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ABSTRACT 

The human health significance of waterbome viruses has previously relied on 

epidemiological data fi'om documented waterbome outbreaks. It is difiScult, however, to 

assess the risks involved to individuals and communities fi'om exposure to low levels of 

contamination. Risk assessment is a useful tool in the interpretation of water quality data 

and can be used to better understand the significance of e3qx)sure to low-level contamination 

of viruses in water. Microbial risk assessment was applied to determine the risks associated 

with environmental exposure to waterbome coxsackievims and adenovims. Annual risks 

of infection for drinking water were determined to be as high as 10'' for both coxsackievims 

and adenovims at exposure levels of 0.13 PFU/1 and 0.001 IU/1, respectively. 

A comprehensive cost-of-illness analysis was conducted for three waterbome 

viruses - Norwalk vims, rotavims, and non-polio enterovims - to determine the economic 

impact of waterbome vimses in the United States. Annual medical costs and productivity 

losses were estimated in 1993 dollars using actual outbreak information and data fi'om 

epidemiological studies. It was estimated that $1.1 to $6.9 billion is spent each year in the 

United States due to these viral illnesses, with potentially $0.39 to $2.4 billion attributable 

to water. 

The United States Environmental Protection Agency (USE?A) has initiated the 

Information Collection Rule (ICR) in which water utilities serving >100,000 people will be 

required to collect data on the concentrations of specific microorganisms in source and 

finished water b^inning in 1997. Selected water utilities will be required to archive water 

san:^)Ies for possible fiuther viral analyses. A risk assessment approach was undertaken to 
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determine which viruses would be appropriate for the analyses of the archived water 

samples. The fbUowing viruses were selected based on the nature of the different diseases 

associated with each, their occurrence in waterbome outbreaks, and their resistance to 

inactivation by disinfectants; rotavirus, coxsackievirus, hepatitis A virus, adenovirus, 

Nonvalk and Norwalk-like viruses, astrovirus, and hepatitis E vims. The polymerase chain 

reaction (PCR) is the recommended detection method. The results of these analyses will 

provide both a database on the occurrence of these viruses in water as well as their 

susceptibility to water treatment. 
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INTRODUCTION 

The purpose of this dissertation is to determine the risks associated with «q}osure 

to specific viruses in water uang a risk assessment approach. Two other objectives included 

applying microbial risk assessment to priority-setting in a regulatory situation as well as 

conducting a comprehensive cost-of-iUness analysis for three viral illnesses which will 

provide economical information for microbial risk assessments. 

Problem Definition 

Human viruses have been well-documented as waterbome pathogens and waterbome 

transmission of disease continues to occur in the United States despite present technologies 

available for water treatment. Viruses can cause a wide range of illnesses including aseptic 

meningitis, respiratory illness, insulin-dependent diabetes mellitus, and acute gastroenteritis. 

From 1946-1980, viruses were responsible for more than 12% of the reported waterbome 

outbreaks and were suspected to be the etiological agent of the approximately 50% of which 

the causative agent was not identified. Viral waterbome illnesses are not reportable m the 

United States and information on their occurrence relies on epidemiological investigations 

of wateibome outbreaks. It is difScult, however, to determine the human health significance 

of exposure to low-level contamination of a water supply and, prior to this study, no 

information was available on the economic costs associated with these waterbome illnesses. 

Furthermore, data are limited on the occurrence of specific vimses in water, a collection of 

data on the occurrence of vimses in water is necessary to better quantify the human health 
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risks assodated whh exposure. Microbial risk assessment can be applied to estimate risks 

associated with exposure to low-level contamination. 

Literature Review 

The Risk Assessment Paradigm 

Risk may be defined as the possibility or likelihood of an adverse effect occurring 

due to consequences set forth from a particular hazard or hazards. A hazard may be a 

chemical, a landfill, biologically-contaminated food or water, or even a person's own 

behavior. Such hazards may impact the survival of an ecosystem or the quality of human 

life. The science of risk assessment involves evaluating the risks posed to a society or the 

environment in order to better understand the scope of the problems that may result from 

ejqjosure to particular hazards. The National Research Council (NRC, which was formed 

in 1916 by the National Academy of Sciences) strives to integrate science and technology 

with the workings of the federal government. Studies by this organization have improved 

the policy-making process of the government by developing the methodology necessary to 

evaluate risks posed by various hazards. Information learned through risk assessments can 

be used to help policy-makers make informed decisions concerning the risks posed from 

such hazards. 

Risk analysis is the process of evaluating risks and risk issues. The process involves 

risk assessment, risk management, and risk communication (NRC, 1994). The risk 

assessment methodology will be described further in this chapter. Risk management is a 

decision-making process that applies the information learned from a risk assessment and 
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incorporates judgment in interpreting and evaluating the results identifying and exploring 

regulatory options in an attempt to reduce the posed risks. Risk managers employ 

economic, social, political, ethical, and public health issues in selecting regulatory options. 

Risk managers also perform risk-benefit and cost-benefit analyses during their role in the 

risk analysis process (NRC, 1994; NRC, 1996). 

Risk communication is the interaction between risk managers and the public about 

the risks and issues associated with the risks. The aim here is to present a risk assessment 

interpretation in a way that the general public understands so that they may interpret the 

risks appropriately. This is a difBcult task for it is unlikely that all interested parties will 

understand the information in the same manner. Attempts are made to present risks without 

introducing any cultural or social bias that would alter its interpretation (NRC, 1996). 

Risk assessment is the first step of the risk analysis process. The risk assessment 

paradigm was initially developed to form a partnership between science and government that 

would help educate the government on current scientific issues. A committee was formed 

that represented a broad range of expertise, including science, government and industry. 

Members of the committee used past experiences in risk assessment to develop an effective 

fi'amework. Although this would require subjective insight, an attempt was made to 

conclude with an impartial plan for conducting objective risk assessments (NRC, 1983). 

The fiamework was developed with a focus on chemical hazards. 

There are four fimdamental steps in the risk assessment firework: 1) hazard 

identification; 2) dose-response assessment; 3) exposure assessment; and, 4) risk 

characterization (Figure 1). The hazard identification step is the most easily followed. 



Hazard 
Identification 

Dose-response 
Assessment 

Characterization 

Figure I. ElementsoFRisk Assessment. 

Exposure 
Assessment 
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Basically, a substance is determined as harmful or not based on laboratory and field data as 

well as infonnation obtained fix)m q>idemiological studies. The risk assessment process may 

stop here if no adverse effect is found or if it is decided, based on current information, that 

a regulatory action take place. The dose-response assessment involves determining the 

relationship between the dose of the hazard and the incidence or periiaps even the extent of 

the adverse health effect. This step uses animal studies and requires the extrapolation fi-om 

high to low doses and fi'om animals to humans. Any uncertainties in the data used are 

presented here. 

The objective of the exposure assessment step is to measure the fi-equency and 

intensity of the exposure, the route of exposure, and the population exposed. Some of this 

information is derived fi'om field measurements. Exposure control options are presented 

here as well as any uncertainties encountered. The objective of the risk characterization step 

(A^ch can be qualitative or quantitative) is to estimate the risk of an adverse health effect 

occurring based on exposures determined in the exposure assessment. Information fi'om the 

dose-response assessment and the exposure assessment are combined to determine the risks 

involved with exposure to a hazard. A complete description of the effects of the 

uncertainties that occurred throughout the risk assessment process is also discussed. 

Judgment may play a role here as risk estimates are determined for particular populations 

and exposures (NRC, 1983). 

Uncertainty occurs when there is a degree of doubt concerning data or knowledge 

and is always present to some extreme in risk assessments. How uncertainty should be 

handled is debatable and can contribute a great deal of doubt in quantitative risk 
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assessments. It is often feared that by presenting the uncertainties encountered in a risk 

assessment or by conducting an uncertainty analysis, confidence in the risk assessment will 

diminish. However, to provide a conq)iete risk characterization that is both understandable 

and acceptable, it is necessary to present all uncertainties throughout the risk assessment 

process (NRC, 1994). 

While conducting a risk assessment, choices are made by the risk assessor on which 

data to use, how to interpret data, \^t to do when no information is available, etc. In 

refining this firework, the committee reviewed each step of the risk assessment process 

careMy and evaluated the options that may occur within each step. The committee termed 

these options as "inference options" and compiled a list that may be encountered during a 

risk assessment. This list was primarily specific for chemicals, however (NRC, 1983). 

Risk characterization was mitially designed to be a summary of the information 

compOed fi'om the first three steps of the risk assessment fi^mework with the idea that the 

process of this step would be conducted without the influence of risk management. More 

recently, an attempt has beoi made to integrate these two processes with the belief that this 

would help include public participation which would therefore increase the chance of 

reaching decisions that would be generally acceptable (NRC, 1996). Seven principles for 

implementing this new approach have been proposed (Figure 2); 

1. decision-driven activity; 

2. broad understanding; 

3. analytic-deliberative process; 



decision-driven activity 

build organizational capability 

broad understanding 

diagnosis of the 
decision situation Characterization 

analytic-deliberative 
process 

mutual and recursive problem Tormulation 

Figure 2. Seven Principles for Risk Characterization. 
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4. problem formulation; 

5. mutual and recursive; 

6. diagnosis of the decision situation; and, 

7. build organizational capability. 

The first principle suggests that the risk characterization should be conducted with 

the goal of fulfilling a specific aim or answering a specific question that would help in the 

decision-making process. The "broad understanding" principle includes not only an 

understanding of the nature of the hazard, but also an understanding of all of the interests 

and concerns of those afifected by the posed risk. The third principle involves a systematic 

analysis of the collected data and a deliberation of all of the issues. Such a deliberation 

should also help fonnulate the aim of the risk characterization and help define the problem 

under consideration. 

The fourth principle - problem formulation - was included due to increasing criticism 

that risk characterizations were not considering issues and concerns of affected parties. It 

is recommended that concerns of interested and affected parties be included when the 

problem is initially defined. The "mutual and recursive" principle refers to the analytic-

deliberative process and states that this process should occur throughout the entire risk 

assessment. The sixth principle states that risk assessors should first define the decision 

under consideration before proceeding with the risk assessment. In this way, there is a 

better chance that the risk characterization will provide the information needed to make a 

(regulatory) decision. 
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The last principle pertains to the groups or organizations conducting risk 

assessments and urges them to be consdentious when conducting risk characterizations and 

to be aware of w^^rs to uiq)rove the process. Ahhough incorporating these processes seems 

complex and peiiiaps even costly, it is believed that by helping with the initial problem 

formulation and by including the interests of affected parties early in the process, many other 

problems will be avoided (NRC, 1996). 

The nature of the risk assessment processes currently debated by NRC involves risk 

assessments of toxic substances in the environment and how to incorporate results of such 

assessments in a regulatory setting. It is still unclear as to the role of risk assessment in 

policy-making situations and is subject to much d^ate (NSC, 1993). It has been concluded 

that there is not one correct way to conduct a risk assessment (NRC, 1993); its conduct 

depends on the problem formulation. Applying the risk assessment framework to estimate 

risks associated with environmental exposure to microorganisms has more recently been 

conducted and is discussed in the following section; however, microbial risk assessment is 

not an area that is currently addressed by NRC in their reports and publications. 

Nficrobial Risk Assessment 

Risk assessment methodology has recently been developed to better understand the 

significance of exposure to microorganisms in water. Epidemiological data obtained from 

waterbome outbreaks provide information on the human health impacts of microbial-

contaminated water. However, it is difiQcult to understand the impacts associated with 

exposure to low levels of contamination. Risk assessment can be used to determine the 
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significance of exposure to low levels of microorganisms in water. 

The four fimdamental steps of the risk assessment process described above - hazard 

identification, dose-response assessment, exposure assessment, and risk characterization 

(NRC, 1983) - can also be applied to assessing risks associated with exposure to 

microorganisms. Hazard identification includes characterizing the microorganism in terms 

of its physical attributes, the diseases/outcomes associated with exposure, its infectivity, 

morbidity and mortality ratios, populations at particular risk of disease, and its susceptibility 

to inactivation by water disinfection. Dose-response assessment utilizes information 

obtained fi^m human dose-response studies to determine the infective dose of a particular 

microorganism. Two mathematical models have been shown to adequately describe the 

infection process demonstrated in the dose-response studies of pathogenic microorganisms, 

including viruses (Haas, 1983). The exponential model. 

Pi = 1 - exp(-rN), 

[where P; = the probability of infection, r = the number of microorganisms that survive 

and are capable of initiating an infection, and N = the number of microorganisms ingested 

or inhaled] assumes a random distribution of microorganisms in the source and a constant 

microorganism-host interaction. The beta-Poisson model. 

P,= l-(1+N/B)-*, 
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[where Pj = the probability of infection, N = the number of microorganisms ingested or 

inhaled, and a and B represent parameters of the host-virus interaction] assumes a more 

heterogeneous microoiganism-host interaction. Risk estimates of illness and death can also 

be computed from these models by incorporating morbidity and mortality ratios of that 

particular microorganism (Haas et al., 1993). 

Exposure assessment detemiines the amount of water consumed by an individual as 

weU as the concentration of microorganisms (e.g., viruses). The USEPA uses 2 liter/person-

day for risk estimates of drinking water (Roseberry and Burmaster, 1992). Concentration 

data of a water source are site-specific and depends on the raw water quality and the degree 

of water treatment applied. It is this portion of the risk assessment process for 

microoiganisms \^ere data are most lacking. Risk characterization is the process of using 

the information learned from the first three steps and estimating the risks associated with 

exposure to a particular miCTOorganism. Any uncertainties and assumptions that contributed 

to the risk assessment procedure are described here. 

The risk assessment paradigm has recendy been applied to evaluate the human health 

impact of exposure to microoiganisms in food and various water supplies (Gerba and Haas, 

1988; R^ et al., 1991; Rose et al., 1991; Gerba and Rose, 1993; Haas et al., 1993; Rose 

and Sobsey, 1993; Teunis et al., 1994; Rose et al., 1995; Ashbolt et al., 1996; Gammie and 

Wyn-Jones, 1996; Gerba et al., 1996; Haas et al., 1996; Rose et al., 1996). Risk 

assessments of bacteria, viruses, and parasites have all been conducted and the application 

of microbial risk assessment in the regulatory arena has been explored (Rose and Gerba, 

1991; Macler and Regli, 1993; Sobsey et al., 1993). 
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The USEPA recommends that annual microbial risks of infection should not exceed 

1/10,000 (10"*) (Macler, 1993). Rose et al. (1991) developed a risk assessment model to 

estimate the risk of infection after exposure to treated waters contaminated with Giardia 

cysts. Yearly risks of infection were estimated to be greater than 10"* and the study 

demonstrated how mioDbial risk estimates can determine the level of treatment required to 

achieve an acceptable level of risk. Risks associated with varying exposures to 

CryptosporicUtan oocysts in water have also been assessed (Haas et al., 1996). 

The application of the risk assessment framework to viruses as a group has been 

reviewed (Gerba and Haas, 1988; Regli et al., 1991; Haas et al., 1993). More recently, a 

risk assessment of rotavirus has been conducted (Gerba et al., 1996) and concluded that 

rotavirus may have the highest infectivity of any waterbome virus. Due to the variability 

among the waterbome viruses in terms of associated diseases and resistance to disinfection, 

formal risk assessments of specific viruses are needed. 

Dose-response studies using human volunteers have been conducted for several 

microorganisms including rotavirus (Ward et al., 1986), hepatitis A virus (Ward et al., 

1958), poliovirus (Koprowski, 1956; Katz and Plotkin, 1967), adenovirus (Couch et al., 

1966), Salmonella non-typhoid (M^Cullough and Eisele, 1951), Salmonella typhoid 

(Homick et al., 1970), Shigella (Dupont et al., 1969), and Cryptosporidium (Dupont et al., 

1995). (Dose-response information for chemical risk assessments is primarily obtained from 

animal studies.) The best fit of the dose-response relationships to the data can be 

determined using the method of maximum likelihood (Haas et al., 1993) and dose-response 

models have been developed for many microorganisms (Rose et al., 1996). Extrapolation 
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from high to low doses is reqiiired in this step of the microbial risk assessment process. 

Risk estimates have been compared to epidemiological data obtained from 

waterbome disease outf)Feaks in order to determine the accuracy of the predicted estimates 

(Rose et al., 1996). Attack rates and duration of exposures from outbreak data are used to 

estimate the probable dosage that occurred to produce the observed attack rate; this range 

of dosage level is then compared to the dosage range predicted using the dose-response 

curve. 

One such comparison was conducted for Salmonella, in which the predicted range 

included the dosage range detected in the samples from the outbreak (Rose et al., 1996). 

In an evahiation of the microbial risk estimates for Escherichia coli, the predictions of the 

dose-response model on the infectivity of this microorganism supported the conclusions of 

epidemiological investigations (Gangarossa, 1978; Bennett, 1987). 

A certain degree ofimcertainty exists in all risk assessments. An uncertainty analysis 

has been conducted to measure the uncertainty in the estimation of risks using the microbial 

risk assessment models. A Monte-Carlo analysis has been performed to compare the 

uncertainty that is attributed to e?qx>sure variability to the uncertainty associated with virus 

in&ctivity and morbidity and mortality ratios ^Eiaas et al., 1993). It was concluded that the 

greatest degree of uncertainty is due to the variability in exposure and not due to the dose-

response parameters used in the assessment. 

More data are needed on the occurrence of microorganisms in water, particularly 

viruses. Most of the data on the occurrence of viruses in water are for enteroviruses as a 

group and not for specific viruses. When studies are conducted to analyze water supplies 
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for specific viruses, virus concentration data are often not provided. The application of risk 

assessment methodology to estimate risks posed by specific viruses would provide a better 

understanding of the significance of viral waterfoome disease. This methodology can be 

applied to both drinking water and recreational water as well as in developed and developing 

countries. Microbial risk assessment has the potential to become a usefiil tool for policy

makers in assessing microbial water quality. 

Dissertation Format 

The research presented in the ^pendices of this dissertation consists of four related 

studies designed and undertaken by the candidate; 1) an evaluation of the applications of 

microbial risk assessment in a regulatory setting and the development of a strategy for the 

environmental water analyses during the United States Environmental Protection Agency's 

Information Collection Rule; 2) an assessment of the economic impact of viral waterbome 

disease in the United States; 3) the application of the risk assessment paradigm to assess 

risks associated with exposure to waterbome coxsackievirus; and, 4) a formal risk 

assessment of waterbome adenovirus. 

Dr. Gerba is a co-author on all of the papers and served as an advisor to the 

candidate's research. Dr. Rose and Dr. Haas are co-authors on Appendices 3 and 4 and 

contributed information for the dose-response step used in the risk assessments but made 

no contribution to the implementation and interpretation of the research. The Department 

of Soil and Water Science requires that each candidate submit their original research to 

peer-reviewed scientific journals for publication. By using this dissertation format, the 
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candidate's research is presented as four separate papers. 
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PRESENT STUDY 

The methods, results and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings. 

The first paper offers potential applications of microbial risk assessment in a 

regulatory setting. Information obtained fi'om microbial risk assessments can be used to 

identify prevalent microorganisms, evaluate water treatment efiBcacy, identify 

microorganisms that are resistant to water treatment, and provide a comparison for 

evaluating risks associated with disinfectants and disinfection by-products. This first paper 

also describes a plan of action for the USEPA for the viral analyses of water samples that 

will be collected during the Information Collection Rule. 

The second paper presents a comprehensive cost-of-illness analysis for Norwalk 

virus, rotavirus, and non-polio enterovirus. Costs associated with these viral iUnesses were 

estimated at neariy $7 billion^ear in the United States with potentially $0.39 to $2.4 billion 

attributable to water. 

The third paper discusses waterbome coxsackievirus as an environmental hazard. 

A formal risk assessment approach was undertaken and identified serious illnesses that are 

associated with coxsackievirus infections. Risk of infection estimates were calculated as 

high as 1x10"' per year for drinking water and 1x10'̂  for a 10-day exposure to recreational 

swimming. The estimated risk for drinking water, based on exposure information fi'om field 

data, exceed the USEPA's recommendation of an annual risk of infection level of 1x10"*. 
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A formal risk assessment approach was conducted to estimate risks associated with 

exposure to adenovirus in drinking water ard recreational water and the results are 

presented and discussed in the fourth paper. Estimated annual risks of infection for 

adenoviius in drinking water ranged fiom 2.6x10'̂  to 9.5x10'̂  Using monitoring data from 

a recreational water source, risks of infection reached 1x10'̂  for a single exposure. 
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Abstract 

The application of risk assessment methodology is commonly used to assess risks 

associated with ecposure to toxic chemicals in the environment. Risk assessment has 

recently been employed to assess risks involved with environmental exposure to pathogenic 

microorganisms (e.g., viruses). Information on the effects of exposure to high 

concentrations of pathogens can be obtained epidemiologically from documented 

wateibome outbreaks. However, it is difficult to assess the risks involved to mdividuals and 

communities from exposure to low levels of contamination, and in many outbreak situations, 

the causative agent is never identified. Human viruses have been documented as waterbome 

agents of disease. The primary limitation in conducting a risk assessment of waterbome 

vimses is the lack of quantitative data on their occurrence in water. The United States 

Environmental Protection Agency (USEPA) has initiated the Information Collection Rule 

(ICR) in which water utilities serving >100,000 people will be required to collect data on 

the concentrations of specific microorganisms - including coliform bacteria, protozoan 

parasites, and total culturable viruses - in source and finished water beginning in 1997. Data 

on treatment plant operations and disinfection by-product precursor removal will also be 

obtained. Selected water utilities will be required to analyze water samples for 

enteroviruses but it is uncertain if any fiirther viral analyses of the collected samples will be 

conducted. 

The goal of this study is to use a risk assessment approach to determine which 

vimses - if any - would be appropriate for the analyses of the archived water samples. 

Published literature on the enteric vimses and their role as waterbome disease agents was 
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reviewed and the following characteristics were considered; 1) the nature of the different 

diseases/outcomes caused by enteric viruses, induding severity and frequency of occurrence; 

2) waterbome outbreaks of these viruses; and, 3) the resistance of these viruses to 

inactivation by disinfectants. The following viruses are recommended to be included in the 

analyses of the archived water samples; rotavirus, coxsackievirus, hepatitis A viais, 

adenovirus, Norwalk and Norwalk-like viruses, astrovirus, and hepatitis E virus. The 

polymerase chain reaction (PGR) is the recommended detection method for these viruses 

due to the specificity and sensitivity of this technique. The results of these analyses will 

provide both a database on the occurrence of these viruses in water as well as their 

susceptibility to removal by water treatment. The concentration data of the viruses will be 

compared with the results of the colifonn bacteria analysis to determine if any correlation 

of occurrence exists. The occurrence data obtained can be used in microbial risk 

assessments to determine the human health impacts of exposure to waterbome viruses. 

Results of such assessments can be used as a tool in policy decision-making in the 

management of microbial water quality. 

Introduction 

The application of risk assessment methodology is commonly used to assess risks 

associated with exposure to toxic chemicals in the environment (NRC, 1983). Risk 

assessmoit has recoitly been en:q)loyed to assess risks involved with environmental exposure 

to pathogenic microorganisms, such as viruses (Regli et al., 1991; Rose et al., 1991; Haas 

et al., 1993). However, the lack of quantitative data is the primary limitation in conducting 



microbial risk assessments. Although human viruses have been well-documented as 

wateibome agents of disease, data are lacking on their occurrence in water. \%uses have 

beeninq)licated in waterbome outbreaks (Hawley et al., 1973; Taylor et al., 1981; Kaplan 

et al., 1982; Solodovnikov et al., 1989; NfMllan et al., 1992) and are suspected to be the 

causative agent in many of the outbreaks where the responsible microorganism was not 

isolated. In many outbreak situations, the nature of the resulting disease indicates an 

outbreak that may be of viral etiology. 

Although waterbome outbreaks have been documented for viruses, their role as 

waterbome pathogens has not been fully characterized making it difficult to evaluate the 

himian health impact of exposure to low levels of viral contamination in a water supply. A 

formal risk assessment approach can be applied to determine the risks involved to 

individuals and communities from exposure to viruses in water, particularly at low 

concentrations. Dose-response models can be developed based on information obtained 

from human-feeding or human-inhaladon studies. Information obtained from microbial risk 

assessments of viruses can be used by policy-makers in developing regulations for potable 

waters. However, more data are needed on virus occurrence in water. 

The United States Environmental Protection Agency (USEPA) has initiated the 

Information CoUection Rule (ICR) in which, beginning in 1997, water utilities serving 

>100,000 people will be required to collect data on the concentrations of specific 

microorganisms in source and finished water for 18 months (USEPA, 1996). Water will be 

analyzed for colrform bacteria, protozoan parasites, and total culturable viruses [which 

includes polioviius types 1, 2 and 3; some serotypes of echovirus and coxsackievirus; and. 
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some of the reovinises ^ahling and Wright, 1986; Hurst, 1996)]. Coliform bacteria are 

currently used as an indicator of microbial water quality. Results of the other microbial 

analyses will be compared to determine if any correlation of occurrence exists. Data on 

treatment plant operations and disinfection by-product precursor removal will also be 

obtained. Selected wato* utilities will also be required to archive water samples for possible 

future viral analyses. Although total culturable virus concentration data will be obtained 

during the ICR, it is uncertain if any further viral analyses of the collected samples will be 

conducted. 

The ICR provides an opportunity to collect invaluable data on the occurrence of 

specific viruses in water that can then be incorporated into the risk assessment process. The 

results of such assessments can then be used to evaluate the efiBcacy of treatment plant 

operations and define a risk management strategy for the control of exposure to waterbome 

viruses. 

The objectives of this study are to discuss how risk assessment can be applied to 

microorganisms and to demonstrate how microbial risk assessment can be used in priority-

setting for analyses of water samples during the ICR This paper consists of the following 

sections: 1) a discussion of the application of microbial risk assessment in a regulatory 

setting; 2) a description of the ICR and a selection of the waterbome viruses that should be 

included based on human health impact; and, 3) a proposed plan of analyses for the 

detection of the selected viruses in the archived water samples. The goal is to demonstrate 

how science and policy can interact to develop management strategies designed to control 

the human health risks associated with exposure to microbial-contammated waters. 
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Microbial Risk Assessment: Its Design and Application 

Microbial risk assessment is an innovative tool for evaluating microbial water quality 

and for formulating control strategies that will protect potable waters. The four-tiered risk 

assessment paradigm of hazard identification, dose-response assessment, exposure 

assessment and risk characterization has been used for the past twenty years in risk analysis 

to assess and control exposure to toxic chemicals in the environment (NRC, 1983). The 

development of the framework was a result of increased criticism of the then current 

conduct of risk assessment by regulatory agencies. Risk assessment has recently been 

applied to assess the risks associated to environmental exposure to microorganisms, such 

as viruses and parasites (Regli et al., 1991; Rose et al., 1991; Haas et al., 1993). Recently 

published literature and reports updating the use of this risk assessment paradigm continues 

to strive to improve its ̂ plication in evaluating chemicals in the environment and makes no 

mention of its usefulness in the water microbiology field (NRC, 1993; NRC, 1994; NRC, 

1996). The following discussion offers suggestions and guidelines for the application and 

interpretation of risk assessment in estimating risks associated with exposure to 

microorganisms in water. 

Nficroorganisms of waterbome concern have been grouped into three broad 

categories; bacteria, protozoan parasites, and viruses. Unlike chemicals, microorganisms 

are living entities or, in the case of viruses, are analogous to a living being. Bacteria are 

single-celled, procaryotic microorganisms that vary widely in their ability to cause clinical 

illness and in the severity of those illnesses. Infections with waterbome bacterial pathogens, 

such as Campylobacter, Salmonella non-typhi, and Shigella, primarily result in 
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gastroenteritis. Protozoan parasites, such as Cryptosporidium, Gica-dia and Entamoeba, 

are single-celled, eucaryotic microorganisms that are ubiquitous in nature, including water 

enviromnents. Infections result in gastroenteritis with Cryptosporidium infections 

particular^ severe in immunocompromised individuals. Mruses are obligate intraceUular 

parasites that consist of a DNA or RNA nucleic acid encompassed by a protein coat. More 

than 100 types of himian enteric viruses have been identiiSed (Gerba and Rose, 1990), 

including the enteroviruses (poliovirus, coxsackievirus and echovirus), Norwalk and 

Norwalk-like viruses, rotavirus, and hepatitis A virus. Diseases range from acute 

gastroenteritis to viral myocarditis, encephalitis, and insulin-dependent diabetes mellitus. 

The primary objective in developing a risk assessment approach for estimating risks 

associated with microbial-contaminated water is to provide a framework that can be used 

by r^iulatory agencies, such as the USEPA, to evaluate water supplies, implying the risk 

assessment paradigm to estimate risks associated with microorganisms, however, requires 

some modification of the definitions and goals of each of the steps. 

In the original risk assessment approach, hazard identification is simply defining a 

hazard by presenting evidence of a causative relationship between the agent and the adverse 

ef^. In microbial risk assessment, however, a broader scope of information is presented. 

A complete description of the resulting himian illnesses are identified, including severity 

ranges and the immune status of the populations affected. Moibidity and mortality rates and 

ratios are also included here and any information on endemic and epidemic disease. It is 

important to present this information when conducting risk characterizations to provide a 

more complete description of the hazard. However, it is also pertinent that the assessor be 
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able to recognize fidlacies or biases in the available information on a particular hazard and 

be sdective in information is used. The ability to accurately interpret the information 

presented in the scientific literature is also important. 

The dose-response assessment in chemical risk assessment usually focuses on the 

extrapolation of animal data to humans. This has not been a primary issue in microbial risk 

assessments because the dose-response models have been developed based on studies 

involving humans. Both infection and disease have been used as an endpoint in the human-

feeding and human-inhalation studies. However, the effects of multiple exposures have not. 

In microbial risk assessment, it is assumed that each exposure is statistically independent of 

another. Immunity may alter this assumption but more information is needed in this area. 

For both chemicals and microorganisms, exposure assessment determines the 

fi-equency and intensity of human ejqrasure to the hazard. When applied to microorganisms, 

it is this step of the risk assessment paradigm where data are most lacking. Other factors 

must be included in this section for microorganisms that are not applicable to chemicals. 

First, the survivability of the microorganism in the environment must also be considered. 

Some viruses, for example, are able to withstand environmental stressors better than other 

viruses. Second, the microbial agents' susceptibility to inactivation by water treatment 

varies between microoiganisms and its ability to regrow in the environment will also affect 

the outcome of an exposure assessment. These are factors that are imique to 

microorganisms. The population exposed is also a &ctor. The age distribution and immune 

status of the hosts influence the affect of exposure to microorganisms and must be 

considered when assessing microbial risks. The phenomenon of secondary transmission 
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magnifies the impact of exposure to microorganisms (Morens et al., 1979; Baron et al., 

1982; Kappus et al., 1982 ) which is not a consideration when assessing a majority of 

chemical exposures. 

The primary goal of the risk characterization step of the risk assessment framework 

is the same for both chemical and microbial risk assessments. Information learned through 

the first three steps are presented and interpreted and any assumptions and uncertainties 

encountered throughout the process are discussed. This information is then used to estimate 

the human health effects resulting from exposure to the given hazard. 

Using the information obtained from a risk assessment effectively and appropriately 

is the challenge of any risk analysis. The interpretation of the estimated risks and all the 

factors encompassed in their computation are important in policy decision-making. The 

microbial risk assessment process is a means of providing a framework for decision-makers 

and is an innovative first step toward developing consistent and objective guidelines for 

evaluating environmental risks to microorganisms. Results from such assessments can 

influence regulatory choices made during negotiations of upcoming USEPA regulations, 

such as the Groundwater EHsinfection (GWD) Rule and the Disinfectant/Disinfection 

Byproduct (D/DBP) Rule. The USEPA recommends that potable waters should not 

introduce an annual risk of microbial infection greater than 1; 10,000 (10*^) to individuals. 

It is therefore necessary to obtain an understanding of risks posed by different 

microorganisms. Infection is used as an endpoint rather than illness to be more protective 

for all types of populations. 
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Microbial risk assessment can be applied to provide many valuable pieces of 

information that can be utilized in setting standards and formulating regulations. This tool 

is the link between is known and the action to be taken (Figure 1). One of the obvious 

outcomes of such an assessment is the identification of information gaps. Identifying what 

is not known about a microbial hazard may be just as important as the information that is 

obtained. These gaps highlight the areas where more research and study are needed for a 

better understanding of the scope of the hazard. Estimated risk levels can be used to 

determine what levels of water treatment should be administered to a water supply to 

achieve an acceptable level of risk or to evaluate the efficacy of current treatment practices. 

Results of risk assessments of specific microorganisms can also identify potential 

indicator organisms that can be used to target microbial-unsafe potable waters. Current 

standards utilize coliform bacteria as indicators of contamination but more and more studies 

are demonstrating no correlation between the prevalence of bacteria and the prevalence of 

viruses and parasites (Seyfiied et al., 1985; Fleisher, 1990; Fleisher, 1991). By reviewing 

the data on the occurrence of viruses and parasites in water supplies and their ability to resist 

environmental influences and conventional treatment practices, these microorganisms may 

be introduced to this role. Improving the methods of detection for both viruses and 

parasites are currently being explored to develop detection techniques that are sensitive and 

economically feasible (Schwab et al., 1993; Jakubowski et al., 1996). 

A concern for the long-term health effects fi'om exposure to disinfectants (e.g., 

chlorine) and disinfection by-products has tempted some experts to suggest altering doses 

of chlorine and chlorine compounds during disinfection. A decrease in the amount of 



identifies 
prevalent 
organisms 

identifies 
potential 
indicator 
organisms 

provides 
comparison for 
risk-risk trade-ofls 

identifies 
resistant 
organisms 

evaluates 
diOerent water 
supplies/populations 

identifies 
information 
gaps 

evaluates water 
treatment elTicacy 

MICROBIAL 

RISK ASSESSMENT 

risk 
management 

Figure 1. Microbial Risk Assessment Applications. 

OJ -J 



38 

disinfectioii administered could greatly hinder the microbial quality of the water. This 

relationship was demonstrated in the reduced number of microbial outbreaks and deaths 

when disinfection was first implemented in water treatment, ^ficrobiai risk assessment 

provides a comparison for the estimated risks to these chemicals in water which may be 

necessary to evaluate before other forms of treatment are considered. Without an estimation 

of the miaobial risks involved, the options and consequences surrounding this issue could 

never be fully addressed. 

Periiaps the most useful aspect of microbial risk assessment is its application for all 

types of water and populations. The dose-response models can be used for populations in 

developing countries as well as in the industrialized areas and calculated risk estimates can 

be used to assess microbial water quality for different sources of water in all parts of the 

world. Most of the exposure data that are obtainable for viruses, for example, are from 

studies conducted in developing countries. However, this information can be incorporated 

in a risk assessment in which the risk estimates could be useful in an industrialized setting 

as well. By including the nature of the population under consideration during the risk 

characterization, the estimated human health risks can be appropriately interpreted. 

Incorporating science with policy is a complex challenge. It is recommended that 

risk assessments be conducted for specific microorganisms, such as viruses, since there is 

great variability in occurrence, infectivity, pathogenicity, and populations most affected. 

This would provide invaluable information on specific members of this complex and diverse 

group of microorganisms. It is also recommended that infection be used as the primary 

endpoint of interest in order to be protective of sensitive populations and since infections 
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can result in secondary transmission which, can magnify the impact of exposure to 

wateibome microorganisms. Some data, such as dose-response information, are lacking for 

some of the waterbome viruses but data obtained for other viruses could be used to fulfill 

the assessment. Combining characteristics of individual viruses may be the appropriate 

means of establishing viral water quality criteria. The following section demonstrates how 

risk assessment can be used to identify specific viruses as a potential public health concern. 

Such information can then be used in priority-setting for analyses of archived water samples 

collected under the USEPA's ICR. 

The Information Collection Rule: Should Viruses Be Included? 

The Information Collection Rule (ICR) (USEPA, 1996) was one of three drinking 

water rules developed in 1992 by an advisory committee [consisting of persons fi-om state 

health agencies, environmental and consimier groups, the water industry, and the United 

States Environmaital Protection Agency (USEPA)] whose initial goal was to negotiate the 

Disinfectant/Disinfection By-Product (D/DBP) Rule (USEPA, 1992). In negotiating the 

D/DBP Rule, the committee considered how establishing guidelines for the levels of 

disinfectants and disinfection by-products allowable in drinking water impacts the amount 

of treatment that should be administered [resulting in the development of the Enhanced 

Surfece Water Treatment Rule (ESWTR)] and then how this could influence the 

concentrations of pathogenic microorganisms in the water supply. The committee decided 

that more information is needed on the occurrence of specific microorganisms in water to 

better understand the effects of setting guidelines on the levels of disinfectants and 
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disinfection by-products to be administered. 

During the 18 months of the ICR, occurrence and concentration of total culturable 

viruses and the protozoan parasites, Cryptosporidium and Giardia, will be monitored in 

surface waters that serve as sources of drinking water supplies as well as those drinking 

water supplies that are under the direct influence of microbial-contaminated sur&ce waters. 

Coliform bacteria anatyses will also be performed. Water utilities in the U.S. that serve over 

100,000 people ^ch have met "laboratory approval" by the USEPA wiU participate m the 

ICR. Operational information of the water utility will also be collected and pilot studies to 

determine disinfection by-product precursor removal using membrane filtration or granular 

activated carbon (GAC) will be conducted. Many aspects of quality control (fi-om 

participating personnel to record-keeping) for all phases of the ICR was given careful 

consideration. 

The ICR will provide information on the occurrence of both Cryptosporidium and 

Giardia as well as the occurrence of total culturable viruses in the tested waters. However, 

because of the wide range of disease outcomes that can result from a virus infection, there 

is a need to identify specific viruses to become aware of their occurrence in source water. 

The development of a database of the types of viruses found in these waters as well as the 

concentration detected will help in understanding the magnitude of risks associated with 

viruses in drinking water in the United States. 

The vu^ analyses portion of the ICR will include utilization of the buffalo green 

monk^ ^GM) cell line for the detection of total culturable viruses. During this procedure, 

aliquots of the tested wata* samples will be fit)zen and archived for possible future analyses. 
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Utilities detecting 100/L or > of total culturable viruses in source water or any culturable 

viruses in finished water will potentially analyze the archived samples for additional viruses; 

however, it is speculated that the samples will ever be fiirther processed. Much attention 

and enthusiasm has been focused on the emergence of waterbome parasites, such as 

Cryptosporidium, while waterbome viruses have been somewhat forgottea Conventional 

methods for detecting viruses firom environmental samples can be time-consuming and 

costly making viruses not often recognized as the etiologic agent of waterbome outbreaks. 

Recently, Crypiosporidivm has been implicated in several waterbome outbreaks in the 

United States (Hayes et al., 1989; Joce et al., 1991; Leland et al., 1993; M^enzie et al., 

1994) and have been associated with severe illnesses among the immunocompromised 

population. This emergence of Cryptosporidium within the past ten years as a recognized 

pathogen in the immunocompromised has placed the concern of microbial-contaminated 

water in this direction. 

Viruses as Waterbome Disease Agents 

Enteric viruses are viruses excreted in the feces of all warm-blooded animals. More 

than 100 types of human enteric vimses have been identified (Gerba and Rose, 1990) and 

some have been assodated with wateiborae outbreaks. These viruses range in size fi-om 20-

85 nm, have several serotypes, and are capable of surviving adverse environmental 

conditions. Table 1 lists the enteric vimses and the diseases associated with infections. 

The enteric vimses are highly resistant to conventional water and wastewater 

treatment and many of these vimses have been isolated fi'om water supplies, including 
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Table 1. Enteric Viruses.* 

Virus Nucleic Acid Diseases 

Enteroviruses: 

Coxsackievirus RNA aseptic meningitis, 
insulin-dependent 
diabetes mellitus, 
respiratory illness, 
myocarditis 

Echovirus RNA dianliea, aseptic 
meningitis, respiratory 
illness 

Poliovirus RNA paralysis, aseptic 
meningitis 

Adenovirus DNA acute respiratory disease 
(ARD), pneumonia, 
conjunctivitis, 
gastroenteritis 

Astrovirus RNA gastroenteritis 

Calicivirus RNA gastroenteritis 

Hepatitis A RNA hepatitis 

Hepatitis E RNA hepatitis 

Norwalk and Norwalk-Iike RNA gastroenteritis 

Reovirus RNA gastroenteritis, 
respiratory illness 

Rotavirus RNA gastroenteritis 

Snow Mountain Agent RNA gastroenteritis 

*Gerba and Rose, 1990 
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groundwater, surface water, and drinking water. Sur&ce waters exposed to sewage can 

become contaminated with viruses but the types and concentration levels of viruses present 

in the contaminated water depends on the source of contamination (raw sewage, treated 

effluent, or natural reservoir), the time of year of sampling, the amount of rainfall, and the 

incidence of enteric viral disease among the source population (Gerba and Rose, 1990). 

Data are limited on the actual concentrations of many of the viruses in these waters; most 

studies have evaluated water supplies for the presence of enteroviruses. 

In most outbreak situations, the etiological agent of waterbome disease is not 

identified. From 1946 to 1980, the responsible agent was not isolated in over 50% of the 

documented waterbome disease outbreaks Q^ppy and Waltrip, 1984). Enteric vimses were 

identified as the cause of 12% of these outbreaks. In another data set of waterbome disease 

outbreaks documented fi'om 1971-1992, enteric vimses were responsible for more than 8% 

of the 684 reported outbreaks. Again, the causative agent was not identified in nearly 50% 

of these outbreaks. 

Waterbome outbreaks of disease have been documented for some of the enteric 

viruses although the occurrence of these outbreaks are probably underestimated due to the 

underreporting of outbreaks invoh/ing water. When an investigation is conducted, however, 

it may be particularly difficult to identify the causative agent due to the lapse of time that 

may have occurred between exposure of a population to contaminated water and the onset 

of the water analyses. 

Although the responsible agent of a waterbome outbreak is often not identified, 

enteric vimses are suspected to be the cause of many of these outbreaks due to the nature 
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of the resulting disease and the attack rates observed; however, the current methodology 

for detecting viruses in water may lack the sensitivity required to detect the low levels of 

viruses that are capable of initiating an infection (Ward and Akin, 1984; Ward et al., 1986) 

or an outbreak in a community. Outbreaks caused by viruses (or any microorganism) can 

be particularly detrimental to a community due to the potentiality of person-to-person 

transmission. Many viruses can cause inapparent infections that can subsequently be 

transmitted to other individuals. This phenomenon magnifies the impact of waterbome 

viruses. 

Application of Risk Assessment to Priority-setting of Viruses 

Published literature on enteric viruses and their role as waterbome disease agents 

was reviewed using Medline (National Library of Medicine, Bethesda, Maryland), Agricola 

(Agricola National Agricultural Library, Agricultural Online Access, Silverplatter 

Information, Norwood, Massachusetts), and Water Resources Abstracts (Cambridge 

Scientific Abstracts, Silverplatter Information, Norwood, Massachusetts). The following 

characteristics were considered; 1) the nature of the different diseases/outcomes caused by 

the enteric viruses, including severity and frequency of occurrence; 2) the waterbome 

outbreaks associated with these vimses, including attack and hospitalization rates; and, 3) 

the resistance of these viruses to inactivation by disinfectants. Information obtained fi-om 

the review of the literature was used to conduct a microbial risk assessment (including 

hazard identification, dose-response assessment, exposure assessment and risk 
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characterization) of specific viruses. Table 2 lists the &ctors considered when selecting 

viruses for inclusion in the ICR-

Table 2. Factors Considered During Virus Selection for ICR Analyses. 

infectivity 
range and severity of resulting diseases 

hospitalization ratio among those infected 
population affected 
occurrence in water 

resistance to environmental stresses 
resistance to water disinfection 

role as an etiological agent of waterbome disease outbreaks 

Dose-response information based on studies using human volunteers are available 

for many microorganisms, including viruses (Koprowski, 1956; Ward et al., 1958; Couch 

et al., 1966; Katz and Plotkin, 1967; Akin, 1981; Ward et al., 1986). Such information can 

be used to identify infectious viruses (e.g., rotavirus as a highly infectious viral agent or 

echovirus as a less virulent virus). The association of the virus with human disease and the 

nature of the resulting diseases in terms of range and severity of illness, were also factors 

considered during virus selection. Reoviruses (besides the genera, rotavirus) were excluded 

fiom the list, for exan:q)le, because these viruses are not associated with any known human 

disease (Tyler and Fields, 1990). (Infections may be either asymptomatic or occur with 

other viral illnesses and are not diagnosed.) The severity of the resulting diseases are 

evaluated by comparing hospitalization ratios among those infected of specific viruses (Rose 

et al., 1996). W^th many viral infections, the severity of illness depends upon the status of 
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the host's immune qrstem with high morbidity and mortality ratios often associated among 

the immunocompromised population. Thus, the nature of the population affected by 

particular vinises (e.g., the sensitive populations) was also considered during the selection 

of viruses for the ICR. 

The occurrence of specific viruses in water (both drinking water and recreational 

water) was also used as a criteria during virus selection and studies evaluating the virus' 

ability to survive in the environment and resist mactivation by water disinfection were also 

considered. Any epidemiological evidence of the virus' role as a waterbome pathogen, 

including investigations of waterbome disease outbreaks, was also reviewed. For example, 

rhmoviruses are commonly associated with human respiratory illnesses but evidence of their 

transmission through water is lacking (Couch, 1990). 

The enteric viruses selected for the analyses based on the information learned 

through microbial risk assessments are listed in Table 3. 

Table 3. Viruses Selected for Detection in Archived Water Samples. 

Rotavirus 

Coxsackievirus 

Hepatitis A Virus 

Adenovirus 

Nonvalk and Norwalk-like \^ses 

Astrovirus 

Hepatitis E Virus 
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The viruses are listed in order of their significance as waterbome disease agents although 

each of the selected viruses possess characteristics which make them potential waterbome 

pathogens. Because the primary costs of viral analyses of water samples are attributed to 

initial laboratory set-up, it may be economical)^ feasible to include all of the selected viruses 

in the ICR. however, it is necessary to narrow the list, it would be the responsibility of 

the risk manager to do so. 

Rotavirus 

Rotavirus tops the list of selected viruses because it is the most common cause of 

viral gastroenteritis worldwide and current information suggests that rotavirus may be the 

most infectious waterbome agent known (Regli et al., 1991). It is transmitted fecal-orally 

and can occur in large numbers in domestic sewage (Smith and Gerba, 1982; Hejkal et al., 

1984; Rao et al., 1988) and has been detected in drinking and recreational waters (Rose et 

al., 1987; DeLeon, 1989). Rotavirus has been implicated in waterbome outbreaks of disease 

(Hung, 1983, 1984; Hopkins et al., 1984; Solodovnikov et al., 1989) and all of the 

outbreaks have been associated with either direct fecal contamination of a water supply or 

improper treatment. Diarrhea due to rotavirus has been shown to be the most common 

cause of hospitalization for childhood diarrhea in the U.S. (Brandt et al., 1983) with an 

estimated hospitalization ratio for rotavirus-related illness in children < 5 years old of S/1000 

per year (0.5%) (Ryan et al., 1996). It has been estimated that rotavims diarrhea accounts 

for approximately 20 deaths per year in the United States ((Cilgore et al., 1995) and 

mortality ratios greater than 50% have been observed in transplant patients (Yolken et al.. 
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1982). Studies have shown rotavirus to have the greatest resistance to inactivation by 

ultraviolet light disinfection of all the enteric RNA viruses (Wolfe, 1990). 

Coxsackievirus 

Coxsackievirus is the most common non-polio enterovirus in terms of frequency of 

isolation from water and wastewater. There are two types of coxsackievirus (types A and 

B) and 30 serotypes. Coxsackievirus is second on the list of selected viruses for the ICR 

because coxsackievirus infections are associated with a greater number of serious illnesses 

than any waterbome virus, including aseptic meningitis (Bell and McCartney, 1984), 

myocarditis (Reyes and Lemer, 1985; Bowles et al., 1986), respiratory iUness (Bloom et al., 

1962), encephalitis (Moore et al., 1984), and insulin-dependent diabetes mellitus (Bell and 

Cartney, 1984; Sumburerii, 1991; Frisk et al., 1992). This group of viruses (primarily 

type B) are commonly found in domestic wastewater (Irving and Smith, 1981; Martins et 

al., 1983; Guttman-Bass and Nasser, 1984; Krikelis et al., 1986; Dahling et al., 1989) and 

have been isolated from surface, groimd and drinking waters (Hejkal et al., 1982; Lucena 

et al., 1985; Payment et al., 1985a). Coxsackieviruses are very stable in the environment 

(Lo et al., 1976; O'Brien and Newman, 1977) and are highly resistant to chlorine and 

ultraviolet light disinfection (Jensen et al., 1980; Payment et al., 1985b). There have been 

at least two documented waterbome outbreaks (Hawley et al., 1973; Denis et al., 1974). 

Hepatitis A Virus 

Hepatitis A has been classified as enterovirus 72 because it possesses similar 

physico-chemical characteristics as those of the enterovims group and demonstrates acid 
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stability and resistance to ether (Gerba and Rose, 1990). Hepatitis A is included near the 

top of the list because it is responsible for numerous wateibome outbreaks worldwide which 

result in the highest hospitalization ratios (as high as 6.7%) when compared to other 

waterborne viruses (Rose et al., 1996). Waterborne outbreaks caused by this virus have 

been traced to sewage contamination (Rao and Melnick, 1986) but transmission through the 

consumption of contaminated shellfish (Lemon, 1985) and other foods (Rosenblum et al., 

1990; Niu et al., 1992) have also been reported. Hepatitis A infections cause liver damage 

and produce jaundice in infected individuals which make them more easily recognized than 

infections caused by some of the other enteric viruses. This particular virus is reported to 

be the most thermally-stable enteric virus and studies have shown hepatitis A to survive for 

extended periods in groundwater (Sobsey et al., 1988). 

Adenovirus 

Adenovirus is considered to be only second to rotavirus in terms of its significance 

as a pathogen of childhood gastroenteritis (Brandt et al., 1984; Brandt et al., 198S) and is 

included in the list of selected viruses. There are 49 types of adenoviruses and the diseases 

resulting fi-om adenovirus infections include acute respiratory disease (ARD), conjunctivitis, 

urethritis, cervicitis, hemorriiagic cystitis, and gastroenteritis (Kapikian and Wyatt, 1992). 

Adenovirus infections are usually acute and self-limiting with a greater severity of illness 

occurring in the immunocompromised (e.g., ADDS patients and transplant recipients) 

(Herholzer, 1992). An important characteristic of adenovirus infections are their potentially 

devastating outcomes among this population; mortality ratios have been reported as high 
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as 50% to 60% (Zahradnik et al., 1980; Shields et al., 1985). Although there is limited 

infonnatioii on the concentrations of adenovirus serotypes in freshwater and drinking water, 

adenoviruses have been detected in raw sewage throughout the world (particularly type 7) 

(Irving and Smith, 1981; Krikelis et al., 1985a; Krikelis et al., 1985b; Hurst et al., 1988; 

Girones et al., 1993; Puig et al., 1994) and often in greater concentrations than the 

enteroviruses. Adenovirus is highly resistant to ultraviolet light disinfection (Meng and 

Gerba, 1996) and survival studies have shown the enteric adenoviruses to be the longest 

surviving enteric viruses in water (more stable than poliovirus type 1 in wastewater, tap, and 

sea water) (Enriquez et al., 1995). There have been several documented waterbome 

outbreaks (D'Angelo et al., 1979; Martone et al., 1980; McMillan et al., 1992) which 

involved swimming in contaminated recreational waters. 

Norwalk and Norwalk-Iike Viruses 

Norwalk and Norwalk-Iike viruses represent a group of viruses that produce a 

similar type of human viral diarrhea. This group of viruses are included in the selection of 

viruses because they are nuyor causes of waterbome disease in the U.S. and are the primary 

agents responsible for adult gastroenteritis (Kaplan et al., 1982; Dolin et al., 1987). It has 

been estimated that nearly 42% of the non-bacterial gastroenteritis outbreaks are due to 

Norwalk virus (Kaplan et al., 1982). More than 17% of these outbreaks were waterbome 

and were attributed to municipal and semi-public water supplies. Secondary person-to-

po^n transmission is common although little is known about the infectivity of this group 

of viruses because they are not cuhurable in the laboratory through conventional cell culture 
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techniques. Studies have shown these viruses to be very resistant to chlorine disinfection 

compared to other viruses, such as poliovirus type 1 (Keswick et al., 1985). 

Astrovirus 

Astroviiuses were first identified in 1975 in stools of infected newborns (^pleton 

and Higgins, 1975). Astrovirus infections occur worldwide and greater than 80% of the 

population shows evidence of past infection by the age of 10 (Kurtz and Lee, 1987). 

Astrovirus is responsible for both sporadic episodes and outbreaks of diarrhea throughout 

the world in chQdren and the elderiy Cmchiding the United States, Japan and Thailand) (Gray 

et al., 1987; Lew et al., 1990; Herrmann et al., 1991; Oishi et al., 1994; Utagawa et al., 

1994; Pinto et al., 1996) with particularly high illness rates occurring within the elderly 

population (Gray et al., 1987; Lewis et al., 1989). Outbreaks involving oysters and drinking 

water have been documented (Kurtz and Lee, 1987; Cubitt, 1991) although astrovirus 

infections are more commonly transmitted through personal contact (Xu et al., 1981; 

Herrmann et al., 1991). To date, there has been only one study conducted on the 

occurrence of astrovirus in water (Pinto et al., 1996) which also isolated enteroviruses, 

rotavirus and adenovirus type 40 fix>m the same water source. Because of its high morbidity 

among the elderly and its susceptibility to secondary (person-to-person) transmission, 

astrovirus should be included in the ICR to characterize its role as a waterbome pathogen. 

Hepatitis E Wus 

More than 50% of acute cases of hepatitis occurring in developing countries are 

caused by hepatitis E, formally known as enterically-transmitted non-A, non-B hepatitis 



52 

^urdy and Krawczynski, 1994). It has only recently been differentiated from hepatitis A 

(Wong et al., 1980) and is usually identified as the causative agent of an outbreak or case 

when hepatitis types A and B have been eliminated during the identification process. 

Typical clinical signs include abdominal pain, nausea/vomiting, fever and jaundice with the 

highest poxxntage of symptomatic cases occurring in young-to-middle-aged adults (20-40 

years of age) (Mast and Krawczynski, 1996). There have been no documented outbreaks 

of hepatitis E in the U.S. but large outbreaks have been documented in 29 countries, 

including China (Zhuang et al., 1991) and Mexico (M'Caustland et al., 1991), due to poor 

sanitation (Mast and Alter, 1993). Although transmission is fecal-oral, person-to-person 

transmission is not as common (Bradley et al., 1991; Bradley, 1992). An unusual 

correlation between persons infected with hepatitis E also showing evidence of a prior 

hepatitis A exposure warrants further study. Hepatitis E is also associated with an 

unexplained high case-fatality rate among pregnant women (15-25%) (Mast and 

BCrawczynski, 1996). Although hepatitis E outbreaks have not been documented in the U.S., 

its devastating efiects among pregnant women make it an important virus to be studied. 

Unsanitary conditions could potentially develop in industrialized coimtries thereby creating 

a situation for hepatitis E contamination. 

Proposed Methodologies for Archived Water Samples 

More than 50 years ago, environmental virology emerged from a growing public 

health concern of the occurrence of poliovirus in the environment. The possibility of virus 

transmission through nature led to the development of methods that could isolate viruses 
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from the environment, sudi as from potable water sources. Techniques for virus detection 

have moved from observing disease production in laboratory animals to cell culture 

application, immunologic techniques, and molecular detection methods [e.g., the polymerase 

chain reaction (PCR) and the reverse-transcriptase polymerase chain reaction (RT-PCR)] 

(Metcalf et al., 1995). 

The use of laboratory animals for virus detection is costly and involves time to 

observe disease development. The application of cell culture is the method generally used 

in environmental virology. Wuses in environmental samples are inoculated into cultures 

of living cells which are then examined for viral cytopathic effects (CPE). A disadvantage 

of this detection method is that some viruses do not grow in cell cultures (e.g., hepatitis E 

and Norwalk/Norwalk-like viruses) or are grown with great difBculty (e.g., hepatitis A and 

rotavirus) (Metcalf et al., 1995). Immunologic techniques, such as radioimmunoassays 

(RIAs) and enzyme immunoassays (EIAs), have been success&lly used in clinical 

laboratories (Rao and Mehiick, 1986); these methods, however, cannot detect the low 

numbers of viral particles that may be present in environmental samples (Metcalf et al., 

1995). Molecular methods that detect the viral genome, such as the PCR, are capable of 

detecting low quantities of viruses in environmental samples. Although the molecular 

methods can detect viruses that are not cultivatable in cell culture, it does not distinguish 

between infectious and non-infectious viruses. 
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Storage and Processing of Water Samples 

During the ICR, volumes of 100 liters for source water and 1000 liters for finished 

water san:q)les will be collected. Utilities will randomly archive 1 of eveiy 20 source water 

samples including its finished water sample. Water samples will be collected usmg 

electropositive ZetaPor Virosoib IMDS fibers which will be eluted with 1 liter of 1.5% beef 

extract V (BEV) (pH=9). An organic flocculation concentration step will follow which will 

further concentrate each sample to 30 ml. Each sample will then be assayed on bufifalo 

green monkey (BGM) cells for the detection of total culturable viruses (USEPA, 1996). 

These methods of water collection and virus concentration have been previously described 

and are widely used in water analyses studies (Rao and Melnick, 1986). Two 50-inl aliquots 

of the beef extract eluant will be fi'ozen at -70 "C and shipped overnight on dry ice to the 

USEPA archive &cility in Cincinnati. The san^les will remain fi'ozen at -70 °C until fiirther 

processing. Because viruses require living hosts for replication, the number of virus 

particles originally present in the samples will not increase during storage and processing. 

It is speculated, however, that &ctors such as time and virus type may afifect the stability of 

the viruses present in the sample. 

Detection of Viruses in Water Samples 

The effectiveness of any detection method depends on the ability of the sampling 

procedure to recover viruses fi'om the environmental source and the degree of final purity 

of the recovered virus. Overall virus recovery using IMDS filters have been reported as 

high as 57% but this recovery rate has shown to be dependent on the type of enteric virus 
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involved in the analysis (DeLeon and Sobsey, 1991). 

Techniques for virus detection in water began with observing disease production in 

laboratory animals and moved to cell culture application, immunologic techniques, and 

molecular detection methods (Metcalf et al., 1995). Observing viral infections in laboratory 

animals for water-monitoring purposes is not practical nor economically feasible. The 

immunological techniques, such as the enzyme-linked immimosorbent assays (ELIS A) and 

radioimmunoassays (RIA) lack the sensitivity required to detect low levels of viruses in 

environmental samples (Metcalf et al., 1995). Cell culture procedures and molecular 

detection methods (e.g., the PGR and the RT-PCR) are the focus here. 

The possibility of incorporating additional cell lines for the ICR water samples was 

explored. (Utilization of the BGM cell line is already in the protocol for the initial viral 

analyses.) This particular cell line will detect the enteroviruses (serotypes of coxsackievirus, 

echovirus and poliovirus) and some of the reoviruses (Dahling and Wright, 1986; Hurst, 

1996). Therefore, coxsackieviruses will be detected in the initial viral analyses although it 

will not be difierentiated from the other enteroviruses. Table 4 lists the selected viruses and 

the cell lines that can be used for their detection (Dahling, 1991). 

No one cell line can be used to detect all types of enteric viruses; therefore, the 

application of multiple ceQ lines would be required to detect all of the selected viruses. The 

C&C0-2 ceU line has recently been evaluated for its potential in sustaining growth of many 

of the viruses, but results continue to be incon^ent ^ahling, 1996). A problem with using 

cell culture for the viral analyses is that some viruses grow slowly in cell culture (e.g., 

hepatitis A virus) or are inhibited by the presence of other viruses in the sample (Dahling, 
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Table 4. \%us Type and Appropriate Cell Line for Detection.* 

VIRUS CELL LINE*-

Adenovirus HEK, HeLa, HEL, HEp-2 

Astrovirus CaCo-2 

Coxsackievirus BGM, MkK 

Hepatitis A MkK 

Hepatitis E None 

Norwalk and Norwalk-like None 

Rotavirus MkK 

•Dahling, 1991 
**HEK = human embryo kidney; HeLa = human cervical carcinoma cells; 

HEL = human embryonic lung; HEp-2 = human laryngeal tumor cells; 
CaCo-2 = human colon adenocarcinoma; BGM = bu£falo green monkey; 
MkK = monkey kidney primary and continuous 

1996). More importantly, some of the selected viruses are not detectable by conventional 

cell culture propagation at all making this technique not applicable for the detection of all 

of the selected viruses. 

Progress has recently been made in developing techniques that can detect non-

cytopathic viruses. The PCR is an enzymatic amplification technique that isolates and 

amplifies a single DNA segment fi-om a mixture of sequences (RT-PCR is used for RNA 

viruses, reverse transcription precedes PCR). In the PCR process, the DNA becomes 

denatured, primers anneal to target DNA sequences, and the DNA extends and becomes 

exponentially amplified (Basic Methods in Molecular Biology, 2™* Edition, 1994). The RT-

PCR is the recommended detection method for the selected viruses in this project (the PCR 
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for adenovirus) due to the specificity and sensitivity of this technique. It is recommended 

that onty one of the 50-ml aliquots be analyzed initially and the other aliquot remain stored 

at -70 °C for future analyses. Test sensitivity should be evaluated by determining the 

mininial amount of virus that can be detected in a sample. Theoretically, the PCR can detect 

as little as one viral genome per sample (Schwab et al., 1993). Nested PCR incorporates 

a second set of internal primers followed by a second amplification process which increases 

the sensitivity and specificity of this detection method (Metcalf et al., 1995) and has also 

been applied to detect viruses in water. 

These methods of nucleic acid detection have been widely used for the detection of 

enteric viruses and general and specific primers for each of the selected viruses have been 

previously described (Shieh et al., 1991; Major et al., 1992; Jothikumar et al., 1993; Tsai 

et al., 1994; Schwab et al., 1995). Primers can be designed to detect groups of viruses that 

contain homologous genome sequences (Shieh et al., 1991), such as the enteroviruses, or 

can be designed to detect specific viruses, such as hepatitis A or rotavirus (LeGuyader et 

al., 1994). RT-PCR has been used to detect Norwalk and other small round-structured 

viruses (SRSVs) in stool samples coUected during outbreaks of gastroenteritis (Green et al., 

1993; Herwaldt et al., 1994; Khan et al., 1994; Kilgore et al., 1996). Antigenic relationships 

are present among the different strains of SRSVs and Norwalk-specific primers as well as 

d^enerate mbdures of PCR primers have been successfiil in detecting SRSVs (Ando et al., 

1994; Green et al., 1994; Moe et al., 1994). More recently, a degenerate oligonucleotide 

has been designed that can be used in the RT-PCR for the detection of a variety of SRSVs 

(LeGuyader et al., 1996). 
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The PCR and the RT-PCR are recommended as the methods applied to analyze the 

archived samples for the detection of the selected viruses. However, there are several 

considerations that require discussion when considering these molecular techniques or 

conventional cell culture assays for virus detection in environmental water samples. 

Although the PCR and the RT-PCR do not differentiate between viable and non-viable 

microorganisms, viruses not detectable by conventional cell culture assays will be isolated 

(e.g., hepatitis E virus and Norwalk/Norwalk-like viruses). It is difficult to imderstand the 

public health implications of detecting viruses in a water sample without certainty of their 

infectivity; however, the analyses will provide the much needed information on the 

occurrence of these viruses in water (which is also usefiil in microbial risk assessment), 

particularly for the viruses that cannot be grown in cell culture. Because these molecular 

methods detect both viable and non-viable viruses, sensitivity of detection is increased by 

using these methods. Another advantage is that some viruses may not be able to withstand 

the storage conditions and may lose viability over time and therefore would not be 

detectable by cell culture (Goyal, 1982). This is particularly important because the archived 

samples may be stored for possibly a few years before being analyzed. 

Although larger volumes of sample can be examined by cell culture than the PCR 

or the RT-PCR, searching for viruses by conventional cell culture assay would require the 

use of multiple cell lines to detect all of the selected viruses which is not practical in a 

monitoring situation. The PCR techniques can identify specific viruses whereas cell lines 

are not as specific in their identification. The archived samples can be concentrated to 

smaller volumes (10 ul) for analysis using the PCR or the RT-PCR. A potential problem. 
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however, is that humic substances and proteins present in the environment are also 

concentrated in the sample during sample processing making virus detection difiScult. 

Sample concentration and purification procedures consisting of polyethylene glycol (PEG) 

precipitation, Pro-Cipitate (AflBnity Technology, New Brunswick, New Jersey) 

precipitation, spin-column diromatography and uhrafiltration have been used effectively to 

overcome this problem (Paul et al., 1991; Jaykus et al., 1993; Schwab et al., 1993; Tsai et 

al., 1993). Substances such as cetyltriammonium bromide (CTAB) and chloroform have 

also been used to help purify environmental samples (Zhou et al., 1991; Schwab et al., 

1993). 

The PCR techniques are also rapid, with results obtained within a few hours 

(compared to days or weeks for cell culture assays) and are relatively cheaper to conduct 

than cell culture applications. Although cell culture is a more quantitative assay, the 

incorporation of internal standards within the PCR protocol can also result in quantitative 

data. 

To overcome some of the limitations associated with conventional cell culture and 

the PCR, an int^rated cell culture-PCR ^proadi has recently been {q)plied to detect viruses 

in water samples (Reynolds et al., 1996). Viruses are initially grown in cell culture and then 

ceU culture lysates are analyzed by the PCR/RT-PCR. This combined methodology reduces 

the problem of inhibition discussed previously for it increases the concentration of viable 

viruses whfle diluting the sample in cdl culture media. Laigo* vohmies can also be examined 

using this technique than the PCR alone and results are obtained much more rapidly than a 

convoitional cell culture assay. This cell culture-PCR approach also distinguishes between 
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viable and non-viable viruses as well as provides quantitative data which are both types of 

information usefiil in mioobial risk assessment This particular methodology is not ideal for 

the ICR, however, because it would not detect the non-culturable viruses. 

Immunocapture techniques have also recent^ been applied to environmental samples 

(Jansen et al., 1990; Monceyron and Grinde, 1994; Schwab et al., 1996) and have the 

advantage of identifying viable miCTOorganisms. The sensitivity of detection is also 

enhanced here by eliminating the effects of inhibitory compounds in the sample but further 

investigation is needed. 

Future Archiving 

The current ICR protocol requires that samples be archived following the beef 

extract elution procedure (USEPA, 1996). However, the archived sample is not as 

concentrated as it would be if archived after the organic flocculation concentration step. By 

archiving 100 ml of the 1 liter beef extract eluate, the archived sample is only 1/10 of the 

equivalent volume collected. The organic concentration step results in a volume of 30 ml 

with an equivalent volmne of 100 liters of source water or 1000 liters of finished water 

(depending on the vohmie originally collected) which is the required volume to be analyzed 

(USEPA, 1996). In the ICR protocol, this 30 ml concentrated sample will be analyzed for 

enteroviruses using the BGM cell line. Some laboratories request that a larger volume be 

initially collected so that a portion of the concentrated sample can be stored for future 

analysis and yet still have enough sample to examine the equivalent volume of 100 or 1000 

liters (AWWA, 1996). A similar modification in the initial sample collection procedure may 
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be necessary so that the final concentrated sample equals a larger equivalent volume than 

100 or 1000 liters. This would aUow the sample to be divided for different analyses (e.g., 

cell culture and the PCR) that could each examine the required equivalent volume. It may 

also be beneficial to add a substance to the sample, such as glycerol or sucrose, to protect 

the viruses fi^om injury during storage (Goyal, 1982; Schwab, 1996). However, not all 

viruses may be protected by the same substance (Goyal, 1982). 

Benefits of \%al Analyses of Archived Water Samples 

The information obtained fijom the viral analyses of the archived water samples will 

provide a much needed database on the occurrence of viruses in water throughout the U.S. 

Estimating the risk of acquiring a viral infection fi'om water is difBcult with the current 

knoA^edge of virus occurrence in water. The database obtained on occurrence would help 

in determining the potential for specific viruses as waterbome disease agents. Although 

virus infectivity would not be determined through the recommended analyses, the infectivity 

of the virus in the san:q)le may not reflect the infectivity status of the virus while in the water 

(and thus the infectivity of the virus during exposure). It may be beneficial to assume that 

the detected viruses are infectious during microbial risk assessments for a more protective 

assessment. By compaiing the source water samples with their finished water samples, the 

susceptibility of specific viruses to water treatment and disinfection can also be assessed. 

Because coliform bacteria are currently used as an indicator of water quality, it will be 

beneficial to compare the results of the viral analyses with the data obtained on coliform 

concentrations. Vinises are generally more resistant to water disinfection than the coliform 
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bacteria and previous studies have shown no correlation between the presence of coliform 

bacteria and other microorganisms in water samples (Rao and Melnick, 1986). Due to the 

unique characteristics of each of the enteric viruses and the different threats posed by each 

upon exposure, information on the occurrence of specific viruses would be beneficial in 

designing appropriate treatment practices and management strategies for the control of 

waterbome disease. 

Conclusion 

Despite the present technology of water treatment and disinfection, waterbome 

transmission of disease continues to occur. The results of the analyses of the archived water 

samples will provide both a database on the occurrence of these viruses in water as well as 

their susceptibility to inactivation by water disinfection. By comparing the concentration 

data obtained for each of the viruses with the results of the coliform analyses, the 

appropriateness of coliform bacteria as water quality indicators can be assessed. 

Information on the occurrence of specific viruses may help in initiating preventative 

measures for the control of the spread of specific viral diseases. 

Data obtained fix)m these analyses will improve the risk assessment methodology for 

viruses in water which will result in a better understanding of their significance as 

waterbome pathogens. Conducting risk assessments of specific viruses will also help 

identify the viruses which may have the greatest human health impact. The modified risk 

assessment paradigm to estimate risks associated with microorganisms in water (such as 

vimses) is a useful tool for regulatory agencies in the development of policies and 
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regulations for potable and recreational waters. By applying a formal risk assessment 

{^jproach, microbial water quality issues can be better addressed which will aid in protecting 

the public from waterbome disease. 
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Abstract 

Waterborne transmission of disease continues to occur in the United States and 

human enteric viruses have been well-documented as waterborne pathogens. From 1946-

1980, viruses were responsible for more than 12% of the reported outbreaks and were 

suspected to be the causative agent of many of the outbreaks in which the responsible 

microorganism was not isolated. Viruses can cause a variety of illnesses including 

respiratory illness, aseptic meningitis, insulin-dependent diabetes mellitus and acute 

gastroenteritis. Unfortunately, viral waterborne illnesses are not reportable in the United 

States; information on occurrence and disease transmission relies on epidemiological 

investigations. 

A cost-of-iUness analysis was conducted using the available information for three 

waterborne viruses - Norwalk virus, rotavirus, and non-polio enteroviruses - to assess the 

economic impact of waterborne illnesses associated with these viruses. Acute gastroenteritis 

was the illness endpoint for Norwalk virus and rotavirus, and aseptic meningitis was the 

illness evaluated for the non-polio enteroviruses (in particular, coxsackievirus). Annual 

medical costs and productivity losses were estimated in 1993 dollars using actual outbreak 

information and data from epidemiological studies. These viral illnesses cost an estimated 

$1.1 to $6.9 billion each year in the United States, with potentially $0.39 to $2.4 billion 

attributable to water. This is the first comprehensive cost-of-illness analyses for vu-al 

waterborne disease and results from these analyses will add an economic dimension to 

microbial risk assessment. 
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Introduction 

Hiunan viruses have been implicated in waterbome outbreaks (Elawl^ et al., 1973; 

Ta^or et al., 1981; Kaplan et al., 1982a; Solodovnikov et al., 1989; NfMillan et al., 1992) 

and are su^)ected to be the causative agent in many of the outbreaks where the responsible 

microorganism was not isolated. In many outbreak situations, however, the nature of the 

resulting disease indicates an outbreak of viral etiology. From 1946 to 1980, viruses were 

identified as the causative agent in 12% of the documented waterbome disease outbreaks 

(Lippy and Waltrip, 1984). The occurrence of secondary transmission magnifies the impact 

of microbial waterbome disease (Morens et al., 1979; Baron et al., 1982; Kappus et al., 

1982). Although waterbome outbreaks have been documented for viruses, their role as 

waterbome pathogens has not been fiiUy characterized. There is currently no reporting 

system for viral waterbome disease; information relies on clinical observation and 

epidemiological studies. 

Ahhough viral waterbome disease has been documented in the United States and 

the human health impact due to these viral illnesses has been observed, the economic costs 

associated with these illnesses have been minimally explored (Avendano et al., 1993; 

Demicheli et al., 1996; Glass et al., 1996). When using information obtained fi'om risk 

assessments during policy decision-making, it is necessary (as well as beneficial) to evaluate 

the economic costs associated with the hazard. The cost estimates computed in this 

analyses can be used to determine the economic significance of specific viral diseases in the 

United States. They can also be used to identify the more costly viral diseases which can 

help policy-makers determine the most cost-effective interventions when considering viral 
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water quality. This is the first comprehensive cost-of-illness analyses for viral pathogens in 

water. 

Cost-of-illness analysis have been conducted for foodbome bacteria CBuzby and 

Roberts, 1996; Buzby et al., 1996). Costs associated with illnesses of six bacteria 

{Salmonella  ̂Campylobacter jejuni, Escherichia coli 0157:H7, Listeria monocytogenes. 

Staphylococcus aureus, and Clostridium perfiringens) have been estimated in which 

estimates of medical costs and productivity losses were reported in 1993 dollars. Because 

these illnesses are reportable in the United States, estimates of these costs that can be 

attributable to food were easily determined. Information on foodbome illnesses and deaths, 

primarily obtained from the Centers for Disease Control and Prevention (CDC), helped 

researchers in determining the costs of foodbome disease. 

Determining the economic impact of viral waterbome disease is more diflBcult 

because these illnesses are not reportable in the United States. As mentioned previously, 

water supplies are not routinely analyzed for vimses and only recently have diagnostic tests 

for viral infections in the clinical setting become uniform (CDC, 1996). Different 

approaches for conducting this analyses had to be explored. Evaluating "waterbome viral 

iUnesses" or even "viral gastroenteritis" as general endpoint categories was not an option 

because there are currently no data on associated incidence and death rates of either 

waterbome vimses or viral gastroenteritis. Such data are available for specific viruses, 

however, with illness rates and mortality rates obtainable from specific viral waterbome 

outbreaks. Outbreak data have been used in economic assessments of bacterial foodbome 

illnesses (Cohen et al., 1978; Buzby et al., 1996) and such data were used in this analyses. 
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The cost-of-illaess analyses presented here >vere conducted to compute annual costs 

of medical expenditures and costs of lost productivity for three specific viruses: Norwalk, 

rotavirus, and non-polio enterovirus. Norwalk virus was chosen because it is a primary 

cause of waterbome disease in the United States and it causes many of the adult cases of 

acute non-bacterial gastroenteritis (Kaplan et al., 1982a; Dolin et al., 1987). It has been 

estimated that neariy 42% of the non-bacterial gastroenteritis outbreaks are due to Norwalk 

virm (K^lan et al., 1982a). More than 17% of these outbreaks were waterbome and were 

attributed to municipal and semi-public water supplies. Secondary person-to-person 

transmission is common during outbreaks of Norwalk and Norwalk-like viruses (Morens et 

al., 1979). 

Rotavirus has also been implicated in waterbome disease outbreaks (Himg, 1983, 

1984; Hopkins et al., 1984; Solodovnikov et al., 1989) and primarily represents a childhood 

viral pathogen. It is the most common cause of viral gastroenteritis worldwide. It is 

transmitted fecal-orally and can occur in large numbers in domestic sewage (Smith and 

Gerba, 1982; Hejkal et al., 1984; Rao et al., 1988) and has been detected in drinking and 

recreational waters (Rose et al., 1987; DeLeon, 1989). Most children are infected with 

rotavirus by the age of four (Ho et al., 1988a) and rotavims diarrhea has been shown to be 

the most common cause of hospitalization for childhood diarrhea in the U.S. (Brandt et al., 

1983). Mortality for children in the 1-4 age group has been estimated at 900,000 worldwide 

(Institute of Medicine, 1986) and epidemiological data suggest that rotavims may be the 

primary cause of winter diarrheal deaths among children in the U.S. (Ho et al., 1988b). 

Current information suggests that rotavims may be the most infectious waterbome agent 
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known (Regli et al., 1991). 

Asq>tic mening^ is a common illness assodated with enterovirus outbreaks (CDC, 

1981; Moore et al., 1983), particularly outbreaks of coxsackievirus. Coxsackievirus is the 

most common non-polio enterovirus in terms of frequency of infection from water and 

wastewater. This group of viruses is commonly found in domestic wastewater (Irving and 

Smith, 1981; Martins et al., 1983; Guttman-Bass and Nasser, 1984; Krikelis et al., 1986; 

Dahling et al., 1989) and has been isolated from sui6ce, ground and drinking waters (Hejkal 

et al., 1982; Lucena et al., 1985; Payment et al., 1985). Coxsackievirus infections are 

commonly associated with illnesses of aseptic meningitis (Bell and McCartney, 1984) which 

have been primarily observed in high school football players and band members. There have 

been at least two documented waterbome outbreaks (Hawl^r et al., 1973; Denis et al., 

1974). 

Materials and Methods 

Medical costs included costs of the physician care (including any initial laboratory 

tests) and hospitalization. Productivity loss was measured by evaluating the decrease in 

output of a worker because of illness due to either poor work performance due to the 

illness, missed work days, or perhaps never returning to work due to severe iUness or 

premature death (Buzby et al., 1996). Costs were estimated for each of the foUowing four 

categories; 
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cases who did not visit a physician; 

cases who visited a physician; 

cases who were hospitalized; and, 

cases who died prematurely. 

All estimated costs were then totaled. 

When conducting a cost analysis for a particular viral illness, the incidence of the 

illness must first be considered. The incidence of a disease is defined as the number of new 

cases occurring or developing in a population during a specified time period. Incidence 

rates for wateibome illness as well as for viral illness are difficult to obtain because they are 

not reportable diseases in the U.S. It was especially difficult to obtain the incidence of viral 

aseptic meningitis in the U.S. Data are available for bacterial aseptic meningitis (APHA, 

1995; CDC, 1996) but not for aseptic meningitis of viral origin. There is currently no 

database for viral gastrointestinal diseases or viral diseases in general. Annual incidence 

rates for specific viruses were used in this analyses to estimate annual medical costs and loss 

of productivity (Bennett et al., 1987). This analyses also relied on the extrapolation of 

outbreak data to determine the appropriate proportion of cases for each of the four 

categories under consideration. Estimated medical expenditures were obtained fi'om the 

American Hospital Association's Hospital Statistics (AHA, 1993). The medical costs 

computed here are conservative estimates; costs for medical supplies and special hospital 

procedures are not included. (Medical costs for those cases who do not visit a physician 

was calculated as zero; costs of medication were not considered.) 
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The productivity loss can be computed two ways. For the cases who missed work 

ten^raiily due to illness, the productivity loss was determined by multiplying the wage rate 

by the number of days missed from work. Often the value of production output in a day's 

work can be used as a substitute for the daily wage rate (Buzby et al., 1996). When days 

lost from work were not known, time missed from work can be estimated by using the 

number of days spent in the hospital. Productivity loss for cases who never return to work 

because of severe illness or premature death can be estimated by using Landefeld and 

Seskin's (1982) human capital/willingness-to-pay (HK/WTP) measurement or Viscusi's 

(1993) value of a statistical life. The basic HK approach measured the value of an 

individual's life in terms of foregone future earnings. The problems that have been observed 

with this approach were that HK estimates do not include after-tax income, non-labor 

earnings and non-market impacts like discomfort and pain, and loss of leisure activity (only 

a value for housekeeping activities were incorporated) (Landefeld and Seskin, 1982). 

An alternative to the HK approach is an approach that combines an individual's 

"willingness-to-pay" for a change that will affect (reduce) risk of lost life (Mshan, 1971). 

In other words, WTP represents the value that individuals place on reducing risk of death. 

WTP values have been estimated from survey responses (Acton, 1973; Jones-Lee, 1976) 

and statistical estimations from revealed preferences of individuals (Thaler, 1975; Viscusi, 

1978; Smith, 1976; Olson, 1981). Although there are problems associated with each 

method of estimating WTP, attempts have been made to link the HK approach with the 

WTP concept (Usher, 1973; Rappaport, 1974; Conley, 1976; Bailey, 1978). Landefeld and 

Seskin (1982) present HK estimates based on WTP criterion using income (labor earnings 
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stratified by age), a discount rate (after-tax rate of return), and a risk-aversion &ctor (ratio 

of insurance premium payments to insurance loss payments). This HK/WTP combination 

can be used to estimate the value of mortality risks in an objective and consistent fashion. 

This "statistical life lost" can be used in determining costs associated with death. Viscusi 

(1993) has more recently published work on the concept of WIP and has reported the value 

of a statistical life range of $3 - S7 millioa bi this analysis there was uncertainty of the ages 

of the cases under conaderation so this latter q)proach was used (a midpoint of $S million). 

Because waterbome disease is not reportable in the U.S., it is difBcult to determine 

the costs associated with viral waterbome iUnesses. A study conducted by Payment et al. 

(1991) compared gastrointestinal illness rates across a community of people drinking 

purified water (reverse osmosis) and tap water directly. The study suggests that as much 

as 35% of the gastrointestinal illnesses were attributable to the drinking water which was 

meeting current drinking water standards. This rate was used in this analysis as an estimate 

of how many of these illnesses (i.e., costs) may be attributable to water. 

Resuhs 

Cost-of-Dlness Analysis for Norwalk Virus 

Outbreaks fi-om the past 15 years were reviewed for Norwalk virus (Table 1) to 

obtain data on percentages of those cases who visit a doctor and those who become 

hospitalized. By averaging the values fi'om Table 1, it was determined that approximately 

28% of all cases visit a physician (Figure 1). This information is difBcult to obtain in most 

situations because it is usually impossible to determine the proportion of cases who saw a 



Table 1. Documented Outbreaks of Norwalk Virus. 

Setting Source Attack Rate (%) % Visited 
Doctor 

% Hospitalized Reference 

community water system 63 N/G* N/G Goodman et al., 1982 

banquet salad 92.7 N/G 0 Griffin et al., 1982 

community water system 68 N/G N/G Kaplan et at., 1982b 

elementary school swimming pool 70 N/G 0 Kappus et al., 1982 

park swimming water 74 N/G N/G Koopman et al., 1982 

summer camp drinking water 61.5 N/G N/G Wilson et al., 1982 

social events bakery frosting 60 N/G N/G Kuritsky et al., 1984 

college campus salad 40 N/G N/G Liebetal., 1985 

guest house not found 26 N/G 0 Oliver et al., 1985 

college campus possibly lettuce N/G 46.7 2.2 Alexander et al., 1986 

banquet salad 57 N/G N/G White et al.. 1986 



Table 1. Cpptiwyl 

Setting Source Attack Rate (%) % Visited 
Doctor 

% Hospitalized Reference 

restaurant possibly 
chicken, 
potatoes, water 

53 N/G N/G Fleissner et al., 1989 

graduation party fhiit salad 30 N/G N/G Fleissner et al., 1989 

holiday center food or water 50 N/G 0 Kjeldsberg et al., 1989 

museum, 
football game 

ice 55 N/G N/G Cannon et al., 1991 

resort well water N/G N/G 0.9 Lawson et al., 1991 

U.S. Air Force 
base 

chicken salad, 
celery 

48 N/G 17 Warner etal., 1991 

cruise ship fruit, eggs 41 33 N/G Henvaldt et al., 1994 

cruise ship ice 30 13 N/G Khan etal., 1994 

community raw oysters 83 N/G 0 Kohn et al.. 1995 

•N/G = not given 



69.5% do not visit a physician 

Norwalk virus acute 
gastroenteritis cases 

6,000,000 cases 

4,170,000 cases 

28% visit a physician and fiilly recover** 

1,680,000 cases 

2.5% are hospitalized 

99.9999% fully recover 

150,000 cases 

^percentages are rounded 

**does not include hospitalized cases 

149,999 cases 

0.0001% die 

1 case 
(rounded) 

Figure 1. Distribution of Estimated Annual U.S. Norwalk Virus Cases and Disease Outcomes.* 
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doctor for their iUness to those who did not when the outbreak is ah'eady under 

invesdgatioa some investigations, however, a questionnaire was completed by persons 

e>qx)sed at the conclusion of the outbreak and this information was obtained. The average 

of the percentage ̂ ^o were hospitalized was also calculated (2.5%) and the percentage of 

those vAio did not seek medical care was calculated as a residual. No deaths were reported 

in any of these outbreaks; however, to assess costs that may incur due to death, a 0.0001% 

case-fiitality rate was applied (Bennett et al., 1987). Medical costs and productivity losses 

were estimated (Tables 2 and 3) and costs were then totaled (Table 4). It is estimated that 

over $1 billion /year may be associated with Norwalk virus illnesses in the U.S. with 

perhaps almost $0.5 billion attributable to water. 

Cost-of-IUness Analysis for Rotavirus 

An incidence of 8,000,000 for the general population was used in this analysis 

(Bennett et al., 1987) although the other information used here pertain primarily to children. 

Several other assumptions were also made. Information on how many people seek medical 

attention for an acute case of rotavirus gastroenteritis was dif5cult to obtain. Studies of 

other gastrointestinal agents have shown, however, that approximately 5% of ill individuals 

visit a pl^sician (Sacks et al., 1986) and this rate was ^plied here. The percentage of those 

v^o visit a physician would depend on the severity of the cases and may be higher than 5% 

if children are involved but this was the best obtainable estimate. It has been previously 

estimated that the hospitalization rate for rotavirus-related illness for children <5 years old 

is 5/1000 per year (0.5%) (Ryan et al., 1996) and the average length of stay is 4 days 



Table 2. Estimated Medical Costs of Norwalk Virus Acute Gastroenteritis, 1993.' 

Severity of Unit cost Service/ Cost/ Cases Total 
illness Case case costs 

No physician 
visit 

dollars 

0 

number 

0 

dollars 

0 

ntmber 

4,170,000 

million 
dollars 

0 

Visited physician; 
physician visits' 
laboratory tests 
Subtotal 

I lO/visit 
SO/case 1 

1 110-220 
50-100 

160-320 1,680,000 268.8 - 537.6 

Hospitalized with 
acute gastroenteritis' 887/day 1 887 150,000 133.1 

Total N/A N/A N/A 6,000,000 401.9-670.7 

N/A " not applicable 
'Medical costs are for those who survive the acute gastroenteritb and costs have been rounded. 
The average cost of visiting a physician was detennined by dividing per capita annual national expenditures on physician services (Siadsilcal Abstract of the 
United Slates, 1993; $542 in 1991) by the average number of annual physician visits (non-stratified for gender). This number was converted to 1993 dollars 
using (he physician services consumer price index (Bureau of Labor Statistics, 1994; Buzby et al., 1996). It was assumed that cases visit a doctor 1-2 limes 
for their illnra. 
The daily hospitalization cost per person of $752 in 1991 (American Hospital Association in SiraZ/jf/ca/ztAjfracr o//A« 1993) was conveiled 
to 1993 dollars using the change in the hospital room consumer price index (Bureau of Labor Statistics, 1994). The median hospital length of stay is I day 
(Mofcns et al., 1979). 



Table 3. Estimated Productivity Losses Associated with Norwalk Vitus Acute Gastroenteritis, 1993.' 

Severity of 
illness 

Daily 
wage rate^ 

Work 
missed 

Rate/ 
case^ 

Cases Total costs* 

dollars days dollars number million dollars 

No physician 
visit* 88 1 88 4,170,000 370.0 

Visited physician' 88 2 176 1,680,000 295.7 

Hospitalized 
(and survived)^ 

88 3 264 150,000 39.6 

Death during illness' N/A all 5 million 1 5.0 

Total N/A N/A . N/A 6.000.000 710.3 
N/A " not applicable 
'For Ihooe cases who do not di«, loal produdivi^ is ddennined by multiplying Ihe amount of time lost from by Ihe rate of daily eamings. Average weekly earnings 
for all private, nonagrkultiiral jobs (U.S. Depaftment of Commerce, Bureau of Labor Slatistics, Economic Indicators, July, 1994) were increased by 39% to 
account for fiinge benefits of earnings {Siailsilcal A bsiraci of the United States, 1993) to include health plans, retirement benefits, and vacation, the pailicipation 
raleor849&af Ihe civilian labor farce for a work force aged 25-44 yeafs(Buzbydal., 1996). The average daily loss of produdivily (for five work days per week) 
u $87.58. 
'Figures are rounded. 
'Average duration of illness is l-2days(Morensel al., l979;Gunncl al, 1980; APHA, 1995). It was assumed that I day ofwork was missed for those cases 
with no doctor visit and 2 days for cases wilh a doctor visil. 
'It was assumed that Ihe duration of hospital stay is I day (Morons ct al., 1979). The work missed was assumed to be 3 times the number of days hospitalized 
adjusted for weekends by multiplying by 5/7 (Buzby et al., 1996) and rounding upward. 
'Viscusi's (1993) value of a "statistical life lost." 
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Table 4. Cost Summary for U.S. Norwalk Virus Acute Gastroenteritis Cases, 1993. 

Cost category Estimated cost^ 
low high 

million dollars 

Medical costs:^ 
no physician visit 0 
physician visits 268.8 537.6 
hospitalized 133.1 
Subtotal 401.9 670.7 

Productivity losses:^ 
no physician visit 370.0 
physician visits 295.7 
hospitalized 39.6 
deaths 5.0 
Subtotal 710.3 

Total 1112.2 
1381.0 

If 35% are waterbome, waterfaome costs are $0.39-0.48 billion annually. 

'Not all estimates could be presented as a range. 
Medical costs were estimated using data fix)m the American Hospital Statistics; Table 2. 
'Productivity losses were determined by using data from the U.S. Bureau of Labor Statistics and Viscusi's 
(1993) value of a "statistical life lost"; Table 3. 
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(Rodriguez et al., 1980). These numbers were incorporated in this analysis and the 

percatage of those cases do not visit a doctor was calculated as a residual (Figure 2). 

Rotavirus causes diarrhea in both children and adults and is a significant cause of 

diairiieal death among children in both developing and developed countries ^Capikian and 

Chanock, 1990; Qass et al., 1996). It has been estimated that rotavirus diarrhea accounts 

for 20% of diarrheal deaths among children (Maldonado and Yolken, 1990). The lack of 

a reporting system for childhood diarrhea makes it difiBcult to obtain mortality rates for 

rotavirus. Based on the epidemiological evidence, however, rotavirus is estimated to have 

a mortality rate in the U.S. of 0.01% overall (Bennett et al., 1987) and a slightly higher rate 

(0.015%) for children in the 1-4 age group (Institute of Medicine, 1985; Ho et al., 1988a; 

Ho et al., 1988b). Mortality rates greater than 50% have been observed in transplant 

patients (Yolken et al., 1982). A mortality rate of 0.015% was used in this analysis to 

estimate the costs associated with this virus as an agent of childhood disease. 

Medical costs associated with rotavirus illness in children were estimated (Table 5) 

and productivity losses due to missed work of parents and caretakers were also calculated 

(Table 6). Viscusi's (1993) value of a "statistical life lost" is not age-specific and can be 

applied here to estimate the economic costs associated with death among the childhood 

cases. The cost sunmiary for rotavirus indicates that childhood rotavirus iUnesses cost 

approximately $1.8 billion annually of which $0.6 billion may be attributable to water 

(Table 7). 



94.5% do not visit a physician 

7,560,000 cases 

rotavirus acute 
gastroenteritis cases 5% visit a physician and fully recover** 

8,000,000 cases 400,000 cases 
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0.5% are hospitalized 
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Figure 2. Distribution of Estimated Annual U.S. Rotavirus Cases and Disease Outcomes.* 



Table 5. Estimated Medical Costs of Rotavirus Acute Gastroenteritis, 1993.' 

Severity of 
illness 

Unit cost Service/ 
Case 

Cost/ 
case 

Cases Total 
costs 

dollars number dollars number million 
dollars 

No physician 
visit 0 0 0 7,560,000 0 

Visited physician; 
physician visits' 
laboratory tests 
Subtotal 

1 lO/visit 
SO/case 

1-2 
1-2 

110-220 
50-100 

160-320 400,000 64.0 - 128.0 

Hospitalized with 
acute gastroenteritis' 887/day 4 3,548 40,000 142.0 

Total W f i  N/A N/A 8.000.000 206.0 - 270.0 
N/A ~ noi applicable 
'Medical costs are Tor those who arvive the acute gastroenteritis and costs have been rounded. 
The average cost of visiting a phyncian was determined by dividing per capita annual national expenditures on physician services {Stailsilcal A bsiroci of ih* 
UnUtdSutu, I993;SS42 in l99i)b)rtheava«genumberarannualphysicianvisits(non-stratifiedfor gender). This number was converted to 1993 dollars using 
the pIgnHcian services oonsunier price index (Bureau of Labor Statistics. 1994; Buzby et al., 1996). It was assumed that cases visit a doctor I-2 times for their 
illness. 
TbedailyhaapilalizatiancostperpersonofS7S2in 1991 (American lIospllalAuoclailon InSlallMllcalAbsiraclof ilie UnUtdSlalet, 1993) wasconvaledto 
1993 dollars using the change in the hospital room consumer price index (Bureau of Labor Statistics, 1994). Tlie median hospital length of stay is 4 days 
(Rodriguez el al., 1980). 



Table 6. Estimated Productivity Losses Associated with Rotavirus Acute Gastroenteritis, 1993.' 

Severity of 
illness 

Daily 
wage rate' 

Work 
missed 

Rate/ 
case* 

Cases Total costs* 

dollars days dollars number million dollars 

No physician 
visit' 88 2 176 7,560,000 1330.6 

Visited physician' 88 4 352 400.000 140.8 

Hospitalized 
(and survived)* 

88 9 792 40.000 31.7 

Death during illness* N/A all S million 6 30 

Total N/A N/A N/A 8,000.000 1533.1 

N/A > not ipplicable 
'For those cases who do not die. lost producUvily is delennincd by mulliplying the amount of lime lost from l>y the rate of daily eaniings. Average weekly 
eaniings for all private, nonagricullural jobs (U.S. Department of Conunetce, Bureau of L^ibor Slatistics, Economic Indlcalon, July. IM4) were increased by 
39H lo account for fringe benefils of earnings {Stallsllcal Absiroci of the Untied Slates, 1993) lo include health plans, retirement tenefits. and vacation, the 
participation rate of g4H of the civilian labor force for a work force aged 25-44 years (Duzby el al.. 1996). The average daily loss of productivity (for five work 
days per week) is $87.58. 
'Figures are rounded. 
'Average duration of illness is 4-6 days (APHA, I99S). Il was nssumed that parents/caretakers missed 2 «luys of work for lliose cases with no doctor visit 
and 4 days for cases wilh a doctor visit (Buzl^etal.. 1996). 
It WM aswmed llwl the median dunlion of • hospital slay is 4 days (Rodriguez el al., 1980). The woik missed for the parenls/carclakers was assumed lo be 3 
limes the mmber of dqrs ho^ilalized adjusted for weekends by mulliplying by Sfl (Duzby el al., 1996) and rounding upward. 
*Vuaisi'M value of a "statistical life tost." 

VO 
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Table 7. Cost Summary for U.S. Rotavirus Acute Gastroenteritis Cases, 1993. 

Cost category Estimated cost' 
low high 

million dollars 

Medical costs:^ 
no physician visit 0 
physician visits 64.0 128.0 
hospitalized 142.0 
Subtotal 206.0 270.0 

Productivity losses:' 
no physician visit 1330.6 
physician visits 140.8 
hospitalized 31.7 
deaths 30.0 
Subtotal 1533.1 

Total 
1803.1 

1739.1 

If 35% are waterbome, waterbome costs are $0.61-0.63 billion annually. 

'Not all estimates could be presented as a range. 
Medical costs were estimated using data from the American Hospital Statistics; Table 5. 
'ProductivtQr losses were determined by us  ̂data from the U.S. Bureau of Labor Statistics; Table 6. 
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Cost-o5-Illness Analysis of Non-polio Enterovirus Aseptic Meningitis 

Several assumptions had to be made here although aseptic meningitis is reportable 

to CDC. Aseptic meningitis is the most frequent iUness associated with enterovirus 

infections and in one study it was estimated that 34% of the enterovirus illnesses reported 

to CDC was aseptic meningitis (CDC, 1981). This value was used to determine the 

incidence of non-polio enterovirus aseptic meningitis cases by multiplying it by the 

incidence for non-polio enterovirus disease (6,000,000; Bennett et al., 1987) (Figure 3). 

The obvious problem with this is that the rate reported from CDC includes all enteroviruses 

and the incidence used only entails coxsackieviius and echovirus. These numbers were used 

in this analysis, however, because these were the only estimates available. Waterbome 

outbreaks of aseptic meningitis associated with enterovirus infections were reviewed and 

hospitalization rates were found to range from 14% - 56% (CDC, 1981; Moore et al., 

1983). Illnesses usually last no longer than 10 days (APHA, 1995), and a hospital stay of 

five days was employed as a conservative estimate. The remaining needed information on 

those cases who do and do not visit a doctor were both calculated as a residual (equally 

divided) and medical costs were estimated (Table 8). Most cases of aseptic meningitis are 

not severe (APHA, 1995) and no deaths were reported in any of the outbreaks reviewed. 

Mortality data for viral aseptic meningitis were not obtainable from CDC (1996). Because 

the populations affected were high school teenagers, the productivity loss estimates were 

based on losses to parents or caretakers (Table 9). From this analysis, total medical and 

productivity costs are estimated to range from $1.8 to nearly $7 billion annually with 

potentially $2.4 billion attributable to water (Table 10). 
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Table 8. Estimated Medical Costs of Non-polio Enterovirus A&eptic Meningitis, 1993.' 

Severity of 
illness 

Unit cost Service/ 
Case 

Cost/ 
case 

Cases 
(range) 

Total 
costs 

No physician 

visit 

dollars 

0 

number 

0 

dollars 

0 

number 

448,800 - 877,200 

million 
dollars 

0 

Visited physician: 
physician visits* 
laboratoiy tests 
Subtotal 

I lO/visit 
SO/case 

1-2 
1-2 

110-220 
SO-lOO 

160-320 448,800-877,200 71.8-280.7 

Hospitalized with 
aseptic meningitis' 887/day 5 4435.0 1,142,400-285,600 1266.6-5066.5 

Total N/A N/A N/A 2,040,000 1338.4-5347.2 

N/A ~ nol applicable 
'Medical ooila aie for Ihoae «vho aurvive die acute gastroenlerilia and costs have been rounded. 
*The average coal of visiting a piqraician wu detctmined by dividing per capita annual national expenditures on physician services {StailiUcal Abtintci of ih* 
UMnlSMn, l993:S542inl99l)b]rlheavenigeiiun4)erorannualplqr^ci«ivisils(non-slralified for gender). This number was oonvetled lo 1993 dollars using 
teplqrsicianaeivioesoQQiunier price index (Bureau of Labor Statistics, l994;Buzbyetal.. 1996). It was assumed that cases visit a doctor I-2 times for their 

Thedailyhaapitalization coal per person of $752 in 1991 (American Hospital Association in 5'ia//5f/ca/i4Ajfnicfo//A« Untied Siaut, 1993) was oonvertedio 
1993 doUars using the change in Ihehoapitai room consumer price index (Bureau of Labor Statistics, 1994). The duration ofhospital slay in this assessment is 
Sdayi. 



Table 9. Estimated Productivity Losses Associated with Non-polio Enterovinis Aseptic Meningitis, 1993.' 

Severity of 

illness 

Daily 

wage rate' 

Work 

missed 
Rate/ 
case' 

Cases 
(range) 

Total costs' 
(range) 

dollars days dollars number million dollars 

No physician 
visit' 88 2 176 448,800 - 877.200 79.0- 154.4 

Visited physician* 88 4 352 448,800 - 877,200 158.0-308.8 

Hospitalized 
(and survived)* 

88 II 968 1,142,400-285,600 276.5 - 1105.8 

Death during acute 
illness 

N/A N/A N/A N/A N/A 

Total N/A N/A N/A 6,000,000 513.5- 1569.0 

hVA iMN applicable 
'For Ihooe casta who do not die, loal productivity is detennined by mulliplying Ihe amount of time lost from by Ihe rate of daily earnings. Average weekly 
earaings for all private, nooagricultural jobs (U.S. Department of Commerce, Bureau of Ljibor Stalislics, Economic Imilcaion, July, 1994) were increased by 
39H lo accouni for fiinge benefit* of earnings {SualiUcal Abttracl of the Uitlud Stales, 1993) lo include health plans, retirement benefits, and vacation, the 
partidpalian ralBof 84% of Ihedviiian labor Ibrce for a work foice aged 25-44 years (Buzby el al., 1996). The average daily loss of produclivily (for five work 
dayipcrweck)iiS81.S8. 
Tigurca arc rounded. 
1>iiMionofiltaeaaisusuai^nDaianthan IOdays(APIIA, 1995). It was assumed tlutparcntsAMretakcrs missed 2 days ofwork for those cases with no doctor 
visit and 4 days for cases with a doctor visit (Buz^ el al.. 1996). 
*ll was auumed that the duration of a Iwapital stay is S days. Hie woilc missed for parents/'caretakers was assumed to tie 3 times the number of days 
hoapilalizedadjustedfor weekends by mulliplying by 5/7 (Buzby etal., 1996) and rounding upward. 
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Table 10. Cost Siunmaiy for U.S. Non-polio Enterovirus Aseptic Meningitis 
Cases, 1993. 

Cost category Estimated cost^ 
low high 

million dollars 

Medical costs:^ 
no physician visit 0 
physician visits 71.8 280.7 
hospitalized 1266.6 5066.5 
Subtotal 1338.4 5347.2 

Productivity losses:^ 
no physician visit 79.0 154.4 
physician visits 158.0 308.8 
hospitalized 276.5 1105.8 
Subtotal 513.5 1569.0 

Total 1851.9 6916.2 
If 35% are waterfaome, waterfaome costs are $0.6 to $2.4 billion annually. 

'Not all estimates could be presented as a range. 
Medical costs were estimated using data fixmi the American Hospital Statistics; Table 8. 
'Productivity losses were determined by using data from the U.S. Bureau of Labor Statistics; Table 9. 
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Discussion 

These analyses encountered many uncertainties and assumptions had to be made 

throughout the process. Extrapolating outbreak data to a real-life situation would only 

produce a "best-estimate" of results. Biases (such as selection bias, information bias, and 

recall bias) and the underreporting of cases within the outbreak investigations themselves 

also introduce error. However, given the lack of available data on wateibome disease in the 

U.S., using waterbome outbreak data to estimate costs is appropriate and may be an 

indication of the economic impact of waterbome illnesses. 

The overall costs for all three viral illnesses, using data obtained from studies 

conducted in the U.S., ranged from $1.1 to $6.9 billion/year. A 35% waterbome 

gastroenteritis illness rate was observed among a commimity where the distribution plant 

serves approximately 40,000 people (Payment et al., 1991). If it is assumed that 35% of the 

costs calculated in this analysis are attributable to water-related illnesses, costs may be as 

high as $0.39 to $2.4 billion/year. This does introduce an assumption in the analysis by 

applying this illness rate; however, it may be the most reasonable estimate available due to 

the lack of reporting of waterbome illnesses in the U.S. 

It is difScuh to compare the individual total costs for each vims in this study due to 

the assumptions that were made within each evaluation. For example, the percentage of 

children with rotavims diarrhea who are seen by a physician may actually be a lot higher 

than 5% (depending on severity) or the duration of hospital stays for aseptic meningitis 

cases may actually be generally longer than the five days used in this analysis. The costs 

estimated for aseptic meningitis were much higher than the estimated costs for the 
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gastrointesdnal illnesses but this was due to the high hospitalization rates that were obtained 

from outbreak investigations. Gastrointestinal illnesses are underreported in the U.S. and 

the costs presented hoe (based on the available data) are underestimated. However, when 

similar assumptions are made during cost-of-illness analyses of different illnesses, 

conq)arisons could possibfy be made. Costs for each of the waterbome illnesses are actually 

underestimates because medical services acquired while in the hospital were not included. 

These estimates also do not account for economic costs associated with secondary 

transmission. The calculated estimates in this analyses are comparable to those estimated 

for foodbome bacteria ($0.6 to $3.5 billion annually; Buzby et al., 1996). 

Conclusion 

Waterbome transmission of disease continues to occur in the U.S. despite the 

available treatment technologies. Based on this analysis, an economic burden of as much 

as $0.39 to $2.4 billion may potentiaUy be introduced in the United States each year due to 

the three viral waterbome illnesses considered. These may be conservative estimates; the 

economic costs to society of viral waterbome disease actually may be even greater. The 

computation of these cost estimates relied primarily on specific outbreak situations and were 

not obtained from a nationwide database on viral waterbome disease. Such a database does 

not exist, making it difScult to determine the tme economic burden of these illnesses. 

However, even these unda«stimated costs are comparable with the cost-of-illness estimates 

of bacterial foodbome disease ($0.6 to $3.5 billion/year). 

This is the first comprehensive cost analyses for waterbome viruses. Data obtained 
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from these analyses will add an economic dimension to microbial risk assessment. 

Wateibome diseases v^ch have the greatest economic impact can be identified through the 

procedure presented in this paper. The information obtained can be used in risk 

management in the development of regulations for particular viruses (or other 

microorganisms). 
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Abstract 

Coxsackieviiuses are enterovinises that are commonly fixmd in domestic wastewater 

and have been isolated fix)m sur&c^ ground and drinking water. They are very stable in the 

environment and are highly resistant to chlorine and UV disinfection. Infection has been 

associated with a wide range of diseases including aseptic meningitis, myocarditis, 

respiratory illness and insulin-dependent diabetes mellitus. Neonates are at particular risk 

of severe disease as well as other sensitive populations, such as the elderly and the 

immunocompromised. Dose-response studies suggest that an exponential model best 

describes infectivity of coxsackievirus type B. Between 50-80% of infections may be 

symptomatic. Reported mortality rates for the coxsackieviruses range from 0.59-0.94%. 

The exponential model was used to estimate daily and yearly risks of infection, morbidity 

and mortality for e?qx)sure through drinking water. Risks from exposure during swimming 

were assessed for 1-day, S-day and 10-day exposures assuming ingestion of 100 ml per 

event. Previously reported data on the concentrations of coxsackievirus in these waters 

were used in the assessment. Risks of infection were as high as lO'Vyear for drinking water 

and 10'̂  for a 10-day exposure to freshwater. 

Introduction 

Risk assessment has recently been employed to assess the risks involved with 

environmental e}qx>sure to pathogoiic miaooiganisms (Haas, 1983; Regli et al., 1991; Rose 

et al., 1991; Haas et al., 1993). implication of risk assessment methodology is commonly 

used to assess risks associated with exposure to toxic chemicals in the environment 
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(Eianunond and Coppock, 1990). Risk assessment is also a useful tool in the interpretation 

ofwate* quality data (Rose et aL, 1991) and has been used to estimate the risk of exposure 

to GiarcSa and enteric viruses in water (Kegli et al., 1991; Haas et al., 1993) and shellfish 

(Rose and Sobsey, 1993). While information on the effects of exposure to significant levels 

of contamination can be obtained epidemiologically fi'om documented waterbome 

outbreaks, it is difScult to assess the risks to individuals or conmiunities fi'om exposure to 

low levels of contamination. Risk assessment provides a tool for better understanding of 

the significance of exposure to such low levels of microorganisms. 

This paper focuses on the risks involved with exposure to coxsackieviruses in water 

and the various aspects of acquiring such an infection. Coxsackievirus is the most common 

non-polio enterovirus in terms of frequency of infection from water and wastewater. They 

were first identified in 1947 during an investigation of five outbreaks of poliomyelitis in 

Coxsackie, New York (Dalldorf and Sickles, 1948). The viruses are small, single-stranded 

RNA viruses that were later divided into two groups (types A and B) based on differences 

in tissue damage induced in newborn mice and hamsters and the different diseases the 

viruses cause (Miahy, 1988). Coxsackieviruses play a significant role in neonatal infections 

((C^lan et al., 1983) and coxsackievirus type B is the non-polio enterovirus that has been 

most often associated with serious illness (Cherry, 1992) (Table 1). 

Coxsackieviruses cause a wide variety of clinical symptoms, including high fever, 

vomiting, fever, abdominal pain, headache, rash, jaundice and diarrhea. The nature of the 

disease resulting fiom an infection and the severity of clinical manifestations depends on the 

host's immune ^em and the age at which infection occurs. In&nts under three months of 



Table I. Unique Characteristics of Coxsackievirus. 

Most common non-polio enterovirus found in water 

Resistant to disinfection by chlorine and UV 
compared to other enteroviruses 

Plays a significant role In all neonatal viral infections 

Coxsackieviius type B causes > 50% of myocarditis conditions 

Associated with a greater number of serious illnesses 
than any waterbome virus 

Cherry, 1992 

Payment el al., 1985a; 
Battigelli et al., 1993 

Kaplan, 1988; 
Cherry, 1992 

See and Tilles, 1991 

Artenstein et al., I96S; Kaplan el al., 
1983; Bell and M'Cartney, 1984; 
Moore et al., 1984; Bowles et al., 1986 
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age are at particular risk of iofection and mortality. Hospitalization rates of 50-364 

in&nts/l00,000 live births/year with a mortality of3.9/100,000 live births/year have been 

reported (Kaplan et al., 1983). Coxsackievirus infections manifest as a wide variety of 

diseases including aseptic meningitis (Melnick et al., 196S; Bell and NfCartney, 1984), 

myocarditis (Artenstein et al., 1965; Kaplan et al., 1983; Reyes and Lemer, 1985; Bowles 

et al., 1986), respiratory illness (Bloom et al., 1962), and encephalitis (Kaplan et al., 1983; 

Moore et al., 1984) and have been associated as a cause of insulin-dependent diabetes 

mellitus (Bell and MCartney, 1984; Barrett-Connor, 1985; Yoon, 1990; Sumbureru, 1991; 

Frisk etal., 1992) (Table 2). 

Coxsackieviruses are transmitted by the fecal-oral route, thus exposure to 

contaminated food, water or fomites can result in acquisition of an infection. 

Coxsackieviruses can still be shed in the feces as long as three months after acquiring an 

infection (Hirschman and Hammer, 1974). Numerous common source outbreaks of 

coxsackievirus have been documented including two documented waterbome outbreaks 

^wley et al., 1973; Denis et al., 1974). Coxsackieviruses have been found in raw sewage, 

reaeational waters, and drinking water and their risk for populations needs to be assessed. 

The United States Environmental Protection Agency (USEPA) has recommended 

that drinking water not presort a risk of mioobial infection greater than 1:10,000 (10'̂ )/year 

(Macler, 1993). Risks from enteric viruses, particularly enteroviruses, have previously been 

consdered as a group. Because of the wide range of diseases caused by coxsackieviruses 

and the potential severity of these diseases, it is important to consider the coxsackieviruses 

separately. 
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Table 2. Diseases/Outcomes Caused by Coxsackieviius. 

TYPE DISEASE/OUTCOME REFERENCE 

A common cold, fever, herpangina, 
paralysis, aseptic meningitis 

Dalldorf and Melnick, 
1965 

AlO hand, foot and mouth disease 
(HFl^) 

Itagaki et al., 1983 

A21 respiratory illness Bloom et al., 1962 

B pericarditis, pleurodynia, meningitis, 
myalgia, orchitis, fever 

Artenstein et al., 1965 

B systemic infection of infants, fever, 
paralysis, aseptic meningitis, pleurodynia 

Dalldorf and Mekiick, 
1965 

B myocarditis Smith, 1970 

B neonatal myocarditis Ifirschman and 
Hammer, 1974 

B encephalitis, myocarditis, fulminant 
infection in newborns 

Kaplan et al., 1983 

B aseptic meningitis, myocarditis, diabetes, 
respiratory iUness, myalgia 

Bell and NTCartney, 
1984 

B myocarditis Bowles et al., 1986 

B spontaneous abortion, stillbirth Frisk and Diderholm, 
1992 

B miscarriage Axelsson et al., 1993 

B1 increases susceptibility to Shigella 
flexneri 

Modalsli et al., 1992 

Bl-5 encephalitis, paralysis, sepsis, carditis 
symptoms; vomiting, diarrhea, 
headache, pharyngitis, abdominal pain, 
rash, jaundice, change in mental status 

Moore et al., 1984 

Bl-5 myocarditis Reyes and Lemer, 
1985 
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The risk assessment q>proach involves four basic steps: 1) hazard identification; 

2) dose-response assessment; 3) exposure assessmem; and, 4) risk characterization (NRC, 

1983). These stq)s were used in this study to assess the risk of obtaining a coxsackievirus 

infection fi'om ecposure to contaminated drinking water or recreational waters. As 

mentioned above, many studies have been conducted showing a correlation between 

coxsackievirus infections and various diseases. Risk of infection fi'om different levels of 

esqwsure can be determined from dose-response information obtained from human-feeding 

studies. Many studies have also been conducted detecting levels of coxsackievirus in 

potable waters which provide information for exposure assessment (Hejkal et al., 1982; 

Lucena et al., 1984; Payment et al., 1985b). Using the information obtained from steps 1-3, 

the risks associated with various levels of exposure to coxsackievirus can now be 

quantitatively determined. 

Materials and Methods 

Published literature on coxsackieviruses and the diseases they cause was reviewed 

through Medline Rational Library of Medidne, Bethesda, Mainland) to determine the range 

of illnesses associated with coxsackievirus and its occurrence. The following characteristics 

were considered: 1) the nature of the different diseases caused by coxsackieviruses 

(including severity and frequency of occurrence); 2) the waterbome outbreaks of 

coxsackievirus, including attack and hospitalization rates; 3) the concentrations of 

coxsackievims found in raw sewage, treated sewage, freshwater and drinking water and its 

susceptibility to removal by water treatment; 4) resistance to inactivation by disinfectants; 
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and, 5) perasteoce in the environment. Risk of infection, illness, and mortality was assessed 

for coxsackievirus type B4. This serotype was chosen since coxsackie type B viruses are 

more virulent than type A O^plan, 1988). In addition, it is a common infection and is 

frequently isolated from water. 

In order to assess the risk from exposure to coxsackieviruses in water, the 

exponential risk assessment model was used; 

Pi= l-exp(-rN) 

with ?{the probability of becoming infected and N representing the number of organisms 

Ci e., coxsackieviruses in cell culture plaque-forming units) (Regli et al., 1991 and Haas et 

al., 1993). This model was chosen because it best represents the dose-response data 

obtained from human-feeding studies (Haas, 1994). The parameter r (1/129) was estimated 

based on dose-response experiments with coxsackievirus type B4 (Haas, 1994). Levels of 

coxsackievirus (N) were calculated for 2 liters (for the general population, Haas et al., 1993) 

and 4 liters (for the elderly, Roseberry and Burmaster, 1992) daily exposure of drinking 

water and 100 ml daily exposure for recreational swimming in freshwater. The probability 

of becoming ill from that infection as well as the probability of mortality were also 

determined. The probability of clinical illness was calculated by multiplying P; (the 

probability of infection) by the morbidity ratio that has been reported for coxsackievirus 

(0.75) (Cherry, 1981). The probability of death from an infection was calculated by 

multiplying Pj X morbidity ratio (0.75) X case/fatality ratio. The mortality ratio used in this 
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risk assessment was 0.00S9 but mortality ratios for this virus have been reported as high as 

0.0094 (Assaad and Borecka, 1977). 

Results 

Diseases Associated with Coxsackievirus 

According to Cherry (1992), 50% of infections due to coxsackievirus type A and 

80% due to type B are symptomatic. Enterovirus data compiled by the World Health 

Organization (WHO) between 1975-1983 indicated an even greater frequency of 

symptomatic cases - 83.2% for ^T)e A and 78% for type B (Table 3) (Grist and Reid, 1988). 

Table 3. Frequency of Symptomatic Cases of Coxsackievirus Infections. 

Coxsackievirus A 
(%) 

Coxsackievirus B 
(%) 

Source 

SYMPTOMATIC 83.2 78.0 WHO data, 1975-1983; 
Grist and Reid, 1988 

SYMPTOMATIC 50.0 80.0 Cherry, 1992 

Table 4 shows the percentage of various diseases caused by enteroviruses (total %) reported 

for 1975-1983 and by type of enterovirus. During this period, 58,965 enterovirus infections 

were reported to the World Health Organization and 35% of these were coxsackievirus 

infections (9.8% type A and 25.3% type B). The most common diseases associated with 

the coxsackieviruses reported during that time period were cardiovascular disease, 

respiratory iUness, gastroenteritis and central nervous system disorder. Tables 4-6 
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Table 4. Enterovims-Associated Disease by Enteroviral Serotype.* 

DISEASE TOTAL*/, %CVA •/4CVB •/4ECHO •/oPOUO 

RESPIRATORY ILLNESS 14.0 9.0 34.9 56.0 0.1 

CENTRAL NERVOUS 
SYSTEM DISORDER 38.4 7.2 19.2 73.5 0.06 

CARDIOVASCULAR 
DISORDER 1.6 6.2 64.8 28.9 0.1 

GASTROENTERITIS 16.4 8.5 25.0 66.4 0.03 

SKIN DISORDER 4.4 48.5 13.9 37.5 0.1 

OTHER 21.8 8.6 29.8 61.5 0.1 

•WHO data, 1975-1983; 
Grist and Reid, 1988 

summarize the frequency of coxsackievirus types A and B associated with a particular 

disease for this same data set. Coxsackievirus type A causes a variety of disorders with 

types A2, A12, A19 and A21 associated more often with respiratory illness, types A7 and 

A9 rdated more with central nervous system disorders, types A4 and A14 associated more 

often with gastroenteritis and skin disorders with types A5, AlO and A16. Coxsackievirus 

type B4 was the most common coxsackievirus reported during this eight-year period. 

Central nervous syston disorders wa% more often associated with coxsackievirus types B2-

6 than any other type of clinical manifestation (Grist and Reid, 1988). 

Mvocarditis. Coxsackievirus type B is the most common viral etiological agent 

associated with heart disease (Woodruff and Woodruff 1980; Bowles et al., 1986) and is 

associated with >50% of all cases of viral myocarditis (See and Tilles, 1991) (Table 7). In 
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Table S. Distribution of Coxsackievirus Type A-associated Disease for Each Serotype.* 

PERCENTAGE 
Type Respiratory 

Illness 
CNS** Cardio

vascular 
Gastro
intestinal 

Skin Other 

A1 0.0 24.0 4.0 20.0 2.7 49.3 

A2 33.6 11.0 2.5 20.2 15.1 17.6 

A3 25.0 12.5 12.5 12.5 12.5 25.0 

A4 10.3 17.7 2.3 36.6 8.0 25.1 

A5 22.2 12.0 2.8 18.5 30.6 13.9 

A6 11.7 10.0 3.3 28.3 10.0 36.7 

A7 13.0 37.5 0.9 17.1 9.3 22.2 

A8 7.1 16.7 7.1 14.4 7.1 47.6 

A9 14.4 42.4 0.6 17.3 5.7 19.6 

AlO 15.4 10.9 0.50 14.4 45.4 13.4 

All 9.6 23.8 0.0 9.5 9.5 47.6 

A12 50.0 0.0 0.0 0.0 0.0 50.0 

A13 5.4 21.6 0.0 29.7 0.0 43.3 

A14 5.9 5.9 5.9 41.1 11.8 29.4 

A15 10.7 21.4 0.0 28.6 10.7 28.6 

A16 6.3 4.6 0.5 10.7 69.2 8.7 
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Tables. Continued. 

PERCENTAGE 
Type Respiratory 

Illness 
CNS Cardio

vascular 
Gastro
intestinal 

Skin Other 

A17 23.5 11.8 0.0 11.8 5.9 47.0 

A18 5.6 33.3 0.0 22.2 5.6 33.3 

A19 100.0 0.0 0.0 0.0 0.0 0.0 

A20 12.0 28.0 0.0 16.0 4.0 40.0 

A21 29.4 15.7 0.0 25.5 5.9 23.5 

A22 12.5 37.5 0.0 0.0 0.0 50.0 

A24 4.8 15.9 1.6 23.8 6.3 47.6 

•WHO, 1975-1983; Grist and Reid, 1988 
**Central Nervous System 

Table 6. Distribution of Coxsackievirus Type B-Associated Disease for Each Serotype.* 

PERCENTAGE 
Type Respiratory 

Illness 
CNS** Cardio

vascular 
Gastro
intestinal 

Skin Other 

B1 25.4 21.5 3.4 19.6 2.9 27.2 

B2 22.5 25.6 4.5 18.7 2.4 26.3 

B3 19.3 28.7 3.4 20.7 2.2 25.7 

B4 18.4 28.3 4.6 20.1 2.0 26.6 

B5 14.2 40.1 2.6 18.7 2.7 21.7 

B6 15.9 30.6 4.0 24.2 2.0 23.3 

•WHO, 1975-1983; Grist and Reid, 1988 
"••Central Nervous System 
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some investigations, as many as 39% of patients infected with coxsackievirus BS 

experienced heart problems (Nfehiick, 1982) and coxsackievirus antigens are commonly 

found in damaged heart tissues. In children < 3 months of age, the onset of myocarditis 

from a coxsackievirus infection ofren leads to death. 

Table 7. Incidence of Myocarditis, Diabetes, and Aseptic Meningitis 
Caused by Coxsackievirus Infections. 

DISEASE % CAUSED BY REFERENCE 
COXSACKIEVIRUS 

MYOCARDITIS > 50% of viral myocarditis See and Tilles, 1991 
caused by CVB 

INSULIN-DEPENDENT 
DIABETES MELLITUS 
(IDDM) 

ASEPTIC MENINGITIS 

50% of children with IDDM 
have CV antibody 

33.3% of cases of IDDM are 
preceded by CVB infection 

Approximately 70% are due 
to enteroviruses, especially 
CVA7. CVA9 and CVB2-5 

Bairett-Connor, 1985 

Toniolo et al., 1988 

Modlin, 1990 

Numerous epidemiological studies have attempted to determine the relationship 

between coxsackievirus infection and myocarditis particulariy for neonates and young 

children. The association is usually based on viral isolation and serologic studies. 

Coxsackievirus type B was first recognized as the cause of human myocarditis in newborns 

(Gear and Measroch, 1973) in Rhodesia in 1955 and South Africa in 1956. Coxsackievirus 

is often identified as the etiologjc agent in neonatal myocarditis (Lansdown, 1978) and there 
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have been many nursery outbreaks (Cherry, 1992). The first reported case of an adult 

suffering from coxsackievirus myocarditis was in Northern Ireland in 1957 (Fletcher and 

Brennan, 1957). Coxsackievirus heart disease is usually discovered when investigating 

epidemics of other diseases (Hirschman and Hammer, 1974). 

In a study conducted in Australia from 1962-1969 (Smith, 1970), 42 adults were 

admitted to a hospital with heart disease from 1962-1969. All 42 patients had coxsackie-

neutralizing antibodies of 1:40 or greater or had the virus isolated from a stool (Table 8). 

Table 8. Summary of Studies in Which a Relationship Between Myocarditis and 
Coxsacldevirus Infection was Demonstrated. 

TYPE LOCATION NUMBER OF 
PATIENTS 

PERCENT WITH 
CV ANTIBODIES 

REFERENCE 

B ? 42 100 Smith, 1970 

B ? 45 44 Koontz and 
Ray, 1971 

B Thailand 5 42 Ayuthya et al., 
1974 

B New Zealand 153 9.8 Lau, 1982 

B New Zealand 910 8.6 Lau, 1983 

B New Zealand 153 19.6 Lau, 1986 

B5 New York, 
USA 

16 31 Plager et al., 
1962 

Between 1972-1979,12% of the cardiac patients studied from West and East Scotland had 

elevated antibodies to coxsackievirus type B (Bell and McCartney, 1984). Bowles et al. 
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(1986) used a cDNA hybridization probe to detect virus nucleic acid sequences in 53% of 

17 cardiac patients. Overall, S% of all cases of acute viral infections result in myocarditis 

(Hyypia, 1993) and the literature shows significant correlation between the onset of 

myocarditis and the appearance of antibodies to coxsackievirus in an individual. 

Respiratory lUness. More than 90% of all respiratory infections are caused by 

viruses (Evans, 1982). Coxsackievirus type A is commonly associated with respiratory 

illnesses, particularly types A21 and A24. In some cases, coxsackievirus type A7 resulted 

in &tal pneumonia (Melnick, 1982). Coxsackievirus type A24 affects the eyes causing acute 

eye infections or conjunctivitis (Nfirkovic et al., 1974). Respiratory symptoms almost 

always accompany other diseases when coxsackievirus is the etiological agent (Grist and 

Reid, 1988); however, coxsackievirus is usually not identified when respiratory illness is the 

only condition present (Melnick, 1982). 

According to Cherry (1992), type A21 is the only enterovirus that can be labeled 

as a 'common cold virus'. Bloom et al. (1962) studied the association between type A21 and 

respiratory illness in military personnel. Thirty-two of 122 (26%) patients showed an 

association between upper respiratory infection and the virus (Table 9). Outbreaks of 

coxsackievirus type B-associated respiratory illness among children have also been 

documented (Ray et al., 1967; Sanders et al., 1969). The investigators found that only 

children in close contact with one anotho* developed upper and lower respiratory infections 

thus demonstrating the importance of secondary spread. 

Isaacs et al. (1984) measured the viral neutralizing antibody levels of 30 children 

(aged 6 months to 6 years) that had been e9q)eriencing recurrent respiratory infections. One 
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Table 9. Number of Patients with Respiratory Illness Caused by Coxsackievirus. 

TYPE LOCATION # OF PATIENTS WITH 
CV-ASSOCIATED 
ILLNESS 

REFERENCE 

A9, B5 UK-
preschool children 

23 (77%) Isaacs et al., 
1984 

A21 USA-
marine 
personnel 

32 (26%) Bloom et al., 
1962 

B5 North Carolina, 
USA-
children's home 

17 Sanders et al., 
1969 

healthy sibling was used as a control for each case study. Serum and saliva samples were 

collected from both children during an acute respiratory infection and when the infected 

children were free of symptoms for at least two weeks. In 23 of the index children and 17 

of the siblings, a four-fold or greater rise in neutralizing antibody titer against coxsackievirus 

types A9 or B5 was observed. 

Insulin-Dependent Diabetes Mellitus. There are 6.5 million diagnosed cases of 

insulm-dependent diabetes mellitus (IDDM) in the United States; including the non

diagnosed cases would double this number, ^proximately 123,000 of these cases are 

chQdren and teenagers. In 1990, 607,000 new cases were diagnosed in the United States. 

The incidence of diabetes increased throughout the 1980's but then decreased in 1989 and 

1990. Between 1980-1989, mortality rates for diabetes increased with age. In 1990, the 

average hospital stay lasted 7.8 days (CDC, 1993). 
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Approximately 50% of children with insulin-dependent diabetes mellitus have 

antibodies to coxsaddeviius (Barrett-Connor, 1985) (Table 6). Toniolo et al. (1988), have 

reported that 33.3% of all cases of IDDM are preceded by coxsackieviriis type B infections. 

It is important to gain a better understanding of the causative factors of IDDM because so 

many persons are affected by this disease which can often lead to devastating illness. In 

Sweden, >3 out of every 1000 children develop IDDM before th^ are 15 years old 

(Dahlquist, 1991). 

Lifestjde habits may play a role in initiating disease in geneticaUy-susceptible persons 

through destruction of pancreatic cells (Dahlquist, 1991). An autoimmune response may 

occur later resulting in IDDM Most of the assodadon between IDDM and viruses has been 

demonstrated through animal studies (Yoon et al., 1985). Several studies involving humans 

have been conducted over the past twenty years investigating the association between 

coxsackievirus infections and the development of IDDM (Table 10). In one such study in 

France, 87% of 55 IDDM patients (without other autoimmune disease) evaluated contained 

elevated titers of coxsackievirus neutralizing antibodies (Prince et al., 1983). Mertens et al. 

(1983) studied 166 IDDM patioits ^o had all experienced a coxsackievirus infection prior 

to the onset of IDDM. Eighty percent of these patients had neutralizing antibodies to 

coxsackievirus type B. The panaeas of a 10-year-old boy who had died from diabetic 

ketoacidosis contained high levels of coxsackievirus type B4 (Yoon et al., 1979). 

The authors of these studies conclude that there does appear to be somewhat of a 

correlation between coxsackievirus type B infections and the onset of IDDM However, 

further epidemiological studies are needed to determine the actual correlation between 
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Table 10. Studies Demonstrating a Relationship Between Diabetes and Coxsackievirus 
Infections. 

TYPE Lcx:A'noN NUMBER OF 
PATIENTS 

•/owriH 
COXSACKIEVIRUS 

ANTIBODIES 

REFERENCE 

A Sweden 108 38 (mean) Frisk et al., 1992 

B ? 166 80 Mertens et al., 1983 

B UK 13 31 Bell and McCartney, 
1984 

B France 55 87 Prince et al., 1983 

B Japan 103 28 Sakurami et al., 
1982 

B USA 9 33 Huflfet al., 1974 

B Germany 81 14 Schmidt et al., 1978 

B India 18 72 Hazra et al., 1980 

B USA 33 46 Palmer etal., 1982 

Bl-5 Sweden 24 54 Frisk et al., 1985 

Bl-6 London 28 39 King et al., 1983 

B4 Britain 162 70 Gamble et al., 1973 

B4 Amsterdam 69 33 (age<19) 
72 
(age >20) 

Andersen et al., 
1977 

coxsackievirus infections and IDDM. Physicians should be aware that the onset of IDDM 

can be initiated by a coxsackieviius infection and may not be due to heredity. By testing for 

this virus in ne\^ diagnosed IDDM patioits, the source of this condition could be identified 

and better control of the spread of this disease could be obtained. Because of the many 

different &ctors that can cause this disease Oncluding lifestyle), IDDM has been compared 



130 

to cardiovascular diseases and cancer in terms of etiology, particularly for childhood 

diabetes ODahlquist, 1991). 

Aseptic Meningitis. Coxsackieviius has been the cause of several common source 

outbreaks leading to aseptic meningitis, ^proximately 70% of all meningitis cases are due 

to enteroviruses, particularly coxsackievirus types A7, A9 and B2-5. Documented 

outbreaks have mostly involved school groups (football teams) sharing water bottles which 

either contained contaminated water or the water bottles were contaminated themselves 

(Table 11). It was also noted that it was common for players to stick their hands as well as 

their cups in the same barrel of water that was available for drinking. In an outbreak in 

Alabama, United States, 81 persons (students/faculty) became ill with aseptic meningitis 

with attack rates of 25% for the entire school and 53% for the football team (Alexander et 

al., 1993). Another outbreak involving a football team in a high school in North Carolina, 

U.S., the attack rate was 16% among the football team with a hospital rate of 33% (Moore 

et al., 1983). 

Many studies have been conducted demonstrating the association between aseptic 

meningitis and the presence of coxsackievirus antibodies. In one study, 62% of 77 patients 

infected with coxsackievirus type B developed aseptic meningitis, all of whom were 

hospitalized for approximately 7.7 days (Kaplan et al., 1983). Table 12 sunmiarizes the 

various studies that have been conducted on the association between coxsackievirus 

infections and the onset of aseptic menin^tis. 



Table 11. Common Source Outbreaks of Coxsackievirus 
Aseptic Meningitis. 

Type Location Source Number 
m 

Attack 
Rate(%) 

Hospital 
Attack 
Rate(%) 

Reference 

B2 Alabama, sharing 81 25 (entire ? Alexander 
USA water school) etal.. 

bottles S3 (footb^ 1993 
team) 

B3 Ohio, close 19 30 (football ? CDC, 
USA human team) 1981 

contact 

B4 Mssouri, sharing 21 23 (football 24 Moore et 
USA water cups team) (football al., 1983 

team) 

B4, Vermont, lake 21 64 (campers/ 1 Hawley et 
B5 USA counselors) al., 1973 

B5 North close 49 2 (entire 10 (entire Moore et 
Carolina, human school) school) al., 1983 
USA contact; 16 (football 33 

sharing team) (football 
water team) 
bottles 

Waterbome Outbreaks 

Although there have been several common source outbreaks associated with 

coxsackievirus, there have been only two documented wateiborae outbreaks. One outbreak 

occurred at a boys' summer camp in Vermont in 1972 (Hawl^ et al., 1973). Twenty-one 

of the 33 campers and counselors showed symptoms of a viral infection. Fifteen of these 

individuals had coxsackievirus type B4 or B5 infections which was determined by evaluating 



Table 12. Coxsackievirus Infections Associated with 
Aseptic Meningitis Patients. 
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TYPE LOCATION NUMBER OF % OF ASEPTIC REFERENCE 
INFECTIONS MENINGITIS 

PATIENTS 

enterovirus Ohio, USA 19 21-4 
hospitalized 

CDC, 1981 

B New York, 
USA 

77 62-aU 
hospitalized an 
average of 7.7 
days 

Kaplan et al., 
1983 

B1 Belgium 2 100 - both 
severely 
hospitalized 
(then developed 
myocarditis) 

Druyts-Voets 
etal., 1993 

Bl-S Washington, 
USA 

116 100-
all studied had 
meningitis;2 
became 
paralyzed;2 had 
both B4 and B5 

Artenstein 
et al., 1965 

B2 Alabama, 
USA 

319 21 Alexander et 
al., 1993 

B3 reported to CDC 
in Atlanta 

227 22 CDC. 1981 

? Washington, 
USA 

178 64 Artenstein et 
al., 1965 

rectal and throat swabs. The source of the outbreak was a lake used for recreational 

swimming at the camp. Because most of the infected campers were shedding the virus 

from their throats, a mouth-water-mouth route is probable, however, a fecal-water-oral 
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route was also thought possible. Coxsackievirus B5 was also isolated from the lake water 

i^ch was used for swiimning. There was no identifiable source of sewage discharge into 

the lake. 

hi 1974, five diildren were infected with coxsackievirus type A16 from lake water. 

All of the children experienced diarriiea, vomiting, fever and abdominal pain. Only the 

parents of two of the children allowed tests to be conducted but both children had high titers 

of coxsackievirus type A16 (Denis et al., 1974). D'AIessio et al. (1981) surveyed children 

aged 1 to IS years old at a pediatric clinic for the location and frequency swimming they had 

done during the prior two weeks. Those children swimming at a beach (versus in a pool) 

had a statistically significant increase in the relative risk of havmg an enterovirus illness 

(odds ratio estimate=3.41; p < 0.0005). Of the 134 viruses isolated from the patients, 119 

(90%) were non-polio enteroviruses; 33.6% were coxsackievirus type A Although a 

waterbome outbreak was not observed in this study, the results demonstrate the frequency 

of enterovirus illnesses among swimmers. 

Occurrence of Coxsackievirus in Water 

Tables 13-15 summarize several studies on the concentration of coxsackievirus in 

sewage, river and lake water and drinking water. Dahling et al. (1989) reported enterovirus 

concentrations in the discharges from several poorly operated activated sludge and trickling 

filter plants that were higher than 100,000 plaque-forming units per liter (PFU/1). At one 

of the plants, the discharge outlet was within one km of a drinking water treatment plant. 

On average, 95% of the enteroviruses detected were coxsaddevirus type B5. Other viruses. 



Table 13. Occurrence of Coxsackievinis (CV) in Raw Sewage. 

Type Location # Enteroviral % CV Enterovirus Concentration/ CV Concentration/ Reference 
Isolates Liter Liter 

A9, B (or Israel 489 
echovinis 
type 9) 

A16.B2-5 Brazil 433 

B Australia 1,237 

B1.B2. Greece 161 
B4. BS 

10 7,364 PFU* (average) 

7.6 1-3.300 PFU (range) 

33 150-6,350 lU" (range) 
1,400 lU (average) 

29.8 120-580 CPU"* (range) 
259 CPU (average) 

706,9 PFU (average) 

0.76-2,508 PFU (range) 

49.5-2,095 lU (range) 
462 lU (average) 

N/G"" 

Fallal and 
Nishnii. 1977 

Martins et al, 
1983 

Irving and Smith, 
1981 

Krikelis el al., 
1986 

B2, B3 USA 

B3 

BS 

USA 

B3. BS Canada 

Puerto 
Rico 

ISO 

N/G 

88 

423 

50.7 

N/G 

22.7 

83.4 

N/G 

N/G 

N/G 

100-242,500 PFU (range) 
44,684 PFU (average) 

N/G 

845 PFU (actual CV 
concentration) 

N/G 

N/G 

Bloom et al., 
1959 

Guskey, 1983 

Payment et al., 
1983 

Dahling et al., 
1989 

'plaque-forming units; "infectious units; '"cytopathic units; ""not given 



Table 14. Occurrence of Coxsackievirus (CV) in Freshwater. 

Type Location « or Viral 
Isolates 

%CV enterovirus 
concentration/liter 

CV 
Concentration/Liter 

Reference 

B2, B3 Spain 54 5.5 0.15-55 MPNCU 
(range) 
5.44 MPNCU (average) 

0.008 - 3.025 MPNCU* 
(range) 
0.30 MPNCU (average) 

Lucena et 
al., 1985 

B2. B3, B5 Spain 33 24.2 0.15-4.65 MPNCU 

(range) 
0.67 MPNCU (average) 

0,036-1.125 MPNCU 
(range) 
0.16 MPNCU (average) 

Lucena et 

al,, I98S 

B3 Ghana 15 40 N/G" N/G Addy and 
Otatume, 
1976 

B3. BS Germany 510 25 22.1 CPU"* (highest 
concentration) 
2.7 CPU (average) 

N/G Walter et 
al.. 1982 

BS France 26 15.3 N/G N/G Foliguet et 
al.. 1966 

BS Spain 
(seawater) 

N/G N/G 0,12-1.72 MPNCU"" 
(ranRe) 

N/G Finance et 
al.. 1982 

'calculated using the given enterovirus concentration data and the percentage that are coxsackievirus; "not given; 
"'cytopathic units; ""most probable number of cytopathic units 



Table 15. Occurrence of Coxsackievirus (CV) in Drinking Water. 

Type Location ^ of Viral 
Isolates 

%CV CV 
Coiicentration/Liter 

Reference | 

B2 USA 5 40 0.03 PFU* (average) Hejkal et 
41., 1982 

B2, B3 USA 21 23.8 0.13 PFU (average) Hejkal et | 
al.. 1982 1 

B4 Canada N/G" N/G 5x10-^ PFU Payment et | 
III IQRSh 1 

'plaque-forming units; "not given 
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such as reoviiuses and polioviruses, were detected but were found at lower levels. Krikelis 

et al. (1985,1986) reported that almost 30% of the isolates from raw sewage from central 

Athens were coxsackievirus types B2, B4 and B5 with an estimated coxsackievirus 

concentration of 35.8 to 172.8 cytopathic units pw liter (CPU/1) (Table 13). ^proximately 

23% of the enteroviruses detected were of the echoviius group. 

Between 1970-1979, four laboratories in different areas of the German Democratic 

Republic analyzed 1,908 surface water samples from 30 sites for the presence of enteric 

viruses. Coxsackievirus (particularly types B3 and B4) were isolated every year during the 

sampling period (Walter et al., 1982). Treated sewage discharges into the river were not 

disinf^ed. Lucena et al. (1985) coUected samples from the Besos River and the Liobregat 

River and found an average coxsackievirus type B concentration of 0.30 and 0.16 most 

probable number cytopathic units per liter (MPNCU/1), respectively (Table 14). 

Payment et al. (1985b) sampled seven drinking water treatment plants twice a month 

for 12 months and detected coxsackieviruses in 7% (11 of 155) of the finished water 

samples. Coxsackievirus types B3 and B5 were also detected in well water during an 

outbreak of gastroenteritis in Texas in 1980 with a reported concentration of 0.13 PFU/1 

(Hejkal et al., 1982) (Table 15). Compared to other viruses, including those in the 

enterovirus group, coxsackieviruses have been more commonly isolated from sewage and 

surface water. 

Resistance to Inactivation By Disinfectants 

Liu et al. (1971) compared the eSect of chlorine disinfection of twenty human 
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enteric viruses, including coxsackievirus, from the Potomac River. Except for poliovirus 

type 2, coxsackievirus types A5 and B5 were the most resistant to chlorine treatment. 

Jensen et aL (1980) stu(fibd the effect of chlorine at various pH levels on the inactivation of 

enteroviruses. Inactivation of coxsackievirus types B3 and BS by chlorine at pH 6 was 

approximately half that of inactivation of poliovirus. When 0.1 M NaCl was added, the 

inactivation rate of poliovirus inaeased three-fold while coxsackievirus types B3 and B5 

were not affected. Coxsaddevirus type B5 was 1.6-10 times more resistant to inactivation 

by chlorine than the four other enteroviruses used in this study. Payment et al. (1985a) also 

reported that coxsackievirus type BS was more resistant to chlorine than type B4 and 

poliovirus types 1, 2 and 3 throughout the study. Battigelli et al. (1993) compared the 

effects of ultraviolet (UV) light disinfection on coxsackievirus type BS and four other 

viruses, including the bacteriophage MS-2. Coxsackievirus type BS was just as resistant to 

UV irradiation as rotavirus, which has been considered the enterovirus that is the most 

resistant to this form of treatment (Wolfe, 1990). Because coxsackieviruses are so resistant 

to inactivation by chlorine and UV, it may be necessary to test finished water for these 

viruses (Table 16). 

Survival of Coxsackievirus 

Coxsackieviruses are not only resistant to some forms of disinfection but they are 

also very persistent in the environment. The environmental &ctor that has the greatest 

ability to inactivate coxsackieviruses is temperature, \diereas the higher the temperature, the 

greater the inactivation rate ^ et al., 1976; O'Brien and Newman, 1977; Ward et al., 1986; 



Table 16. Effect of Disinfectants on Coxsackievinis(CV). 

Type DisinfecUnt Conditions Time C,t (99%)* Comments Reference 
Concentration (minutes) 

(mgA) 

A5 free chlorine - pH7.8 34 17 as resistant as Liu et al., 1971 
A9 0.5 2*C . 7 3.5 poliovinis 
BI 9 4.5 
B3 18 9 
B5 40 20 

A9 iodine - 5*C 150 3000 Berg, 1973 
20 15'C 40 800 

20 •€ 6 120 

chlorine - Engeibrecht et 
A9 0.46-0.49 pH6 0.3 0.1-0.1 al.. 1980 
A9 0.48-0.50 pH 10 1.5 1 
BS 0.50-0.51 pH 9.93-10.05 66 33-33.7 
B5 0S1.Q.52 1 7-1 X 14 



Table 16. Continued. 

Type DisinfeciRiit Conditions Time •C,t (99%) Comments Rcfcrcnce 
Concentration (minutes) 

(niR/I) 

free chlorine - pH7 coxsackievirus Payment et al.. 
BS 0.4 100 4.7 obtained from 1985a 

too 8.7 chlorinated 
100 0.01 water 
100 0.3 

coxsackievirus 
BS is relatively 
more resistant 
to chlorine than 
poliovirus 

BS free chlorine pH6 Jensen et al.. 
1980 

0.35 1.2 0.40 
0.52 0.83 0.43 
0.70 - 0.58 0.40 
1.05 0.5 0.52 

'concentration (mg/l) X lime (minutes) 
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Sdieuennan et al., 1991). However, Lo et al. (1976) found that coxsackievirus type BS was 

the most stable virus (compared with echovirus type 6 and poliovirus type 1) at any 

ten^)erature. Herrmann et al. (1974) showed that contact with bacteria by coxsackievirus 

type A9 decreased the chance for survival in lake water significantly. Table 17 shows the 

log reduction^nactivation of coxsackieviruses and polioviruses. Several studies have shown 

it takes longer to achieve a 99.9% reduction of coxsackieviruses than polioviruses (Denis 

et al., 1975; Lo et al., 1976; O'Brien and Newman, 1977). It thus appears that 

coxsackieviruses are the most environmentally-stable of the enteroviruses. Because of the 

stability of coxsackieviruses in the environment, there is a human health risk for those in 

contact with contaminated waters. 

Estimated Risk of Infection, Morbidity and Mortality 

The risks associated with an exposure to viruses depends on several factors 

including: 1) the age, nutrition and immune system of the host; 2) the amount of water 

consumed; and, 3) the concentration of virus in the water (Gerba and Rose, 1993). The 

exponential risk assessment model was used because dose-response curves of coxsackievirus 

infections seem to best fit this model (Haas, 1994). The amoimt of water consumed and the 

concentration of coxsackievirus in the water was also considered in the model. Risks for 

drinking water were calculated for two populations (the general population and the elderly) 

by vaiying the exposure. The highest (0.13 PFU/I; Hejkal et al., 1982) and lowest (5x10"' 

PFU/1; Payment et al., 1985b) coxsackievirus concentrations reported in the published 

literature were used in this assessment (Table 15). An exposure of 41/person-day was used 



Table 17. Survival of Coxsackievirus (CV).* 

Virus (days) T„(days) T„.»(d«y») Type of Water Comnients Refereace 

CVA9 3 4 6 take CV A9 was not Herrmann et 
as stable as al., 1974 

poliovinis 9 14.5 18 poliovinis 

CVA9 96 sea water 4''C Denis el al., 
CV B4 48 1975 
CV B5 60 
CV B6 48 

poliovinis 48 

CV A9 40 sea water 22 "C Denis el al., 
CV 84 36 1975 
CVB5 30 
CVB6 36 

poliovinis 30 

CVBl 1.5 3 4.5 river O'Brien and 
Newman, 1977 

poliovinis 3 1.7 <1 
Newman, 1977 

CV B3 21.1 freshwater -20 "C Hurst el al., 
(lake) seeded vims 1989 

poliovinis 20.1 



Table 17. 

Virus T„ (days) T»(d.ys) T».f (days) Type of Water Comments Reference 

CVB4 I 2 3-4 sea water 24 "C Fujioka et al., 
1980 

poliovirus <1 3-4 

CVB5 10 20 35 ocean 4-16 "C Lo et al., 1976 
7.8-8.0 salinity 

3 JX 21 winter mnnlhs 

*in log-reduction or inactivation 
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for the eldeiiy e?q>osure was givoi as the water consumed/day for the 91.5^ percentile 

of the elderly (Rosd>eny and Burmaster, 1992). The risk of mortality was higher for the 

dderfy than for the general population (Table 18) because the e}q)osure for this population 

is twice as much (4 I/person-day) than that for the general population (21/person-day). 

Risks associated with swimming in coxsackievirus-contaminated freshwater were 

determined and are shown in Table 19 using 100 ml exposure level and highest (3.025) 

MPNCU/I) and lowest (0.008 MPNCU/1) concentrations given in Table 13. Yearly risks 

were also assessed assuming that individuals were exposed every day of the year. Mortality 

risk increased 1-log (90%) from 1-day exposure to 10-day exposure for both 

concentrations. 

Risk Characterization 

When using the hi^est concentration of coxsackievirus found in freshwater (3.025 

MPNCU/1, Table 14), a one-day exposure (assuming 100 ml exposure) results in a risk of 

2.34x10'̂  for the general population. Risks of infection, illness and mortality in freshwater 

all increased 1-Iog when exposure was extended from one to ten days. 

Sensitive populations (such as the elderly, children and the immunocompromised) 

are at an even greater risk. Populations can be exposed to coxsackieviruses via the water 

supply unknowingly and subsequently transmit the virus to other individuals. Identifying the 

etiological agent in cases of the many diseases associated with coxsackievirus would help 

in understanding its pathology and may provide new paths for treatment and prevention. 



Table 18. Risks Associated with Coxsackievirus in Drinking Water. 

Concentration 

5xlO-'PFU/l* 0.13PFU/1** 

DAY YEAR*" DAY YEAR**' 

Risk of Infection* 7.75x10' 2.79x10-^ 2.01x10' 5.20x10-' 

Risk of Illness* 5.81x10-' 2.10x10-^ 1.51x10*' 4.24x10"' 

Risk of Death* - general 3.43x10' 1.25x10"* 8.91x10-* 3.25x10"' 

Risk of Death** - elderly 6.86x10' 2.50x10^ 1.78x10"' 6.48x10"' 

*Payment et al., 198Sb (PFU = plaque-fonning units) 
**Hejkal et al., 1982 (PFU = plaque-forming units) 
***assuming exposure is the same every day for 365 days 



Table 19. Risks Associated with Swimming in 
Coxsackievirus-Contaminated Freshwater.* 

Lowest Concentration" Highest Concentration" 
0.008 MPNCU/1 3.025 MPNCU/I 

IDAY 5  DAYS 10  DAYS I  DAY 5  DAYS 10  DAYS 

Risk of Infection 6.20x10-* 3.10x10' 6.20x10-* 2.34x10-' 1.16x10-* 2.32x10-* 

Risk of Illness 4.65x10^ 2.32x10* 4.65x10-' 1.76x10' 8.77x10' 1.75x10-* 

Risk of Death 2.74x10' 1.37x10-' 2.74x10-' 1.04x10' 5.20x10' 1.04x10-^ 

'assuming 100 ml single exposure 
"Lucena et al.. 1985 (MPNCU most probable number of cytopathic units) 
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Risks may be overestimated since assuming a 2 1/person-day consumption of 

drinking water for the general population and a 41/person-day consumption for the elderly 

may not be the case for everyone. Assuming 100 ml exposure to swimming in freshwater 

may also cause an overestimation of the risks involved. However, due to the limited amount 

of information on coxsackievirus concentrations in drinking water and freshwater, these 

calculated risks may actually be underestimated. Risks of morbidity and mortality may also 

be underestimated in this assessment since the mortality ratio used was 0.0059 and not 

0.0094 (which has been observed in some cases). This range of mortality rates for 

coxsackievirus is much higher than the reported rate of 0.001 for the enterovirus group as 

a whole (Rose and Sobs^, 1993). Its resistance to inactivation/reduction by water 

disinfection as well as its stability in the environment compared to other viruses make it an 

even greater concern than the risk calculations can show. 

Conclusion 

Coxsackieviruses have been more commonly isolated from water than other enteric 

viruses and are associated with a range of more serious illnesses. In order to better 

determine the risks involved upon exposure to coxsackievirtises, more information is needed 

on their prevalence in wato*. Coxsackieviruses are found in sewage and surface waters and 

pose a potential human health risk because of their resistance to inactivation/reduction by 

wato" disinfection. The medical communis should be aware of the large variety of diseases 

caused by coxsackieviruses. By identifying coxsackievirus as the etiological agent of a 

disease, the mode of infection and, therefore, original source of the iUness (such as water) 
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can also be identified and the possibility of secondary spread of coxsackievirus infections 

can be minimi/ed. Understanding the role of coxsackieviruses in initiating disease can help 

in better prevention programs. 
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Abstract 

Adenoviruses have been detected in raw sewage throughout the world and are 

associated with a number of hunum illnesses. The occurrence and pathogenicity of 

adenoviruses have not been weU-studied. A risk assessment approach was used to 

determine the significance of this virus as a waterbome pathogen. There are 49 types of 

adenoviruses that cause a wide range of illnesses including conjunctivitis, pharyngitis, 

pneumonia, acute and chronic appendicitis, exanthematous disease, bronchiolitis, acute 

respiratory disease and gastroenteritis (adenovirus types 40 and 41). Adenovirus is 

considered to be only second to rotavirus in terms of its significance as a pathogen of 

childhood gastroenteritis. Adenovirus infections are usually acute and self-limiting with a 

greater severity of illness occurring in the immunocompromised (e.g., AIDS patients and 

transplant recipients). These viruses have beoi reported to be more resistant to inactivadon 

by ultraviolet light than the enteroviruses and are sometimes detected at greater 

concentrations in polluted waters. There have been documented waterbome outbreaks of 

conjunctivitis due to adenovirus types 3 and 4 associated with swimming in contaminated 

recreational waters. Attack rates as high as 67% have been observed. Based on data 

obtained fi-om a himian dose-response study, the exponential model [Pi= l-exp(-rN); r = 

0.4172] was chosen for this risk assessment. Annual risks of infection in drinking water for 

adoiovirus at avoage levels of 1IU/1000 to 1IU/100 liters ranged fi^om 2.6/10 to 9.5/10, 

respectively. Using monitoring data fix)m a recreational water source, risks were calculated 

to be as high as 1/1000 for a single exposure. 
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Introduction 

For the past twenty years, risk assessment has been used to assess risks associated 

with environmental exposure to toxic chemicals (Hammond and Coppock, 1990). More 

recently, the risk assessment approach has been used to determine and evaluate the risks 

involved with exposure to pathogenic microorganisms in the mvironment (Haas, 1983a; 

Regli et al., 1991; Rose et al., 1991; Haas et al., 1993). The effects of exposure to high 

concentrations of microbial contamination in a water supply can be determined through 

epidemiological studies of waterbome outbreaks. However, it is difficult to evaluate the 

risks associated with exposure to low levels of microbial contamination. Application of the 

risk assessment methodology can determine the risks involved to individuals or a community 

from exposure to low levels of microorganisms in the environment. 

This study evaluates the risks associated with exposure to adenovirus in water and 

the various outcomes of adenovirus infections. Adenovirus was first isolated from human 

tonsils and adenoids in 1953 by Rowe et al. Several studies soon identified this virus as the 

causative agent of epidemic ̂ rile respiratory disease among military recruits (Commission 

on Acute Respiratory Diseases, 1947; ISlleman and Werner, 1954; Dingle and Langmuir, 

1968) and retrospective studies have shown adenoviruses to have been responsible for acute 

respiratory disease for as long as 100 years before their characterization (Dingle and 

Langmuir, 1968). Adenoviruses are double-stranded DNA viruses and are 70 to 80 nm in 

diameter. They are divided into six subgenera (A, B, C, D, E and F) and then further 

classified into 49 serotypes (Horwitz, 1996). 

The risk assessment approach (x^diich has previously been used to estimate risks from 
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exposure to toxic chemicals) involves four basic steps; 1) hazard identification; 2) dose-

response assessment; 3) exposure assessment; and, 4) risk characterization (NRC, 1983). 

The purpose of this study was to use this four-step paradigm to evaluate a microbiological 

hazard by modifying the definitions or goals of each of the steps slightly to better apply to 

microorganisms and the microbial in&ction process. Much of the data needed to determine 

risks associated with waterbome adenoviruses are available, but has not yet been 

systematically organized for use in a risk assessment. These steps were followed in this 

study to assess the risk of obtaining an adenovirus infection fi'om exposure to contaminated 

drinking or recreational waters. 

Materials and Methods 

The hazard identification step of this risk assessment involves not only identifying 

the microbial agent but also identifying the range of human illnesses and diseases associated 

with the particular hazard. Published literature on adenoviruses and the diseases they cause 

was extensively reviewed through Medline (National Library of Medicine, Bethesda, 

Maryland) to determine the types of diseases associated with adenoviruses. Clinical 

mformation fiom the literature and various databases was used to determine the nature and 

pathogenicity of this organism. The age and immune status of the hosts exposed to the 

hazard was also evaluated. The occurrence of outbreaks of adenovirus - particularly 

waterbome outbreaks - were investigated and attack rates were recorded. 

A quantitative dose-response model was developed using information fi'om a study 

involving himian inhalation of small-particle aerosols of adenovirus type 4 (Couch et al.. 
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1966). Best-fit values of the parameters were determined fi-om the data set using the 

maxhniim lil^ihood estimation (MLE) procedure ^laas, 1983a). The goodness-of-fit was 

tested and conq>ared using a dii-square (x^ criterion. An appropriate mathematical model 

describing the dose-response relationship was then developed (Regli et al., 1991; Rose et 

al., 1996) to be used in estimating daily risks of infection (Pj), morbidity ) and 

mortality (Pdat,). The probability of developing clinical illness (PgheJ fi'om an infection was 

determined by multiplying the risk of infection (Pj) X the morbidity ratio. The probability 

of mortality from an infection was then calculated by multiplying the risk of morbidity 

by the mortality ratio. Yearly risks were also calculated. 

The exposure assessment was conducted by reviewing the published literature on the 

occurrence of adenoviruses in drinking water and recreational water using Medline 

(National Library of Medicine, Bethesda, Maryland), Agricola (Agricola National 

Agricultural Library, Agricultural Online Access, Silverplatter Information, Norwood, 

Massachusetts), and Water Resources Abstracts (Cambridge Scientific Abstracts, 

Silverplatter Information, Norwood, Massachusetts). Information on the susceptibility of 

adenovirus to removal by water treatment processes as weU as information on its survival 

in the environment was also collected using Agricola (Agricola National Agricultural 

Library, Agricultural Online Access, Silverplatter Information, Norwood, Massachusetts) 

and Water Resources Abstracts (Cambridge Scientific Abstracts, Silverplatter Information, 

Norwood, Massachusetts). The exposure issue of water ingestion volimie was also 

considered (Roseberry and Burmaster, 1992). 

During the risk characterization, information learned through the first three steps 
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were combined to evaluate the potential of adenovirus as a waterbome pathogen. Point 

estimates of risks were then computed using extreme exposure values of adenovirus 

concentrations and 1)est'' estimates of the remainder of the parameters. Assumptions and 

uncertainties that incurred during the assessment were addressed diiring this step. A 

sensitivity analysis was performed to determine which parameters introduce the most 

variability in the model. 

Results 

Hazard Identification 

Adenovirus is second only to rotavirus in terms of its significance as a pathogen of 

childhood gastroenteritis (Brandt et al., 1985; Albert, 1986; Uhnoo et al., 1990) (Table 1). 

Approximately one-third of the 49 serotypes are associated with illness (Horwitz, 1990) 

with serotypes 31,40 and 41 associated with enteric illness. The adenoviruses cause several 

types of clinical illnesses involving different organ systems including; a) upper respiratory 

tract [pharyngitis, pharyngoconjimctival fever, pertussis-like syndrome and acute respiratory 

disease (ARD)]; 2) lower respiratory infection (pneumonia); 3) eye (conjunctivitis and 

keratoconjunctivitis); 4) gastrointestinal tract (gastroenteritis and intussusception); 5) 

urinary bladder (hemorrhagic qrstitis); 6) central nervous system (meningoencephalitis); and, 

7) genitalia (urethritis and cervicitis) (Kapikian and Wyatt, 1992; Horwitz, 1996). Table 2 

lists the adenovirus serotypes and their associated diseases. 

Several seroepidemiology studies have been conducted to determine prevalences of 

different serotypes of adenovirus. It has been estimated fi'om studies conducted in the 



Table 1. Unique Characteristics of Adenovirus. 

Second most important viral agent of childhood 
gastroenteritis 

Associated with numerous nosocomial outbreaks 

Resistant to inactivation by ultraviolet light 
disinfection 

2-7% of all lower respiratory tract illnesses in 
children may be due to adenoviruses 

Longest surviving enteric virus in water 

Mortality rates of 50% -60% observed 
in immunocompromised individuals 

Brandt et al., 1985; Albert, 1986; 

Uhnoo et al., 1990 

Brummett et al., 1988; de Silva et al., 
1989; Koo et al., 1989; Colon, 1991; 
M^Minn et al., 1991 

Wasserman, 1962; Meng and Geiba, 
1996 

Brandt et al., 1969; Foy et al., 1973 

Enriquez et al., 199S 

Zahradnik et al., 1980; Shields et al., 
1985 
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Table 2. Diseases Associated with Adenoviius Serotypes.* 

acute respiratory disease 1-7,14,21 

pharyngoconjimctival fever 3. 7,14 

acute febrile pharyngitis 1-3, 5-7 

pneumonia 1-4,7 

keratoconjunctivitis 8,11, 19, 37 

acute hemorrhagic cystitis 11, 21 

urinary tract complications 34,35 

eastroenteritis 31.40.41 

*Horwitz, 1996 

United States that 40% to 60% of children have antibodies to serotypes 1,2 and 5 (Huebner 

et al., 1954; Jordan et al., 1956; Brandt et al., 1969) with a low incidence of antibodies to 

serotypes 3, 4 and 7 among this population. However, more infections with serotypes 3, 

4 and 7 occur in adults than the serotypes 1, 2 and 5 implying long-term immunity to 1, 2 

and 5 (Horwitz, 1996). In a seroepidemiology study of children < 12 years of age in Jos, 

Nigeria, 62% of the children (n=100) had complement-fixing antibodies to adenoviruses 

(serotypes not given) which were isolated most fi'equently than the other virus antibodies 

(Karaivanova et al., 1995). In a cross-sectional community study of Norwegian adults, 

antibodies to adenovirus [serotype(s) not given] were the second most fi-equent virus 

antibodies detected (Omenaas et al., 1995). The latter study also demonstrated that risk 

&ctors such as age, smoking, and occupational exposure to gas or dust were useful 

predictors for detecting levels of respiratory virus antibodies in this adult population. 
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Another study evaluated the antibody response of people of various ages to the enteric 

adenovirus types 40 and 41 and found that by age 4, 50% of the children had antibodies for 

these serotypes (Shinozaki et al., 1987). 

A virus surveillance study was conducted in New York and Seattle which provided 

information on the epidemiology of adenovirus in these communities and similar 

communities (Fox et al., 1966; Cooney et al., 1972; Fox et al., 1977). In both New York 

and Seattle, the study population was comprised of &milies with children in the household. 

Respiratory and fecal specimens were examined and adenoviruses (serotypes 1, 2, 3, 5 and 

7) were recovered more frequently than the other viruses studied (enteroviruses, rhinovirus 

and hopesvirus). The onset of infection and illness were defined and, in the Seattle study, 

a 0.49 morbidity ratio was observed overall (Fox et al., 1977). 

As the epidemiological studies suggest, respiratory infections are prevalent and 

adenoviruses have been shown to contribute to the etiology of ARD throughout the world, 

especially in children ( Schmitz et al., 1983; Murtagh et al., 1993; Ray et al., 1993a; Ray et 

al., 1993b; K^on et al., 1994; Mizuta et al., 1994; Walker et al., 1994). Approximately 2-

7% of all lower respiratory tract iUnesses in children may be due to adenoviruses (Table 1) 

(Brandt et al., 1969; Foy et al., 1973). Serotypes 1-6, which are endemic in most areas of 

the worid, are commonly associated with respiratory infections (Table 2) (Horwitz, 1996). 

Symptoms such as fever, chills, headache, malaise and myalgia are commonly observed 

during adenovirus respiratory infections. It has been estimated that 10% of chDdhood 

pneumonia cases are attributable to an adenovirus infection (Mallet et al., 1966). 

Adenovirus type 7 has been implicated in severe respiratory infections that resulted in 
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mortality (Murtagh et al., 1993; Horwitz, 1996). In one such study, 10 of 29 child cases 

(age < S years) of adenovirus type 7h died from subsequent pneumonia and necrotizing 

bronchiolitis CMurtagh et al., 1993). 

Adenovirus infections can also result in gastroenteritis and this has been shown to 

be particulaily significant in children (Moffett et al., 1968; Yolken et al., 1982; de Jong et 

al., 1983; Brandt et al., 1985; Albert, 1986; Herrmann et al., 1988; Uhnoo et al., 1990). 

Although it is not as prevalent as rotavirus, outbreaks of gastroenteritis among day-care 

centers and orphanages for children are well-documented (Chiba et al., 1983; Lew et al., 

1991; Van et al., 1991). Adenoviruses can be shed for extended periods of time in the feces 

(as weU as respiratory secretions) (Uhnoo et al., 1990) with as many as 10" particles/g in 

feces reported in children (Wadell, 1984). During an evaluation of ten separate outbreaks 

involving day-care centers in Houston, 38% (94/249) of the children were infected with 

enteric adenovirus types 40 and 41 (Van et al., 1991). However, 43 of these 94 cases 

(46%) were asymptomatic. 

Adenoviruses have been responsible for numerous outbreaks among military 

personnel (Dingle and Langmuir, 1968; Meiklejohn, 1983; Colon, 1991), within hospitals 

CBmmmett et al., 1988; de Sih^ et al., 1989; Koo et al., 1989; Colon, 1991; NfNCnn et al., 

1991) as well as within j&cilities for children (day-care centers and schools) (Payne et al., 

1984; Bartlett et al., 1985; MMnn et al., 1991; Van et al., 1991). In most of the outbreak 

situations, the clinical outcomes were ARD, keratoconjunctivitis and conjunctivitis. 

Morbidity ratios of 6-17/100 per week of acute respiratory disease among military recruits 

in the U.S. and Europe have been observed (Commission on Acute Respiratory Diseases, 



167 

1947; Dingle and Langmuir, 1968). Attack rates during adenovirus gastroenteritis 

outbreaks among young children have been reported as high as 70% O^chmond et al., 

1979). There have been several documented waterbome outbreaks (Ormsby and Aitchison, 

1955; Foy et al., 1968; Caldwell et al., 1974; D'Angelo et al., 1979; Martone et al., 1980; 

McMillan et al., 1992; Papapetropoulu and Vantaralds, 1996) all involving swimming in 

contaminated recreational waters (Table 3). Attack rates have been documented as high as 

67% with secondary attack rates of 19% for adults and 63% for children (Foy et al., 1968). 

Both humoral immunity and T cell-mediated immunity appear to play a role in a 

host's defense against an adenovirus infection (Stalder et al., 1977; Zahradnik et al., 1980; 

Shields et al., 1985; Foy, 1989). Prior infection among a population at a boys' boarding 

school provided 88% protection against re-infection (Payne et al., 1984). It has recently 

been observed, howev^, that adenoviruses possess C2^)abilities to combat anti-viral defenses 

at the cellular level (Gooding, 1992). 

The severity of the disease resulting from an adenovirus infection depends on the 

host's immime system and adenovirus infections in immunocompromised hosts (including 

AIDS patients and transplant recipients) have been well-documented (Zahradnik et al., 

1980; Shields et al., 1985; Ambmder et al., 1986; Webb et al., 1987; Blohme et al., 1992; 

EDerholzer, 1992; Durqwire et al., 1995). Infections with adenovirus serotypes 1, 5, 7 and 

the enteric adenoviruses have been documented among this population. Adenovirus 

serotypes 43-47, and more recently serotypes 48 and 49, were first identified in patients with 

AIDS (Hierholzer et al., 1988; Hietholzer, 1992; Schnurr and Dondero, 1993). Devastating 

outcomes can result from adenovirus infections in fanmunosuppressed individuals. Mortality 
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TYPE SOURCE POPULAnON DISEASE ATTACK REFERENCE 

3 swinuning 
pool 

swim team 
(ages 8-10 
years) 

swim team 
(ages 10-18 
years) 

phaiyngo-
conjunctival 
fever 

67.0% 

65.0% 

Foyetal., 1968 

7 swimming 
pool 

family open 
swim (ages not 
given) 

conjunctivitis 33.3% Caldwell et al., 
1974 

4 swimming 
pool 

swim team 
(ages not given) 

pharyngo-
conjunctival 
fever 

52.6% D'Angelo et al., 
1979 

3 swimming 
pool 

communis 
(ages 1-47 
years) 

conjunctivitis 32.0% Martone et al., 
1980 

3 pond campers 
(ages 7-16 
years) 
staff 

(ages 17-22 
years) 

pharyngo-
conjunctival 
fever 

52.0% 
(overall) 

M'Millan et al., 
1992 

ratios among immunosuppressed individuals have been reported as high as O.S to 0.6 

(Zahradnik et al., 1980; Shields et al., I98S). 

Dose-response Assessment 

For a well-defined endpoint (e.g., infection or illness), the dose-response model 

describes the quantitative relationship between the dose of a microorganism (the exposure) 

and the response of the exposed population (the occurrence of infection). In such dose-

response studies involving humans, volunteers are exposed to variant doses of a 
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microorganism and the fraction of volunteers that become infected are observed and 

recorded. For these experiments, it is necessary to use high concentrations of pathogenic 

microorganisms in order to observe high frequencies of infections with a minimum number 

of vohmteers. Although the application of lower doses of microorganisms would reflect a 

more realistic picture of exposures to a population, studies involving greater numbers of 

volunteers (i.e., increasing the costs) would be required to demonstrate a dose-response 

relationship. Mathematical models must therefore be used to extrapolate the available data 

from human-feeding studies to demonstrate the effects of exposure to low doses of 

microorganisms. 

The exponential model was selected as the appropriate model to assess the risks 

associated with exposure to adenoviruses in water because it expresses the mathematical 

relationship of the dose-response data obtained for adenovirus type 4 from a human-

inhalation study (Couch et al., 1966). The following is the exponential model; 

P; = l-exp(-rN) 

with P; representing the probability of becoming infected, N representing the number of 

organisms ingested or inhaled (e.g., adenoviruses in most probable number (MPN) units) 

(Regli et al., 1991; Haas et al., 1993), and the parameter r which is the fraction of the 

microorganisms ingested that survive and are capable of initiating an infection [0.4172 

(0.1466,1.1161 95% C.I.)] (Rose et al., 1996). The model assumes a random distribution 

of microorganisms and that the viruses are infectious and one single microorganism is 
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c{q)able of initiating an infection ^laas, 1983a). The parameters defining the model act as 

independent variables. The risk of illness (?»,*) was determined by multiplying the 

probability of infection (Pj) by the morbidity ratio. The morbidity ratio chosen for 

adenovirus in this risk assessment was 0.50 (50%). Depending upon the virus, morbidity 

ratios range fi'om 0.01 and 0.97 for waterbome viruses and the midpoint of 0.5 has been 

used in previous microbial risk assessments as a "reasonable" morbidity ratio (Haas et al., 

1993). By reviewing the clinical information and outbreak attack rates presented in the 

hazard identification section, 50/100 (50%) appears to be a reasonable estimate for this 

assessment (Fox et al., 1977). The probability of mortality fi'om an infection was then 

calculated by multiplying P^-,- X a mortality ratio of 1/10,000 (0.01%) (Bennett et al., 

1987; Gerba and Rose, 1993). Yearly risks were calculated using the following equation; 

Exposure Assessment 

There is limited information on the concentrations of adenovirus in various water 

sources, including drinking water and recreational water. It is this step of the risk 

assessment paradigm where data are most lacking. Most of the studies that have been 

conducted to evaluate water supplies for viruses only report enterovirus concentration data. 

However, adoioviruses have been detected m raw sewage throughout the world (Irving and 

Smith, 1981; Krikelis et al., 1984; Krikelis et al., 1985; Hurst et al., 1988; Girones et al., 

1993; Puig et al., 1994) and often in greater concentrations than the enteroviruses 
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(Table 4). A recent study analyzed seawater, sewage, and river water for enteroviruses, 

hepatitis A and £ viruses, and adenoviruses. Adenoviruses were detected more frequently 

than the other viruses in sewage and river water (none of the viruses were detected in the 

seawater samples) (Pina et al., 1996). Adenovirus has been detected in marine water and 

river water although specific concentrations were not given (Tani et al., 1991; Grohmann 

et al., 1993; Haas et al., 1995; Tani et al., 1995). 

The enteric adenoviruses, 40 and 41, are particularly difScult to propagate in cell 

culture (de Jong et al., 1983) but recent efforts have attempted to overcome this limitation 

(Perron-Henry et al., 1988; Hashimoto et al., 1991; Grabow et al., 1992; Grabow et al., 

1993). Techniques such as electron microscopy (Brandt, 1984), nucleic acid hybridization 

(Genthe et al., 1994) and polymerase chain reaction (PCR) (Puig et al., 1994) have been 

used to detect these serotypes. 

Adenovirus is highly resistant to inactivation by ultraviolet light disinfection 

(Table 1). Wasserman (1962) found that different serotypes (e.g., types 4 and 20) of 

adenovirus were more resistant than other serotypes (e.g., type 1). Meng and Gerba (1996) 

concluded from their studies that adenoviruses may be the most resistant to ultraviolet light 

disinfection of all wateibome enteric viruses. Another study found that adenovirus persisted 

longer than poliovirus when treated with a combination of free chlorine and copper and 

silver ions (Abad et al., 1994). 

Studies have also been conducted evaluating the survivability of different serotypes 

of adenovirus in the environment. Adenovirus has been shown to be more resistant to 

temperature and humidity fluctuations than some enteroviruses (Mahl and Sadler, 1975; 



Table 4. Occurrence of Adenovirus in Sewage. 

SAMPLE ADENOVIRUS ENTEROVIRUS REFERENCE 
mean concentration/ mean concentration/ , 

liter liter 

sewage 1,950 lU* 1,400 lU Irving and Smith, 
1981 

secondary sewage 
effluent 

300 lU 100 lU Irving and Smith, 
1981 

sewage 500 CPU*' 200 CPU Krikelis et al., 1984 

sewage 280 CPU 150 CPU Krikelis et al., 1985 

•lU = infectious units; "CPU = cytopathogenic units 
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Hara et al., 1990). There has only been one study evaluating the survivability of enteric 

adenoviruses in water (Enriquez et al., 1995). This particular study found that adenovirus 

40 and 41 were somei^^ more stable in primary and secondary wastewater than poliovirus 

1 and significantly more stable than either poliovirus 1 or hepatitis A virus in tap and sea 

water. 

Data are not available on the concentrations of adenovirus in drinking water, average 

concentrations of 1/1000 to 1/1001 infectious viruses in drinking water were used in this 

risk assessment because these are the concentrations that have been reported for other 

enteric viruses in these waters. For recreational waters, the concentrations used were 0.118 

and 12.8 MPN/ 100 1 (MPN = most probable number) which were the range of 

concentrations found in Mamala Bay marine water during a monitoring study (serotype 

unknown) (Haas et al., 1995). 

During the exposure estimation, the amount of water consumed must also be 

considered. An ingestion of 21/person-day for the general population and 41/person-day 

for the elderiy for drinking water exposure was applied. The United States Environmental 

Protection Agency (USEPA) uses this volume as a de&ult amount based on a survey 

conducted in the U.S. of water ingestion of defined age groups by Roseberry and Burmaster 

(1992). For recreational exposure, 100 ml has often been used as an exposure volume in 

microbial risk assessments although there are no published data supporting the accuracy of 

this value (Haas, 1983b). A volume of 30 ml exposure to recreational water per daily 

swim/event was used in this assessment as a more realistic estimate. 
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Risk Characterizatioii 

Risks associated with drinking water were assessed for concentration levels of 

1/1000 and 1/1001 infectious viruses. The USEPA recommends that drinking water not 

present a risk of infection greater than 1:10,000 (10~*)/year (Macler, 1993). Annual risks 

of infection exceed this recommendation for both exposure levels (Table 5). The daily risk 

of mortality is slightly higher for the elderly than for the general population because the 

exposure for this population is twice as much (4 I/person-day) than that for the general 

population (21/person-day). 

Risks associated with swimming in adenovinis-contaminated recreational water were 

determined and is shown in Table 6 using 30 ml as the exposure level and using adenovirus 

concentration levels of 0.118 and 12.8 MPN/1001 (Haas et al., 1995). Risks of infection, 

illness and mortality all increase 1-log when exposure is extended from one day to ten days. 

The high mortality ratios observed for immunocompromised individuals (0.5 - 0.6) 

(Zahradnik et al., 1980; Shields et al., 1985) indicate that these sensitive populations are at 

an even greater risk. A dose-response model was developed using the average of the two 

reported mortality ratios (0.55). An exposure of 21/person-day and a morbidity ratio of 0.5 

was also employed in the model. Daily risks of death for exposure to 1/1000 and 1/100 I 

infectious viruses in drinking water were calculated to be as high as 2.29x10"^ to 2.29x10'̂ . 

In conducting this risk assessment of waterbome adenovirus, the following 

assumptions were made: 



Table S. Risks Associated with Adenovirus in Drinking Water. 

CONCENT rRATION 

I lU/lOOOl*** 1 lU/1001*** 

DAY YEAR DAY YEAR 

Risk of 
Infection* 

8.34110-' 2.63x10' 8.31x10^ 9.52x10' 

Risk of Illness* 4.17x10̂  1.41x10' 4.15x10̂  7.81x10' 

Risk of Death* 4.17x10̂  1.52x10* 4.15x10' 1.52x10^ 

Risk of Death** 8.34x10̂  3.04x10' 8.27x10"' 3.02x10-' 

^general population at 2 l/person-day exposure; **elderly population at 4 l/person-day exposure; 
•••lU = infectious viruses 



Table 6. Risks Associated with Swimming in Adenovims-Contaminated Recreational Water.* 

CONCENTRATION 

0.118MP N/1001»* 12.8 MPN/lOO [** 

1 DAY 10 DAYS 1 DAY 10 DAYS 

Risk of Infection 1.48x10' 1.48x10̂  1.60x10-' 1.59x10* 

Risk of Illness 7.38il0̂  7.38x10* 8.00x10̂  7.98x10̂  

Risk of Death 7.38*10'* 7.38xl0' 8.00x10^ 8.00x10" 

^assuming 30 ml single exposure; **Haas et al., 1995; MPN = most probable number 
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• random occurrence of adenovirus; 

• all ofthe viral particles are infectious; 

• a single viral particle can initiate infection; 

• 2 1/person-day for drinking water exposure for the general 
population; 

• 4 I/person-day for drinking water exposure for the elderly 
population; 

• 30 ml/swim or event for contact recreational exposure; 

• morbidity ratio = 50/100 (50%); and, 

• mortality ratio = 1/10,000 (0.01%). 

The first three assumptions are based on the nature of the exponential model. Each of the 

remaining assumptions are addressed in this section. 

Risks may be overestimated since assuming a 2 1/person-day consumption of 

drinking water for the general population and a 41/person-day consumption for the elderly 

may not be accurate for everyone. However, these estimations were obtained from a large 

study conducted in the U.S. in which the individual water intake followed a log-normal 

distribution (variation &ctor of 3) for the population as a whole as well as for the age-

stratified subgroups (Rosdjeny and Burmaster, 1992). The 21/person-day value is used as 

a default &q)osure value by the USEPA (Macler and Regli, 1993). 

Data are not available on the individual exposure to recreational water; however, a 

100 ml estimation has been used for other microbial risk assessments (Haas et al., 1983b). 
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An e3qx>sure of 30 mi may provide a more realistic estimate of exposure although data are 

lacking to support either value. 

Adenovirus illnesses are not reportable in the U.S. therefore there are no national 

databases on morbidity and mortality associated with «q)osure to adenoviruses for the 

general population. As mentioned earlier in the text, a 0.5 moibidity ratio appears to be an 

appropriate choice for estimating the probability of illness for adenovirus based on the 

moibidity ratio range for wateibome viruses as a group and on the available clinical data on 

adenovirus. Mortality data are even more scarce. A mortality ratio of 0.0001 was used 

based on the available information (Bennett et al., 1987; Geiba and Rose, 1993) but it is 

in^rtant to remember that this ratio is based on hospitalized cases (which would not reflect 

the general population). 

Calculated risks of iUness may be underestimated due to the phenomenon of 

secondary spread (person-to-person transmission). Individuals can be exposed to 

adenoviruses via the water supply unknowingly and subsequently transmit the virus to other 

individuals. It has been noted that the high attack rates observed during waterbome 

outbreaks of adenovirus (Table 3) may actually be attributed to secondary transmission of 

the virus. 

The limited amount of data on adenovirus concentrations in drinking water and 

recreational water may also contribute to an underestimation of risks. Detection methods 

for enteric viruses from water samples are not 100% eflBcient (Gerba, 1987) therefore the 

adenovirus concentration data available may be an underestimation of the true concentration 

levels. 
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An uncertainty analysis of the dose-response model itself has been previously 

performed using a Monte-Carlo simulation (Haas et al., 1993). The analysis demonstrated 

that the greatest degree of uncertainty associated with the model is attributed to the 

variability in ejqwsure and not due to variability in virus infectivity, morbidity or mortality. 

A sensitivity analysis was undertaken in this risk assessment to determine which 

parameter introduced the most uncertainty in the dose-response model. The mortality ratio 

parameter was omitted in this analysis due to the factors discussed above. Risk estimates 

were calculated using best estimates and upper and lower limits of each parameter. The 

ratios of the input and output values were compared to determine which parameter (the r-

value, the amount of water ingested, the amount of virus ingested or the morbidity ratio) 

provides the largest range (Table 7). The results of this analysis demonstrate a linear 

relationship between risk and each of the four input variables. It is concluded that the 

calculated risks show the same level of sensitivity to each of the parameters tested. In 

attempts to improve the validity of the model, it would be necessaiy to evaluate all four 

parameters. 

Conclusion 

Adenoviruses are associated with various clinical illnesses and have been responsible 

for waterborne outbreaks. Because the enteric adenoviruses are difficult to grow in cell 

culture, their prevalence in environmental waters are probably underestimated. In many 

reported waterborne disease outbreaks, the causative agent is not identified; adenoviruses 

may be the etiologic agent in many of these outbreak situations. The limited data on their 



Table 7. Sensitivity Analysis of Parameters of the Dose-response Model. 

Input Best Estimate 
(lower value, 
upper value) 

Inout Ratio 

lower/upper 

OutDUt 

lower upper 

OutDut Ratio 

lower/upper 

Input Ratio/ 
Output Ratio 

r-value 0.4172 
(0.1466, 
1.1161)' 

0.1314 2.63x10*' 2.00x10-* 0.1315 0.9992 

amount of 
water ingested 

30 ml 
(10, lOO)*" 

0.1000 2.49x10' 2.49x10-* 0.1000 1.000 

\drus 
concentration 
mgested 

0.5980 MPN/ 
100 liters" 

(0.118, 12.8)'' 

9.22x10' 1.48x10' 1.60x10"' 9.25x10-' 0.9968 

morbidity ratio 0.50 
(0.01-.97)" 

0.0103 7.48x10-^ 7.26x10' 0.0103 1.000 

*95% confidence limits; Rose et al., 1996; 
''randomly chosen lower and upper values; assumes exposure to recreational water 
"geometric mean; MPN = most probable number;''lower and upper reported values for waterbome enteric viruses; 
Haas et al., 1995; *1ower and upper values; Haas et al., 1993 
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occurrence in water make it difiBcuIt to determine the risks associated with these viruses. 

Further investigations on their survivability in the environment and theu* susceptibility to 

water treatment are also needed. More knowledge of these aspects of dififerent adenovirus 

serotypes will help in understanding the public health risks posed by these viruses. 

By applying the microbial risk assessment paradigm, risks associated with specific 

microorganisms (e.g., adenoviruses) can be better quantified. This is particulariy important 

since different microorganisms are associated with different diseases and health outcomes 

and may require dififoent levels of treatment for inactivation. The information obtained can 

therefore be beneficial in designing risk strategies and policies for public health protection 

to ensure a yeariy risk of infection of less than 1/10,000 (USEPA's recommended level for 

potable waters). These risk estimates of adenovirus can be usefiil in understanding the 

human health impact of their occurrence in water which has relied on epidemic data in the 

past. 
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Microbial risk assessment, as an integration of science and policy, is an innovative 

tool for decision-makers in r^ulatory settings. This dissertation provides a schematic 

framework of how microbial risk assessment can be applied in the management field of 

miaobial water quality. Several ^plications of microbial risk assessment are presented and 

discussed and offer risk managers different means of interpreting water quality data. A 

proposed plan of analyses for water samples archived under the Enviroimiental Protection 

Agency's (USEPA) Information Collection Rule (ICR) was designed using a microbial risk 

assessment approach. Enteric viruses were identified as potential waterbome pathogens 

through risk characterizations; a task which traditionaUy relies on epidemiological data 

obtained during waterbome disease outbreaks. 

The application of risk assessment to microorganisms has only recently been 

explored and specific viruses have not been targeted in previous assessments. Dose-

response models for two specific viruses - coxsackievirus and adenovirus - were developed 

during the completion of this work and risk characterizations were performed. The 

potential hazards associated with environmental exposure to different viruses indicate the 

need to evaluate specific viruses when considering viral water quality. 

The economic costs of acute viral illnesses have only been minimally evaluated and 

costs associated with waterbome viral illnesses have not been previously addressed. A 

comprehensive cost-of-illness analysis was conducted for three specific - and potentially 

waterbome - viral illnesses and the results indicate the possible economic outcomes 

associated with acquiring such illnesses. By determining the economic burden introduced 



193 

in a society by specific viral illnesses, a monetary aspect can be incorporated into risk 

assessments. 

More data are needed on the occurrence of viruses in water as demonstrated 

throughout this dissertation. This type of information will improve exposure assessment 

and ther^y enhance risk characterization. Information is also limited on the incidence of 

viral disease in the United States and the human health impact of exposure to waterbome 

viruses. Microbial risk assessment can provide a better imderstanding of the public health 

significance of the occurrence of viruses in water. 
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