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 Letters to the Editor Dose-Response Relationships for Cancer Incidence Reflect Susceptibility Distributions To the Editor: In their perspective “Biomarkers in Toxicology and Risk Assessment: Informing Critical Dose Response” (1), the authors evaluate the use of biomarker data for dose-response relationships, with a major focus on the sequence of events from exposure to a genotoxic chemical leading to DNA adducts leading to mutation. They confirm that DNA adducts as biomarkers of exposure are usually linear at low doses, while biomarkers of effect, such as mutations, can show differing dose responses (2, 3). The authors consider mutant frequencies informative as quantitative estimates of risk for cancer. In our opinion, the step to cancer risk assessment requires additional considerations in both biological and statistical terms. One major point is the necessity to differentiate between the dose-response relationship for continuous end points in animal experiments and the dose-incidence relationships in the human population.
 
 Two Types of Dose-Response Relationships Have To Be Discerned Two types of dose-effect relationships must clearly be discerned when moving from continuous effect measures such as mutant frequencies in animals to the quantal (binary) effect measure “cancer incidence”. The first type is the relationship between a dose and a quantitative response measured in an individual. In a group of animals or humans, each individual contributes a numerical measure, and the dose response follows the means of the dose groups. The second type is the relationship between a dose and an incidence (e.g., tumor incidence). An individual in a dose group contributes the measure of either 1 (tumor) or 0 (no tumor). The response of the group is given by one single data point as a proportion (fraction) of group members that show the effect. The data point separates the susceptible individuals from the resistant and provides no information within the two subgroups. With decreasing dose, the proportion of individuals that manifests a tumor decreases along the distribution of susceptibilities in the population. The question about the incidence at very low dose is therefore equivalent to the question about the most susceptible individual(s) (4). This type of dose-response is not determined by mechanisms of action alone (5).
 
 can result in a reduction of the number of steps required for malignant transformation of a cell. For carcinogen dose-response relationships, it implies that individuals that are genetically predisposed require a lower dose to manifest the tumor within a defined period of exposure and observation. Differences for the number of mutations required may also explain differences in the latency period between exposure and tumor manifestation, such as between hematopoietic tumors and epithelial cancer.
 
 The Cumulative Log-Normal Shape of the Distribution What type of distribution is now expected for the end point “cancer”, taking into account the large number of factors that sum up to define the individual susceptibility? The central limit theorem of statistics states that the sum of N independent variables becomes normally distributed with increasing N. Upon a multiplicative combination of susceptibility factors, a lognormal distribution would follow (7). Considering the large number of modulating factors for carcinogenesis, the cumulative log-normal curve is a reasonable assumption for the distribution of susceptibilities. Using this function, we can now estimate the drop in cancer risk with decreasing dose. Dose steps are expressed as multiples of the standard deviation (SD) of the normal distribution; the point of departure is the dose that halves the probability of staying tumor-free throughout the period of observation (TD50). Following the cumulative normal curve and stepping down 1, 2, 3, 4, or 5 SDs below the TD50 () mean), the risks are 0.16, 0.023, 1.3 × 10-3, 3.2 × 10-5, and 2.9 × 10-7; that is, the drop in risk is not proportional to the drop in dose. Expressed in relative terms, the risk reduction factor increases at low doses. For instance, while the reduction factor between 1 and 2 SD below the mean is 7 (0.16/0.023), the decrease between 4 and 5 SD is associated with a risk reduction by a factor of more than 100. With decreasing dose, the risk rapidly drops to zero. Note that because of the logarithmic dose scale, the dose steps represent factors. On the basis of this type of dose-incidence relationship, the SD estimated from a log-normal distribution expressed as log (dose) becomes the dominant quantitative factor for risk extrapolation. The wider the distributions of the contributing susceptibility factors are, the flatter the dose-response curve is. This also means that data based on the heterogeneous human population will show larger coefficients of variation than data from animal bioassays.
 
 Differences in Susceptibility Define the Shape of a Dose-Incidence Curve
 
 History
 
 Individual susceptibility for cancer induction is controlled by numerous factors. Factors that affect the steps between the intake of a genotoxic carcinogen and a mutant frequency have been addressed in the perspective (1). This includes metabolic activation and detoxication of the carcinogen, rates of DNA repair, as well as rates of cell proliferation and death. Additional factors must now be added for the steps between mutation and cancer. Most important is the inheritance of constitutively activated oncogenes or inactive tumor suppressor genes (6). This
 
 This approach is not new. In fact, the first estimation of cancer risk at low dose employed by U.S. regulatory agencies utilized the Mantel-Bryan procedure (8). Mantel and Bryan noted from an examination of a large number of cancer bioassays that plots of the tumor incidence expressed in terms of probits (SDs of a normal tolerance distribution) vs log10 (dose) were generally approximately linear. That is, the tolerance distributions for carcinogens tended to be log-normal. Furthermore, they noted that the slope of probits vs log (dose) in animal bioassays tended
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 to be greater than three. For the much more heterogeneous human population, they surmised that a reduction of one probit (one standard deviation) per factor of 10 reduction in dose (that is, a shallow slope of one) would provide conservative estimates of cancer risk at low doses. Because the slope of the cumulative normal (or log-normal) rapidly approaches zero as the dose approaches zero (as exemplified above), this procedure was discontinued in the 1970s in favor of the much more conservative linear extrapolation.
 
 Questions and Conclusions The reluctance against a log-normal tolerance distribution for cancer risk extrapolation was not only due to the uncertainty associated with the slope of the probit scaling in the human population but also because the process of carcinogenesis was considered to be stochastic. Thanks to the progress in molecular epidemiology, individual risk factors can be assessed today. Tolerance distributions and their use for risk extrapolation therefore deserve a revival. There have been a few attempts along these lines, with little acceptance so far (9-11). More data are needed to substantiate the relevance of this approach and reduce the use of the linear default. This includes analysis of epidemiological dose-tumor incidence relationships in humans and collection of molecular epidemiology data on population variability for critical factors. Modeling will have to be refined to include spontaneous processes (12, 13) and the element of time (14). It may also be necessary to think about truncation of distributions if biology sets boundaries for viability (15). It is important to note that the focus on susceptibility factors does not make mechanistic considerations obsolete. Knowledge about modes of action is a prerequisite to identify the factors that modulate susceptibility and will ultimately be required for individualized risk reduction and setting of exposure standards (4).
 
 References (1) Swenberg, J. A., Fryar-Tita, E., Jeong, Y., Boysen, G., Starr, T., Walker, V. E., and Albertini, R. J. (2008) Biomarkers in toxicology and risk assessment: Informing critical dose-response relationships. Chem. Res. Toxicol. 21, 253–265. (2) Lutz, W. K. (1990) Dose response relationship and low dose extrapolation in chemical carcinogenesis. Carcinogenesis 11, 1243– 1247. (3) Lutz, W. K. (1998) Dose-response relationships in chemical carcinogenesis: Superposition of different mechanisms of action, resulting in linear-sublinear curves, practical thresholds, J-shapes. Mutat. Res. 405, 117–124. (4) Lutz, W. K. (2002) Differences in individual susceptibility to toxic effects of chemicals determine the dose-response relationship and consequences of setting exposure standards. Toxicol. Lett. 126, 155– 158. (5) Lutz, W. K., Lutz, R. W., and Andersen, M. E. (2006) Dose-incidence relationships derived from superposition of distributions of individual susceptibility on mechanism-based dose responses for biological effects. Toxicol. Sci. 90, 33–38. (6) Lutz, W. K. (2001) Susceptibility differences in chemical carcinogenesis linearize the dose-response relationship: Threshold doses can be defined only for individuals. Mutat. Res. 482, 71–76. (7) Limpert, E., Stahel, W. A., and Abbt, M. (2001) Log-normal distributions across the sciences: Keys and clues. Bioscience 51, 341– 352. (8) Mantel, N., and Bryan, W. R. (1961) “Safety” testing of carcinogenic agents. J. Natl. Cancer Inst. 27, 455–470. (9) Hattis, D. (1996) Human interindividual variability in susceptibility to toxic effects: From annoying detail to a central determinant of risk. Toxicology 111, 5–14. (10) Lutz, W. K. (1999) Dose-response relationships in chemical carcinogenesis reflect differences in individual susceptibility. Consequences for cancer risk assessment, extrapolation, and prevention. Hum. Exp. Toxicol. 18, 707–712.
 
 (11) Gaylor, D. W., and Kodell, R. L. (2002) A procedure for developing risk-based reference doses. Regul. Toxicol. Pharmacol. 35, 137–141. (12) Lutz, W. K. (1990) Endogenous genotoxic agents and processes as a basis of spontaneous carcinogenesis. Mutat. Res. 238, 287–295. (13) Gupta, R. C., and Lutz, W. K. (1999) Background DNA damage from endogenous and unavoidable exogenous carcinogens: A basis for spontaneous cancer incidence? Mutat. Res. 424, 1–8. (14) Lutz, W. K., and Gaylor, D. (1996) Significance of DNA adducts at low dose: shortening the time to spontaneous tumor occurrence. Regul. Toxicol. Pharmacol. 23, 29–34. (15) Conolly, R. B., Gaylor, D. W., and Lutz, W. K. (2005) Population variability in biological adaptive responses to DNA damage and the shapes of carcinogen dose-response curves. Toxicol. Appl. Pharmacol. 207, S570-S575.
 
 Werner K. Lutz* Department of Toxicology University of Würzburg Germany David W. Gaylor Gaylor and Associates, LLC Eureka Springs, Arkansas 72631 TX800090A
 
 Letter to the Editor Lutz and Gaylor’s (1) letter regarding our paper (2) calls attention to an important point, namely, that humans are a heterogeneous lot, so one should (i) anticipate some variation across individuals in their susceptibility to the toxic effects of chemical exposures and (ii) regulate those exposures accordingly. We agree, and we also agree with their conclusion that mode of action information is required before factors that modulate individual susceptibility can be identified. However, we disagree with Lutz and Gaylor on other points. First, we are troubled by their preference for the log-normal distribution in characterizing interindividual differences in susceptibility, especially in the low-dose (high-susceptibility) region (more than 2 standard deviations below the estimated TD50). It is common knowledge that different mathematical models can provide perfectly adequate descriptions of most empirical dose-response relationships in the “observable response range” (typically, 5-95% incidence), yet, at the same time, predict risks that diverge drastically from one another below that range. In fact, the cumulative log-normal distribution produces some of the most extreme predictions in the low-dose range, with risks falling to zero faster than any finite power of dose (3)! At the opposite end of the spectrum, additive-tobackground risk models all predict linear risks at sufficiently low doses. Neither of these dose-response behaviors has ever been demonstrated in the laboratory, the workplace, or the environment, nor can they be. Indeed, about the most that one can reasonably say is that while the real risks at low doses may very well be zero, the upper limit estimates of risk predicted by low-dose linear models cannot be ruled out with complete confidence. To illustrate, suppose that a compound produces no increase in tumors until the administered dose (or adduct concentration) exceeds some threshold dose D. Then, for control and treated groups with equal sample sizes (n) and equal variances (σ2), there is a 5% chance, due solely to sampling variability, that the group exposed to D will exhibit a tumor frequency greater than that of the control group by an amount as large or larger than ∼1.65(2σ2/n)1/2, corresponding to an upper 95% confidence
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 bound estimate on the low-dose slope of ∼1.65(2σ /n) /D. While highly conservative, this estimate can still prove useful in determining whether and where significant slope changes occur at doses higher than D, as is particularly well-demonstrated by the data from Doak et al. (4) that we cited in our paper (see, especially, Figure 8). We also take issue with Lutz and Gaylor’s assertion that the central limit theorem supports their preference for a log-normal distribution of susceptibilities. This theorem holds only when the N-independent random variables being multiplied together are identically distributed, a fact that was omitted from their letter and a property that is not at all likely to be shared by individual human susceptibility factors. Furthermore, while the central limit theorem would likely hold for estimates of the TD50 derived from typical laboratory animal experiments, it is not at all clear that it would hold for estimates, also derived from such studies, of the dose associated with utterly nondetectable, de minimus increments in cancer incidence as small as one in a million. We therefore caution that the exact form of the distribution(s) of differences in susceptibility in the human population, or any other for that matter, is far from being wellestablished, particularly in the low-dose region. Finally, while our paper did not propose specific methods for conducting risk assessments, we did conclude that low-dose mutagenicity differs qualitatively from simple biomarkers of exposure such as DNA adducts. Mutations are key events in carcinogenesis that can serve to identify critical transition regions in the carcinogenic dose-response relationship. While biomarkers of exposure are expected to be linear at very low doses, mutations always have a background frequency that arises from endogenous processes, such as oxidative stress and DNA instability. These processes act independently of exogenous exposures in the induction of mutations that lead ultimately to cancer. At very low dose levels, the biology of mutagenesis is therefore dominated by endogenous processes. Thus, the point in the dose response where exogenous exposure significantly 2
 
 1/2
 
 increases mutations above the endogenous background defines a “point of departure” suitable for use in a “margin of exposure” approach to risk assessment. Scientific data on the range and variability of interindividual differences in susceptibility would be one of the factors that would determine an appropriate margin of exposure. Such an approach makes better use of our current scientific understanding of carcinogenesis and minimizes reliance on untestable mathematical default assumptions.
 
 References (1) Lutz, W. K., and Gaylor, D. W. (2008) Letter to the Editor. Chem. Res. Toxicol. 21, 971–972. (2) Swenberg, J. A., Fryar-Tita, E., Jeong, Y., Boysen, G., Starr, T, Walker, V. E., and Albertini, R. J. (2008) Biomarkers in toxicology and risk assessment: Informing critical dose-response relationships. Chem. Res. Toxicol. 21, 253–265. (3) Krewski, D., and Van Ryzin, J. (1981) Dose-response models for quantal response toxicity data. In Statistics and Related Topics (Csorgo, M., Dawson, D. A., Rao, J. N. K., and Saleh, A. K. M. d. E., Eds.) pp 201-231, North-Holland, Amsterdam. (4) Doak, S. H., Jenkins, G. J., Johnson, G. E., Quick, E., Parry, E. M., and Parry, J. M. (2007) Mechanistic influences for mutation induction curves after exposure to DNA-reactive carcinogens. Cancer Res. 67, 3904–3911.
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