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Abstract


The health risks associated with tank rainwater consumption are not well defined. This paper provides a schematic model for considering the health impacts of rainwater with microbial contamination using the epidemiological approach but encompassing risk assessment as a central theme. The issues that need to be addressed in a microbial risk assessment (MRA) are identified. These include, for example, the numbers of pathogens in tank rainwater, their ability to survive and multiply; the extent of individual exposure; and the measurement of health outcomes. The merits of the various epidemiological study designs as tools to estimate the risk of illness from rainwater exposure are discussed. The MRA framework enables a systematic estimation of health risk as a consequence of potable tank rainwater contamination and has important implications for the setting of microbial standards for potable rainwater.





Introduction


Rainwater collection systems in developing countries may provide potable water of higher quality and less risk to health than alternative sources. However, in developed countries such as Australia and New Zealand, consumption of tank rainwater of potentially lower microbial quality than alternative mains supply, is often a matter of choice. In South Australia, for example, 42% of households use tank rainwater as their main potable source compared with 40% who use the public mains supply (Heyworth JS et al 1998). 





A number of pathogenic species have been identified in tank rainwater. Microbiological surveys have found Clostridium perfringens, Salmonella spp. (Fujioka RS et al 1991), Cryptosporidium spp., Giardia spp. (Crabtree et al 1996), Legionella spp. (Broadhead AN et al 1988), Aeromonas spp. (Simmons GC et al 1997), Hepatitis A virus (Luksamijarulkul P et al 1994), Pseudomonas spp (Waller DH et al 1984), Shigella spp. (Canoy MJ and Knudsen A 1983), and Vibrio parahaemolyticus (Wirojanagud W et al 1989) as contaminants of rainwater. However, the degree of contamination and the implications for health have not been quantified. Yet this is an important public health question, given the level of consumption. Figure 1 provides a model for relating roof water consumption to the development of illness. Central to this model is microbial risk assessment (MRA) which provides a framework for a systematic evidence-based approach to quantifying risk. In this paper the particular issues that need to be addressed in a risk assessment of tank rainwater are identified and the role of epidemiology within this framework is outlined. 





Microbial Risk Assessment 


The purpose of the risk assessment approach is to determine the nature and magnitude of a risk caused by a hazard. Traditionally the focus has been on chemical risk assessment but in recent years a systematic approach to microbial risk assessment (MRA) has evolved, taking into account some of the unique features associated with microbiological contamination (Jaykus L 1996). MRA comprises four steps: hazard identification; exposure assessment; dose-response estimation; and risk characterization. The issues specifically related to a microbial risk assessment of tank rainwater are summarized in Table 1. 





Step 1: Hazard Identification


Hazard identification refers to the identification of the likely microbial contaminants in tank rainwater, their sources and determining whether or not these microorganisms are causally linked to adverse health outcomes. Where water is gathered from a roof catchment area, animals or birds that inhabit or traverse the roof area may be the main sources of contamination. If underground tanks are used, there is also the potential for microbial contamination from agricultural run-off or seepage from waste disposal systems. The question that follows is whether these organisms are pathogenic and to what extent they are able to survive and multiply within the tank environment. Pathogen prevalence surveys are limited by providing only a snapshot assessment in time and significant but transient contamination may go undetected. In addition to temporal differences in contamination, pathogens are likely to differ by region, depending on the occurrence of the contaminating source and the environmental influences affecting pathogen survival. The idiosyncratic nature of environmental influences on tank rainwater in any one geographical locality also limit the degree to which survey findings can be generalized to other regions. Furthermore, valid techniques to identify viral pathogens have until recently, been lacking. Where methods for the detection of pathogens are available, poor sensitivity may underestimate the true level of contamination.





Case studies reporting the investigation of illness in individuals have provided data linking adverse health effects to tank rainwater. Illnesses linked to contaminated rainwater supplies by case studies include salmonellosis (Simmons G and Smith J 1997), campylobacteriosis (Brodribb R et al 1995), legionellosis (Back E et al 1983), yersiniosis (Cafferkey MT et al 1993) and botulism (Murrell WG and Stewart BJ 1983). However, individual case investigation by sampling implicated rainwater systems is problematic because there is usually a prolonged period between infection and sampling. The time period between exposure to contaminated water, the onset of illness and subsequent medical diagnosis, is likely to be a number of days. During this time pathogen die-off may have occurred and the rainwater system incorrectly vindicated as the source of infection. On the other hand, an outbreak of illness involving a number of cases may support a link between illness and tank rainwater exposure. Evidence supporting tank water borne salmonellosis came from the investigation of a 63 case outbreak in Trinidad in 1976 (Koplan JP et al 1978). However outbreaks are notoriously under-reported and sporadic illness involving a single case is precluded from such investigation. In Australia and New Zealand, while the use of tank rainwater is extensive, each rainwater systems supplies only a few persons. A survey of 125 domestic tank rainwater supplies in Auckland in 1996-8 found the mean number of tank rainwater users to be only 2.9 per supply (Simmons GC et al 1997). Thus, contaminated tank rainwater is more likely to be a source of sporadic illness. 





Step 2: Exposure Assessment 


Exposure assessment is a function of both the extent to which tank rainwater is contaminated, and the level and mode of exposure. The water, consumer and environment-related factors affecting exposure are outlined in Table 1. The degree of tank rainwater contamination will be influenced by determinants such as water pH, temperature, competing microflora and disinfection processes. Also, the distribution of microorganisms within rainwater tanks may be heterogeneous, adding to the difficulty of determining levels of exposure. Microorganisms may accumulate in sediment and be re-suspended after rain. Consumption of tank rainwater may vary by age and level of activity. But while ingestion of tank rainwater is likely to be the main mode of exposure, inhalation may be a more effective route of infection by some pathogens such as Legionella Spp. 





Step 3: Dose-Response Assessment


The dose-response step describes the relationship between the dose of the pathogen and the magnitude of the adverse health effect. There are three factors important in determining the response: the amount of infective agent or bacterial toxin consumed from tank rainwater; the infectivity and pathogenicity of the infectious agent; and the vulnerability of the host. The response within the host population will vary across a spectrum of infection without symptoms to severe illness or death and so, the health outcome of interest must be carefully defined. 





Step 4: Risk Characterisation


This step synthesises the first three to provide an estimate of the risk, that is, the probability and magnitude of the adverse health outcome. This is accompanied by an acknowledgement and description of the uncertainty of this estimate and variability in the data on which it is based. When quantitative data is available mathematical models may be used to estimate this risk. 





Epidemiology


Epidemiology is the study of the distribution and determinants of disease in human populations (Last JM 1995) and is an essential tool to the risk assessment process. A number of epidemiological study designs can provide evidence for the link between exposure to potable rainwater and illness, and thus contribute to the assessment of microbial health impacts of rainwater consumption. There are three main types of epidemiological study design that assist MRA: descriptive, analytical and experimental. 





Descriptive or cross-sectional studies are useful in describing the distribution of disease within a population and factors associated with its presence or absence. They also can provide useful population data on levels and modes of tank rainwater use. A cross-sectional study usually takes the form of a random sample of a population in which current consumption of rainwater and prevalence of illness are measured using standardised questions. These studies are useful as a first step in identifying whether rainwater consumption may be associated with illness. However, because exposure and outcome are measured concurrently, it is not possible to draw definitive conclusions regarding causality. 





Analytic studies using case-control and longitudinal cohort methods provide stronger evidence for causality. In the case-control study, cases with a defined illness are assessed regarding past exposures relevant to their illness, with the same information recorded for controls, that is individuals similar to the cases but without illness. The risk of illness (odds ratio) can then be calculated for rainwater consumption. The New Zealand MAGIC study (Eberhart–Phillips J et al 1997) is an example of a case-control study in which consumption of tank rainwater was associated with an three fold greater risk of campylobacteriosis than that of non-consumers. An estimated 2% of campylobacteriosis in New Zealand was explained by the consumption of rainwater. 





Case-control studies have the advantages of being able to investigate rare illnesses, are relatively cheap and rapid. One disadvantage is that this study type is prone to recall bias. Cases may have thought more about possible exposures and be more likely to remember having consumed rainwater than members of the control group. 





Prospective cohort studies have the important advantage of establishing the timing of events. A group of well people chosen on the basis of their exposure to tank rainwater, are followed for a period of time, with the purpose of documenting the onset of illness. Such a cohort study of 1000 children aged 4-5 years is currently underway in South Australia. Serial sampling of rainwater systems can also be related to the degree of illness. In a group followed closely during a cohort study, it should be possible in many cases to confirm the presence of a pathogen by clinical sampling at the time of illness and to correlate this with the findings of concurrent rainwater system sampling. The main difficulties with this approach are that such studies are of long duration and are expensive. Their advantage is that they provide stronger evidence of a causative link between tank rainwater exposure and illness. 





In experimental studies (randomised controlled trials) persons or households are randomised to some form of intervention and the incidence of illness is compared with those allocated no intervention. This type of study has been used to assess the impact of public supply water on gastrointestinal illness (Payment P et al 1991). It would be possible, though expensive, to undertake a similar study of tank rainwater. 





The key issues to be addressed in any epidemiological study are the assessment of disease, the assessment of exposure and the control of confounding or bias. While randomised controlled trials allow better control of confounding, there are many important risk factors for gastroenteritis. Teasing out the particular effect of tank rainwater is made more difficult by the potential for confounding. This is particularly so in rural areas where tank rainwater exposure is associated with farming and direct animal contact. Also it is important to be able to assess the spectrum of gastrointestinal illness from mild and self-limiting to severe illness requiring hospitalisation. One approach is to rely on self-reporting of gastrointestinal illness but this is then dependent upon the subjective interpretation of gastrointestinal symptoms by respondents. On the other hand, case-control studies that rely on laboratory or medical practitioner-based notification for the selection of cases may limit the study to more severe cases only. Exposure assessment is again reliant on self-reporting of tank rainwater consumption. Because individuals may have several sources of potable water, it may be very difficult to classify their exposure to potable water accurately. In addition, measures of exposure may not take into account differences in the individual level of consumption. 





Conclusions


This paper has identified a number of issues relevant to the MRA of tank rainwater. Although there are still important gaps, data are becoming available to allow risk assessment of increasing complexity. In Table 1 we have identified the breadth of data required to undertake a MRA of tank rainwater. Much of this data is available and MRA provides a systematic approach to drawing it together in order to provide an estimate of risk associated with tank rainwater exposure. Referring to Figure 1, epidemiology can be used to confirm a link between tank rainwater exposure and risk of illness. MRA (including clinical sampling, tank ecology and water quality surveys) can then be used to confirm the nature and magnitude of that risk. Ultimately, MRA will enable evidence-based decision making for policies on tank water quality standards.
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�
Table 1 Key Questions in the MRA of Potable Tank Rainwater





Hazard Identification�
�
1.	Which birds and animals traverse roofs?


2.	What organisms are carried by these birds and animals?


3.	What is the potential for other contamination, such as agricultural run-off?


4.	To what extent can the organisms survive and grow on the roof, or in tank water and sediment? 


5.	What factors affect this survival e.g. solar radiation, oxygen and nutrients?


6.	What is the effect of the tank environment on the pathogenic potential of contaminants?


7.	Are the organisms pathogenic to humans?


8.	What short and long term health outcomes are expected?


9.	Are there at-risk populations?�
�
Exposure Assessment�
�
Water


1.	What is the extent and distribution of contamination?


2.	Are tanks topped up with water from other sources such as bore or stream?


Consumer


3.	Who consumes tank rainwater? 


4.	How much and how often?


5.	Does consumption vary by age or area of residence?


6.	For how long has tank rainwater been consumed?


7.	What are the important routes of exposure - inhalation, ingestion, skin contact?


Environment


8.	Do animals and birds or the organisms carried by them vary by geographic region?


9.	Do local environmental conditions influence pathogen carriage (e.g. proximity to landfill sites)?


10.	How long do pathogens survive under different environmental conditions, e.g. summer versus winter?


11.	What is the effect of rainfall and cleaning on level of contamination in tank rainwater?


12.	Do the design & maintenance of the catchment area & tank affect levels of contamination?


13.	What factors lead to re-suspension of organisms from the sediment?


14.	Is the tank rainwater treated at any stage (e.g. by filtering or boiling)?�
�
Dose-Response�
�
1.	What is the infective dose, rate of infection and incubation period for each pathogen?


2.	What are the virulence factors associated with the pathogens of concern?


3.	Is there evidence of development of immune response with previous acute or chronic exposure?


4.	How does the response differ within high risk groups?�
�
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