Beyond Science and Decisions: From Issue Identification to Dose-Response Assessment:  
Use of human data in cancer risk assessment of chemicals as illustrated by the case of 1,3-Butadiene. 
Albertini R., Sielken Jr. R.L.
1.  Provide a few sentences summarizing the method illustrated by the case study. 

This case study uses the example of 1,3-butadiene (BD) inhalation exposures in humans to illustrate how  available  methodology that incorporates mechanistic data rather than defaults may be used for chemical-specific analyses of human cancer risk based on mode of action (MOA) to inform state and federal regulatory risk assessments.  As considered in detail in references 1-3 pertaining  to MOA: (a) BD requires metabolism in order to exert its biological effects, (b) there are large interspecies differences in this metabolism (with humans being more like the BD resistant rats than the  BD sensitive mice), (c) the different metabolites of BD have vastly different mutagenic (and carcinogenic) potencies, (d) the mutagenic and carcinogenic responses in one species (rats) imply that there may be a threshold at low exposure concentrations, and (e) there are different mutational events that underlie different malignancies, including different human hematological malignancies, giving different dose-response characteristics.  Considering all malignancies as one for risk analysis is therefore not justified by mechanistic data.  The critical importance of interspecies differences in BD metabolism is illustrated in reference 4.  BD exposures in rats and mice defined as internal exposures to BD’s mutagenic metabolites rather than to the parent compound show tumor inductions per mutagenic equivalent to be the same for the two species.  It is metabolism that makes rats the BD insensitive species.  As illustrated by BD, MOA provides perspective on endpoint selection for linear non-threshold dose-response modeling and excess risk calculations using human occupational data for extrapolation to lower ambient environmental exposure levels.  
2. Describe the problem formulation(s) the case study is designed to address. How is the method described in the case useful for addressing the problem formulation?
The problem being addressed is the evaluation of risk from environmental (ambient) exposures to a chemical, in this case 1,3-butadiene (BD), using epidemiological data from studies of human occupational exposures.  The case study involves quantitative cancer dose-response modeling of the University of Alabama at Birmingham (UAB) epidemiological study of North American workers in the styrene-butadiene rubber industry based on mechanistic data.  These mechanistic data highlight the differences in leukemia subtypes with diverse mutagenic bases that can lead to associations that are misleading in terms of causation and provide little information for determining precise dose-response characteristics when this heterogeneous group of malignancies is considered as one.  Although the workplace cumulative exposures can be extrapolated to a safe environmental exposure level, the high intensity BD exposures and other exposure covariates in the workplace would not be expected to occur in the ambient setting.  Thus to go from an occupational exposure study to an ambient standard, one needs to remove the contributions from the high intensity BD exposures and other exposure covariates. The current (as well as previous) dose-response modeling and quantitative characterization of environmental excess risks have been hampered by the restrictions that (1) require that environmental excess risks be calculated from cumulative BD ppm-years as opposed to a potentially more biologically-based dose metric; (2) require upper bounds on risks and lower bounds on points of departure (PODs) instead of only more scientifically defensible best estimates; and (3) require the use of  non-threshold models even though modeling restricted to person-years with lower ppm-years suggest a threshold-like behavior (the absence of a statistically significant positive slope for cumulative ppm-years).
2.1  Method for MOA Characterization:  Since BD is itself biologically inactive, requiring in vivo metabolism to electrophilic intermediates to become mutagenic, it is the MOA of these metabolites that is relevant for risk assessment.  Data from in vitro and in vivo experimental studies and molecular epidemiological investigations in humans all support the designation of a direct, DNA reactive mutagenic MOA for these metabolites, established using the IPSC/ILSI human relevance framework and Hill criteria.  Although the three electrophilic metabolites – epoxybutene (EB), epoxybutane diol (EBD), and diepoxybutane (DEB) – are produced in all species, there are considerable quantitative differences in their formation with mice being more efficient than rats in the production of epoxide metabolites (especially DEB) while rats are more efficient in hydrolytic detoxification of these metabolites.  Humans produce even less DEB than do rats.   A corollary to this is that the exposure levels to the different metabolites differ significantly per unit of BD exposure among the species.   

It is, therefore, the species handling of BD that determines its genotoxicity and carcinogenicity as shown by careful quantitative studies that have revealed the order of metabolite mutagenic potencies to be DEB >> EB > EBD, often with two orders of magnitude difference among these oxidative metabolites.  DEB forms bi-functional adducts at guanines and adenines in DNA that serve to form intra-  and inter-strand DNA crosslinks that are strongly mutagenic as well as DNA protein cross-links which are also mutagenic.  Analytic studies in vivo in mice and rats have shown that DEB accounts for most of the mutagenicity of BD at low to moderate exposure levels.   BD is significantly more mutagenic in mice than in rats and this correlates with the amounts of DEB produced. Although chromosome level mutations (aberrations) have been repetitively detected in mice exposed to BD by inhalation, these effects have never been observed in rats administered the parent compound.   The bi-functional adducts formed by DEB make this metabolite, formed only at low levels in rats, the most likely cause of chromosome aberrations associated with BD.  DEB accumulations in humans are sufficiently low to have not been quantifiable using a method that did quantify this metabolite in hemoglobin adducts at BD inhalation exposure levels of 3.0 and 62.5 ppm in mice and rats, respectively.  These levels were both the LOAELs for inducing gene mutations by inhalation exposures to BD in the two species, respectively.  Consistent with this low level of DEB production in humans, several large-scale occupational studies of BD exposed workers, although detecting urinary excretion products and EB and EBD metabolites as hemoglobin adducts, have failed to find consistent associations between BD exposures and gene or chromosome level mutations.   Different metabolic genotypes have indicated some differences in metabolism among humans in these studies but none specified susceptibility to mutagenic effects.

BD through its metabolites also induces mutations in the tumor target tissues as reflected by oncogene and tumor suppressor mutations in a variety of tumors derived from BD-exposed mice.  Similarly, the malignancies in humans are characterized by specific chromosome aberrations with the t(9:22) translocation in CML being the only requisite mutational event in the genesis of that malignancy.  

2.2  Method for Dose-Response Modeling:  Use models that support quantifying risks.  Use Cox proportional hazards models with continuous dose and categorical covariates.  Proportional hazards models enable excess risks to be calculated from human background hazard rates that reflect human variability and known changes in hazard rates with age.  Cox models with continuous dose allow the observed exposure values for each person-year to be directly incorporated without requiring grouping which can distort the dose-response relationship.  Grouping can sometimes cause severe problems with Poisson modeling as well as RR and SMR analyses – especially when the number of groups is small.  Likelihoods based statistical techniques are used for estimation, hypothesis testing, and covariate selection.  The dose-response modeling is adjusted for other exposure covariates in the occupational setting in order to make the model more relevant for estimating environmental risks.  Understanding the relative contributions of high-intensity exposure events and cumulative exposure is extremely important when attempting to predict cancer risk associated with environmental exposures, where high-intensity exposure events are not expected to occur.  Use sensitivity analyses to evaluate exposure uncertainty and avoid unnecessary data restrictions.  Techniques for evaluating the incorporation of potentially correlated exposure variables are illustrated.  

Use MOA information to guide decisions about model shape (linear, quadratic, etc.) and low-dose extrapolation. Historically, cancer risks attributed to the formation of gene mutations have been assumed to be linearly proportionate to dose at low doses.  Although valid when point mutations are the initiating events, it is not when other kinds of mutations, such as large deletions or stable balanced chromosome translocations or interstitial deletions are the initiating events.  These require two double strand-breaks arising in two different chromosome regions in the same cell during the same wave of DNA replication to produce the deletions, stable chromosome translocations and/or interstitial deletions that permit the cell to live.  The requirement that 2 critical events occur in close proximity in both space and time leads to a quadratic dose-response relationship.  Generally, linear is more associated with gene mutations, whereas quadratic is more associated with chromosomal aberrations.  A third type of chromosome aberration, i.e. numerical aberration with chromosome gain or loss may also be a threshold event due to disruptions of protein mitotic spindles.  The true form of the dose response curve would be: Y = c + a(D-t) + b(D-t)2, where Y = cancer risk, c = background risk, a = linear term (point mutations), b = quadratic term (two double strand breaks), t = threshold term and D = dose.  For a malignancy such as CML, the quadratic term would be expected to predominate. 
2.3  Method for Quantitative Excess Risk Characterization:  Use mathematically correct life-table calculations to incorporate endpoint specific age-dependent background hazard rates and U.S. EPA guideline default age-dependent adjustment factors (ADAFs).  Incorporation of background hazard rates includes the human variability therein and supplements the human variability in a large cohort of workers.  Estimate more relevant PODs like EC(1/100,000) rather than EC(1/10) when the human data are sufficient for an EC(1/100,000) to be in the midst of the observed data and not require overly model-dependent extrapolation.  Use mortality models to estimate mortality risks, use incidence models to estimate incidence risks, but do not use mortality models to estimate incidence risks.  Use MOA information to guide decisions about extrapolation below PODs.

2.4  Method: Endpoint Selection: Mortality from leukemia and other lymphohematopoietic cancers have consistently been the human health endpoint of interest.  Early analyses of mortality from all causes, all cancers, and lymphosarcoma (currently classified as non-Hodgkin’s lymphomas (NHL)) and cancer incidence have not indicated increases associated with occupational exposures.  Herein, leukemia (all leukemia) and three subclassifications of leukemia (acute myelogenous leukemia (AML), chronic lymphocytic leukemia (CLL), and chronic myelogenous leukemia (CML)) are each considered. Individual analysis for the different subclassifications of leukemia is based on mechanistic data indicating different mutagenic bases for these different malignancies.  These three subclassifications are considered because they have been previously identified as potentially of interest and there are sufficient mortalities with each of these endpoints for model fitting and risk characterization.  Sensitivity analyses of the modeling and excess risk characterizations that have either included or excluded other/unknown and unspecified leukemia types as part of the three well-defined leukemia types (i.e., AML, CML, and CLL) were performed. 

Mutational bases for CML, CLL, and AML differ.  A balanced chromosome translocation is necessary and sufficient for CML.  CLL are associated with clonal chromosome translocations and other aberrations (e.g., trisomy) although some gene mutations may also be required.  Stable chromosome aberrations such as reciprocal balanced translocations, interstitial deletions and/or chromosome loss have long been recognized as the characteristic and necessary mutagenic events in the majority of de novo human AML; however, both chromosomal changes and gene mutations are required for the full development of AML, either as co-key initiating events or as sequential events leading to progression.  

One objective of these analyses was to avoid an endpoint (like all lymphohematopoietic tissue tumors or all leukemia combined) that encompassed a wide variety of cancers with different mutagenic mechanisms underlying the same general MOA.
3. Comment on whether the method is general enough to be used directly, or if it can be extrapolated, for application to other chemicals and/or problem formulations. Please explain why, or why not.

3.1  Generality:  MOA Characterization:  This is general for understanding the role of mutagenicity as a key event in producing cancers and appreciating that different mutagenic mechanisms with different dose response characteristics may underlie different malignancies.  The application of MOA to a chemical’s metabolites rather than only to the parent compound will be critical for risk analyses of any chemical that requires in vivo metabolism to express its toxicity.  An understanding of underlying dose-response characteristics of the actual mediators of toxicity  is fundamental for quantitative risk analyses.
3.2  Generality: Dose-Response and Excess Risk Analyses:  Quite general given the requisite data, providing  useful guides to the most appropriate methodology, and illustrates pitfalls to be avoided
4. Discuss the overall strengths and weaknesses of the method.
4.1  Strengths and Weaknesses:  MOA Characterization:  Strength is its integration across species.  A well characterized MOA allows the generation of testable hypotheses to accept or refute suggested associations between a chemical and cancer outcome.  In the case of human exposures to BD being related to CML, it may be tested whether any of BD metabolites, alone or in combination, has the capacity for inducing the requisite t(9:22) translocation and, if so, describe the dose-response characteristics of this induction.  Similar hypothesis testing studies will provide important information in the analysis of risk from other chemical carcinogens.
4.2  Strengths and Weaknesses: Dose-Response and Excess Risk Analyses:  Strengths include: human data, quantitative exposure histories, use of most recent data, and use of most appropriate study.  Cox models with continuous dose allow the observed exposure values for each person-year to be directly incorporated without requiring grouping which can distort the dose-response relationship.  Weaknesses include: only males (although MOA may suggest that females are not at greater risk), only workers, and only adult exposures (although default ADAFs used in estimating excess risks).
5.  Outline the minimum data requirements and describe the types of data sets that are needed.
5.1  Data Requirements: MOA Characterization: Relevant mutagenicity studies in experimental species and humans.

5.2  Data Requirements: Dose-Response and Excess Risks:  Human epidemiological data with quantitative exposure characterization for each person-year.  Here, exposure was an exposure history allowing each person-year to be characterized in terms of covariates (age, years since hire, calendar year, plant, race, and other chemicals – styrene (STY) and dimethyldithiocarbamate (DMDTC)) – as well as multiple characteristics of the primary chemical exposure – cumulative ppm-years at any ppm level, at low ppm levels, at high ppm levels, and cumulative number of high intensity tasks (HITs)) in addition to the primary dose metric (cumulative BD ppm-years).
Does the case study:

A.    Describe the dose-response relationship in the dose range relevant to human exposure? Default Cox proportional hazards log-linear dose-response modeling is based on actual human occupational epidemiological data.  

B.     Address human variability and sensitive populations?  (1) Human variability will have been encountered in  >16,000 male workers in the data sets.  (2) MOA and related information indicate the range of increased sensitivity to BD due to genetic polymorphisms is approximately 2- to 3.5-fold with no differences due to gender and only low level of DEB production in humans. Several large-scale occupational studies of male and female BD exposed workers have failed to find consistent associations between BD exposures and gene or chromosome level mutations.  (3) Proportional hazards models enable excess risks to be calculated from human background hazard rates that reflect human variability and known changes in hazard rates with age.
C.     Address background exposures or responses?  Proportional hazards models enable excess risks to be calculated from human background hazard rates that reflect human variability and known changes in hazard rates with age.
D.    Address incorporation of existing biological understanding of the likely mode of action? One objective was to avoid an endpoint (like all lymphohematopoietic tissue tumors or all leukemia combined) that encompassed a wide variety of cancers with different mutagenic mechanisms underlying the same general MOA. Also, MOA informed low-dose extrapolation.
E.     Address other extrapolations, if relevant – insufficient data, including duration extrapolations, interspecies extrapolation? Allowed lower points of departure like EC1/100,000 rather than EC01 or EC001; thereby, decreasing the uncertainty in low-dose extrapolation.
F.      Address uncertainty? Evaluated leukemia subtypes with different mutagenic mechanisms rather than just all leukemia combined.  Sensitivity analyses of the modeling and excess risk characterizations  that either included or excluded other/unknown and unspecified leukemia types as part of the three well-defined leukemia types (i.e., AML, CML, and CLL) were performed. 
G.    Allow the calculation of risk (probability of response for the endpoint of interest) in the exposed human population? Yes.
H.    Work practically?  If the method still requires development, how close is it to practical implementation? Currently practical
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