to
be answered. One for example is the resolution needed in the models to make
accurate estimations of microbial health risks. As the need for underlying data is
great the field would benefit from international co-operation and data exchange. On
the other hand, site-specific pathogen monitoring was shown to be very important
for the accurate estimation of risks. The implementation of new solutions of water
and wastewater/sanitation systems was also shown to incorporate new exposure
pathways to pathogens. These need further attention regarding where, when and
how often they would occur and whom they will affect.
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