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Exposure assessment Fourth of ajve-part series on cancer risk assessment
 
 David J. Severn ICF-Clement, Inc. Washinnton,D. C. 2wO6 Exposure assessment is an explicit and central component of the quantitative risk assessment procedures that are routinely used to formulate chemical regulatory decisions. The scope of exposure assessments can range from a crude estimate of the number of individuals who might drink water from a well containing trace levels of a contaminant to extensive measurements of individual dermal and inhalation exposure to an industrial chemical. The quantitative toxicology factors used to describe the hazards of a chemical require similar quantitative measures of expure. Figure 1 shows this coequal position occupied by exposure assessment in the practice of risk assessments. In effect, this figure is a graphical representation of the often-quoted motto of Paracelsus: “AI1 substances are poisons , . . the right dose differentiates a poison from a remedy” (1). Ih its purest form, an exposure assessment identifies all individuals or population subgroups that have been exposed to a chemical and assembles sufficient analytical chemistry data to allow quantitative calculation of the actual doses received by the exposed individuals or populations. The calculations quantitate separate contributions to exposure by oral, dermal, and inhalation routes and describe the time dependence of the exposure. The source of the chemical also is be identified. Such an undertaking is an ambitious task. The problems of assembling data to achieve quantitative descriptions of exposure cross many disciplinary boundaries. The questions that must be answered before an exposure assessment can be determined for an unconW13-936w87/W21-115(M01.50/0 @ 1987 American Chemical Society
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 trolled hazardous-waste site are listed in the box. A wide variety of scientific disciplines-all branches of chemistry and environmental science and elements of geology, meteorology, industrial hygiene, mathematical modeling, demographics, and statistics-are required to address these questions. Exposure assessment is not a single coherent scientific discipline with academically trained practitioners and well-established scientific communication channels. Any reasonably complete exposure assessment requires integration of information obtained from literature that is vast but diffise.
 
 Rule of exposure as4essment Hazard assessment describes the toxicological impact of exposure to chemicals in terms of critical toxicity values such as EF'A's reference doses (formerly called acceptable daily intakes) or carcinogenic potency factors. The exposure assessment provides the dose that allows the risk to be calculated. Critical toxicity values are derived from laboratory animal tests with specific exposure regime.ns and specific toxicological endpoints; the exposure assessment must provide a parallel de scription of exposure to human populations. For example, acute toxicity endpoints, for which an effect might be observed as a result of a single instance of exposure, require the quantitativeestimation of exposure from a single event, whereas chronic toxicity endpoints, such as oncogenicity, require an estimate of integrated lifetime exposure. Animal studies also examine a specific route of exposure: ingestion, inhalation, or dermal application, so that estimates of human exposure by the same routes are commonly needed. A clear understanding of the toxicological data is needed to focus the presentation of the exposure assessment. A critical toxicity value is an intrinsic property of a chemical. Once determined, this value is given for a specific risk assessment, although the value may change as new toxicity information becomes available. The extent of human exposure to a chemical is an extrinsic property, however, and statutes and regulatory programs in fact are based on exposure control and reduction. Table 1 lists the major environmental laws that regulate chemicals on the basis of exposure and risk. A variety of approaches are employed for exposure control, including banning the use of a chemical to provide absolute prevention of exposure, setting standards for occupational seitings or environmental medii, selecting remedial actions, and training and labeling to control the conditions of use. These. apilB0 Envimn. SCi.Teehnol., MI.21, NO. 12, Is37
 
 proaches require not only a knowledge of the patterns and the extent of exposure but also of the efficacy and reriability of the various control technologies. Exposure assessment is thus needed both to predict risk and to identify and predict efFects of prospective control options (2).
 
 The practice of exposure assessment Exposure assessment requires the assembly of a large array of diverse information in a format useful for risk assessors and regulators. EPA has published a general guidance document for carrying out exposure assessments (3). The guideliies provide a procedural framework to promote consistency among the various types of assessments that are carried out under different statutes, to minimize omissions of important data, and to construct a common format for presentation. The box on page 1161 sbows an cutline of this format. The guidelines do not discuss the field measurement or modeling techniques that are used as a basis for quantitative exposure estimates. lko other documents review measurement techniques and modeling approaches for exposure assessment. One of these docu-
 
 -
 
 ments-part of the pesticide assessment guidelines that accompany the formal regulations under the Federal Insecticide, Fungicide, and Rodenticide Actcontains an extensive discussion of the field techniques recommended for measuring the dermal and inhalation exposure of pesticide applicators (4). These guidelines present two basic approaches to measuring exposure-passive dosimetry and biological monitoring. Passive dosimetry is the measurement of the amount of chemical available for adsorption through the lung or skin. These methods have been used for many years by industrial hygienists to measure inhalation exposure in the wor!qdace and by field hygienists to measure dermal and inhalation exposure to pesticide applicators during the normal course of application (5, 6). The most widely used technique for measuring dermal exposure involves attaching pads of cellulose, gauze, polyurethane foam or other absorbent materials to various locations on the subject’s body. At the end of the exposure period the pads are removed for residue analysis (7). Other techniques include the use of disposable coveralls that are removed for analysis; washing the hands (which usually receive the bulk of the exposure General guidelines for exposure assessments 1. Executive summary 2. Introduction 3. Identity of chemicals
 
 names structures
 
 uses disposal potential releases 5. Environmental fate and exposure pathways transport and transformation identification of pathways environmental distributions 6. Measured or estimated concentration 7. Exposed populations human nonhuman 8. integrated exposure analysis identification of exposed populations human dosimetry and biological measurements developments of scenarios evaluation of uncertainty 9. References
 
 during pesticide application); and the addition of a fluorescentdye tracer to pesticide formulas, followed by video imaging analysis (7-9). The measurement of inhalation exposure typically involves the use of respirator pads or miniature personal air sampling pumps and trapping materials such as charcoal, polyurethane foam, or Tenax-GC resins (7, 10). A large number of field exposure monitoring studies have been carried out using these techniques. Dermal exposures are calculated from the measured data by assuming that the amount of chemical found on the pads represents the surface concentration of the correspondingpans of the body and adding up to get a total for all exposed body surfaces. Inhalation exposures are calculated simply by measuring the amount of chemical trapped on respirator pads or by analyzing the trapping material and estimating a breathing rate. These calculations result in an estimate of the amount of chemical available for absorption at a physiological boundary. Estimates of the extent of absorption through the skin or by the lungs are needed in order to convert the external exposure into a biologically available internal dose. Human skin acts as a relatively impermeable physical barrier, often preventing substantial absorption of deposited chemicals. Its protective effect is influenced by the properties of the chemical, by the presence of any solvents or dirt particles in which the chemical is delivered to the skin, and by any abrasions present. The extent of skin absorption also varies widely for differentregions of the M y surface. All of these factors must be considered in estimating the amount of chemical that is biologically available following dermal exposure.
 
 Biological monitoring measures exposure by monitoring body fluids (typically blood or urine) for the chemical of interest. This approach provides prima facie evidence of exposure and avoids many of the assumptions needed to calculate exposure from passive dosimetry studies. However, the phamacokinetics of the chemical in the body must be known in order to calculate the actual internal dose from observed body fluid concentrations. Table 2 summarizes the basic advantages and disadvantages of each a p proach (11). Depending on the goals of the exposure study and on available information concerning absorption and pharmacokinetics, either approach may be suitable for a given chemical exposure monitoring situation. The vast majority of exposure monitoring studies performed with these techniques have been analyses of workplace exposure situations, either industrial or agricultural (4. 12). However, an extensive study has recently been completed that used both passive dosimetry and biological monitoring on urban residents (13). This study, called the Total Exposure Assessment Methodology study (TEAM), monitored volatile organic compounds in the breathing zone, in indoor and outdoor air, in exhaled air, and in the drinking water of 35.5 urban New Jersey residents. Participants wore personal air-sampling pumps capable of pumping 30 mL/min for 12 hours; samples of exhaled air were obtained at the conclusion of the 12-h sampling period. The median 12-h indoor air concentrations of six volatile organics (trichloroethane, benzene, xylenes, ethylbenzene, and tetrachloroethylene) ranged from 4.9 to 17 pg/m3. The observed ratios of the median air concentrations
 
 TABLE 2
 
 Comparison of exposure assessment appn
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 in indoor and outdoor air ranged from 1.5 to 4.9 suggesting that, at least in some cases, indoor exposure to these chemicals may be a more important source than ambient environmental levels. The same chemicals were found in *95% of exhaled breath samples, demonstrating that measurement of exhaled breath may be a useful biological index of exposure to volatile organic chemicals. Extensive biological monitoring studies measuring pesticide residues in serum, urine, and adipose tissue have been carried out by EPA and the National Center for Health Statistics (14). The Second National Health and Nutrition Examination Survey (NHANES 10 analyzed serum and urine from 21,000 individuals for 38 pesticides and toxic substances. Preliminary analyses of extensive subsets of the data show that nearly all serum samples had detectable levels of DDT analogues and that 79% of the urine samples had detectable levels of pentachlorophenol. Similarly, EPA’s National Human Adipose Tissue
 
 Survey (NHATS) detected analogues of DDT and other chlorinated hydrocarbon pesticides in essentially all of 785 tissue specimens in a 1978 survey. These surveys and the TEAM study demonstrate that nonoccupational exposure to chemicals may be fairly widespread. Another monitoring technique measures a biological marker rather than the chemical of interest or its m e t a b lites. Markers commonly used to measure cholinergic inhibitors (i.e., organophosphorus and N-methylcarbamate insecticides) include red blood cell acetylcholinesterase and serum pseudocholinesterase; methemoglobin is used as a marker for aniline and nitrobenzene (15). Determining the extent of depression of cholinesterase activity requires knowledge of individual baseline levels, for natural fluctuations may be as high as 13-25% (16). It is difficult to use cholinesterase levels as a 1162 Environ. Sci. Technol.. Vol. 21, NO. 12, 1987
 
 quantitative measure of exposure to cholinergic agents. Exponw modeling Exposure monitoring studies of such magnitude as the TEAM, NHANES II, and NHATS studies are rare. By far the most common situation for which estimates of exposure and risk are needed is one in which little quantitative information is available. Analytical data to satisfy the broad range of information needed for a hazardous-waste-site exposure assessment are generally lacking. In these situations scientists are faced with the necessity of estimating exposures by constructing conceptual models of each possible pathway of exposure and attempting to address all the questions posed in the box on page 1160. A large number of such models have been developed to evaluate exposure pathways through air, groundwater, surface water, and soil. The necessity of rapidly carrying out such a large number of exposure and risk assessments for Superfund sites under the Comprehensive Environmental Response, compensation, and Liability Act (CERCLA) led EPA to prepare the second of the two exposure assessment documents. The “Draft Superfund Exposure Assessment Manual’’ provides a framework for the comprehensiveassessment of human exposure associated with uncontrolled hazardous-waste sites. It presents a number of modeling approaches for assessing the release of chemicals from sites; the environmental transport and fate of chemicals along groundwater, surface water, soil, and air pathways; and ultimate population exposures (17). The manual is intended to provide a consistent approach to assessing human exposure from waste sites using state-of-the-art methods to evaluate each component of the assessment.
 
 Data quality and uncertainty The quality of data supporting an exposure assessment and the uncertainty of the final quantitative assessment are two important and interrelated issues. Exposure assessments are based on data that may range from highly rigorous chemical analyses of an environmental contaminant at the ppb level to estimates of the number of days per year that a child might play near a hazardous-waste site. A numerical measure of exposure might depend equally on two such disparate data elements. Characterization of the reliability and uncertainty of the data that support an exposure assessment is critical to the proper utilization of the assessment in making regdatory decisions.
 
 The American Chemical Society has developed principles for planning environment monitoring studies (le). The principles identify essential design criteria, such as the required level of confidence in the identity and concenmtion of a contaminantand the necessary degree of method validation and quality assurance. Decisions on these criteria depend on the intended use of the data, which might range from preliminary survey data to determine priorities for further investigation to support for a final regulatory decision subject to legal challenge. EPA emphasizesthis type of planning in the design of hazardous-waste-site sampling activities under CERCLA (19). The procedure is to develop specific data quality objectives for each site undergoing investigation so that the resulting data are of known quality and are appropriate for the intended use. Data quality requirements are specified by five parameters: precision, accuracy, representativeness, completeness, and comparability (often referred to as PARCC). The goals for each PARCC parameter are determined based on the level of certainty required in the resulting data. It often happens, however, that exposure assessments must utilize existing data or information for which there is no opportunity to control the quality of the data. EPA’s Exposure Assessment Guidelines discuss methods of characterizing uncertainties associated with situations such as limited monitoring data, necessary use of subjective estimates of input variables, and assessments based on environmental models (3). The guidelines stress that all assumptions used in exposure assessments should be explicitly stated and justified. Examples nf exposure assessments TWO examples of recently completed exposure assessments demonstrate the diversity and complexity of the process. EPA’s risk assessment for the pesticide alachlor [2-chlor-2’, 6’-diethyl-N(methoxymethyl)acetanilide] was based in part on alachlor exposure assessments from food residues, from drinking water, and from pesticide application (20). Extensive data submitted to EPA by the manufacturer on alachlor residues in major crops allowed EPA to determine best available estimates for dietary exposure under scenarios of maximum possible use and the actual extent of alachlor use on the crops. Because alachlor has been found in both groundwater and surface water, the exposure assessment evaluated the potential for each of these to contribute to drinking-water exposure. Groundwater monitoring in nine states and one
 
 Canadian province detected alachlor contamination caused by accidental spills, seepage though sinkholes, and infiltration through soil from normal agricultural use. Groundwater modeling simulations confirmed the potential for alachlor to leach through soil. Tabulations of surface water levels of alachlor from agricultural runoff, as well as observed levels in tap water, were
 
 have access to contaminated areas and have contact with the soil, age-dependent estimates of soil deposition of skin and soil ingestions were constructed. These were combined with estimates of possible dust levels in contaminated areas to compute lifetime doses of TCDD from soils uniformly contaminated at 1 ppb and 100 ppb. The assessment of human exposure to contaminated soil, and even the identity of the actual routes of exposure, is much more complex than for homogeneous media such as water or air. Hawley reviewed a wide array of studies on soil and dust dynamics and potential human exposure (22). He emphasized the contribution that indoor house dust could make to the total potential exposure arising from contaminated soil and constructed a soil exposure model based on separate estimates of indoor and outdoor inhalation, dermal, and ingestion exposure.
 
 prognosis combined with overland transport and in-stream distrihution models. Researchersconcluded that concentrations of 1-2 ppb represented a realistic assessment of long-term drinking-water exposure in some areas where alachlor is extensively used. Finally, applicator exposure studies that included both passive dosimetry and biological monitoring were used to calculate annual internal doses of individuals using alachlor. Risks to the various exposed groups were determined by multiplying the calculated exposures by an oncogenicity potency factor that was derived from studies of alachlor in rats. More difficult and less measurable exposure situations are often encountered in carrying out risk assessments for uncontrolled hazardous-waste sites. In estimating the risk from exposure to soil contaminated with 2,3,7,8-tetrachlorcdibenzcdioxin(TCDD), the Centers for Disease Control evaluated three potential pathways of exposure: direct contact followed by dermal absorption of TCDD, ingestion of soil, and inhalation of ambient dust (21). Measurements of soil exposure by any of these routes are rarely reported in the scientific literature, and completion of this exposure assessment inevitably requires a number of assumptions about the extent and duration of skin contact with soil, the amount of soil that might be ingested by children, the range of possible dust levels, and the corresponding efficiencies of absorption of TCDD from soil by skin, lungs, and the gastrointestinal (GI) tract. Under the assumption that humans would
 
 requires the parallel expansion of the role of exposure assessment.
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