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Cancer dose-response extrapolatiois Third of a five-part series on cancer risk assessment
 
 Robert L. Sielken, Jr. Sielken, Inc. Bryan, Ex. 77802 Quantitative dose-response modeling is an important contributor to cancer risk assessment; hence, it is a major factor in cancer risk management and the regulatory process. The dose-response models now used in the regulatory process are overly simplistic, probabilistic representations of highly complex biological phenomena; these models are not biological models. Several of these simplistic models provide similar fits to the highdose data generated in -hronic animal bioassays but provide issimilar projections of risk at the .Jwer doses of interest to man. Figure 1 shows model extrapolations. The possibilities for the low-dose behavior of a simplistic model can be so independent of the fit of that model to the experimental data that an upper confidence limit, or upper bound, on the risk at a low dose can be orders of magnitude larger than the fitted model value. Figure 2 shows that the upper bounds are not responsive to the experimental data, and Figure 3 shows that experimental outcomes with vastly different observed dose-response patterns all have essentially the same upper bounds. The potency measures, such as unit risks and relative risks, cited by the regulatory agencies are based on upper bounds and not on fitted model values. These measurements do not differentiate between carcinogens on the basis of available experimental data about the shapes of the dose-response relationship. The inability to differentiate between risks is a serious shortcoming when all alternatives involve some risk. W13936X18710921-1033sO1.5010 0 1987 American Chemical Saciety
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 FIGURE 1
 
 Fnre simplistic models with similar fits to the high dose experimental data
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 In order to obtain more useful quantitative dose-response assessments, the plethora of simplistic models must be replaced by more biologically reflective dose-response models that utilize the available scientific information. New dose-response modeling techniques can incorporate representations of the exposure in terms of dose scales based on cell turnover rates, repair processes, immune system responses, and pbysiological and pharmacokinetic models of the absorption, delivery, metabolism, and elination of chemicals. These new techniques can incorporate distributions of individual hackground exposure levels and individual susceptibilitiesto low levels of a chemical. They also can incorporate such factors as low-dose linearity on a biologically relevant scale; age-dependent changes in the number of target cells and time-dependent effectsof cell pro-
 
 slope=o.O35
 
 liferation on the number of intermediate cells in a multistage process; and dose levels, susceptibilities, and background exposures that are not necessarily constant over time. These new, more biologically reflective models are now described as state-of-the-art, and additional research should lead to even better doseresponse models.
 
 Relevant dose scales The dose level should be expressed on a biologically relevant scale. For example, Figure 4 shows that the dose level corresponding to an inhalation exposure can be expressed in several terms: the concentration of the chemical in the air inhaled; the total amount of the chemical inhaled over time; the amount of the chemical or its active metabolite reaching the target cells of a particular tissue; and the amount of chemical or metabolite interaction with
 
 8 c
 
 20’
 
 DNA or the amount of cell damage that escapes repair. The dose scale can be expressed as the administered dose, the intermediate dose, the dose delivered to the target site, or the biologically effective dose. The biologically effective dose reflects not only the amount of the chemical or metaholite delivered to the target site but also the net generation of cancerrelated activity, including cell turnover, DNA repair, and immune system responses. There are advantages to studying biological response. Using a biologically reflective dose instead of the administered dose, the modeler can incorporate known biology, physiology, and pharmacokinetics. This reduces the uncertainty and the number of unknowns in the dose-response model and aids extrapolations from high doses to low doses, from species to species, from one exposure route to another, and from one exposure time frame to another. If there is insufficient scientific knowledge to establish the complete transformation from administered dose to a biologically effective dose, then using even a partial transformation or best approximation based on what is known should lead to a better risk assessment than using only the administered dose.
 
 Individual susfeptibilities
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 Individuals vary in their responses to a particular exposure to a potentially hazardous chemical. Individual variation is influenced by many factors, including variation in background exposures, genetic traits, preexisting diseases, and behavioral traits (I). An extension of the linear multistage model utiliis the biologically effective dose and reflects individual variations in background exposure and biological susceptibility to low levels of a chemical. An analogous extension of a more biologically motivated model that emphasizes the multistage carcinogenic process, age-dependence, and cell proliferation is described below. The background exposure for a population of individuals, Do, is a random variable; that is, the level of exposure from all sources, other than the one source being regulated, is potentially different for different members of the population. Each individual has his own particular value do for the background dose Do. An animal’s background exposure is dependent upon such factors as environment and diet. A human’s do can depend on these same factors as well as occupation, lifestyle, and hygiene. Similarly, because there is often interindividual variation in biological factors such as metabolic rates and enzyme Environ. Sci. Technal.. Vol. 21.No. 11. 1987 1035
 
 levels, the biological susceptibility S to a particular chemical varies in a population from one individual to another. For a population, S is a random variable, and each individual bas a particular values for the susceptibility S. An Individualized Response Model utilizes the biologically effective dose as the dose scale for dose-response modeling and reflects the interindividual variation in the susceptibility Sand the background dose Do. A description of how the Individualized Response Model works is provided in the box. Figure 5 provides an overview of the components and structure of the model. A reasonable approximation for the distribution of the background dose Do in the population may often be the lognormal distribution. There has been considerable historic success in using the lognormal distribution to represent the distributions of a wide variety of exposures and biological phenomena. Lognormal distributions agree with Do > 0. In addition, lognormal distributions can be very skewed to match chemical carcinogens for which Do is usually very near zero. On the other hand, lognormal distributions can be nearly symmetrical and more like the normal distribution if Do is frequently moderately large. Similarly, the distribution of the susceptibility S may be approximated by a lognormal distribution. The biological phenomsna represented by susceptibility and the way in which susceptibility enters into the carcinogenic process will generally be different for different chemicals. Sometimes susceptibility can be expressed through a susceptibility frontier. The delivered dose corresponding to the transition from substantially lowered carcinogenic effectiveness to the dose region where the predominant mechanism resisting or suppressing carcinogenesis is overwhelmed is the susceptibility frontier. For a population of individuals, the susceptibility frontier F is a random variable. Each individual has his or her own particular valueffor the susceptiblity frontier E Genetic differences in metabolic activation and detoxification, tissue sensitivity, repair efficiency, and immune system responses contribute to the individual variation in the value of the susceptibility frontier (2,3). A susceptibility frontier is different from a tolerance. If the delivered dose becomes greater than an individual’s tolerance, then cancer is a certainty; however, as the delivered dose becomes greater than the individual‘s susceptibility frontier, then the individual’s cancer probability increases more rapidly but doesn’t immediately become a certainty. 1036 Environ. Sci Technol.. Val. 21. No. 11. 1987
 
 Modeling with more biologically relevant dose scales Quantlfying the dose level
 
 Example: inhalation exposure
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 Concentration in the air
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 Administered dose
 
 Total amount inhaled per day
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 or active metabolite
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 Delivered dm8
 
 Amount of interaction Amount of cell damage
 
 The concept of a susceptibility frontier is also different from that of a threshold. A threshold denotes a dose level below which absolutely no carcinogenesis is possible, whereas a susceptibility frontier indicates only a transition from the normal functioning of the body’s carcinogenic defense mechanisms to dose levels overwhelming those mechanisms. Also, a threshold is the same for every member of the population, whereas the susceptibility frontier differs for each individual. The concept of a susceptibility frontier can be illustrated in simple terms as follows: Suppose that for a particular individual a chemical exposure causes a particular number of specific molecules to reach and invade a target cell. Also, suppose that the target cells have, for simplicity, a single cancer defense mechanism relative to these invaderssay a detoxification process-and that the cell begins with 20 opportunities to carry out the detoxification of an invading molecule. However, at each opportunity the probability of detoxifying an invader is, for example, only 0.9 (not l.O), and a successful detoxification reduces the number of detoxification o p portunities the next invader must face by one. In such circumstances the expected number of invaders that avoid random detoxification can be shown to be approximately 1 x if there are X invaders and X 5 20, and X-20 if there are X invaders and X > 20. If the probability of a carcinogenic response is proportional to the number of invaders that avoid detoxification,
 
 Biologically effective dose
 
 then the Probability of a carcinogenic response undergoes an exponential increase (nearly linear at very low doses and slow overall) as the delivered dose of the chemical increases until it generates approximately 20 invaders. At this point further increases in the delivered dose correspond to more rapid linear increases in the probability of a carcinogenic response. In this example the delivered dose level correspondingto the generation of 20 invaders would be called the individual’s susceptibility frontier$ In general, if an individual has a nonzero susceptibility frontier, then f occurs at the point where, as the dose increases, the effective dose shifts from a slowly increasing function of the delivered dose to a more rapidly increasing linear function of the delivered dose. One form of the Individualized Response Model corresponds to a multistage model, which is linear in the biologically effective dose. Mathematically, P [ c EED(d,dof)] = 1 - exp [-aoOLI x BEo(d,dofil when the susceptibility S is the susceptibility frontier F, and f is the value of F.The greek constants a0and a,would usually be estimated from the chronic dose-response data. The functional form of the biologically effective dose, BED(d,do,f), would be determined on the basis of scientific research ancillary to the response frequency tabulation in chronic bioassays. Alternatively, the functional
 
 How the lndividuallzed Response Model works
 
 In an Individualized Response Model the pmportion Pr(f;d) of the entire population at risk that is expected to develop a specified carcinogenic response, in the absence of competing mortality, by time t for an administered dosed is the weighted average of P[t; BED(d,do,s)] = dose-response model in terms of the biologically effective dose BED(d,d,s);
 
 where the weights reflect the proportion of the population that have a susceptibility S equal to s and a background dose D equal to do. Herein, P[t; BED(d,d,s)] denotes the probability of the specified response occurring by time t, in the absence of competing mortality, for the particular biologically effective dose 6ED(d,dhs) that arises when the administered dose is d, the random background dose Do takes on the value do, and the random susceptibility S takes on the value s. Figure 5 provides an overview of the componentsand structure of an Individualized Reponse Model.
 
 biological system through time, P [ f ; BED(d,d,,,s)]can reflect explicitly not only the different stages in the carcinogenic process, but also cell proliferation, biological processes that are agedependent, and doses that are not constant over time. Such models allow risk to be characterized in terms that reflect how the probability of a carcinogenic response changes with time. In the multistage theory of carcinogenesis, a carcinogenic response occurs when k successive events stemming from a single cell have occurred (4). In this context, P[f;BED(d,do,s)]is determined by the rates at which the number of cells completing successive events increase over time. Figure 6 provides mathematical details for the general k-stage carcinogenic process. Conceptually, the probability P[f; BED(d,do.s)] arises in a very natural way. For example, if the carcinogenic process involves two stages, then the process involves normal stem cells, intermediate cells that have undergone the first of the two carcinogenic events, and malignant cells that arise from intermediate cells by undergoing the second carcinogenic event. Malignant cells are assumed to produce the specified carcinogenic response. The number of malignant cells that arise at a particular time equals the rate
 
 at which an intermediate cell gives rise to malignant cells at that time multiplied by the total number of intermediate cells alive at that time. The total number of intermediate cells at a particular time, say depends primarily on the number of intermediate cells that arise from normal stem cells at a time T’ prior to Tand the net growth in that number of intermediate cells due to cell birth and death between T’ and T. The number of intermediate cells that arises from normal stem cells at a particular time is the rate at which a normal stem cell gives rise to intermediate cells at that time multiplied by the total number of normal stem cells alive at that time. The entire carcinogenic process and its components are all tracked through time. That is, the number of cells in each stage, the transition rates from stage to stage, and the net within-stage proliferation rates due to cell birth (replication) and death or terminal differentiation are evaluated explicitly at each point in time. Thus the dependence of these factors on time and the biologically effective dose at that time can be explicitly incorporated. Because the biologically effective dose is calculated at each time, timedependent changes in the administered dose, the background dose, and
 
 r
 
 form of the biologically effective dose is estimated during the fitting of the chronic dose-response data. The estimated biologically effective dose could increase linearly with the delivered dose for delivered doses exceeding the susceptibility frontier and increase exponentially (with associated low-dose linearity) for delivered doses less than the susceptibility frontier.
 
 Modeling through time The Individualized Response Model’s probability that a randomly selected individual from the population will have a specified carcinogenic response by time f for an administered dose do is the expectation of P [ f ; BED (d,do,s)]with respect to the distribution of the background dose DOand the susceptibility S in the population. The relationship, pIf; BED(d,d,,,s)], between the likelihood of a response by time r and the biologically effective dose BED(d,d,,,s) for given values of d,, for Do and of s for S, is averaged in the Individualized Response Model. This model can be a better, more complete reflection of the available scientific information on the carcinogenic risk associated with a specific situation if the dynamic nature of the biological processes involved is explicitly reflected in P[t; BED(d,do.~)l. By modeling the progression of the
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 the susceptibility can also be incorporated. Other models are special cases of the form for P [ c BED(d,d,,s)] shown in Figure 6 (5-7). These other models assume that the background dose Doand the susceptibility Shave the same values for every individual and that the susceptibility frontier F is zero for every individual.
 
 Benefits There are several substantial benefits to using the Individualized Response Model. By explicitly including the interindividual variation in susceptibility and background dose, quantitative risk assessment can more accurately reflect the population at risk. Particular distributions of susceptibility and background doses within the population can be studied and directly incorporated into the model. This removes some of the unreasonable elements present in most quantitative risk assessments, namely, the assumption that everyone in the population is as sensitive as the most sensitive individual. The model uses dose on the most relevant scale-the biologically effective dose scale-and incorporates changes in the dose over time. Physiological and pharmacokinetic research can be used to provide information on the delivered dose corresponding to a particular route of exposure, the interaction of administered and background doses, and any effectsof susceptibility on the delivery process. Molecular biology and a careful analysis of a chemical's mechanistic behavior can establish the nature of intracellular susceptibility and the presence or absence of a susceptibility frontier. Such research can also indicate which phenomena are age-dependent and the functional form of such dependencies. Much of this dosimetry may either be already available or obtainable from short-term experiments (8). Furthermore, the number and range of nonzero dose levels for which the biologically effective dose is obtainable are generally much greater than the few experimentaJ dose levels considered in a chronic bioassay. Hence, the relationship between the administered dose and the biologically effective dose should be obtainable over a wide range of administered doses, and the biologically effective dose corresponding to the actual exposure levels of interest can be more reasonably determined. In addition, the research results concerning the likely functional dependence of the dose-response model parameters on the dose assume that the dose is expressed on the biologically effective dose scale. The use of the biologically effective dose should reduce 1038 Enviran. Sci. Technol.. Vol. 21. NO. 11. 1987
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 fiathematics of the lndlvldu lndlvlduallzed Response ModeP
 
 the uncertainty in the high- to low-dose extrapolation portion of quantitative risk assessment. By incorporating modeling through time, the dose-response relationship for a given biologically effective dose can be more biologically motivated. Such modeling allows P[t; BED(d,d,,s)] for given BED(d,d,,s) to be analyzed in biologically meaningful terms, reflecting both the qualitative and quantitative mechanistic information generated by the biologist and the toxicologist.
 
 For example, Thorslund et al. (7) suggest a correspondence between modes of action in a two-stage (k=2) carcinogenic process and the parameters shown in the Figure 6. (See box.) Such studies would allow the model structure and issues such as linearity versus nonlinearity to be determined by scientific inquiry rather than by assumption or policy. The ability to incorporate supplementary scientific investigations should promote increased data acquisition, provide broader scientific participation in quantitative risk assess-
 
 Correspondence between modes of action' and parameters in Figure 6 Cocarcinogens, which induce regenerative hyperplasia as the normal consequence of a tissue's attempt to repair toxic damage, affect C,; Initiators, which induce mutation, oncogene activation, or chromosomal translocation, affect Ma; Promoters, which increase the number of transformed preneoplastic cells through clonal expansion, affect G I ; Completers, which increase the rate of transformation from the penultimate stage to a malignant cell, affectM I ; Inhibitors, which reduce the rate of transformation to malignancy by different mechanisms, cause decreases in Co, Ma, MI, or GI. Because the model uses biologically meaningful parameters, its time- and dose-dependence may be investigated in special studies supplemental to the collection of response frequencies in chronic bioassays. l l n a two-sfage ( k = 2 ) carcinogenic process.
 
 ment, and instill greater confidence in the results. Some of the greatest benefits of the new modeling occur when the human risk characterization involves extrapolation. Modeling with biologically defined components permits the identified differences between species, exposure routes, and exposure time frames (chronic, short-term, and only adult years) to be explicitly incorporated into the model. The functional form of the particular components where differences do occur, such as the biologically effective dose and the number of normal stem cells (C,), can be updated to reflect the new situation. Also, the distributions of background dose and susceptibility for the new situation can replace the old distributions. Individualized Response Models can incorporate new results on the individual components of the dose-response model and utilize the specific functional forms of these components for particular situations. Thus these new models provide human risk characterizations that are more up-to-date, accurate, and pertinent to the particular exposure situations being evaluated.
 
 Prognosis Quantitative cancer dose-response modeling is the subject of intensive research. New dose-response models can incorporate research on more biologi-
 
 cally relevant dose scales. The new models still involve some simplifying assumptions and are not exact biological models; however, the extensions described make it possible to incorporate more of the current scientific understanding of carcinogenesis and more biological reality, These more complete biologically based models provide more accurate and informative quantitative risk assessments to both the public and risk managers. Furthermore, the new models may inspire research directions that will yield the experimental data needed to more accurately determine the dose-response relationship for a particular carcinogen. The new capabilities for dose-response modeling and an expanding data base provide the potential for substantial improvements in quantitative cancer risk assessment.
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 his new book takes a probing look at a high-priority environmental problemthe sources and chemistry of acidic species in the atmosphere. The editors begin this volume with an ovewiew chapter that provides a historical perspective and
 
 summarizes the understanding that has been developed over the last decade.You'll read subsequent chapters covering all aspects of this problem ., . from the accuracy of field measurements to highly sophisticated modeling. Although the problems and solutions presented in this book are wide-ranging, you'll find the 21 chapters divided into w e n specific subject areas: General
 
 Reoptor M&lS 0 0 0
 
 Cloud Chemistry and Physics Kinetics
 
 0
 
 Fundamental Processes
 
 Wet and Dry Deposition e Experimental Methods
 
 This volume provides essential information for those involved in the acid deposition field: atmospheric scientists, ecologists en vironmental scientists. aovernment researchers, regulators, 6gislators. and general scientists.
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