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APPENDIX A. SUMMARY OF EXTERNAL PEER REVIEW AND PUBLIC
COMMENTS AND DISPOSITION

EPA’s Reanalysis of Key Issues Related to Dioxin Toxicity and Response to NAS
Comments (Reanalysis) has undergone a formal, independent, expert panel review performed by
U.S. Environmental Protection Agency’s (EPA’s) Science Advisory Board (SAB) in accordance
with EPA guidance on peer review (2006c, 2000). The SAB Dioxin Review Panel held
two public face-to-face meetings to deliberate on the charge questions on July 13—15, 2010 and
October 27-29, 2010, as well as two public teleconferences on March 1 and 2, 2011. The SAB
Dioxin Review Panel was asked to consider the accuracy, objectivity, and transparency of EPA’s
Reanalysis. Initially, the charge questions presented to the SAB Dioxin Review Panel were
divided into six sections: General Charge Questions, Transparency and Clarity in the Selection
of Key Data Sets for Dose-Response Analysis, The Use of Toxicokinetics in the Dose-Response
Modeling for Cancer and Noncancer Endpoints, Chronic Oral Reference Dose, Cancer
Assessment, and Feasibility of Quantitative Uncertainty Analysis From NAS Evaluation of the
2003 Reassessment. Because of EPA’s decision to release the cancer assessment and
quantitative uncertainty sections in a separate document, SAB and public comments related to
those topics are not addressed in this appendix but will be addressed in the Reanalysis Volume 2.
A summary of comments made by the SAB Dioxin Review Panel and EPA’s responses to these
comments, arranged by charge question, follow. In many cases, the comments have been
synthesized and paraphrased in development of this appendix. In response to a Federal Register
notice (75 FR 28610 [May 21, 2010]), EPA also received, comments from the public on the draft
document. Each section provides EPA’s charge question, followed by SAB comments and
specific recommendations related to the charge question, and then EPA’s responses to the
recommendations. Major public comments that are relevant to specific sections, along with EPA
responses to the comment, are provided at the end of each respective section. Section A.5 lists

the references cited in this Appendix.
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A.1. GENERAL CHARGE QUESTIONS
A.1.1. SAB Comments and Recommendations and EPA Responses
SAB Charge Question 1.1

Is the draft Response to Comments clear and logical? Has EPA objectively and clearly
presented the three key NRC recommendations?

Comment: In general, the Report was clear, logical, and responsive to many but not all of
National Academy of Sciences (NAS) recommendations; although there are opportunities for
improvement. The Panel found that EPA was effective in developing a clear, transparent, and
logical response to NAS recommendations, and that EPA has objectively and clearly presented
the three key NAS recommendations. The Executive Summary was valuable in providing a
concise and accurate summary. The Report was dense and repetitive in some places, and could
benefit from greater clarity in writing. Although the Panel found that the Report was clear in its
presentation of the key NAS recommendations, it was not complete in consideration of

two critical elements: (1) nonlinear dose response for 2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD) carcinogenicity and (2) uncertainty analysis.

Response: EPA is moving forward to complete the draft Reanalysis and is planning to
publish two reports (U.S. EPA’s Reanalysis of Key Issues Related to Dioxin Toxicity and
Response to NAS Comments Volumes 1 and 2 [Reanalysis Volumes 1 and 2]) that
together will respond to the recommendations and comments on TCDD dose-response
assessment included in the NAS 2006 review. The current report, Reanalysis Volume 1,
includes the following information and corresponds to Sections 2 through 4 of the
external review draft Reanalysis:

1. The study selection criteria used for the selection of studies for both noncancer
and cancer TCDD dose-response analysis

2. The results of EPA’s study selection process for both cancer and noncancer
TCDD dose-response information

3. EPA’s choice and use of a kinetic model to quantify appropriate dose metrics for
both cancer and noncancer data sets

4. A noncancer oral RfD for TCDD, including justification of approaches used for
dose-response modeling of noncancer endpoints

5. A qualitative discussion of uncertainties in the RfD and a quantitative sensitivity
analysis of the choices made in the development of points of departure (PODs) for
RfD derivation

Reanalysis Volume 2 will address the SAB comments related to the nonlinear
dose response for TCDD carcinogenicity and quantitative uncertainty analysis. In
Volume 2, EPA will complete the evaluation of cancer mode of action, cancer
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dose-response modeling, including justification of the approaches used for dose-response
modeling of the cancer endpoints, and an associated quantitative uncertainty analysis.
These issues correspond to Sections 5 and 6 of the external review draft Reanalysis.

In addition to editing the document for greater clarity in writing, EPA has
restructured Section 2 of the Reanalysis, moving large portions of summary text to
appendices to reduce density and enhance readability of the document.

Recommendation No. 1: Provide greater clarity and transparency in the discussion of
studies that did not satisfy inclusion criteria. Given the enormity of this task, it can be done
generally to indicate how the issue was considered.

Response: In Sections 2.3.1 and 2.3.2, EPA has clarified further the study considerations
and inclusion criteria for both the human and animal studies, respectively. These
clarifications included a statement that positive studies (i.e., studies reporting health
outcomes) take precedence over null studies (i.e., studies not reporting health outcomes)
for quantitative assessment. However, null studies are used by EPA when considering
the biological significance of the critical endpoint(s) used as the basis for deriving an RfD
and in qualitatively considering the overall database for hazard identification.

EPA also has added a new Figure 4-2 that provides an overview of the
disposition of all noncancer animal studies. For the noncancer animal studies,
additional details are provided in Section 2 and Appendix D; a new Table D-2 shows
the excluded animal studies and identifies the study inclusion criteria that were not met.
For the epidemiologic studies that were evaluated, EPA reviewed and clarified the
reasons for study exclusion; details are provided in Section 2 and Appendix C (see
Tables C-2 through C-57).

Recommendation No. 2: Carefully review the document using a qualified technical editor.
Response: EPA has had the document reviewed by a qualified technical editor.
Recommendation No. 3: Include a glossary.

Response: Section 1.5 now refers to the IRIS online glossary available at
http://epa.gov/iris/help gloss.htm noting that this glossary provides definitions of terms
typically used in IRIS documents, such as the Reanalysis.

Recommendation No. 4: Find additional efficiencies (e.g., greater use of appendices and
elimination of redundancies) to yield a more succinct and approachable document.

Response: To improve readability, EPA has eliminated redundancies among sections of
the document and moved the detailed epidemiologic and animal study summaries from
the main text in Section 2 to Appendices C and D, respectively.

SAB Charge Question 1.2

Are there other critical studies that would make a significant impact on the conclusions of the
hazard characterization or dose-response assessment of the chronic noncancer and cancer
health effects of TCDD?
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Comment: The Panel did not identify any other critical studies that would impact the hazard
characterization or the dose-response assessment but feels that the Report should provide more
clarity on the exclusion of null epidemiologic studies.

Recommendation No. 5: Provide more discussion and clarity on exclusion of null
epidemiologic studies.

Response: EPA has added as discussion of this issue in Section 2.3.1 with respect to
epidemiologic study selection criteria.

A.2. TRANSPARENCY AND CLARITY IN THE SELECTION OF KEY DATA SETS
FOR DOSE-RESPONSE ANALYSIS

In general, the Panel favorably viewed EPA’s efforts in developing the section of the
Report that presents how transparency and clarity was ensured (see Section 2) when selecting
key data sets. The comments and recommendations provided below will help EPA further

improve Section 2.

A.2.1. SAB Comments and Recommendations and EPA Responses
SAB Charge Question 2.1

Is this section responsive to the NAS concerns about transparency and clarity in data set
selection for dose-response analysis?

Comment: The Panel found that Section 2 was responsive to NAS concerns about transparency
and clarity. The Panel commended EPA’s use of flow diagrams and Appendix B to increase
transparency and clarity. The Panel noted, however, that clarity could be improved by providing
search words used for the MedLine searches. The Panel also noted that the Report was overly
verbose, which was detrimental to its overall clarity.

Response: EPA has further employed the use of flow diagrams and tables to show the
disposition of studies and study/endpoint combinations in the process used to derive the
TCDD RfD (e.g., see Figures 2-4, 4-2, and Tables D-1 and D-2). EPA has added a new
Appendix to the Reanalysis (see Appendix I) that lists the search terms used to conduct
the literature search. EPA has improved the readability of the document by moving
summary text to appendices and eliminating redundancies in the text where feasible.

Recommendation No. 6. Carefully and extensively edit to revise and consolidate Section 2
and the Report as a whole. Restructure Section 2 to make it easier to follow a study from
one section of the Report to another. Then, use Section 2 as the foundation to improve
overall document integration.

Response: In response to these recommendations, EPA has conducted extensive editing
and revisions to provide a clear, cohesive document. To improve readability, the detailed
epidemiologic and animal study summaries have been moved from the main text in
Section 2 to Appendices C and D, respectively). The rationale for study selection and
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tabular presentation of results remain the main focus of Section 2. Further, EPA has
edited or added figures and tables to document the disposition of studies throughout the
study selection process (see Figure 2-4 and Tables D-1 and D-2) and for the development
of candidate RfDs (see Figures 4-1, 4-2, and 4-3).

SAB Charge Question 2.2

Are the epidemiology and animal bioassay study criteria/considerations scientifically justified
and clearly described?

Comment: The Panel’s discussion of Charge Question 2.2 is highly integrated with Charge
Question 2.3. Therefore, comments and specific recommendations that stem from these
two questions are presented together under Charge Question 2.3.

Response: See recommendations and responses under Question 2.3 below.

SAB Charge Question 2.3

Has EPA applied the epidemiology and animal bioassay study criteria/considerations in a
scientifically sound manner? If not, please identify and provide a rationale for alternative
approaches.

Comment: The Panel found that study criteria and considerations were scientifically justified and
clearly described, and that they were presented in a scientifically sound manner, but
improvements could be made for clarity and on the rationale for decisions to include or exclude
particular studies or groups of studies from the data sets. The panel also noted that the rationale
for distinct criteria for epidemiological and animal studies should be made stronger, and data set
selection for noncancer and cancer endpoints had room for further clarification and justification.

Recommendation No. 7: Better justify the rationale (including both scientific and practical
reasons) for using studies where exposure is primarily to TCDD (or for animal studies only
to TCDD) to calculate the reference dose.

Response: EPA has added extensive text to Section 2.3 that discusses the rationale for
focusing on TCDD studies, rather than studies on dioxin-like compounds (DLCs) or DLC
mixtures. In identifying studies for quantitative TCDD dose-response analysis, EPA has
focused on TCDD studies and has not included studies on DLCs or DLC mixtures.
Because the TCDD database is quite robust, inclusion of the DLC literature would likely
increase the uncertainty in TCDD dose response unnecessarily. In addition, using studies
evaluating information primarily or exclusively on TCDD, as the index chemical,
provides the most appropriate data for the risk assessment of dioxins and DLCs using the
TEF approach. EPA has included additional information to clarify that background DLC
exposures are evaluated in the context of the potential impact on TCDD-only
quantification in certain cases as an uncertainty analysis (see new Section 4.5),
particularly when TCDD exposures are relatively low.

Recommendation No. 8: Incorporate studies with dioxin-like chemicals into a qualitative
discussion of the weight-of-evidence for cancer and noncancer endpoints.
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Response: In the context of qualitative assessment of the critical effects, EPA has added
a focused discussion of the Goodman et al. (2010) review of studies assessing DLC
exposure and thyroid hormone levels in children (see response to Recommendation #34).
The Goodman et al. (2010) review was evaluated with respect to elevated TSH levels in
neonates, one of the co-critical endpoints forming the basis for the RfD. EPA found no
DLC exposure studies that evaluated the other co-critical endpoint, decreased sperm
concentrations in men exposed to TCDD as boys.

Recommendation No. 9: Further clarify the justifications for study inclusion and exclusion
criteria/considerations more effectively and clearly. Specifically, remove criterion that
studies must explicitly state TCDD purity because it is highly unlikely that a study would
be conducted using impure TCDD.

Response: EPA has removed the criterion for stating TCDD purity from the animal study
selection criteria.

Recommendation No. 10: Revise the explanation of the in vivo mammalian bioassay
evaluation, indicating that the “study design is consistent with standard toxicological
practices” because it is too vague. If possible, provide a reference in which these practices
are described.

Response: EPA has revised the explanation of this criterion to be clear that it excludes
only those studies that use genetically-altered species.

Recommendation No. 11: Consider eliminating the use of the phrase “outside the range of
normal variability.”

Response: EPA has removed this phrase from the criteria.

Recommendation No. 12: Provide a definition when the term “common practice” is used,
and if possible, cite appropriate Agency documents.

Response: EPA has removed the phrase “common practice” from the Reanalysis report
and referenced the relevant Agency guidance documents where appropriate. In addition,
the Agency guidance used has been highlighted in a text box in Section 2.

Recommendation No. 13: Provide more discussion of data set limitations relevant to study
inclusion/exclusion criteria.

Response: The epidemiology study summaries (Appendix C) have been edited with
respect to study evaluation, meeting the study inclusion criteria and considerations, and
suitability for dose-response modeling; Tables C-2 and C-3 summarize the cancer and
noncancer studies, respectively, identifying which criteria and considerations were met.

Recommendation No. 14: Better justify and explain considerations relating to selection of
epidemiology studies.
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Response: The descriptions for study quality considerations and study inclusion criteria
have been edited for clarity. Details of the implementation of these specific

considerations and criteria in the study summaries and tables presented in Appendix C
have also been edited.

Recommendation No. 15: Specifically, for Consideration #2 on Page 2-6 of the report, the
Panel recommends the following revisions: Define and clarify the term “susceptible to
important biases.” It is nonspecific, and the biases should be explained.

Response: EPA has added clarifying language to Consideration #2 in Section 2 of the
Reanalysis. The examination of biases included assessing the likelihood of selection
bias, information bias, and confounding for the individual studies. EPA has also included
text in the individual study summaries in Appendix C to specify possible sources of bias,
and to determine the potential impact of these biases on individual study results.

Recommendation No. 16: Clarify what is meant by “control for potential confounding
exposures.” Does this refer to only dioxin-like exposures?

Response: EPA has added clarifying language to Consideration #2 to address this
comment, which now reads “control for or account for confounding factors.” EPA has
also provided explanations of specific confounding factors that were identified in the
individual study summaries and tables in Appendix C. Assessment of the potential for
confounding, therefore, was not limited to dioxin-like chemicals and is specified for each
study summary and summary tables as appropriate.

Recommendation No. 17: Clarify the phrase “bias arising from study design.” Does it

refer to selection bias, or is it used more broadly to describe how exposure and outcome are
measured and covariate data collected?

Response: EPA has clarified Consideration #2 to address this comment; the current
phrase “bias arising from limitations of study design” was referring to selection bias.
EPA has also listed the main potential sources of bias (e.g., selection bias, information
bias, and confounding) earlier in Consideration #2 to help clarify this.

Recommendation No. 18: Define “bias arising from statistical analyses.” Might this refer
to model misspecification?

Response: EPA has added clarifying language to Consideration #2 to address this
comment; the phrase “bias arising from statistical analyses” has been reworded to read
“bias (e.g., selection or information bias) arising from limitations of the study design,
data collection, or statistical analysis.” This would include model misspecification, such
as adjustment for the incorrect functional form of certain confounders in multivariate
regression modeling.

Recommendation No. 19: For Consideration #3 on Page 2-7 of the report, the Panel

recommends the following revisions: Provide more discussion and clarity on the exclusion
of null epidemiologic studies.
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Response: EPA has added clarifying text under Consideration #3 to address this issue.
This consideration addresses the use of null studies (i.e., studies reporting no association
between TCDD and the health endpoint of interest) for the quantitative dose-response
assessment used to derive an RfD; such studies are still used in qualitative assessments.
Theoretically, a no-observed-adverse-effect level (NOAEL) can be identified from a null
study and used to derive an RfD; that is, the highest available exposure dose from such a
study could provide a NOAEL, which could serve as a basis for an RfD after appropriate
uncertainty factors were applied. However, a NOAEL from a study in which no adverse
effects have been observed is not usually chosen for RfD derivation when other available
studies demonstrate lowest-observed-adverse-effect levels (LOAELs). The large and
comprehensive database available to assess quantitative TCDD dose response provides
many positive studies that are considered stronger candidates for derivation of an RfD
than the studies for which only a NOAEL can be identified. However, null studies are
used by EPA to discuss the biological significance of the critical endpoint(s) used as the
basis for deriving an RfD.

Recommendation No. 20: In Exclusion Criterion #3 on Page 2-7, define “reported dose.”

Response: EPA has deleted the sentence under Criterion #3 that contained this phrase as
it did not enhance understanding of the criterion.

Recommendation No. 21: Clarify the discussion in Section 2 of the consideration of
confounding and other potential sources of bias. Specifically, the Panel noted that the
differences between males and females with regard to TCDD half-life are discussed, but the
description of the number of males and females in each study population were often
missing or very difficult to determine. Also, in the occupational cohort studies, the
possibility of men and women performing different job tasks also increased the possibility
that the men and women were exposed at different levels. However, when the job
categories with assigned TCDD exposure levels were presented, there was often no
discussion of the numbers by gender in the categories. For example, the Manz et al. study
(1991) of the Hamburg cohort (1,583 men and 399 women) does not describe the TCDD
categories by gender. In addition, the validity of the TCDD exposure levels assigned to the
categories was examined “in a group of 48 workers who provided adipose tissue samples™
(page 2-41, lines 18—19). How were these workers selected? How many were approached
but refused to provide a sample? Assessment of selection bias in this and other similar
circumstances was lacking in some of the studies. This is particularly notable in the lack of
overall response rates reported for several of these studies. Inclusion of these factors in the
study review would be very helpful.

Response: EPA has revised the summaries of the epidemiological studies in Appendix C
to include clarifying text, response rates, and potential sources of bias where reported in
the studies.

Recommendation No. 22: Clarify the discussion of the consideration that “statistical
precision, power, and study follow-up are sufficient.” These metrics can be difficult to
determine with the smaller sample size populations, but there are studies that can be very
useful even given the small samples.
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Response: EPA has revised Consideration #5 and added clarifying text to address this
issue. As stated in the consideration, EPA attempted to assess the possibility of not
detecting an association that might be present due to limited statistical power of smaller
studies. In addition, EPA examined all reported effect estimates in each study
irrespective of statistical significance.

A.2.2. Summary of Public Comments and EPA Responses

Comment: Three commenters were concerned that the study inclusion criteria favored studies
showing positive associations between TCDD and health endpoints and that this would preclude
a weight-of-evidence analysis. The commenters were further concerned that the study inclusion
criteria in the draft Reanalysis were inconsistent with EPA’s Information Quality Guidelines
(2002), Assessment Factors Handbook (2003), Risk Assessment Principles and Practices
documentation (2004), and the recommendations of the NAS committee that reviewed the 2003
Reassessment (NAS. 2006).

Response: The study inclusion criteria apply only to the selection of data sets for dose-
response modeling for the purpose of defining potential PODs and not to the elimination
of studies from any further consideration. The focus of this process is on first identifying
exposure levels associated with adverse effects, then determining an exposure level at
which those effects do not occur. The process does not eliminate “negative” studies for
other purposes, such as supporting the cancer weight-of-evidence determination or
assessing confidence in the endpoint(s) chosen for the POD for derivation of the RfD.
EPA considered all studies, negative and positive, in the qualitative assessment of the
RfD in Section 4 of the Reanalysis. The study inclusion criteria are consistent with EPA
RfD and cancer assessment guidelines. The study selection process in this context is also
consistent with the NAS committee recommendation that EPA justify the selection of
studies for dose-response modeling.

Comment: One commenter asked EPA to consider recent publications addressing dioxin
toxicology in their selection of an overall data set. They provided the following list of
seven publications:

Budinsky, R.A., J.C. Rowlands, S. Casteel et al. (2008). A pilot study of oral
bioavailability of dioxins and furans from contaminated soils: Impact of

differential hepatic enzyme activity and species differences. Chemosphere
70:1774-86.

Budinsky, R.A., C.R. Kirman, L.J. Yost, B.F. Baker, L.L. Aylward, J.M. Zabik, J.C.
Rowlands, T.F. Long, and T. Simon. (2009). Derivation of Soil Cleanup Levels
for 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) Toxic Equivalence (TEQD/F) in
Soil Through Deterministic and Probabilistic Risk Assessment of Exposure and
Toxicity. Presentation at Society of Toxicology Annual Meeting. March.

Charnley, G. and R.D. Kimbrough. (2006). Overview of exposure, toxicity and risks to
children from current levels of 2,3,7,8-tetrachlorodibenzo-p-dioxin and related
compounds in the USA. 2005. Food and Chemical Toxicology 44:601-615.
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Garabrant D.H., A. Franzblau, J. Lepkowski, B.W. Gillespie, P. Adriaens, A. Demond, E.
Hedgeman, K. Knutson, L. Zwica, K. Olson, T. Towey, Q. Chen, B. Hong, C-W.
Chang, S-Y. Lee, B. Ward, K. LaDronka, W. Luksemburg, and M. Maier. (2009).
The University of Michigan Dioxin Exposure Study: Predictors of human serum
dioxin concentrations in Midland and Saginaw, Michigan.

Hays, S.M. and L.L. Aylward. (2003). Dioxin risks in perspective: past, present, and
future. Regulatory Toxicology and Pharmacology 37:202-217.

Kimbrough R.D., C.A. Krouskas, M. Leigh Carson, T.F. Long, C. Bevan, and R.G.
Tardiff. (2009). Human uptake of persistent chemicals from contaminated soil:
PCDD/Fs and PCBs. Regulatory Toxicology and Pharmacology 2009 Dec 24;
[Epub ahead of print], Center for Health Risk Evaluation P.O. Box 15452
Washington, DC 20003, United States.

LaKind, J.S., S.M. Hays, L.L. Aylward, and D.Q. Naiman. (2009). Perspective on serum
dioxin levels in the United States: an evaluation of the NHANES data. Journal of
Exposure Science and Environmental Epidemiology 19:435-441.

Response: EPA has reviewed these studies and considered their applicability in
informing the hazard identification dose response following TCDD exposure. None of
these studies provide in vivo mammalian dose-response study results that would be useful
in quantitative dose-response analysis for derivation of an RfD or oral slope factor for
TCDD, nor do they inform the hazard identification. Therefore, none of these studies
qualifies as an appropriate study type in EPA’s study selection process for quantitative
TCDD dose-response assessment.

Comment: One commenter felt that the development of the proposed RfD was not transparent
because it did not rely on toxicological assessment work completed since the

2003 Reassessment. Additionally, the commenter requested additional clarity and transparency
in the rationale for the Agency’s selection of key data and more explanation of why EPA did not
pursue benchmark dose modeling for the two human data sets used to derive the RfD.

Response: EPA collected and evaluated studies through October 2009, including studies
from the 2003 Reassessment and newer studies found via literature searches and through
public submissions. EPA notes that the RfD is based on two studies published in 2008.
In addition, EPA has included evaluations of several relevant studies published in 2010
and 2011; EPA identified these studies as it continues to monitor the dioxin health effects
literature.

Regarding the comment requesting additional transparency in the study selection
process, EPA has provided additional clarity on the study inclusion criteria with
revisions to the Reanalysis based on SAB and public comments.

EPA relied on the study authors’ modeling of the epidemiologic study data, which
included the important covariates affecting the relationship between health outcome and
TCDD exposure. The current version of EPA’s benchmark dose modeling software
does not allow for modeling of covariates reported in epidemiologic studies.
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A.3. THE USE OF TOXICOKINETICS IN DOSE-RESPONSE MODELING FOR
CANCER AND NONCANCER ENDPOINTS

A.3.1. SAB Comments and EPA Responses
SAB Charge Question 3.1

The 2003 Reassessment utilized first-order body burden as the dose metric. In the draft
Response to Comments document, EPA used a physiologically based pharmacokinetic (PBPK)
model (Emond et al., 2006, 2005, 2004) with whole blood concentration as the dose metric
rather than first-order body burden. This PBPK model was chosen, in part, because it includes
a biological description of the dose-dependent elimination rate of TCDD. EPA made specific
modifications to the published model based on more recent data. Although lipid-adjusted serum
concentrations (LASC) for TCDD are commonly used as a dose metric in the literature, EPA
chose whole blood TCDD concentrations as the relevant dose metric because serum and serum
lipid are not true compartments in the Emond PBPK models (LASC is a side calculation
proportional to blood concentration). Reviewers were asked to comment on Questions 3.1.a—d.

SAB Charge Question 3.1.a

The justification of applying a PBPK model with whole blood TCDD concentration as a
surrogate for tissue TCDD exposure in lieu of using first-order body burden for the
dose-response assessment of TCDD.

Comment: The use of whole blood concentration is a better choice than body burden, as was
used in the 2003 Reassessment, because it is more closely related to the biologically relevant
dose metric. However, the rationale for the use of blood concentration rather than lipid adjusted
serum concentration (LASC) should not be based on the Emond model structure. The question
that should be addressed is only whether blood concentrations or LASCs provide better
surrogates for cross-species and cross-study comparisons of free dioxin concentration in the
target tissues. LASC is the preferred measure for reporting dioxin biomonitoring data and is the
measurement reported in most of the human epidemiological studies. A metric that considers
blood lipid content is also more likely to reflect free dioxin concentration in the plasma and,
hence, free concentration in the target tissue. The EPA pointed out that the LASC was related to
the blood concentration by a scalar; however, EPA incorrectly concluded that the metrics are
equivalent and later discussed the fact that the relationship between them was subject to
inter-individual and inter-species variation. If the LASC were used to drive the distribution of
TCDD to tissues, the pharmacokinetic outcome would be different from using blood as the driver
because the tissue:blood ratio would differ. If the blood fat:blood and tissue:blood values were
accounted for in the model, the use of blood and LASC would be similar. It is not clear at this
point how this issue was addressed in the dose metric calculations. Consideration of this issue is
unlikely to drastically affect the outcome of the risk calculations, but it would be important for a
quantitative uncertainty analysis.

Recommendation No. 23: The use of the blood metric is acceptable for the PBPK model.
Clarify how the model deals with studies that report the concentration of dioxin in plasma,
serum, blood, or blood fat:blood measurements.

A-11


http://hero.epa.gov/index.cfm?action=search.view&reference_id=197316�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197317�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197315�

Response: The issue of whether LASC or whole-blood concentration is the more relevant metric
(for interspecies extrapolation) hinges on how the Emond rat PBPK model was calibrated. The
rat model was calibrated to whole tissue concentrations (liver, fat, whole blood) and not LASC
or other tissue lipid concentrations. Relative whole-tissue concentrations reflect the relative
tissue fat content, so the difference in LASC:whole-blood ratios between rats and humans is
handled implicitly in the model. The rat model intake predictions are a function of whole-blood
concentrations rather than LASC. The human model is structured the same way. Therefore,
human whole-blood concentrations should be equated with rat whole-blood concentrations for
obtaining the equivalent human intakes. EPA has clarified that the TCDD LASC values reported
in the epidemiology studies were used directly to estimate equivalent human intakes from the
Emond PBPK model.

EPA also clarified that, for interspecies extrapolation, whole-blood concentrations were
used because distribution of TCDD to the liver and subsequent processing for dose-dependent
elimination in the liver in this model is dependent on whole-blood concentrations, not LASC. In
both the Emond rodent and human models, LASC values are calculated post-processing by
application of scalars representing the proportion of plasma and fat in the whole-blood
compartment. That is, translating results from the rodent model to the human model requires an
estimate of the TCDD concentration in the whole-blood compartment whether starting from
whole-blood concentrations or LASC. This approach assumes that differences in serum and
serum lipid fractions between rodents and humans do not result in large differences among the
species in the transfer of TCDD from blood to liver.

SAB Charge Question 3.1.b

The scientific justification for using the Emond et al. model as opposed to other available TCDD
kinetic models.

Comment: The Emond model provided the best available basis for the dose metric calculations
in the assessment; however, additional discussion of other published models and quantitative
evaluation of the impact of model selection on dose metric predictions should also be provided.

Recommendation No. 24: Discuss how the model was intended to be used in the
assessment, which would then dictate why a particular model was selected. That is, for the
intended purposes, was the Emond model more robust and/or simpler than other models,
and did it contain sufficient details for biological determinants deemed important by the
Agency?

Response: EPA has clarified that the Emond PBPK model was used to (1) estimate oral
intakes corresponding to measured LASC TCDD concentrations in human subjects and
(2) estimate animal blood concentrations based on measured doses in bioassays as the
appropriate dose metric for modeling equivalent human intakes. EPA has also clarified
that the Emond model was selected because of its technical sophistication for simulating
physiological processes associated with TCDD and because the model covered all of the
relevant life stages (particularly gestational and childhood exposures), which the
alternative model (CADM) did not. Other models were not presented because they did
not account for dose-dependent elimination processes, which EPA established as an a
priori criterion for PBPK model selection, based on the current scientific understanding
of TCDD kinetics.
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SAB Charge Question 3.1.c
The modifications implemented by EPA to the published Emond et al. model.

Comment: The model changes are minor, scientifically appropriate, and well supported.
Response: No response necessary.

SAB Charge Question 3.1.d
Whether EPA adequately characterized the uncertainty in the kinetic models.

Comment: The Report presents a reasonably thorough qualitative characterization of the
uncertainty in the kinetic models that is sufficient to support their use in the assessment;
however, a more quantitative uncertainty analysis is needed. It is critical to demonstrate the
dependence of human equivalent dose (HED) and risk predictions on uncertainty and variability
in the model parameters. Dose metric uncertainty needs to be determined under the same
exposure conditions that dose metrics are calculated—both for the various studies that serve as
the basis for the dose-response assessments and for human exposures at the corresponding HEDs
and risk-specific doses.

The Hill coefficients for CYPlal and CYP1a2 induction used in the Emond model
were 1.0 and 0.6, respectively, based on fitting of kinetic data from single doses of dioxin
(Santostefano et al., 1998; Wang et al., 1997). However, Walker et al. (1999) subsequently
estimated a Hill coefficient of 0.94 for both CYP1lal and CYP1a2 induction using chronic
exposures, which were more relevant to the use of the Emond model in the dioxin risk
assessment. The value of 0.6 used in the Emond model was well outside the confidence interval
of 0.78 to 1.14 reported by Walker et al. (1999). The use of a Hill coefficient value well below
unity would lead to a nonlinear model behavior that is biologically implausible (hypersensitivity
to induction at doses near zero). As a result, when the human model was used for extrapolation
to lower doses (as in the calculation of risk-specific doses), the model would tend to estimate a
lower exposure level for a given blood concentration. This effect could be seen in Table ES-1 of
the Report, where a 5 order-of-magnitude change in risk was associated with a
6 order-of-magnitude change in risk-specific dose. That is, the model-estimated risk-specific
doses in the vicinity of 10 ° risk were about a factor of 10 lower (more conservative) than linear
extrapolation. The evidence for this parameter needs to be carefully reviewed and the reasonable
range of values determined. At the least, the Emond human model calculations will need to be
repeated with multiple values to characterize the resulting uncertainty in the estimates.

When this is done, the Agency should also consider increasing the fat:blood partition in
the human model from 100 to 200 to be more consistent with the human data (Maruyama et al.,
2002; lida et al., 1999; Patterson et al., 1989; Schecter and Ryan, 1989; Schecter et al., 1989).
The Hill coefficient is not likely to have as significant an effect on calculations with the animal
models, because low-dose extrapolation was not performed in the animals, but this should also
be verified by sensitivity/uncertainty analysis of the animal models. Public comments were
submitted to the Panel, recommending consideration of a Hill coefficient value of 1.0 and
pointing out why lower values are inappropriate (comments from Drs. Thomas Starr, July 7,
2010 and October 26, 2010 and Melvin E. Andersen, November 4, 2010).
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Recommendation No. 25: Undertake additional efforts to fully characterize the uncertainty
in the model, with special consideration of the Hill coefficient value.

Response: In response to this comment, EPA has conducted a sensitivity analysis by
varying each parameter in the PBPK models individually to determine the effect on the
average whole-blood concentrations (as the dose metric used for species extrapolations
and reference dose calculations). In addition, the effect of varying the Hill parameter on
the model fits to literature data was explored. In response to this comment, two sections
were added to Section 3. Section 3.3.4.3.2.5 describes the results of the sensitivity
analysis preformed on the PBPK models as suggested by the SAB reviewers, and
Section 3.3.4.3.2.6 documents the impact of changing the Hill coefficient on PBPK
model simulations of dioxin blood levels in humans. Included in this section is a
sensitivity analysis using alternative CYP1A2 induction parameters determined from data
presented in Budinsky et al. (2010). The Walker et al. (1999) CYP1A1 and CYP1A2
induction analysis, in which a value of 0.94 was found for the Hill coefficient, uses a
different model structure formulation than the one in the Emond model, in which the
parameters have different interpretations, such that the Hill coefficient values represent
different processes and are not strictly comparable.

Further, in an additional sensitivity analysis reported in Section 4.5.1.1.1, EPA also
evaluated the impact on the RfD of changing the Hill coefficient to a value of 1, noting
that the Hill coefficient was the most influential variable in the Emond PBPK model (see
Section 3.3.4.3.2.5) and that the value of 0.6 results in a supralinear relationship between
intake and blood concentrations at very low doses. The value of 1 was chosen for the
sensitivity analysis of the Hill coefficient because that is the lowest value where the
model is no longer supralinear; otherwise the value of 1 has no biological or empirical
basis. When the Hill coefficient is set to a value of 1, and applying an uncertainty of 30
(see Section 4.3.5), the resulting candidate RfD would be 2 x 10 * ng/kg-day
2 x 10" mg/kg-day).

EPA’s sensitivity analysis for the Emond PBPK model parameters also addresses
the fat:blood partition coefficient (PCgp) issue (i.e., SAB’s suggestion to increase the
value to 200). To clarify the nature of the parameter, the PCgg of 100 in the Emond
model is a fitted value in the original rat model (Wang et al., 1997), in which other
parameters (including the value of 0.6 for the Hill coefficient, the most influential
parameter in the model) were also fitted simultaneously against animal and human data.
EPA has evaluated the literature cited by the SAB and has concluded that a PCgg of 160
is more representative of the data presented in those papers. A value of 158 is estimated
by Patterson et al. (1988) based on 50 individuals from Times Beach, MO. Iida et al.
(1999) measured levels of 2,3,7,8-TCDD in blood and adipose tissue from eight human
subjects, who varied in age (19 to 82 years) and gender (four females and four males).
Using the individual measurements presented in lida et al. (1999) and assuming relative
lipid contents of 0.85 and 0.0057 in adipose tissue and blood, respectively, EPA
estimated a mean and median PCgp of 166 and 161, respectively. A value of 247
reported by Maruyama et al. (2002) was based on the data from Iida et al. (1999),
however, EPA was unable to reproduce the value of 247 reported by these authors.
Schecter and Ryan (1989) present data on a single individual who was also exposed to
high levels of DLCs and PCBs in an acute event (transformer explosion). Several
serum and fat measurements were taken over the next 5 years, during which time the
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patient lost 30 pounds and took medication to reduce serum lipids. The combination of
all of these factors suggest that the internal concentrations may not have equilibrated in
this time frame and introduces too much uncertainty for use of these data in estimating a
PCpp for TCDD. Schecter et al. (1989) report fat TCDD concentrations but not blood
or serum concentrations. In the sensitivity analysis that EPA conducted on the Emond
PBPK model, the elasticity of a 50% increase in the fat:blood partition coefficient at
exposures equal to the RfD POD (0.02 ng/kg-day) was -0.064 (see Table 2-12), which
means that increasing the parameter value from 100 to 150 would result in a 6.4%
decrease in the TCDD blood concentration at this exposure level; a further increase to
160 would result in about a 7% decrease. EPA estimates that, using the 160 value for
the fat:blood partition coefficient, the LOAEL corresponding to the Baccarelli et al.
(2008) scenario would increase by 10% to 0.022 ng/kg-day, with no change in the RfD.
The LOAEL corresponding to the Mocarelli et al. (2008) scenario would increase by
40% to 0.028 ng/kg-day.

SAB Charge Question 3.2

Several of the critical studies for both noncancer and cancer dose-response assessment were
conducted in mice. A mouse PBPK model was developed from an existing rat model in order to
estimate TCDD concentrations in mouse tissues, including whole blood. Reviewers were asked
to comment on Questions A.3.2.a—c.

SAB Charge Question 3.2.a

The scientific rationale for the development of EPA’s mouse model based on the published rat
model (Emond et al., 2006; 2005, 2004).

Comment: The Panel agrees that an appropriate approach was used to develop the mouse model
on the basis of the published rat model and the available mouse kinetic data. It should be noted
that the NAS recommendation to use human data for dose metric could be accomplished because
dose-dependent elimination of TCDD has been described in humans, albeit in just a few cases.
Dose-dependent elimination has been reported repeatedly in animals, and the PBPK model
reflected this dose-dependence. Using CYP1A2 data from humans (caffeine metabolism) and
mice would offer an opportunity to validate and/or adjust the mouse model.

Recommendation No. 26: Conduct an external peer review of the mouse model because it
has not been published in the peer-reviewed literature.

Response: EPA has recommended that the authors submit their work for publication in
the peer-reviewed literature. Although EPA used revised estimates for some of the
published parameters, no modifications were made to the structure of the Emond model.
Using these revised parameters, EPA has described the evaluation of the PBPK model in
Section 3. An important point is that the mouse data were not used directly in estimation
of reference values.

SAB Charge Question 3.2.b

The performance of the mouse model in reference to the available data.
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Comment: The Panel found that the mouse model performed reasonably well, apart from
under-prediction of urinary excretion data. The urinary excretion data can be improved by
taking into account the fact that urine contains metabolites only, which partition differently from
the parent compound. The model appeared to be adequate for use in estimating dose metrics for
the assessment, but with greater uncertainty than the rat and human models. This was considered
a reasonable approach to solve a deficiency in published PBPK models to meet the needs of this
assessment.

The Panel noted, however, that the EPA’s suggestion in the RfD chapter that the
clustering of mouse points of departure (PODs) at the lowest doses was due to mouse model
failure, was inappropriate, and should be rewritten.

Recommendation No. 27: Use the mouse model and try to get the model published in the
peer-reviewed literature to enhance scientific credibility.

Response: EPA has revised the text describing the mouse PODs to eliminate the
impression that the result was due to failure of the mouse PBPK model, which was not
intended. See the response above (Recommendation 26) regarding the comment on the
publication of the mouse model.

SAB Charge Question 3.2.c

Whether EPA adequately characterized the uncertainty in the mouse and rat kinetic models.

Please comment specifically on the scientific justification of the kinetic extrapolation factor from
rodents to humans.

Comment: EPA provided an adequate characterization of the qualitative uncertainty in the
mouse and rat kinetic models sufficient to justify their use, together with the human model, to
estimate rodent-to-human extrapolation factors. On the other hand, formal recalibration of the
PBPK model parameters using a Hierarchical Bayesian approach such as Markov chain Monte
Carlo analysis was not considered necessary or particularly useful. However, a more
quantitative uncertainty analysis is needed.

Recommendation No. 28: Perform a more quantitative uncertainty analysis using methods
suggested in response to Charge Question 6.2."

Response: In response to this recommendation and other comments, EPA has conducted
a sensitivity analysis and added it to Section 3 (see Sections 3.3.4.3.2.5 and 3.3.4.3.2.6;
also see response to Recommendation 25). EPA has undertaken additional quantitative
sensitivity analyses for the kinetic modeling and some exposure assumptions relevant to

the development of the RfD (see Section 4.5; see also responses to Recommendations 29
and 32).

" SAB comments on Sections 5 and 6 are not addressed in Volume 1 of the Reanalysis, but can be viewed at the
following URL: http://yosemite.epa.gov/sab/sabproduct.nsf/WebReportsLastMonth BOARD
[2A45B492EBAA8553852578F9003ECBCS/$File/EPA-SAB-11-014-unsigned.pdf.
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SAB Charge Question 3.3

Please comment on the use of the Emond et al. PBPK model to estimate human intakes based on
internal exposure measures.

Comment: The modified Emond model is the best available approach for estimating exposures
on the basis of internal exposure measurements. Nevertheless, there is considerable uncertainty
associated with attempting to reconstruct prior exposures in a human population (e.g., Seveso).

Recommendation No. 29: Describe the modeling of the Cheng et al. (2006), Mocarelli
et al. (2008), and Baccarelli et al. (2008) studies in more detail, and quantitatively evaluate
the impact of model parameter uncertainty and exposure uncertainty in these studies.

Response: EPA has revised the document to describe the modeling of Mocarelli et al.
(2008) and Baccarelli et al. (2008) in more detail. Sensitivity analyses pertaining to the
choice of model inputs have been performed for Mocarelli et al. (2008) and Baccarelli
et al. (2008) and are described in Section 4.5 of the document. Cheng et al. (2000) is a
cancer-modeling study and will be addressed in Volume 2 of this report.

SAB Charge Question 3.4

Please comment on the sensitivity analysis of the kinetic modeling (see Section 3.3.5).

Comment: The Report only presented the sensitivity analysis published by Emond et al. (2000),
which was not entirely adequate for the purposes of this assessment. The analysis left out the
Hill coefficient, which was one of the most important parameters in the model for low-dose
extrapolation (Evans and Andersen, 2000). Moreover, model sensitivities were species, dose,
and dose-scenario dependent, so they need to be determined under the same exposure conditions
as those for which dose metrics were calculated: both for the various studies that serve as the
basis for the dose-response assessments and for human exposures at the corresponding HEDs
and risk-specific doses. This represents the most pragmatic path forward for an evaluation of
model sensitivity as it relates to potential environmental regulation.

Recommendation No. 30: Provide a sensitivity analysis of the model to authenticate the
model for its intended purpose.

Response: EPA has conducted a sensitivity analysis (see response to
Recommendations 25 and 28).

SAB Charge Question 3.5

Both EPA’s noncancer and cancer dose-response assessments are based on a lifetime average
daily dose. Did EPA appropriately estimate lifetime average daily dose? If not, please suggest
alternative approaches that could be readily developed based on existing data.

Comment: The Panel agrees with the average daily dose calculation approaches, but it was not
clear to some Panel members how the computational estimates of internal dose for newborns
were carried out because a lactation model was not used. This is important because of the use of
TSH (thyroid stimulating hormone) in newborns as a critical effect.
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Recommendation No. 31: Explain how the early life-stage internal doses are calculated.

Response: Internal TCDD doses for newborns were not estimated in the Reanalysis. The
increased TSH levels at 72 hours after birth are modeled as a function of maternal
exposure, with the assumption that the actual critical exposures occurred in utero and
were not due to breast feeding. EPA has clarified that the Emond PBPK model accounts
for physiological changes including body weight and tissue volumes over different life
stages, including during gestation. The only life stage that is not accounted for in the
Emond model is infants exposed to TCDD through breast milk. The details of how the
model estimates tissue and blood levels of TCDD during the other life stages following
TCDD exposures are described in Section 3 and by Emond et al. (2006; 2005; 2004).

A.3.2. Summary of Public Comments and EPA Responses

Comment: One commenter noted that CADM (i.e., Concentration- and Age-Dependent
Elimination Model) should be given more consideration as a credible alternative to the Emond

et al. model. When CADM and the Emond et al. model have been evaluated on the same human
data sets, CADM appears to provide substantially better results, and the Emond et al. model
appears to markedly overpredict the early serum concentration levels. Another commenter noted
that CADM allows estimation of the relevant risk-specific doses using the PBPK model but is
applied in the exposure range relevant to real-world exposures, reproduces the elimination
behavior of TCDD relevant to risk assessment and risk management, and takes into account
background body burdens of TCDD and non-TCDD contributors to TEQ and their impact on
TCDD elimination behavior.

Response: EPA used the Emond model for human toxicokinetics because the model
covered all of the relevant life stages (particularly gestational and childhood exposures),
which CADM does not, and also because of its technical sophistication for simulating
physiological processes associated with TCDD toxicokinetics. The Emond model also is
able to account for background TCDD and DLC body burdens and their impact on TCDD
elimination behavior; pertinent simulations and discussions on these aspects have been
added in the new Section 4.5.

For animal bioassays, EPA undertook, and reported in the document, modeling
analyses that compared the predicted values from both the Emond PBPK model and
CADM for all administered doses. Throughout the document, separate simulations for
both the PBPK model and CADM were conducted for comparison to experimental or
literature data for animals. In Section 3, EPA presents extensive comparisons of the
Emond model and CADM. In Appendix E, EPA also presents whole blood, fat, and liver
TCDD concentrations and body burdens that were predicted by both the Emond model
and CADM for each key animal bioassay.

Comment: One commenter noted that the Hill function dependence of CYP1A2 induction on
AhR-bound TCDD has a nonphysical, nonsensically infinite slope at zero dose, due to the fact
that its exponent parameter has a numerical value smaller than 1, namely 0.6. This phenomenon
has no predictive value at low doses. According to the commenter, the values that are predicted
at low doses are simply artifactually constrained by the supralinear shape of the Hill function,
which is imposed by the data at far higher doses. Because no data occur in the low-dose region
that is well below the EC50, no counterbalancing force exists that would keep the Hill exponent
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value at or greater than 1. This leads to artifactual and arbitrarily large increases in the oral slope
as the TCDD intake approaches zero.

Response: EPA has conducted a sensitivity analysis for the Hill coefficient (see response
to Recommendation 25) and has evaluated the impact of eliminating the supralinear
behavior on relative human intakes. Changing the Hill coefficient to 1, which results in
linear low-dose behavior, and optimizing to a limited number of human data sets results
in somewhat lower oral intake rate estimates associated with the TCDD serum
concentrations in the range of interest (i.e., near the RfD and LOAEL POD). This result
is well within the range of other uncertainties evaluated by EPA (see Section 4.5). EPA
has concluded that, given the uncertainties in the value of this parameter and
interdependent parameters in the model, and the lack of a substantial impact on predicted
intakes in the range of the POD for the RfD, there is no mechanistic or empirical basis on
which to change the value of the Hill coefficient or related parameters. In response to
this comment, two sections were added to Section 3. Section 3.3.4.3.2.5 describes the
results of the sensitivity analysis performed on the PBPK models as suggested by this
reviewer and the SAB reviewers, and Section 3.3.4.3.2.6 illustrates the impact of
changing the Hill coefficient on PBPK model simulations of dioxin blood levels using
available human data.

Comment: Two commenters noted that EPA incorrectly assumed a partition factor of 100 for
TCDD in human fat compared to blood. The commenters state that available human data
demonstrate that the actual partition factor is between 150 and 200 (lida et al., 1999; Patterson et
al., 1989).

Response: While EPA has not changed the value in the model, a sensitivity analysis was
conducted that indicated this is not a sensitive parameter in the model (see response to
Recommendation 25).

Comment: Some commenters felt that use of modeled concentrations is not acceptable for
deriving toxicity values when measured data are available. The commenters noted that EPA’s
use of modeled whole-blood concentration results in underestimation of PODs, HEDs at the
BMDLs, and calculated reference dose.

Response: EPA modeled the blood concentrations for the rat exposures in NTP (2006),
when actual liver and fat TCDD concentrations were reported in the study. This was
done primarily for consistency across all rat bioassays. The whole liver concentrations
are not likely to be relevant because they include TCDD bound to CYP1A2, which is not
part of the biologically-active TCDD fraction. However, in response to this comment,
EPA has added a sensitivity analysis (See Section 4.5.1.2.) that evaluates the effect of
using the measured fat TCDD concentrations on modeled human intakes based on (NTP,
2000).

Comment: Several commenters noted that the Emond et al. (2005) PBPK model did not account
for the enhanced elimination rate of TCDD observed in infants and children, which would
substantially underestimate the daily dose rates associated with identified target body burdens,
and, thus, underestimate the derived RfD estimated in modeling for the Mocarelli et al. (2008)
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data set. Commenters provided references of Clewell et al. (2004), Ott et al. (1987), Hochstein
et al. (2001), Kerger et al. (2006), Leung et al. (2006), and Milbrath et al. (2009) and suggested
that EPA address the role of differential elimination rates in children in their quantitative analysis
of a reference dose.

Response: The changes in elimination rate with age reported in Kerger et al. (20006) are
thought to reflect growth processes as a child ages. The Emond PBPK model accounts
for this phenomenon implicitly by modeling growth and age-related changes in fat
content and physiology explicitly. Including an explicit variable-elimination term in the
model would then “double count” for this effect. The TCDD half-life calculations in
Kerger et al. (2006) are based on blood level rather than whole-body measurements.
Blood levels of the chemical are influenced by the dynamic processes of storage in fat
deposits and elimination rates (including binding to proteins in the liver). The inclusion
of these physiological process and the dynamic interplay among them provide the
biological basis for an observed increase in elimination rate in children. At early life
stages, less fat volume in the body results in more TCDD available for deposit in liver.
More TCDD in the liver results in a higher elimination rate. Leung et al. (2006) indicated
that the more rapid clearance in children was due to their lower fat content, which is
accounted for in the model.

Comment: A commenter noted that non-TCDD TEQ contributes to the induction of CYP1A2,
which will influence the elimination rate for TCDD. Given the current background body
concentrations of TCDD and other TEQ contributors, the commenter felt that the appropriate
application of the PBPK model would be to start from current background concentrations
(including some accounting for non-TCDD TEQ).

Response: Induced levels of CYP1A2 due to dioxin are calculated using a Hill function.
The relative difference between induced levels of CYP1A2 and basal levels of the
enzyme are then used to describe the dose—dependent elimination rate for TCDD in the
liver. Application of the PBPK model to estimate the elimination of TCDD is based on
an assumption that background effects of dioxin-like chemicals and any others that may
influence CYP1A2 levels in the liver are implicitly included in the basal-level estimates.
EPA also added a simulation of total TEQ background exposure as a sensitivity analysis
in Section 4.5 to investigate this phenomenon. Issues pertaining tomodeling non-TCDD
TEQ are discussed in Section 4.5 and, also in this Section, EPA has presented several
alternative approaches for incorporating background DLC exposure into the derivation of
the RfD. In the sensitivity analysis, EPA estimates that average total-TEQ PODs based
on background non-TCDD TEQ exposures could range from no change to the POD to
2.5-fold higher than the TCDD-only POD of 0.02 ng/kg-day used in the derivation of the
RfD.

Comment: Several commenters noted deficiencies and limitations with the PBPK model, and
some stated that EPA failed to adhere to its own guidance on selection and application of PBPK
models (i.e., U.S. EPA (2006a), Guidelines on PBPK Model Selection in Risk Assessments
report). Specifically, the PBPK model was not peer reviewed and was not validated.

Two commenters noted a need for an uncertainty analysis of key parameters in the model, such
as the Hill coefficient.
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Response: Although EPA used revised estimates for some of the published parameters,
no modifications were made to the structure of the Emond model. Using these revised
parameters, EPA describes the evaluation of the PBPK model in Section 3. Also, see
the response to Recommendation 25 concerning the sensitivity analysis.

A.4. REFERENCE DOSE
A.4.1. SAB Comments and EPA Responses
SAB Charge Question 4.1

The Mocarelli et al. (2008) and Baccarelli et al. (2008) studies were selected as co-critical
studies for the derivation of the RfD. Is the rationale for this selection scientifically justified and
clearly described? Please identify and provide the rationale for any other studies that should be
selected, including the rationale for why the study would be considered a superior candidate for
the derivation of the RfD. In addition, male reproductive effects and changes in neonatal thyroid
hormone levels, respectively, were selected as the co-critical effects for the RfD. Please
comment on whether the selection of these critical effects is scientifically justified and clearly
described. Please identify and provide the rationale for any other endpoints that should be
selected as the critical effect.

Comment: The use of the Mocarelli et al. (2008) and Baccarelli et al. (2008) studies was
appropriate for identifying “cocritical” effects for the RfD calculation, and the rationale for
selecting these two studies over others was clearly described. However, the weaknesses of the
two studies were not always clearly delineated. For example, in the Baccarelli (2008) study,
there was limited discussion of how the presence of polychlorinated dibenzo-p-dioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs), and coplanar polychlorinated biphenyls (PCBs) that
were also found in the blood might confound the interpretation of TCDD association with
elevated TSH levels. In addition, there was no discussion of the potential impact of residential
histories (e.g., individuals who may have moved in and out of Zone A after the accident). The
Panel believes that more discussion of the strengths and weaknesses of these two studies is
needed.

The Panel found that in isolation from each other, and lacking a description of supportive
animal and epidemiological studies, the studies were less useful for setting the RfD, and
emphasizes the need to consider supportive animal and epidemiological studies for dioxin and
dioxin-like compounds in order to demonstrate a consistent and integrative signal of toxicity
across species and endpoints for TCDD. While Figures 4.3 and 4.4 show quantitative
comparisons across RfDs and benchmark dose lower bounds (BMDLs) from animal and
epidemiological studies, the figures do not indicate which endpoints are being measured, and
consistency in signal is not readily apparent.

The Panel noted that although it has been addressed in the Report, the discussion of the
known human age-specific variability in endpoints such as sperm counts should be expanded,
though the data from Mocarelli et al. (2008) do show ranges and variance (in Figure 3 and
Table 2), and neonatal TSH levels.

Recommendation No. 32: Provide a discussion of the strengths and weaknesses of the
Mocarelli et al. (2008) and Baccarelli et al. (2008) studies with an indication of whether the
weaknesses affect determination of the RfD.
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Response: In Appendix C, EPA presents an assessment of both the Baccarelli et al.
(2008) and Mocarelli et al. (2008) studies, delineating their strengths and weaknesses.
Section 4.4 identifies and describes qualitatively a number of uncertainties associated
with the derivation of the RfD from the Baccarelli et al. (2008) and Mocarelli et al.
(2008) studies. Additionally, in Section 4.5.1, EPA presents a quantitative sensitivity
analysis that highlights the uncertainty associated with deriving an RfD from the
Baccarelli et al. (2008) and Mocarelli et al. (2008) studies. In this analysis, EPA focused
on several important assumptions that were made in defining variables for modeling the
exposure history of the cohorts and in estimating a chronic intake leading to the observed
effect; the analysis presents the quantitative impact of making alternative assumptions for
those variables on the POD estimates. EPA also modeled the potential impact of
background DLC exposure on the PODs derived from both of the principal studies. EPA
did not discuss the potential impact of residential histories because the PODs from both
studies were based entirely on measured serum TCDD concentrations, irrespective of
zone of residence. Zonal averages were not used in any way in the derivation of the RfD.

With respect to age-specific variability in sperm concentrations as relates to the
interpretation of Mocarelli et al. (2008), EPA notes that all the men evaluated in the study
were between the ages of 22 and 31 at the time of semen collection and would not expect
any substantial age-related differences. EPA does present group sperm concentrations at
one standard deviation below the mean as reported by Mocarelli et al. (2008).

Recommendation No. 33: Label the endpoints for studies included in Figures 4.3 and 4.4.

Response: EPA agrees with the SAB Panel’s recommendation and has modified

Figure 4-4 by adding the last name of the first author of each study and the year of
publication and Figure 4-5 by adding the health endpoint or health outcome as suggested.
Table 4-5 lists the study endpoints described in Figure 4.3 along with other study
information.

Recommendation No. 34: Discuss the comprehensive database of both animal studies and
human epidemiological studies, including studies with dioxin-like compounds (e.g., studies
cited in Goodman et al. (2010), together to demonstrate a consistent and integrative signal
of toxicity across species and endpoints for TCDD.

Response: EPA methodology does not require that a consistent and integrative signal of
toxicity across species and endpoints be demonstrated for derivation of an RfD.
However, concordance of effects, both qualitatively and quantitatively, across endpoints
and species is considered, primarily in the assessment of confidence in the RfD. In
response to this recommendation and consistent with EPA methodology, EPA has
modified the Reanalysis as follows.

Section 4.3.6 has been revised to provide additional supporting information for the
critical effects noted in the two co-principal studies: neonatal thyroid effects from
Baccarelli et al. (2008) and sperm effects from Mocarelli et al. (2008).

In Section 4.3.6.1, EPA has evaluated the Goodman et al. (2010) review and added
a discussion of the findings. EPA concluded that, because of relatively low DLC
exposures in the studied populations and different timings of measurements in the cited
studies, it would be unlikely that any consistent patterns would be detected. EPA
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confirmed that there were no additional studies identified in this review that meet the
selection criteria outlined in Section 2.

EPA has added an analysis of the qualitative and quantitative concordance of key
effects across species and studies in Appendix D and referenced in Section 4.4 as part of
the discussion of qualitative uncertainty in the RfD. The analysis includes effects from
all of the animal and human studies listed in Table 4-5 in six categories: male
reproductive effects, female reproductive effects, developmental effects,
immunotoxicity, neurotoxicity, and thyroid toxicity. Coverage of effects was expanded
beyond those in Table 4-5 to include effects at doses higher than the LOAEL in each
study.

SAB Charge Question 4.2

In the Seveso cohort, the pattern of exposure to TCDD is different from the average daily
exposure experienced by the general population. The explosion in Seveso created a high-dose
pulse of TCDD followed by low-level background dietary exposure in the exposed population. In
the population, this high-dose pulse of TCDD was slowly eliminated from body tissues over time.
There is uncertainty regarding the influence of the high-dose pulse exposure on the effects
observed later in life.

SAB Charge Question 4.2.a

Mocarelli et al.(2008) reported male reproductive effects observed later in life for boys exposed
to the high dose pulse of TCDD between the ages of 1 and 10. EPA identified a 10 year critical
exposure window. In the development of the candidate RfD, EPA used an exposure averaging
approach that differs from the typical approach utilized for animal bioassays. EPA determined
that the relevant exposure should be calculated as the mean of the pulse exposure and the
10-year critical exposure window average. Please comment on the following:

SAB Charge Question 4.2.a.i

EPA’s approach for identifying the exposure window and calculating average exposure for this
study.

Comment: The Panel discussed extensively extrapolation issues posed by the pattern of exposure
from Seveso. Issues raised included the question of whether the same endpoints and/or dose
response would be expected from such exposure scenarios with high-dose acute exposures when
extrapolating to low-dose chronic exposures.

Recommendation No. 35: Provide a discussion of published examples in which dioxin
studies were conducted using both high-dose acute and low-dose chronic exposures in
animals for the same endpoint and how the outcomes compare both qualitatively and
quantitatively. Determine whether similar results were observed for similar endpoints.
Several chronic dioxin animal studies may be useful in this regard (Sand et al., 2010;
Yoshizawa et al., 2010; 2009).

Response: EPA is aware of only one rodent toxicology study—Kim et al.
(2003 )—directly comparing health outcomes following the administration of either a high
acute TCDD dose or a low longer-term continuous TCDD dose in animals where the
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long-term average tissue TCDD concentrations in both dose groups were comparable; the
effects were more severe for the acute exposure regimen.

Another animal study, Sand et al. (2010), used an initial-loading dose,
weekly-maintenance-dose protocol in which the loading dose is 10 times higher than
the weekly maintenance dose but did not evaluate the equivalent continuous exposure,
and so does not inform the issue. Both of the Yoshizawa et al (2010; 2009) studies
were analyses of the NTP (2006) study that is already presented in the Reanalysis, and
has no acute vs. continuous component. One other study, Bell et al. (2007), mentioned
in Recommendation 37 following, allows for acute/continuous comparison for in utero
and lactational exposures, addressing a very different developmental period than the one
in question for the Seveso cohort children (average age >6 years). This study found that
acute exposure had a significantly lower impact on preputial separation in male rat pups
than did the equivalent continuous exposure (similar terminal TCDD body burdens), the
opposite of the finding of Kim et al. (2003). EPA does not consider this finding very
informative for the specific exposure scenario and critical exposure period relevant to
the RfD.

Recommendation No. 36: Discuss the life-stage-specific approach to hazard and
dose-response characterization for children’s health risk assessment found in EPA’s
Framework for Assessing Health Risks of Environmental Exposures to Children (U.S.
EPA, 2006b).

Response: The approach outlined in EPA’s Framework for Assessing Health Risks of
Environmental Exposures to Children (U.S. EPA, 2006b) encourages evaluation of the
potential for toxicity during all developmental lifestages, based on knowledge of external
exposure, critical windows of development for different organ systems, MOAs, anatomy,
physiology, and behavior that can affect external exposure and internal dose metrics.
EPA has followed the framework in evaluating the available data for TCDD and in
developing the Reanalysis. The concepts explored in this framework are those that apply
to all risk assessments—namely problem formulation, analysis, and risk characterization.
The Reanalysis is not a risk assessment but rather a hazard identification and
dose-response assessment for noncancer outcomes. It does not contain information on
problem formulation or risk characterization; however, it does follow standard EPA
procedures.

Recommendation No. 37: Consider adding to the discussion, Bell et al. (2010), which
summarized and presented data on some differences between chronic versus acute exposure
in maternal transfer.

Response: EPA considered this recommendation as discussed in the response to
Recommendation 35. An analysis of the data has led EPA to consider the findings of
Bell et al. (2010) not to be informative in the context of the Seveso exposures on which
the RfD is based.

SAB Charge Question 4.2.a.ii

Please comment on EPA’s designation of a 20% decrease in sperm count (and an 11% decrease
in sperm motility) as a LOAEL for Mocarelli et al. (2008).
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Comment: The Panel found that changes from normal sperm counts and sperm motility are of
public health relevance and, therefore, of interest for determining an RfD. There is general
support for EPA’s approach of using the WHO reference value for determining relevant TSH
levels, but the Panel feels that further discussion of WHO reference values for male reproductive
parameters should be included in the Report. Additionally, the Report should indicate that life
stage differences clearly exist in sperm counts in humans; cite and discuss the EPA life stage
document (U.S. EPA. 2006b).

Recommendation No. 38: Include discussion of background information regarding WHO
reference values for male reproductive parameters (e.g., Skakkebaek, 2010).

Response: EPA has added additional discussion of WHO reference values for male
reproductive parameters and a discussion of the Skakkebaek (2010) study in
Section 4.3.4.2.

Recommendation No. 39: Discuss standard deviations or range of changes from the
Mocarelli (2008) study to provide a better understanding of the potential magnitude of
effect.

Response: In Section 4.3.4.2, EPA discusses the magnitudes and standard deviations of
the effects reported in Mocarelli et al. (2011).

SAB Charge Question 4.2.b

For Baccarelli et al. (2008), the critical exposure window occurs long after the high-dose pulse
exposure. Therefore, the variability in the exposure over the critical exposure window is likely
to be less than the variability in the Mocarelli et al. (2008) subjects. EPA concluded that the
reported maternal exposures from the regression model developed by Baccarelli et al. (2008)
provide an appropriate estimate of the relevant effective dose as opposed to extrapolating from
the measured infant TCDD concentrations to maternal exposure. Additionally, EPA selected a
LOAEL of 5 p-units TSH per ml blood in neonates, as this was established by World Health
Organization (WHO) as a level above which there was concern about abnormal thyroid
development later in life. Please comment on the following:

SAB Charge Question 4.2.b.i

EPA’s decision to use the reported maternal levels and the appropriateness of this exposure
estimate for the Baccarelli et al. (2008) study.

Comment: The Panel supports EPA’s decision to use the Baccarelli et al. (2008) estimates of the
relevant effective doses. Because the bulk of the calculations were based on zonal averages,
clarify how these measurements relate to ranges and variations in exposure in utero.

Response: The Baccarelli et al. (2008) calculations presented in the Reanalysis are
derived from the individual exposure measures by the study authors and are not based on
zonal averages. EPA has clarified this for the RfD derivation in Section 4.3.
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SAB Charge Question 4.2.b.ii
EPA’s designation of 5 u-units TSH per ml blood as a LOAEL for Baccarelli et al. (2008).

Comment: The change in TSH levels reported by Baccarelli et al. (2008) was of public health
relevance and, therefore, of interest for determining an RfD. Any follow-up data on thyroid
hormone levels in the population studied should be discussed in the Report, if available.

Recommendation No. 40: Better describe the potential adverse health outcomes related to
altered neonatal TSH levels (e.g., effects on both cognitive and motor deficits). For
example, in addition to effects on growth, both cognitive and motor deficits have been
found in young adults with congenital hypothyroidism (Oerbeck, 2007, 2003). The Report
could better describe the consequences of transient hypothyroidism on reproductive
outcomes (e.g., Anbalagan et al., 2010). Other references that relate to this question
include Chevrier et al. (2007), Dimitropoulos et al. (2009), and Ye (2008).

Response: EPA has added a discussion of the potential adverse health outcomes
associated with altered neonatal TSH levels in Section 4.3.4.1. The discussion includes
information about thyroid hormone disruption during pregnancy and the neonatal period,
potentially leading to neurological deficiencies, particularly in the attention and memory
domains(Oerbeck et al., 2005). It also addresses some of the uncertainties in the
relationship between human neonatal TSH levels and measures of neurological function
such as 1Q. EPA also identified animal bioassays, reporting that perturbations in thyroid
status can lead to altered brain development (e.g., Sharlin et al., 2010; Royland et al.,
2008; 2008; Auso et al., 2004; Lavado-Autric et al., 2003). Discussion of these findings
has been added to Section 4.3.4.1.

SAB Charge Question 4.3

Please comment on the rationale for the selection of the uncertainty factors (UFs) for the RfD. If
changes to the selected UF's are proposed, please identify and provide a rationale.

Comment: The Panel agrees that the appropriate UFs were included. The exclusion or inclusion
of the UFs in the Report is obvious, clearly discussed, and adequately rationalized. The Report
would be more transparent if EPA included a short discussion for the basis of the decision not to
include a UF for data quality.

Response: EPA has clarified its choice of UFs for the candidate RfDs in Section 4.3.5
and Table 4-7.

SAB Charge Question 4.4

EPA did not consider biochemical endpoints (such as CYP induction, oxidative stress, etc.) as
potential critical effects for derivation of the RfD for TCDD due to the uncertainties in the
qualitative determination of adversity associated with such endpoints and quantitative
determination of appropriate response levels for these types of endpoints in relation to TCDD
exposure. Please comment on whether the decision not to consider biochemical endpoints is
scientifically justified and clearly described.
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Comment: Biochemical endpoints such as P450 activation, increased oxidative stress, etc. may
be acceptable endpoints to establish PODs, particularly when the quantitative relationship
between the biochemical endpoint and an adverse health outcome is clearly evident. However,
with respect to TCDD, the Panel agrees that more traditional endpoints (e.g., immune, endocrine,
reproductive) are more appropriate because associations of these endpoints with health outcomes
are well studied and provide a stronger association to an adverse outcome than biochemical
endpoints. However, because of the wealth of data on P450s and their importance in disease
development, normal development, and chemical response to exogenous agents, EPA should
discuss biochemical endpoints, particularly P450s, relevant to establishing and strengthening the
proposed reference dose.

Response: In general, there is a lack of information linking these particular endpoints to
downstream adverse effects for the noncancer effects observed in the available studies.
Some of these endpoints, such as CYP (P450) induction and oxidative stress are
discussed in Section 5 of the 2010 External Review Draft of the Reanalysis in the context
of the mode or action for carcinogenesis or are evaluated quantitatively as potential
cancer precursor effects. EPA intends to consider these endpoints further in Volume 2 of
the Reanalysis. In the context of noncancer effects, however, an expansive coverage of
these endpoints will not necessarily provide a better understanding of the RfD, given the
lack of information on the relevant modes of action. For these reasons, further analysis
of these data with respect to their relevance to strengthening the reference dose was not
conducted.

SAB Charge Question 4.5

In using the animal bioassays, EPA averaged internal blood TCDD concentrations over the
entire dosing period, including 24 hours following the last exposure. Please comment on EPA’s
approach for averaging exposures including intermittent and one day gestation exposure
protocols.

Comment: For animal studies, it has been shown that for some effects, acute exposure could give
different results than chronic exposure. For TCDD, however, its persistence might suggest that
such differences would be partly negated. In Baccarelli et al. (2008), there was extensive
discussion regarding the use of the exposure average time for the TCDD concentrations. This is
of biological significance as several papers have indicated the unique aspects of high peak
exposure of TCDD as occurred in Seveso and in several of the animal studies. The endpoints
affected as a result of these peaks do not always translate to impacts from lower chronic
exposures. It would be helpful to discuss any available animal studies comparing high-dose
acute versus low-dose chronic effects on similar endpoints for dioxin or dioxin-like compounds
(as stated earlier in this section).

Response: See EPA’s response to Recommendation 35. For the Baccarelli et al. (2008)
study, the exposures over the critical exposure window (gestation) were relatively
constant compared to the exposures experienced by the subjects studied in Mocarelli

et al. (2008) and other Seveso cohort studies.
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SAB Charge Question 4.6

Please comment on the benchmark dose (BMD) modeling conducted by EPA to analyze the
animal bioassay data and EPA’s choice of points of departure (PODs) from these studies.

Comment: The Panel agrees with the BMD modeling approaches used in this section. However,
the justification for EPA’s conclusions that the animal data had sufficient limitations that
precluded their use to establish an RfD is quite diverse and poorly linked to specific studies.

Recommendation No. 41: Discuss several of the best animal studies in some detail so that
their limitations are more apparent.

Response: Summaries of all of the studies are presented in Appendix D, with some
discussion of their limitations. Strengths and limitations of all of the animal bioassays at
the lower end of the candidate RfD range are presented in Table 4-6. Two studies of note
(Bell et al., 2007; NTP, 2006) are discussed in more detail in Section 4.4. Table 4-4 and
Appendix G, which summarizes the BMD modeling, highlight some of the limitations of
the BMD modeling for each modeled data set.

Recommendation No. 42: Better cite the endpoint guidance that is present within EPA
documents for defending approaches used and application of BMD models for the critical
effects: this is especially necessary given public comments that EPA was not following its
own guidelines.

Response: In response to this comment, EPA has added Text Box 2-1. In this text box,
EPA identifies the risk assessment guidelines and guidance documents that it relied upon
during development of the dose-response assessment.

SAB Charge Question 4.7

For the animal bioassay modeling, EPA applied the kinetic extrapolation at the level of the POD
prior to applying the uncertainty factors because EPA has less confidence in the kinetic model
output at lower doses reflective of the RfD. Please comment on whether the kinetic extrapolation
at the level of the POD prior to applying the uncertainty factors was scientifically justified and
clearly described.

Comment: The EPA approach of applying the kinetics on the actual data present at the POD is
preferred in this assessment (see additional discussion in the response to Charge Question 3).

Response: No response necessary.

SAB Charge Question 4.8

Please comment as to whether EPA’s qualitative discussion of uncertainty in the RfD is justified
and clearly described.

Comment: The Panel agreed that EPA provided a clear and justified discussion of the
uncertainties in deriving the RfD using the Seveso cohort. The Panel agrees with EPA that the
major limitation of the Seveso cohort is the uncertainty arising from how well the effects
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resulting from high-dose acute exposure translate to low-dose daily exposures. It may be useful
to re-review the animal studies to identify if there are any studies where dioxin or DLCs were
administered by acute as well as chronic (or even subchronic), and comparable endpoints were
examined. If so, the information can be used to help confirm or refute the accuracy of the
“average daily dose” adjustment. This is of particular concern in the Mocarelli study as “time
periods of susceptibility” appear in male reproductive development, and these periods (windows)
may be very short. Animal studies, particularly those involving male reproduction, may be
helpful.

Recommendation No. 43: It would be useful to include a discussion of potential
uncertainty in the exposure estimates from the Baccarelli study. Serum dioxin levels were
only established in a subset of the cohort (approximately 51) at the time of the study while
dioxin levels from the main cohort were estimated from data collected from zone of
residence (A or B) at a much earlier time.

Response: For derivation of the POD, EPA used the regression modeling in Baccarelli

et al. (2008), which was based only on the 51 infants with maternal TCDD measurements
taken between 1992 and 1998 and did not depend on prior measurements in the main
cohort. All outcomes evaluated for the derivation of the RfD are associated with
individual serum concentrations rather than zonal averages. Baccarelli et al. (2008)
extrapolated the measured values to the time of conception for each of the

51 pregnancies, which occurred between 1994 and 2005. In Section 4.4, EPA has
identified and clarified the qualitative uncertainties associated with deriving an RfD from
both of the principal studies (Baccarelli et al., 2008; Mocarelli et al., 2008). EPA has
also added Section 4.5. In this section, EPA quantifies the impact of alternative
assumptions about the exposures and pharmacokinetic for both the Baccarelli and
Mocarelli studies. Also, see response to Recommendation 32.

Recommendations No. 44: While the Panel agrees that the true dioxin-like-compound
impact cannot be determined, it might be helpful to provide some general estimates of the
variability that may occur at the proposed RfD.

Response: In response to this comment, EPA has added Section 4.5 to the document. In
this section, EPA quantifies the impacts of alternative assumptions about the TCDD-only
and DLC exposures on the PODs for both the Mocarelli (see Section 4.5.1.1.1) and
Baccarelli (see Section 4.5.1.1.2) studies. In Section 4.5.2, EPA has estimated alternative
PODs from the NTP (2006) study based on different approaches to modeling TCDD only
and the DLCs. In Section 4.5.2, EPA also has estimated potential PODs from several
different endpoints identified in Seveso cohort studies (other than those used in
developing the RfD) and has estimated the range of potential PODs based on
uncertainties encountered in their analyses; these uncertainties included the impacts of
DLC background exposures.

A.4.2. Summary of Public Comments and EPA Responses

Comment: Several comments addressed the fact that when determining an RfD, EPA accounted
for only 2,3,7,8-TCDD exposures and did not account for exposures to dioxin-like chemicals.
The commenters noted that in human epidemiological studies, people are exposed to all

A-29


http://hero.epa.gov/index.cfm?action=search.view&reference_id=197059�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197059�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197059�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=199595�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197605�

dioxin-like compounds regardless of the sources of their exposures. Specifically, the
commenters suggested that EPA did not account for these exposures in the Seveso population
when evaluating dose response and, thus, underestimated the reference doses derived from
Mocarelli et al. (2008) and Baccarelli et al. (2008).

Response: EPA agrees that the human subjects studied in the epidemiological studies
were subject to background DLC exposures from many sources. As a component of a
sensitivity analysis, EPA has added an analysis of the impact of background DLC
exposures on the RfD to the document in Section 4.5. In this analysis, EPA estimates
background DLC exposures for several of the Seveso exposure scenarios, including those
relevant to the Mocarelli et al. (2008) and Baccarelli et al. (2008) POD estimates. EPA
summarizes the results of these sensitivity analyses in Figures 4-6 through 4-9.

Comment: One commenter noted that EPA’s qualitative discussion of uncertainty in the
reference dose (pp. 4-28 to 4-32) is well written and clearly described. Two commenters felt that
the rationale for the selection of the male reproductive effects (Mocarelli et al., 2008) and
changes in neonatal thyroid hormone levels (Baccarelli et al., 2008) as critical effects was clearly
described and scientifically justified. One commenter felt that the LOAEL selected from the
Mocarelli et al. (2008) study was justified. Commenters also felt that EPA’s decision not to
consider biochemical endpoints (such as CYP induction, oxidative stress, etc.) as potential
critical effects for derivation of the RfD for TCDD is clearly described and scientifically
justified.

Response: No response necessary.

Comment: Several commenters asked EPA to further address the uncertainties associated with
deriving an RfD from the Baccarelli et al. (2008) and Mocarelli et al. (2008) studies. Several
commenters noted that EPA does not include the use of the data from these studies for dose-
response modeling and reference dose derivation with a discussion of the clinical significance of
the effects, or the levels of change that represent an adverse effect for each endpoint.

Response: In Section 4.4, EPA presents a discussion of the qualitative uncertainties
associated with the development of an RfD from these two studies. In response to this
and other comments, EPA has expanded the discussion to include the potential clinical
significance of the two effects encountered in these epidemiological studies: (1) elevated
TSH levels in infants and (2) decreased semen quality in men that experienced elevated
TCDD exposures as young boys. Further, in the sensitivity analysis added in Section 4.5,
EPA evaluates some quantitative uncertainties in the derivation of PODs from the
Baccarelli et al. (2008) and Mocarelli et al. (2008) studies.

Comment: Two commenters noted that the Agency substantially underestimated liver and
adipose tissue concentrations in the 2006 National Toxicology Program bioassay (NTP, 2006),
resulting in an approximate two-fold overestimate of TCDD potency. EPA ignored reported
TCDD concentrations in adipose and liver tissue, which should have been used as the dosimetry
endpoints for extrapolation to human equivalent dosages. The use of modeled data is not
acceptable for deriving toxicity values used in risk assessment when measured data are available;
unnecessary inaccuracies in the derivation of the RfDs are introduced.
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Response: In the sensitivity analysis presented in Section 4.5.2, EPA has estimated PODs
based on the TCDD adipose concentrations reported in NTP (2006). EPA does not
consider the whole liver concentrations to be relevant because they include TCDD bound
to CYP1A2, which is not part of the biologically-active TCDD fraction. Because
adequate human studies were available, animal studies including the above referenced
NTP (2006) were not used to derive the RfD.

Comment: One commenter noted that several studies included in the Report examined the
effects of TCDD exposure on serum thyroid hormone concentrations (Crofton et al., 2005; Seo et
al., 1995; Sewall et al., 1995), which are toxicologically irrelevant and should be excluded from
the analysis.

Response: EPA considers serum thyroid hormone levels to be toxicologically relevant, as
indicators of hormonal imbalance and potential thyroid toxicity. EPA does not require
the observation of overt clinical effects in this respect.

Comment: A commenter suggested that many of the animal studies, particularly developmental
studies, used dosing regimens that cannot be properly extrapolated to chronic exposures and,
thus, are inappropriate for derivation of a chronic RfD. The commenter noted that the weight of
evidence suggests that peak, rather than average, exposure level is most relevant to assessing the
effect of in utero and developmental exposure to TCDD on male rat reproductive system
parameters.

Response: EPA defines the RfD as a lifetime protection value that includes all exposures
and life stages, not just long-term exposure. If shorter-term exposures over a particular
critical window, such as in utero or early childhood, indicate greater susceptibility, the
short-term exposures must be considered during the development of an RfD and can be
the basis of an RfD. EPA has removed the word “Chronic” from the title of Section 4 in
the Reanalysis to avoid confusion. EPA did not distinguish between peak and average
exposure levels when evaluating male rat reproductive system effects because
administered doses were fairly level, unlike the exposure scenario evaluated for the
Seveso cohort.

Comment: A commenter noted that some of the health effects that are addressed in derivation of
an RfD are actually precancerous lesions (i.e., hypertrophy and hyperplasia), and as such, are
more appropriate for use in cancer risk assessment than for deriving a chronic RfD.

Response: Hypertrophy and hyperplasia are not always considered to be precancerous.
For the TCDD assessment, no POD is based solely on either of these effects.

Comment: One commenter noted that in developmental studies, the appropriate unit for
statistical analysis is the litter; many of the developmental studies considered by EPA, however,
incorrectly used the individual pup as the statistical unit for analysis (e.g., Shi et al., 2007; Hojo
et al., 2002; Markowski et al., 2001; Ohsako et al., 2001). The commenter suggested that data
from developmental studies that have been incorrectly evaluated using the individual pup should
not be used as the basis for derivation of an RfD. Alternatively, the original study data could be
reanalyzed using the litter as the statistical unit of analysis.
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Response: EPA guidance calls for a litter-based approach for dichotomous outcomes
when the data are reported on that basis. All the endpoints in the studies identified by the
commenter were continuous measures, to which the guidance does not apply. In
addition, all the data were presented only by aggregated exposure groups, so that a
litter-based analysis was not possible even if the responses could be dichotomized.

Comment: One commenter noted that some data are derived from guinea pigs, which are known
to be substantially more susceptible to the effects of TCDD treatment than humans. Because of
the extreme sensitivity, an uncertainty factor of 3 for animal-to-human extrapolation is
unfounded for these studies.

Response: There are few data to evaluate the relative sensitivities of guinea pigs and
humans to TCDD. As shown in Table 4-5, guinea pigs are not necessarily more sensitive
than other species. The use of a three-fold uncertainty factor for the toxicodynamic
component of interspecies uncertainty (UF,) is standard EPA practice when using
modeling the toxicokinetic extrapolation component (U.S. EPA, 1994).

Comment: One commenter suggested that several studies included in the analysis are limited by
the number of animals used (see Shi et al., 2007; Franc et al., 2001; Sewall et al., 1995) and that
the determination of a NOAEL and LOAEL based on the analyses as provided by the authors is
not appropriate for deriving a regulatory threshold value.

Response: EPA has indicated such limitations in the animal bioassay evaluations in
Table 4-6. While EPA considered these studies as possible POD candidates, the RfD is
based on human epidemiological studies, not on data derived from animal bioassays.

Comment: One commenter felt that the LOAELs in the Van Birgelen et al. (1995a; 1995b) and
Fattore et al. (2000) studies were incorrectly interpreted. The commenter noted that, in the Van
Birgelen et al. (1995a; 1995b) study, the LOAEL should be based only on changes in thymus
weight because other changes (i.e., liver retinoid levels) might only be adaptive responses and
cannot be considered toxic effects. The commenter also noted that the LOAEL for the Fattore
et al. (2000) study should be interpreted as a 1-pg/kg diet (2 pg/day for 13-week old female rats)
with a NOAEL of 0.2 pg/kg (0.3 ng/day for 13-week-old female rats) because of the
dose-dependent reduction in hepatic vitamin A, with significant reductions at TCDD diet
concentrations of 1, 2, and 20 pg/kg, but not at 0.2 ng/kg.

Response: EPA acknowledges that there are uncertainties in the selection of specific
effects in these studies but believes that it has appropriately interpreted these study
endpoints in its development of candidate RfDs. EPA does not consider depletion of
liver retinoid levels to be adaptive in the Van Birgelen et al. (1995a; 1995b) study.

Comment: Several commenters noted that EPA’s evaluation of noncancer risk ignored the NAS
peer-review conclusions that the evidence for dioxin exposure as a cause of reproductive and
hormonal abnormalities is not strong and that there is no convincing evidence of adverse,
noncancer effects as a result of dioxin exposure.

Response: In Sections 2 and 4 of the document, EPA identifies a number of additional
epidemiology and toxicology studies that support associations between TCDD exposures
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and noncancer effects. Several important studies in this group (e.g., Baccarelli et al.,
2008; Mocarelli et al., 2008; Bell et al., 2007; NTP, 2006) were published after the NAS
report was published.

Comment: Some commenters suggested that there is a significant amount of uncertainty in the
Mocarelli et al. (2008) study, given that the reported demographics of the control population
were different from those of the exposure groups, and the study authors had no information on
TCDD levels in the control group.

Response: The analysis in Mocarelli et al. (2008) was performed by grouped exposures
across all subjects. The lowest exposure group, being the reference group for the
analysis, included individuals from all exposure zones, not just the “control” population
(the non-ABR zone) mentioned by the commenter. TCDD serum levels were measured
in a subset of the non-ABR population as reported in Needham et al. (1997) and
Mocarelli et al. (1991). It is not clear how many, if any, of the individual exposures in
the lowest exposure group were assigned a generic value rather than a measured one.
Demographic differences among the individuals across all exposure groups were
identified and considered as covariates in the analysis by Mocarelli et al. (2008).

Comment: One commenter noted that neither Mocarelli et al. (2008) nor EPA has explained the
biological mechanism by which dioxin demonstrated negative effects on sperm concentration in
1- to 9-year-old boys and positive effects on sperm concentration in 10- to 17-year-old boys.
Commenters questioned the study’s assumption of 10 as a reasonable age for puberty in boys and
stated that 12—16 years is the average age at onset of puberty.

Response: EPA agrees with the commenter that the mechanism of toxic action for this
effect is not known. For the establishment of an RfD, EPA does not require the
establishment of a mechanism of toxic action. Neither the study authors nor EPA assume
10 years to be the age of puberty onset; it is simply the age that the study authors used to
divide their study population by magnitude of effect.

Comment: In the Baccarelli et al. (2008) and Mocarelli et al. (2008) studies, the populations of
interest were small, especially for the high-exposure group. This leads to questions about the
overall representativeness of the studies.

Response: Both studies refer to specific age groups, specifically newborn infants and
young children; therefore, the population is not a representative sample of the general
population, but of a potentially sensitive population. In part, because of the small sample
size, EPA used a factor of 3, rather than 1, for UFy to account for the possibility that all
sensitive individuals might not be represented.

Comment: One commenter felt that the lack of data on maternal iodine status in the Baccarelli
et al. (2008) study could affect the neonatal TSH data. The authors’ explanation that potential
iodine-related effects would affect all study groups evenly and would not impact the findings
was questionable.

Response: Baccarelli et al. (2008) discount iodine status in the population as a
confounder because exposed and referent populations all lived in a relatively small
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geographical area. That an iodine deficiency was present in one and not the other is
unlikely based on iodine levels in the soil.

Comment: One commenter stated that EPA used data that were not clinically significant and did
not demonstrate a dose-response relationship to derive an RfD. In determining the critical effect,
EPA had no information to verify that the persons with the potentially low values were
associated with higher exposures to TCDD.

Response: EPA does not require PODs used to derive RfDs to be based on effects that
have demonstrable clinical significance. EPA has expanded the discussion of the
potential significance of elevated neonatal TSH levels in the Reanalysis.

Comment: Several comments suggested that EPA did not acknowledge and address in an
appropriate weight-of-evidence evaluation several other credible studies for RfD development.
EPA excluded credible studies showing no adverse effect from dioxin, yet failed to address the
significant uncertainties associated with the studies used. The commenters felt that EPA should
use an approach that includes results from studies that report both positive and negative findings,
incorporates an appropriate dose range, and evaluates a biologically plausible endpoint.

Response: In response to this comment and others, EPA has added an analysis of the
qualitative and quantitative concordance of specific key effects across species in
Appendix D.3 as a supplement to the existing discussion of the critical effects in Sections
4.3 and 4.4.

Comment: Commenters noted that some of the animal studies used to support derivation of a
chronic RfD evaluate nonadverse endpoints, have not been specifically linked to adverse events,
were generally unsuitable, or were of questionable toxicological relevance. See Amin et al.
(2000), Cantoni et al. (1981), Fattore et al. (2000), Hojo et al. (2002), Hutt et al. (2008),
Kattainen et al. (2001), Keller et al. (2008a; 2008b; 2007), Li et al. (1997), Miettinen et al.
(2006), and Van Birgelen et al. (1995a; 1995b).

Response: See response to Charge Question 4.4.

Comment: A commenter noted that some of the studies cited in support of EPA’s derivation of
an RfD report findings that conflict with findings of other studies, thus indicating that the
associated responses to TCDD treatment have not been well-elucidated. The commenter also
added that the lack of agreement among studies regarding the evaluated responses following
TCDD treatment suggests that these endpoints likely are not sensitive indicators of
TCDD-mediated effects. Thus, they should not be used to support the derivation of an RfD.
(SeeAmin et al., 2000; Gray et al., 1995; Bjerke and Peterson, 1994; Mably et al., 1992.)

Response: EPA’s methods for developing RfDs do not require that all studies be positive
for a given effect and take into account conflicting information when deciding on a
critical effect. As mentioned previously in response to other comments, EPA has
expanded the discussion of qualitative and quantitative concordance of effects across
species and studies (Appendix D.3).
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Comment: Several commenters stated that the sperm quality endpoints used for risk assessment
were of questionable clinical relevance. EPA failed to present a valid analysis of variability of
effects in the control. The commenters felt that the critical effect should not be based on
“assumed” effects, but rather, on documented effects of clinical concern and that several
scientific and quantitative issues should be addressed regarding the underlying data used to
derive an RfD.

Response: EPA does not require PODs to be based on effects that have demonstrable
clinical significance (see response to SAB charge question 4.4). EPA has framed the
concern for the sperm quality endpoints in terms of shifts in the distributions of these
measures in the general population. Such shifts could result in decreased fertility in men
at the low end of these population distributions. In a new study, Mocarelli et al (2011)
report that elevated TCDD exposures during and after pregnancy (via breast-feeding) led
to similar sperm quality degradation. EPA has expanded the discussion in Section 4.3.4.2
regarding the significance of this endpoint.

Comment: Some commenters suggested that owing to limitations in control for confounding
variables, difficulty in translating exposure scenario to the general population, and relevance of
the main outcome measure, the results of the Baccarelli et al. (2008) study are suitable for
hypothesis generation but are not strong enough on their own for generation of an RfD. The
commenters additionally noted that neither Baccarelli et al. (2008) nor EPA presented any data
that shows increasing TSH levels in the population during the years when dioxin exposures were
high and decreasing levels in more recent years, specifically the past 20 years.

Response: Sections 4.4 and 4.5.1.2 describe and quantify the impacts of important
sources of uncertainty in this analysis. In response to the issue of historical infant TSH
levels against changing background exposures, EPA has added a discussion of the
Goodman et al. (2010) review of this issue in Section 4.3. EPA notes that the SAB
agreed with the choice of principal studies, including Baccarelli et al. (2008).

Comment: Several commenters suggested that EPA did not sufficiently address the
appropriateness of using the Seveso cohort as a basis to derive an RfD, given that the exposure
levels of those nearest the explosion far exceeded what is observed in the general population.
Nevertheless, at least one reviewer felt that EPA was justified in using the exposure estimates
provided by the study authors to quantify exposure for the dose response.

Response: In response to this comment and similar ones, EPA has, in addition to the
existing discussion of the Seveso exposure scenarios in Section 4, added a sensitivity
analysis in Section 4.5 that investigates in more detail the uncertainties in the exposure
modeling.

Comment: Several commenters felt that the exposures in Seveso also included substantial
exposure to other confounding chemicals that contribute to the overall TEQ, which was not
accounted for in the analysis. They suggested that TCDD comprised only a small fraction of the
total TEQ.
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Response: The released fluid mixture at Seveso reportedly contained TCDD, sodium
trichlorophenate, ethylene glycol, and sodium hydroxide (Mocarelli et al., 2000), but the
presence of other dioxin-like compounds was not reported. However, as part of a
sensitivity analysis, EPA has evaluated the impact of background DLC exposures for the
Seveso population. In Section 4.5.1, EPA analyzes TEQ estimates based on background
exposures to DLCs in the Baccarelli et al. (2008) and Mocarelli et al. (2008) studies. In
Section 4.5.2, EPA analyzes TEQ estimates based on background DLC exposures for
other studies of the Seveso cohort and has concluded that background DLC exposure is
relatively small compared to TCDD at the LOAEL POD.

Comment: One commenter noted that, the study by Baccarelli et al. (2008) provided a clear basis
for estimating a NOAEL for impacts on neonatal TSH levels. The identification of this robust
NOAEL, with substantial support from the weight of evidence from numerous other studies,
provides the basis for reduced uncertainty factors in the derivation of the RfD. The commenter
outlined an alternative method for deriving the RfD using the principal studies that EPA selected,
which included differences in calculating NOAEL/LOAEL values and applied UFs in Baccarelli
et al. (2008).

Response: The SAB has agreed with the approach that EPA has taken to derive the RfD
from this study. EPA could not define a NOAEL because it is not clear what maternal
intake should be assigned to the group below a TSH level of 5 pU/mL. In

Section 4.5.1.2, EPA quantifies the impact of sources of uncertainty in a sensitivity
analysis that examines the key elements encountered during the derivation of an RfD
from Baccarelli et al. (2008), including a potential NOAEL.

Comment: One commenter noted that in the regression analysis plots from Baccarelli et al.
(2008) (Figure 2), which EPA cites as the basis of the RfD derivation, if a benchmark of

10 pU/mL had been used rather than 5 pU/mL, the corresponding POD (in terms of a maternal
plasma TCDD concentration) would be >1,200 ppt, as compared with 270 ppt. The resulting
RfD would be about 5-fold higher. Ifa 10 pU/mL benchmark was applied to the Baccarelli et al.
(2008) regression analysis, there would be little basis for comparing exposures, because no data
points exceeded 10 pU/mL.

Response: In Section 4.5.1.2, EPA addresses this issue in a sensitivity analysis of the
Baccarelli et al. (2008) study. In this section, EPA estimates PODs based on alternative
increases in the neonatal TSH levels reported at different TCDD levels in Baccarelli et al.
(2008). The highest TSH level considered for defining an alternate LOAEL was the
highest one used by Baccarelli et al. (2008) in their regression model. The overall infant
cohort included a number of TSH levels above 10 pU/mL, but no maternal TCDD
concentrations were available for those infants. As it is impossible to determine what the
regression slope would be had those data points been included, EPA did not evaluate the
regression model beyond the highest TSH value in the modeled data set.

Comment: Several commenters suggested changing the uncertainty factors (UFs). One
commenter suggested that EPA should reduce the intrahuman uncertainty factor (UFy) from 3 to
1 as the critical effects observed in the co-principal studies were found in sensitive
subpopulations (children, neonates). Another commenter stated that EPA needs to address why
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it did not include a UF to account for the unique susceptibility and vulnerability of children and
why it chose to use a UF of 3 (instead of 10) to account for human interindividual variability.

Response: For human interindividual variability (UFy), EPA used a factor of 3 (10°)
because the effects were elicited in sensitive populations. A further reduction to 1 was
not made because the sample sizes were relatively small, which, combined with
uncertainty in exposure estimation, may not fully capture the range of interindividual
variability. In addition, chronic effect-levels are not well defined for humans and could
possibly be more sensitive. EPA has added text to Table 4-7 and believes that the
Report adequately describes the use of UFs.

In the EPA’s RfD methodology, there is not a separate UF to account for the unique
susceptibility and vulnerability of children. Such differences are accounted for as part
of UFH
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DISCLAIMER

This document summarizes the discussions presented at the Dioxin Workshop in
February 2009, in Cincinnati, OH, as documented by the Session Co-Chairs. This document is
not all inclusive or binding. Conclusions and recommendations to the U.S. EPA may not
represent full consensus. The views expressed in this document are those of the Dioxin
Workshop Panelists and do not necessarily reflect the views and policies of the U.S.
Environmental Protection Agency. Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.
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INTRODUCTION

This document provides a summary of the Scientific Workshop to Inform EPA’s
Response to National Academy of Science Comments on the Health Effects of Dioxin in EPA’s
2003 Dioxin Reassessment. The U.S. Environmental Protection Agency (U.S. EPA) and
Argonne National Laboratories (ANL), through an inter-Agency agreement with the U.S.
Department of Energy, convened this scientific workshop (“Dioxin Workshop”) on February
18-20, 2009, in Cincinnati, Ohio. The goals of the Dioxin Workshop were to identify and
address issues related to the dose-response assessment of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD). This report summarizes the discussions and conclusions from this workshop.
Previously, at the request of the U.S. EPA, the National Academy of Sciences (NAS) prepared a
report, Health Risks from Dioxin and Related Compounds: Evaluation of the EPA Reassessment
(NAS, 2006), which made a number of recommendations to improve the U.S. EPA’s risk
assessment for TCDD (U.S. EPA, 2003). The 3-day Dioxin Workshop was convened
specifically to ensure that the U.S. EPA’s response to the NAS recommendations focuses on the
key issues and reflects the most meaningful science.

The Dioxin Workshop included seven scientific sessions:

(1) Session 1:  Quantitative Dose-Response Modeling Issues

(2) Session 2:  Immunotoxicity

(3) Session 3A: Dose-Response for Neurotoxicity and Nonreproductive Endocrine Effects
(4) Session 3B: Dose-Response for Cardiovascular Toxicity and Hepatotoxicity

(5) Session 4A: Dose-Response for Cancer

(6) Session 4B: Dose-Response for Reproductive/Developmental Toxicity

(7) Session 5:  Quantitative Uncertainty Analysis of Dose-Response

During each session, the U.S. EPA asked a panel of expert scientists to:

e identify and discuss the technical challenges involved in addressing the key NAS
comments on the TCDD dose-response assessment in the U.S. EPA Reassessment
(U.S. EPA, 2003);

e discuss approaches for addressing the key NAS comments; and

¢ identify important published, independently peer-reviewed literature, particularly studies
describing epidemiologic and in vivo mammalian bioassays, which are expected to be
most useful for informing the U.S. EPA’s response.

The sessions were followed by open comment periods during which members of the
audience were invited to address the Panels. At the conclusion of the open comment periods, the
Panel Co-Chairs were asked to summarize and present the results of the panel discussions. The
summaries could include minority opinions stated by panelists. The main points derived from
the session summaries were used to prepare this document. Additionally, this document includes
a list of the session panelists and their affiliations and three appendices. Appendix A presents
the Dioxin Workshop Agenda. Appendix B identifies the charge questions presented to the
Panel. Appendix C describes draft study selection criteria proposed by the Dioxin Workshop
Team for consideration by the workshop panelists.
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SCIENTIFIC WORKSHOP TO INFORM THE TECHNICAL WORK PLAN FOR U.S.
EPA’S RESPONSE TO NAS COMMENTS ON THE HEALTH EFFECTS OF DIOXIN
PRESENTED IN U.S. EPA’S DIOXIN REASSESSMENT

Dioxin Workshop Co-Chairs: Peter W. Preuss and Glenn Rice

The Dioxin Workshop session summaries were prepared by the session panel Co-Chairs
with input from the panelists, as requested by the U.S. EPA prior to the workshop. The Co-
Chairs subsequently presented these summaries to all of the workshop participants during
designated periods at the workshop. In these summaries, the U.S. EPA asked that the Co-Chairs
summarize the key issues from the panel discussions. Because the sessions were not designed to
achieve consensus among the panelists, the summaries do not necessarily represent consensus
opinions; rather, they reflect the essence of the panel discussions. Some of the specific points
may represent the views of multiple panelists, while others only the views of a single panelist.
Prior to the summarizations, there were opportunities for public comments on the discussion
topics. Some Co-Chairs met with their sessions’ panelists after their sessions ended to develop
these summaries, while others developed reports based on their personal notes. Because Session
5 was the last session of the workshop—with little time provided to develop the summary—the
Co-Chairs circulated a draft for comment by the Session 5 panelists after the workshop, prior to
finalizing the session summary. The U.S. EPA collected the session summaries and then
prepared this document. A draft of this document was distributed to all of the session Co-Chairs
to provide them with a final opportunity to comment and make revisions. Finally, it should be
noted that U.S. EPA was not prescriptive to the session Co-Chairs with respect to the format of
the presentation materials and provided no specific instructions, resulting in unique formats
among the session summaries.

SESSION 1: QUANTITATIVE DOSE-RESPONSE MODELING ISSUES

This session discussed the general dose-response modeling issues related to TCDD.
Many of these issues were highlighted by NAS (2006). There was a general introductory
presentation on TCDD kinetics, including information and uncertainties pertaining to the
conversion of administered doses in animals to human body burden (BB) and additivity to
background issues. This presentation was followed by a Panel discussion on the state of the
science regarding dioxin dose-response modeling issues.

Session 1 Panelists (Session Co-Chairs are identified by asterisk)

Bruce Allen, Bruce Allen Consulting

Lesa Aylward, Summit Toxicology

Roger Cooke, Resources for the Future

Kenny Crump, Louisiana Tech University

Mike DeVito, U.S. EPA

Dale Hattis, Clark University

Rick Hertzberg, Biomath Consulting

Rob McDowell, U.S. Department of Agriculture

Jim Olson, State University of New York, University at Buffalo
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e *Lorenz Rhomberg, Gradient
e Woody Setzer, U.S. EPA
o *Jeff Swartout, U.S. EPA

Please note that the use of the term “concluded” or “recommended” in this summary does not mean that a consensus
was reached. Session Summaries were written from the material prepared by the non-EPA/ANL Co-Chair and
represent a synopsis of the panel discussions.

Key Study Selection Criteria

The Panel discussed the advantages and disadvantages of using key study criteria
(Appendix C). They concluded that a priori criteria foster transparency and consistency, and
could deflect a posteriori criticism. However, the Panel also acknowledged that having a priori
criteria could introduce the potential for excluding useful data. Although the key study criteria
provided by the U.S. EPA listed studies using TCDD only as a criterion, the Panel posed the
possibility of using closely related dioxin-like compounds (DLCs) as surrogates for TCDD. The
criterion for use of data from mammalian studies only was one criterion that received generalized
support due to the lack of extrapolation protocols for nonmammalian species. The Panel also
discussed the specific exposure-duration criterion and asked if there should be a preference for
longer-term rather than acute studies. The Panel made three suggestions to modify U.S. EPA’s
key study selection criteria:

(1) Define more relevant exposure-level (i.e., dose) cut points using tissue concentrations.
(2) Reword statistical criteria to include do-it-yourself analysis.
(3) Reword the response criteria to clarify “outside of normal range.”

Dose Metrics

The Panel discussed the relative merits of various measures of dose for modeling TCDD
dose response. One general conclusion was that tissue concentration (TC) is the preferred
metric, especially lipid-adjusted TC, because this measure more closely approximates exposures
close to the target tissue when compared to administered doses. However, the Panel
acknowledged that these data are often unavailable. They further noted that BB, which is
defined as the concentration of TCDD in the body (ng/kg body weight) (U.S. EPA, 2003), might
be useful as a surrogate for TC provided the two measures were proportional.

The Panel suggested that a linear approach to BB estimation, which was utilized by
U.S. EPA (2003), is too simplistic because this approach does not take into account toxicokinetic
issues related to TCDD—e.g., sequestration in the liver and fat, age-dependent elimination, and
changing elimination rates over time. The Panel recommended the use of kinetic/mechanistic
modeling to the extent possible to quantify tissue-based metrics.

The Panel raised the issue of whether the preferred dose metric would be different for
different endpoints and exposure durations. This led to the Panel’s comment that the peak
exposure might be a more important metric than average BB for variable exposure scenarios.
Given this discussion about different exposure durations being relevant to a specific endpoint,
the Panel suggested that the U.S. EPA also consider peak measures in dose-response modeling.
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The last point raised in this part of the discussion centered on the possibility of dose
errors in experimental studies. The Panel highlighted the need for the U.S. EPA to consider dose
error (i.e., uncertainty in the x-axis of the dose-response curve) when using dose surrogates.

Dose-Response Modeling of Mammalian Bioassays

The Panel considered several issues related to dose-response modeling of mammalian
bioassay data for TCDD: supralinearity and incomplete response data (“anchoring”), defining the
benchmark response (BMR) level with respect to establishing the point of departure (POD), and
the use of threshold modeling—as further explained below.

The Panel discussed the specific issues of supralinearity and anchoring raised by the
U.S. EPA with respect to modeling noncancer endpoints. The panel recognized that, for many of
the most sensitive endpoints, the response at the lowest dose is high (e.g., quantal responses
above 25% and continuous endpoints differ substantially from the mean, often implying 100%
incidence in the treated animals). This lack of response anchoring at the low end of the dose-
response curve (near the BMR) results in the higher responses determining the shape of the
curve.

The Panel asked whether new tools might be needed or whether the current tools could be
applied differently. In the context of developing new tools, the Panel emphasized the need for
collaboration between biologists and mathematicians. When discussing application, the Panel
suggested that the problem with supralinearity might be overcome by simply dropping the
requirement for using the lower bound on the Benchmark Dose. In addition, the Panel posed
several more approaches for further consideration in dose-response modeling by the U.S. EPA:

(1) Combine similar data sets to fill in data gaps.
(2) Use mechanistic approaches to model the data gaps.
(3) Dichotomize continuous data.

Finally, the Panel acknowledged that, in certain situations, there simply may not be enough
information to provide meaningful answers.

The Panel discussed the BMR level for establishing a POD in the context of deriving a
Reference Dose (RfD). The Panel generally agreed that, while the effective dose level (EDy;)
used in the 2003 Reassessment may be useful for comparative analysis across endpoints, the
EDy,; estimates developed for all endpoints considered in the Reassessment were not appropriate
for deriving an RfD because they were not based on the effect’s adversity. The panel noted that
EDy, also is much lower than typical EPA BMR levels. The Panel recommended that the U.S.
EPA work to define endpoint-specific BMRs based on the consideration of adversity. Given that
the same uncertainty factor framework is applied to all PODs, the Panel emphasized the need for
consistency in BMRs; numerical consistency is needed for quantal BMRs and consistency in the
choice of biological relevance should be applied for continuous BMRs.

The Panel generally discouraged threshold modeling by stating that thresholds are very
difficult to pin down and suggested that the lower bound may always be zero.



Dose-Response Modeling of Epidemiological Studies

The Panel noted that many studies have been published with measured concentrations of
TCDD that could be used for dose reconstruction. In this discussion, the Panel acknowledged
that use of these data would entail dealing with toxicity equivalence (TEQ) issues and
pharmacokinetic (PK) modeling. Pertaining to the use of these data for quantitative risk
assessment by the U.S. EPA, the Panel posed the question, “At what point does indirect or
confounded human data supersede controlled animal bioassay data?”, or alternatively, “How
much human data uncertainty can we tolerate?”” The Panel suggested, at the least, that the
epidemiologic data could be used to “ground-truth” the animal bioassay modeling results.

Supporting Information

The Panel acknowledged that Ah receptor (AhR) binding affinities are not necessarily
tied to endpoint sensitivity, but they reiterated the need to consider mechanistic modeling to aid
in developing appropriate dose metrics or filling in data gaps in the existing dose-response data.
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SESSION 2: IMMUNOTOXICITY

The U.S. EPA plans to consider development of a quantitative dose-response assessment
for the immunologic effects associated with TCDD exposure. Such an assessment would be
based on information in U.S. EPA (2003), NAS (2006) and key studies identified in this
workshop. The purpose of this session was to identify and discuss key issues pertaining to dose-
response assessment for dioxin-induced immunologic effects.

Session 2 Panelists (Session Co-Chairs are identified by asterisk)

Roger Cooke, Resources for the Future

Rob Goble, Clark University

*Belinda Hawkins, U.S. EPA

Nancy Kerkvliet, Oregon State University

Manolis Kogevinas, Centre for Research in Environmental Epidemiology
Robert Luebke, U.S. EPA

Paolo Mocarelli, University of Milan

*Allen Silverstone, State University of New York, Upstate Medical University
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Please note that the use of the term “concluded” or “recommended” in this summary does not mean that a consensus
was reached. Session Summaries were written from the material prepared by the non-EPA/ANL Co-Chair and
represent a synopsis of the panel discussions.

Key Study Selection Criteria

The Panel first addressed the Key Study Selection Criteria proposed by the U.S. EPA
(Appendix C). The Panel raised the issue that the key study criteria do not apply to most studies
designed to investigate immunotoxicity, including those used to calculate EDg;s (U.S. EPA,
2003). The Panel observed that most dioxin immunotoxicity studies are relatively high dose
(>200 ng/kg-d) acute studies and/or use parenteral rather than oral administration.

The Panel discussed several studies often considered important for assessing the
immunotoxic effects of TCDD exposure. The Oughton et al. (1995) mouse bioassay was
discussed and, although the study does meet the proposed criteria, it could not be considered a
key study; specifically, the Panel contended that since there were no functional alterations
observed or measured in this bioassay, the changes in cellular phenotypes are only “suggestive”
of immune alterations and cannot be regarded as having immunopathologic significance.

The Panel discussed two additional studies for further consideration by the U.S. EPA:

e Baccarelli et al. (2002). The Panel discussed this as a potentially key human
epidemiological study that should be reviewed and considered further by the U.S. EPA.
It measured the level of IgG, demonstrating a significant decline relative to dioxin body
burdens.

e Smialowicz et al. (2008). The Panel noted that this study identified the antibody response
to sheep red blood cells (SRBCs) as the critical effect, labeling this protocol as a
functional assay. The Panel stated that if modeled, the U.S. EPA could calculate the
BMR for this endpoint as 1 standard deviation from the control mean.
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SESSION 3A: DOSE-RESPONSE FOR NEUROTOXICITY AND NONREPRODUCTIVE
ENDOCRINE EFFECTS

The U.S. EPA plans to consider development of a quantitative dose-response assessment
for neurological and/or nonreproductive endocrine effects associated with TCDD exposure.
Such an assessment would be based on information in U.S. EPA (2003), NAS (2006) and key
studies identified in this workshop. The purpose of this session was to identify and discuss key
issues pertaining to dose-response assessment for dioxin-induced neurological and/or
nonreproductive endocrine effects.

Session 3A Panelists (Session Co-Chairs are identified by asterisk)

*Maryka Bhattacharyya, Argonne National Laboratory

Mike DeVito, U.S. EPA

Mary Gilbert, U.S. EPA

Rob Goble, Clark University

Nancy Kerkvliet, Oregon State University

Fumio Matsumura, University of California-Davis

Paolo Mocarelli, University of Milan

Chris Portier, National Institute of Environmental Health Sciences
Lorenz Rhomberg, Gradient

Allen Silverstone, State University of New York, Upstate Medical University
Marie Sweeney, National Institute of Occupational Safety and Health
*Bernie Weiss, University of Rochester

Please note that the use of the term “concluded” or “recommended” in this summary does not mean that a consensus
was reached. Session Summaries were written from the material prepared by the non-EPA/ANL Co-Chair and
represent a synopsis of the panel discussions.

What Are the Key Questions Regarding These Endpoints?

The Panel used the following question to initiate discussion: “Are there identifiable
indices of neurotoxicity and nonreproductive endocrine effects in animal studies and human
populations?” Under this discussion topic, the Panel discussed three endpoints: neurotoxicity
(with focus on developmental exposures), thyroid dysfunction (e.g., thyroid hormone deficits),
and diabetes. The Panel also addressed the relevance of windows of vulnerability to each


http://www.epa.gov/nceawww1/pdfs/dioxin/nas-review/�

endpoint. The Panel acknowledged that, in some cases, the window of exposure may precede the
window of expression of toxicity.

Epidemiological Study Selection
Developmental Neurotoxicity

The Panel recognized that an unusual feature for this endpoint is that there are sufficient
human data for dose-response modeling (e.g., Dutch children [Huisman et al., 1995; Patandin et
al., 1999] and U.S. children [Jacobson and Jacobson, 1996]) and there is an internal dose metric
(serum concentrations). Additionally, the Panel discussed recent studies that address this
endpoint in humans (from Japan [reference not provided] and Holland [e.g., Koopman-Esseboom
et al., 1996; Vreugdenhil et al., 2002]). For continued investigation into this endpoint, the Panel
raised two issues to the U.S. EPA:

e Conduct an evaluation of whether a modeled effect can be attributed to TCDD and not
some other persistent organic pollutant (POP), although the Panel recognized that it is
unlikely U.S. EPA will be able to distinguish among these exposures because other POPs
are intrinsic confounders in the Dutch study.

e Allow animal data to inform the dose-response modeling of epidemiological data.

Thyroid Dysfunction

The Panel identified the availability of human data for this endpoint (e.g., Calvert et al.,
1999; Koopman-Esseboom et al., 1994). Much of the thyroid dysfunction literature has been
published since the 2003 Reassessment (e.g., Wang et al., 2005; Baccarelli et al., 2008). The
Panel also noted the availability of an internal dose metric (serum concentrations). Additionally,
the Panel discussed the mechanistic studies in animals that link TCDD to thyroid dysfunction.
For continued investigation into this endpoint, the Panel raised three issues for the U.S. EPA to
consider:

e Consider the newly available human data since the Reassessment.

e Investigate and clarify of the role of TCDD-induced thyroid dysfunction in
developmental neurotoxicity.

e FEvaluate and determine whether an effect can be attributed to TCDD or other
contaminants.

Diabetes

The Panel discussed that data suggest that diabetes incidence in those under 55 years old
may be associated with exposure to PCBs. They acknowledged that whether this is a dioxin-like
compound (DLC) mediated effect or whether other POPs are responsible is still undetermined.
The Panel also acknowledged that no animal model exists for the investigation of xenobiotic-
induced diabetes, and that separating the injury dose level from the current body burdens would
depend on good pharmacokinetics in humans. For continued investigation into this endpoint, the
Panel listed two issues for the U.S. EPA to consider:

e Results from the Anniston study and the Great Lakes Fishermen study (references not
provided) should be examined for dose metrics (both studies examine human PCB
exposures).



e Changes of adipose tissue status need to be considered, given that dieting can cause
release of lipid-soluble contaminants.
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SESSION 3B: DOSE-RESPONSE FOR CARDIOVASCULAR TOXICITY AND
HEPATOTOXICITY

The U.S. EPA plans to consider development of a quantitative dose-response assessment
for cardiovascular and/or hepatic effects associated with TCDD exposure. Such an assessment
would be based on information in U.S. EPA (2003), NAS (2006) and key studies identified in
this workshop. The purpose of this session was to identify and discuss key issues pertaining to
dose-response assessment for dioxin-induced cardiovascular and/or hepatic effects.

Session 3B Panelists (Session Co-Chairs are identified by asterisk)

Bob Budinksy, Dow Chemical

Manolis Kogevinas, Centre for Research in Environmental Epidemiology
Rob McDowell, U.S. Department of Agriculture

Jim Olson, State University of New York, University at Buffalo

Marian Pavuk, Agency for Toxic Substances and Disease Registry

*Jeff Swartout, U.S. EPA

*Mary Walker, University of New Mexico

Nigel Walker, National Institute of Environmental Health Sciences

Please note that the use of the term “concluded” or “recommended” in this summary does not mean that a consensus
was reached. Session Summaries were written from the material prepared by the non-EPA/ANL Co-chair and
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Key Study Selection Criteria

The Panel initially focused on the draft key study selection criteria offered by the
U.S. EPA (Appendix C). The panel recommended that for cardiovascular effects, which are not
usually observed in rodents, the use of knockout mouse models (ApoE KO and LDLR KO) be
moved to the “primary” column because only these studies establish the cardiovascular toxicity
model in mice.

The panel also was concerned that the gavage procedure can increase mouse blood
pressure. Consequently, the panel recommended that gavage studies not be used for the blood
pressure endpoint (i.e., only dietary dosing studies should be considered).

Human Health Endpoints

In relation to the hepatic endpoint, the Panel acknowledged the large body of dose
response information on hepatic effects in rodents and that enzyme (mostly CYP1A1) induction
was a sensitive effect. However, the Panel cited the lack of linkage of CYP1A1 to downstream
events, which complicates the toxicological interpretation of this endpoint, and concluded that



the more important liver effects in rodents are probably on the “road to cancer.” The Panel noted
that hepatic effects were not seen in the epidemiological studies, but acknowledged that these
studies were not designed to detect them.

In relation to the cardiovascular endpoint, the Panel identified hypertension and ischemic
heart disease (IHD) as two key endpoints from the epidemiological studies. The Panel
recommended that the U.S. EPA perform a meta-analysis of these data. The Panel also
commented that recent animal studies support the observations linking TCDD exposure to IHD
and hypertension. In particular, the National Toxicology Program (NTP) study shows
inflammatory and structural effects on resistant vascular arterioles (NTP, 2006). Additional
evidence from the study suggests that the vascular effects may be CYP1A1l-dependent. The
Panel suggested that the NTP study data might be used as a surrogate for dose-response
modeling of hypertension and that such an approach would be supported by data on the role of
AhR in vascular function and remodeling.

POD Issues

The Panel was not supportive of 1% of maximal response (EDy;), which was utilized in
the 2003 Reassessment. The Panel concluded that the POD should depend on the specific
endpoint and recommended the following to the U.S. EPA:

e For continuous measures, base the BMR on difference from control. Consider the
adversity level—at what point does the endpoint become adverse?

e For incidence data, set the BMR to a fixed-risk level.

Supporting Information

The Panel posed several suggestions to the U.S. EPA for reducing uncertainty and
improving the knowledge base for TCDD toxicity.

e Use in vitro data to define uncertainties, such as the relative sensitivity between rodents
and humans and around the definition of a POD.

e Consider studies on dioxin-like compounds (DLCs).

e Use PK modeling to define the dose metric for hepatic effects.

e Use body burden or serum concentrations for cardiovascular endpoints.
Finally, the Panel recommended that U.S. EPA finish the reassessment quickly and establish a
definitive plan to review and incorporate new data as they become available.
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SESSION 4A: DOSE-RESPONSE FOR CANCER

The U.S. EPA plans to consider development of a quantitative dose-response assessment
for cancer associated with TCDD exposure. Such an assessment would be based on information
in U.S. EPA (2003), NAS (2006) and key studies identified in this workshop. The purpose of
this session was to identify and discuss key issues pertaining to dose-response assessment for
dioxin-induced cancer.
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Key Study Selection

The Panel discussed both human and rodent studies. In reviewing the epidemiological
data, the Panel agreed the EPA should focus on four cohort studies (Dutch cohort, NIOSH
cohort, BASF accident cohort, and Hamburg cohort) and pointed out that there are numerous
updates and reevaluations of data now in the literature and others will be published soon. The
Panel stated that it is appropriate for the U.S. EPA to consider the increase in total cancers for
modeling human cancer data, however, Non-Hodgkin's lymphoma, and lung tumors are the main
TCDD-related cancer types seen in humans exposed to TCDD. The Panel suggested the U.S.
EPA focus the quantitative dose-response modeling on the human data.
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In reviewing the rat data, the Panel identified four new NTP rodent cancer bioassays with
liver and lungs as the main target organs. However, they suggested that dose-response modeling
efforts should model ““all cancers” from these NTP data sets as well and use tumor incidence—
not individual rats as measures.

Key Study Selection Criteria

The Panel discussed whether data for TCDD only should be used or if PCB126 could be
used to develop a dose-response curve. From this discussion, the Panel reached a general
agreement that limiting the dose-response modeling and cancer assessment to TCDD only would
be the best approach.

Regarding the oral dosing regimens, the Panel discussed the differences in results from
different bioassays. They concluded that there were insufficient data to pick between oral feed
(Kociba et al., 1978) and oral gavage (NTP, 2006) studies, but stated “If all aspects of studies
were equal, an oral feed study is preferred.” However, given that current data sets are not equal,
they agreed that U.S. EPA should consider both feed and gavage studies.

The Panel put forth the recommendation that studies that include initiation-promotion
model data and TgAC transgenic model data from oral exposure studies should be excluded from
the primary category in the key study selection criteria (Appendix C lists the draft study selection
criteria distributed prior to the meeting). Studies from both classifications should be moved to
the second tier.

The Panel was also unsupportive of the “response magnitude outside the range of normal
variability” criterion, as they did not believe it was applicable to a cancer endpoint.

Critical Endpoints to Consider

The Panel recognized that the MOA for TCDD includes cell growth/differentiation
dysregulation, that different endpoints (tumor types) across species may be expected, and that
there are differences in tumor sites across species. The Panel further acknowledged that there is
insufficient information to determine if rodent tumor types observed are relevant to humans.
Thus, the Panel suggests the following:

e U.S. EPA should consider all the observed cancer endpoints in its evaluation.

Nonlinear (aka threshold) Versus Linear Dose-Response Modeling

The Panel agreed that NTP bioassays appear to demonstrate nonlinear dose response, but
they expressed concern about using animal data to infer slope and dose response for humans.
The Panel pointed out that there are differences in slopes across different bioassays, and
specifically, that some appear linear while others appear nonlinear. Given the observation of
both nonlinear vs. linear, the Panel concluded that neither could be ruled out for extrapolation
below the POD simply based on the available data. One panelist noted that U.S. EPA Cancer
Guidelines (U.S. EPA, 2005) state that only if one can demonstrate that the MOA has a threshold
dose-response shape, and can exclude all other potential linear MOAs, can one use a nonlinear
model. Lastly, the Panel noted that there are data and rationales to support use of both linear and



nonlinear response below POD. From this discussion, the Panel raised one possibility to the U.S.
EPA:

¢ Both linear and nonlinear model functions should be considered in the dose-response
analysis.

Dose Metrics

In considering human data, the Panel expressed a preference for lipid-adjusted serum
levels over body burden (BB), and they expressed concerns over the assumptions used in the
back calculation of the BB in the epidemiologic cohorts. In considering the rat data, the Panel
supported the use of BB—especially lipid-adjusted BB. The Panel, however, did express
concern over the sequestering of TCDD in liver and then the use of liver levels in BB
calculations.

Supporting Information—Biologically-Based Dose-Response (BBDR) Models and MOA

The Panel discussed BBDR. Though once considered an attractive proposition, BBDR
models may mask uncertainty within the models, necessitating them to be used with greater
caution. The Panel suggested two issues for the U.S. EPA to consider:

e Ifthere is a published model, use it if it is valid—do not generate a new model.
e Focus on the actual experimental data to drive the analysis.

References

Kociba, R.J., D.G. Keyes, J.E. Beyer et al. 1978. Results of a two-year chronic toxicity and
oncogenicity study of 2,3,7,8-tetrachlorodibenzo-p-dioxin in rats. Toxicol. Appl. Pharmacol.
46:279-303.

NAS (National Academy of Sciences). 2006. Health Risks from Dioxin and Related
Compounds: Evaluation of the EPA Reassessment. National Academies Press, Washington, DC
(July). Available at http://www.nap.edu/catalog.php?record id=11688.

NTP (National Toxicology Program). 2006. Toxicology and Carcinogenesis Studies of
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) (CAS No. 1746-01-6) in Female Harlan Sprague-
Dawley Rats (Gavage Studies). U.S. Department of Health and Human Services. NTP TR 521.
Research Triangle Park, NC (April).

U.S. EPA (U.S. Environmental Protection Agency). 2003. Exposure and Human Health
Reassessment of 2,3,7,8-Tetrachlorodibenzo-p-Dioxin (TCDD) and Related Compounds. NAS
Review Draft (EPA/600/P-00/001Cb). U.S. Environmental Protection Agency, National Center
for Environmental Assessment, Washington, DC. Available at
http://www.epa.gov/nceawww 1 /pdfs/dioxin/nas-review/.

U.S. EPA (U.S. Environmental Protection Agency). 2005. Guidelines for Carcinogen Risk
Assessment. U.S. Environmental Protection Agency Risk Assessment Forum.
EPA/630/P-03/001F.


http://www.nap.edu/catalog.php?record_id=11688�
http://www.epa.gov/nceawww1/pdfs/dioxin/nas-review/�

SESSION 4B: DOSE-RESPONSE FOR REPRODUCTIVE/DEVELOPMENTAL
TOXICITY

The U.S. EPA plans to consider development of a quantitative dose-response assessment
for reproductive and developmental effects associated with TCDD exposure. Such an
assessment would be based on information in U.S. EPA (2003), NAS (2006) and key studies
identified in this workshop. The purpose of this session was to identify and discuss key issues
pertaining to dose-response assessment for dioxin-induced reproductive and developmental
effects.
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A Major Question Posed During this Workshop Session was “Are Human Embryos and
Infants Less Sensitive to Dioxin Exposures Than Some Experimental Animals?”

The Panel recognized that animal data show a wide range of species sensitivity to dioxin
for a given developmental or reproductive endpoint. Presently, there are data for some endpoints
that show that human sensitivity is comparable to experimental animals (e.g., semen quality),
and for other endpoints the data demonstrate that humans are insensitive compared to other
species (e.g., cleft palate). Lastly, the Panel recognized that there are some endpoints for which
relative human sensitivity remains uncertain.

Key Study Selection

The Panel reviewed the charge questions (Appendix B), discussed them, and listed two
issues for the U.S. EPA to consider:

e Concerning key study determination, use a stepwise approach that is dependent upon the
information available and needed to address the question.



e Concerning the key studies informing the POD and the POD endpoint choice, use the
POD to depart from what is certain and use a high-confidence study that has found
effects at a low enough level at which other effects are protected.

The Panel also developed Table 1, based on the information presented in this session. Table 1
identifies specific reproductive and developmental effects of concern, listing whether an effect
has been observed in test animals and epidemiologic cohorts. It also identifies the ED
estimated by the U.S. EPA (2003) for health effects observed in rodent bioassays. Ifthe U.S.
EPA did not report an ED for an effect, the table identifies a study where the effect was
reported and the lowest study dose where the effect was observed. Table 1 also identifies the
epidemiologic cohort where the specific reproductive and developmental effects were observed.

Epidemiological Study Utility
The Panel reviewed the charge questions (Appendix B), discussed them, and made two
suggestions to the U.S. EPA:

e Concerning the ability of epidemiological studies to inform critical effects, start with
concordance across species (including humans) for the spectrum of effects.

e Concerning the ability of epidemiological studies to inform dose-response modeling, start
with the epidemiology and then go to animal data if the dose response has not been well
characterized for an endpoint of interest and compare to animal data as a reality check.

Animal Model Utility

The Panel reviewed and discussed the charge questions (Appendix B). Table 1, which
identifies the effects that occur in animals and also have relevance to humans, summarizes much
of this discussion. Regarding the influence of mode of action (MOA) on animal model choice,
the Panel concluded that by evaluating concordance among health effects reported in
epidemiologic and animal bioassay data, the U.S. EPA could identify a set of plausible
reproductive and developmental effects to consider. Actual animal and human MOA
information is helpful in that it creates comfort with the animal models and in defining the
boundaries of possible effects.



TABLE 1

Reproductive/Developmental Effects of Concern for Human Health

. Rodent
Endpoint Human Notes
P (EDyo ng/kg-d)
Sperm Count/Motility Yes (6.2—28; Yes ED,, bases Mabley et al. (1992a,b) caudal
66—200) sperm count and daily sperm production

range from 6.2-28; Gray et al. (1997)
epididymal sperm count and total testis sperm
counts range from 66—200.

Sex Ratio No Yes, Seveso

Delayed Puberty Males Yes (94) Yu-cheng ED, basis rat male puberty delay Gray et al.
(1997). Need to qualify epidemiology data
because of cohort PCDD/PCDFs exposures.

Delayed Puberty in Females | Yes No in Seveso Gray and Ostby (2002) report delayed

puberty in female offspring of pregnant rats
receiving a single dose of 1 ug TCDD/kg on
GD 15.

Cleft Palate Yes (6300—6400) No ED |, basis Birnbaum et al. (1989).
Premature Senescence Yes No, Seveso Franczak et al. (20006) report that rats
prematurely entered reproductive senescence,
after receiving cumulative TCDD doses as
low as 1.7 pg TCDD/kg. They considered
first occurrence of prolonged interestrous
interval (>6 d) as evidence of onset of
reproductive senescence.
Hormones E2 Yes Yes, Males—  [Li et al. (1995) report serum estradiol-17f
Seveso (E2) concentrations induced by equine
Chorionic Gonadotropin injection were
significantly elevated in female rats orally
administered 10 ug/kg TCDD on PND 22.
While E2 decreased dramatically in control
animals during the preovulatory LH surge, it
did not in TCDD-treated rats.
Low Birth Weight Yes (190) Suggestive ED, basis Gray et al. (1997).
effect in Seveso
in first 8 years
after exposure
Reproductive Cycling Yes Yes, Seveso Franczak et al. (2006) report loss of normal
(prolongation) Prepubertal cyclicity in female rats at 8 months of age
exposure following a cumulative dose of 1.7 pg

TCDD/kg.




Supporting Information
The Panel reviewed the charge questions (Appendix B), discussed them, and made two
suggestions to the U.S. EPA:

e (Concerning deviation from default approaches for noncancer endpoints, there needs to be
a careful assessment of the POD and the application of uncertainty factors in light of
PK/pharmacodynamics (PD), population characteristics and variability, and MOA
information.

e Concerning the MOA’s ability to clarify endpoint and the incorporation of a cascade of
cellular event into dose-response for noncancer endpoint, any study that helps inform the
dose response should be considered—including studies not specific to dioxins.
Complicated mechanistic models need not be developed. Standard dose-response models
can be applied. One can look at the cascade of events in a stepwise, simple way.

References

Birnbaum, L.S., M.W. Harris, L.M. Stocking et al. 1989. Retinoic acid and 2,3,7,8-
tetrachlorodibenzo-p-dioxin selectively enhance teratogenesis in C57BL/6N mice. Toxicol.
Appl. Pharmacol. 98:487-500.

Franczak, A., A. Nynca, K.E. Valdez, K.M. Mizinga and B.K. Petroff. 2006. Effects of acute
and chronic exposure to the aryl hydrocarbon receptor agonist 2,3,7,8-tetrachlorodibenzo-

p-dioxin on the transition to reproductive senescence in female Sprague-Dawley rats. Biol.
Reprod. 74:125-130.

Gray, L.E. and J.S. Ostby. 2002. In utero 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) alters
reproductive morphology and function in female rat offspring. Toxicol. Appl. Pharmacol.
133(2):285-294.

Gray, L.E., J.S. Ostby and W.R. Kelce. 1997. A dose-response analysis of the reproductive
effects of a single gestational dose of 2,3,7,8-tetrachlorodibenzo-p-dioxin in male Long Evans
Hooded rat offspring. Toxicol. Appl. Pharmacol. 146:11-20.

Li, X., D.C. Johnson and K.K. Rozman. 1995. Reproductive effects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) in female rats: ovulation, hormonal regulation, and possible
mechanism(s). Toxicol. Appl. Pharmacol. 133:321-327.

Mably, T.A., D.L. Bjerke, R.-W. Moore et al. 1992a. In utero and lactational exposure of male
rats to 2,3,7,8-tetrachlorodibenzo-p-dioxin. 3. Effects on spermatogenesis and reproductive
capability. Toxicol. Appl. Pharmacol. 114:118-126.

Mably, T.A., R.W. Moore, R.-W. Goy et al. 1992b. In utero and lactational exposure of male
rats to 2,3,7,8-tetrachlorodibenzo-p-dioxin. 2. Effects on sexual behavior and the regulation of
luteinizing hormone secretion in adulthood. Toxicol. Appl. Pharmacol. 114:108-117.



NAS (National Academy of Sciences). 2006. Health Risks from Dioxin and Related
Compounds: Evaluation of the EPA Reassessment. National Academies Press, Washington, DC
(July). Available at http://www.nap.edu/catalog.php?record id=11688.

U.S. EPA (U.S. Environmental Protection Agency). 2003. Exposure and Human Health
Reassessment of 2,3,7,8-Tetrachlorodibenzo-p-Dioxin (TCDD) and Related Compounds. NAS
Review Draft (EPA/600/P-00/001Cb). U.S. Environmental Protection Agency, National Center
for Environmental Assessment, Washington, DC. Available at
http://www.epa.gov/nceawww 1 /pdfs/dioxin/nas-review/.

SESSION 5: QUANTITATIVE UNCERTAINTY ANALYSIS OF DOSE-RESPONSE

This session addressed the uncertainty analysis to be considered for the dose-response
assessments. The session opened with a presentation on current estimates of dioxin exposure
levels. Then it focused on the factors to include in the scope of an uncertainty analysis including
dioxin kinetics.
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The Panel summarized the NAS comments regarding uncertainty. Areas for improvement
include:

e Ensure “transparency, thoroughness, and clarity in quantitative uncertainty analysis.”

e Describe and define (quantitatively to the extent possible) the variability and uncertainty
for key assumptions used for each key endpoint-specific risk assessment, including
choices of data set, point of departure, dose-response model, and dose metric.

e Incorporate probabilistic models to represent the range of plausible values.
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e Assess goodness-of-fit of dose-response models.
e Provide upper and lower bounds on central tendency estimates for all statistical estimates.

e When quantification is not possible, clearly state it, and explain what would be required
to achieve quantification.

Identification of Important Uncertainties
The Panel reviewed the charge questions (Appendix B), discussed them, and listed eight
issues for consideration by the U.S. EPA:

e Concerning species and strain differences in the U.S. EPA’s Response to NAS, current
U.S. EPA procedures do not take this into account when selecting one data set for risk
assessment. Issues include “Where are humans in the distribution of potencies that can
be generated? How likely is it that human response is similar to the selected data? Can
we infer inter-individual variability from these differences?”

e Concerning the use of animal data for cross species extrapolation to humans (PK and PD
uncertainties), issues to consider include differences in distribution and responses
following bolus doses from those of subchronic and chronic protocols; uncertainty in
liver doses due to sequestration; differences in receptor binding affinity among
congeners; and age factors (e.g., assumption of a lifetime constant daily dose for a cancer
extrapolation).

e Concerning the description of AhR response, biochemical changes occur at lower doses
than toxicological changes. There should be an effort to identify the biochemical changes
that would mark Ah receptor binding to inform the BMR, and, thus, prevent toxicity.

e Concerning model uncertainty, the mathematical model choice depends on endpoint.
There should be an effort towards determining what is the most sensitive endpoint(s) for
humans and conducting animal studies to model that endpoint(s).

e Concerning exposure and dose response in human studies, ensure enough similarity to
current human exposure profiles (mixture composition) so that a dose-response
assessment can be done. Incorporate new epidemiological studies. Evaluate
concordance with animal data and consistency across studies. Panel-acknowledged
uncertainties include exposure estimates from person to person, shape of human dose-
response curve, healthy worker effect, and age dependence.

e Concerning POD determination, uncertainty factors are inherently mathematically
inconsistent and that should be conveyed in the discussion of uncertainties when
interpreting the POD.

e Concerning dose metric, tissue concentration is preferred. It should be evaluated against
a background of variability in AhR-binding expression. There is uncertainty in what
level of binding should be considered, in different cell types, tissues, life stage
(development). The relationship between dose metric and causation of adverse effects
should be examined.

B-21



Low-Dose Extrapolation

The Panel reviewed the charge questions and discussed them (Appendix B). The Panel
concluded that curve-fitting uncertainty (for a given dataset, dose metric, and model) can be
characterized and is useful, but, by itself, it is an incomplete characterization of uncertainty. The
Panel acknowledged the difficulty of fully characterizing uncertainty, especially quantitatively.
Some panelists argued that the problem is insurmountable and that no meaningful uncertainty
analysis is likely to be performable. Other panelists contended that, the difficulties
notwithstanding, “good-faith” efforts to do something practical and forthright to characterize
uncertainty in low-dose extrapolation would be useful and important. The Panel clarified “good
faith” as meaning a characterization that is useful and not misleading to decision makers and is
inclusive of approaches that have meaningful support in the scientific community as a whole.
Being in “good faith” is more important than being complete (i.e., addressing every uncertain
element), especially since completeness is not a realistic goal. From this discussion, the Panel
listed four issues for consideration by the U.S. EPA:

e Review alternative data sets, dose metrics, and models to see where consequential
uncertainties and impacts on low-dose implications arise.

e (Consider the impacts of choices among plausible alternative data sets, dose metrics,
models, and other more qualitative choices—issues include how much difference the
choices make and also how much relative credence should be put to each alternative as a
way of gauging and describing the landscape of imperfect knowledge
regarding possibilities for the true dose-response.

= Hard to do quantitatively, since the factors are not readily expressed as statistical
distributions, but can describe the rationale for believing/doubting each alternative in
terms of available supporting evidence, contrary evidence, and needed assumptions.

= Expert judgment methods may be helpful in characterizing the relative weights of
scientific credibility among alternatives. The expert judgment process, when
conducted systematically, can be thought of as adding data to the assessment of
credibility of alternatives, rather than as just an opinion poll.

» Information on plausibility of alternative low-dose extrapolation approaches can
come from external considerations of mode of action, and not just from statistical
success at fitting particular (high-dose) data sets.

e (Characterizing uncertainty through a variety of approaches could be tried, and their
relative merits and shortcomings discussed, as a way forward.

e Consider the sources of potential error, particularly in epidemiological data (e.g., TEF
uncertainty and variation in congener mixtures) and if possible quantify their impact on
the dose-response assessment.

Considerations for Conducting Uncertainty Analysis

Overall, the Panel was split on whether U.S. EPA should do quantitative uncertainty
analyses. The Panel noted that if done on only some of the uncertainties, then results would be
misleading and could be misused. Ultimately, the Panel listed seven issues for consideration by
the U.S. EPA:
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e The Panel recapped what some consider as being the first integrated risk assessment, with
structured expert judgment and uncertainty analysis, i.e., the Rasmussen Report
(WASH-1400; U.S. Nuclear Regulatory Commission, 1975). In their discussion of the
report, the Panel noted that in addition to standard event tree/fault tree modeling, this
report also tackled difficult model uncertainty issues involved in accident progression,
dispersion of released pollutants in the atmosphere, environmental transport, exposure,
health, and economic impacts. And though the Panel also recognized that this method
was no longer state-of-the-art, the Panel contended that it represents a good example of a
structured approach and methodology that could be built upon.

e The Panel also discussed TEQs used in epidemiological studies, based on intake, and
recognized that the key uncertainty in what was measured was not just intake but also
involved PK/PD issues. The Panel acknowledged that the TEQ system is regularly used
on a concentration basis, but they expressed concern that the qualification becomes lost.
TEQs ignore pharmacokinetics and the common practice of rounding to orders of
magnitude introduces more error.

e Structure the risk assessment along MOA steps—identify key biochemical measures
(~5—10) common across toxic endpoints and identify the degree of meaningful change in
effect or effect variance. Make a table with all options for data set, model, etc.; make
best estimates/choices and determine which of these choices matter the most to the
answer.

e Use expert panels—expert judgment can be collected scientifically (procedures are
published). But there are known biases; central tendency estimates work much better
than extremes.

e Use supporting studies to fill in critical data gaps—Info filling methods do exist (e.g., PK
modeling). Put short-term studies into the “supporting info” category (unless, of course,
the risk assessment is for acute exposures, such as chemical spills).

e Be creative in the analysis of uncertainty. Intermediate steps between AhR binding and
the end processes can be hypothesized based on data, experiences, and analogies related
to other chemicals.

e The 2003 Reassessment presented potency estimates on wide variety of
endpoints/models; needed to be more transparent in that discussion. Statistical graphics
can be used to convey uncertainties.
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APPENDIX A: 2009 U.S. EPA DIOXIN WORKSHOP AGENDA

SCIENTIFIC WORKSHOP
TO INFORM THE TECHNICAL WORK PLAN FOR U.S. EPA’S RESPONSE TO
NAS COMMENTS ON THE HEALTH EFFECTS OF DIOXIN
PRESENTED IN U.S. EPA’S DIOXIN REASSESSMENT

Cincinnati, OH

Date: February 18—20, 2009

BACKGROUND/WORKSHOP OBJECTIVE

At the request of the U.S. Environmental Protection Agency (U.S. EPA), the National
Academy of Sciences (NAS) prepared a report, Health Risks from Dioxin and Related
Compounds. Evaluation of the EPA Reassessment (NAS, 2006), that made a number of
recommendations to improve the U.S. EPA’s risk assessment for 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD). In response, the U.S. EPA will prepare a technical report that addresses key
comments on the dose-response assessment for TCDD. The U.S. EPA intends to develop its
response through a transparent process that provides multiple opportunities for input.

To assist in this effort, a Workshop will be held to inform the U.S. EPA’s evaluation of
the NAS recommendations. The Workshop will be open to the public. At the Workshop, the
U.S. EPA will solicit input from expert scientists and the public.

The goal of the Workshop is to ensure that the U.S. EPA’s response to the NAS
comments focuses on the key issues and reflects the most meaningful science. The three main
objectives of the Workshop are to (1) identify and discuss the technical challenges involved in
addressing the NAS key comments on the TCDD dose-response assessment in the U.S. EPA
Reassessment (U.S. EPA, 2003), (2) discuss approaches for addressing these comments, and
(3) identify key published, independently peer-reviewed literature, particularly studies describing
epidemiologic and in vivo mammalian bioassays, which are expected to be most useful for
informing the U.S. EPA response.

Workshop participants will be encouraged to think broadly about the body of scientific
information that can be used to inform the U.S. EPA’s response and to participate in open
dialogue regarding ways in which the science can best be used to address the key dose-response
issues. This Workshop is similar to scientific workshops being conducted under the new review
process for the National Ambient Air Quality Standards (NAAQS)' that assess health-related
information for criteria pollutants.

! Please see http://www.epa.gov/ttn/naaqs/ for more information on the new NAAQS review process.
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The Workshop discussions are expected to build upon two prior publications:

1. Exposure and Human Health Reassessment of 2,3,7,8-Tetrachlorodibenzo-p-Dioxin
(TCDD) and Related Compounds (U.S. EPA, 2003). This external review draft
provides a comprehensive reassessment of dioxin exposure and human health effects.
This “dioxin reassessment” was submitted in October 2004 to the National Academy
of Sciences (NAS) for review.

2. Health Risks from Dioxin and Related Compounds: Evaluation of the EPA
Reassessment (NAS, 2006).

Workshop participants are encouraged to review both of these documents and other
relevant materials (e.g., the National Toxicology Program report on TCDD [NTP, 2006]) before
the meeting because they provide important insights into the key questions and challenges.
There are a number of open comment periods that are intended to facilitate a broad discussion of
the issues.

Scientists with significant expertise and experience relevant to the health effects of
TCDD or dioxin-like compounds and associated topics will be asked to serve on “expert panels”
for discussions throughout the Workshop. Workshop panelists will include a wide range of
experts representing many scientific areas needed to assess TCDD dose-response (e.g.,
epidemiology, human and animal toxicology, nuclear receptor biology, dose-response modeling,
risk assessment, and uncertainty analysis). The Workshop panelists will be asked to highlight
significant and emerging research and to make recommendations to the U.S. EPA regarding the
design and scope of the technical response to NAS comments on the dose-response analysis for
TCDD—including, but not limited to, recommendations for evaluating associated uncertainty.
Open comment periods will follow each panel discussion session. Public participation will be
encouraged by way of these designated open comment periods and, also, by participation in the
scientific poster session planned for the second evening (February 19).

U.S. EPA will use the input received during this Workshop as the foundation for its
development of a technical work plan for responding to the NAS comments on the TCDD dose-
response analysis. The work plan will outline the schedule, process, and approaches for
evaluating the relevant scientific information and addressing the key issues. The work plan also
will identify the key literature to be utilized in U.S. EPA’s response.

As a follow-on activity to this Workshop, a panel is being established under the Federal
Advisory Committee Act (FACA) to guide and review the U.S. EPA’s response to NAS
comments. The FACA panel will be asked to conduct a consultation with the Agency on the
draft technical work plan. At the same time, the public will also have the opportunity to provide
comments to the FACA panel on the work plan. The final technical work plan will guide the
development of the technical report that will constitute the U.S. EPA’s response to NAS
comments. During the development of this response, the U.S. EPA will seek advice from the
FACA panel and the public several times. Finally, the FACA panel will be asked to review the
technical report in a public forum.

The preliminary Agenda presented on the following pages may be revised prior to the
Workshop following review by the session Co-Chairs; the dates and general timing of the
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sessions, however, will not change. A final Agenda and a set of charge questions, intended to
provide general direction for the Workshop discussions, will be posted on the Workshop Internet
site (http://cfpub.epa.gov/ncea/ctm/recordisplay.cfm?deid=199923) prior to the meeting.

A poster session will be held on the evening of the second day (February 19). The
purpose of this poster session is to provide a forum for scientists to present recent studies
relevant to TCDD dose-response assessment and to encourage open discussion about these
presentations.
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WORKSHOP AGENDA

8:00-9:00
9:00-9:30

9:30-9:45

9:45-2:45

9:45-10:10

10:10-10:35

10:35-11:30
11:30-1:00
1:00-2:00

2:00-2:45

2:45-3:05

3:05-5:15
3:05-3:15
3:15-4:45

4:45-5:15

Registration
Welcome/Purpose of Meeting/Document Development Process

Panel Comments/Questions on Charge

Session 1: Quantitative Dose-Response Modeling Issues
(Hall of Mirrors)

Background/Introductory Remarks

TCDD Kinetics: Converting Administered Doses in Animals to
Human Body Burdens

Presenter: Michael Devito

Panel Discussion

Lunch

Panel Discussion cont.

Open Comment Period

Break

Session 2: Immunotoxicity (Hall of Mirrors)

Background/Introductory Remarks
Panel Discussion

Open Comment Period
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8:00-8:30
8:00-8:15

8:15-8:30

8:30-11:30

8:30-11:30

8:30-8:45
8:45-11:00

11:00-11:30

8:30-11:30

8:30-8:45

8:45-11:00

11:00-11:30
11:30-1:00

1:00-2:00

Day 2

Report-Outs for Sessions 1 and 2 (Hall of Mirrors)

Report-Out for 1: Quantitative Dose-Response Modeling Issues

Report-Out for 2: Immunotoxicity

Sessions 3A and 3B (concurrent sessions)

Session 3A: Dose-Response for Neurotoxicity and
Nonreproductive Endocrine Effects (Hall of Mirrors)

Background/Introductory Remarks
Panel Discussion

Open Comment Period

Session 3B: Dose-Response for Cardiovascular Toxicity and
Hepatotoxicity (Rookwood Room)

Background/Introductory Remarks
Panel Discussion

Open Comment Period
Lunch

Report-Outs for Sessions 3A and 3B (Hall of Mirrors)

The structure of the session report-outs will include the following:

*= Summary of session presentation including minority opinion
= Public comments

= Discussion

1:00-1:15

1:15-1:30

Report-Out for 3A: Dose-Response for Neurotoxicity and
Nonreproductive Endocrine Effects

Open Comment Period
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1:30-1:45

1:45-2:00

2:00-5:15

2:00-5:15
2:00-2:15
2:15-4:45

4:45-5:15

2:00-5:15

2:00-2:15
2:154:45

4:45-5:15

6:45-8:15

8:30-9:30
8:30-8:45
8:45-9:00

9:00-9:15

9:15-9:30

Report-Out for 3B: Dose-Response for Cardiovascular Toxicity and
Hepatotoxicity

Open Comment Period

Sessions 4A and 4B (concurrent sessions)

Session 4A: Dose-Response for Cancer (Hall of Mirrors)

Background/Introductory Remarks
Panel Discussion

Open Comment Period

Session 4B: Dose-Response for
Reproductive/Developmental Toxicity (Rookwood Room)

Background/Introductory Remarks
Panel Discussion

Open Comment Period

Poster Session (Rosewood Room)

Day 3

Report-Outs for Sessions 4A and 4B (Hall of Mirrors)

Report-Out for 4A: Dose-Response for Cancer
Open Comment Period

Report-Out for 4B: Dose-Response for Reproductive/Developmental
Toxicity

Open Comment Period
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9:30-3:30 Session 5: Quantitative Uncertainty Analysis of Dose-
Response (Hall of Mirrors)

9:30-9:40 Background/Introductory Remarks
9:40-10:10 Evidence of a Decline in Background Dioxin Exposures in Americans

Between the 1990s and 2000s
Presenter: Matt Lorber

10:10-10:30 Break
10:30-11:30  Panel Discussion
11:30-1:00 Lunch
1:00-2:15 Panel Discussion cont.

2:15-2:30 Break

2:30-3:00 Open Comment Period
3:00-3:15 Report-Out for 5: Quantitative Uncertainty Analysis of Dose-
Response
3:15-3:30 Closing Remarks
3:30 Adjourn
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APPENDIX B: 2009 U.S. EPA DIOXIN WORKSHOP
QUESTIONS TO GUIDE PANEL DISCUSSIONS

SESSION 1

Dose Metric

Considering all of the endpoints or target tissues, and species that U.S. Environmental Protection
Agency (U.S. EPA)’s dose-response modeling might evaluate, what are the best measures of
dose (e.g., ingested, tissue concentrations, body burden, receptor occupancy, other surrogate) and
why?

Developing Dose-Response Models from Mammalian Bioassays

How best can the point of departure (POD) be determined when the response range is
incompletely characterized (i.e., high response at the lowest dose or low response at the highest
dose; observed in several key 2,3,7,8-Tetrachlorodibenzo-p-Dioxin [TCDD] studies)?

If considered to be biologically plausible, how can a threshold be incorporated into a dose-
response function (e.g., for TCDD cancer data)?

How can nonmonotonic responses be incorporated into the dose-response function?

Developing Dose-Response Models from Epidemiological Studies

How can the epidemiological data be utilized best to inform the TCDD exposure-response
modeling? Which epidemiological studies are most relevant?

Supporting Information

For those toxicological endpoints that are Ah receptor-mediated, how would the receptor kinetics
influence the shape of the dose-response curve? How would downstream cellular events affect
the shape of the dose-response curve? How can this cascade of cellular events be incorporated
into a quantitative model of dose-response?
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SESSIONS 2, 3A, 3B, 4A, AND 4B

Key Study Selection

For this endpoint, what refinements should be made to the draft criteria for selection of key
studies?

What are the specific effects of concern for human health for this endpoint?
Based on the draft criteria for the selection of key studies, what are the key studies informing the

shape of the dose-response curve above the POD and the choice of the POD for this endpoint?

Epidemiological Study Utility

How and to what extent do the epidemiological data inform the choice of critical effect?

How can the epidemiological data inform the quantitative dose-response modeling?

Animal Model Utility

Are there types of effects observed in animal models that are more relevant to humans than
others? To what extent does information on mode of action (MOA) influence the choice of
animal model (species, strain, sex)?

Supporting Information

Are there studies that establish a sufficient justification for departure from the default procedures
that address the shape of the dose-response curve below the POD under the cancer guidelines?

Are there studies that establish a sufficient justification for departing from U.S. EPA’s default
approaches for noncancer endpoints?

To what extent can MOA information clarify the identification of endpoints of concern and dose-

response metric for this endpoint? How can the cascade of cellular events for this endpoint be
incorporated into a quantitative model of dose response?
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SESSION 5

For cancer and noncancer TCDD dose-response assessments, U.S. EPA is interested in
developing a quantitative uncertainty analysis addressing both parameter and model uncertainty,
if feasible. Uncertainties will include, among others, choice of endpoint; underlying study
uncertainties; choice of dose metric; interspecies extrapolations such as kinetic uncertainties; and
choice of dose-response model, including threshold models. The U.S. EPA is currently
examining techniques and tools for uncertainty analysis—including Bayesian and frequentist
approaches.

Identification of Important Uncertainties

What are the major uncertainties pertaining to modeling the animal data?
Consider the dose metric (species or tissue specificity), vehicle of administration,
exposure frequency, exposure duration, and POD determination (e.g., benchmark
response selection or no-observed-adverse-effect level/lowest-observed-adverse-effect
level identification).

What are the major uncertainties pertaining to dose-response modeling below the POD?
Consider how receptor kinetics and downstream cellular event information might be used
to bound the uncertainties associated with dose-response modeling below the POD.

What are the major uncertainties in cross-species extrapolation (e.g., half-lives, tissue
distribution, and toxicodynamics)?
Consider the primary species dosed with TCDD: mice, hamsters, rats, guinea pigs, and
monkeys.

What are the major uncertainties pertaining to intrahuman variability?
Consider what data sets would be useful to represent sensitive subpopulations.

What are other significant sources of uncertainty for the cancer and noncancer assessments?

Considerations for Conducting Uncertainty Analysis

What data sets could be used to quantify uncertainties in cancer and noncancer TCDD dose-
response assessments?

Consider dioxin-like compound dose-response data.

Consider MOA information.

What are the appropriate techniques for the TCDD dose-response uncertainty analysis, and what
are their respective strengths and weaknesses of these approaches as applied to TCDD?
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APPENDIX C: 2009 U.S. EPA DIOXIN WORKSHOP DRAFT SELECTION CRITERIA TO IDENTIFY KEY IN
VIVO MAMMALIAN STUDIES THAT INFORM DOSE-RESPONSE MODELING FOR
2,3,7,8-TETRACHLORODIBENZO-p-DIOXIN (TCDD)*

Study Feature

Selection Rationale

Primary”

Secondary®

Chemical, purity,
matrix/medium

TCDD-only doses included, purity specified,
matrix in which TCDD is administered is identified

TCDD purity or matrix not clearly identified

Studies of dioxin-like compounds
(DLCs) or mixtures

Peer review Independently peer-reviewed, publicly available Supplementary materials accompanying Not formally peer-reviewed,; literature
peer-reviewed publication not publicly available
Study design, Clearly documented and consistent with standard Testing protocol provides incomplete Studies not meeting standard
execution, and toxicological principles, testing protocols, coverage of relevant endpoint-specific principles and practices
reporting and practice (i.e., endpoint-appropriate, measures, particularly for negative findings
particularly for negative findings)
Study subject: Mammalian species Mammalian species, in vivo, but only Non-mammalian or not in vivo
species, strain, and Strain and gender identified studying an artificially sensitive subject
sensitivity for given Animal age at beginning of treatment identified (e.g., knockout mouse)

endpoint; litter; life
stage; gender

Litter confounders (within/between) accounted for

Exposure route

Oral

Parenteral (e.g., intravenous, intramuscular,
intraperitoneal, subcutaneous)

Inhalation, dermal, ocular

Dose level Lowest dose <200 ng/kg-d for noncancer Lowest dose >200 ng/kg-d for noncancer
endpoints and <1 ug/kg-d for cancer endpoints, or >1.0 ug/kg-d for cancer
Exposure frequency, Dosing regimen characterized and explained Characterization/explanation

duration, and timing

missing or cannot be determined

Controls

Appropriate and well characterized

Effect reported, but with no negative control

Response

Effect relevant to human health
Magnitude outside range of normal variability

Precursor effects, or adaptive responses
potentially relevant to human health

Lethality

Statistical evaluation

Clearly described and appropriate to the endpoint
and study design (e.g., per error variance,
magnitude of effect)

Limited statistical context

@ NAS (2006) commented that the selection of data sets for quantitative dose-response modeling needed to be more transparent. These draft criteria are

offered for consideration at the kickoff workshop. These criteria would be used to identify candidate studies of non-human mammals that would be used to
define the point-of-departure (POD). These criteria are not designed for hazard identification or weight-of-evidence determinations. Studies addressing data
other than direct TCDD dose-response in mammals (including toxicokinetic data on absorption, distribution, metabolism, or elimination; information on
physiologically-based pharmacokinetic [PBPK] modeling, and mode of action data) will be evaluated separately.
Presents preliminary draft criteria for evaluating a study being considered for estimating a POD in a TCDD dose-response model.

endpoint meets the “primary” criteria.

° Presents preliminary draft criteria that could qualify a study as primary with support from other lines of evidence (e.g., PBPK modeling), when no study for an
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APPENDIX C. SUMMARIES AND EVALUATIONS OF CANCER AND NONCANCER
EPIDEMIOLOGIC STUDIES FOR INCLUSION IN TCDD
DOSE-RESPONSE ASSESSMENT

C.1. EVALUATION OF EPIDEMIOLOGIC STUDIES FOR DOSE-RESPONSE
ASSESSMENT

This appendix summarizes and evaluates studies for potential use in tetrachlorodibenzo-
p-dioxin (TCDD) dose-response assessment using the study evaluation considerations and
inclusion criteria for epidemiologic data (see Section 2.3.1). Those studies that meet the study
inclusion criteria are listed in Section 2 of this document in Tables 2-1 and 2-2, for cancer and
noncancer, respectively. The following sections, C.1.1 and C.1.2, for cancer and noncancer
studies, respectively, are organized by epidemiologic study population. In Section C.1.1,
following a brief summary of each cohort, its associated cancer studies are then summarized
chronologically, assessed for methodological considerations relative to epidemiologic cohorts
and studies and evaluated for suitability for TCDD dose-response assessment. In Section C.1.2,
summaries of the cohorts are not repeated, but are still used as an organizing element for this
section. The reader is referred back to the cancer section for the cohort summaries. Following
the heading for the cohort, its associated noncancer studies are then summarized chronologically,
assessed for methodological considerations relative to epidemiologic cohorts and studies and
evaluated for suitability for TCDD dose-response assessment.

Sections C.2 and C.3 of this appendix provide specific details of the study selection
criteria results for the cancer and noncancer epidemiologic studies, respectively. This includes a
table for each study with information on how each of the five considerations and three criteria
were evaluated, and why each study was or was not selected by U.S. Environmental Protection

Agency (EPA) for TCDD quantitative dose-response assessment.

C.1.1. Cancer
In the 2003 Reassessment, EPA selected three cohort studies from which to conduct a
quantitative dose-response analysis: the National Institute for Occupational Safety and Health

(NIOSH) cohort (Steenland et al., 2001b), the BASF cohort (Ott and Zober, 1996b), and the

Hamburg cohort (Becher et al., 1998). Although these studies were deemed suitable for a

quantitative dose-response analysis, the criteria EPA used to reach this conclusion were unclear.
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In this section, the study selection criteria and methodological considerations presented in
Section 2.3.1 are systematically applied to evaluate a number of studies to determine their
suitability for inclusion in dose-response modeling. In addition to the three cohorts used in
previous TCDD quantitative risk assessment, considerations are applied to other relevant TCDD
epidemiologic data sets that were identified through a literature review for epidemiologic studies
of TCDD and cancer up through 2009. Study summaries and suitability for quantitative

dose-response analysis evaluations are discussed below.

C.1.1.1. Cancer Cohorts
C.1.1.1.1. The NIOSH cohort

In 1978, the NIOSH undertook research that identified workers employed by U.S.
chemical companies that made products contaminated with TCDD between 1942 and 1982.
TCDD was generated in the production of 2,4,5-trichlorophenol and subsequent processes. This
chemical was used to make 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), which was a major
component of the widely-used defoliant, Agent Orange. The NIOSH cohort is the largest cohort
of occupational workers studied to date, and has been the subject of a series of investigations
spanning more than two decades. It is important to note that this cohort consists mostly of male
workers that were chronically exposed to TCDD via daily occupational exposure, as compared to
an acute accidental exposure scenario seen with other cohorts. The investigations have
progressed from a comparison of the mortality patterns of the cohort to the U.S. general
population to dose-response modeling using serum-derived estimates of TCDD that have been
back-extrapolated several decades. Analyses of cancer data from the NIOSH cohort that are
addressed in this section include studies published by Fingerhut et al. (1991a), Steenland et al.
(2001b; 1999), Cheng et al. (2006), and Collins et al. (2009).

C.1.1.1.1.1. Fingerhutetal. (1991a)
C.1.1.1.1.1.1.  Study summary

The investigation of Fingerhut and her colleagues published nearly two decades ago

attracted widespread attention (Fingerhut et al., 1991a). This retrospective study examined
patterns of cancer mortality for 5,172 male workers who comprised the NIOSH cohort, which

combined workers from the company-specific cohorts of Dow Chemical (Ott et al., 1987; Cook,
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1981) and the Monsanto Company (Zack and Gaffey, 1983; Zack and Suskind, 1980). These

workers were employed at 12 plants producing chemicals contaminated with TCDD. The
production processes were assumed to be the same in all 12 plants. Almost all workers in the
cohort (97%) had production or maintenance jobs with processes involving TCDD
contamination. On average, workers were employed for 2.7 years in specific processes that
involved TCDD contamination, and overall, were employed for 12.6 years. Serum TCDD
samples were obtained from 253 workers (gender not specified) from two plants (selection
criteria and response rates not specified in the study). Due to the high correlation between the
logarithm of serum TCDD levels and the logarithm of years of exposure (Pearson correlation
coefficient = 0.72), the study used duration of exposure as a surrogate for TCDD exposure. The
mortality follow-up began in 1940 and extended until the end of 1987. Vital status was
determined using records from the Social Security Administration, the Internal Revenue Service,
or the National Death Index. The ascertainment of vital status in the cohort was nearly complete,
with less than 1% of the cohort not followed up until death or the end of the study period.
Two-hundred two workers were excluded because plant records did not show duration of
exposure, and 67 women were excluded. No additional data were presented on study
participants to determine how representative they were of the overall study cohort. Comparisons
of mortality were made relative to the U.S. male general population and expressed using the
standardized mortality ratios (SMRs) and 95% confidence intervals (Cls). Life-table methods
were used to generate person-years of risk accrued by cohort members at each plant.
Person-years and corresponding deaths were tabulated across age, race, and year of death strata,
which permitted the SMRs to be adjusted for the potential confounding influence from these
three characteristics. No unadjusted SMRs were presented in the paper. The cross-classification
of person-years and deaths was also done across several exposure-related groupings, including
duration of employment, years since first exposure, years since last exposure, and duration of
exposure. Employment duration was categorized as <5, 5— <10, 10— <15, 15— <20, 20— <25,
25— <30, and >30 years. The variable “years since first exposure” (<10, 10— <20, and >20 years)
was used to evaluate associations for different latency periods. The analysis was jointly
stratified by duration of employment and for varying latency intervals to evaluate whether cohort
members with higher cumulative TCDD levels had higher cancer mortality rates than those

cohort members with lower cumulative levels.
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Overall, the cohort of workers had slightly elevated cancer mortality than the general
population (SMR = 1.15, 95% CI = 1.02—1.30). Comparisons to the general population,
however, yielded no statistically significant excess for any site-specific cancer. Cancer mortality
was examined for the subset of workers that worked for at least one year and had a latency
interval of at least 20 years (n = 1,520). The 1-year cut-point was selected based on analyses of
serum levels in a subset of 253 workers which revealed that every worker employed for at least
one year had a lipid-adjusted serum level that exceeded the mean (7 ppt). Relative to the
U.S. general population, statistically significant excesses in cancer mortality were observed for
all cancers (SMR = 1.46, 95% CI =1.21-1.76), cancers of the respiratory system (SMR = 1.42,
95% CI=1.03—1.92), and for soft tissue sarcoma (SMR =9.22, 95% CI = 1.90—26.95) among
this subset of 1,520 male workers. The elevated SMR for soft tissue sarcoma, however, was
based on only three cases in this subset.

SMRs also were generated across joint categories of duration of exposure and period of
latency for deaths from all cancer sites (combined), and cancer of the trachea, bronchus, and
lung. Increased SMRs were observed in strata defined by longer duration of exposure and

latency, but no statistically significant linear trends were found.

C.1.1.1.1.1.2. Study evaluation

This cohort was the largest of four the International Agency for Research on Cancer
(IARC) considered in its 1997 classification of TCDD as a Group 1 human carcinogen (IARC,
1997). Duration of employment in processes that involved TCDD contamination was used as a
surrogate measure of cumulative exposure. This was based on a high correlation detected
between serum TCDD levels and duration of exposure. These 253 workers selected from
two plants each had their last exposure 15-37 years prior to evaluation. In using this exposure
metric, Fingerhut et al. (1991a) made the implicit assumption that concentrations of TCDD
exposures were equivalent at all production plants. Doses for individual cohort members were
not reconstructed for these analyses, although they were in subsequent analyses of this cohort.

Workers in this cohort were also exposed to other chemicals, which could have
introduced bias if these chemicals were associated with both TCDD exposure and the health
outcomes being examined. At one plant, workers were exposed to 4-aminobiphenyl. Previous

investigators also reported that workers at another plant were exposed to 2,4,5-T and
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2,4-dichlorophenoxyacetic acid (2,4-D) (Bond et al., 1989; 1988; Ott et al., 1987). Although this

study did not examine the impact of confounding by other occupational coexposures, subsequent
analyses of this cohort showed that associations between cumulative TCDD and all cancer
mortality persisted after excluding workers exposed to pentachlorophenols from the analyses

(Steenland et al., 1999). Further, the removal of workers who died from bladder cancer did not

substantially change the dose-response relationship between TCDD and cancer mortality from all
other sites combined. This finding suggests that exposures to 4-aminobiphenyl distort the
association between cancer mortality and TCDD exposure. Overall, there is little evidence of
confounding by these coexposures among this cohort; however, exposure to other possible
confounders, such as dioxin-like compounds (DLCs), was not examined.

The study collected no information on the smoking behaviors of the workers, and
therefore, the SMRs do not account for possible differences in the prevalence of smoking that
existed between the workers and the general population. For several reasons, however, the
inability to take into account smoking is unlikely to have been an important source of bias. First,
mortality from other smoking-related causes of death such as nonmalignant respiratory disease
were not more common in the cohort than in the general population (SMR = 0.96,

95% CI=0.54—1.58). Second, stratified analyses of workers with at least a 20-year latency
(assuming this subset shared similar smoking habits) revealed that excesses were apparent only
among those who were exposed for at least 1 year. Specifically, when compared to the general
population, the SMR among workers exposed for at least 1 year with a latency of 20 years was
1.46 (95% CI1=1.21-1.76), while those exposed for less than 1 year had an SMR of 1.02

(95% CI =0.76—1.36). Third, for comparisons of cancer mortality between blue-collar workers
and the general population, smoking is unlikely to explain cancer excesses of greater than

10—20% (Siemiatycki et al., 1988). Finally, the investigators found no substantial changes in the

results for lung cancer when risks were adjusted for smoking histories obtained in 1987 from
223 workers employed at two plants. These data were used to adjust for the expected number of

lung cancer deaths expected in the entire cohort (Fingerhut et al., 1991a). Following this

adjustment, a small change was observed in the SMR for lung cancer in the overall cohort from
1.11 (95% CI1=10.89—-1.37) to 1.05 (95% CI = 0.85—1.30). Similarly, only a slight change in the
SMR for lung cancer in the higher exposure subcohort was noted from an SMR of 1.39

(95% CI=0.99-1.89) to 1.37 (95% CI = 0.98—1.87).
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The use of death certificate information from the National Death Index is appropriate for
identifying cancer outcomes. For site-specific cancers such as soft tissue sarcoma, however, the

coding of the underlying cause of death is more prone to misclassification (Percy et al., 1981).

Indeed, a review of tissues from four men concluded to have died from soft-tissue sarcoma

determined that two deaths had been misclassified (Fingerhut et al., 1991a). A review of hospital

data revealed that two other individuals had soft tissue sarcomas that were not identified by death
certificate information. The use of death certificate information to derive SMRs for cancer as a
whole is likely not subject to significant bias; the same might not hold true, however, for some
site-specific cancers such as soft tissue sarcoma.

Using the SMR metric to compare an occupational cohort with the general population is

subject to what is commonly referred to as the “healthy worker effect” (Li and Sung, 1999; Choi,

1992). The healthy worker effect is a bias that arises because those healthy enough to be
employed have lower morbidity and mortality rates than the general population. The healthy
worker effect is likely to be larger for occupations that are more physically demanding

(Aittomaki et al., 2005; Checkoway et al., 1989), and the healthy worker effect is considered to

be of little consequence in the interpretation of cancer mortality (Monson, 1986; McMichael,

1976). Few cancers are associated with a prolonged period of poor health that would affect
employability long before death. Also recognized is that, as the employed population ages, the
magnitude of the healthy worker effect decreases as the absolute reduction in mortality becomes

relatively smaller (McMichael, 1976). The mortality follow-up of occupational cohorts

generally spans several decades, which should minimize the associated healthy worker effect in
such studies. Bias could also be introduced in that workers who are healthier might be more
likely to stay employed and therefore accrue higher levels of exposure. In the NIOSH cohort,
however, mortality was ascertained for those who could have left the workforce or retired by
linking subjects to the National Death Index. Although internal cohort comparisons can
minimize the potential for the healthy worker effect for the reasons presented above, for cancer
outcomes, the SMR statistic is a valuable tool for characterizing whether occupational cohort are
more likely to die of cancer than the general population. Moreover, stratified analyses across
categories of duration of exposure, or latency periods within a cohort can yield important
insights about which workers are at greatest risk. Perhaps most important, subsequent analyses

of the NIOSH cohort that presented risk estimates derived from external comparisons using the
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SMR were remarkably consistent with rate ratios derived using an internal referent (Steenland et

al.. 1999).

C.1.1.1.1.1.3.  Suitability of data for TCDD dose-response modeling

This cohort meets most of the identified considerations for conducting a quantitative
dose-response analysis for mortality from all cancer sites combined. The NIOSH cohort is the
largest cohort of TCDD-exposed workers, exposure characterization at an individual level is
possible but not available in this particular study, and the follow-up period is long enough to
evaluate latent effects. Although there is no direct evidence of any important source of bias,
confounding may be present due to a lack of consideration of DLCs. For the purpose of
quantitative dose-response modeling, it is important to note that subsequent studies of this cohort
adopted methods that greatly improved the characterization of TCDD exposure in the NIOSH
cohort and increased the follow-up interval (Cheng et al., 2006; Steenland et al., 2001b). As

such, for all practical purposes, due consideration for dose-response modeling should focus on
the more recently developed data sets.

For quantitative dose-response modeling for individual cancer sites, the data are much
more limited. A statistically significant positive association with TCDD was noted only for
soft-tissue sarcoma among those with more than 1 year of exposure and 20 years of latency
(SMR =9.22, 95% CI=1.90-26.95). However there were only three deaths from soft tissue
sarcoma among this exposed component of the cohort, and four deaths in total in the overall
cohort. Also, misclassification of outcome for soft-tissue sarcoma through death registries is
well recognized and supported with additional review of tissue from two of the men.
Specifically, tissues from the four men who died of soft-tissue sarcoma revealed that only two of
these cases were coded correctly.

Although subsequent analyses of the NIOSH cohort did not show evidence of
confounding by other occupational exposures, the design of this initial publication of the NIOSH
cohort did not allow for examination of exposures to other possible confounders, such as DLCs.
Duration of exposure was used as a surrogate for cumulative TCDD exposure; therefore,
effective doses could not be estimated. Therefore, dose-response modeling was not conducted

for this study.
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C.1.1.1.1.2. Steenland et al. (1999)
C.1.1.1.1.2.1. Study summary

A subsequent analysis of the NIOSH cohort extended the follow-up interval of Fingerhut
etal. (1991a) by 6 years (i.e., from 1940-1993) and improved the characterization of TCDD

exposure (Steenland et al., 1999). A key distinction from the work of Fingerhut et al. (1991a)

was the exclusion of several workers that had been included in the previous mortality analyses.
The authors excluded 40 workers who were either female, had never worked in TCDD-exposed
departments, or had missing date of birth information. An additional 238 workers were excluded
as occupational data for characterizing duration of exposure were lacking, preventing their use in
a subcohort dose-response analysis. This subcohort was further reduced by excluding workers
from four plants (n = 591) because the information on the degree of TCDD contamination in
work histories was limited, preventing the characterization of TCDD levels by job type.
Thirty-eight additional workers were excluded from the eight remaining plants because TCDD
contamination could not be estimated. Finally, 727 workers were excluded because they had
been exposed to pentachlorophenol. Exposures were assigned to 3,538 (69%) male members of
the overall cohort, a population substantially reduced from the 5,172 on which Fingerhut et al.
(1991a) reported. Steenland et al. (1999) also evaluated the mortality experience of a subcohort
of 608 workers with chloracne who had no exposure to pentachlorophenol.

For each worker, a quantitative exposure score for each day of work was calculated based
on the concentration of TCDD (ug/g) present in process materials, the fraction of the day
worked, and a qualitative contact level based on estimates of the amount of TCDD exposure via
dermal absorption or inhalation. The authors derived a cumulative measure of TCDD exposure
by summing the exposure scores across the working lifetime history for each worker. The
authors validated this cumulative exposure metric indirectly by comparing values obtained for
workers with and without chloracne. Such a validation is appropriate, given that chloracne is

considered a clinical sign of exposure to high doses of dioxin (Ott et al., 1993). The median

exposure score among those with chloracne was 11,546 compared with 77 among those without

(Steenland and Deddens, 2003).

Cancer mortality was compared using two approaches. As in Fingerhut et al. (1991a),
external comparisons were made to the U.S. general population using the SMR statistic. The

authors adjusted the SMR statistics for race, age, and calendar time. They also applied life-table
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methods to characterize risks across the subcohort of 3,538 workers with exposure data by
categorizing the workers into seven cumulative exposure groups. The cut-points for these
categories were selected so that the number of deaths in each category was nearly equal to
optimize study power. Life-table analyses were extended further to consider a 15-year lag
interval, which in a practical sense means that person-years at risk would not begin to accrue
until 15 years after the first exposure occurred. The person-years and deaths that occurred in the
first 15 years were included in the lowest exposure grouping. The Cox proportional hazards
model was used to characterize risk within the cohort. Cox regression was used to provide an
estimate of the hazard ratios and the 95% Cls for ischemic heart disease, all cancers combined,
lung cancer, smoking related cancers, and all other cancers. The authors also performed Cox
regression analyses using the seven categories of exposure, adjusting the regression coefficients
for both year of birth and age. The regression models were run for both unlagged and lagged
(15 years) cumulative exposure scores.

Overall, when compared with the U.S. general population, a slight excess of cancer
mortality (from all sites) was noted in the 5,132 cohort study population (SMR = 1.13,

95% CI = 1.02—1.25). This result did not substantially differ from the earlier finding that
Fingerhut et al. (1991a) published (SMR = 1.15, 95% CI =1.03—1.30). Site-specific analyses
revealed statistically significant excesses relative to the U.S. general population for bladder
cancer (SMR = 1.99, 95% CI = 1.13-3.23) and for cancer of the larynx (SMR = 2.22,

95% CI=1.06—4.08). In the chloracne subcohort (n = 608), SMRs of 1.25

(95% CI =0.98—1.57) and 1.45 (95% CI =0.98—2.07) were found for all cancer sites and for
lung cancer, respectively, relative to the general population. The authors also found statistically
significant excesses for connective and soft tissue sarcomas (SMR = 11.32,

95% CI = 2.33—-33.10) and for lymphatic and hematopoietic malignancies (SMR = 3.01,

95% CI=1.43-8.52).

External comparisons made by grouping workers into septiles of cumulative TCDD
exposure and generating an SMR for each septile using the U.S. population as the referent group
suggested a dose-response relationship. For all cancer sites combined, workers in the highest
exposure score category had an SMR of 1.60 (95% CI = 1.15—1.82); increases also were
observed in the sixth (SMR = 1.34) and fifth (SMR = 1.15) septiles. The two-sided p-value

associated with the test for trend for cumulative TCDD exposure was statistically significant
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(» =0.02). A similar approach for lung cancer revealed virtually the same pattern. The
incorporation of a 15-year latency for the analyses of all cancer deaths, in general, produced
slightly higher SMRs across the septiles, although a slight attenuation of effect was noted in the
highest septile (SMR yniagged = 1.60 vS. SMRaggea = 1.54). For a 15-year lag, the lung cancer
SMRs were mixed compared to the unlagged results with some septile exposure categories
increasing and others decreasing relative to the lowest exposure group.

For the internal cohort comparisons using Cox regression analyses, higher hazard ratios
were found among workers in the higher exposure categories than those in the lowest. The linear
test for trend, however, was not statistically significant (»p = 0.10). The associations across the
septiles for the unlagged exposure for the internal cohort comparisons were not as strong as for
the external cohort comparisons. The opposite was true, however, for cumulative exposures
lagged 15 years.

Relative to the lowest septile, stratified analyses revealed increased hazard ratios in the
upper septiles of the internal cohort comparisons for both smoking- and nonsmoking-related
forms of cancer. The test for linear trend was statistically significant for all other cancers (after
smoking-related cancers were excluded). These analyses suggest that the overall cancer findings
were not limited to an interaction between TCDD and smoking. Additional sensitivity analyses
by the authors indicated the findings for smoking-related cancers were largely unaffected by the
exclusion of bladder cancer cases. This observation suggests that exposure to 4-aminobiphenyl,
which occurred at one plant and might have contributed to an increased number of bladder
cancers, did not substantially bias the relationship between TCDD and all cancers combined.

The investigators also evaluated the dose-response relationship with a Cox regression
model separately for each plant using internal cohort comparisons and found some heterogeneity.
This finding is not unexpected particularly given the relatively small number of cancer deaths at
each plant, and given that exposures were quite low for one plant at which no positive
association was found. The variability among plants was taken into account by modeling plant

as a random effect measure in the Cox model, which produced little change in the slope

coefficient (B = 0.0422 vs. B = 0.0453, respectively).



C.1.1.1.1.2.2. Study evaluation

This study represents a valuable extension from that published by Fingerhut et al.
(1991a). Internal comparisons were performed to help minimize potential biases associated with
using an external comparison group (e.g., healthy worker effect, and differences in other risk
factors between the cohort and the general population). That similar dose-response relationships
were found for internal and external comparison populations suggests that the bias due to the
healthy worker effect in the cohort is minimal for cancer mortality. More importantly, the
construction of the cumulative exposure scores provides an improved opportunity to evaluate
dose-response relationships compared with the length of exposure and duration of employment
metrics that Fingerhut et al. (1991a) used.

A potential limitation of the NIOSH study was the inability to account for cigarette
smoking. If cigarette smoking did contribute to the increased cancer mortality rates in this and
other cohorts, increased cancer mortality from exposure to TCDD would be expected only for
smoking-attributable cancers. This study found associations with TCDD for both smoking- and
nonsmoking-related cancers, including a stronger association for nonsmoking-related cancers.
Therefore, the data provide evidence that associations between TCDD and cancer mortality are
not likely due to cigarette smoking.

The findings regarding latency should be interpreted cautiously as the statistical power in
the study to compare differences across latency intervals was limited. Caution also should be
heeded, given that latency intervals can vary on an individual basis as they are often

dose-dependent (Guess and Hoel, 1977). The evaluation of whether TCDD acts as either an

initiating or promoting agent (or both) is severely constrained by the reliance on cancer mortality
data rather than incidence data. This constraint is due to the fact that survival time can be quite
lengthy and can vary substantially across individuals and by cancer subtype. For example, the
5-year survival among U.S. males for all cancer sites combined ranged between 45 and 60%

(Clegg et al., 2002). When only mortality data are available, evaluating the time between when

individuals are first exposed and when they are first diagnosed with cancer is nearly impossible.
Starr (2003) suggested that Steenland et al. (1999) focused too heavily on the exposures

that incorporated a 15-year period of latency and that those who experienced high exposures

would inappropriately contribute person-years to the lowest exposure group “irrespective of how

great the workers’ actual cumulative exposure scores may have been.” Most cancer deaths

C-18


http://hero.epa.gov/index.cfm?action=search.view&reference_id=197301�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197301�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197464�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=594267�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=594271�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197437�

would, however, typically occur many years postemployment. Given that the follow-up interval
of the cohort was lengthy and the average exposure duration was 2.7 years, at the time of death,
person-years for those with high cumulative exposures would be captured appropriately. The

median 5-year survival for all cancers is approximately 50% (Clegg et al., 2002), so applying a

minimum latency of 5 years when using cancer mortality rather than cancer incidence data is
needed to assure that the exposure metric captures exposures before diagnosis. Increasing this
latency period, for example to 10 or 15 years, would eliminate consideration of exposures that
occur in the period between tumor occurrence and tumor detection (diagnosis), and allows for an
appropriate focus on exposures that act either early or late in the pathogenic process. If the
association of TCDD with cancer is causal, effects might become apparent only at high
exposures and with adequate latency. As such, IARC has concluded that a latency interval of

15 years could be too short (IARC, 1997). EPA considers the Steenland et al. (1999)

presentation to be balanced in that they provided the range in lifetime excess risk estimated
across the various models used. The authors’ finding that the models with a 15-year lag
provided a statistically significant improvement in fit based on the chi-square test statistic should

not be readily dismissed.

C.1.1.1.1.2.3.  Suitability of data for TCDD dose-response modeling

This study meets most of the epidemiologic considerations for conducting a quantitative
dose-response analysis for mortality from all cancer sites combined. This study excludes a large
number of workers who were exposed to pentachlorophenol, thus eliminating the potential for
bias from this exposure. Relative to the earlier study by Fingerhut et al. (1991a), improvements
were made to the methodology applied to assign TCDD exposures to the workers. This study,
however, is superseded by Steenland et al. (2001b), who provide a more detailed presentation
and modeling of the NIOSH cohort data. Therefore, dose-response modeling was not pursued

for this study, but was for the subsequent NIOSH study by Steenland et al. (2001b).

C.1.1.1.1.3. Steenland et al. (2001b)
C.1.1.1.1.3.1. Study summary
In 2001, Steenland et al. (2001b) published a risk analysis using the NIOSH cohort that,

for the first time, incorporated serum measures in the derivation of TCDD exposures for
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individual workers. The authors applied the same exclusion criteria to the entire cohort of
workers across the 12 plants in the Steenland et al. (1999) study, leaving 3,538 male workers for
which risk estimates could be calculated. Unlike previous analyses of the NIOSH cohort that
considered several different mortality outcomes, the analyses presented in Steenland et al.
(2001b) focused exclusively on mortality from all cancers sites combined. The authors observed
256 cancer deaths in the cohort between 1942 and the end of 1993. All risks estimated in the
Steenland et al. (2001b) study were based on internal cohort comparisons.

Characterization of TCDD exposure levels among the workers was based on serum
measures obtained in 1988 from 199 workers who were employed in one of the eight plants.
Only those workers with both TCDD serum measures and previously developed exposure scores

(Steenland et al., 1999) were used to estimate the relation between these different exposure

metrics. Based on these findings, cumulative TCDD serum levels were estimated on an
individual basis for all 3,538 workers following restriction to a subset of 170 workers whose
1988 serum measures were greater than the upper range of background levels (10 ppt) (Steenland

et al., 2001b).

The authors developed a regression model estimated the level of TCDD at the time of last
exposure for the 170 workers. The model was based on the estimated half-life of TCDD, the
known work history of each worker, a pharmacokinetic model for the storage and excretion of
TCDD, and exposure scores for each job held by each worker over time. The resulting equation

follows:

Viast exposure = )1988 exp(}VAt) (Eq C'l)

The first-order elimination rate constant (A) was based on a half-life of 8.7 years

previously reported for the Ranch Hands cohort (Michalek et al., 1996). The background rate of

TCDD exposure was assumed to be 6.1 ppt, which was based on the median level in a sample of

79 unexposed workers in the NIOSH cohort (Piacitelli et al., 1992). This value was subtracted

when TCDD values were back-extrapolated, and then added again after the back-extrapolation
was completed. A background level of 5 ppt also was used in some of the analyses with minimal

demonstrable effects on the results. Sensitivity analyses also were incorporated to consider a
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7.1-year half-life estimate that had been developed for the earlier Ranch Hands study (Pirkle et
al., 1989).

After back-extrapolating to obtain TCDD serums levels at the time of last exposure, the
investigators estimated cumulative (or “area under the curve”) TCDD serum levels for every
cohort member. This estimation procedure was the same method Flesch-Janys et al. (1998)
applied to the Hamburg cohort to derive a coefficient for relating serum levels to exposure
scores. The “area under the curve” approach integrates time-specific serum levels over the
employment histories of the individual workers. The slope coefficient was estimated using a
no-intercept linear regression model. This model is based on the assumption that a cumulative
score of zero is associated with no serum levels above background.

Cox regression was also used to model the continuous measures of TCDD. A variety of
exposure metrics were considered that took into account different lags, nonlinear relationships
(e.g., log-transform and cubic spline), as well as threshold and nonthreshold exposure metrics.
Categorical analyses were used to evaluate risks across TCDD exposure groups, while different
shapes of dose-response curves were evaluated through the use of lagged and unlagged
continuous TCDD measures. Categorical analyses of TCDD exposure were conducted using the
Cox regression model to derive estimates of relative risk (RR) as described by hazard ratios and
95% Cls. The reference group in this analysis was those workers in the lowest septile
cumulative exposure grouping (<335 ppt-years). The septiles were chosen based on cumulative
serum levels that considered no lag and also a 15-year lag.

The investigators also conducted dose-response analyses using the toxicity equivalence
(TEQ) approach. The TEQ is calculated as the sum of all exposures to dioxins and furans
weighted by the potency of each specific compound. In this study, TCDD was assumed to
account for all dioxin exposures in the workplace. For background TEQ levels, the investigators
used a value of 50 ppt in the dose-response modeling. This is based on the assumption that

TCDD accounted for 10% of the toxicity of all dioxins and furans (WHO, 1998), and is

equivalent to using a background level of 5 ppt/yr that was used in the derivation of cumulative
serum TCDD levels. A statistically significant dose-response pattern was observed for all cancer
mortality and TCDD exposure based on log of cumulative TEQs with a 15-year lag. A
comparison of the overall model chi-square values indicated that the fit of this model was not as

good as that for TCDD.
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The hazard ratios among workers grouped by categories of cumulative TCDD exposure
(lagged 15 years) suggested a positive dose-response relationship. Steenland et al. (2001b)
found statistically significant excesses in the higher exposure categories compared to the lowest
septile. The RR was 1.82, (95% CI = 1.18-2.82) for the sixth septile (7,568—20,455 ppt-years)
and 1.62, (95% CI = 1.03—2.56) for the seventh septile (>20,455 ppt-years). Cox regression
indicated that log TCDD serum concentrations (lagged 15 years) was positively associated with
cancer mortality (B = 0.097, standard error [] = 0.032, p < 0.003). A statistically significant
improvement in fit was observed when a 15-year lag interval was incorporated into the model
compared to a model with no such lag (Model y* with 4 degrees of freedom = 7.5). Results were
similar when using a half-life of 7.1 years rather than 8.7 years. The excess lifetime risk of death
from cancer at age 75 for TCDD intake (per 1.0-picogram per kilogram [pg/kg] of body weight
[BW] per day) was about 0.05—0.9% above a background lifetime risk of cancer death of 12.4%.
The results from the best-fitting models provide lifetime risk estimates within the ranges derived

using data from the Hamburg cohort (Becher et al., 1998).

In both categorical and continuous analyses of TCDD based on a linear model, the
dose-response pattern tailed off at high exposures suggesting nonlinear effects. This

phenomenon could be due to saturation effects (Stayner et al., 2003) or, alternatively, could have

resulted from increased exposure misclassification of higher exposures (Steenland et al., 2001b).

Specifically, some of the highest exposures might have been poorly estimated as they occurred in
workers exposed to short-term high exposures during the clean-up of a spill. The choice of a
linear model to develop data from a single time point can also result in exposure
misclassification in those individuals that have differences in the length of exposure (Emond et
al., 2005). Misclassification would be less likely at low concentrations where dose-dependent

elimination is minimal.

C.1.1.1.1.3.2. Study evaluation

An important consideration in the Steenland et al. (2001b) study was the use of a small
subset of workers (n = 170) to infer exposures for the remainder of the cohort. Although there is
limited information in the study to determine how representative the 199 workers were of the
overall workers in that plant, the authors report that exposures from the plant in which these

170 subjects worked were in the middle of the exposure distribution of the eight U.S. chemical
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plants the authors had previously studied.(Steenland et al., 1999) This subset did comprise

surviving members of the cohort (in 1988), and therefore, the frequency distribution of their year
of birth would have differed from the rest of the cohort. Furthermore, these workers were
employed at a single plant that had less detailed work histories than the other plants; thus, the
development of the exposure scores differed between this plant and the others. Also, many of
the workers at this plant had the same job title and were employed during the same calendar
period. The use of serum data from this subset adds a level of uncertainty that is not readily
characterized. The study report only states that the serum levels were available for these
individuals, but it does not provide any indication of how or why the individuals were selected
for serum evaluation or if there were a number of individuals that declined to give samples.
Thus, it is hard to gauge how representative this population is of the plant cohort. Despite these
limitations, the use of these sera data to derive cumulative measures for all cohort workers seems
warranted given the strong correlation observed between the exposure scores, and TCDD serum
levels estimates at the time of last exposure (Spearman » = 0.90).

The authors performed an extensive series of sensitivity analyses and considered several
alternative exposure metrics to the simple linear model. The lifetime excess risk above
background was nearly twice as high for the log cumulative serum measures with a 15-year lag
when compared to the piecewise linear models with no lag. An important observation was that
the exposure metric based on cumulative serum (lagged 15 years) did not fit the data as well as

the cumulative exposure score used in earlier analyses (Steenland et al., 1999). A priori, one

would expect that a better fit would be obtained with serum-based measures because serum
provides a better measure of relevant biological dose. As the authors noted, inaccuracies
introduced in estimating the external-based exposure scores could have contributed to a poorer
fit of the data. Alternatively, exposure misclassification error could be introduced if serum
samples based on the 170 workers were not representative of the entire cohort. Although the
serum-based measures did not fit the data as well as the exposures scores, the authors regarded
them as providing a reasonable fit based on an improvement in log likelihood of 3.99 (between
the log cumulative serum model and the log cumulative exposure score model). Moreover, the
serum-based measures enabled better characterization of risk in units (pg/kg-day) that can be

used in regulating exposures.
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C.1.1.1.1.3.3.  Suitability of data for TCDD dose-response modeling

This study meets all of the epidemiologic considerations for conducting a quantitative
dose-response analysis for mortality from all cancer sites combined. As mentioned previously,
the NIOSH cohort is the largest assembled to date for which TCDD-related risks of cancer
mortality can be estimated. The use of serum-based measures provides an objective measure of
TCDD exposure. Repeated measures in other study populations have provided reasonable
estimates of the half-life of TCDD, which permitted exposures to be back extrapolated in this
cohort.

The authors have made extensive efforts to evaluate a wide variety of nonlinear and

linear models with varying lengths of latency and log transformations. The model chi-square test

statistics were fairly similar for the log cumulative serum (15-year lag) (Model X2(4df) =11.3)

model and the piecewise linear model (no lag) (Model Xz(jdf) =12.5). These models, however,
produced results with twofold differences in lifetime excess risks. These differences underscore
the importance of characterizing uncertainty in modeling approaches when conducting
dose-response analysis.

The Steenland et al. (2001b) study characterizes risk in terms of pg/kg of BW per day.
Given that tolerable daily intake dioxin levels are typically expressed in pg/kg of BW (WHO

1998), the presentation of risks using these units is an important advance from the earlier

analyses that used exposure scores (Steenland et al., 1999). Many of the Steenland et al. (2001b)

findings are consistent with earlier work from this cohort, which is not surprising given that
exposures scores were used to derive serum-based levels for the cohort. The findings of excess
lifetime risks obtained for the best- fitting model are also consistent with those derived from the

Hamburg cohort (Becher et al., 1998). This study meets the epidemiologic considerations noted

previously as there is no evidence that the study is subject to bias from confounding due to
cigarette smoking or other occupational exposures. Given the considerable efforts to measure
effective dose to TCDD among the study participants, this study also meets the requisite
dose-response modeling criteria and will be used in quantitative dose-response analyses of

cancer mortality.
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C.1.1.1.1.4. Chengetal. (2006)
C.1.1.1.1.4.1. Study summary

Cheng et al. (2006) undertook a subsequent quantitative risk assessment of 3,538 workers
in the NIOSH cohort using serum-derived estimates of TCDD. This dose-response analysis was
published after the 2003 Reassessment document was released. The goal of this study was to
examine the relationship between TCDD and cancer mortality (all sites combined) using a new
estimate of dose that estimated TCDD as a function of both exposure intensity and age using a
kinetic model. This physiologically-based pharmacokinetic model has been termed the
“concentration- and age-dependent elimination model” (CADM) and was developed by Aylward
et al. (2005b). This model describes the kinetics of TCDD following oral exposure to humans by
accounting for key processes affecting kinetics by simulating the total concentration of TCDD
based on empirical consideration of hepatic processes (see Section 3.3). An important feature of
this kinetic model is that it incorporates concentration- and age-dependent elimination of TCDD
from the body; consequently, the effective half-life of TCDD elimination varies based on
exposure history, body burden, and age of the exposed individuals. The study was motivated by
the reasoning that back-calculations of TCDD using a first-order elimination model and a
constant half-life of 7-9 years underestimated exposure to TCDD among workers. This
underestimate, in turn, would result in overestimates of the carcinogenic potency of TCDD.

As with the earlier Steenland et al. (2001b) analyses, the cohort follow-up period was
extended from 1942 until the end of 1993 and work histories were linked to a job exposure
matrix to obtain cumulative TCDD scores. Two cumulative serum lipid exposure metrics (in
ppt-years) were constructed using the data obtained from the sample of 170 workers. The first

replicated the metric used in a previous analysis of the cohort (Steenland et al., 2001b) and was

based on a first-order elimination model with an 8.7-year half-life (Michalek et al., 1996). The

second metric was based on CADM and had two first-order elimination processes (Aylward et

al., 2005a). This metric assumes that the elimination of TCDD in humans occurs at a faster rate

when body concentrations are high and at slower rates in older individuals (Aylward et al.,
2005a; 2005b). The model was optimized using individuals for which serial measures of serum
TCDD were available. These measures were obtained from 39 adults with initial serum levels

between 130 and 144,000 ppt (Aylward et al., 2005b). This group included 36 individuals who

had been exposed in the Seveso accident and 3 exposed in Vienna, Austria. In practice, for
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serum levels greater than 1,000 ppt, the effective half-life would be less than 3 years, and for
serum TCDD levels less than 50 ppt, the effective half-life would be more than 10 years
(Aylward et al., 2005b). Results from the model indicate that men eliminate TCDD faster than

women do as demonstrated previously by Needham et al. (1994). These age- and
concentration-dependent processes were assumed to operate independently on TCDD in hepatic
and adipose tissues, and TCDD levels in liver and adipose tissue were assumed to be a nonlinear
function of body concentration. Cheng et al. (2006) calibrated CADM using a dose of 156 ng
per unit of exposure score and assumed a background exposure rate of 0.01 ng/kg-month. The
average TCDD ppt-years derived from CADM with a 15-year lag was 4.5—5.2 times higher than
with the first-order elimination model. The two metrics, however, were highly correlated based
on a Pearson correlation coefficient of 0.98 (p <0.001). Comparisons of fit between the CADM
and first-order elimination model were made using R* values and presented in Aylward et al.
(2005b).

Cheng et al. (2006) compared the mortality experience of NIOSH workers to the U.S.
general population using the SMR statistic. SMR statistics also were generated separately for
each of the 8 plants and for all plants combined. Cox regression models were used to analyze
internal cohort dose response. These models used age as the time variable, and penalized
smoothing spline functions of the CADM metric also were considered. The possible
confounding effects of other occupational exposures and other regional population differences
were assessed by repeating analyses after excluding one plant at a time. Lagged and unlagged
TCDD exposures were analyzed separately, and stratified analyses allowed risk estimates to be
compared between smoking- and nonsmoking-related cancers. Cheng et al. (2006) adjusted the
slope estimates derived from the Cox model for the potential confounding effects of race and
year of birth.

Overall, a statistically significant excess in all cancer mortality in the cohort occurred
relative to the general population (SMR = 1.17, 95% CI = 1.03—1.32). The plant-specific SMRs
ranged from 0.62—1.87, with a statistically significant excess evident only for plant 10
(SMR = 1.87, 95% CI = 1.35-2.52). For lung cancer mortality, the overall SMR was not
statistically significant (SMR = 1.11, 95% CI =0.89—1.37). A statistically significant excess of
lung cancer also was found for plant 10 (SMR = 2.35, 95% CI = 1.44-3.64). The SMRs between
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smoking- (SMR = 1.22, 95% CI = 1.01—1.45) and nonsmoking-related cancers (SMR = 1.12,
95% CI=10.94—1.33) were similar.

For the internal cohort analyses of serum-derived measures, the authors were able to

replicate the one-compartmental model used previously (Steenland et al., 2001b). As had been
noted by Steenland et al. (2001b), an inverse-dose-response pattern was seen for individuals with
high exposures (above 95t percentile); this type of pattern is frequently observed in occupational

studies (Stayner et al., 2003). Excluding these data produced a stronger association between

TCDD and all-cancer mortality. In fact, only when the upper 2.5% or 5% of observations was
removed did a statistically significant positive association become evident with the
untransformed, unlagged data. Similarly, when the model incorporated a lag of 15 years, a
statistically significant association was noted only for the untransformed TCDD ppt-years with
the upper 5% of observations removed. Stratified analyses revealed little difference in the
association between TCDD and smoking- and nonsmoking-related cancers, and the removal of
one plant at a time from the analyses of TCDD ppt-years changes did not substantially change
the slope.

C.1.1.1.1.4.2. Study evaluation

The authors reported that CADM provided an improved fit over the one-compartmental
model, but presented no evidence regarding any formal test of statistical significance. A
comparison of R? values presented in Aylward et al. (2005b), however, does reveal that the R
value increased from 0.27 (first-order compartmental model with an 8.7-year half-life) to 0.40
for CADM. TCDD exposures estimated using CADM were approximately fivefold higher than
the one-compartmental model estimates among cohort members with higher levels of exposure.
Differences in exposure estimates between the two metrics were less striking among individuals
with lower TCDD exposures. The net effect was that CADM produced a 6- to 10-fold decrease

in the estimated risks compared to those previously reported (Steenland et al., 2001b).

Nonetheless, the estimates produced by CADM span more than two orders of magnitude under
various assumptions. Further uncertainties arise from between-worker variability of TCDD
elimination rates, possible residual confounding, and the variability associated with the use of

data obtained from other cohorts. Nevertheless, the use of the CADM to estimate TCDD
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exposure is considered a significant advantage over the previous first-order body burden

calculations.

C.1.1.1.1.4.3. Suitability of data for TCDD dose-response modeling

The value of including the NIOSH cohort data has already been established based on
investigations by Steenland et al. (2001b; 1999). The decision to include data from the
quantitative dose-response analysis by Cheng et al. (2006) relates to the added value that the
CADM exposure estimates would provide. The earlier modeling work of Aylward et al. (2005b)
provided some support for a modest improvement of the fit of CADM over the first-order
compartmental model, and they also confirmed previous studies that found that TCDD
elimination rates varied by age and sex. Recent work by Kerger et al. (2006) also demonstrates
that the half-life for TCDD is shorter among Seveso children than in adults, and that body
burdens influence the elimination of TCDD in humans. That estimates of half-lives among men
have been remarkably consistent, with mean estimates ranging between 6.9 and 8.7 years

(Needham et al., 2005; Michalek et al., 2002; Flesch-Janys et al., 1996; Pirkle et al., 1989),

however, is noteworthy. Based on the underlying strengths of the NIOSH cohort data and efforts
by Cheng et al. (2006) to improve estimates of effective dose, these data support further

dose-response modeling.

C.1.1.1.1.5. Collins et al. (2009)
C.1.1.1.1.5.1. Study summary

In a recent study, Collins et al. (2009) investigated the relationship between serum TCDD
levels and mortality rates in a cohort of trichlorophenol workers (gender not specified) exposed
to TCDD. These workers were part of the NIOSH cohort having accounted for approximately

45% of the person-years in an earlier analysis (Bodner et al., 2003). The investigators completed

an extensive dioxin serum evaluation of workers employed by the Dow Chemical plant in
Midland, Michigan, that made 2,4,5-trichlorophenol (TCP) from 1942 to 1979 and 2,4,5-T from
1948 to 1982. Collins et al. (2007) and Aylward et al. (2007) developed historical TCDD
exposure estimates for all TCP and 2,4,5-T workers. This study represents the largest group of
workers from a single plant ever studied for the health effects of TCDD. Little information on

how vital status was ascertained, was provided in this paper or in the Bodner et al. (2003) report
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of mortality in this cohort. Although the authors indicate that death certificates were obtained
from the states in which the employees died, it is unclear whether vital status was ascertained
from company records or through record linkage to the National Death Index is unclear.

The follow-up interval for these workers spanned the period between 1942 and 2003.
Thus, the study included 10 more years of follow-up than earlier investigations of the entire
NIOSH cohort. Serum samples were obtained from 280 former workers (selection criteria
including data on gender were not specified) in 2004—2005. A simple one-compartment first-
order pharmacokinetic model and elimination rates as estimated from the BASF cohort were

used (Flesch-Janys et al., 1996). The “area under the curve” approach was used to characterize

workers’ exposures over the course of their working careers and provided a cumulative measure
of exposure. Analyses were performed with and without 165 of the 1,615 workers exposed to
pentachlorophenol to evaluate the impact of these exposures.

External comparisons of cancer mortality rates to the general U.S. population were made
using SMRs. Internal cohort comparisons of exposure-response relationships were made using
the Cox regression model. This model used age as the time variable, and was adjusted for year
of hire and birth year. Only those causes of death for which an excess was found based on the
external comparisons or for which previous studies had identified a positive association were
selected for dose-response analyses.

A total of 177 cancer deaths were observed in the cohort. For the external comparison
with the U.S. general population, overall, no statistically significant difference was observed in
all cancer mortality among all workers (SMR = 1.0, 95% CI = 0.8—1.1). Results obtained after
excluding workers exposed to pentachlorophenol were similar (SMR = 0.9, 95% CI = 0.8—1.1).
Excess mortality in the cohort was found for leukemia (SMR = 1.9, 95% CI = 1.0-3.2) and soft
tissue sarcoma (SMR =4.1, 95% CI = 1.1-10.5). Although not statistically significant SMRs for
other lymphohemopoietic cancers included non-Hodgkin lymphoma (SMR = 1.3, 95% CI = 0.6,
2.5) and Hodgkin disease (SMR =2.2, 95% CI = 0.2, 6.4).

Internal cohort comparisons using the Cox regression model were performed for all
cancers combined, lung cancer, prostate cancer, leukemia, non-Hodgkin lymphoma, and
soft-tissue sarcoma. Whether the internal comparisons excluded those workers exposed to
pentachlorophenol is not entirely clear from the text or accompanying table, but presumably they

do not. The RR was 1.002 (95% CI = 0.991—-1.013) for all cancer mortality per 1 ppb-year
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increase in cumulative TCDD exposure was not statistically significant. Except for soft tissue
sarcomas, no statistically significant exposure-response trends were observed for any cancer site.

For soft tissue sarcoma, analyses were based on only four deaths.

C.1.1.1.1.5.2. Study evaluation

A key limitation of this study is that SMRs were not derived for different periods of
latency for the external comparison group analysis. The original publication on the NIOSH
cohort found that SMRs increased when a 20-year latency period was incorporated (Fingerhut et

al., 1991a), and similar patterns have been observed in other occupational cohorts (Ott and

Zober, 1996a; Manz et al., 1991) and among Seveso residents (Consonni et al., 2008).

Additionally, dose-response analyses showed marked increases in slopes with a 15-year latency

period (Cheng et al., 2006; Steenland and Deddens, 2003). In this context, the absence of an

elevated SMR for cancer mortality is consistent with previous findings of the NIOSH cohort.

Additional analyses published subsequently (Collins et al., 2010) found no excess cancer

mortality in the cohort relative to the general population when a latency period of 20 years was
applied (SMR = 1.0, 95% CI = 0.8—1.1).

Unfortunately, the Collins et al. (2009) study did not include a categorical analysis of
TCDD exposure and cancer mortality. This categorical analysis would have enabled an
evaluation of whether a nonlinear association exists between TCDD exposure and cancer risk.
The analyses of both Cheng et al. (2006) and Steenland et al. (2001b) suggest an attenuation of
effects at higher doses, and several investigations have considered log-transformed associations
as a means to address nonlinearity. Also, the earlier plant-specific dose-response analyses of
Steenland et al. (2001b) are not consistent with the findings for the Midland plant that Collins
et al. (2009) presented. In response to the letter by Villeneuve and Steenland (2010) that
highlighted the value of characterizing risk across categories of TCDD exposure, Collins et al
(2010) reported SMRs across three cumulative exposure levels of 0.1-374.9, 375.0—1,999.9, and
2,000—112,253 ppt-month categories. No excess cancer mortality, as captured by the SMR, was
observed in any of the three exposure categories for analyses conducted with no latency and a
20-year latency. Given that excesses were not noted in the NIOSH cohort until approximately
14,000 ppt-months, the upper exposure grouping (2,000-112,253 ppt-months) used by Collins

et al. (2010) may not be able to differentiate possible associations at higher exposure levels.
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C.1.1.1.1.5.3. Suitability of data for dose-response modeling

The Collins et al. (2009) study used serum levels to derive TCDD exposure estimates and
does not appear to be subject to important biases. The reliance on data from one plant offers
some advantages over the multiplant analyses, as heterogeneity in exposure to other occupational
agents would be lower. The number of individuals who provided serum samples (n = 280) is
greater than the 170 individuals used to derive TCDD estimates for the NIOSH cohort, but there
was no information presented in either study to assess how representative subjects who provided
samples were of the larger cohort. The authors found a statistically significant dose-response
trend for soft tissue sarcoma mortality and TCDD exposures. Therefore, this study is considered

suitable for quantitative dose-response analysis.

C.1.1.1.2. The BASF cohort

In 1953, dioxin contamination occurred as a result of an autoclave accident during the
production of trichlorophenol at the BASF plant in Ludwigshafen, Germany. A second dioxin
incident occurred in 1988 that was attributed to the blending of thermoplastic polyesters with
brominated flame retardants. Of the two events, the one on November 13, 1953, was associated
with more severe acute health effects, including chloracne that resulted in immediate
hospitalizations for seven workers. These adverse events were not linked to TCDD until 1957
when TCDD was identified as a byproduct of the production of trichlorophenol and was shown

to induce chloracne (Zober et al., 1994). Zober and colleagues (1998) noted that with the 1988

accident, affected individuals did not exhibit clinical symptoms or chloracne, but rather were
identified through “analytical measures.” In both instances, efforts were made to limit the

potential for exposure to employees.

C.1.1.1.2.1. Thiess and Frentzel-Beyme (1977) and Thiess et al. (1982)
C.1.1.1.2.1.1.  Study summary
A study of the mortality of workers employed at the BASF plant was first presented in

1977 (Thiess and Frentzel-Beyme, 1977) with subsequent updates in both 1982 (Thiess et al.
1982), and in 1990 (Zober et al., 1990). In the first published paper (Thiess et al., 1982),

74 employees involved in the 1953 accident were traced and their death certificate information

extracted. Of these, 66 suffered from chloracne or severe dermatitis. Observed deaths were
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compared to the expected number using three external reference groups: the town of
Ludwigshafen (n = 180,000), the district of Rhine-Hessia-Palatinate (» = 1.8 million), and the
Federal Republic of Germany (n = 60.5 million). Another comparison group was assembled by
selecting age-matched employees taken from other cohorts under study. This additional
comparison was aimed at avoiding potential biases associated with healthy worker effect when
using an external referent.

During a follow-up interval of up to 26 years (1953—1979), 21 individuals died. Of
these, seven deaths were from cancer. The expected number of cancer deaths derived for the
three external comparison groups ranged between 4.1 and 4.2, producing an SMR of 1.7
(p-values ranged between 0.12 and 0.14). Excess mortality was found for stomach cancer based
on the external comparisons (p < 0.05); however, this was based on only three cases. No other
statistically significant excesses were found with the external comparisons made to the other

cohorts of workers.

C.1.1.1.2.1.2. Study evaluation

In the Thiess et al. (1982) study, no TCDD exposures were derived for the workers, thus
no dose-reconstruction was performed. The findings from this study are severely limited by the
small size of the cohort. The 74 workers followed in this cohort represent the smallest number of
workers across the occupational cohorts (McBride et al., 2009a; 2009b; Michalek and Pavuk,
2008; Steenland et al., 2001b; Becher et al., 1998; Hooiveld et al., 1998; Fingerhut et al., 1991b)

that have investigated TCDD exposures and cancer mortality. Mechanisms of follow-up were
excellent as all individuals were traced, and death certificates were obtained from all deceased
workers.

Although the study does compare the mortality experience to other occupational cohorts,
the paper provides insufficient information to adequately interpret these findings. For example, a
description of these occupations is lacking making it impossible to determine whether these
cohorts were exposed to other occupational carcinogens that might have confounded the

associations between TCDD exposure and cancer mortality.
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C.1.1.1.2.1.3. Suitability of data for TCDD dose-response modeling
Subsequent data assembled for the BASF cohort provide more detailed exposure
characterization, and also include information for 243 male workers employed at the plant. As

such, this study did not meet the considerations for further dose-response analysis.

C.1.1.1.2.2. Zober et al. (1990)
C.1.1.1.2.2.1.  Study summary
Zober et al. (1990) also examined the mortality patterns of those involved in the 1953

accident at the BASF plant. As detailed in their paper, the size of the original cohort was
expanded to 247 workers through efforts to locate all who were exposed in the accident or during
the clean-up. Three approaches were followed in assembling the cohort. Sixty-nine cohort
members were identified from the company physician’s list of employees exposed as a result of
the accident (Subcohort C1). Sixty-six of these workers were included in the original study
population of workers Thiess et al. (1982) examined. Eighty-four other workers who were
potentially exposed to TCDD due to their involvement in demolitions or operations were added
to the cohort. This group included 43 firemen, 18 plant workers, 7 bricklayers, 5 whitewashers,
4 mechanics, 2 roofers, and 5 individuals in other occupations (Subcohort C2). The cohort was
further augmented through the Dioxin Investigation Program, which sought to locate those who
were involved in the 1953 accident and were still alive in 1986. Current and former workers
enrolled in the study were asked to identify other current or former coworkers (including
deceased or retired) who might have been exposed from the accident. This third component of
94 workers (Subcohort C3) included 27 plant workers, 16 plumbers, 10 scaffolders,

10 professionals, 7 mechanics, 6 transportation workers, 5 bricklayers, 5 laboratory assistant,

3 insulators, and 5 individuals in other occupations. A medical examination was performed for
those identified through the Dioxin Investigation Program, and blood measures were obtained for
28 of these workers.

External comparisons of the workers’ mortality experience to the general population of
the Federal Republic of West Germany were made using SMRs. Person-years were tabulated
across strata defined by calendar period, sex, and age-group. Sixty-nine deaths including 23
from cancer were detected among the workers during the 34-year follow-up period (November

17, 1953 through December 31, 1987). Cause-specific death rates for these same strata were
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available for the Federal Republic of West Germany. Stratified analyses were conducted to
examine variations in the SMRs according to years since first exposure (0—9, 10—19, and
>20 years) for each of the three subcohorts, as well as 114 workers with chloracne.

Although it was consistent in magnitude with findings from the NIOSH cohort, a
statistically significant SMR for all cancer mortality was not observed (SMR =1.17,
90% CI=0.80—1.66). The SMRs for each of the three subcohorts varied substantially. For
Subcohorts C1, C2, and C3, the SMRs were 1.30 (90% CI=0.68-2.26), 1.71
(90% CI =0.96—-2.83), and 0.48 (90% CI = 0.13—1.23), respectively. The SMRs increased
dramatically when analyses were restricted to those with 20 or more years since first exposure in
Subcohort C1 (SMR = 1.67, 90% CI = 0.78—3.13) and Subcohort C2 (SMR = 2.38,
90% CI = 1.18—4.29). Meanwhile, in a subgroup analysis of those with chloracne, for the period
of 20 or more years after first exposure, a statistically significant excess in cancer mortality was

noted (SMR =2.01; 90% CI = 1.22-3.15).

C.1.1.1.2.2.2. Study evaluation

An important limitation of the study is the manner in which the cohort was constructed.
Subcohort C3 was constructed by identifying individuals who were alive in 1986. This resulted
in 97 active and retired employees who participated in the program, with 94 included in the
analysis. Although these individuals did identify other workers who might have also retired or
died, inevitably, some individuals who had died were not included in the cohort. This would
serve to underestimate the SMRs that were generated with external comparisons to the German
population. Indeed, cancer mortality rates in this subcohort were about half of what would have
been expected based on general population rates (SMR = 0.48, 90% CI = 0.13—1.23).
Additionally, more than half of Subcohort C2 were firemen (43 of 84), who were likely exposed
to other occupational carcinogens. Quantitative analyses of epidemiologic data for firefighters

have demonstrated increased cancer risk for several different forms of cancer (Youakim, 2006).

Therefore, potential confounding from other occupational exposures of the firefighters could
have contributed to the higher SMR in Subcohort C2 cohort and is a concern. Data on cigarette
smoking were not available either. No excess for nonmalignant respiratory disease was found,

however, suggesting this might not be an important source of bias.

C-34


http://hero.epa.gov/index.cfm?action=search.view&reference_id=197295�

C.1.1.1.2.2.3. Suitability of data for TCDD dose-response modeling

As with the Thiess et al. (1982) publication, individual-level estimates of workers’
exposures were not made. Lack of exposure estimates precludes a quantitative dose-response
analysis using these data. Also, the study design is not well suited to characterization of risk
using the SMR statistic. Mortality is likely under-ascertained in the large component of the

cohort that was constructed through the identification of surviving members of the cohort.

C.1.1.1.2.3. Ott and Zober (1996a)
C.1.1.1.2.3.1. Study summary
Ott and Zober (1996a) extended the analyses of the BASF cohort to include estimates of

individual-level measures of TCDD. The researchers also investigated associations with cancer
mortality and incidence. The cohort follow-up period of 39 years extended until December 31,

1992, adding 5 years to the previously published study (Zober et al., 1990). Ott and Zober

(1996a) identified incident cases of cancer using occupational medical records, death certificates,
doctor’s letters, necropsy reports, and information from self-reported surveys sent to all
surviving cohort members. Self-reported cancer diagnoses were confirmed by contacting the
attending physician.

This study characterized exposure by two methods: (1) determining chloracne status of
the cohort members, and (2) estimating cumulative TCDD (pg/kg) levels. In 1989, serum
measures were sought for all surviving members of the 1953 accident, and serum TCDD levels
were quantified for 138 individuals. These serum levels were used to estimate cumulative
TCDD concentrations for all 254 members of the accident cohort. Ott et al. (1993) published a
description of the exposure estimation procedure, which was a regression model that accounted
for the circumstances and duration of individual exposure. The average internal half-life of
TCDD was estimated to be 5.8 years based on repeated serum sampling of 29 individuals. The
regression model allowed for this half-life to vary according to the percentage of body fat, and
yielded half-lives of 5.1 and 8.9 years among those with 20% and 30% body fat, respectively.
Previous analyses of this cohort had used a half-life of 7.0 years (Ott et al., 1993).

TCDD half-life has been reported to increase with percentage of body fat in both
laboratory mammals (Geyer et al., 1990) and humans (Zober and Papke, 1993). Ott and Zober

(1996a) contend that observed correlations with chloracne severity and cumulative estimates of
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TCDD exposure indirectly validated this exposure metric. Specifically, the mean TCDD
concentration for those without chloracne was 38.4 ppt; for those with moderate and severe
forms of chloracne, the mean was 420.8 ppt and 1,008 ppt, respectively.

Unlike the NIOSH cohort, individual-level data were collected for other cancer risk
factors. These factors included body mass index at time of first exposure, history of
occupational exposure to B-naphthylamine and asbestos, and history of smoking. Smoking data
were available for 86% of the cohort. SMRs were based on the external referent population of
West Germany. For cancer incidence, Ott and Zober (1996a) generated standardized incidence
ratios (SIRs) using incidence rates for the state of Saarland (1970—1991) as the external referent.
They calculated SMRs (and SIRs) for three or four categories of cumulative TCDD levels:
<0.1 pg/kg, 0.1-0.99 pg/kg and >1 pg/kg. The Cox regression model was used to characterize
risk within the cohort using a continuous measure of TCDD. These analyses considered the
potential confounding influence of age, smoking, and body mass index using a stepwise
regression modeling approach. The Cox modeling employed a stratified approach using the date
of first exposure to minimize possible confounding between calendar period and exposure. The
three first exposure groups were: exposure within the first year of the accident, exposure between
1 year after the accident and before 1960, and exposure after 1959. The Cox regression
estimates were presented in terms of conditional risk ratios (i.e., hazard ratios adjusted for body
mass index, smoking and age).

Although no statistically significant excess relative to the general population was
detected for all cancer mortality, there was some suggestion of an exposure-response
relationship. In the 0.1-0.99 pg/kg, 1-1.99 ng/kg, and >2.00 pg/kg exposure groups, the all
cancer SMRs were 1.2 (95% CI = 0.5-2.3), 1.4 (95% CI=0.6—-2.7) and 2.0 (95% CI = 0.8—4.0),
respectively. Higher SMRs for cancer (all sites combined) were also found with an increased
interval since exposure first occurred. Specifically, when observed versus expected counts of
cancer were compared in the time interval 20 years after first exposure, the SMR in the highest
combined exposure group (>1 pg/kg) was 1.97 (95% CI = 1.05-5.36). An excess in lung cancer
also was noted with the same lag in this exposure group (SMR = 3.06, 95% CI = 1.12—-6.66).
For cancer incidence, a statistically significant increased SIR for lung or bronchus cancer was

observed in the highest combined exposure (>1 pg/kg) category (SIR =2.2, 95% CI = 1.0—4.3),
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but no other statistically significant associations were detected for any other cancer site. No
cases of soft-tissue sarcoma were found among the cohort members in this analysis.

Cox regression models also were used to conduct internal cohort comparisons by
generating hazard ratios as measures of relative risk for TCDD exposures with adjustment for
smoking, age and body mass index. A statistically significant association between TCDD dose
(per ng/kg) and cancer mortality was detected (RR = 1.22, 95% CI = 1.00—1.50), but not for
cancer incidence (RR = 1.11, 95% CI = 0.91—1.35). Statistically significant findings were
observed for stomach cancer mortality (RR = 1.46, 95% CI = 1.13—1.89) and incidence
(RR=1.39,95% CI=1.07-1.69).

The Ott and Zober (1996a) study also compared the relationship between TCDD
exposure categories and cancer mortality from all sites combined according to smoking status.
Associations were noted between increased exposure to TCDD and mortality from cancer among

current smokers, but not among never or former smokers.

C.1.1.1.2.3.2. Study evaluation

The Ott and Zober (1996a) study characterizes exposure to TCDD at an individual level.
Therefore, unlike past studies of this cohort, these data can provide an opportunity for
conducting quantitative dose-response modeling. As with the more recent studies involving the
NIOSH cohort, serum samples were obtained from surviving cohort members and then used to
back-extrapolate TCDD values for all cohort members. In the BASF cohort, however, serum
data were available for a much higher percentage of cohort members (54%) than in the NIOSH
cohort (5%). An additional study strength was the collection of questionnaire data, which
allowed for the potential confounding influence of cigarette smoking and body mass index to be
taken into account.

The Ott and Zober (1996a) study also evaluates the relationship between TCDD and
cancer incidence. Most cohort studies of TCDD-exposed workers have relied solely on mortality
outcomes. The availability of incidence data better allows for period of latency to be described,
and moreover, to characterize risks associated with cancers that typically have long survival
periods. The authors provide few details on the expected completeness of ascertainment for
incident cancer cases, which makes determining any associated bias difficult. They do, however,

suggest that nonfatal cancers are more likely to have been missed in the earlier part of the
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follow-up. The net result of differential case ascertainment over time makes evaluating
differences in risk estimates across different periods of latency impossible.

The small sample size of the cohort (n = 243 men) limited the statistical power to detect
small associations for some of the exposure measures. This also effectively limited the ability to
analyze dose-response relationships quantitatively, particularly across strata such as time since
exposure. For site-specific analyses, the cancer site with the most cancer deaths was the
respiratory system (n = 11). Given the evidence of an exposure-response relationship noted for
all cancer sites combined, quantitative dose-response analysis using these cohort data would be
limited to the evaluation of this endpoint.

The most important limitation of this study is related to the construction of the
third component of the cohort. As mentioned earlier, this cohort was assembled by actively
seeking out surviving members of the cohort in the mid-1980s. The mortality experience of this
cohort is much lower than that of the general population over the entire follow-up, a result that is
expected given that the large component of the cohort was made up of individuals known to be

alive as of 1986. The net result is likely an underestimate of the SMR.

C.1.1.1.2.3.3. Suitability of data for TCDD dose-response modeling
This study was included in the quantitative dose-response modeling for the

2003 Reassessment (U.S. EPA, 2003). The characterization of exposure data and availability of

other risk factor data at an individual level are appropriate for use in quantitative dose-response

analyses.

C.1.1.1.3. The Hamburg cohort

The Hamburg cohort has been the subject of several cancer risk assessments. As with the
NIOSH and BASF cohorts, analyses have progressed from basic comparisons of mortality rates
to those in the general population to more sophisticated internal cohort analyses involving the
reconstruction of TCDD exposures using serum measures. This cohort consists of approximately
1,600 workers who were employed in the production of herbicides at a plant in Hamburg,

Germany during 1950—-1984 (Becher et al., 1998; Flesch-Janys et al., 1995). The herbicides

produced included 2,4,5-T, B-hexachlorocyclohexane and lindane. The production of TCP and
2,4,5-T was halted in 1954 following a chloracne outbreak. The plant ceased operations in 1984.
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Approximately 20 different working areas were identified, which, in turn, were grouped into
five main areas based on putative TCDD exposure levels. One working area was deemed to be
extremely contaminated, having TCDD exposures at least 20-fold higher than in other areas. In
this section, the studies undertaken in this cohort that have examined cancer mortality are

summarized.

C.1.1.1.3.1. Manzetal. (1991)
C.1.1.1.3.1.1. Study summary
Manz et al. (1991) investigated patterns of mortality in the Hamburg cohort. The study

population consisted of 1,583 workers (1,184 men, 399 women) who were employed for at least
three months between 1952 and 1989. Casual workers were excluded as they lack sufficient
personal identifying information thereby not allowing for associations with mortality outcomes
to be examined. Vital status was determined using community-based registries of inhabitants
throughout West Germany. Cause of death until the end of 1989 was determined from medical
records for all cancer deaths and classified based on the ninth revision of the International

Classification of Diseases (WHO, 1978). Although Manz et al. (1991) present some data on

cancer incidence for the cohort, the data are incomplete as information was available on only
12 cases; 103 (93 men and 20 women) cancer deaths were observed in the cohort.

In this study, the authors used information on production processes to group workers into
categories of low, medium, or high exposure to TCDD. This information was based on TCDD
concentrations in precursor materials, products, waste, and soil from the plant grounds, measured
after the plant closed in 1984. The distribution of workers into the low, medium, and high
exposure groups was 186 (79 men and 107 women), 901 (636 men and 265 women), and
496 (469 men and 27 women), respectively. The authors examined the validity of the
three exposure categories using a separate group of 48 workers not selected for the cohort who
volunteered to provide adipose tissue samples. Selection criteria and response rate information
for the 48 volunteers were not provided, nor was there any indication that comparisons were
made between the 48 volunteers and the individuals included in the study cohort. The median
exposure of the 37 volunteers in the high group was 137 ng/kg and 60 ng/kg in the remaining 11.
Although the results indicate higher TCDD levels in the high-exposure group, combining the

lower two groups precludes separate validation of the two exposure groups. In addition, the
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authors reported that some exposure misclassification was likely given that 5 of the 37 workers
classified in the high exposure group had adipose levels lower than background (20 ng/kg).
Information about chloracne in the cohort was incomplete, and, therefore, was not used as a
marker of TCDD exposure. Other surrogate measures of exposure were considered in this study,
including duration of exposure and year of first employment. For the latter measure,
employment that began after 1954 was assumed to result in much lower exposures given that
production of 2,4,5-T and TCP stopped in 1954.

External comparisons of cancer mortality were made by calculating SMRs using the
general population of West Germany as a referent. Comparisons of mortality in the cohort also
were made to a separate cohort of 3,417 gas supply workers to avoid bias from the healthy
worker effect. Vital status and cause of death in the gas supply workers were determined using
the same methods as in the Hamburg cohort. SMRs were calculated relative to both referent
populations (West Germany and gas supply workers) across low, medium, and high TCDD
exposure groups. The comparison of mortality to the gas supply workers, however, extended
only until the end of 1985, whereas, comparisons to the general population extended until 1989.
Stratified analyses were undertaken to calculate SMRs for each of the three exposure groups for
categories of duration of employment (<20 versus >20 years) and date of entry into the cohort
(<1954 vs. >1954).

When compared to the general population, overall cancer mortality was elevated in male
cohort members (SMR = 1.24, 95% CI = 1.00—1.52) but not in females (SMR = 0.80,

95% CI1=0.60—1.05). A twofold increase in female breast cancer mortality was noted although
it did not achieve statistical significance at the alpha level of 0.05 (SMR = 2.15,

95% CI=0.98-4.09). The SMR among men was further increased when analyses were
restricted to workers who were employed for at least 20 years (SMR = 1.87,

95% CI=1.11-2.95). Analyses restricted to those in the highest exposure group produced an
even higher SMR for those with at least 20 years of employment (SMR = 2.54,

95% CI=1.10-5.00). Statistically significant excesses in risk were detected among those who
first worked before 1954, but not afterward. Furthermore, a dose-response trend was observed
across increasing exposure categories in the subset of workers employed before 1954. The
SMRs using the cohort of gas supply workers as the referent group for the low, medium, and

high groups in this subset were 1.41 (95% CI = 0.46—3.28), 1.61 (95% CI = 1.10-2.44), and 2.77
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(95% CI =1.59-4.53), respectively. This finding is consistent with what was known about
TCDD exposures levels at the plant, namely, that TCDD concentrations were much higher
between 1951 and 1954, with subsequent declining levels after 1954.

Generally speaking, patterns of excess mortality were similar when the cohort of gas
workers was used as a reference group. The overall SMR for men was 1.39
(95% CI =1.10—1.75); and was 1.82 (95% CI = 0.97-3.11) when analyses were restricted to
workers with 20 or more years of employment. A dose-response trend also was observed across
exposure categories when analyses were restricted to those employed for at least 20 years. In
particular, with these analyses, no cancer deaths were observed among those in the lowest
exposure group, while the SMRs in the middle and high exposure groups were 1.36
(95% CI=0.50-2.96) and 3.07 (95% CI = 1.24-6.33).

SMRs also were generated for several site-specific cancers relative to the West German
general population and the gas worker cohort. No statistically significant excesses were
observed using the general population reference. In contrast, statistically significant excesses
were observed for lung cancer (SMR = 1.67, 95% CI = 1.09—-2.44) and hematopoietic system
cancer (SMR =2.65, 95% CI = 1.21-5.03) relative to the gas workers cohort.

C.1.1.1.3.1.2. Study evaluation

The Manz et al. (1991) findings indicate an excess of all cancer mortality among the
workers with the highest exposures, particularly those who worked for at least 20 years and were
employed before 1954. The findings across categories of exposure within the subsets of workers
employed for at least 20 years and before 1954, particularly using the cohort of gas supply
workers, are consistent with a dose-response relationship. These elevated cancer mortality rates
found among those employed before 1954 occurred at a time where TCDD exposures were
highest. Other carcinogenic coexposures, such as benzene, asbestos, and dimethyl sulfate, could
have occurred among this population. Given that no substantial changes in the production
processes at the Hamburg plant occurred after 1954, comparable levels of these coexposures
would be expected before and after 1954. Exposures to these other chemicals varied across
different departments/groups; therefore, confounding was unlikely since a strong association

between concentrations of these chemicals and TCDD exposures was not evident. No
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information, however, was presented on potential exposure to other DLCs which may confound
the associations that were detected.

Detailed information on workers’ smoking behaviors was not collected. Limited
evidence indicated, however, that smoking prevalence between the Hamburg cohort and the gas
supply workers cohort was quite similar. A nonrepresentative sample of 361 workers in the
Hamburg cohort and the sample of 2,860 workers in the gas supply cohort found that the
self-reported smoking prevalence was 73 and 76% in these two cohorts, respectively. This
suggests that the two cohorts are comprised predominantly of smokers. The similarity in overall
smoking prevalence suggests that comparisons of cancer mortality between the two groups are

not unduly influenced by an inability to adjust for smoking.

C.1.1.1.3.1.3. Suitability of data for TCDD dose-response modeling

The data compiled for the Manz et al. (1991) study do satisfy many of the considerations
for conducting quantitative dose-response analysis; health outcomes appear to be ascertained in
an unbiased manner, and exposure was characterized on an individual-level basis. However, as
demonstrated in later studies, there was a large DLC component that was not quantified or
assessed in this study. Dose-response associations between TCDD and cancer mortality were
detected, with stronger associations observed with increased periods of latency and for those who
first worked when TCDD was at higher levels.

The size of the cohort, although not as large as the NIOSH cohort, does offer sufficient
statistical power to evaluate TCDD-related risk for all cancers combined. The data are limited,
however, for characterizing cancer risks among women; only 20 cancer deaths occurred in the
399 women included in the cohort. It is unlikely that the excess cancer risks using the external
reference population are due to uncontrolled effects from smoking since dose-response patterns
were strengthened when comparisons were made to the cohort of gas supply workers rather the
general population referent where smoking rates were likely lower. The inability to account for
other occupational exposure when TCDD exposures were much higher (pre-1955) could result in
confounding if these other exposures were related to TCDD and the health outcomes under
consideration. This data set would be suitable for quantitative dose-response modeling if the

exposure characterization of the cohort could be improved using biological measures of dose.
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C.1.1.1.3.2. Flesch-Janys et al. (1995)
C.1.1.1.3.2.1. Study summary
In 1995, Flesch-Janys et al. (1995) published an analysis of the male employees from the

Hamburg cohort that extended the follow-up to 40 years (1952—1992). Inclusion of these three
additional years of follow-up resulted in a sample size of 1,189 male workers.

The authors estimated a quantitative exposure variable for concentrations of TCDD in
blood at the end of exposure (i.e., when employment in a department ended) and above German
median background TCDD levels. The TCDD exposure assessment defined 14 production
departments according to TCDD levels in various products in the plant, in waste products, and in
various buildings. The time (in years) each worker spent in each department then was
calculated. Concentrations of TCDD were determined in 190 male workers using serum
(n=142) and adipose tissue samples (n = 48). Selection criteria and response rate information
was not provided for this subsample. The authors used a first-order kinetic model to calculate
TCDD levels at the end of exposure for the 190 workers with available polychlorinated
dibenzo-p-dioxin (PCDD) and -furan (PCDF) at various time points. Half-lives were calculated
from an elimination study of 48 workers from this cohort, and the median TCDD background

level was estimated at 3.4 ng/kg blood fat from the German population (Flesch-Janys et al.,

1994; Pépke et al., 1994). Using the one-compartment, first-order kinetic model, the half-life of

TCDD was estimated to be 6.9 years (Flesch-Janys, 1997). Increased age and higher body fat

percentage were associated with increased TCDD half-life, while smoking was associated with a

higher decay rate for most of the congeners examined (Flesch-Janys et al., 1996). Cumulative

TCDD exposures for all 1,189 workers were estimated by summing exposures over the time
spent in all production departments (expressed in terms of ng/kg of blood fat) in combination
with quantitative estimates based on the blood and adipose samples from the 190 workers. The
contribution of each working department on overall PCDD exposure was estimated using
ordinary least squares regression. The authors also applied a metric of total toxicity equivalence
(TOTTEQ) as the weighted sum of all congeners where weights were TEQs that denoted the
toxicity of each congener relative to TCDD.

Similar to previous analyses on this cohort, comparisons were made using an external

referent group of workers from a gas supply company (Manz et al., 1991). In contrast to

previous analyses where SMR statistics were generated using this “external” reference, however,
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Flesch-Janys et al. (1995) used Cox regression. The Cox regression models treated the gas
worker cohort as the referent group, and six exposure groups were defined from serum-derived
cumulative TCDD estimates. The groups were determined by using the first four quintiles with
the upper two exposure categories corresponding to the ninth and tenth deciles of the cumulative
TCDD. Internal cohort comparisons used those workers in the lowest quintile as the referent
group, as opposed to the cohort of gas workers. A similar approach was used to model TEQs.
No known TCDD exposures occurred in the gas workers, so they were assigned exposures based
on the median background levels in the general population. RRs were calculated based on
exposure above background levels; in other words, background levels were assumed to be
equivalent across all workers and also for those employed by the gas supply company. The RRs
derived using the Cox model were adjusted for total duration of employment, age, and year when
employment began.

The Cox regression with the cohort of gas workers as the referent exposure group yielded
a linear dose-response relationship between cumulative TCDD exposure and cancer mortality for
all sites combined (p <0.01). The RRs for all-cancer mortality were 1.59, 1.29, 1.66, 1.60, 1.70,
and 3.30. For four of the six categories (excluding the referent group), the RRs were statistically
significant (p < 0.05); in the highest TCDD exposure category (344.7-3,890.2 ng/kg) the RR
was 3.30 (95% CI = 2.05-5.31). Similar findings were evident with TOTTEQ. A dose-response
pattern for all cancer mortality (p < 0.01) based on the internal cohort comparisons was also
detected.

The authors performed an additional analysis to evaluate the potential confounding role
of dimethylsulfate. Although no direct measures of dimethylsulfate were available, the
investigators repeated analyses by excluding 149 workers who were employed in the department
where dimethylsulfate was present. A dose-response pattern persisted for TCDD and cancer
mortality (p < 0.01), and those in the highest exposure group (344.7-3,890.2 ng/kg of blood fat)
had a RR of 2.28 (95% CI = 1.14-4.59).

C.1.1.1.3.2.2. Study evaluation
The Flesch-Janys et al. (1995) study used serum-based measures to determine cumulative
exposure to TCDD at the end of employment for all cohort members. They used the standard

one-compartment, first-order kinetic model and samples obtained from 190 male workers. This
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quantitative measure of exposure permits an examination of a dose-response relationship.
However, there is not enough information provided on the selection of these 190 workers to
determine how representative they were of the larger cohort. Confounding for other
occupational exposures is unlikely to have biased the results. A dose-response relationship
persisted after excluding workers exposed to dimethylsulfate. Other potential exposures of
interest included benzene and isomers of hexachlorocyclohexane. Exposure to these agents,
however, was highest in the hexachlorocyclohexane and lindane department, where TCDD
exposures were lower. Confounding was unlikely due to exposure to these chemicals, since a
strong association between concentrations of these chemicals and TCDD exposures was not
evident (due to considerable variability in concentrations across different departments/groups).
As outlined earlier, the study findings are unlikely to be biased for cigarette smoking as the
prevalence of smoking in the cohort was similar to that in the comparison population. Moreover,

more recent analyses of serum-based TCDD exposure measures found no correlation with

smoking status in this cohort (Flesch-Janys et al., 1995)—a necessary condition for confounding
to occur.

The authors used an exposure metric that quantified the cumulative TCDD exposure of
workers at the time they were last exposed. As a result, the authors were unable to characterize
risks associated with this metric for different periods of latency despite a lengthy follow-up
period. Subsequent analyses constructed time-dependent measures of cumulative TCDD and
accounted for excretion of TCDD during follow-up.

In contrast to most risk assessments of TCDD exposure, this study modeled the

relationship between other DLCs and the risk of cancer mortality using the TOTTEQ metric.

C.1.1.1.3.2.3. Suitability of data for TCDD dose-response modeling

The data used in this study satisfy most of the considerations developed for performing a
quantitative dose-response analysis. However, latency period was not examined in this study.
Dose-response analyses were, therefore, limited to a subsequent study of this cohort (Becher et

al., 1998), which did examine latency.
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C.1.1.1.3.3. Flesch-Janys et al. (1998)
C.1.1.1.3.3.1. Study summary
Flesch-Janys et al. (1998) undertook another analysis on this cohort that incorporated

additional sera data collected from 275 workers (39 females and 236 males). The follow-up
period was the same as that used in the 1995 publication, with mortality follow-up extending
until December 31, 1992. Analyses were based on 1,189 males who were employed for at least
3 months from January 1, 1952 onward. The authors continued this dose-response analysis to
address limitations in their previous work. One limitation was that the previous method did not
account for the elimination of TCDD while exposures were being accrued during follow-up. A
second limitation was that the amount of time workers spent in different departments was not
considered. In the 1998 study, the “area under the curve” approach was used because it accounts
for variations in concentrations over time and reflects cumulative exposure to TCDD. The
authors used a first-order kinetic model to link blood levels and working histories to derive
department-specific dose rates for TCDD. The TCDD background level of 3.4 ng/kg blood fat

for the German population was used (Pédpke et al., 1994). The dose rates were applied to

estimate the concentration of TCDD at every point in time for all cohort members. A cumulative
measure expressed as ng/kg blood fat multiplied by years was calculated and used in the SMR
analysis. SMRs were calculated using general population mortality rates for the German
population between 1952 and 1992. No lag period was incorporated into the derivation of the
SMRs. The SMRs were estimated for the entire cohort and for exposure groups based on
quartiles obtained from the area under the curve. Linear trend tests were also performed. The
overall SMR for cancer mortality in the cohort was 1.41 (95% CI = 1.17—-1.68). This SMR value
was higher than the SMR of 1.21 reported for this same cohort with 3 fewer years of follow-up
(Manz et al., 1991). In terms of site-specific cancer mortality, excesses were found for
respiratory cancer (SMR = 1.71, 95% CI = 1.24—-2.29) and rectal cancer (SMR = 2.30,

95% CI=1.05-2.47). Increased risk for lymphatic and hematopoietic cancer (SMR = 2.16,

95% CI=1.11-3.17) were also noted largely attributable (SMR = 3.73, 95% CI=1.20-8.71) to

lymphosarcoma (i.e., non-Hodgkin lymphoma). A dose-response relationship was observed
across quartiles of cumulative TCDD for all-cancer mortality (p <0.01). The SMRs for these
quartiles were 1.24, 1.34, 1.34, and 1.73. Dose-response relationships were not observed for

lung cancer or hematopoietic cancers using this same metric. Dose-response relationships were
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not observed with cumulative TEQ for any of the cancer sites examined (i.e., all cancers, lung

cancer, hematopoietic cancer).

C.1.1.1.3.3.2. Study evaluation

The approach used in the Flesch-Janys et al. (1998) study offers a distinct advantage over
earlier analyses of the same cohort. The authors used sera data on 275 male and female subjects
to estimate department-specific dose rates, although it is unclear whether data on females were
used to estimate TCDD levels among the males examined in the cancer mortality analysis.
Three more years of follow-up were available, and the characterization of exposure using the
“area under the curve” better captures changes in cumulative exposure using a person-years
approach when compared to estimates of cumulative TCDD at the time of last exposure. As
noted previously, other occupational exposures or cigarette smoking are unlikely to have biased
the study findings. A sufficient length of follow-up had accrued, and dose-response relationships
were evident. DLCs were evaluated in this study. For TCDD, the mean concentration was
101.3 ng/kg at the time of measurement. For other higher chlorinated congeners, the

corresponding mean (without TCDD) was 89.3 ng/kg.

C.1.1.1.3.3.3. Suitability of data for TCDD dose-response modeling

The data used in this study satisfy most of the considerations developed for performing a
quantitative dose-response analysis. However, latency was not examined in this study.
Dose-response analyses were, therefore, limited to a subsequent study of this cohort (Becher et

al., 1998) which did examine latency and supersedes the Flesch-Janys et al. (1998) study.

C.1.1.1.3.4. Becher etal. (1998)
C.1.1.1.3.4.1. Study summary

The Becher et al. (1998) quantitative cancer risk assessment for the Hamburg cohort was
highlighted in the 2003 Reassessment as being appropriate for conducting dose-response
analysis. The integrated TCDD concentration over time, as estimated in the Flesch-Janys et al.
(1998) study, was used as the exposure variable. Estimates of the half-life of TCDD based on
the sample of 48 individuals with repeated measures were incorporated into the model that

back-calculated TCDD exposures to the end of the employment (Flesch-Janys et al., 1996). This
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method took into account the age and body fat percentage of the workers. In Becher et al.
(1998), the analysis used the estimate of cumulative dose (integrated dose or area under the
curve) as a time-dependent variable.

Poisson and Cox regression models were used to characterize dose-response
relationships. Both models were used to conduct internal comparisons where a person-years
offset was used, and to an external comparison where an offset of expected number of deaths
was used. The person-years offset was used to account for varying person-time accrued by
workers across exposure categories. The use of the expected number of deaths as an offset
allows risks to be described in relation to that expected in the general population. Within each
classification cell of deaths and person-years, a continuous value TCDD and TEQ levels based
on the geometric mean were entered into the Poisson model. For the Cox model, accumulated
dose was estimated based on area under the curve for TCDD, TEQ, TEQ without TCDD, and
B-hexachlorocyclohexane. These other coexposure metrics were adjusted for in the Cox
regression analyses. Other covariates considered included in the models were year of entry, year
of birth, and age at entry into the cohort. A background level of 3.4 ng/kg blood fat for the

German population was used (Pipke et al., 1994). A variety of latencies was evaluated (0, 5, 10,

15, and 20 years), and attributable and absolute risks were estimated. The unexposed cohort of
gas workers was used for most internal analyses.

Internal and external comparisons using the Poisson model found positive associations
with TCDD exposure and mortality from all cancers combined. The slope associated with the
continuous measure of TCDD (pg/kg blood fat x years) for the internal comparison was 0.027
(» <0.001), which decreased to 0.0156 (p = 0.07) after adjusting for age and calendar period.
The slope for the external comparison was 0.0163 (p = 0.055); this estimate was not adjusted for
other covariates. For TEQ, the slopes based on the internal comparisons were 0.0274 (p < 0.001)
in the univariate model and 0.0107 (p = 0.175) in the multivariate model after adjusting for age
and calendar period. The external estimate of slope for TEQ was 0.0109 (p = 0.164). Cox
regression of TCDD across six exposure categories, with a lag of 0 years, found a statistically
significant linear trend (p = 0.03) and those in the upper exposure group had a RR of 2.19
(95% CI=0.76—-6.29). These estimates were adjusted for year of entry, age at entry, and

duration of employment. A similar pattern was observed with the Cox regression analysis of
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TEQ); the linear test for trend, however, was not statistically significant at the alpha level of 0.05
(p = 0.06).

Cox regression models that included both TCDD and TEQ (excluding TCDD) were
applied. In this model, the slope () for TCDD was 0.0089 (p = 0.058), while the coefficient for
TEQ (excluding TCDD) was —0.024 (p = 0.70). This suggests that confounding by other DLCs
was unlikely and the increased risk of cancer was due to TCDD exposure. For all TEQs
combined, the slope was 0.0078 (p = 0.066).

The authors used multiple Cox models to evaluate the effect of latency. The slope
estimates for both TCDD and TEQ increased dramatically with increasing latency. The slope
estimates for TCDD increased from 0.0096 to 0.0160 (p < 0.05) when latency was increased
from 0 to 20 years. Similar changes in the TEQ slopes were noted (0.0093 to 0.0157).
Evaluations of dose-response curves found that the best-fitting curve was concave in shape,
thereby yielding higher risk at low exposure. Differences between the fit of the class of models
considered [i.e., RR(x,B) = exp (B log(kx = 1))], however, were small.

Attributable risks were generated only for TCDD, as the data suggested no effects with
other TEQs. The additional lifetime risk of cancer assuming a daily intake of 1 pg TCDD/kg
body weight/day was estimated to range between 0.001 and 0.01.

C.1.1.1.3.4.2. Study evaluation

The Becher et al. (1998) study represents perhaps the most detailed analyses performed
on any cohort to date. The findings were robust, as similar patterns were found with and without
using the gas supply worker cohort as the referent group. Exposures to other potential
confounding coexposures, such as DLCs, were taken into account, and workers with exposure to
other carcinogens (e.g., lindane) were excluded. Furthermore, latency was examined in this
study, unlike earlier studies of this cohort. Although the TCDD exposure estimates were derived
from a sample of 275 workers with repeated serum measures, the authors indicate that the
production department-specific estimates were in agreement with a priori expectations based on
an understanding of the chemistry and available industrial hygiene data. The authors also
reported no differences in dose rate estimates related to gender or short durations of employment.

Similar to other studies, the potential for exposure misclassification based on limited number of
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biomarker samples is hard to determine without more information on the representativeness of

the participants who provided samples.

C.1.1.1.3.4.3. Suitability of data for TCDD dose-response modeling
This study was included in the quantitative dose-response modeling for the

2003 Reassessment (U.S. EPA, 2003). The data in the Becher et al. (1998) study are suitable for

conducting quantitative dose-response modeling. The exposure data capture cumulative
exposure to TCDD as well as exposures to other DLCs. The length of the follow-up is sufficient,
and the study does not appear to be subject to confounding or other types of biases. Therefore,

this study is utilized in quantitative dose-response analysis.

C.1.1.1.4. The Seveso cohort

Several studies have evaluated the morbidity and mortality effects of residents exposed to
TCDD following a July 10, 1976, accidental release through an exhaust pipe at a chemical plant
in the town of Meda near Seveso, Italy. The released fluid mixture contained 2,4,5-T, sodium
trichlorophenate, ethylene glycol, and sodium hydroxide. Vegetation in the area showed
immediate signs of damage, and in the days following the accident, residents developed nausea,
headaches, eye irritation, and dermal lesions, particularly children.

This accident transported TCDD up to 6 km from the plant. Soil samples taken near the
plant revealed average levels of TCDD that ranged from 15.5 pg/m*to 580.4 pug/m” in the most

contaminated area near the plant (referred to as Zone A) (Bertazzi et al., 2001). Zone A covered

87 hectares and extended 2,200 m south from the plant. Another, more distant contaminated
zone (Zone B) covering 270 hectares also had contaminated soil levels, but the TCDD
concentration range was much lower (1.7-4.3 pg/m’). A reference zone (Zone R), which
surrounded the two contaminated areas, had lower TCDD soil levels (range: 0.9—1.4 pg/m’) and
included approximately 30,000 residents. Following the accident, most residents in Zone A left
the area. Although residents in Zone B remained, they were under strict regulations to avoid
consuming homegrown products. In total, 736, 4,737, and 31,800 individuals lived in Zones A,
B, and R, respectively. Within days of the accident, 3,300 animals (mostly poultry and rabbits)
were found dead. Emergency slaughtering was undertaken to prevent TCDD from entering the

food chain, and within 2 years more than 80,000 animals had been slaughtered. Mechanisms
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were put into place for long-term follow-up of these residents. Unlike the other occupational
cohort studies, the follow-up of this population allows for risks to be characterized for females.
The mortality studies from Seveso published to date have not incorporated serum TCDD
levels that were measured in individuals. Needham et al. (1997) describe the collection of serum
samples from a sample of the exposed population and control subjects in 1976. In 1988, human
exposure to TCDD was assessed by measuring small volumes of serum remaining from medical
examinations done in 1976. An examination of these data revealed some of the highest serum
TCDD levels ever reported, that the half-life of TCDD in this population was between 7 and
8 years, and that half-life varied between women and men. The half-life of TCDD in serum was

longer in women (~9 years) than in men (~7 years) (Needham et al., 1994). In this report, the

findings of studies that characterized cancer risks in relation to exposure to TCDD from the 1976
accident are highlighted. These studies include comparisons of cancer mortality rates to the

general population based on zone of residence at the time of accident (Consonni et al., 2008;

Bertazzi et al., 2001). More recent work done by Warner et al. (2002) investigated the

relationship between serum-based measures of TCDD and breast cancer among participants in

the Seveso Women’s Health Study (SWHS).

C.1.1.1.4.1. Bertazzi et al. (2001)
C.1.1.1.4.1.1. Study summary

Several studies have reported on the mortality experience of Seveso residents. The more
recent publications having a longer follow-up of the cohort are evaluated here. In 2001, the

findings from a 20-year mortality study of Seveso residents was published (Bertazzi et al., 2001).

The Bertazzi et al. (2001) study was an extension of the 10- and 15-year follow-ups for mortality
(Pesatori et al., 1998; Bertazzi et al., 1997; 1989) and the 10-year follow-up for cancer incidence
(Bertazzi et al., 1993).

In this cohort, TCDD exposures were assigned to the population using a three-level
categorical variable representative of the individual’s place of residence (Zones A, B, or R) at the
time of the accident or when the person first became a resident of the zone, if that was after
1976. An external comparison to the province of Lombardy was made by generating rate ratios
(RR) using Poisson regression techniques. Person-years of follow-up were tabulated across

strata defined by age, zone of residence, duration of residence, gender, calendar time, and
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number of years that had elapsed since the time of exposure. Mortality rates during the
preaccident period also were compared to evaluate potential changes in rates due to the accident
and to evaluate whether patterns were consistent before and after the accident.

No overall excess in mortality rates from all cancer sites combined was observed in
Zones A or B (combined) when compared to the reference population of Lombardy
(n =9 million residents) (RR = 1.0, 95% CI=0.9—-1.2). Analyses of site-specific cancer
mortality revealed statistically significant excesses among residents in Zones A or B (combined)
for cancer of the rectum (RR = 1.8, 95% CI = 1.0—3.3) and lymphatic and hematopoietic
malignancies (RR = 1.7, 95% CI = 1.2-2.5). Lymphatic and hematopoietic malignancies were
elevated in women (RR = 1.8, 95% CI = 1.1-3.2) and in men (RR = 1.7, 95% CI =1.0-2.8).

Analyses stratified by the number of years since first exposure (i.e., 1976) revealed
higher risk among men with an increased number of years elapsed. Similar to other studies, the
RR for all cancers (combined) was 1.3 (95% CI = 1.0—1.7) among men 15—20 years after first
exposure. No such increase after 15 years postexposure, however, was noted in women

(RR=0.8,95% CI=0.6-1.2).

C.1.1.1.4.1.2. Study evaluation

Ascertainment of mortality appears to be excellent. Vital status was established using
similar methods for both the exposed and reference populations. No individual data were
collected and, therefore, the possibility that confounding by individual characteristics such as
cigarette smoking cannot be entirely dismissed. Bertazzi et al. (2001) do note that the
sociodemographic characteristics of residents in the three zones were similar based on
independently conducted surveys, and no differences in chronic respiratory disease were found
across the different zones. If excess mortality was attributable to cigarette smoking, such
excesses would be expected to be evident during the entire study period. Latency analyses
revealed elevated risks 15—20 years postaccident. Finally, no excesses were observed for other
smoking-related cancers of the larynx, esophagus, pancreas, and bladder. The observed excesses
in all cancer mortality do not appear to be attributed to differential smoking rates between the
two populations.

To examine potential for bias due to noncomparability in the two study populations, a

comparison of cancer mortality rates between the Seveso regions and the reference population of
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Lombardy was conducted. Elevated rates for brain cancer mortality were noted in Seveso
relative to Lombardy, but the higher rates of leukemia mortality were found in Lombardy
relative to Seveso. That no excess was reported for all cancer sites combined lends credence to
the hypothesis that the exposure to TCDD from the accident increased rates of cancer after a
sufficient period of latency.

Stratified analyses were performed across several categorical variables including gender
and time since exposure. The numbers of cancer site-specific deaths are quite small in many of
the 5-year increments since first exposure. The study, therefore, has limited statistical power to
detect differences in mortality rates among the comparison groups for many cancer sites.

Bertazzi et al. (2001) assigned exposures based on zone of residence. Soil sampling
within each zone revealed considerable variability in TCDD soil levels within each zone.
Moreover, some individuals would have left the area shortly after the accident, and determining
the extent to which individuals in Zone B who were subject to the recommendations near the
time of the accident adhered to them is difficult. As a result, exposure misclassification is
possible, and the use of individual measures of TCDD level in serum is preferred over zone of
residence for determining exposure. As noted by the authors, the study is better suited to “hazard

identification” than to quantitative dose-response analysis.

C.1.1.1.4.1.3. Suitability of data for TCDD dose-response modeling

Given the variability in soil TCDD levels within each zone and the lack of individual
level, no effective dose can be estimated for quantitative dose-response analyses. Uncertainty in
identifying the critical exposure window for the Seveso cohort is a key limitation. The
evaluation of this study indicates that this study is not suitable for quantitative dose-response

analysis.

C.1.1.1.4.2. Warner etal. (2002)
C.1.1.1.4.2.1. Study summary
To date, Warner et al. (2002) is the only published investigation of the relationship

between serum-based measures of TCDD and cancer in Seveso. Eligible participants from the
SWHS (see Section C.1.2.1.4 for details) were women who, at the time of the accident in 1976,

were 40 years of age or younger, had lived in one of the most highly contaminated zones (A or
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B), and had adequate sera collected soon after the explosion. Enrollment in SWHS was begun in
March 1996 and lasted until July 1998. Of the total 1,271 eligible women, 981 agreed to
participate in the study. Cancer cases were identified during interview and confirmed through
review of medical records. Information on other risk factors including reproductive history and
cigarette smoking was obtained through interview.

Serum volumes greater than 0.5 mL collected between 1976 and 1981 were analyzed.
Most sera were collected in 1976/77 (n = 899); samples were collected in 1978—1981 for
54 women, and in 1996/97 for 28 women. For samples collected after 1977, serum TCDD levels

were back-extrapolated using a first-order kinetic model with a 9-year half-life (Pirkle et al.

1989). For 96 women with undetectable values, a serum level that was equal to one-half the
detection level was used.

Analyses were based only on women who provided serum samples; no extrapolation of
values to a larger population was done. Risks were therefore generated using data collected at an
individual level. Serum TCDD was analyzed as both a continuous variable and a categorical
variable. The distribution of serum TCDD levels of the 15 cases of breast cancer was examined
in relation to the distribution of all women in the SWHS. The median exposure was slightly
higher among with the 15 cases of breast cancer (71.8 ppt) compared to those without (55.1 ppt),
and the exposure distribution among breast cancer cases appeared to be shifted to the right (i.e.,
the exposures were higher but followed the same distribution); however, no formal test of
significance was conducted.

Warner et al. (2002) used Cox proportional hazards models to evaluate the risk of breast
cancer in relation to TCDD serum levels while controlling for a number of potential risk factors.
In all, 21 women had been diagnosed with cancer, and of these, 15 cases were cancer of the
breast. The analysis revealed that for every 10-fold increase in TCDD log-serum levels (e.g.,
from 10 to 100 ppt) the risk of breast cancer increased by a factor of 2.1 (95% CI = 1.0—4.6).
Risk estimates also were generated across four categories (<20, 20.1—44, 44.1-100, >100 ppt),
with the lowest category used as the reference. The RRs estimated in the third and fourth highest
exposure categories were 4.5 (95% CI = 0.6—36.8) and 3.3 (95% CI = 0.4-28.0). Although
statistical significance was not achieved for either category, likely because of the small number
of cases, the greater than threefold risk evident in both categories is worth noting. Given that the

reference category had only one incident case underscores the limited inferences that can be
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drawn from these analyses. The authors adjusted for numerous potential confounders, but
observed no differences between the crude and adjusted results; the authors, therefore, presented

unadjusted risks.

C.1.1.1.4.2.2. Study evaluation

The findings from the Warner et al. (2002) study differ from reports in earlier studies in
which mortality outcomes noted the absence of an SMR association. The design of this study is
much stronger than earlier ones, given the improved characterization of exposure, the ability to
compare incidence rates within the cohort, the ability to control for potential confounding
variables at an individual level, and the availability of incident outcomes. The use of incident
cases (versus mortality data) should also help minimize potential bias due to disease survival.
Another important advantage was the ability to measure TCDD near the time of the accident,
thereby reducing the potential for exposure measurement error.

A potentially important limitation of the Warner et al. (2002) study was that information
was collected only from those who were alive as of March 1996. Therefore, TCDD and other
relevant risk factor data could not be collected for those who had previously died of breast
cancer. Thirty-three women could not participate because they were either too ill or had died.
Of these, three died of breast cancer. Given that there were only 15 breast cancer cases, the
exclusion of these 3 cases could have dramatically impacted the findings in either direction.

Another limitation was that, at the time of the follow-up, most women were still
premenopausal and therefore, most of the cohort (average age = 40.8 years) had not yet attained
the age of greater risk of breast cancer (average age at diagnosis among the cases in this cohort
was 45.2 years). Although comparable data from Italy were not found, the median age of

diagnosis for breast cancer among U.S. women from 2003—2007 was 61 years (Altekruse et al.,

2010). An ongoing follow-up of the cohort should be completed by 2010, which should allow
for increased number of incident breast cancers to be identified. Given that the current analyses
were based only on 15 incident cases, this will substantially improve the statistical power of the
study. A secondary benefit is that the increased follow-up will allow for an investigation of

possible differential effects according to the age the women were at the time of exposure.
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C.1.1.1.4.2.3. Suitability of data for TCDD dose-response modeling

Several aspects of the Warner et al. (2002) study are weaknesses in the consideration of
this study for further dose-response modeling. Only 15 cases of breast cancer were available,
and no increases in risk were found with serum TCDD exposures between 20.1 and 44 ppt
(n = 2) when compared to those with <20 ppt (n = 1). The average age at the time of enrollment
was 40.8 years while the average age at diagnosis among the cases was 45.2 years. As most
women had not yet reached the age when breast cancer cases are typically diagnosed, additional
follow-up of the cohort would improve the quantitative dose-response analysis and strengthen
this study. A key strength of this study, however, is that Warner et al. (2002) includes an
investigation of the relationship between individual serum-based measures of TCDD and cancer
in Seveso. Despite the weaknesses, this study meets the evaluation considerations and criteria

for inclusion and will be analyzed for quantitative dose-response modeling.

C.1.1.1.4.3. Pesatori et al. (2003)
C.1.1.1.4.3.1. Study summary
Pesatori et al. (2003) published a review of the short- and long-term studies of morbidity

and mortality outcomes in the Seveso cohort in 2003. This paper presented cancer incidence
data from 1977 to 1991 for Seveso males and females residing in Zones A, B and R relative to an
external population (i.e., uncontaminated areas). Mortality data are also presented for a 20-year
follow-up (1976—1996) relative to the reference population. As in the original Bertazzi et al.
(2001) study, RRs were estimated using Poisson regression. No associations were noted for zone
of residence and all cancer mortality for either males or females. Although no cases were
reported in Zones A and B, soft tissue sarcoma incidence rates were higher among males from
Zone R (RR =2.6,95% CI=1.1-6.3). Among males, residence in Zones A and B was
associated with lymphatic and hematopoietic cancer (RR = 1.9, 95% CI = 1.1-3.1). This
increased risk was due primarily to non-Hodgkin lymphoma, which accounted for 8 of the

15 incident cases (RR = 2.6, 95% CI = 1.3-5.3). Among females, increased incidence of
multiple myeloma (RR = 4.9, 95% CI = 1.5—16.1), cancer of the vagina (RR =5.5,

95% CI = 1.3—-23.8), and cancer of the biliary tract (RR = 3.0, 95% CI = 1.1-8.2) was associated

with residence in Zones A and B.
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C.1.1.1.4.3.2. Study evaluation

Limitations of the Pesatori et al. (2003) study included exposure misclassification from
the use of an ecological measure of exposure (i.e., region of residency at time of accident) and
low statistical power for some health endpoints. For example, all of the RRs presented above for
specific cancer mortality among females in the Pesatori et al. (2003) study were based on fewer

than five incident cases.

C.1.1.1.4.3.3. Suitability of data for TCDD dose-response modeling

As with the studies of mortality among Seveso residents, the Pesatori et al. (2003) study
does not capture TCDD exposure on an individual basis, and soil TCDD levels considerably vary
within each zone. Therefore, the quality of the exposure data is inadequate for estimating the

effective dose needed for quantitative dose-response analysis.

C.1.1.1.4.4. Baccarelli et al. (2006)
C.1.1.1.44.1. Study summary

Given previous findings from Seveso, Baccarelli et al. (2006) examined t(14;18)

translocations in the DNA of circulating lymphocytes of 144 healthy dioxin-exposed individuals.
These translocations are associated with the development of cancer, namely follicular
lymphomas. The study included 144 individuals selected from a previous population of
211 healthy subjects representative of the Seveso area, and 101 who had developed chloracne.
The investigators analyzed data from 72 (52 females and 20 males) high-TCDD plasma level
individuals (>10 ppt) and 72 (41 females and 31 males) low-TCDD plasma levels (<10 ppt),
matched for history of chloracne and smoking. A three-level categorical exposure variable was
used to evaluate dose response. This variable was developed by dividing those with exposures
>10 ppt into two groups: 10- <50 ppt, and 50—475.0 ppt. Trained interviewers administered a
questionnaire that collected data on demographic characteristics, diet, and residential and
occupational history.

The prevalence of t(14;18) was estimated as those individuals having a t(14;18) positive
blood sample divided by the t(14;18) frequency (number of copies per million lymphocytes).
Baccarelli et al. (2006) found that the frequency of t(14;18) was associated with plasma TCDD

levels, but no association between TCDD and the prevalence of t(14;18) was detected.
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C.1.1.1.44.2. Study evaluation

Whether the frequency of t(14;18) associated with plasma TCDD levels translates into an
increased risk of lymphoma is uncertain as prospective data of TCDD on those who developed
non-Hodgkin lymphoma are lacking. Moreover, the t(14;18) translocation could be an important
event in the pre-B stage cell that contributes to tumorigenicity, however subsequent exposure to
carcinogenic agents might be necessary for t(14;18) cells to develop into a malignancy (Hoglund
et al., 2004).

C.1.1.1.4.4.3. Suitability of data for TCDD dose-response modeling

Given that current TCDD plasma levels were measured for this study, it is unclear if the
effects of lymphocyte translocations may be due to an initial high exposure or are a function of
the cumulative exposure accrued over a longer time window. Additionally, whether the
frequency of t(14;18) associated with plasma TCDD levels translates into an increased risk of

lymphoma is unknown. Dose-response analysis for this outcome, therefore, was not conducted.

C.1.1.1.4.5. Consonni et al. (2008)
C.1.1.1.4.5.1. Study summary

Consonni et al. (2008) analyzed cancer mortality in the Seveso cohort with the addition

of a 25-year follow up period. Similar analytic methods as Pesatori et al. (2003) were applied

with 25 years of follow-up added to the analysis (Consonni et al., 2008). An important addition

in this paper was the presentation of RRs for Zone R, which had the lowest TCDD levels.
Poisson regression models were used to calculate RRs of mortality using Seregno as the
reference population. Cancer deaths observed in Zones A and B were 42 and 244, respectively.
No statistically significant differences in all cancer mortality relative to the reference
population were noted in any of the zones (Zone A: RR =1.03, 95% CI=0.76—1.39; Zone B:
RR =0.92, 95% CI=0.81-1.05; Zone R: RR =0.97, 95% CI = 0.92—1.02). Statistically
significant excesses in mortality from non-Hodgkin lymphoma (RR = 3.35,
95% CI=1.07-10.46) and multiple myeloma (RR =4.34, 95% CI = 1.07—-17.52) were observed
in the area with the highest TCDD levels (Zone A). No other statistically significant increases in
cancer mortality relative to the reference population were apparent. The absence of elevated

breast cancer mortality among women in this study was noteworthy, as this finding differs from
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the results of a study of Seveso women for which TCDD exposures were estimated using serum

samples (Warner et al., 2002).

C.1.1.1.4.5.2. Study evaluation

Although no individual-level data on smoking were available, the potential for
confounding is likely minimal. Independent smoking surveys found that smoking prevalence
rates in Desio, one of cities affected by the accident, were similar to those in districts just outside

the study area (Cesana et al., 1995). As mentioned earlier, one would expect elevated RRs over

the entire study period if smoking had biased the study results, and not just after 15-20 years

since exposure to TCDD.

C.1.1.1.4.5.3. Suitability of data for TCDD dose-response modeling
The lack of individual-level exposure data precludes quantitative dose-response modeling

using these data.

C.1.1.1.5. Chapaevsk study

Industrial contamination of dioxin in the Chapaevsk region of Russia has been the focus
of research on environmentally-induced cancers and other adverse health effects. The
Chapaevsk region is located in the Samara region of Russia and has a population of 83,000. The
region is home to a chemical plant that produced lindane and its derivatives between 1967 and
1987, which are believed to be responsible for local dioxin contamination. Soil sampling has
demonstrated a strong gradient of increased TCDD concentrations with decreased proximity to

the chemical plant (Revich et al., 2001).

C.1.1.1.5.1. Revich et al. (2001)
C.1.1.1.5.1.1. Study summary

Revich et al. (2001) used a cross-sectional study to compare mortality rates of Chapaevsk

residents to two external populations of Russia and the region of Samara. Mortality rates for all
cancers combined among males in Chapaevsk were found to be 1.2 times higher when compared
to the Samara region as a whole and 1.3 times higher than Russia. Similar to other studies, a

statistically significant excess was noted in men (SMR = 1.8, 95% CI = 1.6—1.9) but not in
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women (SMR =0.9, 95% CI =0.8—1.1). Among men, the excess was highest for the
smoking-related cancers of the lung (SMR = 3.1, 95% CI = 2.6—3.5) and larynx (SMR = 2.3,
95% CI = 1.2-3.8) and urinary organs (SMR = 2.6, 95% CI = 1.7-3.6). Among females, there
was no increased SMR for all cancer sites combined, but excesses for breast cancer (SMR = 2.1,
95% CI=1.6—-2.7) and cancer of the cervix (SMR = 1.5, 95% CI = 1.0—3.1) were statistically
significant.

Revich et al. (2001) also compared age-standardized cancer incidence rates in Chapaevsk
to those in Samara. Although statistical tests examining these differences were not reported,
higher incidence rates were observed for all cancers combined, cancer of the lip, cancer of the
oral cavity, and lung and bladder cancer among males in Chapaevsk. Considerably lower cancer
incidence rates also were observed for prostate cancer, cancer of the esophagus, and
leukemia/lymphoma among males from Chapaevsk. Among females, incidence rates were
higher in 1998 for all cancers in Chapaevsk when compared to Russia and the Samara region, an
observation that appears somewhat counter to the presented SMR of 0.9 for all cancer mortality
from 1995—1998. Similar to the mortality findings, rates of breast and cervical cancer incidence
among women in Chapaevsk were higher than in Russia. Leukemia/lymphoma rates were higher
among women in Chapaevsk than the reference populations of Samara and Russia. This finding
is contrary to the results for males where lower rates of leukemia/lymphoma were observed in

Chapaevsk.

C.1.1.1.5.1.2. Study evaluation
Although the Revich et al. (2001) findings suggest TCDD exposures in Chapaevsk are

quite high relative to other parts of the world (Akhmedkhanov et al., 2002), the evaluation of
health outcomes to date is based on ecological data. One limitation is that insufficient details are
provided by the authors to gauge the completeness and coverage of the cancer registry and
mortality data. Given the ecological nature of the data, the authors did not adjust for the
influence of other risk factors (e.g., smoking, reproductive characteristics) that could contribute
to increased cancer rates for lung cancer in men and breast cancer in women. In addition,
occupational exposures may have also contribute to these SMR and SIR differences for cancer

outcomes that varied considerably between men and women.
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Future research in Chapaevsk includes plans to conduct a breast cancer case-control
study. Women who were born from 1940 onward and who have been diagnosed with breast

cancer before the age of 55 were included in the study, although the plan to characterize TCDD

using serum is uncertain (Revich et al., 2005).

C.1.1.1.5.1.3. Suitability of data for TCDD dose-response modeling

This study did not meet most of the study considerations and criteria for inclusion in a
quantitative dose-response assessment. Given the lack of exposure data on an individual basis,
no effective dose can be estimated for this study population. Therefore, no dose-response

modeling was conducted for this study.

C.1.1.1.6. The Air Force Health (“Ranch Hands” cohort) study

Between 1962 and 1971, the U.S. military sprayed herbicides over Vietnam to destroy
crops that opposition forces depended upon, to clear vegetation from the perimeter of U.S. bases,
and to reduce the ability of opposition forces to hide. These herbicides were predominantly a

mixture of 2,4-D; 2,4,5-T; picloram; and cacodylic acid (Committee to Review the Health

Effects in Vietnam Veterans of Exposure to Herbicides, 2006). A main chemical sprayed was

Agent Orange, which was a 50% mixture of 2,4-D and 2,4,5-T. TCDD was produced as a

contaminant of 2,4,5-T and had levels ranging from 0.05 to 50 ppm (Committee to Review the

Health Effects in Vietnam Veterans of Exposure to Herbicides, 1994). A series of studies have

investigated cancer outcomes among Vietnam veterans. A review of military records to
characterize exposure to Agent Orange led Stellman and Stellman (1986) to conclude that
assignment of herbicide levels should not be based solely on self-reports or a crude measure such
as military branch or area of service within Vietnam. Investigations have been performed on the
Ranch Hands cohort, which consisted of those who were involved in the aerial spraying of
Agent Orange between 1962 and 1971. More elaborate methods were used to characterize

exposures among these individuals, and these studies are summarized below.
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C.1.1.1.6.1. Akhtar et al. (2004)
C.1.1.1.6.1.1. Study summary
Akhtar et al. (2004) investigated the incidence of cancer in the Ranch Hand cohort. The

Ranch Hand Unit was responsible for aerial spraying of herbicides, including Agent Orange, in
Vietnam from 1962 to 1971. Cancer incidence in the Ranch Hand cohort was compared to a
cohort that included other Air Force personnel who served in Southeast Asia during the same
period but were not involved in the spraying of pesticides. Study participation was voluntary,
but there was no indication of the participation rate for either the Ranch Hand cohort or the
comparison group. Health outcomes were identified during the postservice period that extended
from the time each veteran left Southeast Asia until December 31, 1999. The Akhtar et al.
(2004) study took into account concerns that both the comparison and spraying cohorts had
increased risks of cancer, and addressed the possibility that workers with service in Vietnam or
Southeast Asia might have increased cancer risk. The authors addressed the latter concern by
adjusting risk estimates for the time spent in Southeast Asia and for the proportion of service
time spent in Vietnam.

The Ranch Hand cohort comprised 1,196 men, and the comparison cohort had
1,785 men. The comparison cohort was selected by matching date of birth, race, and occupation
(i.e., officer pilot, officer navigator, nonflying officer, enlisted flyer, or enlisted ground
personnel). TCDD levels were determined using serum levels collected from veterans who
completed a medical examination in 1987. Blood measures also were taken in 1992, 1997, and
2002 for subjects with no quantifiable TCDD levels in 1987, those who refused in 1987, and
those new to the study; however, the 2002 data were not available for the Akhtar et al (2004)
analyses. For those who did not have a serum measure taken in 1987, but provided one in
subsequent years, TCDD levels were back-extrapolated to 1987 using a first-order kinetic model
that assumed a half-life of 7.6 years. Those with nonquantifiable levels were assigned a value of
the limit of detection divided by the square root of 2. A total of 1,009 and 1,429 individuals in
the Ranch Hand and comparison cohorts, respectively, provided serum measures that were used
in the risk assessment. Veterans also were categorized according to the time their tours ended.
This date corresponded to changes in herbicide use. These categories were before 1962 or after
1972 (no herbicides were used), 1962—1965 (before Agent Orange was used), 1966—1970 (when

Agent Orange use was greatest), and 1971-1972 (after Agent Orange was used). Information on
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incident cases of cancer in the cohort was determined from physical examinations and medical
records. Some malignancies were discovered at death and coded by using the underlying cause
of death as detailed on the death certificate. A total of 134 and 163 incident cases of cancer were
identified in the Ranch Hand and comparison cohorts, respectively. Akhtar et al. (2004) describe
case ascertainment verified by record review as being complete.

External comparisons were made based on the expected cancer experience derived from
U.S. national rates by using SIRs and their corresponding 95% confidence intervals. Incident
events and person-year contributions per group were tabulated by 5-year calendar and age
intervals.

When compared to the general population, no statistically significant excesses in all
cancer incidence were observed for either the Ranch Hand (SIR = 1.09, 95% CI=0.91—-1.28) or
the comparison cohort (SIR =0.94, 95% CI =0.81-1.10). Statistically significant differences
were found for three site-specific cancers in the Ranch Hands cohort relative to the general
population. Excesses were noted for malignant melanoma (SIR = 2.33, 95% CI = 1.40-3.65)
and prostate cancer (SIR = 1.46, 95% CI = 1.04-2.00). In contrast, a reduced SIR was found for
cancers of the digestive system (SIR = 0.61, 95% CI=0.36—0.96). The excess in prostate cancer
was also noted in the comparison cohort (SIR =1.62, 95% CI = 1.23—-2.10) relative to the
general population. External comparisons were repeated by restricting the cohorts to the period
when Agent Orange was used (1966—1970). Again, no statistically significant excesses in all
cancer incidence were noted in the Ranch Hand veterans (SIR = 1.14, 95% CI=0.95-1.37) or in
the comparison cohort (SIR =0.94, 95% CI=0.80—1.11). Statistically significant excesses
persisted for malignant melanoma (SIR = 2.57, 95% CI = 1.52—4.09) and prostate cancer
(SIR =1.68, 95% CI = 1.19-2.33) in the Ranch Hand veterans. No other statistically significant
differences were found among Ranch Hands personnel.

For internal cohort analyses, veterans were assigned to one of four exposure categories.
Those in the comparison cohort were assigned to the “comparison category.” Ranch Hand
veterans that had TCDD serum levels <10 ppt were assigned to the “background” category.
Those with a TCDD levels >10 ppt had their TCDD level estimated at the end of their Vietnam
service with a first-order kinetic model that used a half-life of 7.6 years. These
back-extrapolated values that were less than 118.5 ppt were assigned to a “low” exposure group,

while those with values above 118.5 ppt were classified as “high” exposure. Akhtar et al. (2004)
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used Cox regression models to describe risks across the exposure groups using the comparison
category as the reference. Risks were adjusted for age at tour, military occupation, smoking
history, skin reaction to sun exposure, and eye color. Internal cohort analyses were restricted to
those who spent no more than 2 years in Southeast Asia and Ranch Hand workers who served
exclusively in Vietnam, and the comparison cohort who served exclusively outside of Vietnam.
Statistically significant excesses of cancer incidence (all sites combined) were observed
in the highest two exposure groups. A statistically significant trend (p = 0.04) was detected
based on the RRs for the background, low, and high exposure groups: 1.44
(95% CI=0.82-2.53); 2.23 (95% CI = 1.24—4.00), and 2.02 (95% CI = 1.03—3.95). For
malignant melanoma, a statistically significant trend (p = 0.004) was detected, and the RRs
across the three increasing exposure categories were 2.99, 7.42, and 7.51, with statistically
significant results for the low and high exposure groups. The corresponding risk estimates for
prostate cancer were 1.50, 2.17, and 6.04 with statistically significant results only detected for

the high exposure group.

C.1.1.1.6.1.2. Study evaluation

An important strength of this study is the manner in which TCDD exposure was
estimated. Serum data were available for most veterans, and therefore, generalizing exposure
from a small sample of cohort members is not a concern as was the case with the NIOSH and
Hamburg cohorts. Back-extrapolating to derive past exposures was based on a methodology that
has been applied in many of the cohorts, thereby facilitating risk comparisons. An additional
strength of the study is the examination of cancer incidence as a measure of disease occurrence
rather than mortality. There is limited potential for gauge how representative the study
participants were given the lack of information provided on participation rates for either the
Ranch Hands or the comparison group. The analysis by Akhtar et al. (2004) was restricted to
individuals who spent no more than 2 years in Southeast Asia. Previous research had
demonstrated that increased time spent in Southeast Asia was associated with an increased risk
of cancer. Confounding might have been introduced given that the comparison cohort spent
much more time in Southeast Asia than the Ranch Hands. To illustrate, the median number of
days spent in Southeast Asia was 790 for comparison cohort members, and the median days for

the Ranch Hand cohort in the background, low, and high exposure groups were 426, 457, and
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397, respectively. After restricting to those who spent at most 2 years, statistically significant
associations were observed for all cancer sites combined, prostate cancer, and malignant
melanoma using the internal cohort comparisons.

Given that 2,4,5-T and 2,4-D were used in equal concentrations in Agent Orange, there is
some concern regarding the ability to distinguish independent health effects for TCDD from
coexposures to these two herbicides. However, in a large cohort study, called the Agricultural
Health Study, these herbicides were 2 of 50 pesticides and herbicides evaluated in a cohort of
more than 55,000 (mostly male) pesticide applicators in the United States and more than
33,000 spouses. Although statistically significant associations were shown between prostate

cancer and several individual pesticides in this cohort (Alavanja et al., 2005), neither 2,4,5-T nor

2,4-D was associated with prostate cancer in that study (Alavanja et al., 2003); no associations

were found for these 2 herbicides and lung cancer either (Alavanja et al., 2004). Therefore,

based on these Agricultural Health Study results, the dose-response relationship detected for
prostate cancer in the Akhtar et al. (2004) Ranch Hands study seems unlikely to be due to 2,4-D

or 2,4,5-T exposures.

C.1.1.1.6.1.3. Suitability of data for TCDD dose-response modeling
The ascertainment of incident cases and characterization of exposure to TCDD based on
serum measures are strong features of the cohort. Based on findings from another study

(Alavanja et al., 2005; 2004; 2003), confounding by 2,4-D and 2,4-T does not appear likely to be

responsible for the exposure-response relationships found for prostate cancer and TCDD
exposures. Therefore, this study was found suitable for quantitative TCDD dose-response

analysis.

C.1.1.1.6.2. Michalek and Pavuk (2008)
C.1.1.1.6.2.1. Study summary
Michalek and Pavuk (2008) published an updated analysis of the incidence of cancer and

diabetes in the cohort of Ranch Hand veterans. As with the Akhtar et al. (2004) analysis, the
study included a comparison cohort of other Air Force veterans who served in Southeast Asia at
the same time but were not involved with the spraying of herbicides. This study extended

previous analyses (Akhtar et al., 2004; Henriksen et al., 1997) by stratifying the results by the
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number of days of herbicide spraying, calendar period of service, and the time spent in Southeast
Asia. Veterans who attended at least one of five examinations were eligible for inclusion.
Incident cancer cases also were identified from medical records.

The methods used to determine TCDD exposures were as described above in the review
of the Akhtar et al. (2004) study. Blood measures taken in 1992, 1997, and 2002 were all
included in this new analysis. The study report did not provide the number of men with
measurements at the different time points or the number who refused to partake at any time
point. TCDD dose at the end of service in Vietnam was assigned to Ranch Hands that had
TCDD levels above background using a first-order kinetic model and constant half-life of
7.6 years. Each veteran was then assigned to one of four dose categories: comparison veteran,
background (i.e., Ranch Hands with 1987 levels of TCDD <10 ppt), low (Ranch Hands with
1987 levels of TCDD >10-91 ppt), and high (Ranch Hands with 1987 levels of TCDD >91 ppt).
Serum TCDD estimates were available for 1,597 veterans (men) in the comparison cohort, and
986 veterans (men) in the Ranch Hand cohort. The comparison cohort was selected by matching
on date of birth, race, and military occupation of the Ranch Hands.

Michalek and Pavuk (2008) used Cox regression to characterize risks of cancer incidence
across the three upper exposure categories using the comparison cohort as the referent group.
Risk estimates were adjusted for year of birth, race, smoking, body mass index at the qualifying
tour, military occupation, eye color, and skin reaction to sun exposure. Tests for trend for
increased risk of cancer were conducted by testing the continuous covariate log;o TCDD.

Without stratification, no association between the TCDD exposure categories and RR of
all-site cancer incidence was observed. Those in the highest exposure group had an RR of 0.9
(95% CI =0.6—1.4). Stratified analyses by calendar period of service showed a more
pronounced risk for those who served before 1986 (when higher amounts of Agent Orange were
used). A statistically significant dose-response trend (p < 0.01) was observed for cancer risk and
logl0TCDD exposure. The RRs for the background, low, and high groups used in these
comparisons were 0.7 (95% CI = 0.4-1.3) with p = 0.26, 1.7 (95% CI = 1.0-2.9) with p = 0.03,
and 1.5 (95% CI=0.9-2.6) with p = 0.14. The strongest statistically significant increase,
however, was noted when analyses were restricted to those who had served before 1968, had
sprayed for at least 30 days before 1967, and had spent less than 2 years in Southeast Asia. A
RR of 1.4 (95% CI = 1.1-1.7) per log(TCDD) exposure was detected (trend test p = 0.005)
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among this subgroup, while categorical exposures also suggested associations in the Low
(RR=1.7,95% CI =0.8-3.5) and High (RR=2.2, 95% CI = 1.1-4.4) groups relative to the

comparison group.

C.1.1.1.6.2.2. Study evaluation

Michalek and Pavuk (2008) used the same study population as Akhtar et al. (2004), and
so it shares the same basic strengths and limitations as noted above. The follow-up, however,
extends an additional 5 years (until the end of 2004), resulting in additional cancer data for
analysis and the inclusion of the serum data from 2002. Also, in this study, all analyses were
further adjusted for the number of days of spraying, which had not been done before. The
findings for the dose-response analyses were not as compelling as the earlier Akhtar et al. (2004)
findings, which was due in part to increased cancer risks in 2005 in the comparison cohort with

years spent in SEA.

C.1.1.1.6.2.3. Suitability of data for TCDD dose-response modeling

As stated above for the Akhtar et al. (2004) study, the ascertainment of incident cases and
characterization of exposure to TCDD based on serum measures are strengths of the cohort. In
addition, newer data and additional statistical adjustments improved the strength of the analysis.
This study, Michalek and Pavuk (2008), was suitable for quantitative dose-response analysis of

TCDD.

C.1.1.1.7. Other studies of potential relevance to dose-response modeling
C.1.1.1.7.1. Hooiveld et al. (1998)—Netherlands workers
C.1.1.1.7.1.1. Study summary

Hooiveld et al. (1998) reanalyzed the mortality experience of a cohort of workers

employed in two chemical plants in the Netherlands using 6 additional years of follow-up from

an earlier study (Bueno de Mesquita et al., 1993). The cohort consisted of those employed

between 1955 and June 30, 1985, and vital status was ascertained until December 31, 1991 (i.e.,
36 years of follow-up). These cohort members were involved in the synthesis and formulation of
phenoxy herbicides, of which the main product was 2,4,5-trichlorophenoxyacetic acid and

monochloroacetic acid. This cohort, with a shorter follow-up interval than the original study
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(t"Mannetje et al., 2005), was included in the IARC international cohort. The cohort consisted

of 1,167 workers, of which 906 were alive at the end of the follow-up. The average length of
follow-up was 22.3 years, and only 10 individuals were lost to follow-up.

The authors used detailed occupational histories to assign exposures. Workers were
classified as exposed to phenoxy herbicides or chlorophenols and contaminants if they worked in
selected departments (i.e., synthesis, finishing, formulation, packing, maintenance/repair,
laboratory, chemical effluent waste, cleaning, shipping-transport, or plant supervision); were
exposed to the accident in 1963; or were exposed by proximity (i.e., if they entered an exposed
department at least once a week). The 1963 accident was the result of an uncontrolled reaction
in the autoclave in which 2,4,5-trichlorophenol was synthesized; an explosion resulted, with
subsequent release of PCDDs that included TCDD. Based on these methods of exposure
assignment, 562 workers were deemed to be exposed to phenoxy herbicides or chlorophenols,
and 567 were unexposed. Due to limited information, exposure could not be determined for
27 workers.

TCDD exposures also were assigned using serum measured on a sample of workers who
were employed for at least 1 year and started working before 1975. DLCs including PCDDs
were also measured in the serum samples but were not analyzed for this study. Of the
144 subjects who were invited to provide samples, 94 agreed. TCDD levels were
back-extrapolated to the time of maximum exposure using a one-compartment, first-order kinetic
model that used a half-life estimate of 7.1 years. The mathematical model used was
In(TCDDmax) = In(TCDD) + lag % In(2)/7.1. The lag was defined as the number of years since
last exposure for those exposed by virtue of their normal job duties. For those exposed as a
result of the accident in 1963, the lag was defined as the number of years since the accident
occurred.

The authors made external comparisons of cohort mortality to the Netherlands population
using SMRs. Poisson regression was used to perform internal cohort comparisons using
unexposed workers as the referent. RRs (measured using rate ratios) generated from the Poisson
model also were used to compare mortality based on low, medium, and high TCDD
serum-derived categories. The Poisson model included the following covariates as adjustment

factors: age, calendar period at end of follow-up, and time since first exposure.
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When compared to the general population, workers had an excess mortality from cancer
(SMR =1.5,95% CI=1.1-1.9), based on 51 cancer deaths. Generally, no excesses were
observed for site-specific cancers. The exception included eight deaths from cancers of the
urinary organs (SMR = 3.9, 95% CI = 1.7-7.6). Although not statistically significant, SMRs
comparable in magnitude to other studies were detected for non-Hodgkin lymphoma
(SMR = 3.8, 95% CI = 0.8—11.0) and Hodgkin disease (SMR = 3.2, 95% CI=0.1-17.6). A
statistically significant excess of cancer mortality (n = 20 deaths among workers) also was
observed relative to the general population when analyses were restricted to those exposed from
the 1963 accident (SMR = 1.7, 95% CI = 1.1-2.7). Three deaths from prostate cancer were also
noted among these workers (SMR = 5.2, 95% CI = 1.1-15.3), but no excess was observed with
any other cancer site.

Internal cohort comparison also demonstrated an increased risk of all cancer mortality
among those exposed to phenoxy herbicides, chlorophenols, and contaminants relative to those
unexposed (RR =4.1, 95% CI = 1.8-9.0). A statistically significant increased risk was also
noted for respiratory cancer mortality (RR = 7.5, 95% CI = 1.0—56.1). Analyses across
categories of TCDD exposure revealed excesses in cancer mortality for all cancer sites

combined; however, no dose-response trend was apparent.

C.1.1.1.7.1.2. Study evaluation

Several other studies that have characterized cohorts by TCDD levels have used the area
under the curve approach and thus have derived an exposure metric that is time dependent.
Hooiveld et al. (1998) instead created an exposure metric to capture the maximum exposure
attained during the worker’s employment. Characterizing risks using this metric assumes that
other TCDD exposures accrued during a workers’ lifetime are not relevant predictors of cancer

risk.

C.1.1.1.7.1.3.  Suitability of data for TCDD dose-response modeling

One study limitation is that, although DLCs were measured in the serum samples,
mortality associations were reported for TCDD only. There is some utility in examining
dose-response analyses using the alternative exposure metrics that were constructed for this

cohort. However, the small number of identified cancer deaths, exposure assessment limitations
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(based on a nonrepresentative sample, and maximum exposure level) and concern over potential

confounding by coexposures preclude using these data for a dose-response analysis.

C.1.1.1.7.2. £ Mannetje et al. (2005)—New Zealand herbicide sprayers
C.1.1.1.7.2.1. Study summary
t” Mannetje et al. (2005) described the mortality experience of a cohort of New Zealand

workers who were employed in a plant located in New Plymouth. The plant produced phenoxy
herbicides and pentachlorophenol between 1950 and the mid-1980s. This study population also
was included in the international cohort of producers and sprayers of herbicides that was

analyzed by IARC (Kogevinas et al., 1997; Saracci et al., 1991). In this 2005 study, analyses

were restricted to those who had worked at least 1 month; clerical, kitchen, and field research
staff were excluded. The authors followed up 1,025 herbicide producers and 703 sprayers from
1969 and 1973, respectively, until the end of 2000.

The cohort consisted of two components: those involved with the production of
herbicides and those who were sprayers. For the herbicide producers, exposures were
determined by consulting occupational history records; no direct measures of exposure were
available. Each department of employment was assigned to one of 21 codes as in the IARC

international cohort (Saracci et al., 1991). Industrial hygienists and factory personnel with

knowledge of potential exposures in this workforce classified each job according to potential to
be exposed to TCDD, other chlorinated dioxins, and phenoxy herbicides. Exposure was defined
as a dichotomous variable (i.e., exposed and unexposed). Among producers, 8§13 (713 men and
100 women) were classified as exposed, with the remaining 212 (gender not specified)
considered unexposed.

The “sprayer” component of the cohort includes those who were registered in the national
registry of applicators at any time from January 1973 until the end of 1984. For the sprayers,
detailed occupational information was lacking. Exposure was, therefore, based on an exposure
history questionnaire completed in a previous study of congenital malformations (Smith et al.,
1982). This questionnaire, administered to 548 applicators in 1980 and 232 applicators in 1982,
achieved a high response rate (89%). Participants were asked to provide information about
2,4,5-T-containing product use on an annual basis from 1969 up to the year the survey was

completed. As the use of 2,4,5-T ceased in the mid-1980s, data on occupational exposure to
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TCDD among these workers are fairly complete. Virtually all sprayers (699 [697 men and
2 women] of 703) were deemed to have been exposed to TCDD, higher chlorinated dioxins, or
phenoxy herbicides.

Deaths among workers were identified through record linkage to death registrations in the
New Zealand Health Information Service. Electoral rolls, drivers’ licenses, and social security
records also were consulted to confirm identified deaths. External comparisons of mortality
were made to the New Zealand population using the SMR statistic. The mortality follow-up for
the producers began on January 1, 1969 and extended until December 31, 2000. For the
sprayers, the follow-up period extended from January 1, 1973 until December 31, 2000. A total
of 43 cancer deaths occurred in the producer group and 35 cancer deaths occurred in the sprayer
group in the cohort. Stratified analyses by duration of employment and department were
conducted. The departments examined for producers included synthesis, formulation and lab,
maintenance and waste, packing and transport, other, and unexposed. SMRs were generated
using the New Zealand population as an external referent. A linear test for trend was applied to
evaluate dose-response trends according to categories of duration of employment. Stratified
analyses also were also done for sprayers who started working before 1973, as TCDD levels in
2,4,5-T produced at the New Zealand plant dropped dramatically after 1973. Although an SMR
was presented for female producers, given that only one cancer death was observed, this study
can provide no insight on differential risks between the sexes.

Among TCDD-exposed producers, for all cancers combined, no statistically significant
excess in mortality was found when compared to the general population (SMR = 1.24,
95% CI1=10.90—1.67). No dose-response trend in the SMRs for all cancers was observed with
duration of employment (p = 0.44). No statistically significant elevated SMR was observed in
any of the duration of employment categories for any of the six specific departments examined.
A statistically significant positive linear trend, however, was noted among synthesis workers
(»p = 0.04). There was some suggestion of reduced mortality in the upper exposure levels for
workers in the formulation and lab departments. For sprayers, the SMR for all cancer sites
combined was not elevated relative to the New Zealand general population (SMR = 0.82,
95% CI1=0.57—1.14), nor was a dose-response pattern observed with increasing duration of
employment (p = 0.86). Additionally, no statistically significant excess in cancer mortality for

all sites combined was evident in workers who were first employed either before 1973
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(SMR =0.75, 95% CI=0.50—1.07) or from 1973 onwards (SMR = 1.81, 95% CI = 0.59—4.22).
For site-specific cancer mortality, an excess of multiple myeloma was observed among

production workers relative to the general population (SMR = 5.51, 95% CI = 1.14—16.1). This
SMR was based on three deaths. No statistically significant excess (or deficit) of mortality was

found for any other cancer site examined in either the sprayers or the producers.

C.1.1.1.7.2.2. Study evaluation

The physical activity demands of spraying contribute to a healthy worker effect that
manifests itself in a lower SMR based for both external comparisons to the general population as
a referent, and that generated relative to the producers in the cohort. The lack of individual-level
TCDD data resulted in the analyses being based upon job title and duration of employment.
Thus, intra-cohort comparisons were precluded due to a lack of an unexposed group (e.g., the
sprayers), limited exposure contrasts and the small number of cancer deaths.

The dose-response pattern with duration of employment coupled with the observation
that higher levels of exposure to TCDD occurred among workers in the synthesis department is
an important finding. These workers were, however, also exposed to several other contaminants
that include processing chemicals, technical products, intermediates, and byproducts (Kauppinen

et al., 1993). These included phenoxy herbicides and DLCs such as chlorinated dioxins. Since

the dichotomous exposure measure was based on exposure to TCDD, chlorinated dioxins and
phenoxy herbicides, the associated dose-response analyses presented in this study should be
interpreted cautiously in light of the inability to either characterize or control for these potential
confounders. As such, these coexposures might have contributed to the dose-response pattern

observed with increased duration of employment in the synthesis workers.

C.1.1.1.7.2.3. Suitability of data for TCDD dose-response modeling
Although the study authors completed a subsequent analysis of this cohort using
serum-derived TCDD (McBride et al., 2009b), the lack of individual-level TCDD exposures

precludes dose-response modeling.
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C.1.1.1.7.3. McBride et al. (2009b)—New Zealand herbicide sprayers
C.1.1.1.7.3.1. Study summary
McBride et al. (2009b) recently published the mortality experience of the New Zealand

cohort in relation to serum estimates of TCDD levels. This study included 1,599 workers who
were employed between 1969 and November 1, 1989, which was the date that 2,4,5-T was last
used. The study report does not specify how many of the individuals were men or women, but
using the percentage that were men lost to follow-up (73% of 1,261 were men) and not lost to

follow-up (76% of 338 were men) would indicate 1,001 men and 598 women were included in

the original cohort. As in their study published earlier in the same year (McBride et al., 2009a),

the follow-up period extended from the first day of employment until December 31, 2004. Vital
status was ascertained through record linkage to the New Zealand Health Information Service
Mortality Collection and the Registrar General’s Index to Deaths for deaths up to 1990.

All current and former workers who lived within 75 km of the plant were invited to
provide serum samples. A total of 346 of the eligible workers (68%, gender not specified)
provided samples, which represented 22% of the overall study population (346/1,599). Based on
the serum measures, 70% (241/346) had been exposed to TCDD. This percentage is similar to
the estimated 71% of workers who were deemed to have been exposed based on a review of
occupational records. The mean serum TCDD value was 9.9 ppt. The highest exposures were
observed for those employed in the trichlorophenol operation (23.4 ppt). Values among
unexposed workers averaged 4.9 ppt, which is close to the background level of 3.9 ppt among

individuals of similar age in the New Zealand general population (Bates et al., 2004). Details on

smoking histories of individuals were also collected for the 346 individuals who provided serum,
allowing for an examination of the potential confounding influence that smoking might have on
derived risk estimates for TCDD.

Cumulative exposure to TCDD, as a time-dependent metric, was estimated for each
worker. A detailed description of the methods used to derive TCDD exposure was described in
Aylward et al. (2009). The qualitative TCDD scores available for those with serum measures
were used to estimate the cumulative exposures based on a half-life of 7 years. A
time-dependent estimate of TCDD exposure was derived and the area under the curve was used
to estimate cumulative workplace TCDD exposures above background levels. Model

performance appeared modest as the model explained only 30% of the variance (adjusted R?)
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when these TCDD exposure estimates were compared with actual serum levels (Aylward et al.,
2009).
As with previous analyses of the cohort (McBride et al., 2009a; t' Mannetje et al., 2005),

external comparisons to the New Zealand general population were made using the SMR. The
SMR also was used to compare mortality across four exposure groups relative to the general
population, as defined by the serum TCDD estimates: 0—68.3, 68.4—475.0, 475.1-2085.7, and
>2085.8 ppt-month. The proportional hazards model also was used to conduct internal cohort
comparisons across these same four exposure groups. In these analyses, age was used as the
time variable, and the covariates of date of hire, sex, and birth year were included in the
proportional hazards model. The cut-points for these four exposure categories were chosen so
that approximately equal numbers of deaths were included in each category.

Consistent with earlier SMR analyses of the same cohort, no increased cancer mortality
was observed among “ever” exposed workers when compared to the general population
(SMR =1.1, 95% CI = 0.9-1.4). No statistically significant excess was noted for any of the
site-specific cancers, although there was some suggestion of increased risk of soft tissue sarcoma
(SMR = 3.4, 95% CI = 0.1-19.5), multiple myeloma (SMR =2.2, 95% CI=0.2-8.1),
non-Hodgkin lymphoma (SMR = 1.6, 95% CI = 0.3—4.7), and cancer of the rectum (SMR = 2.0,
95% C1=0.7-4.4). No statistically significant increase in cancer mortality (all sites combined)
was found in any of the four exposure categories as measured by the SMR statistic, nor was a
dose-response trend noted with increasing exposure categories. No dose-response trends (based
on SMR analyses) were noted for five site-specific cancers examined (i.e., digestive organs,
bronchus, trachea and lung, soft tissue sarcomas, lymphatic and hematopoietic tissue, and
non-Hodgkin lymphoma), although SMRs for three of the four exposure categories exceeded 2.0
for non-Hodgkin lymphoma.

In contrast to the external cohort comparisons, the RRs generated with the proportional
hazards model supported a dose-response trend, as rate ratios increased across increasing TCDD
exposure categories. The RRs and 95% confidence intervals for all cancer mortality relative to
the lowest of the four groups were 1.05 (95% CI = 0.48-2.26), 1.38 (95% CI = 0.64—2.97) and
1.58 (95% CI=0.71-3.52). Neither the linear (p = 0.29) or quadratic (p = 0.82) test for trend,
however, was statistically significant. An increased risk of lung cancer mortality was observed

in the highest TCDD exposure category relative to the lowest although the precision of this risk
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estimates was poor and was not statistically significant (RR =5.75, 95% CI = 0.76—42.24). The
test for trend for lung cancer also was not statistically significant.

A smoking survey was administered to a sample of surviving workers of this cohort, and
smoking prevalence was found to be slightly higher among those with higher cumulative
exposure (61%) compared to lower exposures (51—-56%). These minor differences in smoking
prevalence were unlikely to explain the five-fold increase in risk of lung cancer found in the
highest exposure category. Although the smoking data assessment was a strength of the study, it
was limited to only sample of workers and was not available for those who died of lung cancer,

or other causes of death.

C.1.1.1.7.3.2. Study evaluation

Given high rates of emigration, loss to follow-up (21%) was a potential concern in this
study. If comparable emigration rates did occur among the general population then the SMRs
would be underestimated. It is unclear to what extent emigration occurred among the general
population and whether emigration in both the worker and general populations was dependent on
health status. If emigration rates were comparable among these two populations, the associated
bias from the under-ascertainment of mortality in the lost to follow-up group would likely
attenuate a positive association between TCDD and cancer mortality. Among the worker
population, there was not much evidence of differential loss to follow-up with respect to
exposure as average exposures were lower (3.2 ppt) among those loss to follow up compared to
those with complete follow-up (5.7 ppt). Previous studies among this population also found
slightly higher loss to follow-up rates among the unexposed (23%) compared to the exposed
(17%) workers (t' Mannetje et al., 2005).

McBride et al. (2009b) did not present results using a continuous measure of TCDD
exposure (lagged or unlagged) as was done in most other occupational cohorts. Additionally, the

modeling did not consider the use of different periods of latency.

C.1.1.1.7.3.3. Suitability of data for TCDD dose-response modeling
There was limited evidence of dose-response relationships between TCDD exposure and
the cancer outcomes that were examined. There is also no evidence that the authors considered

exposure metrics that are consistent with environmental cancer-causing agents such as exposure
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modeling that takes latency into account. Given that past occupational cohort studies of
TCDD-exposed workers have consistently demonstrated stronger association with lag interval of
15 years, such an approach should be applied to this cohort. This precludes this study from

consideration for quantitative dose-response modeling.

C.1.1.1.7.4. McBride et al. (2009a)—New Zealand herbicide sprayers
C.1.1.1.7.4.1. Study summary
McBride et al. (2009a) published an updated analysis of the mortality of the New Zealand

cohort. The follow-up period was from January 1, 1969 to December 31, 2004 extending the
previous study by an additional 4 years. In contrast to the previous study where the cohort

comprised individuals employed for at least 1 month prior to 1982 (or 1984) (t' Mannetje et al.,

2005), the cohort in this study consisted of all those who worked at least one day between
January 1, 1969 and October 1, 2003. This resulted in a cohort of 1,754 workers, of which

247 died in the follow-up interval. Twenty-two percent of the cohort members were lost to
follow-up, which could be a source of selection bias if loss to follow-up was related to both the
exposure metrics and the health outcome of interest. Previous data from this cohort (t' Mannetje

et al., 2005), however, showed fairly comparable loss to follow-up among the unexposed (23%)

and the exposed populations (17%).

Comparisons to the New Zealand general population were made using the SMR statistic.
Stratified analyses were conducted by duration of employment (<3 months,>3 months), sex,
latency (<15 years, >15 years), and period of hire (<1976, >1976). The authors defined latency
as the period between the day last worked and the earliest of date of death, date of emigration or
loss to follow-up, or December 31, 2004.

The overall SMR for mortality from all cancer sites combined relative to the New
Zealand population was 1.01 (95% CI = 0.85—1.10). Although not statistically significant, there
was suggestion of an increased risk of rectal cancer (SMR = 2.03, 95% CI = 0.88—4.01). SMRs
for lymphatic and hematopoietic cancers (overall SMR = 1.21, 95% CI = 0.52-2.39) included
3.12 (95% CI1=0.08—17.37) for Hodgkin disease, 1.59 (95% CI = 0.43—4.07) for non-Hodgkin
lymphoma, and 1.66 (95% CI = 0.20-5.99) for multiple myeloma. No statistically significant
excess of cancer mortality was noted among workers employed for <3 months (SMR = 1.19,

95% CI=10.65-2.00), or for >3 months (SMR = 0.98, 95% CI = 0.75—1.26). A statistically
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significant excess of digestive cancers was found for those who worked fewer than 3 months
relative to the New Zealand population (SMR = 2.52, 95% CI =1.15—4.78). No excesses were
observed for any site-specific cancers when analyses were restricted to those who worked for 3
or more months. No statistically significant elevated SMRs were found for all cancers
(combined) either for a latency period of fewer than 15 years (SMR = 1.14, 95% CI = 0.72—-1.71)
or a latency period of >15 years (SMR = 0.96, 95% CI=0.72—1.26). Similarly, no statistically
significant excess in cancer mortality was observed for all cancer sites combined, or any
site-specific cancer when analyses were stratified by date of hire (<1976,>1976) or by sex. The

SMR among women who were employed at the site was 0.68 (95% CI = 0.45—1.00).

C.1.1.1.7.4.2. Study evaluation

High rates of emigration in New Zealand (9% among workers in the cohort) contributed
to a fairly high loss to follow-up (22% among workers) during the study period. The loss to
follow-up would reduce the overall mortality estimates among the workers, which could
underestimate the SMRs if loss to follow-up (and health status) was not comparable in the
general population. For example, it is unclear if workers and the general population who
emigrated were less healthy than those who did not. Previous data from the cohort suggests that
loss to follow-up rates were slightly higher among those with lower exposures (McBride et al.,

2009b; t' Mannetje et al., 2005).

C.1.1.1.7.4.3. Suitability of data for TCDD dose-response modeling

This study extended the mortality follow-up of an earlier study and included stratified
analyses to investigate effect modification by period of latency, sex, and date of hire. A key
limitation was the lack of direct measures of exposure for study participants which precluded
estimating effective dose needed for dose-response modeling. As such, this study did not meet

the considerations and criteria for inclusion in quantitative dose-response analysis.
C.1.1.2. Key Characteristics of Epidemiologic Cancer Studies

Table C-1 summarizes the key characteristics of the available epidemiologic studies of

TCDD exposure and cancer. It compares the length of follow-up, latency period used, half-life
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for TCDD used, and the fraction of TEQs accounted for by TCDD (when applicable) for each
study.

C.1.1.3. Feasibility of TCDD Cancer Dose-Response Modeling—Summary Discussion by
Cohort

C.1.1.3.1. Using the NIOSH cohort in dose-response modeling

It is important to evaluate the NIOSH cohort with respect to its suitability to conduct
dose-response modeling of TCDD and cancer. This cohort is the largest assembled to date,
direct measures of TCDD based on serum sampling are available, and the lengthy follow-up
interval allows for latent effects to be taken into account. Further, although this cohort consists
mostly of male workers, these workers were occupationally exposed to TCDD daily, as
compared to the acute accidental exposures of other occupational cohorts. Although the most
recent analyses of a subset of the NIOSH cohort showed no association between serum TCDD
levels and cancer mortality, the exposure category cutpoints did not allow for examination of
health effects above levels for which associations had been observed in the larger NIOSH cohort
(Collins et al., 2010; 2009).

Most published studies of the NIOSH cohort did not evaluate exposures to DLCs. An

exception is the analysis by Steenland et al. (2001b). Although Steenland et al. (2001b) did not

incorporate individual-level data on DLCs, based on their previous work (Piacitelli et al., 1992)

they assumed that TEQ occupational exposures occurred as a result of TCDD alone in this
population. TCDD exposures provided a better fit to the data than the TEQ-based metric, and
15-year latencies improved the fit for both metrics (relative to unlagged exposures). The lifetime
risk estimates for an increase in 10 TEQs (pg/kg of body weight/day/sex) ranged from
0.05—0.18%. The value added for this measure is the incorporation of the contribution of other
DLC:s to the background rates.

Blue collar workers, such as those in the NIOSH cohort, typically have higher rates of
smoking than the general population (Lee et al., 2007; Bang and Kim, 2001). This potential

source of confounding would be expected to produce a higher SMR for lung cancer mortality,
and could contribute to the excess noted in the cohort with longer lag intervals. This bias,
however, likely is not large as no statistically significant excess of nonmalignant respiratory
mortality was found in these workers. Any associated bias from smoking would be expected to

be smaller for comparisons conducted within the cohort, as fellow workers would be expected to
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be more homogeneous with respect to their risk factor profile than with an external general
population referent group. Stratified analyses using both internal and external comparison
groups also did not identify important differences in associations with TCDD exposure between
smoking and nonsmoking cancers. Thus, fatal cancer risk estimates reported for workers in the
NIOSH cohort appear to provide a reasonable estimate of the carcinogenic potency of TCDD.
Although the Steenland et al. (2001b) study did not directly account for the possible
confounding effects of other occupational exposure, the authors did address this source of
potential bias. No known occupational exposures to carcinogens occurred, with the exception of
4-aminobiphenyl, which occurred at only one plant. Two deaths from mesothelioma also

occurred in the cohort, so some exposure to asbestos was possible (Fingerhut et al., 1991a). The

statistical analyses suggested that the inability to control for other occupational exposures would
not have unduly affected risk estimates generated from internal cohort comparisons. For
instance, the removal of one plant at a time from the analysis did not materially change

dose-response estimates generated from the Cox model (Cheng et al., 2006). Moreover, adding a

variable to represent each plant in the Cox regression had little impact on the risk estimates.
Given that other occupational exposures varied by plant, a change in risk estimates would be
expected if such exposures were strong confounders.

The Cheng et al. (2006) analysis provides important information about the impact of
applying kinetic models to the data. The CADM TCDD kinetic model resulted in dramatic
decreases in the TCDD cancer mortality risk estimates when compared to the one-stage
compartmental model that had been applied. Although Cheng et al. (2006) suggested that the
CADM provides a better fit to the data than the typically used simple one-compartmental model,
statistical comparisons of model fit were not reported. Therefore, there is value in presenting the
range in risk estimates across different models when characterizing dose-response relationships.

Finally, the half-life of TCDD is generally recognized to vary according to body fat
percentage, and this information was not available for the NIOSH workers. The inability to
account for between-worker variability in body fat would introduce exposure measurement error.
That body fat percentage would not be expected to correlate with cumulative exposure to TCDD
exposure, however, would limit the potential for misclassification bias. The effect of any
nondifferential exposure measurement error likely would serve to attenuate the risk estimates of

the study.

C-79


http://hero.epa.gov/index.cfm?action=search.view&reference_id=197433�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197301�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=523122�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=523122�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=523122�

C.1.1.3.2. Using the BASF cohort in dose-response modeling

The availability of blood lipid data for TCDD allows for characterization of cumulative
TCDD exposures in the BASF cohort. TCDD blood lipid data were collected for 90% of the
surviving members of the cohort (138 of 154) and these serum measures were used to generate
TCDD exposure estimates for all 254 cohort members. Therefore, the potential for
misclassification error from extrapolating these exposures to the entire cohort is less likely than
for the NIOSH cohort where sera data were available for only a small fraction of workers. These
BASF serum data were, however, collected long after the accident (36 years) and had to be
back-extrapolated to derive the initial exposures.

The data on this cohort included several risk factors such as cigarette smoking and body
mass index. One advantage is that cumulative TCDD levels by body mass index can be
estimated on an individual-level basis. As expected, the derived cumulative measures appear to
correlate well with severity scores of chloracne. The finding that more pronounced risks were
found 15—20 years after first exposure are also consistent with findings from several other

cohorts (Bertazzi et al., 2001; Fingerhut et al., 1991b; Manz et al., 1991).

A key limitation of the BASF cohort is its relatively small sample size (n = 243), which
limits the ability to evaluate dose-response relationships for site-specific cancers. Also, the
quality of the ascertainment of cancer incidence cannot be readily evaluated as the geographic
area of the cohort is not covered by a tumor registry. Ott and Zober (1996a) state that nonfatal
cancers could have been more likely to be missed in early years, which could partially contribute
to the higher standardized incidence ratio found for cancer with longer latencies. Commenting
on risk differences derived from incident and decedent cancer outcomes is difficult. Among
those comprising the cohort, the ascertainment of incident outcomes was recognized to be less
complete in early years. Although the ascertainment of mortality outcomes was generally
regarded to be good among the 243 workers, some workers who died or moved likely were
missed when the cohort was constructed. These deaths would have been more likely to have
occurred several years before the second component of the cohort was assembled.

The use of the SMR statistic for this study population is associated with important
sources of uncertainties. Deaths were surely missed, particularly for the third component of the
cohort that accounts for approximately 38% (94/247) of the entire cohort; this factor would serve

to underestimate the overall SMR. As mentioned before, this component of the cohort was
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assembled through the recruitment of workers known to be alive in 1986. Despite this limitation,
the characterization of exposure data and availability of other risk factor data at an individual

level allow the development of quantitative dose-response analyses.

C.1.1.3.3. Using the Hamburg cohort in dose-response modeling

The Hamburg cohort lacked data on cigarette smoking, and, therefore, effect estimates
could not be adjusted for this covariate. Additional analyses that excluded lung cancers resulted
in an even stronger dose-response relationship between all cancer mortality and TCDD. Serum

levels of TCDD also were also not associated with smoking status in a subgroup of these workers

(Flesch-Janys et al., 1995) suggesting that smoking unlikely confounds the association between
all cancer mortality and TCDD.

An important limitation of the cohort is the reliance on blood and tissue measurements of
190 workers that likely represent a highly selective component of the cohort. This subset of
workers was identified at the end of the observation period, and therefore, excludes workers who
died or could not be traced. There are uncertainties in deriving department- and period-specific
estimates for a period that extends over three decades using this number of workers.
Additionally, the criteria applied to the reference population could have introduced some bias.
Workers were included only in the reference group if they had been employed for at least
10 years in a gas supply industry. The criteria were much different for the workers who were
exposed to TCDD (only 3 months of employment). As a result, the reference group likely would
be more susceptible to the healthy worker effect. Internal cohort comparisons, which should be
void of such bias, however, generally produced results similar to those based on the external
comparison population. In summary, the Becher et al. (1998) study meets the criteria and
additional epidemiologic considerations which allowed for development of quantitative

dose-response analyses.

C.1.1.3.4. Using the Seveso cohort in dose-response modeling
Unlike many of the occupational cohorts that were examined, data from the Seveso
cohort are representative of a residential population whose primary exposure was from a single

TCDD release. A notable exception is the BASF cohort where workers were exposed principally
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through two accidents that occurred in the plant. The Seveso data, therefore, might permit
cancer dose-response investigations in women and children.

Uncertainty in identifying the critical exposure window for most of the outcomes related
to the Seveso cohort is a key limitation. An important feature of the Seveso cohort, however, is
that TCDD levels were much lower among those in the highest exposure zones in Seveso

(medians range from 56—136 ng/kg) (Eskenazi et al., 2004) than those in the occupational

cohorts who had TCDD exposures that were sometimes more than 1,000 ng/kg. Given these
dramatic exposure differences in exposures, the standardized mortality ratios (after incorporating
a 15—20 year latency period) for all cancer sites combined are remarkably similar between the
Seveso and the occupational cohort analyses. Perhaps more importantly, the data from Seveso
might be more relevant for extrapolating to lower levels, given that exposures to TCDD are

two orders of magnitude higher than background levels (Smith and Lopipero, 2001), and lower

than many of the exposures observed in the other occupationally exposed cohorts.

The Warner et al. (2002) study found a positive association between serum levels of
TCDD and breast cancer. As noted previously, ascertainment of incident cases for all cancers
would allow for a dose-response relationship to be evaluated. Moreover, future breast cancer
analyses in this cohort that would increase sample size should strengthen the quantitative
dose-response analyses of this specific cancer site. The strengths of the Warner et al. (2002)
study outlined earlier suggest that this study should be considered for cancer dose-response
modeling.

Earlier Seveso studies likely are unsuitable for conducting quantitative risk assessment.
These previous studies used an indirect measure of TCDD exposure, namely, zone of residence.
Soil concentrations of TCDD varied widely in these three zones (Zone A: 15.5-580.4 ppt;
Zone B: 1.7-4.3 ppt; and Zone R: 0.9—1.4 ppt), which could have resulted in considerable
exposure misclassification. The Warner et al. (2002) study greatly improved the characterization
of TCDD exposure using serum measures, and also allowed for control of salient risk factors that
may have resulted in bias due to confounding.

At this time it is unclear whether any study has examined the relationship between cancer

and serum estimates of TCDD among Seveso males exposed from the 1976 accident.
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C.1.1.3.5. Using the Chapaevsk related data in dose-response modeling
Currently, individual-level exposure data are lacking for residents of this area and there is
no established cohort for which cancer outcomes can be ascertained. These limitations,

therefore, preclude the inclusion of Chapaevsk data in a quantitative dose-response analysis.

C.1.1.3.6. Using the Ranch Hands cohort in dose-response modeling

Study strengths of the Ranch Hand cohort includes a relatively large cohort with
individual-level serum measurements taken over time in 1987, 1992, 1997, and 2002. In
addition, TCDD levels for later years were back-extrapolated to 1987 using a first-order kinetic
model that assumed a half-life of 7.6 years. Although the isolation of TCDD effects from those
of other agents found in Agent Orange raised some concerns about confounding, results from a
large agricultural cohort found no association between 2,4-D or 2,5-T and prostate cancer or lung

cancer (Alavanja et al., 2005; 2004; 2003). It was determined that dose-response analyses would

be conducted on this population using both the (Michalek and Pavuk, 2008)) and Akhtar et al.
(2004) studies.

C.1.1.4. Discussion of General Issues Related to Dose-Response Modeling
C.1.1.4.1. Ascertainment of exposures

Several series of epidemiologic data have used serum measures to estimate TCDD
exposures. Serum data offer a distinct advantage in that they provide an objective means to
characterize TCDD exposure at the individual level. The serum measures in the occupational
cohorts, however, are limited in two important ways. First, these samples are generally collected
from small subsets of the larger cohorts; therefore, using these measures to extrapolate to the
remainder of the cohort could introduce bias due to exposure misclassification. The
second limitation is related to estimating the half-life of TCDD. As noted previously, exposures
to TCDD were back-extrapolated several decades from the date that serum samples were
collected among surviving members of several cohorts. This approach was used in the NIOSH,
Ranch Hands, BASF, New Zealand, and Hamburg cohorts. The reported half-life of TCDD
among these populations was reported between 7.1 to 9.0 years and the half-life has been shown
to vary with several individual characteristics including age, body fat composition, and smoking.

The derivation of half-lives from a sample of workers, and application of these estimates to
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retrospectively characterize exposure can introduce uncertainty into the lifetime exposure

estimates. It is important to note, however, that sensitivity analyses results in several studies

have been fairly consistent when evaluating the impact of half-life of TCDD (Steenland et al.,

2001b; Flesch-Janys et al., 1995). In addition, the reliance on surviving cohort members for

serum samples can introduce bias as it assumes their distribution of TCDD exposures was the
same among those who died.

A unique advantage of the Seveso study is that serum measures were taken shortly after
the accident, and therefore characterization of TCDD exposure in this population does not

depend on assumptions needed to back-extrapolate exposures several decades.

C.1.1.4.2. Latency intervals

Many of the epidemiologic studies indicate stronger associations between TCDD and
cancer outcomes once a latency period has been considered. Generally, risks are higher when a
latency period of 15—20 years is included. As noted previously, this observation is consistent
with many other environmental carcinogens such as radon, radiation, and cigarette smoking.
That recent exposures do not contribute to increased cancer risk provides some support that the
initiation and promotion phases might occur many years before death making recent exposures
irrelevant for these analyses. The ability to discriminate between models of varying latency,
however, was not possible in many studies. The application of biologically-based modeling
could provide additional important insights on which phase(s) of carcinogenesis TCDD exerts an
influence. Such modeling, however, would necessitate having data on an individual-level basis.
Ideally, this modeling would use cancer incident rather than mortality outcomes given that the

median survival time exceeds 5 years for many cancer sites.

C.1.1.4.3. Use of the SMR metric

The occupational cohorts and the studies in Seveso and Chapaevsk have relied on the
SMR to make inferences regarding the effects of TCDD on mortality. When compared to the
general population, the healthy worker effect may result in a downward bias in the SMR. This
often can manifest as SMRs less than 1 for several causes of mortality. The effect of this bias is,

however, generally smaller for cancer outcomes. Cancer outcomes, whether incidence or death,
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typically occur later in life and do not generally affect an individual’s ability to work at earlier
ages.

There are several approaches that can be taken to minimize potential biases introduced by
the healthy worker effect, which would account for workers being healthier than the general
population. Comparisons of mortality (or cancer incidence) can be made to other cohorts of
similar workers. If done properly, this can allow for some control of characteristics such as
sociodemographic characteristics and smoking as the two populations can be matched by these
factors. However, it may be the case that other working populations are exposed to other
harmful exposures, thereby making it difficult to estimate risk associated with a specific agent
(such as TCDD) in the cohort of interest. A second and preferred approach to control for the
healthy worker effect, should it prove feasible, is to conduct comparisons of health outcomes in
relation to exposure within the cohort. These comparisons are less likely to be influenced by
other potential confounding variables such as smoking, socioeconomic status, and other
occupational exposures that are generally more homogeneous within the cohort relative to
external populations. Moreover, the mechanisms used to identify health outcomes and follow
individuals over time are generally applied in the same manner to all cohort members. Taken
together, where different comparisons have been made to generate risk estimates, those that have
been conducted using internal cohort comparisons are preferable.

In addition to potential bias from the healthy worker effect, the comparison of SMRs
between studies is not always straightforward and is not recommended by some (Myers and

Thompson, 1998; Rothman, 1986). The SMR is the ratio of the observed number of deaths to

the expected number of deaths and is often referred to as the method of indirect standardization.
The expected number of deaths is estimated by multiplying the number of person-years tabulated
across individuals in the cohort, stratified by age, by rates from a reference population that are
available for the same strata. Therefore, each population cohort will have an estimated number
of cases derived using a different underlying age structure. As outlined by Rothman (1986), the
mortality rates might not be directly comparable to each other, although the impact of such bias
will be much less if the age-distribution of the cohorts is similar. While it might be reasoned that
the TCDD exposed workers would have similar age distributions this is in fact not the case

(Becher et al., 1998; Ott et al., 1993; Thiess et al., 1982). This may be due to exposure occurring

both chronically, as well as from acute exposures due to accidental releases that happened at
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various times at different plants. This is evident with the Hamburg and the BASF cohorts, as
most individuals comprising the BASF cohort were employed at the time of the accident
(1953/1954), while most of the Hamburg cohort (852/1048) was employed after 1954; the
follow-up of these cohorts ended at approximately the same time.

The method of direct standardization allows for a more meaningful comparison of
mortality rates to be made between cohorts. With this approach, weights (usually based on age
and sex) are drawn from a standard population and are, in turn, applied to disease rates for the
same strata observed in the cohort of interest. A comparison of weighted rates between different
cohorts would then be based on the same population standard.

Despite these limitations in comparing SMRs between studies, Armstrong (1995) argues
that the comparisons are valid if the underlying stratum specific rates in each exposure grouping
are in constant proportion to external rates. Comparisons of the SMRs between studies will be
biased only if there is an interaction between age and TCDD (i.e., the RR of disease due to
exposure differs by age). For cancer outcomes, the finding that associations become stronger
after a period of latency is incorporated into the analyses suggests that this assumption does not
hold true. That is, risk estimates would be lower among young workers. Similarly, for
noncancer outcomes, some of the data from the Seveso cohort suggests differential effects
according to the age at exposure.

The use of the SMR might also be biased in that workers exposed to TCDD could be
subject to more intensive follow-up than the general population, and as a result, differential
coding biases with cause of death might occur. Moreover, some cohorts (e.g., the BASF cohort)
have been assembled, in part, by actively seeking out survivors exposed to accidental releases of
dioxins. As such, they would not include persons who have died or who were lost to follow-up.
This would result in underascertainment of deaths and SMRs developed from these data. The
use of an internal cohort comparison offers distinct advantages to overcome potential sources of
selection bias. Given these uncertainties about the comparability across the different studies,
conducting a meta-analysis of cancer outcomes for TCDD using the SMR statistic is not

warranted for this analysis.
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C.1.1.4.4. All cancers versus site-specific

An important consideration for quantitative dose-response modeling is the application of
models for all cancers combined, or for site-specific cancers. Consistency is often lacking for
site-specific cancers, which might be due in large part to the relatively small number of cases
identified for site-specific cancers in the cohorts. Although the risk estimates produced for all
cancer sites have important limitations and uncertainties, the data are far more consistent in
terms of the magnitude of an association and latency intervals. The IARC evaluation has put
forth the possibility of a pleuripotential mode of action between TCDD and the occurrence of

cancer. Despite the criticism of this assertion by some (Cole et al., 2003), the general

consistency of an increased risk for all-cancer mortality across the occupational cohorts when
latency intervals have been incorporated, provides adequate justification for dose-response

quantification of all cancer sites combined.

C.1.1.4.5. Summary of epidemiologic cancer study evaluations for dose-response modeling
All epidemiologic cancer studies summarized above were evaluated for suitability of
quantitative dose-response assessment using the TCDD-specific considerations and study
inclusion criteria. The results of this evaluation are summarized in a matrix style array (see
Table C-2). Table 2-1 in Section 2 of this document summarizes the key epidemiologic cancer

studies suitable for further TCDD dose-response analyses.

C.1.2. Noncancer

In this section, the available epidemiologic data that could be used in a dose-response
analysis for noncancer endpoints are evaluated. Because many of the key studies also evaluated
cancer outcomes, the noncancer studies are presented in the same order as in Section C.1.1.
Generally, the strengths and limitations of the cancer studies also apply to the noncancer
outcomes. In this section, key features of these studies that have direct relevance to modeling of
noncancer outcomes in particular are highlighted. To reduce redundancy, a detailed overview of
many of these cohorts and studies are not provided here. Instead, the reader should refer to

Section C.1.1.1.
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C.1.2.1. Noncancer Cohorts
C.1.2.1.1. The NIOSH cohort
See general summary of the NIOSH cohort in Section C.1.1.1.1.

C.1.2.1.1.1. Steenland et al. (1999)
C.1.2.1.1.1.1. Study summary
The 1999 published report of NIOSH workers exposed to TCDD also conducted external

cohort comparisons to the U.S. general population using SMRs for mortality outcomes other than

cancer (Steenland et al., 1999). Analyses are based on 3,538 male workers employed at 8 plants

from 1942 to 1984. Four of the 12 plants originally analyzed were excluded due to lack of
records on the degree of TCDD contamination in the work processes or information was lacking
for work histories needed to estimate TCDD exposure. Workers were excluded if they were
female (n = 40) or were lacking data to evaluate exposure (n = 238). SMRs were based on a
mortality follow-up that was extended until the end of 1993. Cox regression analyses were used

to compare mortality risk in relation to TCDD exposure within the cohort.

C.1.2.1.1.1.2. Study evaluation

Overall, no statistically significant differences in all-cause mortality (SMR = 1.03,
95% CI=10.97-1.08) were observed. Mortality from ischemic heart disease (SMR = 1.09,
95% CI=1.00—1.20) and accidents (SMR = 1.25, 95% CI = 1.03—1.50) was slightly elevated.
Based on the external comparison population, the dose-response relationship for ischemic heart
disease observed with the SMRs calculated across TCDD exposure septiles was not statistically
significant (p = 0.14). Overall, no excess risk was observed for diabetes, cerebrovascular
disease, or nonmalignant respiratory disease using the external population comparisons. Internal
cohort comparisons using the Cox regression model were performed using 0 and 15-year lag
intervals. A dose-response trend was observed for the derived ratios across the unlagged
cumulative TCDD exposure septiles for ischemic heart disease (p = 0.05) and diabetes
(» = 0.02). For ischemic heart disease mortality, those in the upper two septiles had rate ratios of
1.57 (95% CI1=10.96-2.56) and 1.75 (95% CI = 1.07-2.87), respectively, relative to those in the
lowest septile. In contrast, an inverse dose-response relationship was observed for diabetes

mortality. The inverse association found for diabetes is inconsistent with the positive association

C-88


http://hero.epa.gov/index.cfm?action=search.view&reference_id=197437�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197437�

reported in the Ranch Hands study (Michalek and Pavuk, 2008). However, previous reports

have questioned the use of death certificates as the means to ascertain diabetes as these deaths

may be under-reported especially among those with diabetes who die from cancer (McEwen et

al.. 2006).

C.1.2.1.1.1.3.  Suitability of data for TCDD dose-response modeling

There was no evidence of a dose-response relationship between TCDD exposure and
ischemic heart disease mortality in this study or other cohorts. The inverse association with
diabetes also precludes dose-response analysis for this outcome. As all outcomes were based on

mortality, dose-response modeling was not conducted for this study.

C.1.2.1.1.2. Collins et al. (2009)
C.1.2.1.1.2.1. Study summary

Collins et al. (2009) described the mortality experience of Dow employees who worked

in Midland, Michigan. This plant produced 2.,4,5-trichlorophenol between 1942 and 1979, and
2,4,5-T between 1948 and 1982. The cohort consisted of 1,615 workers (number of each gender
not specified) exposed to TCDD from as early as 1942; the follow-up of the cohort extended
until 2003.

TCDD exposures were derived using serum samples obtained from 280 surviving
individuals (gender and selection criteria not reported). A simple one-compartment, first-order
pharmacokinetic model was used to estimate time-dependent TCDD measures. The area under
the curve approach was then applied to estimate cumulative TCDD exposure above background.
A half-life of 7.2 years for TCDD based on earlier work was incorporated into the exposure

estimation (Flesch-Janys et al., 1996).

Collins et al. (2009) made an external comparison of the mortality rates of the cohort to
the U.S. general population using the SMR. Noncancer causes of death included all causes,
diabetes, cerebrovascular disease, nonmalignant respiratory disease, cirrhosis of the liver, and
accidents. Overall, no statistically significant difference in all-cause mortality of these workers
was detected when compared to the general population (SMR = 0.9, 95% CI = 0.9—1.0). Except
for cirrhosis of the liver (SMR = 0.4, 95% CI = 0.1-0.8), no differences were found for any of

the noncancer causes of death relative to the general population.
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Internal cohort analyses based on cumulative measures of TCDD were conducted for
mortality from diabetes, ischemic heart disease, and nonmalignant respiratory disease using the
Cox regression model. These models adjusted for possible confounders such as year of hire and
birth year. No statistically significant associations were found between the continuous measure

of TCDD exposure and these causes of death.

C.1.2.1.1.2.2. Study evaluation

Given that the external comparisons may result in bias from the healthy worker effect,
results from the internal cohort comparisons using the Cox regression model are preferred.
These analyses were performed for diabetes, ischemic heart disease, and nonmalignant
respiratory disease. TCDD levels for these workers were estimated using a simple

one-compartment pharmacokinetic model (Aylward et al., 2007). Because participation rates

and selection criteria for the 280 individuals providing samples were not reported, it is not
possible to determine how representative these individuals are of the larger cohort. The hazard
ratios generated from the Cox regression model were not statistically significant for any of the

three noncancer outcomes modeled.

C.1.2.1.1.2.3. Suitability of data for TCDD dose-response modeling
No increased risks were observed for any of the noncancer outcomes reported in Collins
et al. (2009). As all outcomes were based on mortality, dose-response modeling was not

conducted for this study.

C.1.2.1.2. The BASF cohort
See general summary of the BASF cohort in Section C.1.1.1.2.

C.1.2.1.2.1. Ott and Zober
C.1.2.1.2.1.1. Study summary

In 1996, Ott and Zober (1996a) published a report on the mortality experience of the
cohort of 243 BASF male workers who were accidentally exposed to 2,3,7,8-TCDD in 1954 or
in the clean up that followed. The mortality follow-up of this cohort extended until the end of

1992. External comparisons of mortality were made with the German population. Internal
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cohort comparisons were also made by estimating cumulative TCDD for the cohort using serum
measures that were obtained from 138 workers. Ott et al. (1993) provided a detailed account of
the methodology to estimate TCDD. The 138 workers were selected based on a set of criteria of
duration of exposure (relative to the timing of the accident). There was no indication of the
participation rate among these workers, although some employee subgroups were over- and
under-represented. Briefly, a cumulative measure of TCDD expressed in pg/kg was derived, by
first estimating the half-life of TCDD using individuals who had repeated serum measures; the
half-life was estimated to be 5.8 years. Individual-level data on body fat were used to account
for the influence of body fat on decay rates. Half-life estimates of TCDD varied (range:

5.1-8.9 years) and were dependent on body fat composition (20% and 30%, respectively). This
approach differed from previous analysis of this cohort that used a constant 7-year half-life (Ott

et al., 1993). TCDD levels at the time of serum sampling were then estimated as the product of

TCDD concentration in blood lipid and the total lipid weight for each worker. Nonlinear models
then were applied to estimate the contribution of duration of exposure to TCDD dose
extrapolated to the time of exposure.

External comparisons to the German population using the SMR statistic also were
examined across dose categories. The noncancer causes of death examined by Ott and Zober
(1996a) included all-cause mortality, diseases of the circulatory system, ischemic heart disease,
diseases of the digestive system, external causes, suicide, and residual causes of death. Overall,
no statistically significant differences in the SMR with the general population for all-causes of
death (SMR = 0.9, 95% CI = 0.7—1.1), nor any other causes of death examined were found.

Ott and Zober (1996a) performed internal cohort comparisons using Cox regression.
These analyses found no dose-response patterns when cause-specific mortality was examined
across increasing cumulative TCDD exposure categories. Although an inverse association for
diseases of the respiratory system (SMR = 0.1, 95% CI = 0.0—0.8) was detected, it was based
only on 1 reported death. Many comparisons were limited by small sample sizes as only
92 deaths occurred in the cohort, and of these, 31 were from cancer. Also, the third component
of the cohort was identified primarily from former employees who were alive in 1986. As a
result, the SMR based on the general population was likely underestimated by the exclusion of

deceased workers.
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C.1.2.1.2.1.2. Study evaluation

As noted previously, caution should be exercised in the interpretation of SMR for
noncancer outcomes as they could be influenced by the healthy worker effect. Although the
mechanism of identifying vital status appears to be excellent and unbiased, SMRs might be
underestimated due to the manner in which the cohort was constructed. Specifically, a large

component of the cohort was assembled by actively seeking out former workers known to be

alive in 1986.

C.1.2.1.2.1.3. Suitability of data for TCDD dose-response modeling
No dose-response patterns were observed between TCDD and the noncancer outcomes in

the Ott and Zober (1996a) study. Therefore, dose-response modeling was not conducted.

C.1.2.1.3. The Hamburg cohort

See general summary of the Hamburg cohort in Section C.1.1.1.3.

C.1.2.1.3.1. Flesch-Janys et al. (1995)
C.1.2.1.3.1.1. Study summary

Flesch-Janys et al. (1995) reported on the mortality experience of a cohort of individuals
employed by an herbicide-producing plant in Hamburg, Germany, covering the period 1952 to
1992. As described in more detail in Section C.1.1.1.3, the authors developed a cumulative
measure of TCDD using serum measures from 190 workers. Selection criteria and response
rates for this subsample were not specified. This study also examined the relationship between
total TEQ and mortality. In the study population, the mean TEQ without TCDD was 155 ng/kg,
and for the mean TEQ including TCDD was 296.5 ng/kg.

Risks relative to the unexposed referent group of gas workers were estimated using Cox
regression across six exposed TCDD groups (i.e., the first four quintiles, and the ninth and
tenth deciles). A linear dose-response relationship was found with all causes of mortality and
cardiovascular mortality (p < 0.01). The RR for all cardiovascular deaths in the upper exposure
category was 1.96 (95% CI = 1.15-3.34), although there was no evidence of a linear
dose-response trend (p = 0.27). The dose-response relationship was strongest for ischemic heart
disease, with a RR of 2.48 (95% CI = 1.32—4.66) in the highest exposure group. A
dose-response relationship was also observed across TEQ groupings for all cause mortality,
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cardiovascular disease mortality, and ischemic heart disease mortality. The authors did not
perform joint modeling of TEQ (without TCDD) and TCDD, so determining the extent that

DLCs contributed to an increased risk of mortality is not possible.

C.1.2.1.3.1.2. Study evaluation

The Flesch-Janys et al. (1995) study lacks information on other potential risk factors for
cardiovascular disease, which could result in confounding if those risk factors are also related to
TCDD exposure. Dose-response patterns were strong, however, and persisted across numerous
TCDD (and TEQ) exposure categories based on the use of an external reference group (i.e., gas
workers) or based on the internal comparison. The findings based on the internal comparison are
noteworthy in that these groups should be more homogenous with respect to confounding
factors. As noted previously, the poor correlation between TCDD and smoking among workers
and similar smoking prevalence estimates between the workers and the external gas company
workers suggest that smoking was not likely a confounder of the TCDD and cardiovascular
disease relationship. No other evaluation of noncancer mortality outcomes has been undertaken
in this cohort since 1995.

A strength of the Flesch-Janys et al. (1995) study was that it included the collection of
blood serum which provided an objective measure of TCDD exposure. Blood serum data,
however, were obtained only for 16% of the cohort. However, the selection criteria and
participation rate for individuals providing blood serum is not provided to evaluate how
representative these individuals are of the larger cohort. The assumption of the first-order kinetic
elimination model is critical, given that measures were taken at the end of follow-up. The model
also assumed the half-life of TCDD was 6.9 years. If the kinetics are not first-order, or if the
half-life estimate is inaccurate, estimates of TCDD levels during exposure would be biased,
particularly for workers having longer periods between exposure and PCDD and PCDF assays.
Sensitivity analyses completed by the authors suggest that such bias is not likely to present
because the results were unaffected when different model assumptions regarding kinetic and
half-lives were examined. The lack of an impact on RR estimates with varying half-life

estimates was similar to findings by Steenland et al. (2001b).
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C.1.2.1.3.1.3. Suitability of data for TCDD dose-response modeling
Despite the aforementioned study strengths, the study focused on fatal outcomes such as
all cause mortality, cardiovascular disease mortality, and ischemic heart disease mortality. As all

outcomes were based on mortality, dose-response modeling was not conducted for this study.

C.1.2.1.4. The Seveso Cohort—SWHS

Eskenazi et al. (2000) presented an overview of the SWHS. The SWHS is the first
comprehensive epidemiologic study of the reproductive health of a female population exposed to
TCDD. The primary objective of the SWHS is to investigate the relationship of TCDD and
several reproductive endpoints, including endometriosis, menstrual cycle characteristics, birth
outcomes, infertility, and age at menopause. A second phase of follow-up that focuses on
osteoporosis, thyroid hormone, breast cancer, diabetes, and metabolic syndrome is not yet
completed.

Women were eligible for participation in the SWHS if they resided in Zones A and B (the
most contaminated areas) at the time of the explosion, were 40 years of age or younger at the
time of the explosion in 1976, and samples of their blood were collected and stored between
1976 and 1980. The enrollment of women in the SWHS began in March 1996 and continued
until July 1998. Ofthe 1,271 eligible women, 17 could not be found, 21 had died, and 12 were
too ill to participate. Of the 96% remaining women, 80% (n = 981) participated in the study.
Participation in the SWHS included a blood draw and an interview by a trained nurse who was
blind to subjects’ TCDD level and zones of residence at the time of the accident. The interview
included detailed information on potential confounders including occupational, medical, and
reproductive, and pregnancy history. Women who were premenopausal were also asked to
undergo a vaginal ultrasound and pelvic exam and to complete a daily diary on menstruation.

Depending on the health outcome under study, TCDD exposures were characterized for
the women at different times. For example, TCDD exposure levels were estimated at the time of
the accident for some studies and at the time of conception for others. The SWHS study
population has been used to investigate associations between maternal TCDD levels and the

following health outcomes: menstrual cycle characteristics (Eskenazi et al., 2002b);

endometriosis (Eskenazi et al., 2002a); birth outcomes (Eskenazi et al., 2003); age at menarche

(Warner et al., 2004); age at menopause (Eskenazi et al., 2005); uterine leiomyomas (Eskenazi et
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al., 2007); and ovarian function (Warner et al., 2007). An evaluation of the studies in

chronological order is presented in this section.

C.1.2.1.4.1. Eskenazi et al. (2002b)—menstrual cycle characteristics
C.1.2.1.4.1.1. Study summary

Eskenazi et al. (2002b) evaluated serum TCDD exposures in relation to several menstrual

cycle characteristics in the SWHS. A total of 981 women who were 40 years of age or younger
at the time of the accident comprised the SWHS. The following exclusion criteria was applied
44 years of age or older, women with surgical or natural menopause, those with Turner’s
syndrome, and those who in the past year had been pregnant, breastfed, or used an intrauterine
device or oral contraceptives.

A trained interviewer collected data on menstrual cycle characteristics using a
questionnaire. Women were asked to indicate how long their menstrual cycles were, whether the
cycles were regular (e.g., irregular cycle defined as length varied by more than 4 days), how
many days the menstrual flow lasted, and whether this flow was “scanty, moderate, or heavy.”
Information was also collected on obstetric and gynecological conditions. TCDD exposures
were derived from serum samples collected in 1976—1985. The authors selected the earliest
available serum sample, and back-extrapolated to 1976 values using either the Filser model
(Kreuzer et al., 1997) for women aged 16 years or younger in 1976 (n = 20) or the first-order
kinetic model (n = 6) (Pirkle et al., 1989).

Serum TCDD levels were transformed using the logo scale, and the relationships
between these levels and length of menstrual cycle and days of menstrual flow were examined
using linear regression. The authors applied logistic regression to characterize the risk between
log o TCDD and heaviness of flow or regularity of cycle. In these analyses, moderate or heavy
flow and regular cycle were used as the reference categories. Stratified analysis was performed
by menarcheal status at the time of the accident.

Overall, the association with TCDD exposure (per 10-fold increase) and length of
menstrual cycle was not statistically significant for premenarcheal (f =0.93, 95% CI=-0.01,
1.86) women or postmenarcheal women (B = —0.03, 95% CI=—0.61, 0.54). The corresponding
estimates found for days of menstrual flow were § =0.18 (95% CI=-0.15, 0.51) and B =0.16
(95% CI =—-0.18, 0.50), respectively. Reduced flow was not associated with TCDD when
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compared to moderate or heavy flow (odds ratio [OR] = 0.84, 95% CI = 0.44, 1.61); effect
modification by menarcheal status, however, was evident (p = 0.03). Specifically, women
exposed to TCDD who were premenarcheal had lower odds of reduced flow, while those
exposed to TCDD who were postmenarcheal did not. Finally, statistically significant ORs were
found between serum TCDD levels (per 10-fold increase) and having an irregular cycle

(OR =0.46, 95% CI=0.23, 0.95). This inverse association was evident in both premenarcheal
(OR =0.50, 95% CI=0.18, 1.38) and postmenarcheal women (OR = 0.41, 95% CI =0.15, 1.16).

C.1.2.1.4.1.2. Study evaluation

Overall, the Eskenazi et al. (2002b) study reported some associations between TCDD and
menstrual cycle characteristics among women exposed before menarche. Exposures to TCDD
were well characterized using serum samples available on an individual-level basis, and the
design allowed for the influence of other risk factors to be controlled. Analysis of TCDD levels
and the length of menstrual cycle in premenarcheal women produced associations that were
largely not statistically significant at the alpha level of 0.05, but may have some biological
relevance. However, it is unclear whether the endpoints that were measured constitute adverse
health outcomes as they are not definitive markers of ovarian dysfunction. Another source of
uncertainty is measurement error due to the subjective nature of menstrual flow reporting. Any
resulting misclassification of the outcome would be expected to be nondifferential, as the

measurement error is unlikely to be dependent on TCDD exposure.

C.1.2.1.4.1.3. Suitability of data for TCDD dose-response modeling

Rigon et al. (2010) reported the median age at menarche to be 12.4 in Italian females,
which would establish a critical window of susceptibility between birth and about 13 years of
age. The determination of a lowest-observed-adverse-effect level (LOAEL) is difficult, as there
is no independent measure of an adversity threshold to establish the toxicological significance of
a given increase in menstrual cycle length. The study authors did not present data for unexposed
premenarcheal girls (in 1976), so an appropriate reference population is not available. However,
an approximate LOAEL can be estimated from Figure 1 in Eskenazi et al. (2002b), noting that

both the length of the menstrual cycle and its variance increases above TCDD concentrations of
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about 1,000 ppt. This study is suitable for further consideration for quantitative dose-response

modeling.

C.1.2.1.4.2. Eskenazi et al. (2002a)—endometriosis
C.1.2.1.4.2.1. Study summary
The SWHS provided the opportunity to investigate the association between serum TCDD

levels and endometriosis (Eskenazi et al., 2002a). The rationale the authors provided for
undertaking this study was the experimental animal studies that suggested an association, the
high prevalence of endometriosis among infertile women where breast milk concentrations of
dioxin are high, and the unknown etiology of endometriosis. The study consisted of 601 women
who were younger than 30 years at the time of the Seveso accident. Stored sera that had been
collected between 1976 and 1980 were available for these women.

The researchers classified women as having endometriosis based on laparoscopy,
symptom report, gynecologic examinations, and vaginal ultrasound. Endometriosis cases were
identified by a positive ultrasound or if a woman had endometriosis noted on a laparoscopy or
laparotomy. A woman was classified as nondiseased if she had surgery without a finding of
endometriosis or if she had a negative ultrasound, exam, and symptom history. Given that
laparoscopy could not be performed on women unless clinically indicated, there was less
certainty regarding endometriosis diagnoses among those without an ultrasound or prior
laparoscopy. These remaining women without clinical confirmation were classified as
“uncertain” based solely on positive symptom history.

TCDD was measured in sera in 1976 for 93% of the women. Values for women whose
serum TCDD levels were collected after 1977 and had values exceeding 10 ppt were

back-extrapolated to 1976 using either the Filser model (<16 years of age) (Kreuzer et al., 1997)

or a first-order kinetic model (>16 years) (Pirkle et al., 1989). These estimates of TCDD were
then modeled as both continuous (on a log scale) and categorical (<20, 20.1-100, and >100 ppt)
exposures.

Polytomous logistic regression was applied to generate RRs for internal cohort
comparisons. In relation to women in the lowest exposure category, the RR for endometriosis

among women in the middle and upper categories was 1.2 (90% CI = 0.3—4.5) and 2.1
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(90% CI = 0.5-8.0), respectively. The trend tests were not statistically significant for either the
categorical (p = 0.25) or the continuous measures of TCDD (p = 0.84).

C.1.2.1.4.2.2. Study evaluation

Based on the results of a validation study they conducted in a clinical population, the
study authors found that symptom history was not predictive of disease, but that ultrasound had
excellent specificity and sensitivity for ovarian endometriosis. Thus, there was some potential
for disease misclassification among the uncertain group who were classified solely on symptom
history. Although this disease misclassificationis could have resulted in missed cases of
endometriosis, it is unlikely to have biased the study findings. Bias is unlikely to result from
differential (by exposure status) symptom reporting for the following reasons: the study
interviewers and respondents were unaware of study hypotheses, the interviewers, respondents
and investigators who made the diagnoses did not know the TCDD levels, and the Centers for
Disease Control and Prevention laboratory had no information about disease. Younger women
were likely to be under-represented as those who had never been sexually active could not be
examined due to cultural reasons; thus residual confounding by age is a possibility despite
statistical adjustment in the regression models. Other DLCs (PCDD, PCDFs, or polychlorinated
biphenyls [PCBs]) were not considered because of small serum volumes, but any potential TEQ
exposures occurring in the population were thought to be mostly attributable to TCDD in the
exposed women. Although individual-level serum samples were available, a biologically-

relevant critical exposure window for this effect cannot be established.

C.1.2.1.4.2.3. Suitability of data for TCDD dose-response modeling

There were no statistically significant dose-response patterns observed with either
log-transformed TCDD exposures or across TCDD exposure categories, and the elevated risks
among those with higher exposures had very wide confidence intervals (that included unity). In
addition, because of the lack of definitive measures of endometriosis and the inability to define a
critical exposure window, quantitative dose-response analysis was not conducted for this

outcome.
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C.1.2.1.4.3. Eskenazi et al. (2003)—birth outcomes
C.1.2.1.4.3.1. Study summary

Eskenazi et al. (2003) examined the relationship between serum TCDD levels and birth
outcomes. Analyses were based on 745 of the 981 women from the SWHS who agreed to
participate (80% of the cohort) and reported having been pregnant (n = 1,822). Many of these
pregnancies (888 pregnancies among 510 women) occurred after the accident in 1976. Analysis
of spontaneous abortions was restricted to 769 pregnancies among 476 women that did not end
in abortion or in ectopic or molar pregnancy. Congenital anomalies were evaluated for the
672 pregnancies that did not end in spontaneous abortion. For the birth outcomes of fetal growth
and gestational age, analysis was performed using 608 singleton births from women without
hypertensive pregnancy disorders or diabetes.

TCDD exposures were based on serum measures, most of which were taken shortly after
the accident. Serum was collected in 1976—1977 for 413 women, between 1978 and 1981 for
12 women, and in 1996 for 19 women whose samples were not viable. For samples collected
between 1976 and 1981, the first serum sample collected was used. TCDD exposures based on
serum samples collected after 1977 onward were back-extrapolated to 1976 using the Filser

toxicokinetic model (Kreuzer et al., 1997).

Statistical analyses were performed on all pregnancies that ended between 1976 and the
time of interview. The authors also restricted the analysis to those pregnancies occurring within
the first 8 years (1976—1984) or roughly the first TCDD half-life after the explosion (Pirkle et al.,
1989), since the expectation was that exposure body burden would be greatest during this period.
A continuous measure of log;o TCDD (base 10 scale) was used to investigate associations with
adverse birth outcomes. Logistic regression was used to characterize the relationship between
TCDD exposure spontaneous abortions, small for gestational age, and preterm birth (<37 weeks
gestation). Linear regression was used to describe the relationship between TCDD and birth
weight (in grams) and gestational age (in weeks) estimates.

The risk estimates were adjusted for various characteristics that included sex of infant,
history of low birth weight child, maternal height, maternal body mass index, maternal
education, maternal smoking during pregnancy, and parity. No associations were detected
between TCDD serum levels and spontaneous abortion for pregnancies between 1976 and 1998

(OR =0.8, 95% CI = 0.6—1.2), or those between 1976 and 1984 (OR = 1.0, 95% CI = 0.6—1.6).
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No statistically significant associations (ORs ranged from 1.2—1.8) were found between

logio TCDD levels and preterm delivery or small for gestational age. The authors also saw no
association between TCDD exposure and mean birth weight among the entire population.
Although it was not statistically significant, the mean birth weight for pregnancies restricted to
between 1976 and 1984 decreased by 92 grams (B =—92, 95% CI =—-204 to 19) for every

10-fold increase in TCDD serum level.

C.1.2.1.4.3.2. Study evaluation

This study was well-designed with individual-level exposure data, although there is some
uncertainty in extrapolating limited serum data to such narrow critical windows of exposure
especially among women who were pregnant many years after the explosion in 1976. While the
study lacked exposure data for the fathers, the authors indicated that only a small proportion
were believed to have high exposures to TCDD. A key limitation of the study was a reliance on
self-reported measures of pregnancy history subject to maternal recall error. For example, birth
weight was often reported only to the nearest 100 grams. This measurement error could lead to
some misclassification of the birth outcomes. The observation that a large proportion of Seveso
women had a voluntary abortion because of fears of possible birth defects due to exposures from
the accident suggest that awareness bias is also possible as a result of differential reporting of
birth outcomes according to exposure status. Statistically significant associations were not
evident, although the mean birth-weight findings among those assumed to have the highest
TCDD body burden (exposed during first 8 years (1976—1984)) may have some toxicological
significance. As the study authors point out, those who were potentially the most vulnerable at
the time of the accident (the youngest) had not yet completed their childbearing years. Thus,
further follow-up of this cohort should help elucidate whether subjects with higher TCDD

exposures had an increased risk of adverse birth outcomes.

C.1.2.1.4.3.3. Suitability of data for TCDD dose-response modeling

No statistically significant associations were found in the study; in addition, possible
awareness bias could have influenced the self-reported measures of birth outcomes. The authors
did not report TCDD levels at the time of pregnancy and EPA cannot extrapolate serum

concentrations measured in 1976 to the times of the pregnancies in these women based on the
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information reported in the study. Therefore, quantitative dose-response modeling was not

conducted for this study.

C.1.2.1.4.4. Warner et al. (2004)—age at menarche
C.1.2.1.4.4.1. Study summary

Warner et al. (2004) examined the relationship between TCDD and age at menarche in

the SWHS cohort. As described earlier in this report, the SWHS comprised 981 participants.
This study was restricted only to those who were premenarcheal at the time of the accident

(n =282). The proportional hazards model was used to examine the relationship between TCDD
exposures and age at menarche. Age at menarche was determined by questionnaire administered
by a trained interviewer. Covariates examined as potential confounders included height, weight,
body mass index, athletic training at the time of interview, smoking, and alcohol consumption.

TCDD exposures were determined using serum samples collected from 257 (91%) of
these women between 1976 and 1977. For the remaining women, TCDD levels were quantified
from measures collected between 1978 and 1981 (n = 23, 8%) and in 1996 (n = 2, 1% collected
due to inadequate volume of older samples). TCDD levels determined after 1977 were
back-extrapolated to the time of the explosion in 1976. TCDD was modeled as both a
continuous variable (log;oTCDD) and a categorical variable based on quartile values (<55.9,
56—140.2, 140.3-300, >300 ppt). The lowest group was further subdivided into those with levels
<20, and >20 ppt; this cut-point represented background levels found in a sample of women
living in an unexposed area.

No association (hazard ratio [HR] = 0.95, 95% CI = 0.83—1.09) was detected between
age at menarche and a 10-fold increase in serum TCDD concentrations (from 10 ppt to 100 ppt).
Analyses restricted to those who were younger than 8 in 1976 produced similar results
(HR =1.08, 95% CI =0.89—1.30). No dose-response trend was observed with categorical
measures of TCDD among all women, as well as those under the age of 8. A 10-fold increase in
serum TCDD concentrations were later reported to be associated with an earlier age of menarche
(HR =1.20, 95% CI =0.98—-1.60, p for trend = 0.07) when analyses were restricted to 84 women
under the age of 5 at the time of the accident (Warner and Eskenazi, 2005).
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C.1.2.1.44.2. Study evaluation

An important strength of the Warner et al. (2004) study is the ability to characterize
TCDD exposures using serum samples that were collected shortly after the accident occurred.
The outcome of interest, age at menarche, was determined by asking women “At what age did
you get your first menstrual period?” Previous work suggests that self-reported measures of age
at menarche decades later have modest agreement with responses provided during adolescence
with recall varying by education and by history of an adverse birth outcome (Cooper et al.,
2005). Although it seems unlikely, information bias could be introduced in the Seveso study if

recall of age of menarche varied according to exposure levels. The results from the analysis in

the original paper (Warner et al., 2004) were largely null there was some suggestion of an
association between elevated TCDD levels and earlier age of menarche in the follow-on

communication (Warner and Eskenazi, 2005). These more recent findings lend some support to

the suggestion of Wolff et al. (2005) that the first 5 years of life may be the most relevant
exposure period for determination of an effect on age at menarche. However, the actual change
in the age at menarche relative to TCDD serum concentrations was not reported and cannot be

established from the information presented by the study authors.

C.1.2.1.4.4.3. Suitability of data for TCDD dose-response modeling

No major biases were evident, but some sources of uncertainty remain which complicate
interpretation of the study results and potential application to dose-response modeling. The
study also showed limited evidence of an association between age at menarche and TCDD
exposure and little evidence of a dose-response relationship. It remains unclear to what extent
age at menarche represents an adverse health effect. Thus, EPA cannot assess the biological
significance of this finding and cannot establish a LOAEL for this effect. Therefore, quantitative
dose-response assessment was not conducted for this study, but it was included in the reference

dose (RfD) uncertainty analysis presented in Section 4.5.2.

C.1.2.1.4.5. Eskenazi et al. (2005)—age at menopause
C.1.2.1.4.5.1. Study summary

Eskenazi et al. (2005) evaluated the relationship between the age at onset of menopause

and serum levels of TCDD among women in the SWHS. Of the 981 (80% of women contacted)
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women who agreed to participate in SWHS, this analysis was restricted to those who had not
reached natural menopause before the time of the accident and who were at least 35 years of age
at the time of the interview. The recruitment and interview of women occurred approximately 20
to 22 years after the accident (March 1996—July 1998).

The population was divided into quintiles of serum TCDD levels for the categorical
analysis. For most women (n = 564), TCDD levels were estimated from samples provided in
1976—1977. For the remaining women included in these analyses, TCDD levels were estimated
from samples collected between 1978 and 1982 (n = 28) and between 1996 and 1997 (n = 24;
collected due to insufficient volume of earlier sample). As noted previously, exposure levels for
women with post-1977 detectable levels of TCDD were back-extrapolated to 1976 using either
the first-order kinetic model (Pirkle et al., 1989) (>16 years at time of accident) or the Filser

model (<16 years at time of accident) (Kreuzer et al., 1997). Women were classified as

premenopausal if they were still menstruating or if they had amenorrhea as a result of pregnancy
or lactation (at the time of interview) with an indication of subsequent menstruation based on
maintained diaries or further examination. Subjects for which amenorrhea had persisted for at
least 1 year with no apparent medical explanation were classified into a natural menopause
category. The category, surgical menopause, pertained to women with a medically confirmed
hysterectomy or an oophorectomy. Finally, impending menopause was defined for subjects in
which menstruation had been absent for 2 months, but who provided evidence of subsequent
menstruation, or had a secretory endometrial lining, or indicated less predictable cycles in the
previous 2—5 years. If participants’ menopausal status could not be determined, they were
grouped into the “other” category. This category included those for whom status could not be
determined due to current use of oral contraceptives, hormone replacement therapy, or previous
cancer chemotherapy.

Statistical analysis was based on both a continuous measure of log-transformed TCDD
exposures and categories based on quintiles (<20.4 ppt; 20.4-34.2 ppt; 34.3—-54.1 ppt;
54.2-118.0 ppt; >118.0 ppt). The Cox model was used to generate hazard ratios as estimates of
relative risks and their 95% confidence intervals examining natural menopause as the outcome.
Several covariates previously identified as associated with menopausal status in the literature

were considered as potential confounders. These covariates included body mass index, physical
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activity, premenopausal smoking, education, marital status, history of heart disease and other
medical conditions, and other reproductive characteristics.

A statistically significant association with onset of menopause was not detected
(RR =1.02, 95% CI = 0.8—1.3) based on the logTCDD continuous measure. The RRs were
found to increase across the second through fourth quintiles (RRs = 1.1, 1.4, and 1.6,
respectively) of serum TCDD categories in relation to those in the lowest category, but not in the
upper quintile (RR = 1.0, 95% CI=0.6—1.8). A statistically significant trend was detected
across the first four quartiles (p = 0.04) but not across all five quintiles (p = 0.44). However,
when the 24 women who had back-extrapolated TCDD levels from 1996 were excluded, the
hazard ratios were slightly larger in magnitude. Compared with women in the lowest quintile,
HRs for risk of earlier menopause were 1.2 (p = 0.5) for quintile 2, 1.6 (p = 0.08) for quintile 3,
1.7 (p = 0.05) for quintile 4, and 1.2 (p = 0.5) for quintile 5, with a statistically significant trend
(» = 0.02) across the first four quintiles. Eskenazi et al. (2005) suggested that the stronger results
following exclusion of 1996 measures may have been due to reduced exposure measurement

error and less exposure misclassification.

C.1.2.1.4.5.2. Study evaluation

The categorical exposure results from this study support a nonmonotonic
dose-related-association for earlier menopause with increased serum TCDD levels up to
approximately 118-ppt TCDD serum. Eskenazi et al. (2005) speculated that the inverse “U”
shape of the dose-response relationship is explained by the mimicking of hormones at lower
doses of a chemical, while at higher levels the toxic effect of a chemical does not have the
capacity to either inhibit or stimulate hormonal effects. Similar dose-response relationships have
been observed for TCDD for other endpoints in other studies for both humans and rodents (e.g.,

Mocarelli et al., 2008; NTP, 2006; Steenland et al., 2001a), although none with such a

pronounced drop in response at higher exposures. Overall, the findings suggest the possibility of
a nonlinear dose-response relationship for age of onset of menopause with TCDD, with increased
risks in the 4™ quintile and perhaps the 31 quintile. However, the actual change in the age at
menopause relative to TCDD serum concentrations was not reported and cannot be established

from the information presented by the study authors. The biological significance of these
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findings is unclear. A biologically-relevant critical exposure window for this effect cannot be
established.

A study limitation is the potential for residual confounding due to adjustment based on
current smoking status and not at the time of onset of menopause. It is unclear to what extent
smoking status may differ between these two time periods and whether smoking is related to

TCDD exposures in this cohort.

C.1.2.1.4.5.3. Suitability of data for TCDD dose-response modeling

Because the critical window of exposure that would cause an effect on age at menopause
is not apparent and EPA could not determine with confidence the biological significance of this
result for the establishment of a LOAEL, a quantitative dose-response assessment was not
conducted for this study in the context of the RfD derivation. However, this study is included in

the RfD uncertainty analysis presented in Section 4.5.2.

C.1.2.1.4.6. Warner et al. (2007)—ovarian function
C.1.2.1.4.6.1. Study summary

Warner et al. (2007) investigated the association between serum TCDD levels and

ovarian function in subjects in the SWHS who were younger than 40 in 1976 and for whom sera
collected after the accident had been stored. These women were recruited from March 1996 until
July 1998. Ovarian function analysis was limited to 363 women between 20 and 40 years of age
and who were not using oral contraceptives. Of these, 310 underwent transvaginal ultrasound
and were included in the functional ovarian cyst analysis. Ninety-six women were in the
preovulatory stage of their menstrual cycles and were included in the follicle analysis. For the
hormone analysis, 126 women who were in the last 2 weeks of their cycle were included.

The authors used logistic regression to examine the relationship between TCDD and the
prevalence of ovarian follicles greater than 10 mm. Linear regression models were used to
examine the continuous outcomes: number of ovarian follicles >10 mm and diameter of
dominant ovarian follicle. Covariates considered for inclusion in the model were age at
ultrasound, age at accident, age at menarche, marital status, parity, gravidity, lactation history,
current body mass index, age at last birth, and smoking history. For the serum hormone

analyses, estradiol and progesterone were measured in blood at the time of interview. Ovulation
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status was defined as a dichotomous variable (yes/no) based on a serum progesterone cut-point
value of 3 ng/mL.

The adjusted ORs across categories of TCDD exhibited no dose-response trend for the
presence of follicles in relation to TCDD in the follicular phase; also, no statistically significant
differences were noted in any of the upper exposure categories relative to those in the lowest.
The adjusted OR for the continuous measure of log;o TCDD was 0.99 (95% CI=0.4-2.2). A
similar nonstatistically significant finding was found for log;oTCDD in relation to ovulation in
both the luteal (OR = 0.99, 95% CI = 0.5—1.9) and mid-luteal phases (OR = 1.03,

95% C1=0.4-2.7). Progesterone and estradiol also were not related to serum TCDD levels for

either the luteal or mid-luteal phases (p = 0.51 and p = 0.47).

C.1.2.1.4.6.2. Study evaluation

The investigators found no relationship between serum TCDD levels and serum
progesterone and estradiol levels among women who were in the luteal phase at the time of
blood draw. No association with number of ovarian follicles detected from ultrasound.
Although no association was found, the authors suggested that the lack of significant results
could be because the women in SWHS were all exposed postnatally and the relevant and critical

time period for an effect might be in utero.

C.1.2.1.4.6.3. Suitability of data for TCDD dose-response modeling

Because of the lack of a defined critical exposure window and absence of associations
between TCDD and adverse health effects in this study, quantitative dose-response assessment
was not conducted for this study; however, this study is included in the RfD uncertainty analysis

presented in Section 4.5.2.

C.1.2.1.4.7. Eskenazi et al. (2007)—uterine leiomyoma
C.1.2.14.7.1. Study summary

Associations between TCDD exposures and uterine leiomyomata (i.e., fibroids), which

are benign estrogen-dependent tumors, were examined among 956 women in the SWHS

(Eskenazi et al., 2007). The sample population was based on the original 981 SWHS participants

excluding 25 women diagnosed with fibroids before the date of the accident (July 10, 1976).

C-106


http://hero.epa.gov/index.cfm?action=search.view&reference_id=197170�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197170�

Women who previously had fibroids were identified both through the administered questionnaire
and the review of medical records. Transvaginal ultrasounds were performed for 634 women to
determine if they had fibroids at the time of follow-up. Women who had a fibroid diagnosis in
their medical records dated after the accident did not need to have an ultrasound. Similar to
other SWHS studies, exposure to TCDD was estimated using serum collected from women
shortly after the time of the accident, between 1978 and 1981 and in 1996. TCDD levels were
back-extrapolated to 1976 levels.

The study authors performed statistical analyses using two definitions of fibroids as
outcome measures. The first was fibroids detected before the study, and the second was fibroids
detected via ultrasound. A proportional odds method Dunson and Baird (2001) developed was
used to model the cumulative odds of onset of fibroids. This method combines historical and
current information of diagnoses of fibroids. Continuous and categorical measures of TCDD
were modeled. Regression models were adjusted for known or suspected risk factors of fibroids
including: parity, family history of fibroids, age at menarche, body mass index, smoking, alcohol
use, and education.

Categorical measures of TCDD showed an inverse dose-response relationship with the
onset of fibroids. Relative to those with TCDD levels less than 20 ppt, those having TCDD
exposures between 20.1 and 75.0 ppt and greater than 75.0 ppt (at time of measurement) had
hazard ratios of 0.58 (95% CI=0.41-0.81), and 0.62 (95% CI = 0.44—0.89), respectively. The
hazard ratio was 0.83 (95% CI = 0.65—1.07) for a continuous measure of log;TCDD. The study

authors concluded that TCDD may have antiestrogenic effects in the uterine myometrium, in

contrast to the suggestion of estrogenic effects previously found in the breast (Warner et al.

2002).

C.1.2.1.4.7.2. Study evaluation

The strengths of the Eskenazi et al. (2007) study included the longitudinal design,
individual-level serum measures (most taken within 2 years of the accident), and the ability to
include outcomes among those who did not take an ultrasound by using an adapted statistical
approach. An important limitation was that the differences in risk by the stage of development
could not be assessed as all women were exposed postnatally, and only 4 cases were observed

among those who were premenarcheal at the time of exposure. The authors found a
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statistically-significant reduction in risk for uterine fibroids in SWHS women having TCDD
exposures between 20.1 and 75.0 ppt and greater than 75.0 ppt. A biologically-relevant critical

exposure window for this effect cannot be established.

C.1.2.1.4.7.3. Suitability of data for TCDD dose-response modeling

Although this association is suggestive of anti-estrogenic activity, EPA was unable to
establish the biological significance of the findings at any particular exposure level for
establishing a LOAEL. Because a LOAEL could not be established for anti-estrogenic activity

(Eskenazi et al., 2007), quantitative dose-response modeling was not conducted.

C.1.2.1.5. Other Seveso noncancer studies

See general summary of the Seveso cohort in Section C.1.1.1.4.

C.1.2.1.5.1. Bertazzi et al. (1989); Consonni et al. (2008)—mortality outcomes
C.1.2.1.5.1.1. Study summary

Several studies have evaluated the mortality of Seveso residents exposed to TCDD

following the 1976 accident. The earlier section of this report described the designs of these
studies and discussed their findings as they relate to cancer mortality. In this section, some of
the findings for other causes of death are described. A key feature of these studies is that
patterns of mortality among Seveso residents were investigated according to their zone of
residence at the time of explosion relative to general population rates.

A 10-year mortality follow-up of residents of Seveso was published in 1989 (Bertazzi et

al., 1989). Poisson regression was used to derive RRs for those who had lived in Zone A at the
time of explosion using a referent group consisting of inhabitants who had lived in the
uncontaminated study area. Between 1976 and 1986, no statistically significant difference was
observed in all-cause mortality relative to the general population among those who lived in the
most highly exposed area (Zone A) at the time of the accident. This finding was evident in both
males (RR =0.86, 95% CI = 0.5—1.4) and females (RR = 1.14, 95% CI = 0.6-2.1). A
statistically significant excess in circulatory disease mortality was found among males relative to
those in the referent population (RR = 1.75, 95% CI = 1.0-3.2); this increased risk was more
pronounced when the follow-up period was restricted to the first 5 years after the accident
(1976—1981) (RR =2.04, 95% CI=1.04—4.2). Between 1982 and 1986, the RR decreased
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substantially and was not statistically significant (RR = 1.19, 95% CI = 0.4-3.5). Among
females, a risk similar in magnitude was detected for circulatory disease mortality although it
was not statistically significant (RR = 1.89, 95% CI = 0.8—4.2). Contrary to the calendar
period-specific findings for males, the excess of circulatory mortality among females occurred
between 1982 and 1986 (RR =2.91, 95% CI = 1.1-7.8) and not between 1976 and 1981
(RR=1.12,95% CI = 0.3—4.5). The number of deaths in this cohort with the 10 years of
follow-up was relatively small; in Zone A, 16 deaths were observed among males and 11 among
females.

The most recently published account of the mortality experience of Seveso residents
provides further information on follow-up of these residents until the end of 2001 (25 years after

the accident) (Consonni et al., 2008). Three exposure groups were considered: Zone A (very

high contamination), Zone B (high contamination), and Zone R (low contamination). The
reference population consisted of those residents who lived in unaffected surrounding areas, as
well as residents of five nearby towns. The authors used Poisson regression to compare
mortality rates for each zone relative to the reference population.

For all causes of death, no excess was found in Zone A, B, or R relative to the reference
population. Statistically significant excesses were noted for those who lived in Zone A relative
to the reference population for chronic rheumatic heart disease (RR = 5.74,

95% CI=1.83—17.99) and chronic obstructive pulmonary disease (RR = 2.53,

95% CI=1.20—-5.32). These risks, however, were based on only 3 and 7 deaths, respectively.
For those in Zone A, no statistically significant excesses in mortality were noted for diabetes,
accidents, digestive diseases, ischemic heart disease, or stroke. Among Zone A residents,
stratified analysis by time since accident showed increased rates of circulatory disease 5-9 years
since the accident (RR = 1.84, 95% CI = 1.09-3.12). Increased mortality from diabetes relative
to the reference population was noted among females who lived in Zone B (RR = 1.78,

95% CI=1.14-2.77).

C.1.2.1.5.1.2. Study evaluation
The ascertainment of mortality in this cohort appears to be nearly complete.
Misclassification of some health outcomes, such as diabetes, may occur due to the use of death

certificate data.
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The characterization of exposure is based on zone of residence. Soil sampling indicated
considerable variability in TCDD soil levels, and therefore, the generation of risks based on zone
of residence likely does not accurately reflect individual exposure. Exposure misclassification
might also occur because residency in the areas does not necessarily reflect whether the
individual would have been present in the area at the time the accident occurred. Any exposure
misclassification would likely be nondifferential which would tend to bias the risk estimates
towards the null.

Although some excess of circulatory disease mortality was found, the finding was not
consistent between men and women. Moreover, excess circulatory disease mortality was more
pronounced among men within the first 5 years of exposure, while, for women, the excess was
more pronounced in years 5-10. Numerous other risk factors for circulatory disease were not
controlled for in these analyses and may be confounders if related to TCDD exposure. Taken
together, the possibility that TCDD increased circulatory disease mortality based on these data is

tenuous at best.

C.1.2.1.5.1.3. Suitability of data for TCDD dose-response modeling

There is considerable uncertainty in these data due to the potential for outcome and
exposure misclassification. The lack of the individual-level TCDD levels and the examination
only of fatal outcomes reported in this study are not a suitable basis for development of an RfD.

For these reasons, dose-response analysis for this outcome is not conducted.

C.1.2.1.5.2. Mocarelli et al. (2000; 1996)—sex ratio
C.1.2.1.5.2.1. Study summary

A letter to the editor was the first report of a possible change in the sex ratio from dioxin

among Seveso residents following the July 10, 1976 accident (Mocarelli et al., 1996). The

authors reported that 65% (n = 48) of the 74 total births that had occurred from April 1977 to
December 1984 were females. This male to female ratio of 26:48 (35%) is significantly different
from the worldwide birth ratio of 106 males:100 females (51%) (James, 1995). Between 1985
and 1994, the Seveso male to female ratio leveled out at 60:64 (48%). The authors suggested

that the finding supported the hypothesis that dioxin might alter the sex ratio through several

possible mechanistic pathways.
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Mocarelli et al. (2000) later reported on an investigation of serum-based TCDD measures
in parents and the sex ratio of offspring. In this study, serum samples were collected from
mothers and fathers who lived in nearby areas at the time of the explosion, were between the
ages of 3 and 45 at the time of the explosion, and produced offspring between April 1, 1977 and
December 31, 1996. The study population included 452 families and 674 offspring, and serum
measures were available for 296 mothers and 239 fathers. An estimate of TCDD at the time of
conception was also examined in relation to male to female birth ratios. TCDD exposure
estimates between the years of 1976 and 1996 were estimated using Filser’s model (Kreuzer et

al.. 1997).

Mocarelli et al. (2000) used chi-square test statistics to compare observed sex ratio to an
expected value of 0.51 in this Seveso population. Concentrations of TCDD were modeled as
categorical variables in several ways. First, a dichotomous variable was used whereby
unexposed parents were defined as those who lived outside Zones A, B, and R or had a serum
TCDD concentration of less than 15 ppt; parents with exposures of 15 ppt or higher were
considered exposed. Second, a trichotomous exposure variable was created that consisted of
parents who (1) lived outside Zones A, B, and R or had serum concentrations of less than 15 ppt,
(2) had serum concentrations of 15—80 ppt, and (3) had serum concentrations that exceeded
80 ppt. These cut-points were chosen as they represented tertiles based on the distribution of
TCDD among parents. Analyses were conducted separately for paternal and maternal TCDD
levels.

The overall proportion of 0.49 male births (based on male to female ratio of 328:346) was
not significantly different from the expected proportion of 0.51 (p > 0.05). Statistically
significant differences were found, however, if both parents had TCDD levels >15 ppt (sex
ratio = 0.44) or just the father had serum TCDD levels >15 ppt (sex ratio = 0.44). No
statistically significant differences were found when the fathers had TCDD levels less than
15 ppt, irrespective of the maternal levels. A dose-response pattern in the sex ratio was found
across the paternal exposure categories. That is, the sex ratio decreased with increased paternal
TCDD levels (linear test for trend, p = 0.008). In the unexposed group, the sex ratio (male to
female) was 0.56 (95% CI = 0.49—-0.61), while in the highest exposure group
(281.0—26,400.0 ppt) the corresponding sex ratio was 0.38 (95% CI = 0.28—-0.49).
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Stratified analyses by age at paternal exposure revealed that the sex ratio was altered to a
greater degree among fathers who were younger than 19 at the time of the explosion. The male
to female ratio among the unexposed fathers was 0.56 (95% CI = 0.50—0.62), while it was 0.38
(95% CI = 0.30—0.47) for those younger than 19 when exposed and 0.47 (95% CI = 0.41-0.53)
for those exposed after 19. Regardless of the age at the time of exposure, however, fathers who
were exposed had a statistically significantly different birth ratio (they were more likely to father
girls) than those who were unexposed (p < 0.05).

Separate analysis of birth ratios based on paternal TCDD exposure estimated at the time
of conception did not show the same dose-response pattern but did show strong evidence of
consistently decreased male births relative to females. More specifically, the male to female
birth ratios among the four successive quartiles (first through fourth) were 0.41, 0.33, 0.33,
and 0.46.

C.1.2.1.5.2.2. Study evaluation

Mocarelli et al. (2000) based the characterization of TCDD exposure on serum samples,
which is an objective method for characterizing dose. Unlike for the occupational cohorts, serum
measures for this study were taken close to the time of the accident, and therefore,
back-extrapolation of TCDD exposures is unnecessary. Maternal TCDD levels at the time of
conception did not demonstrate a dose-response relationship, but paternal exposures resulted in
consistently reduced male to female birth ratios (range: 0.33—0.46). Paternal exposures received
before the age of 19 at the time of the explosion were more strongly associated with a reduced
male to female ratio than those received after the age of 19.

The methods used to identify births appear to be appropriate. Even if some births were
missed, there is no reason to believe that ascertainment would be related to TCDD exposure and
the sex of the baby. Therefore, no bias is suspected due to incomplete birth ascertainment. The
authors report that the findings did not differ when age at conception was dichotomized (< or
>35 years). They also state that age at conception was, on average, similar across calendar years.
However, some uncertainty remains as to what degree this influenced the sex ratio given that the
lowest mean age of conception periods (1973—1976 and 1977-1984) also corresponded with the

lowest reported male:female ratios.
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C.1.2.1.5.2.3. Suitability of data for TCDD dose-response modeling

TCDD exposures were well-characterized, and internal cohort analyses demonstrate an
association between paternal TCDD levels and birth ratio, particularly when exposure occurred
before 19 years of age. Although the data are suggestive of an effect earlier in life, perhaps even
pre-pubertal, the biologically-relevant critical exposure window of susceptibility cannot be
defined with any confidence for this endpoint. Quantitative dose-response assessment was not
conducted for Mocarelli et al. (2000) in the context of the RfD derivation. However, this study is

included in the RfD uncertainty analysis presented in Section 4.5.2.

C.1.2.1.5.3. Baccarelli et al. (2004; 2002)—immunologic effects
C.1.2.1.53.1. Study summary

The relationship between TCDD and immunological effects was evaluated in a sample of

Seveso residents (Baccarelli et al., 2004; Baccarelli et al., 2002). Both studies were based on

findings from 62 individuals who were randomly selected during December 1992 and March
1994 from Zones A and B. An additional randomly selected 59 subjects were chosen from the
surrounding noncontaminated areas during the same time period. Residency was based on where

subjects lived at the time of the accident (July 10, 1976) (Landi et al., 1998). Frequency

matching ensured that the two groups of subjects were similar with respect to age, sex, and
cigarette smoking status.

TCDD levels were determined by mass spectrometric analysis of plasma samples.
TCDD levels at the time of sampling were obtained, and estimates of levels at the time of the

accident also were estimated by assuming an 8.2-year half-life (Landi et al., 1998). Exposure to

other DLCs for both the TCDD contaminated and noncontaminated areas were reported to be at
background levels. The plasma was also used to characterize levels of the immunoglobulins (Ig)
IgG and IgM and the complement components C3 and C4. One subject was excluded due to lack
of an immunological evaluation. Analyses are, therefore, based on 58 subjects in the
noncontaminated areas and 62 individuals from the contaminated areas.

Nonparametric tests were applied to test for differences between the two groups.
Multiple regression also was used to describe the relationship between the variables. Adjustment

was made for several potentially confounding variables that were collected via questionnaire.
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An inverse association was noted with TCDD levels and plasma IgG levels; this result
remained statistically significant after adjusting for other potential confounding variables in the
regression models. Specifically, the regression coefficient and p-value for the unadjusted
(B=-0.35; p =0.0002) and adjusted model were noted to be similar. In the 2004 analysis, the
authors present IgG, IgM, IgA, C3, and C4 median and interquartile values across TCDD
exposure quintiles. Decreased levels of IgG were observed in the highest exposure groups.
Specifically, the median values across the five quintiles (for lowest to highest) were 1,526;
1,422; 1,363; 1,302; and 1,163. The Kruskal-Wallis test for differences across the TCDD
categories was statistically significant (» = 0.002), which is consistent with the findings for the
continuous measures of TCDD. This finding persisted after excluding those subjects with
inflammatory diseases and those who used antibiotics or nonsteroidal anti-inflammatory drugs.
For the other plasma measures, no dose-response relationship was apparent based on median
values for IgM, IgA, C3, or C4 across TCDD quintiles. The authors highlight the need for

additional research, particularly given the excess of lymphatic tumors noted in the area.

C.1.2.1.5.3.2. Study evaluation

Both TCDD exposure and health outcome measures are relatively well characterized.
TCDD exposures, however, are based on concurrent serum measures and are far-removed from
the initial peak-exposure event. Therefore, back-extrapolation to earlier time periods of exposure
would be highly uncertain. EPA cannot determine with confidence whether the health outcome
is a result of current exposure or longer-term continuous exposure to elevated TCDD levels.
Furthermore, EPA cannot determine what effect the much higher initial peak exposure might
have had on the outcome observed 17 years later. A dose-response relationship between TCDD
and IgG was evident in the unadjusted model, but no details are provided on any changes that
may be present when other covariates were added to the model.

Interpreting the inverse association between TCDD exposure and IgG in terms of clinical
significance is not possible. The 24% reduction in IgG at the highest exposures cannot be linked
to any adverse health outcome without more specific testing. The IgG values reported are much
higher than those associated with antibody immunodeficiency disorders, as discussed by

Baccarelli et al. (2002). The biologically-relevant critical window of TCDD exposure associated
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with possible IgG impacts is uncertain, because it is unclear whether the current serum TCDD

levels or the higher prior TCDD serum levels are associated with these impacts.

C.1.2.1.5.3.3. Suitability of data for TCDD dose-response modeling

Although the data support an inverse dose-response relationship between IgG and TCDD,
the biological significance of the findings are too uncertain to define a LOAEL or a NOAEL.
Further the critical window of exposure that would cause an effect on IgG levels is not known
and thus does not allow for estimation of the effective TCDD exposure. For these reasons, these

data were not suitable for quantitative dose-response modeling.

C.1.2.1.5.4. Landi et al. (2003)—gene expression
C.1.2.1.54.1. Study summary
The impact of TCDD on the aryl hydrocarbon receptor (AhR) was evaluated by Landi

et al. (2003) in a population-based study of Seveso residents. AhR, a mechanistically based
biomarker of dioxin response, must be present for manifestation of most of the toxic effects of
TCDD, including tumor promotion and immunological and reproductive system effects (Puga et

al., 2000; Safe, 1986). AhR activates the transcription of several metabolizing enzymes in

addition to certain genes (Whitlock, 1999). The primary objective of the study was to determine

whether plasma levels of TCDD and TEQ are associated with the AhR-dependent pathway in
lymphocytes among Seveso residents. The genes involved in the pathway that were examined
included: AhR, aryl hydrocarbon receptor nuclear translocator, CYPA1A1 and CYP1BI
transcripts, and CYP1Al-associated 7-ethoxyresorufin O-deethylase (EROD).

Study recruitment occurred from December 1992 to March 1994. A total of 62 subjects
were randomly chosen from the highest exposed zones in Seveso (Zones A and B), while
59 were chosen from the noncontaminated area (non-ABR). Those chosen from the
noncontaminated zone were matched by age, sex, and smoking. Assignment of zones was based
on place of residence where subjects lived at the time of the accident in 1976. Subjects provided
data via questionnaire on a variety of sociodemographic and behavioral risk factors, including
cigarette smoking. Multivariate models were adjusted for a variety of confounders including:
age, gender, date of assay, actin expression, postculture viability, experimental group, and cell

growth.
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TCDD levels were determined using high-resolution gas chromatography, and 21 other
dioxins, or DLCs, were measured to examine TEQ. Eleven measurements taken on the
121 subjects were deemed inadequate and excluded, but no further information was provided on
these exclusions. Nine subjects from Zone B and fourteen subjects from Zone ABR had TCDD
levels below detection, and were assigned a value equal to the lipid-adjusted detection limit
divided by the square root of 2. The toxic equivalent for the mixture of DLCs (i.e., TEQ) was
calculated by summing the products of the concentration of each congener by its specific toxic
equivalency factor.

The subjects provided between 5 and 50 mL of whole blood, which was centrifuged to
separate mononuclear cells. The cells were frozen and later thawed. Cells were cultured,
removed from the culture medium, and resuspended in a stimulation medium, 14 mL of which
was used for RNA analysis. Reverse transcription-PCR was conducted and EROD was assayed.
Differences in gene expression and EROD activity observed for various cell culture conditions
were compared using paired t-tests. The unpaired Student’s t-test was applied to test for
differences between groups, while a Bonferroni factor was used to account for multiple
comparisons. Data for continuous variables were log-transformed.

TCDD accounted for 26% of the TEQ among the study subjects, but varied by zone (35%
in zone A and 18% in zone non-ABR). After adjusting for confounding, AhR was inversely
related to plasma TCDD levels in uncultured cells (p < 0.03) and in mitogen-stimulated cells
(p <0.05). EROD was lower in cells cultured from subjects with higher plasma TCDD and TEQ
levels, and the corresponding continuous measure of EROD was statistically significant
(» <0.05). No statistically significant associations with TCDD or TEQ were found with ARNT
or CYP1BI1 in uncultured cell medium, nor with CYP1A1 or CYP1B1 in mitogen-stimulated
cells. In general, females had lower AhR transcripts and higher levels of dioxin.

Collectively, the findings suggest that TCDD exposure might reduce AhR expression in

unstimulated cells. Therefore, TCDD could exert an influence on the AhR pathway regulation.

C.1.2.1.54.2. Study evaluation
The study used biologically-based measures of both TCDD exposures and biomarkers or
AhR. Subjects were randomly selected from the larger cohort; some individuals with severe

medical illnesses were excluded (Landi et al., 1998). Although few details are provided on the
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number of subjects excluded for these reasons, given the objective nature of the biomarker
outcomes that were evaluated, such exclusions are unlikely to be an important source of bias.
The exclusion rates were also reported to be low and comparable across the zones (five subjects
from the noncontaminated zone non-ABR and four subjects from zone B).

A strength of the study was the examination of other DLCs via the TEQ analysis. A
limitation of the study included the relatively small number of subjects which resulted in the
grouping of several covariates, including TCDD exposures, into a small number of categories.
As such, slope coefficients derived from modeling continuous measures were emphasized in the
data presentation. Another key limitation of the study is the uncertainty of how effects on AhR

translate into subsequent development of cancer and other chronic health effects.

C.1.2.1.5.4.3. Suitability of data for TCDD dose-response modeling
It is unclear how associations between AhR biomarkers and TCDD levels translate into
an increased risk of adverse health effects. Dose-response analysis for this outcome, therefore,

was not conducted.

C.1.2.1.5.5. Alaluusua et al. (2004)—developmental dental defects
C.1.2.1.5.5.1. Study summary
Alaluusua et al. (2004) examined the relationship between TCDD and dental defects,

dental caries, and periodontal disease among Seveso residents who were children at the time of
the accident. Subjects were randomly selected from those individuals who had previously
provided serum samples in 1976, which was shortly after the accident. A total of 65 subjects
who were less than 9.5 years of age at the time of the accident, and who lived in Zones A, B, or
R were invited to participate. Recruitment was initiated 25 years after the time of the Seveso
accident. An additional 130 subjects from the surrounding area (outside Zones A, B, or R or
“non-ABR zone”) having the same age restriction were recruited. Subjects were frequency
matched by age, sex, and education. Questionnaires were administered to these individuals to
collect detailed information on dental and medical histories, education, and smoking behaviors.
Ten subjects who had completed at least high school were randomly excluded from the non-ABR
zone to create groups with similar educational profiles. Participation rates for the ABR and

non-ABR zones were 74% and 58%, respectively.
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One dentist who was blind to the patients” TCDD exposure levels assessed dental
aberrations. Dental caries were assessed using recommendations of the World Health
Organization (WHO). Periodontal status was described following a detailed evaluation of the
surfaces of the teeth. A radiographic examination was done to identify missing teeth, alveolar
bone loss, deformities in the roots, and jaw cysts.

Comparisons of the presence of dental enamel defects according to exposure status were
made using logistic regression. Chi-square test statistics were applied to compare the
distributions in the prevalence of dental defects across several categorical covariates (i.e.,
education, age, and serum TCDD level). For those who were younger than 5 at the time of the
accident, dental defects were more prevalent among patients in zone ABR (42%) than those in
the non-ABR zone (26%) (p = 0.14). Zone ABR is characterized by higher levels of soil TCDD
levels relative to non-ABR. Serum levels permitted an improved characterization of risk as they
were available at an individual level, rather than using a zone of residence. The continuous
measure of serum TCDD was associated with developmental dental defects (p = 0.007) and
hypodontia (p = 0.05). The authors classified less-exposed individuals in the non-ABR zones as
the reference population and also examined exposure tertiles for the ABR residents. The
prevalence of dental effects for the reference group was 26% (10/39). The prevalence of dental
effects in the 1%, 2" and 3" tertile exposure groups was 10% (1/10), 45% (5/11) and 60% (9/15),
respectively. A total of 12.5% of the zone ABR subjects had missing permanent teeth (lateral
incisors and second premolars) compared with 4.6% of the zone non-ABR residents. For zone

ABR subjects, missing teeth were more frequent with higher serum TCDD levels.

C.1.2.1.5.5.2. Study evaluation

TCDD exposures were characterized using serum measures for those who resided in
zone ABR in 1976 (within a year of the accident). Alaluusua et al. (2004), however, provide few
details about the sampling frame used to identify these participants. Despite this, it is important
to note that a dose-response pattern was observed between TCDD exposure and presence of
developmental dental defects in the ABR population alone (p = 0.016). This finding is based on
27 subjects with developmental dental defects. This positive association provides support for a
quantitative dose-response modeling of developmental dental defects. The numbers of such

subjects are small, however, with one, five, and nine subjects having defects in the exposure
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tertiles ; the concentration ranges in the 1%, 2" and 3™ tertiles were 31-226, 238592, and

700—26,000 ng/kg TCDD, respectively.

C.1.2.1.5.5.3. Suitability of data for TCDD dose-response modeling

The considerations for conducting a dose-response analysis have been satisfied with the
study population. A critical window of exposure can be defined for the subjects with
individual-level serum samples. The enamel defects combined with the prevalence of missing
permanent teeth in the higher-exposed subjects allows for a LOAEL to be established for the 2nd
tertile exposure range. A NOAEL is evident for the 1* tertile and a NOAEL and LOAEL could

be established. Dose-response analyses were conducted for this outcome.

C.1.2.1.5.6. Baccarelli et al. (2005)—chloracne
C.1.2.1.5.6.1. Study summary
Baccarelli et al. (2005) published findings from a case-control study of 110 chloracne

cases and 211 controls. The authors collected information on pigment characteristics and an
extensive list of diseases. This study was performed to yield information about the health status
of chloracne cases, TCDD-chloracne exposure response, and factors that could modify TCDD
toxicity. TCDD was measured from plasma from subjects recruited during 1993 to 1998.
Following adjustment for confounding, TCDD was associated with chloracne (OR = 3.7,

95% CI = 1.5—8.8), and the risk of chloracne was considerably higher in subjects younger than 8
at the time of the accidents (OR = 7.4, 95% CI = 1.8-30.3). Among individuals with lighter hair,

the association between TCDD and chloracne was stronger than among those with darker hair.

C.1.2.1.5.6.2. Study evaluation

Statistical power was limited in this study especially to assess potential interactions.
Study strengths included unique distribution of age and sex of chloracne cases, characterization
of individual-level TCDD exposures using sera samples, and the availability of both clinical and
epidemiologic data. Although a dose-response relationship was observed, chloracne is a rare

health outcome likely only to occur among those highly exposed.
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C.1.2.1.5.6.3. Suitability of data for TCDD dose-response modeling
Given the very high TCDD levels needed to cause chloracne (Ott et al., 1993), this health

endpoint would not be considered as the basis for the RfD. Therefore, dose-response analyses

for the Baccarelli et al. (2005) study were not conducted.

C.1.2.1.5.7. Baccarelli et al. (2008)—neonatal thyroid hormone levels
C.1.2.1.5.7.1. Study summary
Baccarelli et al. (2008) investigated the relationship between thyroid function and TCDD

among offspring of women who were of reproductive age at the time of the 1976 accident. This
health endpoint is relevant because thyroid function is important for energy metabolism and
nutrients and for stimulating growth and development of tissues. Neonatal thyroid function at
birth is evaluated through blood thyroid-stimulating hormone (b-TSH). Two related analyses
were conducted as part of this investigation: (1) the Residence-Based Population Study and

(2) the Plasma Dioxin Population Study.

For the Residence-Based analysis, the study population of 1,772 women was selected
based on the following criteria: having lived in the highly contaminated areas (Zones A or B) at
the time of the accident or between July 10, 1976 and December 31, 1947; were of fertile age
(born after 1947); and were alive as of January 1, 1994. A random sample of 1,772 unexposed
women who lived in the reference area was selected from the 55,576 eligible female participants
using frequency matching by year of birth to the exposed women and residency in the reference
area at the time of the accident. The reference area represents the noncontaminated areas that
surround the three zones of decreasing exposure (Zones A, B and R). Population registry offices
(n = 472) were contacted to detect children born to these women. Records could be traced for
virtually all subjects (1761/1772 exposed; 1762/1772 unexposed). Children born outside the
Lombardy area (n = 156) were excluded as b-TSH could not be obtained for them. The analyses
were based on the remaining 56, 425, and 533 singletons born between January 1, 1994 and June
30, 2005 in Zone A, B, and from the reference area, respectively.

Thyroid function is tested in all newborns by b-TSH measures in the region of Lombardy
where Seveso is located. These measures were obtained from blood samples taken 72 hours after
birth using a standardized protocol. The b-TSH levels were log transformed to approximate a

normal distribution. Linear regression analysis was used to conduct test for trends in mean
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b-TSH levels across different covariates. Logistic regression was used to assess associations
between elevated b-TSH levels defined by the cutpoint of 5 puU/mL and residence in particular
zones of contamination. The 5 pU/mL cutpoint for thyroid stimulating hormone (TSH)
measurements in neonates was recommended by WHO (1994) for use in neonatal population
surveillance programs. Although WHO established the standard for increased neonatal TSH in
the context of iodine deficiency disease, the toxicological implications are the same for TCDD
exposure and include increased metabolism and clearance of thyroxine (T4). Fisher’s exact tests,
Wilcoxon nonparametric tests, and generalized estimating equations were used to adjust the
standard errors of the regression coefficients due to correlation between siblings.

Results from the Residence-Based analysis indicate that mean levels of b-TSH were
positively associated with average soil TCDD concentrations in the three areas (Zone A: 1.66
pU/mL; Zone B: 1.35 pU/mL; and Zone R: 0.98 pU/mL) (p < 0.001). Plasma TCDD levels also
were shown to be much higher in a group of 51 newborns that had b-TSH levels >5 pU/mL.
Compared to the reference population, adjusted ORs were elevated for Zone B (OR = 1.90,

95% CI1=10.94-3.86) and Zone A (OR = 6.63, 95% CI=2.36—18.6). These ORs were adjusted
for gender, birth weight, birth order, maternal age at delivery, hospital, and type of delivery. The
adjusted ORs however differed only slightly from those that were unadjusted (Zone B

OR =1.79, 95% CI = 0.92-3.50; Zone A OR = 6.60, 95% CI =2.45—17.8). Of the risk factors
considered, only gender and birth weight were identified as independent predictors of neonatal
b-TSH levels.

The Plasma Dioxin Population analysis included children born to 109 women who were

part of the Seveso Chloracne Study (Baccarelli et al., 2005). A total of 51 children were born to
38 of these women, of these 12 lived in Zone A, 10 in Zone B, 20 in Zone R, and 9 from the
reference population. All children in this analysis from zones A and B were also part of the
Residence-Based population study (which included all zone A and B women), while none of the
children from zone R and the reference area were sampled in the Residence-Based population
study. Several congeners including TCDD were measured in maternal plasma collected from
December 1992 to September 1998. TCDD levels were extrapolated to the date of delivery

using a first-order pharmacokinetic model (Michalek et al., 1996). The elimination rate used was

9.8 years based on the mean half-life estimate from a previous study of women in the Seveso

region (Michalek et al., 2002). TEQs were calculated for a mixture of DLCs by multiplying the
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concentration of each congener by its toxicity equivalence factor. The maternal average TEQ
was 44.8 ppt (range: 11.6—330.4) among 51 mothers. The measurement of noncoplanar PCBs
occurred only later in the study (1996) and, therefore, total mean TEQs (i.e., including the sum
of PCDDs, PCDFs, coplanar PCBs, and noncoplanar PCBs) are available only on a subset
(n=37) of the population. DLCs were examined as earlier studies suggested associations
between the sum of PCBs, or individual congeners having decreased thyroxine (Sandau et al.

2002; Longnecker et al., 2000), and increased TSH (Alvarez-Pedrerol et al., 2008; Chevrier et

al., 2007). The following confounders were examined by the authors in the plasma dioxin

models: maternal body mass index, smoking habits, alcohol consumption, and neonatal age in
hours at the time of the b-TSH measurement.

For the Plasma Dioxin analysis, the authors used a linear regression model to examine the
association between maternal TCDD levels and b-TSH. The standardized regression coefficient
obtained from this model was 0.47 (p < 0.001). For the evaluation of TEQs, a similar
association was noted for PCDDs, PCDFs, and coplanar PCBs (n = 51, = 0.45, p = 0.005) but
not with noncoplanar PCBs (n =37, B = 0.16, p = 0.45). Statistically significant associations
between b-TSH with plasma TCDD, PCDDs, PCDFs, and coplanar PCBs, but not with
noncoplanar PCBs, were found based on multivariate regression models adjusted for gender,
birth weight, birth order, maternal age at delivery, hospital, and type of delivery. No association
was detected for the sum of all total TEQs from the measured compounds (n =37,  =0.31,
p=0.14).

C.1.2.1.5.7.2. Study evaluation

The Baccarelli et al. (2008) study satisfies the epidemiologic considerations and criteria
for determining whether dose-response modeling should be pursued. The outcome is well
defined, and a dose-response pattern was observed. The study also contained a substudy that
characterized TCDD and exposures to other DLCs and used serum measures for a sample of
mothers. Results were consistent among the zone of residence analysis and the substudy based
on plasma measures. Although they examined potential confounding factors, a study limitation

was that this assessment was based on statistical significance alone.
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C.1.2.1.5.7.3. Suitability of data for TCDD dose-response modeling

Given the potential for exposure misclassification due to variability in TCDD soil levels
within each zone, modeling should rely on individual-level TCDD exposures derived from the
plasma sampling substudy. Data from this study population provide an opportunity for
quantitative dose-response analyses as the critical exposure window of 9 months can be used for

exposurc assessment purposcs.

C.1.2.1.5.8. Mocarelli et al. (2008)—sperm effects
C.1.2.1.5.8.1. Study summary

Mocarelli et al. (2008) examined the relationship between TCDD and endocrine

disruption and semen quality in a cohort of Seveso men. Study participants included 397 of the
eligible 417 males (<26 years old in 1976) from Zone A and nearby contaminated areas who had
serum TCDD levels measured in 1976. Frozen serum samples collected from 1976 to 1977 were
used to derive TCCD exposures. In addition, 372 healthy blood donors not living in the
TCCD-contaminated area were invited to participate. The researchers collected a health
questionnaire and semen samples from participants. Analyses were based on 257 individuals in
the exposed group and 372 in the comparison group. Of the 257 exposed men, 135 (53%)
without disease agreed to participate, while 184 of the 372 (49%) recruited men in the
comparison group participated. Semen samples were collected postmasturbatory at home.
Ejaculate volume, sperm motility, and sperm concentration were measured on these samples.
Fasting blood samples also were collected from the subjects for reproductive hormone analyses,
including 17B-estradiol (E,), follicle stimulating hormone (FSH), inhibin B, LH, and
testosterone.

The researchers estimated serum concentrations of TCDD from samples provided in
1976—1977, and also in 1997—1998 for individuals whose earlier samples had TCDD values that
exceeded 15 ppt. Serum concentrations for the comparison group were assumed to be less than
15 ppt in 1976 and 1977 and <6 ppt in 1998/2002 on the basis of serum results for residents in
uncontaminated areas. The exposed and comparison groups were divided into three groups
based on their age in 1976: 1-9, 10—17, and 18—26 years. Mocarelli et al. (2008) applied a

general linear model to the sperm and hormone data and included exposure status, age, smoking
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status, body mass index, and occupational exposures as covariates. The study authors addressed
the potential for confounding factors.

Men exposed between the ages of 1 and 9 had reduced semen quality 22 years later.
Reduced sperm quality included decreases in sperm count (p = 0.025), progressive sperm
motility (p = 0.001), and total number of motile sperm (p = 0.01) relative to the comparison
group. The opposite pattern was observed for several indices of semen quality among those aged
10—17 at the time of the accident; this included a statistically significant increase in sperm count
(p =0.042). The clinical significance of this increase is unknown. For the hormone analyses,
those in the exposed group had lower serum E, levels, and higher follicle stimulating hormone
concentrations. Neither testosterone levels nor inhibin B concentrations were associated with

TCDD exposure.

C.1.2.1.5.8.2. Study evaluation

The findings of the Mocarelli et al. (2008) study support the hypothesis that exposure to
TCDD in infancy/prepuberty reduces sperm quality. The changes in serum E, and FSH
concentrations are of unknown clinical significance, and it is unclear whether they represent
adverse health endpoints. Further, it may be noted that the collection of a single semen sample is
not suitable for accurate evaluation of semen effects in an individual, but is less of a concern for
evaluation of the population average. Although most semen analysis studies have low

compliance rates in general population samples (20—40%) (Muller et al., 2004; Jorgensen et al.,

2001), the compliance rate in this study was much higher (60%). Given that the compliance
rates were similar between the exposed and comparison groups and the strong differences

detected across the two age groups, selection bias appears unlikely in this study.

C.1.2.1.5.8.3. Suitability of data for TCDD dose-response modeling

The health outcomes are well defined in the Mocarelli et al. (2008) study, and exposures
are well characterized using serum data. Because the men exposed to elevated TCDD levels
between the ages of 1 and 9 had reduced semen quality 22 years later, it is difficult to identify the
relevant time interval over which TCDD dose should be considered. Specifically, it is difficult
to discern whether this effect is a consequence of the initial high exposure between 1 and 9 years

of age or a function of the cumulative exposure for this entire exposure window beginning at the
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early age. However, the differences between these two dose estimates (the initial high exposure
versus the cumulative exposure for the 9 year window) are minimal (i.e., within an order of
magnitude). Despite the uncertainty in estimating the critical window of exposure,

dose-response analysis for this outcome was conducted.

C.1.2.1.6. The Chapaevsk study
See general summary of the Chapaevsk study in Section C.1.1.1.5.

C.1.2.1.6.1. Revich et al. (2001)—mortality and reproductive health
C.1.2.1.6.1.1. Study summary

Revich et al. (2001) describe a series of investigations that have evaluated adverse health

outcomes among residents of Chapaevsk where ecological measures of TCDD have been noted
to be higher than expected. In the earlier cancer section of this report, the cross-sectional
comparisons of mortality that the authors carried out between Chapaevsk residents and a general
population reference were described. Although the general focus of this paper is on cancer, the
authors examined other adverse health outcomes.

For all-cause mortality, rates were found to be higher in Chapaevsk relative to the Samara
region and other nearby towns. The magnitude of this increase, however, was not quantified in
the review by Revich et al. (2001) Cardiovascular mortality accounted for nearly two-thirds of
women’s deaths and almost half of those among men. The rates of cardiovascular mortality
among Chapaevsk men have been reported to be 1.14 times higher than those in Russia.

Revich et al. (2001) also reported on the occurrence of adverse reproductive events.
Although the authors indicated that official medical information was used to make comparisons
between regions, no details were provided about data quality, completeness, or surveillance
differences across areas. The presented rates for reproductive health outcomes should be
interpreted cautiously. A higher rate of spontaneous abortions (24.4 per 100 pregnancies
finished by delivery) was found in Chapaevsk women relative to rates that ranged between 10.6
and 15.2 found in five other areas. The frequency of preeclampsia also was found to be higher in
Chapaevsk women (44.1/100) relative to other towns, as was the proportion of low birth-weight
babies and preterm births. The percentage of newborns with low birth weight was slightly larger
in Chapaevsk (7.1%) when compared to other towns in Samara (5.1-6.2%); observed

differences, however, were not statistically significant. The authors also reported on the sex ratio
C-125


http://hero.epa.gov/index.cfm?action=search.view&reference_id=199843�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=199843�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=199843�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=199843�

of newborns born between 1983 and 1997. These ratios (boys:girls) were highly variable and
ranged between 0.79 and 1.29. Given the annual variability of this ratio on a year-to-year basis,
it is unclear if this is largely due to natural fluctuations and to what extent this may result from

prior TCDD (or other contaminants) exposure TCDD and other contaminants.

C.1.2.1.6.1.2. Study evaluation

The review by Revich et al. (2001) highlights analyses that have been undertaken using
largely cross-sectional data. Although soil sampling measures appear to demonstrate decreasing
levels of TCDD in the soil with increasing distance from the plant, at this time, no
individual-level TCDD exposure data are available. Increased rates of mortality relative to the
Samara region in Russia were observed among Chapaevsk men for all cancer sites combined;
this excess risk however, was not observed among women. Although the authors provide
compelling evidence of increased adverse events among residents of Chapaevsk, the study lacks
a discussion about the validity of comparing health data across regions, and suffers from inherent
limitations from ecological studies such as exposure misclassification and potential for

confounding.

C.1.2.1.6.1.3. Suitability of data for TCDD dose-response modeling

Insufficient details are provided by the authors to gauge the completeness and coverage
of the cancer registry and mortality data. Health outcomes were studied on the basis of
information in the official medical statistics. As with the cancer outcomes presented in this
study, the data for noncancer outcomes are limited by the absence of TCDD levels on an
individual-level basis and information on other potential confounding variables that could have
biased the results. The cross-sectional nature of the data that were presented does not provide
the necessary level of detail needed to estimate effective dose given the lack of individual-level

exposure data. Therefore, a quantitative dose-response analysis was not conducted.

C.1.2.1.7. The Air Force Health (“Ranch Hands” cohort) study

See general summary of the Ranch Hands cohort in Section C.1.1.1.6.
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C.1.2.1.7.1. Henriksen et al., (1997)
C.1.2.1.7.1.1. Study summary
Henriksen et al. (1997) investigated the relationship between TCDD exposure and

diabetes among participants of the Air Force Health Study (AFHS). This study included
veterans of Operation Ranch Hand who served in Southeast Asia between 1962 and 1971 and
were exposed to high levels of dioxin from the spraying of Agent Orange during flight
operations and the maintenance of aircraft and herbicide spray equipment. In addition, it
included a comparison group of other Air Force veterans who also served in Southeast Asia
during the same period, but were not actively involved in the spraying of herbicides. This
comparison group was selected by matching to the Ranch Hands on the basis of age, race, and
military occupation. Data from physical examinations in 1982, 1985, 1987, and 1992 were used
for the study. The cohort initially consisted of 1,108 Ranch Hands and 1,494 veterans in the
control cohort.

Incident diabetes from the end of the tour of duty through June 1995 was identified based
responses provided from questionnaires administered from at least one of the four examinations,
followed by verification of medical records and laboratory results. Study subjects were
classified as diabetics if they had a verified history of diabetes mellitus by medical diagnosis or if
they exhibited a 2-hour postprandial glucose laboratory value of >200 mg/dL. A total of
315 incident cases of diabetes were identified; of these, 169 occurred in the comparison cohort.
The authors also examined associations between TCDD and the following health outcomes:
severity of diabetes, time to onset of diabetes, and glucose abnormalities. Diabetes severity was
determined based on a review of the medical records, and questionnaire responses and classified
as insulin therapy, oral medication, diet only, or no control. Fasting glucose and 2-hour
postprandial glucose were used to identify glucose abnormalities. The 100-gm glucose load for
the postprandial assay was not given to known diabetics. The outcome time-to-onset of diabetes
was defined as the number of years between the end of the last tour of duty in Southeast Asia,
and initial diagnosis of diabetes. For those without diabetes, the time to onset of diabetes was
the number of years since the end of tour of duty and the last physical examination; this time-to
onset value was right-censored.

Serum dioxin levels were first estimated using high resolution gas chromatography/high

resolution mass spectrometry using samples collected in the 1987 interview. Those whose
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dioxin levels were not quantifiable in 1987 and those who refused or were new to the study were
asked to provide serum in 1992 to measure dioxin. Dioxin levels were then estimated for the
Ranch Hands at the end of the tour of duty by assuming a constant half-life of 8.7 years. The
Ranch Hands were classified on the basis of this TCDD exposure estimate into one of

three groups (Background, Low, or High). The study excluded those with a history of diabetes
before service in Southeast Asia, those with no measure of dioxin, and those in the comparison
group with a dioxin level that exceeded 10 ppt which was regarded as the threshold level for
background exposure. The analyses of diabetes mellitus and TCDD exposure were based on
2,265 veterans (989 Ranch Hands, 1276 Comparison veterans).

The relative risk (and confidence intervals) of diabetes was estimated using the ratio of
the prevalence of diabetes in Ranch Hands veterans relative to the comparison group using the
method of Rothman (1986). The risk of diabetes was associated with TCDD exposure, and
Ranch Hands in the highest exposure group had a relative risk of 1.5 (95% CI = 1.2, 2.0) relative
to those in the comparison cohort. A subsequent analysis of this cohort further adjusted for the
effects of triglycerides, which slightly attenuated this risk estimate (RR = 1.4, 95% CI=1.1-1.8)

(Michalek et al., 1998). The severity of diabetes was associated with dioxin exposure. For

example, among those who required insulin therapy for the management of their diabetes, the
relative risk was among those in the High dioxin exposure group relative to those in the lowest
2.4 (95% CI=0.9 — 6.4). Time to onset of diabetes was found to be inversely related to exposure
to dioxin, and this association persisted across veterans stratified by body fat percentage. Serum
insulin abnormalities, as determined by the 2-hour postprandial glucose measure, were positively
associated with dioxin exposure in nondiabetics. Specifically, among Ranch Hands in the High
dioxin exposure category, the prevalence of those with abnormal insulin values was 8.4%

compared to 2.5% among those in the comparison cohort (RR=3.4, 95% CI=1.9 — 6.1).

C.1.2.1.7.1.2. Study evaluation

A strength of this study is its relatively large sample size of 2,265 veterans, and identified
cases of diabetes (n = 315). Moreover, there is a large range in exposure to TCDD across the
study population (i.e., the comparison cohort as well as veterans of the Operation Ranch Hands).

The study was able to achieve a high level of participation, and lengthy follow-up interval with
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data from four physical examinations. As documented by Michalek et al (2001c¢), few veterans
were lost to attrition over the four physical examinations.

The methods used to identify newly diagnosed cases of diabetes following the tour of
duty were valid, and the study evaluated several different measures associated with diabetes.
The associations observed between these different health measures (i.e., diabetic status, time to
onset of diabetes, severity of diabetes, and insulin abnormalities) were consistent, and therefore,
strengthen the argument that exposure to TCDD may contribute to the development of insulin
resistance and diabetes.

The use of serum measures to estimate TCDD exposure was also a strength of the study.
The authors estimated dioxin levels in veterans at the end of their tour of duty using a constant
half-life of 8.7 years, and conducted additional sensitivity analyses across strata of subjects
grouped by body fat percentages. These results produced similar associations.

Unlike the subsequently published study by Longnecker and Michalek (2000) which is an
essentially cross-sectional analysis of the comparison cohort, the analysis presented in this study
is longitudinal. The dramatically higher exposure to TCDD among the Ranch Hand component
of the cohort during their tour of duty allows for diabetes prevalence, severity, time to onset, as
well as glucose abnormalities among nondiabetics to be compared across groups that differed by
TCDD exposure before these health outcomes were determined.

An important limitation of the study was raised by Slade (1998) who noted that
interactions between plasma lipid fractions, dioxin, and diabetes could produce a spurious
association between dioxin and diabetes. In her letter, she noted that hyperinsulinemia, insulin
resistance, impaired glucose tolerance and diabetes are all associated with lipid abnormalities,
and the corresponding change in lipid fractions may elevate dioxin levels. As exposure to TCDD
was estimated in 1987, and in some cases 1992, it is possible that these lipid abnormalities may
have distorted the back-extrapolation of TCDD exposure estimates at the end of the tour of duty
in Vietnam. The authors were not able to directly evaluate the magnitude of this source of
measurement error because no lipid samples were stored for this cohort that would allow for

dioxin to be measured. Subsequent analysis to respond to these comments found little change in

the risk estimates for diabetes after adjusting for triglycerides (Michalek et al., 1998). However,

dioxins have also been shown to affect triglyceride levels in both animals and in humans, and
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therefore the influence of triglycerides may be responsible for a noncausal association between

dioxin and the health outcomes in this study.

C.1.2.1.7.1.3. Suitability of data for TCDD dose-response modeling

The use of the individual-level TCDD serum measures and the identification of diabetes
through medical records and objectively-based serum tests are strengths. TCDD levels were
estimated based on samples collected in 1987, and in some cases 1992; the study authors note
that these samples were collected 20 to 30 years after the TCDD exposures. If there are
diabetogenic effects of TCDD, it is unclear whether TCDD-mediated diabetes onset might be a
consequence of an elevated TCDD exposure event over a relatively short period of exposure
(during service) or chronic TCDD exposure over a longer window of time. Estimation of peak
exposures 20 years earlier is highly uncertain. Also, the longer potential exposure window

occurred during a time period of decreasing exposure to TCDD and DLCs (Lorber and Phillips,

2002) further impeding the ability to estimate effective exposures. The uncertainty in identifying
a critical period of exposure precluded the estimation of an effective TCDD exposure.

Therefore, a quantitative dose-response analysis was not conducted for this study.

C.1.2.1.7.2. Longnecker and Michalek (2000)
C.1.2.1.7.2.1. Study summary

Longnecker and Michalek (2000) evaluated the relationship between serum levels of

TCDD and the incidence of diabetes and levels of serum glucose and insulin among veterans in
the AFHS. However, unlike the earlier work on diabetes by Henriksen et al. (1997), and
Michalek et al. (2003), this study did not include those in operation Ranch Hand that were more
highly exposed to TCDD from the spraying of Agent Orange. Instead, this study was restricted
to the comparison group of male veterans in the AFHS who were never in contact with
dioxin-contaminated herbicides, and whose serum TCDD levels were thought to fall within the
same range as the background levels found in the United States. These veterans included air and
ground personnel who participated in aircraft missions in Southeast Asia between August 1961
and May 1972. The manner in which this cohort of nonsprayers was assembled was originally
described by Wolfe et al. (1990). A total of 1,667 comparison group veterans (i.e., non-Ranch

hands) were invited to participate in AFHS examinations in 1982. Subsequent examinations
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were also conducted in 1985, 1987, and 1992. Participation rates were high (>70%) among this
comparison group of veterans, with 1,197 subjects available for analyses.

Incident diabetes following each veteran’s tour of duty was the primary health outcome
under study. This outcome was defined by either (i) self-reported physician diagnosis of
diabetes at any of the examinations (1982, 1987, and 1992) with subsequent verification of
medical records through June 1995, or (i1) by a postchallenge glucose test using 100 g of glucose
(positive status >200 mg/dL) in 1992. All incident cases of diabetes were type II. Levels of
serum and insulin were also measured using fasting, and 2-hour postchallenge tests in
nondiabetics.

Serum dioxin levels were estimated using high resolution gas chromatography/high
resolution mass spectrometry using samples collected in the 1987 interview. For a small number
of veterans (n = 21) dioxin levels were estimated using serum collected in 1997. For the
108 subjects with TCDD levels below the level of detection (1.25 ng/kg lipid), they were
assigned a TCDD level of 0.625 mg/kg. Those with serum TCDD levels above 10 ng/kg were
excluded as were those who lacked complete data for the covariates of interest. The covariates
that were examined as potential confounders included age, dioxin, body mass index, waist size,
and family history of diabetes, postchallenge glucose, and triglycerides. Analyses were based on
the remaining 1,197 veterans, and among these 169 incident cases of diabetes were identified.

Logistic regression was used to estimate the odds ratios and 95% confidence intervals of
diabetes across quartiles of serum TCDD levels, as well as in relation to a linear increase in
4.0 ng/kg of TCDD. The natural logarithm of serum-insulin levels was modeled again TCDD
levels using linear regression. Results were adjusted for year of birth, race, military occupation,
body mass index at 1992, body mass index at time of TCDD measurement and waist size in
1992. Ordinary least squares regression was used to evaluate associations between serum
glucose or insulin measures and quartiles of TCDD exposure. Adjustment was made for the
same covariates used in the logistic regression analysis.

The adjusted odds ratio for diabetes increased with higher serum TCDD levels.
Specifically, an increase of 4.0 ng/kg of serum TCDD yielded an adjusted odds ratio of 1.55
(95% CI =1.09-2.20). After further adjustment for serum triglyceride levels, the corresponding
odds ratio remained positive but was attenuated (OR = 1.37, 95% CI = 0.96—1. 97). Associations

were also observed between serum TCCD and serum glucose (and insulin) levels, although some
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of these were not statistically significant following adjustment for confounding. This implies
that TCDD may contribute to increased insulin resistance and increased glucose levels among
those not satisfying the formal criteria for the diagnosis of diabetes. The addition of serum
triglycerides to this model weakened these associations. The findings for both the outcomes of
diabetes and serum glucose were essentially unchanged after excluding subjects whose serum

TCDD was measured after 1987.

C.1.2.1.7.2.2. Study evaluation

A strength of this study is the relatively large sample size (n = 1197) and corresponding
number of incident cases of diabetes (n = 169). However, while exposure levels are well
characterized using serum-based measure of TCDD, the primary limitation of this study is that
the analysis is essentially cross-sectional. The measurement of serum levels of TCDD occurred
following onset of diabetes for many of the veterans. On the other hand, associations between
dioxin exposure and diabetes during the most recent follow-up interval were dependent on serum
based TCDD exposures taken much earlier in 1987. In short, the findings did not account for the
timing of the exposure in relation to when diabetes was diagnosed. Therefore, the associations
may be noncausal. As noted by the authors, the onset of diabetes may have affected dioxin
levels via the increased solubility of dioxides within increased serum triglycerides. Diabetes is
recognized to increase triglyceride levels, and adjustment for triglycerides attenuated the findings
in this study. Unlike the earlier study by Henriksen et al. (1997), this study excluded the Ranch
Hand workers that had considerably higher exposures. The much smaller range in exposures
along with the potential for serum triglycerides to affect dioxin levels implies that there is a
greater potential for exposure misclassification across the groups used in this study than those
used by Henriksen et al (1997).

The ascertainment of incident diabetes relied on either a self-reported measure with
confirmation through medical records, or a postglucose challenge serum test. These are valid
methods to identify cases of diabetes mellitus. The possibility existed that those with lower
dioxin levels may have been less likely to participate in the follow-up examination, thereby,
leading to an under-ascertainment of diabetes among those with lower dioxin level. However,

given a positive association was noted based on 1992 examination alone, and that participation
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rates among those with 1987 dioxin less than the median was 91%, this potential source of bias

would likely be modest.

C.1.2.1.7.2.3. Suitability of data for TCDD dose-response modeling

The use of the individual-level TCDD serum measures and the identification of diabetes
through medical records and objective serum tests are strengths of this study, however, the
potential noncausal role of serum triglycerides cannot be dismissed. Additionally, there is
uncertainty in determining the critical window of exposure. This was essentially a
cross-sectional analysis of diabetes in relation to a single point-in-time measure of TCDD
background exposure level that may have occurred over an approximate 20-year interval.
Considering the uncertainty in estimating the biologically relevant exposure window and the
uncertainty in estimating peak exposures 20 years prior to measurement, a quantitative

dose-response analysis was not conducted.

C.1.2.1.7.3. Michalek et al. (2001a)
C.1.2.1.7.3.1. Study summary
Michalek et al. (2001a) examined the relationship between TCDD exposure and

hematopoietic effects among veterans in the Air Force Health Study. A description of the overall
study design has been described earlier, and can be found in the paper by Wolfe et al (1990).
This study included both veterans in the Ranch Hand unit, as well as those in a comparison
cohort who were not involved in the spraying of herbicides.

The study used data collected from medical examinations and self-reported
questionnaires completed in 1982, 1985, 1987, and 1992. TCDD levels were estimated using
serum collected in 1987, with some additional samples taken in 1992 for those who lacked
TCDD measurements. In total, TCDD was assayed for 2,198 veterans. TCDD levels below the
limit of detection were assigned a value of O ppt. The study excluded veterans with no TCDD
measure, those with TCDD levels above the level of detection but below the level of
quantification, and comparison subjects whose TCDD levels exceeded 10 ppt serum lipid
(threshold for background exposure). A first order kinetics model with a constant half-life of
8.7 years was used to estimate the initial TCDD dose at the end of the veterans’ tours of duty in

Southeast Asia. Veterans were classified into four dioxin exposure groups: comparison cohort,
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Ranch Hand—Background (<10 ppt), Ranch Hand—Low (10— <94 ppt), and Ranch
Hand—High (>94 ppt).

At each of the four physical examinations, the following hematological characteristics
were measured: red blood cell count, hemoglobin, hematocrit, mean corpuscular volume, white
blood cell count, platelet count and erythrocyte sedimentation rate. Veterans who participated in
at least one examination, and who had a TCDD measurement were included unless they had a
fever (body temperature greater than 100°F) or they tested positive for human immunodeficiency
virus.

Michalek et al. (2001a) applied a linear regression model (adjusted for other covariates)
to calculate estimated mean differences in the various hematological measures among the
comparison group and the three other exposure groups. An adjusted test for trend was also
applied to the restricted group of Ranch Hand veterans. Logistic regression was used to estimate
the adjusted odds ratio for abnormally high or low hematological characteristics across TCDD
exposure categories. The measures of association were adjusted for the percentage of body fat,
year of birth, race, military occupation, and life-time smoking patterns. A secondary analysis of
mean corpuscular volume adjusted for current alcohol consumption was undertaken.

There were no statistically significant differences in the mean values for red blood cell
counts, hematocrit, and white blood cell counts across the TCDD exposure categories in any of
the four examination periods. For three of the four examination periods, there was no
association observed between TCDD and hemoglobin. Relative to the comparison group, the
mean corpuscular volumes were elevated among those in the highest exposure category in all
examination periods, while platelet counts were higher in three of the four periods. Overall,
corpuscular volumes were about 1% higher among the most highly exposed Ranch Hands
compared to the comparison cohort, while the corresponding increase was 4% with platelet
counts.

Logistic regression analysis of abnormal red blood cell counts across TCDD exposure
categories was hampered by small sample sizes. Typically, there were fewer than
four abnormalities in each of the four examination periods. In contrast, there was some evidence
for abnormally high platelet counts, abnormally high mean corpuscular volume, and abnormally
high hematocrit in the highest Ranch Hand exposure group in some, but not all examination

periods.
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Michalek et al. (2001a) suggested that the increased corpuscular volumes may be
explained by the noncausal effects of TCDD on serum triglycerides. Other possible explanations

are also available for these associations, such as increased gamma-glutamyl transferase.

C.1.2.1.7.3.2. Study evaluation

Strengths of the study included an assessment of dioxin at an individual-level using
serum based measures, a lengthy follow-up period that extended 30 years postservice, multiple
physical examination, and the use of valid methods of hematological function. There are some
uncertainties in the estimation of TCDD exposure given serum was drawn decades after the
exposure period. Exposure misclassification may have been introduced from measurement error
in exposure estimates due to variations in metabolism, use of an assumed half-life of TCDD, and
calculations based on first-order decay. The authors note considerable uncertainty in the
classification of the Background Ranch Hand veteran group as it comprised a mixture of exposed
and unexposed individuals. However, it is hard to gauge whether any exposure misclassification
would be differential by the health endpoints that were examined.

For the most part, there were no associations between hematological measures and
TCDD exposure. As noted by the authors, the associations between TCDD and mean
corpuscular volume may not be causally related. It may be a spurious association due to the
influence of TCDD on triglycerides levels which in turn affect corpuscular volume, or be due to

an increased prevalence of liver impairment previously noted in the cohort (Grubbs et al., 1995).

The positive association between TCDD and platelet count cannot be attributed directly to
TCDD given that many health conditions, which were not controlled for in the analysis, may
have influenced platelet levels. Furthermore, the relationships identified are not supported by

other animal or epidemiologic literature, making interpretation of the associations difficult.

C.1.2.1.7.3.3. Suitability of data for TCDD dose-response modeling

There was no consistent association between TCDD serum levels and the hematological
measures of red and white blood cell counts, hemoglobin, hematocrit, and erythroctyes. While
corpuscular volume and platelet counts were both positively associated with TCDD levels at
multiple examinations, evaluations of the data did not determine whether increases in these

measures were due to TCDD exposure during the Vietnam War. These increases may be due to
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noncausal associations from increased levels of triglycerides, or increased prevalence of mild

liver abnormalities among those with higher exposures (Grubbs et al., 1995), or the presence of

other comorbid health conditions that were not controlled for in the analysis. The findings of
associations that were small in magnitude between hematological function and TCDD likely
have little clinical relevance, but could provide some insight on biological mechanism of disease
from exposure to dioxin.

This study analyzes the potential for associations between point-in-time measures of
TCDD serum levels and changes in hematological measures that may have occurred at any time
over approximately a 30-year interval, which precludes estimation of an effective TCDD
exposure over time. EPA is uncertain whether TCDD-mediated changes in hematological
measures are the consequence of an elevated TCDD exposure event over a relatively short period
of exposure (during service) or chronic TCDD exposure over a longer window of time due to
slow TCDD elimination rates. Also, the long potential exposure window occurred during a time

period of decreasing background exposure to TCDD and DLCs (Lorber and Phillips, 2002) likely

decreasing the accuracy of the estimated exposure levels. Given the uncertainty in defining the
critical window of exposure and the inability to estimate an effective TCDD exposure over time,

quantitative dose-response analysis was not conducted for this study.

C.1.2.1.7.4. Michalek et al. (2001b)—hepatic health outcomes
C.1.2.1.74.1. Study summary
Michalek et al. (2001b) investigated the association between TCDD and the prevalence

of liver disease, and other indices of hepatic function in the Air Force Health Study. The study
population included both Ranch Hands, as well as a comparison group of veterans. A detailed
description of the study design and methods is provided in earlier sections, as well as the paper
by Wolfe et al. (1990).

This study relied on data collected at physical examinations conducted in 1982, 1985,
1987, and 1992. TCDD levels were estimated using serum collected in 1987, with some
additional samples taken in 1992 for those who lacked TCDD measurements. In total, TCDD
was assayed for 2,198 veterans. TCDD levels below the limit of detection were assigned a value
of 0 ppt. The study excluded veterans with no TCDD measure, those with TCDD levels above

the level of detection but below the level of quantification, and comparison subjects whose
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TCDD levels exceeded 10 ppt serum lipid (threshold for background exposure). A first order
kinetics model with a constant half-life of 8.7 years was used to estimate the initial TCDD dose
at the end of the veterans’ tours of duty in Southeast Asia. Veterans were classified into four
dioxin exposure groups: (i) Comparison cohort, (ii) Ranch Hand—Background (<10 ppt),

(i11)) Ranch Hand—Low (10— <94 ppt), and (iv) Ranch Hand—High (>94 ppt).

At each examination, participants were asked whether (1) a physician had informed them
that they had an enlarged liver, cirrhosis, or other liver condition (2) a physician had determined
presence or absence of hepatomegaly by palpitation, or (3) the presence or absence of liver
function test abnormalities through laboratory examination. All self-reported cases of liver
disease were confirmed through verification of medical records through 1993. In 1992, several
indices of liver function were measured using serum. These include: alanine aminotransferase,
aspartate aminotransferase, y-glutamyltransferase, lactic dehydrogenase, alkaline phosphatase,
and total bilirubin

Michalek et al. (2001b)conducted statistical analysis for the measures of liver function
collected during the 1992 examination, since they state that “the liver function test results for
1992 were not consistently different from those of previous examination.” Mean values of liver
function were compared across the four categories of exposure using a linear model with a
log-transformation of liver function measures to enhance normality. An adjusted test for trend
was also applied to the restricted cohort of Ranch Hands veterans. All analysis was adjusted for
the history of liver disease, percentage of body fat, year of birth, race, military occupation,
lifetime industrial chemical exposure, lifetime degreasing chemical exposure, as well as life-time
smoking and alcohol consumption. Enlisted Ranch Hands who had served in the ground crew
were analyzed separately because this subgroup was found to have the highest TCDD exposure.
The numbers of veterans included in the analysis of liver function tests across Comparison,
Background, Low and High TCDD exposure groups were 1195, 398, 262, and 264, respectively.
Logistic regression was used to evaluate the association between TCDD exposure and the
prevalence of liver diseases. These analyses were done among those who volunteered for at least
one examination, with valid dioxin measures, and excluded those with a history of liver disease
before their service in Southeast Asia. The numbers of veterans included in the analysis of liver
disease prevalence across Comparison, Background, Low and High TCDD exposure groups was

1,266; 420; 284; and 283, respectively.
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There was no association between TCDD exposure and hepatomegaly, or nonalcoholic
chronic liver disease (p-value linear test for trend=0.6). TCDD exposure was found to be
associated with other liver disorders. Compared to non-Ranch Hand veterans, the adjusted odds
ratio in the “high” exposure group was 1.6 (95% CI = 1.2-2.1). Laboratory measures associated
with these disorders were also found to be increased. An increased level(s) of transaminase or
lactate dehydrogenase was found in veterans in the “high” exposure group (OR =2.7,

95% CI=1.4-5.1), and a dose-response trend was noted across exposure categories (p = 0.03).
Additionally, an increased odds ratio for nonspecific liver abnormalities was found in the same
“high” exposure group (OR = 1.4, 95% CI = 1.0—2.0), while no association was noted for
hepatomegaly. There were no statistically significant dose-response trends between TCDD and
any of the mean hepatic measures (AST, ALT, GGT, LDH, Alkaline phosphatase, or total
bilirubin) based on the 1992 serum data, although p-values for tests of trends for alkaline
phosphatase and y-glutamyltransferase (GGT) were 0.06. Statistically significant increases

(» <0.05) in mean GGT levels were noted among those in the highest TCDD exposure group
relative to the comparison cohort. No consistent patterns were detected when results were
stratified by drinking history or current alcohol use, but GGT levels tended to increase across

current drinking levels,

C.1.2.1.7.4.2. Study evaluation

Strengths of this study include the high rate of participation, low attrition rate,
appropriately matched comparison group, and the decade long follow-up period. Within some of
the exposure categories, relatively few cohort members were diagnosed with several of the liver
conditions following their tours of duty. For example, there were only 10 veterans in the high
exposure group diagnosed with hepatomegaly, and only 5 diagnosed with nonalcoholic liver
disease and cirrhosis. As such, the statistical power to detect some associations that may be

present was limited.

C.1.2.1.7.4.3. Suitability of data for TCDD dose-response modeling
The results do not unequivocally support a relationship between liver damage and TCDD
exposure. Confounding and reverse causality cannot be eliminated as possible explanations of

the study results, and the clinical significance of the results (which were small in magnitude) is
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unclear. Additionally, there is uncertainty in determining the critical window of exposure. This
study analyzes the potential for associations between point-in-time measures of TCDD serum
levels and possible changes in hepatic measures that may have occurred at any time over
approximately a 30-year interval. Thus, it is unclear whether the differences in serum enzyme
levels and liver function measures potentially affected by TCDD exposures are the consequence
of an elevated TCDD exposure event over a relatively short period of exposure (during service)
or chronic TCDD exposure over a longer window of time due to slow TCDD elimination rates.
Also, the long potential exposure window occurred during a time period of decreasing

background exposure to TCDD and DLCs (Lorber and Phillips, 2002) further impeding the

ability to estimate dose accurate. Considering the uncertainty in estimating the biologically
relevant exposure window and the uncertainty in estimating peak exposures 20 years prior to

measurement, a quantitative dose-response analysis was not conducted.

C.1.2.1.7.5. Michalek et al. (2001c)—peripheral neuropathy
C.1.2.1.7.5.1. Study summary
Michalek et al. (2001c) studied the relationship between TCDD exposure and peripheral

neuropathy among veterans in the Air Force Health Study. The study included the Ranch Hands
who were involved in the spraying of herbicides in Southeast Asia, as well as a comparison
cohort of veterans. The study population and design has been described earlier in this section,
and is detailed in the publication by Wolfe et al. (1990).

This study relied on data collected at physical examinations conducted in 1982, 1985,
1987, 1992 and 1997. TCDD levels were estimated using serum collected in 1987, with some
additional samples taken in 1992 for those who lacked measures. In total, TCDD was assayed
for 2,198 veterans. TCDD levels below the limit of detection were assigned a value of 0 ppt.
The study excluded veterans with no TCDD measure, those with TCDD levels above the level of
detection but below the level of quantification, and comparison subjects whose TCDD levels
exceeded 10 ppt serum lipid (i.e., the threshold for background exposure). A first-order kinetics
model with a constant half-life of 8.7 years was used to estimate the TCDD levels at the end of
the veterans’ tours of duty in Southeast Asia. Veterans were classified into four dioxin exposure
groups: (i) Comparison cohort, (i1) Ranch Hand—Background (<1 ppt), (iii)) Ranch Hand—Low
(10— <94 ppt), and (iv) Ranch Hand—High (>94 ppt).
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Blinded neurological examinations were conducted on volunteers at each of the
five examinations by staff who were blinded to the veterans’ exposure levels. These
neurological examination included evaluations of cranial nerves, muscle strength in both lower
and upper limbs, sensory perception of pain, light touch, vibration, proprioception, activity of
deep tendon reflexes, stance, gait, hand and foot coordination, and tremor. Velocities of nerve
conduction were conducted in 1982, while vibrotactile thresholds of the left and right toes were
measured in 1992 and 1997. The study excluded veterans with a history of neurological
disorders prior to their service in Southeast Asia. The analysis also excluded veterans with
disorders that could interfere with peripheral nerve assessments. These conditions included:
quadriplegia, injuries or amputations, and alcohol-related disorders. Diabetes status was also
determined as described by Longnecker and Michalek (2000). Michalek et al. (2001c) analyzed
data using main effects logistic and linear regression models. An adjusted test for trend was also
applied. All measures of association were adjusted for body mass index, year of birth, height,
and alcohol consumption. As in the Michalek et al. (2001b) study, enlisted Ranch Hands who
had served in the ground crew were analyzed separately. Diabetics and nondiabetics were also
analyzed separately. Furthermore, the data was analyzed in two rounds, with the second round
excluding veterans with neurologic conditions with known causes unrelated to dioxin exposure,
which could impact the neurological findings.

No association was observed between TCDD and nerve conduction velocities in 1982,
and there were no statistically significant associations found for ‘any symmetrical peripheral
abnormalities’ in 4 of the 5 examinations. However, based on the 1997 examination, those in the
highest exposure category had an increased risk of any symmetrical peripheral abnormality
(OR = 1.8, 95% CI = 1.2-2.7). These associations were stronger for ‘probable’ symmetrical
peripheral neuropathy than they were for those designated as possible. There was no evidence of
effect measure modification by diabetes status for TCDD associations with probable peripheral
neuropathy in the 1997. An interaction was found between diabetes status and current dioxin
exposure for diagnosed neuropathy in 1997. Additional restrictions excluding veterans with
diseases, disorders or other exposures that may have produced neuropathic symptoms resulted in

groups that were too small to further analyze.

C-140


http://hero.epa.gov/index.cfm?action=search.view&reference_id=198965�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197205�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197348�

C.1.2.1.7.5.2. Study evaluation

The strengths of this study are the same as described for the Michalek et al. (2001a;
2001b) studies. Uncertainty in the critical window of exposure, as well as uncertainty in
exposure classification present in the Michalek et al. (2001b), are also weaknesses of this study.
The Michalek et al. (2001c¢) study attempts to characterize risks of neuropathy while accounting
for the possible modifying influence of diabetes. While the associations are strong, they are
limited by the relatively small number of cases in the “high” exposure group. Moreover,
associations were for the most part, confined to only one of the five examination intervals. A
large number of comparisons were conducted in this study using multiple measures of
neuropathy that were assessed at up to 5 examination periods. As a result, the multiple
comparisons performed increase the chance of detecting a false-positive association due to the

number of statistical hypothesis tests performed.

C.1.2.1.7.5.3. Suitability of data for TCDD dose-response modeling

The dose-response relationship between TCDD exposure and peripheral neuropathy is
strong, and supported by several important strengths. However, associations were not consistent
across the different examinations, and further work is needed to evaluate the relationship
between diabetes and peripheral neuropathy in this cohort. Some comparisons are limited by a
small number of outcomes particularly in the highest exposure group. Additionally, there is
uncertainty in the critical window of exposure. This study analyzes the potential for associations
between peripheral neuropathy and point-in-time measures of TCDD serum levels that may have
occurred at any time over approximately a 30-year interval, making it difficult to calculate a
TCDD effective dose over time. Thus, it is unclear whether the peripheral neuropathies are the
consequence of an elevated TCDD exposure event over a relatively short period of exposure
(during service) or chronic TCDD exposure over a longer window of time due to slow TCDD
elimination rates. Also, the long potential exposure window occurred during a time period of

decreasing background exposure to TCDD and DLCs (Lorber and Phillips, 2002) further

impeding the ability to estimate dose accurately. For these reasons, a quantitative dose-response

analysis was not conducted for this study.
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C.1.2.1.7.6. Pavuk et al. (2003)—thyroid health endpoints
C.1.2.1.7.6.1. Study summary
Pavuk et al. (2003) published an analysis that examined the effects of TCDD exposure on

thyroid function among veterans enrolled in the AFHS. A summary of the design of the AFHS
study and methods have been already described in this section, and are provided in greater detail
in the paper by Wolfe et al. (1990). This current study included both those involved with
Operation Ranch Hand, as well as a comparison cohort of other veterans who served in Southeast
Asia but who were not involved with spraying of herbicides. The objective of this study was to
examine associations between TCDD levels estimated in 1987 and several measures of thyroid
function, as well the incidence of six different thyroid diseases following the completion of the
veterans’ tours of duty.

The study used data collected from medical examinations and self-reported
questionnaires completed in 1982, 1985, 1987, 1992, and 1997. TCDD levels were estimated
using serum collected in 1987, with some additional samples taken in 1992 and 1997 for those
who lacked measures. For those with serum measures taken in 1992 or 1997, a first order
kinetics model with a constant half-life of 8.7 years was used to extrapolate values to 1987.
Veterans were classified into four dioxin exposure groups: comparison cohort, Ranch Hand—
Background (<10 ppt), Ranch Hand—Low (10— <94 ppt), and Ranch Hand—High (>94 ppt).

Thyroid diseases that occurred following the veterans’ tours of duty were identified
through self-report of physician diagnosis at any of the five physical examinations and verified
from medical records. The following conditions were considered: unspecified goiter, nontoxic
nodular goiter, thyrotoxicosis, acquired hypothyroidism, thyroiditis, and other disorders of the
thyroid. Congenital hypothyroidism was not examined as this condition would have prevented
individuals from entering the military. Serum samples were used to obtain measures of thyroid
function. T4 and TSH were estimated at each of the five examinations, while triiodothyronine
percent (T3%) was determined in 1982, 1985, and 1987. The free thyroxine index (FTI) was
only estimated in 1982. Veterans who participated in at least one examination, and who had a
TCDD measurement were included unless they were being treated with thyroid medication, had
a previous thryroidectomy or irradiation, or were diagnosed with a thyroid disease before their

service had ended.
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For each physical examination, cross-sectional analysis was performed to compare the
mean levels of TSH, T4, T3%, and FTI across the four TCDD exposure categories. A repeated
measures linear model was used to compare mean TSH, T4, and T3% values across exposure
categories using data from all five examinations combined. This model took into account the
repeated nature of the data by using an autoregressive order one covariance structure. Logistic
regression was used to estimate the OR of thyroid diseases across TCDD exposure categories, as
well as abnormally high TSH levels across the five examinations. These models were adjusted
for confounding by age, race, and military occupation.

No association was found between TCDD and any of the six thyroid diseases that were
examined. In four of the five examinations, higher TSH values were observed in the higher
TCDD exposure categories. A dose-response relationship was observed in the longitudinal
analyses of these data (p = 0.002). The ORs of an abnormally high TSH among the high
exposure Ranch Hand group ranged from 1.4 to 1.9 relative to the comparison group, but was not
statistically significant in any of the five examinations (p > 0.05). No significant associations
were reported with either the cross-sectional or longitudinal analyses of the total T4 levels

(mean), T3% uptake, or FTL

C.1.2.1.7.6.2. Study evaluation

The overall size of the cohort was relatively large as analyses were based on 1,009 Ranch
Hands, and 1,429 comparison veterans. However, there were relatively few thyroid disorders
identified among these veterans following their tour of duty. Specifically, there were only
188 such veterans, and therefore, analyses of the relationship between these six different
disorders and the four categories of TCDD exposure was limited by statistical power.

Strengths of this study include the estimation of TCDD levels using serum, and the
consideration of several different outcome measures of thyroid disorders from questionnaire
data, as well as serum TSH, T3% uptake, T4, and FTI measurements. Thyroid function was
assessed multiple times using serum-based measures that are valid and widely used. While the
authors did not take into account the timing of disease onset for the thyroid conditions examined,
the serum-based measures of TCDD in 1987 allowed for veterans to be classified according to

exposure status prior to onset of disease. In particular, these exposure levels among the Ranch
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Hands could be attributed to exposure received during their tours in Southeast Asia, and only
thyroid conditions that occurred following the tour of duty were considered.

There was no association found between serum-based measures of TCDD and any of the
six thyroid conditions examined (unspecified goiter, nodular goiter, hyperthyroidism, thyroiditis,
or other thyroid disease). The only thyroid measure that was associated with TCDD levels was
TSH. Higher levels of TSH were observed among those in the higher exposure categories, and a
dose-response relationship was observed when data across all examinations were modeled.
However, those in the highest exposure group did not have a statistically significant increased
risk of abnormal TSH levels irrespective of when the examination date. Taken together, the
findings suggest that TCDD may increase TSH levels which are a marker for an underactive
thyroid. Lower TSH levels over the long term may increase the risk of hypothyroidism, or
indicate thyroid hormone resistance. However, the clinical implications are unclear in light of
the absence of an association between TCDD and any of the six thyroid conditions that were
examined. As noted by the authors, this cohort may not yet be old enough to determine whether

TCDD exposure increases the risk of developing thyroid disease.

C.1.2.1.7.6.3. Suitability of data for TCDD dose-response modeling

There was no association between TCDD exposure and any of the six thyroid diseases
that were examined. Further, there was no association between cross sectional or longitudinal
analyses of TCDD and T4, T3% uptake, or FTI. While a dose-response trend was observed with
TCDD and TSH levels, evidence of a statistically significant increase in abnormally high TSH
levels was not observed among veterans in the highest exposure group. Additionally, there is
uncertainty in the critical window of exposure. This study examined associations between
thyroid conditions and measures of thyroid disorders with point-in-time measures of TCDD
serum levels that may have occurred at any time over approximately a 30-year interval. Asa
whole, these analyses do not support an association between TCDD exposure and comprised
thyroid function, and therefore, a quantitative dose-response analysis was not conducted for this

study.
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C.1.2.1.7.7. Michalek and Pavuk (2008)—diabetes
C.1.2.1.7.7.1. Study summary

Michalek and Pavuk (2008) examined both the incidence of cancer and the prevalence of

diabetes in the cohort of Ranch Hand workers exposed to TCDD. As noted previously, these
veterans were responsible for aerial spraying of Agent Orange in Vietnam between 1962 and
1971. Exposure to TCDD was estimated using serum collected from (1) participants in 1987 or
(2) participants in 1992, 1997, and 2002 for those who had no quantifiable TCDD result in 1987,
those who refused in 1987, and those subjects who were new to the study. Exposure to TCDD
was estimated using a first-order pharmacokinetic model with a half-life of 7.6 years and
provided an estimate of TCDD at the end of the tour of duty in Vietnam. Veterans were grouped
into four categories: comparison, background, low, and high. Diabetes was identified from
diagnoses during the post-Vietnam era from medical records. Overall, no differences were
shown in the RR of diabetes between the Ranch Hand unit and the reference group (RR = 1.21,
p =0.16). Stratified analyses by days of spraying (<90 days, >90 days), however, revealed a
significant increase in risk of diabetes (RR = 1.32, p = 0.04) among those who sprayed for at
least 90 days. A dose-response relationship was also evident when log;oTCDD was modeled in
the combined cohort. Also, stratification by calendar period showed a dose-response relationship

for those whose last year of service was during or before 1969.

C.1.2.1.7.7.2. Study evaluation
The Michalek and Pavuk (2008) study provides an opportunity to characterize risks of
diabetes as the study is not subject to some of the potential bias of case ascertainment based on

death certificates (D'Amico et al., 1999). The quality of the TCDD exposure estimates is good,

given that serum data were available at an individual-level basis for all Ranch Hand and
comparison veterans used in the cohort. However, there is significant uncertainty in the
biologically-relevant critical window of exposure. Also, the long lag between initial exposure

and sera measurements limits the estimation of peak exposures 20 years earlier.

C.1.2.1.7.7.3. Suitability of data for TCDD dose-response modeling
The reported dose-response relationship between TCDD and diabetes in the Michalek
and Pavuk (2008) study is supported by study strengths, including the use of the individual-level
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TCDD serum measures and the identification of diabetes through medical records. However, it
is unclear whether the diabetes cases are the consequence of an elevated TCDD exposure event
over a relatively short period of exposure (during service) or chronic TCDD exposure over a
longer window of time due to slow TCDD elimination rates. In addition, the long potential
exposure window occurred during a time period of decreasing background exposure to TCDD

and DLCs (Lorber and Phillips, 2002) further impedes the ability to estimate dose accurately.

For these reasons, a quantitative dose-response analysis was not conducted for this study.

C.1.2.1.8. Other noncancer studies of TCDD

See general summaries of the Netherlands and New Zealand cohorts in Section C.1.1.1.7.

C.1.2.1.8.1. Ryan et al. (2002)—sex ratio
C.1.2.1.8.1.1. Study summary

Ryan et al. (2002) conducted an investigation on the sex ratio in offspring of pesticide

workers who were involved with the production of trichlorophenol and the herbicide 2,4,5-T in
Ufa, Bashkortostan, Russia. Ufa was the site of a state agrochemical plant that has been in
operation since the 1940s. Between 1961 and 1988, the plant employed more than 600 workers,
most in their early 20s. Females, however, accounted for about 15% of the workforce that
produced 2,4,5-T and 30% for 2,4,5-trichlorophenol.

Serum samples previously taken in 1992 among 60 men, women, and children from the
factory and city of Ufa showed TCDD exposures that were approximately 30 times higher than

background levels (Ryan and Schecter, 2000). Blood data were subsequently measured on a

sample of 20 workers between 1997 and 2000, and on 23 2,4,5-trichlorophenol workers between
1997 and 2001. In all, 84 individuals (67 men and 19 women) who provided blood samples
formed the basis of the analysis in this study. Of these, 55 (43 men and 12 women) were
exposed to 2,4,5-T and 29 (22 men and 7 women) were exposed to 2,4,5-trichlorophenol. There
is no indication on how the individuals that were asked to provide and those who did provide
serum samples were selected. Ryan et al. (2002) reviewed company records for these workers to
determine the number, sex, and date of birth of any children; birth data were available for

198 workers (150 men and 48 women). Awareness of the study led other workers who had not
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provided serum to provide information on births that occurred 9 months after the time of first
employment in the factory.

The authors calculated descriptive statistics for the 198 workers and compared them to
values for the city of Ufa between 1959 and 1996. Tests of statistical significance were made
using the z-test, and the chi-square test. The observed proportion of male births (0.40) among
the factory workers was much lower than that for the city of Ufa (0.51) (p <0.001). Stratified
analyses revealed that this lower ratio was observed only among those paternally exposed to
TCDD. Specifically, the proportion of male births among exposed fathers was 0.38 and among
exposed mothers was 0.51. This pattern was observed in both the workers exposed to 2,4,5-T

(proportion of male births = 0.40) and 2,4,5-trichlorophenol (proportion of male births = 0.35).

C.1.2.1.8.1.2. Study evaluation
The Ryan et al. (2002) findings are consistent with earlier work completed for Seveso

residents (Mocarelli et al., 2000). Although individual-level serum measures were available for

84 individuals, exposure-response relationships with birth ratios were not performed on these
data. This approach would have been preferred and consistent with that which Mocarelli et al.
(2000) used. All comparisons were made using an external comparison group, namely the sex
ratio observed in Ufa between 1959 and 1996.

Although serum measures were used to describe TCDD exposure for a sample of the
workers (selection criteria for these workers was not provided), individual-level dose estimates
were not calculated for the study population. Specifically, exposures were characterized many
years after exposure, and no attempt was made to back-extrapolate to the time of conception.
The two groups of workers in the study also reportedly had high exposure levels of
1,2,3,7,8-pentachlorodibenzo-p-dioxin. So, the group level exposure classification (by plant) did
not allow consideration of potential confounding due to other DLCs. Another limitation of the
study is that the study population is likely nonrepresentative of all workers employed at the plant.
Participants included only those willing to provide serum samples and those who volunteered to
participate in the study after learning about it in a public forum. If participation was dependent

on TCDD exposures and the reproductive health of these subjects, then bias may have occurred.
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C.1.2.1.8.1.3. Suitability of data for TCDD dose-response modeling

The findings are notable in their consistency with those found in Seveso residents by
Mocarelli et al. (2000). For the Ryan et al. (2002) study, serum data were quantified at an
individual-level basis. Risk estimates, however, were not derived in relation to these exposures
but instead in two separate subgroups (2,4,5-T and 2,4,5-trichlorophenol workers). Because of
this important limitation and the uncertainty in the biologically-relevant critical window of

exposure, a quantitative dose-response analysis was not conducted for this study.

C.1.2.1.8.2. Kang et al.(2001)—long-term health effects
C.1.2.1.8.2.1. Study summary

Kang et al. (2001) investigated the relationship between self-reported health measures

and serum-based measures of TCDD in a group of 1,499 Vietnam veterans and a control group
of 1,428 non-Vietnam veterans. The study subjects were identified from (1) reports of Army
Chemical Corps detachments in Vietnam between 1966 and 1971, (2) personnel records of
individuals involved in chemical operations who were on active duty between 1971 and 1974,
and (3) class rosters of personnel who were trained at Fort McClellan in Alabama between 1965
and 1973. The comparison group was selected so that branch of service, time period, and
military occupation were similar to those of the subjects with the exception that they did not
serve in Vietnam. Although 2,872 Vietnam veterans and 2,732 non-Vietnam veterans were
identified as potential subjects, those who were deceased as of December 1998 and those who
had previously participated in a pilot study were excluded. The study targeted 2,247 Vietnam
and 2,242 non-Vietnam veterans.

Exposure to TCDD was characterized for subsets of the study population that provided
blood samples, specifically 795 of 1,085 (73%) Vietnam veterans and 102 of 157 (65%)
non-Vietnam veterans. Details on these individuals selected for participation in the serum dioxin
study were not presented. The authors did state, however, that due to economic constraints, only
897 serum samples could be analyzed. Blood specimens were collected in 1999-2000 at
individuals’ homes. TCDD concentrations were analyzed by laboratory staff blind to the group
status (i.e., Vietnam or non-Vietnam) of the study subjects.

Prevalent health outcomes were ascertained by self-reported information on selected

conditions diagnosed by a medical doctor. The following conditions were included: diabetes,
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hepatitis (all types combined), heart disease, all cancer, nonmalignant chronic respiratory
diseases, and hypertension. Health-related quality of life was evaluated using the SF-36 survey

instrument (Ware et al., 1993).

Eligible veterans whose current residences (4,119 total) could be identified were
contacted for study participation. Survey participation rates were 73% for Vietnam veterans,
yielding data for 1,499 individuals, and 69% for non-Vietnam veterans, yielding data for
1,428 non-Vietnam veterans. The survey data showed that, relative to non-Vietnam veterans,
Vietnam veterans were more likely to be regular smokers and to be obese. They also were more
likely to be enlisted personnel, and a much higher proportion was 51 years of age or older
(83% vs. 58%). After adjusting for age, race, smoking status, rank, and body mass index, the
prevalence of self-reported health conditions was found to be statistically significantly higher in
the Vietnam group. The adjusted ORs were as follows: diabetes, OR = 1.16
(95% CI=0.91, 1.49); hepatitis, OR = 1.85 (95% CI = 1.30, 2.64); heart condition, OR = 1.09
(95% CI =0.87, 1.38); all cancer, OR = 1.46 (95% CI = 1.02, 2.10); nonmalignant respiratory
condition, OR = 1.41 (95% CI = 1.13, 1.76); and hypertension, OR = 1.06 (95% CI = 0.89, 1.27).

For those with Vietnam service, the mean serum TCDD concentrations were higher
among those who reported spraying herbicides (4.3 ppt) than those who did not (2.7 ppt)

(» <0.001). The investigators did not back-extrapolate serum levels to the time when
individuals last sprayed. The adjusted ORs (adjusted for age, cigarette smoking, body mass
index, rank, and race) for most chronic health conditions examined revealed increased
prevalence among Vietnam sprayers relative to non-Vietnam sprayers. These ORs included:
diabetes, OR = 1.49 (95% CI = 1.10, 2.02); hepatitis, OR = 1.40 (95% CI = 0.92, 2.12); heart
condition, OR = 1.41 (95% CI = 1.06, 1.89); all cancer, OR = 1.36 (95% CI = 0.91, 2.04);
nonmalignant respiratory condition, OR = 1.57 (95% CI = 1.20, 2.07); and hypertension,

OR =1.26 (95% CI =1.00, 1.58).

The investigators also examined the possibility of over-reporting of chronic health
conditions by comparing the prevalence of self-reported conditions among 357 Vietnam sprayers
who mean serum TCDD levels of 2.5 ppt compared to those who had levels less than 2.5 ppt.
Prevalence of diabetes, heart condition, and hypertension, was higher among those with mean
serum TCDD levels of 2.5 ppt, although no levels of statistical significance were reported. Data

for cancer were not presented.
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C.1.2.1.8.2.2. Study evaluation

Data were collected from only half of the individuals in the study target population, so
there is some potential for selection bias in this study. First, the study excluded those who had
died before 1999, excluding potentially important TCDD-related adverse health effects that
could result in death more than two decades after veterans had been actively spraying. Survey
participation rates were 73% for Vietnam veterans and 69% for non-Vietnam veterans. If those
in poorer health were less inclined to participate, the prevalence of the selected chronic health
conditions would be understated. Selection bias due to study participation could also be possible
if, for example, those in poorer health also had higher (or lower) exposures than those not
participating in the study. The lack of direct evidence of differential participation and reports of
comparable prevalence rates of hypertension and diabetes to other general populations suggests
that selection bias may be minimal.

Because the data collected are cross-sectional, they are not well suited for evaluating the
relationship between the timing of exposure and the onset of disease. Whether any of the data
could help identify when the chronic health conditions were diagnosed is unclear. Given the
long period covered by the study, many of the self-reported health conditions likely were
diagnosed some time ago, perhaps closer to the time of potential TCDD exposure. Such detail is
needed to characterize health risks associated with specific TCDD levels, particularly given that
TCDD levels have been demonstrated to decrease from time of last exposure.

An important strength of the study is the availability of blood sera for a subset of the
study population, which allows for individual-level estimates of TCDD exposure. Serum TCDD
levels were available for only 897 subjects, however, which limits the ability to examine the
relationship between measures of TCDD and prevalence of health outcomes without restricting
the sample size or extrapolating exposure levels to the whole study population. For example,
among sprayers with available TCDD exposure data only 60 cases of diabetes and 69 cases of
heart disease were examined relative to exposure. Also, the small number of cancers precluded a
site-specific cancer analysis. Moreover, whether these TCDD levels are representative of the
larger eligible population is difficult to gauge, given that deceased veterans and those whose
current residences could not be determined were excluded.

The study relied on self-reported measures of disease prevalence. The ascertainment of

chronic health conditions using self-reported data can be fraught with difficulties. For example,
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the sensitivity of self-reported data when compared to medical diagnosis has been shown to be

poor for conditions such as diabetes and hypertension (Okura et al., 2004). As Kang et al. (2006)

state, prevalence studies are not be well suited to examine rare diseases with short survival times
such as cancer. In addition, self-report of physician-diagnosed cancers by study subjects often
lacks the sensitivity needed in most epidemiologic studies as they can be influenced by a variety

of factors including age and education (Navarro et al., 2006).

The potential for biases in the reporting of health outcomes between the sprayers and the
non-Vietnam veterans (i.e., differential by TCDD exposure status) is plausible, given the public
attention that spraying of Agent Orange has received. Although the authors examined whether
over-reporting was related to outcome prevalence among herbicide sprayers (prior to collection
and determination of actual TCDD serum levels), the possibility exists that these subjects
reporting could be influenced by their perceived level of exposure from herbicide spraying. The
authors also examined the potential for misreported diabetes by conducting a medical records
review of 362 veterans. Seventy-nine percent of the self-reported diabetes cases were confirmed
with medical records. The documentation rate was also comparable between the Vietnam
veterans and the non-Vietnam veterans suggesting that differential reporting was not an issue for
this health outcome.

Because the Vietnam veterans group comprised professional sprayers, it is not
unreasonable to assume that they would have been exposed to other potentially harmful agents
either during their service in Vietnam, or from the end of their service to when they provided
data in 1999-2000. This study did not control for other, potentially relevant occupational

exposures.

C.1.2.1.8.2.3. Suitability of data for TCDD dose-response modeling

Although the study demonstrates increased prevalence of several chronic health
conditions, these findings should be interpreted with caution due to the potential for selection
and recall biases. Because of the lack of demonstrated dose-response relationships with cancer
or other outcomes and uncertainty in the biologically-relevant critical exposure window, a

quantitative dose-response analysis was not conducted for this study.

C-151


http://hero.epa.gov/index.cfm?action=search.view&reference_id=627617�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=199133�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=627616�

C.1.2.1.8.3. McBride et al. (2009a) —noncancer mortality
C.1.2.1.8.3.1. Study summary
The McBride et al. (2009a) mortality study of New Zealand workers employed as

producer or sprayers with potential exposure to TCDD was described earlier in this report.

These individuals were employed at a plant that manufactured 2,4,-dichlorophenoxyacetic acid,
and later 2,4,5-T and 4-chloro-2-methyphenoxyacetic acid. In 1987, the plant closed and 2,4,5-T
production ceased in 1988.

The cohort consisted of 1,754 individuals who were employed for at least one day at the
New Plymouth site between January 1, 1969, and October 1, 2003. Vital status was determined
until the end of 2004, and 247 deaths occurred during this time period. Comparisons of mortality
were made to the New Zealand general population. Exposure was characterized by duration of
employment. Person-years of follow-up were tabulated across strata defined by age, calendar
period, duration of employment, sex, latency, and period of hire. Analyses were stratified to
compare risks by duration of employment (<3 or >3 months), latency (<15 or >15 years), and
period of hire (<1976 or >1976).

Overall, no statistically significant differences in all-cause mortality relative to the
general population were found among those who worked for at least 3 months (SMR = 0.92,
95% CI =0.80—1.06) or for less than 3 months (SMR = 1.23, 95% CI =0.91-1.62). No
statistically significant excesses were found for mortality from diabetes, cerebrovascular disease,
heart disease, or accidents. The incorporation of a latency period of 15 years revealed no
statistically significant excesses for these same causes of death. Similarly, no excesses for any
cause of death were noted among those who were hired either before or after 1976.

In subsequent analyses of the same cohort that used estimated TCDD levels from serum
samples, McBride et al. (2009b) found no excesses for all-cause mortality or mortality from

diabetes or heart disease.

C.1.2.1.8.3.2. Study evaluation

For the McBride et al. (2009a) study, the size of the cohort is large enough to characterize
mortality risks relative to the general population for most common causes of deaths. An
important limitation of this study is the loss to follow-up of a substantial percentage of workers

(22%). This would have impacted statistical power by reducing the number of deaths among the
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workers. If this incomplete ascertainment of mortality outcomes did not occur in a similar
fashion with the general population then the results may also be biased.

For noncancer causes of death, the use of the SMR statistic is more likely to be
influenced by the healthy-worker effect. Therefore, the findings obtained for these outcomes
should be interpreted with caution. Subsequent analyses published by the same authors

(McBride et al., 2009a) provide improved characterization of TCDD exposure using serum

samples.

C.1.2.1.8.3.3. Suitability of data for dose-response analysis
Overall, no associations were evident between surrogate measures of TCDD (duration of
employment, year of hire) and noncancer mortality outcomes. As all outcomes were based on

mortality, dose-response modeling was not conducted for this study.

C.1.2.1.8.4. McBride et al. (2009b)—noncancer mortality
C.1.2.1.84.1. Study summary
McBride et al. (2009b) further analyzed the cohort of New Zealand workers to include

estimates of TCDD exposure based on serum samples. Current and former employees who were
still alive and living within 75 km of the site were asked to provide serum samples. Samples
were collected from 346 workers representing 22% (346/1599) of the entire study population.
These serum measures were used to estimate cumulative TCDD levels for all workers. The
exposure assessment approach by Flesch-Janys et al. (1996) was used to estimate time-dependent
exposures based on area under the curve models. This was based on a one-compartment
first-order kinetic model with a half-life of 7.2 years.

Comparisons of mortality were made to the general population using the SMR. The Cox
proportional hazards model was used to conduct an internal cohort analysis across
four categories of cumulative TCDD levels for diabetes and ischemic heart disease mortality.
The RRs generated from these models were adjusted for sex, hire year, and birth year. No
diabetes deaths were observed among women, and therefore, analysis of this outcome was
limited to men.

Relative to the general population, no difference in the all-cause mortality experience was

observed in exposed cohort members (SMR = 1.0, 95% CI = 0.9—1.2). Similarly, no excess in
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these workers was observed for heart disease (SMR = 1.1, 95% CI = 0.9—1.5); cerebrovascular
disease (SMR = 1.1, 95% CI = 0.6—1.9); diabetes (SMR = 0.7, 95% CI = 0.2-2.2); or
nonmalignant respiratory disease (SMR = 0.8, 95% CI = 0.4—1.4). For the internal cohort
analysis, the RR associated with cumulative categorical TCDD measure was 1.0 for both

diabetes and ischemic heart disease.

C.1.2.1.84.2. Study evaluation

The McBride et al. (2009b) study extends their earlier work in two ways. First, serum
measures were used to estimate cumulative TCDD with methodology that has been applied to
several other cohorts of workers exposed to TCDD. Second, they used regression analyses that
examined individual-level TCDD exposures in relation to various outcomes as part of the
internal cohort comparisons. For noncancer outcomes, no dose-response associations with
TCDD were observed with the internal comparisons. Also, as found with earlier analyses of this
same cohort, no excess noncancer mortality relative to the New Zealand general population was
observed.

Associations between TCDD and diabetes have been found previously in TCDD-exposed

populations, most notably in the Ranch Hands cohort (Michalek and Pavuk, 2008). In this

cohort, only five deaths from diabetes were identified, and of these, only three occurred among
those who were exposed to TCDD. The study, therefore, has limited statistical power to
characterize associations between TCDD and mortality from diabetes. Further, the identification
of diabetes deaths is subject to misclassification errors due to under-reporting (McEwen et al.,

2006).

C.1.2.1.8.4.3. Suitability of data for TCDD dose-response modeling
McBride et al. (2009b) found no statistically significant associations in any of the
noncancer causes of death. As all outcomes were based on mortality, dose-response modeling

was not conducted for this study.

C.1.2.2. Feasibility of Dose-Response Modeling for Noncancer
Relatively few study populations permit quantitative dose-response modeling to be

performed for noncancer outcomes. The serum collected among Seveso men and women
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provide an opportunity to characterize risks for several health conditions in relation to TCDD
exposure. The collection of these serum samples, shortly after the accident does not require the
back-extrapolation of TCDD levels as in the occupational cohorts, which should reduce the
exposure assessment uncertainty and minimize the potential for exposure misclassification.

An added feature of the SWHS is the detailed collection of other risk factor data from
trained interviewers. These data allow for risk estimates to be adjusted for potential confounding
variables. For the evaluations of reproductive health outcomes, this adjustment is critical given
there are various documented risk factors for the different outcomes that were examined. For
some health outcomes, continued follow-up of the cohort is needed, given that several of the
Seveso studies suggest that those exposed at a very young age might be more susceptible to
subsequent adverse health effects.

The findings of positive associations and dose-response relationships with serum-based
measures of TCDD suggest several noncancer health outcomes could be associated with TCDD
exposure. These health outcomes include neonatal thyroid function, sex ratio, diabetes, and
semen quality. Although findings have suggested an association between TCDD and age at
menopause, they were not statistically significant and no dose-response trend was observed.
Weak or nonstatistically significant associations have been noted for endometriosis and
menstrual cycle characteristics and do not support quantitative dose-response analyses.

Associations between TCDD exposure and cardiovascular disease have been noted in
some, but not all, of the occupational cohorts, and also shortly after the accident among Seveso
residents. Findings from the cohort studies based on external comparisons using the SMR
statistic should be interpreted cautiously due to potential bias from the healthy worker effect.
Because the magnitude of the healthy worker bias is recognized to be larger for cardiovascular
diseases than for cancer outcomes, risk estimates in some occupational cohorts might be
underestimated for cardiovascular outcomes. Information on cardiovascular risk factors
generally was not captured in these studies, and sensitivity analyses were generally designed to

examine risk estimates generated for cancer outcomes.

C.1.2.3. Summary of Epidemiologic Noncancer Study Evaluations for Dose-Response
Modeling

All epidemiologic noncancer studies summarized above were evaluated for suitability of

quantitative dose-response assessment using the TCDD-specific considerations and study
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inclusion criteria. The results of this evaluation are summarized in a matrix style array (see
Table C-3). The key epidemiologic noncancer studies suitable for further TCDD dose-response

assessment are presented in Table 2-2 in Section 2 of this document.
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Table C-1. Summary of epidemiologic cancer studies (key characteristics)

account age and fat
composition

Fraction of TEQs
Length of accounted for by
Publication follow-up | Latency period | Half-life for TCDD TCDD
INIOSH Cohort
Fingerhut et al. (1991a)|1942—1987 |0, 20 years IN/A IN/A
Steenland et al. (1999) {1942—-1993 |0, 15 years IN/A IN/A
Steenland et al. (2001b){1942—1993 |0, 15 years 8.7 years (Michalek et [TCDD accounted for all
al., 1996) occupational TEQ; 10%
of background
Cheng et al. (2006) 1942-1993 |0, 10, 15 years 8.7 years (Michalek et [N/A
al., 1996), and CADM
(Aylward et al., 2005a)
Collins et al. (2009) 19422003 [None 7.2 years (Flesch-Janys|[N/A
et al., 1996)
BASF Cohort
Thiess et al. (1982) 1953—-1980 |None IN/A IN/A
Zober et al. (1990) 1953—-1987 [Years since first [N/A IN/A
exposure: 0—9,
10—19, and 20+
Ott and Zober (1996a) [1953—1991 [None 5.8 years IN/A
Hamburg Cohort
Manz et al. (1991) 1952—-1989 |None, used IN/A IN/A
duration of
employment
(<20, >20 years)
Flesch-Janys et al. 1952-1992 |None 7.2 years Flesch-Janys Mean TEQ without
(1995) et al. (1994) TCDD was 155 ng/kg;
mean TEQ with TCDD
was 296.5 ng/kg
Flesch-Janys et al. 1952—-1992 |None 7.2 years Flesch-Janys [Mean concentration of
(1998) et al. (1996), also used TCDD was 101.3 ng/kg;
decay rates that were  [for TEQ (without
function of age and fat [TCDD) mean exposure
composition was 89.3 ng/kg
Becher et al. (1998) 1952-1992 |0, 5, 10, 15 and (7.2 years Flesch-Janys [Not described
20 years et al. (1996) took into
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Table C-1. Summary of epidemiologic cancer studies (key characteristics)

(continued)
Fraction of TEQs
Length of accounted for by
Publication follow-up | Latency period | Half-life for TCDD TCDD
Seveso Cohort
Bertazzi et al. (2001)  [1976—1996  [Periods IN/A IN/A
postexposure: 0,
0—4, 5-9, 10—14,
15—19 years
'Warner et al. (2002) 1976-1998 |None 8 years (Pirkle et al., [N/A
1989)
Pesatori et al. (2003)  |1976—1996  [Period IN/A IN/A
postexposure: 20
years
Baccarelli et al. (2006) (1976—1998  |Period IN/A IN/A
postexposure: 22
years
Consonni et al. (2008) [1976—2001 |Periods IN/A IN/A
postexposure: 0,
0—4, 5-9, 10—14,
15-19, 2024
years
Chapaevsk Cohort
Revich et al. (2001) Cross- IN/A IN/A IN/A
sectional
study
(1995—-1998)
[Ranch Hand Cohort
IAkhtar et al. (2004) 1962—-1999 |[None IN/A IN/A
Michalek and Pavuk 1962—2004 |[None, but 7.6 years IN/A
(2008) stratified by
eriod of service
New Zealand Cohort
t’Mannetje et al. (2005) (19692000 [N/A IN/A IN/A
(herbicide
producers);
1973-2000
(herbicide
sprayers)
McBride (2009b) 1969-2004 |None IN/A IN/A
INew Zealand Cohort (continued)
IMcBride et al. (2009b) [1969-2004 [None 7 years IN/A
IDutch Cohort
Hooiveld et al. (1998) [1955-1991 [Postexposure 7.1 years IN/A

periods: 0—19
ears, >19 years
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Table C-2. Epidemiologic cancer study selection considerations and criteria

Risk Association
estimates | between Study size | | Published Pass for
Methods not TCDD and | Individual- |and follow-| in peer- | Exposure | Effective dose-
clear and | susceptible | adverse level up reviewed |primarily to| exposure |response
unbiased | to biases |health effect| exposures | adequate | | literature. TCDD estimable |analyses?
Cancer Considerations Criteria Y/N
INIOSH Cohort
Fingerhut et al. (1991a)
all cancer sites, site-specific analyses \ X X X \ \ X \ N
Steenland et al. (1999)
all cancer sites combined, site-specific \ \ \ \ N*
analyses
Steenland et al. (2001b)
all cancer sites combined \ \ \ \ \ \ \ \ Y
Cheng et al. (2006)
all cancer sites combined \ \ \ \ \ \ \ \ Y
Collins et al. (2009)
all cancer sites combined, site-specific \ \ \ \ \ \ \ \ Y
analyses
IBASF Cohort
Thiess et al. (1982)
all cancer sites combined, site-specific \ X X X X \ X X N
analyses
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Table C-2. Epidemiologic cancer study selection considerations and criteria (continued)

Association
Risk between
estimates | TCDD and Study size | | Published Pass for
Methods not adverse |Individual-|and follow- in peer- | Exposure | Effective dose-
clear and | susceptible health level up reviewed |primarily to| exposure |response
unbiased | to biases effect, exposures | adequate | | literature. TCDD estimable |analyses?
Cancer Considerations Criteria Y/N
IBASF Cohort (continued)
Zober et al. (1990)
all cancer sites combined, site-specific \ \ X X X \ X X N
analyses
Ott and Zober (1996a)
all cancer sites combined \ \ \ \ \ \ \ \ Y
Hamburg Cohort
Manz et al. (1991)
all cancer sites combines, site-specific \ \ \ \ \ \ X \ N
analyses
Flesch-Janys et al. (1995)
all cancer sites combined \ \ \ \ \ \ \ X N
Flesch-Janys et al. (1998)
all cancer sites combined, site-specific \ \ \ \ \ \ \ N°
analyses
Becher et al. (1998)
all cancer sites combined \ \ \ \ \ \ \ \ Y
Seveso Cohort
Bertazzi et al. (2001)
all cancer sites combined, site-specific \ \ \ X \ \ \ X N
analyses
Warner et al. (2002) - SWHS
breast cancer incidence \ \ \ \ \ \ \ \ Y
Pesatori et al. (2003)
all cancer sites combined, site-specific \ \ X X \ \ X X N
analyses
Baccarelli et al. (2006) - SWHS
site specific analysis \ \ X \ \ \ \ \ N¢
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Table C-2. Epidemiologic cancer study selection considerations and criteria (continued)

Association
Risk between
estimates | TCDD and Study size | | Published Pass for
Methods not adverse |Individual-|and follow- in peer- | Exposure | Effective dose-
clear and | susceptible health level up reviewed |primarily to| exposure |response
unbiased | to biases effect, exposures | adequate | | literature. TCDD estimable |analyses?
Cancer Considerations Criteria Y/N
Consonni et al. (2008)
all cancer sites combined, site-specific \ \ \ X \ \ \ X N
analyses
Chapaevsk Cohort
Revich et al. (2001)
all cancer sites combined, site-specific X X X X \ \ X X N
analyses
Ranch Hands Cohort
Akhtar et al. (2004)
all cancer sites combined, site-specific \ \ \ \ \ \ \ \ Y
analyses
Michalek and Pavuk (2008)
all cancer sites combined \ \ \ \ \ \ \ \ Y
Dutch Cohort
Hooiveld et al. (1998)
all cancer sites combined, site-specific \ X \ \ X \ \ X N
analyses
New Zealand Cohort
t” Mannetje et al. (2005)
all cancer sites combined, site-specific \ X \ \ \ \ X X N
analyses
McBride et al. (2009b)
all cancer sites combined, site-specific \ \ X \ \ \ \ X N
analyses
McBride et al. (2009a)
all cancer sites combined, site-specific \ X X \ X \ X X N
analyses
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Table C-2. Epidemiologic cancer study selection considerations and criteria (continued)

This study has been superseded and updated by Steenland et al. (2001b).
"Becher et al. (1998) assessed this same cohort taking cancer latency into account, thereby superseding this study.
‘It is unknown whether the frequency of t(14;18)translocations in lymphocytes relates specifically to an increased risk of non-Hodgkin lymphoma. Given this

lack of obvious adverse effect, dose-response analyses for this outcome were not conducted.

\ = Consideration/criterion satisfied; X = Consideration/criterion not satisfied.
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Table C-3. Epidemiologic noncancer study selection considerations and criteria

Association
Risk between Published Pass for
Methods estimates not| TCDD and | Individual-| Study size in peer- | Exposure | Effective dose-
clear and  [susceptible to| adverse level and follow- reviewed |primarily to| exposure response
unbiased biases  |health effect| exposures |up adequate| | literature | TCDD estimable | analyses?
Noncancer Considerations Criteria Y/N
INIOSH Cohort
Steenland et al. (1999)
mortality (noncancer) -ischemic heart
disease \ X \ \ \ \ \ X N
Collins et al. (2009)
mortality (noncancer) \ X \ \ \ \ X N
BASF Cohort
Ott and Zober (1996a)
mortality (noncancer) \ \ X \ \ \ \ X N
Hamburg Cohort
Flesch-Janys et al. (1995)
mortality (noncancer) \ \ \ \ \ \ \ X N
Seveso Cohort—-SWHS
Eskenazi et al. (2002b)
menstrual cycle characteristics \ \ \ \ \ \ \ \ Y
Eskenazi et al. (2002a)
endometriosis \ \ X \ X \ \ X N
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Table C-3. Epidemiologic noncancer study selection considerations and criteria (continued)

Association
Risk between Study size | | Published Pass for
Methods estimates not| TCDD and | Individual- |and follow- in peer- | Exposure | Effective dose-
clear and [susceptible to| adverse level up reviewed [primarily to| exposure | response
unbiased biases health effect| exposures | adequate literature | TCDD estimable | analyses?
Noncancer Considerations Criteria Y/N
Seveso Cohort—SWHS (continued)
Eskenazi et al. (2003)
birth outcomes X X X \ \ \ \ X N
Warner et al. (2004)
age at menarche \ \ X \ \ \ \ \ N*
Eskenazi et al. (2005)
age at menopause \ \ X \ \ \ \ X N
'Warner et al. (2007)
ovarian function \ \ X \ \ \ \ X N
Eskenazi et al. (2007)
uterine leiomyoma \ \ \ \ \ \ \ X N
Seveso Cohort—Other Studies
Bertazzi et al. (2001)
mortality (noncancer) \ \ X X \ \ \ X N
Consonni et al. (2008)
mortality (noncancer) \ \ X X \ \ \ X N
Seveso Cohort—Other Studies
(continued)
Mocarelli et al. (2000)
sex ratio \ \ \ \ \ \ \ X N
Baccarelli et al. (2004; 2002)
immunological effects \ \ X \ \ \ \ X N
Landi et al. (2003)
gene expression \ \ X \ X \ \ X N
Alaluusua et al. (2004)
developmental dental defects \ \ \ \ \ \ \ \ Y
Baccarelli et al. (2005)
chloracne \ \ \ \ \ \ \ \ N°
Baccarelli et al. (2008)
neonatal thyroid function \ \ \ \ \ \ \ \ Y
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Table C-3. Epidemiologic noncancer study selection considerations and criteria (continued)

Methods
clear and
unbiased

Risk

estimates not
susceptible to

biases

Association
between
TCDD and
adverse
health effect

Individual-
level
exposures

Study size
and follow-
up
adequate

Published
in peer-
reviewed

literature

Exposure
primarily to
TCDD

Effective
exposure
estimable

Pass for
dose-
response
analyses?

Noncancer

Considerations

Criteria

Y/N

Mocarelli et al. (2008)

semen quality

\/

\/

Y

Chapaevsk Study

Revich et al. (2001)
mortality (noncancer) and
reproductive health

IRanch Hands Cohort

Henriksen et al. (1997)
diabetes

o

<

>~

z

Longnecker and Michalek (2000)
diabetes

Michalek et al. (2001a)
hematological effects

Michalek et al. (2001b)
hepatic abnormalities

Michalek et al. (2001c¢)
peripheral neuropathy

Pavuk et al. (2003)
thyroid function and disorders

Michalek and Pavuk (2008)
diabetes
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\Ufa Cohort

Ryan et al. (2002)
sex ratio

\Vietnam Veterans Cohort

Kang et al. (2001)
long-term health consequences

New Zealand Cohort

McBride et al. (2009a)

mortality (noncancer)



http://hero.epa.gov/index.cfm?action=search.view&reference_id=199595�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=199843�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197645�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=198965�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=758729�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197348�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197205�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197407�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=199573�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=198508�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197281�
http://hero.epa.gov/index.cfm?action=search.view&reference_id=197296�

991-D

Table C-3. Epidemiologic noncancer study selection considerations and criteria (continued)

Association
Risk between Study size | | Published Pass for
Methods estimates not| TCDD and | Individual- |and follow- in peer- | Exposure | Effective dose-
clear and [susceptible to| adverse level up reviewed |primarily to| exposure | response
unbiased biases health effect| exposures | adequate literature | TCDD estimable | analyses?
Noncancer Considerations Criteria Y/N
McBride et al. (2009b)
mortality (noncancer) \ \ X \ X \ \ X N

*EPA cannot assess the biological significance of this finding and cannot establish a LOAEL for this effect.
°Chloracne is considered to be an outcome associated with high TCDD exposures; thus this study was not considered further in RfD derivation.

\ = Consideration/criterion satisfied. X = Consideration/criterion not satisfied.
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C.2. EVALUATION TABLES FOR CANCER STUDIES
C.2.1. NIOSH Cohort Studies

Table C-4. Fingerhut et al. (1991a)—All cancer sites, site-specific analysis

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. The data sources to ascertain vital status and cause of death information
were the Social Security death files, the National Death Index, and the Internal Revenue Service.
\Vital status could be determined for 98% of the cohort.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration not satisfied. While the authors provide compelling arguments that suggest risks are
not unduly biased by lack of cigarette smoking data, they acknowledge potential biases that could
exist for other occupational exposure (e.g., asbestos) for which data were lacking.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. There was not a statistically significant linear trend of increasing
mortality with increased duration of exposure.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration not satisfied. This study used duration of exposure, at an individual level, as a
surrogate measure of TCDD. Duration of exposure determined by number of years workers were
involved in processes involving TCDD contamination. Exposure was determined by reviewing, at
each plant, operating conditions, job duties, records of TCDD levels in industrial hygiene samples,
intermediate reactants, products, and wastes. Exposure assessment was limited and the uncertainty
related to exposure measures not fully addressed.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. This is the largest of the occupational cohorts that has been exposed to
TCDD. The cohort consisted of 5,172 workers and a total of 265 cancer deaths. Site-specific
mortality analyses, including soft tissue sarcoma (n = 4), was limited by small numbers.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. New England Journal of Medicine, 1991; 324:212-218. Authors address the
possibility of bias from lack of control for potential confounders such as smoking and other
occupational exposures. They address limitations of using death certificates for identifying certain
causes of deaths, and limitations of using duration of employment as an exposure metric.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria not satisfied. Since this study used duration of exposure as the exposure metric,
dose-response relationships cannot be quantified.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. Models incorporated period of latency, and a surrogate measure of cumulative
TCDD exposure was modeled. The follow-up interval was sufficiently long (1942—1987).

Conclusion Overall, quantitative exposure data are lacking on an individual-level basis. Further dose-response

analysis should consider updated data for this cohort that includes serum-based measures of
TCDD, in addition to an extension of the follow-up period. Given these limitations, this study is

not further evaluated for TCDD dose-response assessment.
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Table C-5. Steenland et al. (1999)—All cancer sites combined, site-specific

analysis

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. The study evaluated mortality from all cancer sites (combined). As
described in the paper, the sources of vital status and cause of death information were received
from the Social Security death files, the National Death Index, and the Internal Revenue Service.
\Vital status was known for 99.4% of the cohort members, cause of death information is available
for 98% of the decedents.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Occupational exposure to asbestos and 4-aminobiphenyl contributed to
some excess cancer, but no evidence of confounding for the relationship between TCDD and all
cancer mortality was detected following removal of workers who died of bladder cancer. No
information is available for cigarette smoking, although dose-response patterns were stronger for
nonsmoking related cancers. This finding suggests that smoking is not responsible for excess
cancer risk that was observed in the cohort.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. When a 15-year lag interval was incorporated into the exposure metric a
statistically significant dose-response pattern was observed for all cancer sites combined with both
a continuous measure of TCDD (p = 0.05) as well as one that was log-transformed (p < 0.001).

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The study conducted detailed sensitivity analyses and evaluated different
assumptions regarding latency, log-transformed TCDD exposures, and half-life values for TCDD.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. This is the largest of the occupational cohorts with exposures to TCDD.
The cohort consisted of 5,132 male workers and a total of 377 cancer deaths. This permits
characterization of risk for all cancer sites (combined).

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. Journal of the National Cancer Institute, 1999; 91(9):779-786. The authors
discussed the potential for bias from smoking, and other occupational exposures for which data for|
both were lacking at an individual basis.

2. Criteria

Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Exposure scores assigned on an individual level using a job-exposure matrix
(JEM). The job-exposure matrix was based on estimated factor of contact with TCDD in each job,|
level of TCCD contamination of materials at each plant over time, and proportion of day worker
could be in contact with materials. These factors were multiplied together to derive a daily
exposure score, which was accumulated over the working history of each worker to obtain a
cumulative measure of TCDD.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria satisfied. The follow-up of the cohort extended from 1942 until the end of 1993. Greater
than 25 years of follow-up have accrued in cohort allowing for latency to be examined. Different
assumptions on the half-life of TCDD were evaluated and produced similar results. Latency
intervals were incorporated, with strongest associations noted with an interval of 15 years.

Conclusion

This study meets the criteria and considerations noted above but has been superseded and updated
by Steenland et al.(2001b). Therefore, this study was not considered for further dose-response

analyses.
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Table C-6. Steenland et al. (2001b)—All cancer sites combined

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. The study evaluated mortality from all cancer sites (combined). As
described by Steenland et al. (1999) the sources of vital status and cause of death information
were received from the Social Security death files, the National Death Index, and the Internal
Revenue Service. Vital status was known for 99.4% of the cohort members, cause of death
information is available for 98% of the decedents.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Occupational exposure to asbestos and 4-aminobiphenyl contributed to
some excess cancer, but no evidence of confounding for the relationship between TCDD and all
cancer mortality was detected following removal of workers who died of bladder cancer. No
information is available for cigarette smoking, although dose-response patterns were similar
between smoking and nonsmoking related cancers. There is no available information in the study
to determine how representative the 199 workers were of the overall workers in that plant, or the
potential for this to result in exposure misclassification.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Increased risk estimates were observed in the higher cumulative exposure
categories. The dose-response curve was not linear at higher doses.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied.

Exposure metrics considered included cumulative TCDD, logl0TCDD, average exposure, and a
cubic spline model was also evaluated. Exposure response relationships were also evaluated using
TEQs. Exposure scores were assigned on an individual level using a job-exposure matrix. The
job-exposure matrix was based on estimated factor of contact with TCDD in each job, level of
TCCD contamination of materials at each plant over time, and proportion of day worker could be
in contact with materials. Serum levels were measured in 199 workers at one of 8 plants in 1998.
Different estimate of the half-life of TCDD were used, and similar results were produced. The
paper presented a range in risk estimates thereby conveying the range of uncertainties in risk
estimates derived using different measures of exposure.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. This is the largest of the occupational cohorts with exposures to TCDD.
The cohort consisted of 3,538 male workers and a total of 256 cancer deaths.

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. Am J Epidemiol, 2001, 154(5):451-458. However, additional details to assess
uncertainties associated with characterizing serum data in a subset of workers to remainder of
cohort are lacking.

2. Criteria

Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. The metrics considered included cumulative TCDD, logl0TCDD, average
exposure, and a cubic spline model was also evaluated. Exposure response relationships were also
evaluated using TEQs. Serum lipid TCDD measurements from 170 workers whose TCDD levels
were greater than 10 ppt (the upper ranges of a background level) were used along with JEM
information, work histories, and a pharmacokinetic elimination model to estimate dose rates per
unit exposure score. In this regression model, the estimated TCDD level at the time of last
exposure was modeled as a function of exposure scores. The coefficient relating serum levels and
exposure scores was then used to estimate serum TCDD levels over time from occupational
exposure (minus the background level) for all 3,538 workers. Time-specific serum levels were
then integrated over time to derive a cumulative serum lipid concentration due to occupational
exposure for each worker.

3. Criteria

Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria satisfied. Greater than 25 years of follow-up have accrued in cohort allowing for latency
to be examined. Different assumptions on the half-life of TCDD were evaluated producing
similar results.
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IConclusion

Overall, criteria have been satisfied. This study was modeled in the 2003 Reassessment and is

considered for further dose-response evaluations herein.

Table C-7. Cheng et al. (2006)—All cancer sites combined

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. The study evaluated cancer mortality. The vital status and the
information regarding the cause of death were extracted from the Social Security death files, the
INational Death Index, and the Internal Revenue Service (Steenland et al., 1999). Vital status was
known for 99.4% of the cohort members, while cause of death information is available for 98% of
the decedents.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. This is the same data set used in the Steenland et al. (2001b) paper.
Occupational exposure to asbestos and 4-aminobiphenyl contributed to some excess cancer, but no
evidence of confounding for the relationship between TCDD and all cancer mortality was detected
following removal of workers who died of bladder cancer. No information is available for
cigarette smoking, although dose-response patterns were similar between smoking and
nonsmoking related cancers.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Slope coefficients are available for all cancers combined under a varying
set of assumptions. Little evidence of an association was found when lag interval was not taken
into account. Associations strengthened with incorporation of a 10 to 15 year lag interval. Dose
response was nonlinear at higher exposures, suggesting a nonlinear relationship or increased
exposure misclassification at higher levels.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Compared to the 1* order models, the CADM provided a better fit for the
serum sampling data. CADM exposure estimates are higher than those based on an age only,
constant 8.7-year half-life model. As discussed by Aylward et al. (2005b), model exposure
estimates are influenced not only by choice of elimination model, but also by choices in regression
procedure (e.g., log transformation, use of intercept, and incorporation of background dose term).
Other limitations or uncertainties in exposure assessment include the following
Job-exposure matrix based on limited sampling data, and subjective judgment on contact times
and factors
Inability to take into account interindividual variability in TCDD elimination kinetics
Dose-rate regressions are based on a small sample of the cohort with serum measures; therefore,
regression results may not be representative of remainder of the cohort.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. Largest cohort of TCDD exposed workers. The risk estimates are based
on a total of 256 cancer deaths.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Risk Analysis, 2006; 4:1,059—1,071. Additional details to assess uncertainties
associated with characterizing serum data can be found in Aylward et al. (2005b); Risk Anal.
25(4):945-956.

2. Criteria Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Cumulative serum lipid concentrations were estimated for each worker. No
other DLCs were assessed in this analysis.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. Concentration and age-dependence of TCDD elimination and
two compartments (hepatic and adipose tissue) were taken into account when estimating TCDD
exposures. Nearly 50 years of follow-up were available permitting an evaluation of latency.

Conclusion This study met the main criteria and considerations. The study is considered for further

dose-response analyses.
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Table C-8. Collins et al. (2009)—All cancer sites combined, site-specific

analysis

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response Consideration satisfied. Vital status complete for all but two workers.
2. Consideration [Risk estimates are not susceptible to important biases.
Response Consideration satisfied. No information collected on smoking status, but no excess in lung cancer

or nonmalignant respiratory diseases noted. Analyses took into account potential for exposure to
entachlorophenol.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. No dose-response pattern was observed with all cancer sites combined,
lhowever, a dose-response pattern was observed with soft tissue sarcoma. The study found no
association between TCDD and death from most types of cancer.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The authors used serum from 280 former TCP workers to estimate
historical exposure levels of TCDD, furans, and polychlorinated biphenyls (PCBs) for all 1,615
workers. Exposure assessment included detailed work history, industrial hygiene monitoring, and
the presence of chloracne cases among groups of workers. This data was integrated into a 1-
compartment, first-order pharmacokinetic to determine the average TCDD dose associated with
jobs in each group, after accounting for the presence of background exposures estimated from the
residual serum TCDD concentration in the sampled individuals. The authors did not evaluate
departures from linearity, or examine skewness at higher exposures. Exposure levels were not
rovided.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. Largest study of workers employed in one center, and a total of
177 deaths from cancer were observed. Limited precision in the relative risk estimate was noted
for soft tissue sarcoma and TCDD exposures.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Published in Am J Epidemiol, 2009, 170(4):501-506. The authors discuss
limitations of using death certificates for identifying deaths from soft tissue sarcoma for which a
positive association was noted, assumptions in exposure characterization, and effects of cigarette
smoking.

2. Criteria Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. This study has the largest number of serum samples obtained from a specific
plant.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. Although specific analyses of latency were not reported, this cohort had a
sufficient length of follow-up for cancer mortality outcomes.

Conclusion The authors found a statistically significant dose-response trend for soft tissue sarcoma mortality

and TCDD exposures. The all-tumor results are not amenable to dose-response analysis because
they found no effect. Therefore, this study is considered for quantitative dose-response analysis

for the soft tissue sarcoma mortality results, only.
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C.2.2. BASF Cohort Studies

Table C-9. Zober et al. (1990)—All cancer sites combined, site-specific
analysis

1. Consideration |Methods used to ascertain health outcomes are clearly identified and unbiased.

Response Consideration satisfied. A large component of the cohort (94 out of 247 workers) was assembled
by actively seeking out workers who were alive in 1986 through the “Dioxin Investigation
Programme.” As a result, it is likely a number of deaths were missed due to the recruitment of
survivors. This underascertainment is supported by much lower all cancer SMR one component of]
the cohort (SMR = 0.48, 95% CI = 0.13—1.23) relative to the general population.

2. Consideration [Risk estimates are not susceptible to important biases.

Response Consideration satisfied. See above discussion of underascertainment in mortality for some of the
cohort members. Although it is likely that other coexposures occurred (e.g., among firefighters),
confounding could only occur if these coexposures were associated with both the endpoint and
exposure (TCDD) being considered.

3. Consideration [Study demonstrates an association between TCDD and adverse health effect.

Response Consideration not satisfied. Workers were not categorized on the basis of their exposure, but
rather their mortality experience compared to control cohort and the general population. The
design of the study does not allow for dose response to be examined.

4. Consideration |Exposure assessment methodology is clear and characterizes individual-level exposures.

Response Consideration not satisfied. Although years since first exposure was examined, exposure
assessment was based on working in various occupational cohorts. Since there was no quantitative
assignment of TCDD exposures, the associated uncertainties could not be evaluated.

5. Consideration |Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration not satisfied. There were only 23 cancer deaths in the entire cohort. As such, this
study lacked adequate statistical power to detect cancer mortality differences that were moderate in
magnitude.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Int Arch Occup Environ Health, 1990, 62:139-157. The authors address issues
related to the healthy worker effect, multiple comparisons, smoking, and small size of the cohort.

2. Criteria Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria not satisfied. Risks were derived by comparing mortality rates of the three cohort subsets

relative to a control cohort and the general population by time since first exposure categories.
'Workers were not assigned exposures. There were no quantitative estimates of TCDD exposure.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. While the study was able to indirectly look at variations in risk estimates
related to latency by using time since exposure, there were no quantitative estimates of TCDD
lexposure.

Conclusion This study is not suitable for dose-response analysis, as it failed the inclusion criteria. Most
notably, the lack of exposure data does not permit the use of these data for a dose-response
analysis.

Table C-10. Ott and Zober (1996a)—All cancer sites combined

1. Consideration |Methods used to ascertain health outcomes are clearly identified and unbiased.

Response Consideration satisfied. Mortality ascertainment appeared to be fairly complete. The
ascertainment of cancer incidence is more difficult to judge as geographical area not covered by a
cancer registry.

2. Consideration |Risk estimates are not susceptible to important biases.
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Response

Consideration satisfied. Information was collected on smoking status, body mass index (BMI),
and other occupational exposures, however a large portion of the cohort was firefighters who may
have been exposed to other occupational carcinogens. However, the recruitment of survivors may
results in under-ascertainment of mortality.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Increased cancer incidence was observed in the highest TCDD cumulative
exposure category. Risks were most pronounced when a period of 20 years since first exposure
was incorporated into the model.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Cumulative measure of TCDD expressed was derived from serum
measures. Exposure was also estimated by chloracne status of the cohort members. The authors
have not addressed the potential implication of deriving TCDD exposure estimates for the whole
cohort using sera data that were available for only about half of the cohort.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. For all cancer sites combined, there were 31 deaths. It is the smallest of
the occupational cohorts, but the deaths can be grouped into quartiles to allow for evaluation of
dose-response relationships.

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. Occupational and Environmental Medicine, 1996, 53:606-612. A large
component of the cohort (94 out of 247 workers) was assembled by actively seeking out workers
who were alive in 1986 through the “Dioxin Investigation Programme.” As a result, it is likely a
number of deaths were missed due to the recruitment of survivors. This underascertainment is
supported by much lower all cancer SMR one component of the cohort (SMR = 0.48, 95% CI =
0.13—1.23) relative to the general population (Zober et al., 1990).

2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Serum samples, taken in 1989, were available for 138 surviving workers out of
254 and allowed for cumulative TCDD levels to be estimated using regression techniques in the
remainder of the cohort.

3. Criteria

Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria satisfied. Exposure assignment took into the affect that body mass index had on TCDD
half-lives. TCDD levels estimates through back-extrapolation of serum levels based on half-life
estimates obtained from previous studies. Latency was considered with stronger association
observed in external comparisons incorporating a latency of 20 years. The follow-up of the cohort
was lengthy (>50 years).

Conclusion

Given a part of the cohort was based solely on survivors in the in the mid-1980s, the SMR statistic
derived from this study underestimates excess mortality relative to the general population. The
cohort also includes some firefighters who are recognized to be exposed to other carcinogenic
agents—these exposures may be confounding the associations that were reported. However,
exposure to TCDD was quantified and the effective dose and oral exposure estimable. Overall,
criteria have been satisfied. This study was modeled in the 2003 Reassessment and is considered
for further dose-response evaluations herein.

C.2.3. The Hamburg Cohort

Table C-

analyses

11. Manz et al. (1991)—All cancer sites combined, site-specific

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Deaths were identified through medical records of the cohort members. Al
review of death certificates of the identified cancer deaths found a high degree of concordance
(51/54). One of the 136 noncancer death certificates examined indicated an “occult” neoplasm.
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2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Smoking data were similar between exposed and nonexposed cohort
based on independent samples. Occupational exposures for which individual data are lacking are
unlikely to explain dose response with TCDD. The potential impacts of any exposure
misclassification is hard to gauge, but the authors reported that some misclassification was likely
given that 5 of the 37 workers classified in the high exposure group had adipose levels lower than
background (20 ng/kg).

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Dose-response patterns across three levels of exposure observed among
those who started work before 1954, and among those who worked for 20 years or longer. Dose-
response patterns not evident across whole cohort, among those with less than 20 years of
employment, or among those who started after 1954.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures..

Response

Consideration satisfied. Categorical exposures were based on TCDD concentrations in precursor
materials, products, waste, and soil from the plant grounds, measured after the plant closed in
1984. Exposure uncertainty examined using a separate group of 48 workers who provided adipose
tissue samples. Other surrogate measures of exposure were considered in this study, including
duration of exposure and year of first employment.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. For all cancer sites combined, there were 65 cancer deaths for the
comparison to the comparison cohort of gas workers. The study is underpowered to look at site-
specific cancers.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Lancet 1991, 338:959-964. The authors discussed the potential for
misclassification from the use of death certificates, the healthy worker effect and the related use of
la comparison cohort of gas supply workers, other occupational exposures present at the plant,

otential impact and the lack of smoking data.

2. Criteria Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria not satisfied. Exposure consisted of a large DLC component that was not quantified.
Given crude TCDD exposure categorization data, no quantitative exposure metric was derived.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. Exposure metrics were constructed that took into account duration of exposure,
and periods when exposure was highest. However, exposure estimates did not consider lagged
exposure.

Conclusion This study is not amenable to further TCDD dose-response analysis and is not considered further

here because it consisted of a large DLC component that was quantified and no quantitative
exposure metric was derived. The dose-response patterns of risks observed across the three
exposure groups provide compelling support for an association between TCDD and cancer
mortality, particularly, given the associations observed when analyses restricted to those who were
hired when TCDD exposures were known to be much higher, and among those who worked for at
least 20 years. Subsequent studies improved the exposure assessment through the use of serum
imeasures.

Table C-12. Flesch-Janys et al. (1995); Flesch-Janys et al. (1996) erratum—
All cancer sites combined

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Medical records used to identify deaths over the period 1952-1992.

2. Consideration

Risk estimates are not susceptible to important biases.
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Response

Consideration satisfied. Similarity in smoking rates between control cohort and the exposed
workers was similar based on independent surveys. Occupational exposures to benzene, and
dimethyl sulfate were unlikely to bias dose-response pattern observed as these exposures occurred
in production departments with low-medium levels of exposure.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Dose-response relationship observed across 6 exposure categories, with
the cohort of gas supply workers used as the referent.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Exposure assessment methodology is clear and adequately characterizes
individual-level exposures. The limitations and uncertainties in the exposure assessment are
considered.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. For all cancer sites combined, there were 124 deaths in the exposed
cohort, and 283 in the cohort of gas supply workers. No site-specific cancers were examined in
this paper.

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. Am J Epidemiol, 1995, 1442:1165—1175. The authors discuss the potential role
of other occupational exposures (i.c., dimethyl sulfate, solvents, and benzene), smoking, and
suitability of the comparison cohort of gas supply workers.

2. Criteria

Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Serum and adipose tissues were used to estimate TCDD exposure in

190 workers. A one-compartment first-order kinetic model was used to estimate exposure at end
of exposure for these workers. Regression methods were then used to estimates TCDD exposures
for all workers.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. Exposure was based on half-life estimates from individuals with repeated
serum measures. Other dioxin-like compounds were considered with the TOTTEQ of
polychlorinated dibenzo-p-dioxins and furans exposure metric. No consideration, however, was
given to latency or lagged exposures.

Conclusion

The exposure data used within this study are well-suited to a dose-response analysis given the
associations observed, the characterization of exposure using serum, and quality of ascertainment
of cancer outcomes. However, subsequent methods have been applied to the cohort to derive
different exposures to TCDD using area under the curve approaches, which updates the analysis

herein. Therefore, subsequent studies (i.e., Becher et al., 1998) will supersede this evaluation.

Table C-13. Flesch-Janys et al. (1998)—All cancer sites combined, site-
specific analysis

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Mortality follow-up was extended until the end of 1992, an increase in
3 years from previous analyses of the cohort.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Exposure was well characterized using sera data. While serum samples
provided only from a subsample of surviving workers, these levels were consistent with expected
levels in different production departments. The authors examined other potential occupational
coexposures (e.g., f-hexachlorocyclohexane) and indirectly examined the potential effect of
smoking on the associations that were detected.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. A dose-response relationship across quartiles of TCDD was observed
with cancer mortality based on the SMR statistic (SMRs = 1.24, 1.34, 1.34, 1.73), and a linear test

for trend was statistically significant (p = 0.01).
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4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The exposure measure was an integrated TCDD concentration over time
estimate that back-calculated TCDD exposures to the end of the employment. Categorical and
continuous TCDD exposures were examined in relation to the health outcome. These efforts
improve the exposure assessment of earlier studies.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. For all cancer sites combined, there were 124 cancer deaths.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Environ Health Perspect, 1998, 106(2):655-662. The authors address
uncertainties in the estimation of exposure, describe the potential for confounding from B-2.,4,5-T,
hexachlorocyclohexane, and cigarette smoking. In fact, they showed that blood levels of TCDD
were not associated with smoking in a subsample suggesting little bias from lack of smoking data.

2. Criteria Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Serum samples, taken from 190 workers were used to derive TCDD levels for
the entire cohort. Methods used to estimate exposure took into account elimination of TCDD
during employment periods when exposure took place, and the methods of the area under the curve
was used as it takes into account variations in concentration over time, and reflects cumulative
exposure.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. Exposure estimated based on half-lives observed in individuals with repeated
samples. Area under the curve approach was used which is an improvement from past
characterizations of exposure in this cohort.

Conclusion The study provides data suitable for dose-response modeling. Derivation of exposure was done

using current understanding of elimination of TCDD. Estimates of risks were derived from
external comparisons to the general population that are unlikely to be biased by healthy worker
effect, but risks generated using internal cohort comparisons would be preferable. Becher et al.,
(1998) assessed this same data taking cancer latency into account, therefore Flesch-Janys et al.,
(1998) will not be further considered for dose-response modeling.

Table C-14. Becher et al. (1998)—All cancer sites combined

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Medical records used to identify deaths over the period 1952—-1992. The
follow-up interval was lengthy.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Risks adjusted for exposures to TEQ, B-hexachlorobenzene, and
employment characteristics. Smoking was shown to be similar to the comparison cohort of gas
workers.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. A variety of exposure measures for both TCDD and TEQs found positive
lassociations with cancer mortality.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The exposure measure was an integrated TCDD concentration over time
estimate that back-calculated TCDD exposures to the end of the employment. Categorical and
continuous TCDD exposures were examined in relation to the health outcome. Different models
explored the shape of the dose-response curve. These efforts improve the exposure assessment of
earlier studies.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. For all cancer sites combined, there were 124 cancer deaths.

1. Criteria

Study is published in the peer-reviewed scientific literature.
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Response

Criteria satisfied. Environ Health Perspect, 1998, 106(2):663—670. The authors discuss
uncertainties associated with their use of exposure metrics, inability to evaluate effects for PCDD/
IPCDF other than dioxin due to high correlations with B-HCH, and inability to characterize risks
lassociated with exposures in children.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. The authors derived a measure of cumulative dose as a time-dependent variable
(“area under curve”) using serum measures available in a sample of 275 workers.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. TCDD levels estimates through back-extrapolation of serum levels based on
half-life estimates obtained from previous studies. Latency was considered, and a variety of
exposure metrics including nonlinear relationships were evaluated.

Conclusion In this paper, a variety of exposure metrics were found to be positively associated with cancer

mortality. The additional lifetime risk of cancer corresponded to a daily intake of 1pg ranged
between .01 and 0.001. This study was modeled in the 2003 Reassessment and is considered for
further dose-response evaluations herein.

C.2.4. The Seveso Cohort Studies

Table C-15. Bertazzi et al. (2001)—All cancer sites combined, site-specific

analyses

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Mortality appears to be well captured from the vital statistics registries in
the region (99% complete). Vital status was ascertained using similar methods for both the
exposed and reference populations. Both cancer and noncancer mortality outcomes were
evaluated. Ideally, would have evaluated incident rather than decedent outcomes for cancer.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Individual-level data on potential confounders (i.e., age, calendar period,
and gender) were adjusted for. Information from other independent surveys suggests similarity
between smoking behaviors across the regions. Comparison of cancer mortality rates before the
time of the accident between the regions also revealed no differences.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied (for all cancers combined). No statistically significant excesses noted in
Zone A, or Zone B relative to reference area. Evidence of an exposure-response relationship was
detected for lymphatic and hematopoietic tissues by number of years since first exposure.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration not satisfied. Subjects were assigned to one of the zones (A, B, R, or reference)
based on official residence on the day of the accident or at entry into the area. Exposure
misclassification is likely and lack of individual-level data precludes an examination of this source
of error.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. In total, 27, and 222, cancer deaths were found among residents of Zones
A, and B, respectively. This allowed examined of gender-specific effects.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Am J Epidemiol, 2001 Jun 1; 153(11):1031-1044. Authors discuss
completeness of mortality ascertainment, diagnostic accuracy of death certificates particularly with
respect to diabetes, limited available of blood dioxin measures that did not permit estimation of
TCDD dose on an individual-level basis.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.
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Response

Criteria not satisfied. Individual-level exposure data are unavailable. Exposure based on place of
residence at time of the explosion. Soil sampling performed indicated considerable variability in
TCDD levels within each region. In addition, place of residency at time of explosion does not
ensure individuals were at their home around the time of the accident.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. An ecological measure of exposure (region of residency at time of accident)
was used to categorize individuals according to their possible exposure. Latencies were
considered. While such an approach has value for identifying wherever excesses occurred among
highly exposed populations, it is not precise enough to conduct a quantitative dose-response
analysis.

IConclusion

The lack of individual-level exposure data precludes quantitative dose-response modeling using
these data.

Table C-16. Pesatori et al. (2003)—All cancer sites combined, site-specific

analyses

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Mortality was ascertained from 1977—1996, and, as reported in other
related manuscripts, appears to be well captured from the vital statistics registries in the region
(99% complete). Cancer incidence data was available from 1977-1991.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Individual-level data on potential confounders (i.e., age, calendar period,
and gender) were adjusted for.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. Although risk of all cancer mortality was not associated with zone of
residence, increased risk of cancer incidence was observed in Zone A. Among men, excess
lymphatic and hematopoietic cancer incidence was observed in Zone A (primarily to non-Hodgkin
lymphoma). Soft tissues sarcoma cancer incidence was also associated with residence in Zone R
among males, but not the more highly exposed zones (A and B). Among females living in Zones
A and B, higher rates were observed for multiple myeloma (RR =4.9, 95% CI =1.5-16.1), cancer
of the vagina (RR = 5.5, 95% CI = 1.3—23.8), and cancer of the biliary tract (RR = 3.0,

95% CI =1.1-8.2).

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration not satisfied. Subjects were assigned to one of the zones (A, B, R, or reference)
based on official residence on the day of the accident or at entry into the area. Exposure
misclassification is likely and lack of individual-level data precludes an examination of this source
of error.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied for some endpoints, although several of the cancer specific mortality results|
among women were based on very small number of deaths (i.e., <5).

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Occup Environ Med, 1998; 55:126—131. Authors discuss limitations such as
residency-based exposure assignment, absence of smoking, differential and death certification in
exposed versus nonexposed areas.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria not satisfied. Individual-level exposure data are unavailable. Exposure based on place of
residence at time of the explosion. Soil sampling performed indicated considerable variability in
TCDD levels within each region. In addition, place of residency at time of explosion does not
ensure individuals were at their home around the time of the accident.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.
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Response

Criteria not satisfied. An ecological measure of exposure (region of residency at time of accident)
was used to categorize individuals according to their possible exposure. Latencies were
considered. While such an approach has value for identifying wherever excesses occurred among
highly exposed populations, it is not precise enough to conduct a quantitative dose-response
analysis.

Conclusion

INo dose-response patterns evident in the study, and the study lacked quantifiable measures of
TCDD at an individual-level basis. The data are not well suited for dose-response analysis.

Table C-17. Consonni et al. (2008)—All cancer sites combined, site-specific

analyses

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Mortality appears to be well captured from the vital statistics registries in
the region (99% complete). Both cancer and noncancer mortality evaluated, although diagnostic
accuracy of death certificates is likely low. Ideally, would have evaluated incident rather than
decedent outcomes for cancer.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Individual-level data on potential confounders (i.e., age, calendar period,
and gender) were adjusted for. Comparison of cancer mortality rates before the time of the
accident between the regions also revealed no differences. Information from other independent
surveys suggests similarity between smoking behaviors across the regions.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied for some outcomes. For all cancer sites combined, no evidence of dose
response was observed relative to general population across Zones A, B and R. Only statistically
significant excess found in Zone A was for chronic rtheumatic disease but based on only three
deaths. Higher cancer excesses were found in Zone A after a latency period was incorporated;
however, no dose-response relationship observed with this latency period. Evidence of an
exposure-response relationship was detected for lymphatic and hematopoietic tissues by zone of
residence.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration not satisfied. Subjects were assigned to one of the zones (A, B, R, or reference)
based on official residence on the day of the accident or at entry into the area. Exposure
misclassification is likely and lack of individual-level data precludes an examination of this source
of error.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. In total, 42, 244, and 1,848 cancer deaths were found among residents of
Zones A, B, and R respectively.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Am J Epidemiol, 2008, 167:847—-858. Authors discuss potential for selection
bias, limitation of residential based measure of exposure, similarities of mortality ascertainment in
exposed and referent populations, and multiple testing.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria not satisfied. Individual-level exposure data are unavailable. Exposure based on place of
residence at time of the explosion. Soil sampling performed indicated considerable variability in
TCDD levels within each region. In addition, place of residency at time of explosion does not
ensure individuals were at their home around the time of the accident.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.
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Response

Criteria not satisfied. An ecological measure of exposure (region of residency at time of accident)
was used to categorize individuals according to their possible exposure. Latencies were
considered. While such an approach has value for identifying wherever excesses occurred among
highly exposed populations, it is not precise enough to conduct a quantitative dose-response
analysis.

Conclusion

The lack of individual-level exposure data precludes quantitative dose-response modeling using

these data.

Table C-18. Baccarelli et al. (2006)—Site-specific analysis

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Polymerase chain reaction methods were used to describe outcome
measures. The prevalence of t(14; 18) was estimated as those individuals having a t(14; 18)
positive blood sample divided by the t(14; 18) frequency (number of copies per million
lymphocytes).

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Questionnaire data were used to collect information on cigarette smoking.
Other potential confounders (age, smoking status, and duration of smoking). In addition, both
exposure and outcome were objectively and accurately measured.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. Associations were detected between the frequency of t(14; 18) and
plasma TCDD levels as well as zone of residence at the time of the explosion. No association was
detected for these exposure measures and prevalence of t(14; 18). A dose-response trend was
detected for TCDD and the mean number of t(14;18) translocations/10° lymphocytes, however the
relevance of t(14; 18) in lymphocytes to non-Hodgkin lymphoma is uncertain.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The authors highlight that exposure metrics represent both past and
current body burdens. They employ several different exposure metrics of TCDD: place of
residence (Zone A, B, R or reference), categorical serum measures, a linear term, log (base 10)
transformed TCDD, and individuals with chloracne diagnosed after the accident.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. Analyses are made using 72 highly exposed, and 72 low exposed
individuals.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Carcinogenesis, 2006, 27(10):2001-2007. The authors discuss the limitation of
using t(14; 18) translocations as an outcome measure, and the uncertain role it plays in the
development of non-Hodgkin lymphoma.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. A total of 144 subjects were included in the study. This included 72 subjects
who had low exposures, and 72 who had high exposures based on serum concentrations.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. A variety of measures were employed including current TCDD levels, as well as
surrogates of exposure at the time of the accident.

Conclusion 'While an association was observed with the frequency of t(14; 18) translocation, it is uncertain

whether this translates into an increased risk of non-Hodgkin lymphoma. Given the speculative
nature of this endpoint and lack of demonstrated adverse effect, dose-response analyses for this
outcome were not conducted.
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Table C-19. Warner et al. (2002)—Breast cancer incidence

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Diagnoses of incident breast cancer were based on interview and
information from medical records appears thorough. Of the 15 cases of breast cancer, 13 were
confirmed by pathology and the remaining 2 by surgery report only. Three cases of breast cancer
were excluded which represents a large proportion of the total cases identified. This would reduce
sample size and could result in bias if the exclusion was association with TCDD exposure.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Information was collected on an extensive series of risk factors by using

an interviewer administered questionnaire. Participation rates for the survey were fairly good
(80%).

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Limited evidence (not statistically significant) of a dose response when
TCDD was analyzed as a categorical variable; only one breast cancer case was in the referent
exposure category. In the analysis of TCDD as a continuous measure (log;oTCDD), the hazard
ratio associated with a 10-fold increase in TCDD serum levels was 2.1 (95% CI = 1.0-4.6).

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures..

Response

Consideration satisfied. Different exposure metrics were considered in these analyses (categorical,
continuous, measures on a log-scale). Exposure data are of high quality as they are based on
serum samples taken among women near the time of the accident. As such, exposure assignment
is not dependent on as many assumption as used in occupational cohorts were back-extrapolation
for many years had to be performed.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration somewhat satisfied. Inadequate follow-up for cancer limited the number of cases
available. Sample size also limited the conclusions draw from the categorical analysis based on
very few cases for some exposure categories.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Paper published in Environ Health Perspect, 2002 Jul, 110(7):625-628. A major
limitation of the study is the small number of incident cases of breast cancer (n = 15), important
strengths of the study include characterization of TCDD using serum collected near the time of the
accident.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Serum was used to estimate TCDD levels in 981 of 1,271 eligible women who
had lived in either of the two contaminated sites in 1976. Data represent an objective measure of
TCDD near the time of the exposure. Data obtained near the time of exposure which minimized
the potential for exposure misclassification.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. Exposure characterized using serum measures obtained close to the time of the
accident.

Conclusion \While characterization of exposure and availability of other risk factor data at an individual-level

basis are important strengths of this study, small sample size (n = 15 cases) based on inadequate
follow-up is a key limitation. Quantitative dose-response analyses were conducted using this
study, but continued follow-up of the study population or consideration of all cancer outcomes

would be valuable.
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C.2.5. The Chapaevsk Study

Table C-20. Revich et al. (2001)—All cancer sites combined, and site-specific
analyses

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration cannot be evaluated. Insufficient details are provided in the paper to gauge the
completeness and coverage of the cancer registry and mortality data. Health outcomes were
examined on the basis of information in the official medical statistics.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration not satisfied. Given the aforementioned limitations of this ecological study, it is
unclear to what extent the results may be subject to bias

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. Dose response was not evaluated as exposure was based on residency
in the region vs. no residency.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response Consideration not satisfied. No individual-level exposure estimates were used.

5. Consideration [Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. A total of 476 cancer deaths were observed among males, and 376 cancer
deaths observed among females. The precision of the SMRs is demonstrated with fairly narrow
confidence intervals for many causes of death.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Published in Chemosphere, 2001, 43(4—7):951-966. Authors do not address the
completeness of the mortality follow-up, and whether there are differences in mortality surveillance
between regions. The authors do acknowledge, however, that new investigations being undertaken
would characterize exposure using serum-based measures.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria not satisfied. It is a cross-sectional study that compares mortality rates between regions.
INo individual-level exposure data available.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. No individual-level exposure estimates were used in the study.

Conclusion These cancer data are cross-sectional in nature; therefore, dose-response analyses were not

conducted for this study.

C.2.6. The Air Force Health (“Ranch Hands”) Study

Table C-21. Akhtar et al. (2004)—All cancer sites combined and site-specific
analyses

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Cancer incidence and mortality based on information from repeated
medical examinations, medical records and death certificate.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. The risk estimates were adjusted for a number of factors measured on an
individual level, including smoking.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. There is evidence of a dose response for all cancers and for some site-
specific cancers (i.e., malignant melanoma, and prostate cancer).

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.
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Response Consideration satisfied. High quality exposure data for most veterans was collected, so
extrapolation to other members of the cohort was not required. The serum dioxin measurements
also correlated well with reported skin exposure to herbicide in Vietnam, but collection of the
samples 25 years later required back-extrapolation.

5. Consideration [Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. In total, 117 incidence cancers identified in the Ranch Hands cohort. For
those sites with a dose-response association, malignant melanoma and prostate cancer, there were
16 and 34 incident cases, respectively.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Published in J Occup Environ Med, 2004, 46(2):123—136. Authors highlight
that this is only cancer incidence study in US veterans, and the lengthy interval of follow-up
(35-40 years)—both important strengths of the study. They addressed potential bias from healthy-
worker effect, and uncertainties surrounding the estimation of TCDD exposure (extrapolation 30
years after exposure), as well as exposure to other chemical exposures. Study uses incident
outcomes for cancer.

2. Criteria Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Individual exposure estimates are based on measurements of dioxin serum lipid
concentrations. They were available for 1,009 Ranch Hands and 1,429 in the comparison cohort.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. TCDD exposures at the end of duty were estimated by back-extrapolating 1987

serum values.

Conclusion This study is suitable for TCDD dose-response modeling of cancer outcomes data.

Table C-22. Michalek and Pavuk (2008)—All cancer sites combined

1. Consideration |[Methods used to ascertain health outcomes are clearly identified and unbiased.

Response Consideration satisfied. Cancer incidence was ascertained through the use of medical records.
Death certificate were used to identify some malignancies. Little data is provided on the number
of individuals lost to follow-up, however the same mechanisms of case ascertainment were
applied to both the comparison and Ranch Hand cohorts.

2. Consideration [Risk estimates are not susceptible to important biases.

Response Consideration satisfied. Information collected from repeated physical examinations allowed for
the adjustment of risk factors such as smoking and exposure related factors such military
occupation and number of years served.

3. Consideration [Study demonstrates an association between TCDD and adverse health effect.

Response Consideration satisfied for some comparisons. Statistically significant associations were noted
with cancer incidence and TCDD when analyses were restricted to workers who served at most
two years in Southeast Asia and those who sprayed more than 30 days before 1967.

4. Consideration |Exposure assessment methodology is clear and characterizes individual-level exposures.

Response Consideration satisfied. Initial TCDD dose were estimated at the end of the tour of duty for the
Ranch Hands. Individual-level serum dioxin measurements correlated well with correlated with
days of spraying and calendar period of service, but collection of the samples roughly 20 years
later required back-extrapolation.

5. Consideration [Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. A total of 347 incident cases of cancer were used in the analyses. For
stratified analyses, statistical power is more limited. For example, only 67 incident cancer in the
subset of workers who spent less than 2 years in Southeast Asia, and sprayed for at least 30 days
before 1967.

1. Criteria Study is published in the peer-reviewed scientific literature.
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Response Criteria satisfied. J Occup Environ Med 2008; 50:330-340. The authors discuss issues related to
exposure misclassification error, and suggest approaches for improving characterization of days of]
spraying. Congener specific data were unavailable, thereby not allowing for congener specific
risks or adjustments to be made.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. TCDD data was available for 986 veterans in the Ranch Hand cohort, and 1,597
imembers of the comparison cohort.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. TCDD exposures at the end of duty were estimated by back-extrapolating 1987

serum values.

Conclusion This study is suitable for TCDD dose-response modeling of cancer outcomes.

C.2.7. Other Studies of Potential Relevance to Dose-Response Modeling

Table C-23. ‘t Mannetje et al. (2005)—All cancer sites combined, site specific
analyses

1. Consideration |Methods used to ascertain health outcomes are clearly identified and unbiased.

Response Consideration satisfied. National records for death registrations through the New

Zealand Health Information Service. Subjects not registered as having died during the study
period were confirmed to be actually alive and resident in New Zealand using the New Zealand
Electoral Roll, drivers’ license, and social security records.

2. Consideration [Risk estimates are not susceptible to important biases.

Response Consideration not satisfied. Seventeen percent of workers were lost to follow up but it is unclear
if bias resulted. The dichotomous exposure measure was based on exposure to TCDD, chlorinated
dioxins and phenoxy herbicides, so confounding is a possibility by these coexposures.

3. Consideration [Study demonstrates an association between TCDD and adverse health effect.

Response Consideration satisfied. Dose-response evidence for duration of employment and elevated
mortality noted only in synthesis workers.

4. Consideration |Exposure assessment methodology is clear and characterizes individual-level exposures.

Response Consideration satisfied. Exposure measures were limited to duration of employment and
exposed/unexposed.

5. Consideration [Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. For all cancer sites combined, there were 43 cancer deaths among the

production workers, and 35 such deaths among the sprayers. Site-specific cancer analyses are
limited by small sample sizes.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria not satisfied. Occup Environ Med, 2005; 62:34—40. A high percentage of the cohort was
lost to follow-up (17%). The authors fail to mention this important limitation in this paper.

2. Criteria Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria not satisfied. This study used duration of exposure, at an individual level, as a surrogate
measure of TCDD.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. Exposure was defined according to duration, and not concentrations of

TCDD. Latency intervals were not evaluated.

Conclusion Overall, quantitative exposure data are lacking for TCDD and limited dose-response relationships
were observed across duration of exposure categories. Furthermore, confounding by coexposures
is a possibility. Taken together, these data are not suitable for inclusion in a dose-response
analysis
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Table C-24. McBride et al. (2009a)—All cancer sites combined, site-specific

analysis

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. The New Zealand Health Information Service Mortality Collection and
the Registrar-General’s Index to Deaths. Additional searches were based on the last known
address from the work record; the electoral roll and the habitation index; the telephone book; the
internet; and Terranet property information database. An additional search was carried out through
the Births, Deaths, and Marriages office of the New Zealand Department of Internal Affairs.
Lastly, automated personnel and pension records were also used to locate past New Plymouth
workers and identify some deaths.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration not satisfied. Considerable amount of workers were lost to follow up (22%), but it
is unclear if bias resulted. The dichotomous exposure measure was based on exposure to TCDD,
chlorinated dioxins and phenoxy herbicides, so confounding is a possibility by these coexposures.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. Some SMRs for site-specific cancers were elevated but not
statistically significant. There was no examination of dose-response effects.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Dichotomous exposure (exposed/unexposed) and duration of employment
were examined from job exposure classification assessed via occupational history records
industrial hygienists/factory personnel knowledge and questionnaires. Authors discuss limitations
in the assignment of exposure among cohort members.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration not satisfied. A low number of deaths (n = 76) may have limited ability to detect
effects small in magnitude and exposure-response relationships.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Published in Occup Medicine, 2009; 59(4):255-263. The authors highlight
cohort lost to follow-up (22%), the limited size of the cohort, differences in cohort definitions
between sprayers and producers, and the potential for other exposures during employment at the

lant.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria not satisfied. TCDD exposures were not quantified.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. Effective dose could not be estimated given the lack of individual-level
TCDD exposure data.

Conclusion The study lacks the quantification of exposures at an individual level, precluding dose-response

analysis. This study is not considered further in the dose-response modeling analysis.

Table C-25. McBride et al. (2009b)—All cancer sites combined, site-specific

analysis

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. The New Zealand Health Information Service Mortality Collection and
the Registrar-General’s Index to Deaths were used to identify deaths. Additional searches were
based on the last known address from the work record; the electoral roll and the habitation index;
the telephone book; the internet; and several other public databases in New Zealand. An additional
search was carried out through the Births, Deaths, and Marriages office of the New Zealand
IDepartment of Internal Affairs. Lastly, automated personnel and pension records were also used to

locate past New Plymouth workers and identify some deaths.
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2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Workers lost to follow-up (21%) were an unlikely source of bias since
there was no evidence that this loss was differential in the internal analyses of workers.
Confounding by sex, hire year, and birth year was addressed by adjustment in regression models.
Potential confounding by other coexposures (e.g., 2,4,6-TCP) unlikely to have resulted in bias, due
to presumed poor correlation with TCDD.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. Although not statically significant, elevated SMRs (=1.6) were noted
for soft tissue sarcoma, non-Hodgkin Lymphoma, multiple myeloma and rectal cancer. The linear
test for trend for TCDD exposure was not statistically significant for all cancer sites (combined), as
well as lung cancer mortality. Dose-response relationships were not apparent across quartiles of
TCDD exposure for all cancer sites combined, digestive cancers, lung cancer, soft tissue sarcomas
or non-Hodgkin Lymphoma.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Cumulative exposure to TCDD as a time-dependent metric was estimated
for each worker from serum samples, but the authors did not examine a continuous measure of
TCDD exposure (lagged or unlagged).

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. The adequate statistical power to detect associations that were present was

a strength of the study owing to the large sample size (n = 1,599 workers), extensive follow-up
eriod (35 years) and considerable exposure gradient.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Published in J Occup Environ Med 51:1049—1056. This paper discussed the
strengths and limitation of the study

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Serum measures available for 346 workers were used to derive TCDD exposures
for the entire cohort using the area under the curve approach.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. Although, effective dose could be estimated from serum-derived cumulative
exposure estimates, the exposure models did not consider different latency periods.

Conclusion Given that no dose-response relationships were found, the data are not suited to dose-response

analysis.

Table C-26. Hooiveld et al. (1998)—All cancer sites combined, site-specific

analysis

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Outcomes were mortality. Few deaths expected to be missed since only
5% of the cohort was lost to follow-up or had emigrated.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration not satisfied. Although dioxin-like compounds (PCDDs, PCDFs, and PCBs) were
measured in the serum samples, these were not incorporated into the analysis. Therefore,
confounding cannot be ruled out as an explanation of the reported association.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. A dose-response pattern was observed for internal cohort comparison for
all cancer mortality, with RRs of 5.0 and 5.6 for the medium and high exposure, respectively.
IDose-response patterns evident for lung cancer as well.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures..
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Response

Consideration satisfied. Detailed occupational histories to assign dichotomous exposures
(exposed/unexposed) based on maximum exposure levels. Although serum data also collected for
TCDD and other coexposures (PCDDs, PCDFs, and PCBs), study only presents data for TCDD
exposure. TCDD exposures at time of maximum exposure were extrapolated from measured
serum.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration not satisfied for internal cohort comparisons in either men or women. Among men,
only 7 cancer deaths were observed among those in the unexposed part of the cohort, and 51
among exposed workers. For external cohort comparisons, a total of 20 deaths were observed.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Am J Epidemiol, 1998, 147:891-901. The authors address potential limitations
of estimating TCDD exposure from a subsample of surviving workers, lack of smoking data, the
healthy worker effect, and relevance of other occupational exposures.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Serum samples were obtained from 94 of 144 subjects who were asked to
participate in serum measurement study. Of these, a further 44 excluded due to absence due to
holiday or work (n = 22), and nonexposed workers excluded because matching exposed worker not

articipating (n = 20). TCDD levels were extrapolated to the time of maximum exposure.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. Exposures assigned based on levels at maximum exposure. Assignment of
exposure based on nonrepresentative sample of 50 survivors among the occupational cohort.

Conclusion The small number of identified cancer deaths, limitations in terms of the exposure assignment

(based on nonrepresentative sample, and maximum exposure level) and concern over potential

confounding by coexposures preclude using these data for a dose-response analysis.

C.3. EVALUATION TABLES FOR NONCANCER STUDIES
C.3.1. NIOSH Cohort

Table C-27. Steenland et al. (1999)—Mortality (noncancer)

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased..

Response

Consideration satisfied. The study evaluated mortality from all cancer sites (combined). As
described in the paper, the sources of vital status and cause of death information were received
from the Social Security death files, the National Death Index, and the Internal Revenue Service.
\Vital status was known for 99.4% of the cohort members, cause of death information is available
for 98% of the decedents.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration not satisfied. External comparisons for all-cause and cardiovascular mortality do
not appear to be affected by the “healthy worker effect” as similar patterns were observed with
internal cohort comparisons. Nonetheless, internal cohort comparisons are unable to adjust for
many of the individual-level risk factors for cardiovascular disease.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. A dose-response relationship was observed with ischemic heart disease
(linear test for trend p = 0.05), and with TCDD on a log-transformed scale the p-value was <0.001.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The study conducted detailed sensitivity analyses and evaluated different
assumptions regarding latency, log-transformed TCDD exposures, and half-life values for TCDD.
IAssociations were stronger for log-transformed values, and latency intervals of 15 years.
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5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. This is the largest of the occupational cohorts with exposures to TCDD.
The cohort consisted of 5,132 male workers and a total of 456 deaths from ischemic heart disease.
This permits characterization of risk for all cancer sites (combined).

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. Journal of the National Cancer Institute, 1999, 91(9):779—786. The authors
discussed the potential for bias from smoking, and other occupational exposures for which data for|
both were lacking at an individual basis.

2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Exposure scores assigned at an individual level based on JEM. The JEM was
based on estimated factor of contact with TCDD in each job, level of TCCD contamination of
materials at each plant over time, and proportion of day worker could be in contact with materials.
These factors were multiplied together to derive a daily exposure score, which was accumulated
over the working history of each worker to obtain a cumulative measure of TCDD.

3. Criteria

Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. The follow-up of the cohort extended from 1942 until the end of 1993.
Greater than 25 years of follow-up have accrued in cohort allowing for latency to be examined.
Different assumptions on the half-life of TCDD were evaluated and produced similar results.
Latency intervals were incorporated, with strongest associations noted no lag. Suggests
mechanisms occur at the same time as exposure. However, noncancer mortality is not a viable
endpoint to consider for further dose-response analysis.

Conclusion

TCDD exposures were quantified in this study, and a dose-response relationship was observed
with ischemic heart disease mortality. The sample size was sufficient, and the follow-up interval
was lengthy. However, no individual-level data were available for cardiovascular conditions, and
the inability to adjust for these exposures introduces considerable uncertainty into the risk
estimates. Furthermore, noncancer mortality is not considered a viable endpoint for dose-response

analysis.

Table C-28. Collins et al. (2009)—Mortality (noncancer)

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response Consideration satisfied. Vital status complete for all but two workers.
2. Consideration |Risk estimates are not susceptible to important biases.
Response Consideration satisfied. No information collected on smoking status, but no excess in lung cancer

or nonmalignant respiratory diseases noted. Analyses took into account potential for exposure to
pentachlorophenol. External cohort comparisons should be interpreted cautiously due to healthy
worker effect, but internal cohort comparisons should not be influence by this bias.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. No statistically significant mortality excess for any noncancer
mortality outcome evaluated. This included ischemic heart disease, stroke, nonmalignant
respiratory disease, ulcers, cirrhosis, and external causes of death (accidents). Modeling of
continuous measure of TCDD was not related to diabetes, ischemic heart disease, or nonmalignant
respiratory mortality.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.
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Response

Consideration satisfied. The authors used serum samples from 280 former TCP workers to
estimate historical exposure levels of TCDD, furans, and polychlorinated biphenyls for all
1,615 workers. Exposure assessment included detailed work history, industrial hygiene
monitoring, and the presence of chloracne cases among groups of workers. This data was
integrated into a 1-compartment, first-order pharmacokinetic to determine the average TCDD dose
associated with jobs in each group, after accounting for the presence of background exposures
estimated from the residual serum TCDD concentration in the sampled individuals. The authors
did not evaluate departures from linearity, or examine skewness at higher exposures. No
resentation of exposure levels was provided.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. A total of 662 deaths were observed. Of these, 218 were from ischemic
heart disease, and 16 from diabetes (two outcomes for which associations have been noted
elsewhere).

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Published in Am J Epidemiol, 2009, 170(4):501-506. The authors discuss
potential for exposure misclassification, large size of the cohort, lengthy follow-up interval, and
large number of workers who provided serum from which TCDD exposures were estimated.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. This study has the greatest number of serum samples obtained from a specific
plant.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. Noncancer mortality is not a viable endpoint to consider for further dose-
response analysis.

Conclusions INo dose-response associations were noted for noncancer mortality outcomes. The data are,

therefore, not suited for dose-response modeling.

C.3.2. BASF Cohort

Table C-29. Ott and Zober (1996a)—Mortality (noncancer)

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response Consideration satisfied. Mortality ascertainment appeared to be fairly complete.
2. Consideration |Risk estimates are not susceptible to important biases.
Response Consideration satisfied. Information was collected on smoking status, body mass index, and other

occupational exposures, however a large portion of the cohort was firefighters who may have been
exposed to other occupational carcinogens. However, the recruitment of survivors may results in
under-ascertainment of mortality.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. For external cohort comparisons across the three TCDD exposure
categories, there was no dose-response pattern observed for any of the noncancer causes of death.
Cox regression risk estimates for all cause or circulatory disease mortality when TCDD was
modeled as a continuous variable were not statistically significant.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Cumulative measure of TCDD expressed was derived from serum
measures. Exposure was also estimated by chloracne status of the cohort members. The authors
have not addressed the potential implication of deriving TCDD exposure estimates for the whole
cohort using sera data that were available for only about half of the cohort.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. For all causes of death, there were 92 deaths, while 37 circulatory deaths.
Many of the cause-specific death had less than 5 deaths in the upper exposure category.
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1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. Occup Environ Med, 1996, 53:606—612. A large component of the cohort was
assembled by actively seeking out workers who were alive in the mid 1980s. As a result, it is
likely a number of deaths were missed. This is supported by much lower SMRs in this component
of the cohort published in earlier studies of the cohort. This underascertainment of mortality
results in biased SMR statistics (underestimated). The authors do highlight the value of the serum
based measures to estimate TCDD exposure

2. Criteria

Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Serum samples, taken in 1989, were available for 138 surviving workers out of
254 and allowed for cumulative TCDD levels to be estimated using regression techniques in the
remainder of the cohort.

3. Criteria

Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. Exposure assignment took into the affect that body mass index had on
TCDD half-lives. TCDD levels estimates through back-extrapolation of serum levels based on
half-life estimates obtained from previous studies. Latency was considered with stronger
association observed in external comparisons incorporating a latency of 20 years. The follow-up
of the cohort was lengthy (>50 years). However, noncancer mortality is not a viable endpoint to
consider for further dose-response analysis.

Conclusion

INo associations noted with any noncancer deaths. External comparisons should be treated
cautiously especially for cardiovascular mortality which is recognized to often be biased by the
healthy-worker effect. In the absence of any outcome with an association with TCDD exposure,

dose-response analyses of these data were not undertaken.

C.3.3. Hamburg Cohort

Table C-30. Flesch-Janys et al. (1995); Flesch-Janys et al. (1996) erratum—
Mortality (noncancer)

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response Consideration satisfied. Medical records used to identify deaths over the period 1952—1992.
2. Consideration [Risk estimates are not susceptible to important biases.
Response Consideration satisfied. Similarity in smoking rates between control cohort and the exposed

workers was similar based on independent surveys. Occupational exposures to benzene, and
dimethyl sulfate were unlikely to bias dose-response pattern observed as these exposures occurred
in production departments with low to medium levels of TCDD exposure.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Dose-response relationship observed for all-cause mortality,
cardiovascular mortality, and ischemic heart disease mortality across 6 exposure categories, with
the cohort of gas supply workers used as the referent. The linear tests for trend for these three
outcomes were all statistically significant (p < 0.05).

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The exposure measures was an integrated TCDD concentration over time
estimate that back-calculated TCDD exposures to the end of the employment. Categorical and
continuous TCDD exposures were examined in relation to the health outcome. These efforts
improve the exposure assessment of earlier studies.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. For all causes of death combined, there were 414 deaths in the exposed
cohort, and 943 in the cohort of gas supply workers. A total of 157 and 76 deaths from
cardiovascular disease, and ischemic heart disease were noted. The corresponding number in the
cohort of gas supply workers was 459, and 205, respectively.

1. Criteria Study is published in the peer-reviewed scientific literature.
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Response Criteria satisfied. Am J Epidemiol, 1995, 1442:1165—1175. The authors discuss the potential role
of other occupational exposures (i.e., dimethyl sulfate, solvents, benzene), smoking, and suitability
of the comparison cohort of gas supply workers.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Serum and adipose tissues were used to estimate TCDD exposure in
190 workers. A one-compartment first-order kinetic model was used to estimate exposure at end
of exposure for these workers. Regression methods were then used to estimates TCDD exposures
for all workers.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. Exposure based on half-life estimates from individuals with repeated serum
measures. Other DLCs were considered with the TOTTEQ exposure metric. Noncancer mortality,
lhowever, is not a viable endpoint to consider for further dose-response analysis.

Conclusion IAlthough, the exposure data used within this study are well-suited to a dose-response analysis for

all-cause and cardiovascular mortality given the associations observed, use of noncancer mortality

endpoint is not amenable for further dose-response analysis.

C.3.4. The Seveso Women’s Health Study

Table C-31. Eskenazi et al. (2002b)—Menstrual cycle characteristics

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Information was also obtained from medical records for all obstetric and
gynecologic conditions. Information on menstrual cycles was obtained from questionnaires.
'Women were asked about length of cycles, regularity, how many days flow lasted, and heaviness
of menstrual flow (scanty, moderate, or heavy). Measurement error is likely for the subjective
nature of self-reported menstrual parameters but specificity and sensitivity is difficult to ascertain
due to lack of validation data for these measures.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Detailed risk factor information was collected from questionnaire,
allowing for the potential confounding influence of many risk factors to be controlled for. The
length of cycle study findings may have been affected by the presence of a few outliers.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. A positive dose-response relationship was found with TCDD among
women who were premenarcheal at time of the explosion and longer menstrual cycle. Increased
TCDD exposure was associated with a lower relative risk of scanty menstrual flow. No
association was noted with these two outcomes among postmenarcheal women. A decreased risk
of irregular cycles was also observed with higher TCDD levels.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Serum concentrations of TCDD offer improved exposure assessment,
although delineating the critical exposure window is challenging given the nature of the very
high initial exposure.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. Cohort was large enough as analyses were conducted on 301 women.

1. Criteria

Study is published in the peer-reviewed scientific literature.
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Response

Criteria satisfied. Am J Epidemiol, 2002; 156(4) 383—392. Limitations included an inability to
assess affects on menstrual cycle at time body burdens were the highest (at time of the accident).
Also, TCDD was estimated for 1976, not concurrent with their cycles in the previous year, and a
large number of women were excluded due to intrauterine device or oral contraceptive use.
Strengths included population-based nature of study, with characterization of exposure using
serum, and levels of other polychlorinated dibenzo-p-dioxins and dibenzofurans were at
background levels. Findings for length of menstrual cycle may be unduly influenced by the
resence of some outliers.

2. Criteria

Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. The study population was based on 301 women as those who were over the
age of 44 were excluded, as well as women with surgical of natural menopause, women with
Turner’s syndrome, those who had been pregnant or breastfed in the past year, and those who
had used an intrauterine device or oral contraceptives. For 272 women, TCDD levels were based
on serum data provided in 1976; TCDD levels were back-extrapolated to 1976 levels for the
other 29 women.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria satisfied. Ideally, TCDD exposures would be concurrent with reporting of cycle
characteristics. Herein, TCDD exposures were based on levels in 1976; however, given the long
half-life of TCDD and the same follow-up interval for all women, TCDD exposures in 1976
should correlate well with levels near the time of interview. Further, the critical window of
exposure can be estimated for the women that were premenarcheal at the time of the accident (12
lyears).

Conclusion

This study meets all of the criteria and considerations for further dose-response analysis.
|Although it is difficult to define the biologically relevant critical window of exposure for
quantitative exposure calculations, the critical window of susceptibility is assumed to occur
between birth and 13 years of age.

Table C-32. Eskenazi et al. (2002a)—Endometriosis

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Results of a pilot study showed that ultrasounds had excellent specificity
and sensitivity for ovarian endometriosis. Those with uncertain case status were analyzed
separately from cases.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Although more than half of the women were classified as ‘uncertain’ with
respect to endometriosis disease status, these subjects were analyzed separately from those with
endometriosis detected by laparoscopy or ultrasound. Bias is unlikely since disease
imisclassification is not likely to be differential with respect to TCDD exposure status.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. While an increased risk of endometriosis was observed across the

3 TCDD categories, these risks were not statistically significant relative to the lowest exposure
category. The test for trend based on a continuous measure (log;,TCDD) was also not statistically
significant.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Serum concentrations of TCDD offer improved exposure assessment,
although delineating the critical exposure window is challenging given the nature of the very high
initial exposure.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration not satisfied. Only a total of 19 cases of endometriosis were identified, and more
than half of the subjects were listed as uncertain regarding endometriosis incidence.
1. Criteria Study is published in the peer-reviewed scientific literature.
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Response

Criteria satisfied. Environ Health Perspect 2002; 110(7) 629—634. Author’s highlight that this is
the first study to examine the relationship between TCDD and endometriosis, and the availability
of sera data to estimate TCDD levels. Limitations included the small number of women with
endometriosis, and inability to confirm disease status for those without ultrasound or laparoscopy.
Finally, young women may have been underrepresented due to cultural difficulties in examining
women who had never been sexually active.

2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Eligible study subjects were women between 1 month and 40 years of age at
time of accident. These analyses excluded virgins, those with Turner’s syndrome, and women who
refused the examination of ultrasound. Serum data were available for the 601 participants on
which the analyses are based. Of these, 559 had serum measures taken in 1976/77, 25 between
1978 and 1981, and 17 women in 1996.

3. Criteria

Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. TCDD exposure was estimated at the time of “conception attempt” using
serum measures, with extrapolation from 1976 levels using half-life assumptions. It is difficult to
identify the relevant time interval over which TCDD dose should be considered for dose-response
analysis. The critical window of exposure is unknown.

Conclusion

'Various reasons preclude the use of these data to conduct dose-response analysis. This includes the
lack of a statistically significant association, the large number of women for which endometriosis

disease status was “uncertain”, and uncertainty in estimating the critical period of exposure.

Table C-33. Eskenazi et al. (2003)—Birth outcomes

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration not satisfied. Outcomes were identified through self-reported questionnaires and
subject to measurement error. Although there is no direct evidence of bias from differential
reporting, women tended to over-report birth weight, and underreport birth defects in children. As
a large number of women in Seveso underwent voluntary abortion in the first year after the
explosion, an awareness bias may have contributed to differential reporting of pregnancy histories.

2. Consideration

Risk estimates are not susceptible to important biases.

Response Consideration not satisfied. See above.
3. Consideration [Study demonstrates an association between TCDD and adverse health effect.
Response Consideration not satisfied. There was no association between spontaneous abortions and

log,oTCDD, or with small for gestational age. There was some suggestion of decreased mean birth|
weight and increased ORs for small for gestational age with TCDD exposure among pregnancies
occurring in the first eight years following the accident; however, none of these achieved statistical
significance at p < 0.05.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Serum concentrations of TCDD offer improved exposure assessment,
although delineating the critical exposure window is challenging given the nature of the very high
initial exposure.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. For spontaneous abortions there were 769 pregnancies. Fetal growth and
gestational age analysis was carried out on 608 singleton births that occurred postexplosion.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Environ Health Perspect, 2003, 111(7):947-953. The authors highlight potential
limitation of reliance on self-reported data to ascertain pregnancy outcomes. They also address the
relevance of paternal exposures to TCDD on the developing fetus—such exposure data were not
considered in this study.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.
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Response

Criteria satisfied. A total of 745 women in the SWHS had reported getting pregnant, of these 510
women were pregnant after the explosion (888 pregnancies). Analyses of spontaneous abortions
based on 476 women (excludes those with voluntary abortion, ectopic pregnancy, or molar
pregnancy). TCDD measured for 413 women in 1976/77, 12 women between 1978 and 1981, and
1996 for 19 women.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. TCDD exposures were extrapolated to 1976 values. However, there is
considerable uncertainty in estimating exposure levels for narrow critical windows of exposure
(e.g., trimesters during pregnancy) especially for pregnancies that occurred many years after the
explosion in 1976.

Conclusion The findings of the study are somewhat limited due to the reliance on self-reported information for

pregnancy outcomes and possible awareness bias. The findings were not statistically significant.
Considered together with the uncertainty in estimating exposure levels for narrow critical windows
of exposure, dose-response analyses for this study were not conducted.

Table C-34. Warner et al. (2004)—Age at menarche

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. In this study age at menarche was based on retrospective recall 5 to

19 years before the interview. Previous work suggests moderate to high correlations between
actual and recalled menarche, misclassification of outcome would bias risk estimates towards the
null (assuming nondifferential misclassification).

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Data collected from self-reported questionnaires allow for the potential
confounding influence of many risk factors to be taken into account. Some misclassification of
outcome may bias risk estimates towards the null.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. There was no association between TCDD levels and the age at
menarche with either the continuous or categorical measures of TCDD in the primary publication,
However, suggestive evidence of an association between serum TCDD concentrations and earlier
age of menarche (HR = 1.20, 95% CI = 0.98—-1.60, p for trend = 0.07) among 84 women under the
age of 5 at the time of the accident was noted in a follow-up communication from Warner &
[Eskenazi (2005)to be when analyses were restricted. The consideration is not satisfied because, in
the context of the RfD derivation, considerable uncertainty remains as to whether associations with
age at menarche represent an adverse health effect.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Serum concentrations of TCDD offer improved exposure assessment,
although delineating the critical exposure window is challenging given the nature of the very high
initial exposure.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. Cohort was large enough as analyses were performed using 282 women
who were premenarcheal at the time of the explosion.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Environ Health Perspect, 2004, 112:1289-1292. Authors discuss use of pooled

serum from residents of the unexposed zone, and that those in lowest exposure group had high
exposures relative with contemporary levels for the area. Strengths of study include use of serum

to estimate TCDD exposure.
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2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. The SWHS included women between 1 month and 40 years of age at time of
accident who attempted to get pregnant after the explosion (n = 463). This study is restricted to
those who were premenarcheal at the time of the explosion (n = 282). Serum was collected for
these women, primarily in 1976—-1977 (n =257), between 1978 and 1981 for 23, and in 1996-1997
for the 2 remaining women.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria satisfied. TCDD exposures in 1976 were estimated by extrapolation serum levels obtained
after this date using the Filser model. Both categorical and continuous measures of exposure were

modeled. In utero measures of exposure are likely most relevant exposure based on findings from

animal studies.

IConclusion

No association between TCDD levels and age at menarche was reported in the primary
publication; however, a follow-up communication from Warner & Eskenazi (2005) reported a
10-fold increase in serum TCDD concentrations to be associated with an earlier age of menarche
(HR =1.20, 95% CI = 0.98—-1.60, p for trend = 0.07) when analyses were restricted to 84 women
under the age of 5 at the time of the accident. The TCDD exposure characterization of study
subjects was based on serum data, and no major biases were introduced from the study design or
analytical methods that were used. In the context of the RfD derivation, considerable uncertainty
remains as to whether associations with age at menarche represents an adverse health effect,

Therefore, dose-response analyses were not conducted for this study.

Table C-35. Eskenazi et al. (2005)—Age at menopause

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Outcome measures were obtained based on self-reported data collected
from questionnaires. Studies have shown that self-reports of age at menopause are reported with
accuracy and reliability, and among women with surgical menopause, the self-reported age
correlated well with that on the medical records.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Data obtained from the questionnaire allow for the potential confounding
influence of several potential confounders to be examined.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. Risks of earlier menopause increased in the first four quintiles, with a
statistically significant trend. No increased risk was noted in the highest exposure category (HR =
1.0 relative to lowest exposure group). The study authors suggest this is due to the “inverted U”
dose response often seen with hormonally active compounds. Additionally, no statistically
significant association was noted with log;(TCDD for the individual quintiles. More importantly,
the biological significance of this result for the establishment of a LOAEL (that is needed in the
context of the RfD derivation) could not be determined with confidence.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Serum concentrations of TCDD offer improved exposure assessment,
although the critical exposure window is uncertain.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. The study included 616 women. Of these, 260 were premenopausal, 169
classified as natural menopause, 83 as surgical menopause, 24 as impending menopause, 33 as
premenopausal, and 58 in an “other” category.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Environ Health Perspect, 113:858-862 (2005). The authors highlight that this is

first study to look at relationship between dioxin and age at menopause. Limitations of the study
were that the lowest exposure group (<20.4 ppt) included exposure levels that are far higher than
background, and age at menopause was based on retrospective recall. A strength of study is ability
to characterize TCDD using serum measures.
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2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. The Seveso Women’s Health Study collected serum sample which allowed
TCDD exposures to be characterized. Those women (n = 616) who had not reached natural
menopause at the time of the accident were included in the study. Serum measures collected in
1976/77 were available for 564 women, for 28 women, sera was collected between 1978 and 1981,
while for 24 women, sera was collected in 1996/97.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. TCDD levels were estimated at the time of the explosion using available
information on TCDD half-life. However, it is difficult to identify the relevant time interval over
which TCDD dose should be considered for dose-response analysis. The critical window of
exposure can be estimated but is large and highly uncertain.

IConclusion

The biological significance of this result for the establishment of a LOAEL (that is needed in the
context of the RfD derivation) could not be determined with confidence. Therefore, dose-response
analyses were not conducted for this study.

Table C-36. Warner et al. (2007)—Ovarian function

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Ovarian cyst analysis based on women who underwent ultrasound

(n =310). Ovarian follicle analysis based on self-report on menstrual cycle and done in women in
preovulatory cycle (n = 96) at time of ultrasound. Hormonal analysis based on women in last 14
days of cycle (n = 129).

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Data collected from self-reported questionnaires allow for the potential
confounding influence of many risk factors to be taken into account. Some misclassification of
outcome based on self-reports of menstrual cycle may bias risk estimates towards the null.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. There was no association between serum TCDD levels and the
number or size of ovarian follicles. TCDD was also not associated with the odds of ovulation.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Serum concentrations of TCDD offer improved exposure assessment,
although delineating the critical exposure window is challenging given the nature of the very high
initial exposure.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. Cohort was large enough as analyses were performed using 129 women
for ovulation outcome, and hormone analyses based on 87 women in luteal, and 55 in midluteal
phases.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Environ Health Perspect, 2007,115:336-340. An important limitation cited by
the authors was that women may not have been exposed at critical period (prenatally). Phases of
the cycle may also have been misclassified as this was based on self-reported data. Strength, first
study to have examined ovarian function and TCDD exposures.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. The SWHS included women between 1 month and 40 years of age at time of
accident who were between 20—40 years of age and not using oral contraceptives at follow-up (n =
363). Of these, serum was collected for 330 women between 1976 and 1977, between 1978 and
1982 for 25 women, and between 1996 and 1997 for 8 women.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. There is a lack of a defined critical window of exposure in this study.
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IConclusion

Because of the lack of a defined critical exposure window and absence of associations between
TCDD and adverse health effects in this study, quantitative dose-response assessment was not
conducted for this study. For these reasons, dose-response analyses were not conducted for this

study.

Table C-37. Eskenazi et al. (2007)—Uterine leiomyoma

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Outcomes were determined using two definitions: current fibroids, or past
diagnosis of fibroids. For past diagnosis of fibroids, self-reported data and medical records were
used to determine whether women were previously diagnosed with fibroids, these were confirmed
with medical records. A total of 25 women indicated they had never been diagnosed with fibroids.
Medical records indicate a past diagnosis for these women, and they were classified as such. For
current fibroids, this was determined at the time of the interview for 634 women using transvaginal
ultrasound examinations.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. In the SWHS questionnaires were administered to the participants and
detailed data for reproductive characteristics, smoking, body mass index, and alcohol use were
collected so risks could readily be adjusted for these covariates.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied, but inverse associations reported. An inverse dose-response pattern with
the percentage of women diagnosed (current and past history—combined) with fibroids across 3
categories of exposure. Namely, the percentages of women with fibroids in the<20, 20.1 -75.0,
and >75.0 ppt categories were 41.1%, 26.8%, and 20.0%, respectively.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. A variety of different exposure metrics were considered including linear,
categorical, splines, and log,,TCDD.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. A total of 251 women were found to have fibroids, and there were 62,
110, and 79 women with fibroids diagnosed in the 3 TCDD exposure categories.

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. Am J Epidemiol, 2007, 166:79-87. In this study, the authors found an inverse
association between TCDD and uterine leiomyoma risk. The authors highlighted strengths of the
study that included the longitudinal design, serum measures taken at an individual-level basis and
most taken within 2 years of the accident, ability to include outcomes among those who did not
take an ultrasound by using an adapted statistical approach. An important limitation that was the
differences in risk by the stage of development could not be assessed as all women were exposed
postnatally, and only 4 cases were observed among those who were premenarcheal at the time of
exposure.

2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Final sample consisted of 956 women in the Seveso Women’s Health Study
without a history of fibroids. For 872 of these women, serum was collected in 1976 and 1977. For
56 women, TCDD was measured in women between 1978 and 1981, and for 28 women the serum
was collected in 1996.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. TCDD exposures were back extrapolated to expected levels in 1976 (at the
time of the accident). However, it is difficult to identify the relevant time interval over which
TCDD dose should be considered for dose-response analysis. The critical window of exposure is
uncertain.

Conclusion

Because the critical window of exposure is uncertain, dose-response analyses were not conducted
for this study.
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C.3.5. Other Seveso Noncancer Studies

Table C-38. Mocarelli et al. (2008)—Semen quality

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Serum levels of TCDD were measured on an individual basis for men in
exposed areas; pooled samples from men in uncontaminated areas were measured to assess
background TCDD exposure levels.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. While compliance rates may have introduced some possible bias, this
does not seem likely as different effects noted between the 22—31 and 32-39 year old age groups.
Information collected for other risks factors, which have been used as adjustment factors in the
models.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Figure 3 (Mocarelli et al., 2008) suggests dose-response relationship
among those aged 1-9 at the time of the accident for sperm concentration and motility.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Serum concentrations of TCDD offer improved exposure assessment,
although delineating the critical exposure window is challenging.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. Analyses are based on 135 males exposed to TCDD.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Environmental Health Perspective s, 2008, 116(1):70-77. The authors describe
strengths associated with characterization of exposure (using serum samples), and
representativeness of study population. Limitation of study includes low compliance (but high for
semen sample studies), namely, 60% among a group of healthy men. The compliance rate was
higher among exposed group (69%).

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Involved males, <16 years old at time of accident.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. TCDD exposures were based on serum samples. Serum samples were drawn (in
1997/1998) from participants whose 1976 samples were above 15 ppt. Pooled samples obtained in
1997/98 were used to describe background TCDD levels in uncontaminated areas. The associated
between TCDD exposure and semen quality was found statistically significant for the boys with 1
and 9 years of age at the time of the accident. This provides a critical window of exposure to
estimate TCDD concentration.

Conclusion Health outcomes are exposures are well characterized using serum data. However, the men

exposed between the ages of 1 and 9 to elevated TCDD levels had reduced semen quality 22 years
later. It is difficult to discern whether this effect is a consequence of the initial high exposure
between 1 and 9 years of age or a function of the cumulative exposure for this entire exposure
window beginning at the early age. Nonetheless, dose-response analyses for this outcome were

conducted.

Table C-39. Mocarelli et al. (2000)—Sex ratio

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Birth records examined for those who lived in parents who lived in the
area and who provided serum samples.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied.
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3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Paternal TCDD exposures were associated with an increased probability
of female births (p = 0.008).

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Serum samples were used to estimate maternal and paternal TCDD levels.
INo discussion of exposure levels in reference population.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. Statistically significant findings achieved.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. The Lancet, 2000, 355:1858-1863.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Serum levels of TCDD were obtained from parents using samples provided in
1976/77. Serum measures available for 296 mothers and 239 fathers.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. Serum based measures of TCDD were obtained shortly after the accident.
TCDD levels were also extrapolated to the time of conception. Although paternal pubertal
exposures may be a key critical window for sex differentiation, it is difficult to identify the
relevant time interval over which TCDD dose should be considered for dose-response analysis.

Conclusion The data from this study demonstrate a positive dose-response relationship with pubertal and pre-

pubertal paternal TCDD levels at the time of the accident and increased likelihood for female
births. However, it is difficult to identify the relevant time interval over which TCDD dose should
be considered; specifically, it is difficult to discern whether this effect is a consequence of the
initial high exposure during childhood or a function of the cumulative exposure for this entire
exposure window beginning at the early age. Dose-response analysis for this outcome was not
conducted, because EPA could not define the critical exposure window.

Table C-40. Baccarelli et al. (2008)—Neonatal thyroid function

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Measures of b-TSH are taken using a standardized protocol 72 hours after
birth. These b-TSH measures are taken on all newborns born in the region of Lombardy which
includes Seveso.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. For the comparisons involving place of residence at the time of the
accident, exposure misclassification is likely given variability in soil TCDD exposure levels within
these areas. For the individual TCDD measures (n = 51) reported in the study figures, exposure
misclassification is unlikely.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Mean neonatal b-TSH was 0.98uU/ml [0.90—1.08] in the reference area,
1.35pU/ml [1.22-1.49] in zone B, and 1.66puU/ml [1.19-2.31] in zone A (p < 0.001). The plotted
frequency distributions have similar shapes, but have shifted to the right for areas of higher
exposures. Neonatal b-TSH was correlated with current maternal plasma TCDD ($-0.47,

< 0.001) in the 51 newborns for which individual maternal serum TCDD values were available.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. TEQs were measured among the 38 women for which serum samples were
available and were defined for a mixture of dioxin-like compounds. Maternal mean total TEQs
(PCDDs, PCDFs, coplanar PCBs, and noncoplanar PCBs) was 41.8 ppt. Two measures of
exposure included place of residence at time of accident and plasma samples obtained from
mothers at the time of delivery. Similarities in positive dose-response relationships give stronger
weight to the findings.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.
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Response

Consideration satisfied. For plasma based estimate of maternal TCDD there were 51 mother-child
pairs. Only seven children in total were found to have b-TSH levels in excess of 5 pU/mL.

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. PLOS Medicine 2008; 5(7)1133—-1142. The authors discuss the strength of the
study related to characterization of exposure using serum sampling, and ability to adjust for factors
related to b-TSH or TCDD levels (gender, birth weight, birth order, maternal age, hospital and type
of delivery). They also highlight that a limitation of study was that the influence of mother-child
dioxin transfer through colostrum could not be assessed because no information on breast-feeding
before b-TSH measurement was available.

2. Criteria

Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. In the population-based study, eligible women who resided in zones A and B at
the time of the accident (n = 1,772) were matched to nonexposed women. In the study based on
plasma dioxin measurements, participants were the 51 children born to 38 women from zones A, B,
R, or a reference zone for which plasma dioxin measurements were available.

3. Criteria

Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria satisfied. Maternal TCDD levels were estimated at the time of delivery based on plasma
samples, and the critical window of exposure was assumed to be the 9-month gestational period.

IConclusion

The data provide an opportunity for conducting dose-response analyses.

Table C-41. Alaluusua et al. (2004)—Developmental dental defects

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Ascertainment of dental health was done blind to place of residence, used
standard protocol for caries developed by the WHO, and the clinical examination supplemented by
radiographic examination.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Additional risk factor information was collected on questionnaires. These
factors were considered as adjustment factors. The potential for participation bias is not possible
to ascertain given the available information. The potential impact of exposure misclassification is
also unknown, but the there is some suggestion that some individuals in the non-ABR zone may
higher TCDD levels than expected based on background exposure concentrations.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Increased prevalence of developmental enamel effects found with
increased TCDD serum measures. Namely, prevalence in unexposed region was 26%, whereas in
the low, middle, and high TCCD groups the prevalence was 10%, 40%, and 60%, respectively.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. TCDD exposure level based on serum lipids. No discussion of exposure
levels in reference population.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. Despite small numbers, statistically significant findings were achieved.
1. Criteria Study is published in the peer-reviewed scientific literature.
Response Criteria satisfied. Environmental Health Perspectives, 2004, 112(13):1313—-1318. Authors

mention two important strengths of the study: characterization of TCDD exposure using serum
collected shortly after the time of the accident, and the fact that developmental defects are
permanent in nature. Therefore, they represent a health outcome can evaluated years later. Little
discussion was made of the impact of differential compliance rates between the exposed (74%) and
nonexposed (58%) groups. Authors mention two important strength of the study: characterization
of TCDD exposure using serum collected shortly after the time of the accident, and the fact that
developmental defects are permanent in nature. Therefore, they represent a health outcome can
evaluated years later. Little discussion was made of the impact of differential compliance rates
between the exposed (74%) and nonexposed (58%) groups.
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2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Serum levels of TCDD could be estimated for children in exposed areas. No
serum levels were available for reference group of children, and assumption of zero exposure was
made. This seems reasonable.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria satisfied. It is difficult to discern whether this effect is a consequence of the initial high
exposure during childhood or a function of the cumulative exposure of the entire exposure window
beginning at early age. However, assumptions can be made regarding the critical window of
exposure and the relevant dose can be calculated.

Conclusion

The considerations for conducting a dose-response analysis have been satisfied with the study
population of only those subjects who lived in the ABR zone at the time of the accident; exposure
data are unavailable for those in the referent area. While is difficult to identify the relevant time
interval over which TCDD dose should be considered, dose-response analyses were conducted for

this outcome.

Table C-42. Bertazzi et al. (2001)—Mortality (noncancer)

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. For some causes of death methods highly specific mortality appears to be
well captured from the vital statistics registries in the region (99% complete). Some health
outcomes (e.g., diabetes) are subject to misclassification using death certificate data.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Although individual-level data for individual risk factors are not

available, the potential for confounding is likely minimal. For e.g., independent surveys suggests

similarity between smoking behaviors across the regions. Exposure misclassification based on
lace of residency likely to bias risk estimates towards the null.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. While a dose-response relationship was observed for chronic
obstructive pulmonary disease across Zones A, and B, this relationship was not.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration not satisfied. Exposure classification was based on the address of the

residence on the date of the accident or when the person first entered the area. Although TCDD
blood levels were also measured, these were not examined with respect to health outcomes. The
lack of individual-level data also precluded an examination of these uncertainties.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. A total of 494 noncancer deaths were found among residents of Zones A,
and B, respectively. This allowed examined of gender-specific effects.

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. Am J Epidemiol, 2001, 153:1031-1044. Authors discuss lack of
individual-level exposure data and other risk factors (e.g., smoking), difficulties in extrapolating to
background levels, diagnostic accuracy of using death certificates. Strengths included similarities
between exposed and comparison population for several risk factors, completeness of follow-up,
and consistent methods to identify mortality outcomes in the exposed and comparison populations.

2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria not satisfied. Individual-level exposure data are unavailable. Exposure based on place of
residence at time of the explosion. Soil sampling performed indicated considerable variability in
TCDD levels within each region. In addition, place of residency at time of explosion does not
ensure individuals were at their home around the time of the accident.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.
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Response

Criteria not satisfied. An ecological measure of exposure (region of residency at time of accident)
was used to categorize individuals according to their possible exposure. Latencies were
considered. While such an approach has value for identifying whether excesses occurred among
highly exposed populations, it is not precise enough to conduct dose-response analyses.
[Furthermore, noncancer mortality is not a viable endpoint to consider for further dose-response
analysis.

IConclusion

Study is not suitable for dose-response analysis due to mortality as endpoint and lack of
individual-level exposure data.

Table C-43 Consonni et al. (2008)—Mortality (noncancer)

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. For some causes of death detection methods were highly specific;
mortality appears to be well captured from the vital statistics registries in the region (99%
complete). Some health outcomes (e.g., diabetes) are subject to misclassification using death
certificate data.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Although individual-level data for individual risk factors are not
available, the potential for confounding is likely minimal. For e.g., information from other
independent surveys suggests similarity between smoking behaviors across the regions. Exposure
misclassification based on place of residency is likely to bias risk estimates towards the null.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. Statistically significant association noted in most highly exposed area
for chronic rheumatic disease and chronic obstructive pulmonary disease. Dose-response pattern
noted across Zones A, B and R for circulatory disease mortality 59 years after the accident.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration not satisfied. Lack of individual-level data precludes an examination of these
uncertainties.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. However, only three deaths from diabetes occurred among residents of
Zone A. The limitation related to statistical power is exacerbated for stratified analyses carried out
by number of years since the accident.

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. Am J Epidemiol, 2008, 167:847-858. Authors discuss potential for selection
bias, limitation of residential based measure of exposure, similarities of mortality ascertainment in
exposed and referent populations, and multiple testing.

2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria not satisfied. Individual-level exposure data are unavailable. Exposure based on place of
residence at time of the explosion. Soil sampling performed indicated considerable variability in
TCDD levels within each region. In addition, place of residency at time of explosion does not
ensure individuals were at their home around the time of the accident.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. An ecological measure of exposure (region of residency at time of accident)
was used to categorize individuals according to their possible exposure. Latencies were
considered. While such an approach has value for identifying whether excesses occurred among
highly exposed populations, it is not precise enough to conduct dose-response analyses.
[Furthermore, noncancer mortality is not a viable endpoint to consider for further dose-response
analysis.

Conclusion

Study is not suitable further dose-response evaluation due to noncancer morality endpoint.
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Table C-44. Baccarelli et al. (2005)—Chloracne

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response Consideration satisfied. Chloracne cases identified using standardized criteria.
2. Consideration [Risk estimates are not susceptible to important biases.
Response Consideration satisfied. Important potential confounders were included in the quantitative

analyses conducted by the study authors.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. Plasma TCDD was associated with an increased risk of chloracne. The
odds ratios increased in a dose-response pattern across zone of residence.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Authors discussed implications of differential elimination rates by age
and body growth.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. A total of 101 chloracne cases were identified, and 211 controls were
selected. Statistically significant findings were observed in several comparisons, although
statistical power was limited to assess potential interactions.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. British Journal of Dermatology, 2005, 152, 459—465. The authors detail the
limited statistical power they had available in the study. They also highlight study strengths that
included uniqueness of age and sex distribution of chloracne cases, characterization of TCDD that
could be done using sera samples, and availability of both clinical and epidemiologic data.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. TCDD was estimated in both chloracne cases and control using serum measures.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria satisfied. Serum based measures of TCDD were obtained shortly after the accident.
Chloracne is thought to be caused by the initial high exposure.

Conclusion [Exposure to TCDD at sufficiently high levels is recognized to cause chloracne. This study

provides limited relevance to dose-response modeling of TCDD as exposure levels typically
observed in the general population are much lower.

Table C-45. Baccarelli et al. (2004; 2002)—Immunological effects

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Common methods were used to describe blood levels of plasma
immunoglobulins (IgA, IgG, and IgM) and complement components (C3 and C4).

2. Consideration

Risk estimates are not susceptible to important biases.

Response Consideration satisfied. Both exposure and outcome were objectively and accurately measured.
3. Consideration [Study demonstrates an association between TCDD and adverse health effect.
Response Consideration not satisfied. While plasma IgG levels were inversely related with TCDD, it is

uncertain whether this outcome is adverse.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Both categorical (quintiles) and continuous measures of TCDD were
examined in the dose-response analysis.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. Analyses are made using 72 highly exposed, and 72 low exposed
individuals.
1. Criteria Study is published in the peer-reviewed scientific literature.
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Response

Criteria satisfied. Toxicology letters, 2004, 149:287-293 and Environ Health Perspect, 2002,
110(12):1169-1173. The authors highlight that few studies have looked at immunological effects
of TCDD in humans, that the current study was able to exclude those with concurrent medical
conditions, and the ability to characterize exposure using serum measures. Limitations addressed
were the uncertainty about the clinical relevance of the dose-response pattern found, and the
relatively small size of the study population.

2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. A total of 120 subjects were included in the study. This included 62 randomly
selected from the high exposed zone, and 58 selected from the reference area.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. Dose-response relationships were examined using current TCDD levels.
However, it is difficult to identify the relevant time interval over which TCDD dose should be
considered for dose-response analysis.

IConclusion

IAn inverse dose-response relationship between IgG and TCDD was observed. However, the
biological significance of a decrease in IgG for the establishment of a LOAEL (needed in the
context of the RfD derivation) could not be determined with confidence. Further the critical
window of exposure that would cause an effect on IgG levels is not known and thus does not allow
for estimation of the effective TCDD exposure. Therefore, dose-response analyses were not
conducted for this outcome.

C.3.6. Chapaevsk Study

Table C-46. Revich et al. (2001)—Mortality (noncancer) and reproductive

health

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration not satisfied. Insufficient details are provided in the paper to gauge the completeness
and coverage of the cancer registry and the mortality data. Health outcomes were examined on the
basis of information in the official medical statistics.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration not satisfied. Given the aforementioned limitations of this ecological study, it is
unclear to what extent the results may be subject to bias.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. Dose response was not evaluated as exposure was based on residency
in the region vs. no residency.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response Consideration not satisfied. No individual-level exposure estimates were used.

5. Consideration [Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. Population-based data over several years were used to make comparisons
at the ecological level.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Published in Chemosphere, 2001, 43(4-7):951-966.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria not satisfied. It is a cross-sectional study that compares mortality rates between regions.
INo individual-level exposure data available.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. No individual-level exposure estimates were used in the study.

Conclusion These cancer data are cross-sectional in nature; therefore, dose-response analyses were not

conducted for this study.
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C.3.7. Air Force Health (“Ranch Hands”) Study

Table C-47. Henriksen et al. (1997)—Diabetes

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Newly diagnosed cases of diabetes following the completion of the
veterans’ tours of duty were identified from self-reported questionnaire data with verification from
medical records, or by using a postchallenge glucose serum test. Disease severity was determined
based on questionnaire, and review of medical records. Fasting glucose and 2-hour postprandrial
glucose tests were used to identify glucose abnormalities among nondiabetics.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration not satisfied. Adjustment was made for a number of risk factors related to diabetes
(e.g., BMI, family history, smoking). However, variations in the solubility of dioxin due to
between-subject differences in lipid fractions may account for the positive association observed.
Many of the health outcomes under study (i.e., diabetes, impaired glucose tolerance, insulin
resistance) are associated with lipid abnormalities.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. There were statistically significant positive associations noted between
TCDD and diabetes, as well as changes in serum glucose levels, reduced time to onset of diabetes,
severity of diabetes, and glucose abnormalities among nondiabetics. While many of the
comparisons are based on small numbers, overall, the associations are consistent across the
outcomes that were examined.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The methods used to estimates TCDD levels are clearly described, and
capture exposure at an individual-level many years before the health outcome was determined.
The authors describe the limitations of the exposure assessment within the paper. Sensitivity
analyses were undertaken for several of the key associations. The key limitation is that the
lassociations may be caused by differences in lipid fractions between individuals.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. There were a total of 2,265 veterans and 315 cases of diabetes. There was
very little attrition across the four physical examinations performed in 1982, 1985, 1987 and 1992.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. The paper was published in Epidemiology 1997;8:252-258. The discussion
contains an appropriate discussion of the strengths and weaknesses of the study.

2. Criteria Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Serum was used to characterize TCDD exposure. While the quantification of
TCDD levels at the time the tour of duty ended may be misspecified due to between-subject
differences in lipid fractions, the methods used were able to reasonably discriminate between those
veterans with high and low exposures.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. The nature of the data preclude identification of the critical window of
exposure to be examined and a effective dose to be calculated for this endpoint.

Conclusion 'While the health outcomes and TCDD exposures were characterized using valid methods, the

nature of the data preclude identification of the critical window of exposure to be examined. Thus,

dose-response modeling was not conducted for this study.
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Table C-48. Longnecker and Michalek (2000)—Diabetes

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Newly diagnosed cases of diabetes following the completion of the
veterans’ tours of duty were identified from self-reported questionnaire data with verification from
medical records, or by using a postchallenge glucose serum test. Glucose and insulin measures
were obtained among nondiabetics using fasting and 2-yr post challenge serum test.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration not satisfied. Adjustment was made for a number of risk factors related to diabetes
(e.g., BMI, family history, smoking). However, the analysis was cross-sectional in nature, and
therefore was unable to take into account the timing of exposure in relation to diagnosis of
diabetes. The increased solubility of dioxin in triglycerides, whose levels are higher in diabetics,
may account for the positive association observed.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. There were statistically significant positive associations noted between
TCDD and diabetes, as well between TCDD and serum glucose and insulin levels.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration not satisfied. The methods used to estimate TCDD levels are clearly described and
are able to determine exposures at an individual level. However, the range of exposures is small
given the exclusion of the more highly exposed Ranch Hand veterans. It is possible that between-
subject difference in lipids and triglycerides may introduce an important source of exposure
measurement error. The authors describe the limitations of the exposure assessment within the
paper. The key limitations include the cross-sectional nature of the data, and the noncausal
associations that may be caused by triglycerides.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. There were a total of 1,197 veterans and 169 cases of diabetes. Levels or
participation across the multiple physical examinations were high.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. The paper was published in Epidemiology 2000;11(1):44-48. The discussion
contains an appropriate discussion of the strengths and weaknesses of the study.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Serum-based measures are an objective and valid method to determine TCDD
exposure levels.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. The diabetes cases were identified over a nearly 25-year interval. The
nature of the data and analysis preclude identification of the critical window of exposure and
estimation of an effective dose for this study.

Conclusion 'While the health outcomes and TCDD exposures were characterized using valid methods, the data

are essentially cross-sectional and thus are unable to evaluate associations between TCDD and
diabetes that can take into account the timing of the exposure. Given the narrow range in TCDD
exposures in this study, particularly given the Ranch Hand workers were excluded, these between-
subject differences may introduce an important source of bias. Further, the nature of the analysis
precludes identification of the critical window of exposure. Thus, dose-response modeling was not
conducted for this study.

Table C-49. Michalek et al. (2001a)—Hematological effects

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Hematological measures were determined from serum samples obtained
across four physical examinations.

2. Consideration

Risk estimates are not susceptible to important biases.
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Response

Consideration not satisfied. Associations between TCDD and platelet counts may be influenced
by other health conditions not accounted for by the study design. The positive association noted
between TCDD and mean corpuscular volume may be noncausal. Specifically, this association
may be due to raised triglycerides levels or increased prevalence of liver impairment among those
more highly exposed to TCDD.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. Most hematological measures were not consistently associated with
TCDD across the different physical examination periods. While positive associations between
TCDD and platelet counts and mean corpuscular volumes were observed, they were not consistent
with a dose-response relationship as statistically significant differences, relative to those in the
lowest exposure group, were observed only among those in the highest exposure group.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The methods used to estimate TCDD exposure are clearly described, and
capture exposure at an individual level prior to the diagnosis of the health outcome under study.
The authors describe the limitations of the exposure assessment within the paper.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. Continuous measures of hematological function approximately 2,200
veterans at four physical examinations. The study lacked adequate statistical power to perform the
secondary analysis of the relationship between TCDD and abnormally high red blood cell counts.

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. The paper was published in Archives of Environmental Health, 2001;
56(7):396-405.

2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Serum was used to characterize TCDD exposure at end of tour of duty. Given
exposures dropped dramatically for the Ranch Hands following their tours of duty, exposure to
TCDD prior to disease onset is reasonably characterized, though some misclassification between
those in the comparison group and those in the lowest Ranch Hand exposure grouping is
inevitable. Serum-based measures of hematological function were obtained at multiple
examinations which permitted dose-response relationships to be evaluated at four time intervals.

3. Criteria

Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. There is uncertainty in the critical window of exposure. This study analyzes
the potential for associations between point-in-time measures of TCDD serum levels and changes
in hematological measures that may have occurred at any time over approximately a 30-year
interval. The clinical relevance of reported outcomes also is uncertain.

Conclusion

'While the health outcomes and TCDD exposures were characterized using valid methods, most
hematological measures were not associated with TCDD. For corpuscular volume and blood
platelet levels an association with TCDD was detected. However, this association may be
noncausal and the influence of other confounders cannot be entirely ruled out. The clinical
relevance of these outcomes is also uncertain. Further, no dose-.response trend was observed with
either of these two hematological measures. Additionally, there is uncertainty in the critical

window of exposure. For these reasons, dose-response modeling was not conducted for this study.

Table C-50. Michalek et al. (2001b)—Hepatic abnormalities

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Hepatic function measures were determined from serum samples obtained
lacross four physical examinations, and the prevalence of liver disorders was determined using self-
reported data verified by medical records.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration not satisfied. Associations between TCDD and liver function may be influenced by
other health conditions not accounted for by the study design.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.
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Response

Consideration satisfied. No dose-response trend was observed with most measures of liver
function. There was no association between TCDD and hepatomegaly or nonalcoholic chronis
liver disease and cirrhosis. However, an association between TCDD was observed with y-
glutamyltransferase, and increased odds ratios of several hepatic disorders were observed among
those in the highest TCDD exposure group relative to the comparison cohort.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The methods used to estimate TCDD exposure are clearly described, and
capture exposure at an individual level prior to the diagnosis of the health outcome under study.
The authors describe the limitations of the exposure assessment within the paper.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration satisfied. Continuous measures of liver function approximately 2,200 veterans
during the 1992 physical examination. For some liver conditions, there were few prevalent cases
across the exposure categories, however, statistically significant differences were observed for
imany conditions when comparisons where made between those in the highest exposure group
relative to the lowest.

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. The paper was published in Annals of Epidemiology 2001; 11:304-311.

2. Criteria

Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Serum was used to characterize TCDD exposure at end of tour of duty. Given
exposures dropped dramatically for the Ranch Hands following their tours of duty, exposure to
TCDD prior to disease onset is reasonably characterized, though some misclassification between
those in the comparison group and those in the lowest Ranch Hand exposure grouping is
inevitable. Serum-based measures of liver function were obtained at the 1992 examination which
permitted dose-response relationships to be examined.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. There is uncertainty in the critical window of exposure. This study analyzes
the potential for associations between point-in-time measures of TCDD serum levels and liver
disease that may have occurred at any time over approximately a 25-year interval the clinical
relevance of the health endpoints that were examined is uncertain.

Conclusion

The results do not unequivocally support a relationship between liver damage and TCDD
exposure. Confounding and reverse causality cannot be eliminated. Additionally, there is
uncertainty in the critical window of exposure. This study analyzes the potential for associations
between point-in-time measures of TCDD serum levels and liver disease that may have occurred at
any time over approximately a 25-year interval, making it difficult to calculate a cumulative
TCDD effective dose over time. For these reasons, dose-response modeling was not conducted for
this study.

Table C-51. Michalek et al. (2001c)—Peripheral Neuropathy

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. The outcomes were determined using a standardized neurological exam
conducted by a board certified neurologist blinded to exposure status. A number of difference
imeasures of peripheral neuropathy were obtained over multiple physical examinations.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration not satisfied. Some of the observed associations may be due to residual
confounding by diabetes.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.
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Response

Consideration satisfied. For some measures of peripheral neuropathy, the data were suggestive of
a dose-response relationship, particularly for probable symmetrical peripheral neuropathy.
However, only data from the 1997 examination yielded statistically significant increased odds ratio
in the highest exposure category relative to the comparison cohort. Associations between TCDD
and diagnosed peripheral neuropathy were evident in both 1992 and 1997, however, there were
very few veterans diagnosed with this condition.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The methods used to estimate TCDD exposure are clearly described, and
capture exposure at an individual level prior to the diagnosis of the health outcome under study.
The authors describe the limitations of the exposure assessment within the paper.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration not satisfied. There were very few cases of peripheral neuropathy, particularly in
the most highly exposed groups. Statistical significance was only achieved in a few instances, and
in some cases, the odds ratios could not be estimated.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Neurotoxicology 2001: 22:479-490.

2. Criteria Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. Serum was used to characterize TCDD exposure at end of tour of duty. Given
exposures dropped dramatically for the Ranch Hands following their tours of duty, exposure to
TCDD prior to disease onset is reasonably characterized, though some misclassification between
those in the comparison group and those in the lowest Ranch Hand exposure grouping is
inevitable.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. There is uncertainty in the critical window of exposure which impacts the
ability to calculate an effective TCDD over time. This study analyzes the potential for associations
between point-in-time measures of TCDD serum levels and peripheral neuropathy that may have
occurred at any time over approximately a 30-year interval.

Conclusion 'While an association was noted between peripheral neuropathy and TCDD levels, these

comparisons were limited by a small number of outcomes particularly within the highest exposure
group. Statistical significance was only achieved for some measures of peripheral neuropathy
using data from the 1997 examination, but not in the other 4 examination periods. Residual
confounding by undiagnosed diabetes may have distorted the measures of association, and this bias|
cannot be fully dismissed. Additionally, there is uncertainty in the critical window of exposure
which precludes calculation of a cumulative TCDD effective dose over time. Multiple
comparisons arising from conducting statistical tests of significant over multiple time periods, and
measure of neuropathy raise the possibility of detecting a false-positive (spurious) association. For|

these reasons, dose-response modeling was not conducted for this study.

Table C-52. Pavuk et al. (2003) —Thyroid function and disorders

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Thyroid diseases among veterans in the Air Force Health Study were
identified using questionnaire data collected in up to five examinations that were verified by a
review of medical records. Measures of thyroid function were also determined using serum
samples.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Exposure to TCDD was assessed using serum, and reasonably classified
veterans based on their exposure prior to disease onset. Appropriate methods were used to analyze
the data both longitudinally and cross-sectionally.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.
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Response

Consideration not satisfied. There were no statistically significant associations between TCDD
and thyroid diseases. No associations were noted between serum-based measures of thyroid
function (T4, T3%, or FTI) and TCDD levels. While the data suggest a dose-response relationship
between TCDD and TSH levels, the clinical implications are unclear. There were no statistically
significant increased risks of abnormal TSH levels among those in the highest exposure group
relative to the lowest for any of the five examination periods.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. The methods used to estimate TCDD exposure are clearly described, and
capture exposure at an individual level prior to the diagnosis of the health outcome under study.
The authors describe the limitations of the exposure assessment within the paper.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration not satisfied. There were 188 veterans who were diagnosed with a thyroid condition
following their tour of duty, and comparisons between 6 different thyroid diseases and four TCDD
lexposure categories had poor statistical power. While there was a suggestion of increased TSH
abnormalities among Ranch Hand in the highest exposure group, these findings did not achieve
statistical significance for any of the 5 examination periods. Further follow-up of this cohort is
needed as the age distribution of the cohort may be too young to detect associations between
TCDD and thyroid function.

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. The paper was published in Annals of Epidemiology 2003; 13:335-343. The
authors have discussed the strengths and limitations of the study.

2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Serum was used to characterize TCDD exposure as of 1987. Given exposures
dropped dramatically for the Ranch Hands following their tours of duty, exposure to TCDD prior
to disease onset is reasonably characterized. Serum-based measures of thyroid function were
obtained at multiple examinations which permitted dose-response relationships to be evaluated
both cross sectionally and longitudinally.

3. Criteria

Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. There is uncertainty in the critical window of exposure which impacts the
ability to calculate an effective TCDD over time. This study analyzes the potential for associations
between point-in-time measures of TCDD serum levels and thyroid conditions and measures of
thyroid disorders that may have occurred at any time over approximately a 30-year interval.

Conclusion

'While the health outcomes and TCDD exposures were characterized using valid methods, no
associations were observed between TCDD and any of the six thyroid conditions studied.
IAdditionally, no associations were noted with T4, FTI, or T3% in either cross-sectional or
longitudinal analyses. There is some support for a dose-response relationship between TCDD and
TSH, however, no statistically significant increase in abnormal TSH levels were observed among
those in the highest exposure group at any of the 5 examinations. Therefore, the clinical
implications of this dose-response relationship are unclear, particularly in light of the lack of
associations between TCDD and any of the thyroid disorders examined. Additionally, there is
uncertainty in the critical window of exposure, which precludes calculation of a cumulative TCDD
effective dose over time. For these reasons, dose-response modeling was not conducted for this
study.

Table C-53. Michalek and Pavuk (2008)—Diabetes

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. Prevalent diabetes identified from medical records from repeated medical
check-ups. Preferred method of ascertaining outcome relative to use of death certificates.

2. Consideration

Risk estimates are not susceptible to important biases.
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Response

Consideration satisfied. Adjustment was made for a number of risk factors related to diabetes
(e.g., BMI, family history, smoking) and other factors likely strongly associated with TCDD
exposure (e.g., last calendar year of service, occupation, etc.).

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration satisfied. The RR for an increase in 10 units was 1.29 (p < 0.001), and the risks

across the background, low and high exposure categories, relative to the unexposed were 0.86,
1.45, and 1.68.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Initial TCDD dose were estimated at the end of the tour of duty for the
Ranch Hands. Individual-level serum dioxin measurements correlated well with correlated with
days of spraying and calendar period of service, but collection of the samples roughly 20 years
later required back-extrapolation.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. There were a total of 439 cases of diabetes identified.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. J Occup Environ Medicine, 2008, 50:330-340. The authors address strengths
and limitations related to the accuracy of the one-compartment pharmacokinetic model, impact of
the covariate time spent in Southeast Asia, and potential exposure misclassification on days
sprayed.

2. Criteria Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria satisfied. TCDD estimates were derived using serum samples.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. The nature of the data did not allow for latency or critical windows of
exposure to be determined.

Conclusion Because the nature of the data did not allow for the critical windows of exposure to be identified,

dose-response modeling was not conducted for this study.

C.3.8. Other Noncancer Studies of Dioxin

Table C-54. McBride et al. (2009b)—Mortality (noncancer)

1. Consideration

IMethods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. The New Zealand Health Information Service Mortality Collection and
the Registrar-General’s Index to Deaths were used to identify deaths. Additional searches were
based on the last known address from the work record; the electoral roll and the habitation index;
the telephone book; the internet; and Terranet property information database. An additional search
was carried out through the Births, Deaths, and Marriages office of the New Zealand Department
of Internal Affairs. Lastly, automated personnel and pension records were also used to locate past
INew Plymouth workers and identify some deaths.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration satisfied. Workers lost to follow-up (21%) were an unlikely source of bias since
there was no evidence that this loss was differential in the internal analyses of workers.
Confounding by sex, hire year, and birth year was addressed by adjustment in regression models.
Potential confounding by other coexposures (e.g., 2,4,6-TCP) unlikely to have resulted in bias, due
to presumed poor correlation with TCDD.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. No associations were detected for mortality and the TCDD exposure
surrogates. No dose-response trend was observed across the exposure categories of TCDD.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.
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Response

Consideration satisfied. Cumulative exposure to TCDD as a time-dependent metric was estimated
for each worker from serum samples, but the authors did not examine a continuous measure of
TCDD exposure (lagged or unlagged).

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response

Consideration not satisfied. Although the study had a large sample size (n=1,599 workers),
extensive follow-up period (35 years) and considerable exposure gradient, a limited number
noncancer deaths occurred. As such, mortality for some outcomes such as diabetes (based on 5
deaths) did not have adequate statistical power to examine potential associations. T he loss to
follow-up of 21% of workers was also substantial. This would have impacted statistical power by
reducing the number of deaths among the workers.

1. Criteria

Study is published in the peer-reviewed scientific literature.

Response

Criteria satisfied. Published in J Occup Environ Med, 2009, 51:1049—1056. The other studies in
the cohort highlight the 21% of the cohort lost to follow-up and the potential for other exposures
during employment at the plant.

2. Criteria

[Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response

Criteria satisfied. Serum measures available for 346 workers were used to derive TCDD exposures
for the entire cohort using the area under the curve approach.

3. Criteria

[Effective exposure is estimable latency and window(s) of exposure are examined.

Response

Criteria not satisfied. Effective dose could be estimated from serum-derived cumulative exposure
estimates. Also, noncancer mortality is not a viable endpoint to consider for further dose-response
analysis.

Conclusion

IA considerable portion of the cohort was lost to follow-up, and no dose-response associations were
reported. In addition, since all outcomes were based on mortality, dose-response modeling was not
conducted for this study

Table C-55. McBride et al. (2009a)—Mortality (noncancer)

1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

Response

Consideration satisfied. The New Zealand Health Information Service Mortality Collection and
the Registrar-General’s Index to Deaths were used to identify deaths. Additional searches were
based on the last known address from the work record; the electoral roll and the habitation index;
the telephone book; the internet; and Terranet property information database. An additional search
was carried out through the Births, Deaths, and Marriages office of the New Zealand Department
of Internal Affairs. Lastly, automated personnel and pension records were also used to locate past
INew Plymouth workers and identify some deaths.

2. Consideration

Risk estimates are not susceptible to important biases.

Response

Consideration not satisfied. Considerable amount of workers were lost to follow up (22%), but it
is unclear if bias resulted. The dichotomous exposure measure was based on exposure to TCDD,
chlorinated dioxins and phenoxy herbicides, so confounding by these coexposures is possible.

3. Consideration

Study demonstrates an association between TCDD and adverse health effect.

Response

Consideration not satisfied. There was no associations detected for mortality and the TCDD
exposure surrogates. Because no individual exposure estimates were available for these analyses,
dose response could also not be evaluated.

4. Consideration

[Exposure assessment methodology is clear and characterizes individual-level exposures.

Response

Consideration satisfied. Dichotomous exposure (exposed/unexposed) and duration of employment
were examined from job exposure classification assessed via occupational history records
industrial hygienists/factory personnel knowledge and questionnaires. Authors discuss limitations

in the assignment of exposure among cohort members.
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5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

Response Consideration satisfied. The size of the cohort is large enough to characterize mortality risks
relative to the general population for most common causes of deaths. A limitation of this study is
the loss to follow-up of a substantial percentage of workers (22%). This would have impacted
statistical power by reducing the number of deaths among the workers.

1. Criteria Study is published in the peer-reviewed scientific literature.

Response Criteria satisfied. Published in Occup Medicine, 2009, 59(4):255-263. The authors highlight
cohort lost to follow-up, the limited size of the cohort, differences in cohort definitions between
sprayers and producers, and the potential for other exposures during employment at the plant.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

Response Criteria not satisfied. TCDD exposures were not quantified. The dichotomous exposure measure
was based on exposure surrogates of TCDD, chlorinated dioxins and phenoxy herbicides.

3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

Response Criteria not satisfied. Effective dose could not be estimated given the lack of individual-level
exposure data. Noncancer mortality is not a viable endpoint to consider for further dose-response
analysis.

Conclusion The study lacks the quantification of exposures at an individual level, and a considerable portion of]

the cohort was lost to follow-up. In addition, since all outcomes were based on mortality, dose-

response modeling was not conducted for this study.

Table C-56. Ryan et al. (2002)—Sex ratio

I1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

|Re Sponse

Consideration not satisfied. Company records were used to identify births, the date of birth, and
the sex of the child. No information was provided on the expected completeness of identifying
births in this manner. Moreover, the study was expanded to include workers who heard about the
study in a public forum. Therefore, the study could be influenced by participation bias.

2. Consideration

Risk estimates are not susceptible to important biases.

[Response Consideration not satisfied. See above.
[3. Consideration [Study demonstrates an association between TCDD and adverse health effect.
[Response Consideration not satisfied. The study compared birth ratios among men and women employed at

the plant to the general population. No categories of exposure were examined.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

[Response

Consideration not satisfied. This is not relevant as no analyses were done in relation to exposure
levels.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

[Response Consideration satisfied. For the categories of exposure used (yes/no), and the stratified analyses
by sex and subcohort, the study allows for the birth ratios to be estimated with sufficient precision.

1. Criteria Study is published in the peer-reviewed scientific literature.

[Response Criteria not satisfied. Published in Environ Health Perspect, 2002, 110(11):A699-A701. The
authors discussed the limitations of using serum collected many years after they stopped working
to estimate TCDD exposures when the preferred metric would be TCDD levels at the time of
conception. They did not address issues about the representativeness of the study participants to
the entire cohort of workers, nor did they address the limitation of not being able to conduct dose-
response analyses using individual-level TCDD data.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

[Response Criteria not satisfied. While serum measures were available for 84 of the 198 participants of the

study, birth ratios were compared between the cohort of 2,4,5-T and 2,4,5-trichlorphgenol workers
relative to the city of Ufa. There was no attempt to derive birth ratios in relation to exposure
levels. The serum data were only used to demonstrate that these workers, on average, had TCDD
levels 30 times higher than Ufa residents.
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3. Criteria Effective exposure is estimable latency and window(s) of exposure are examined.

[Response Criteria not satisfied. TCDD exposures were based on serum measures taken in some cases many
lyears after children were born; no attempt was made to back-extrapolate to the time of conception.

Conclusion Risk estimates have not been derived in relation to TCDD exposure levels. Uncertainties exist

labout the representativeness of the participants in relation to the cohort as a whole, and
insufficient details are provided to evaluate the extent in which all births were identified. While
these data could not be used for quantitative dose-response modeling, the much lower male:female
birth ratio among exposed fathers is consistent with the finding by Mocarelli et al, and lends
support to those findings. Dose-response modeling was not conducted for this study.

Table C-57. Kang et al. (2001)—Long term health consequences

[1. Consideration

Methods used to ascertain health outcomes are clearly identified and unbiased.

|Re Sponse

Consideration not satisfied. Data collected from only half of the individuals in the study target
population, thus, there is some potential for selection bias in this study. The study excluded those
who had died before 1999, excluding potentially important TCDD-related adverse health effects
that could result in death more than two decades after veterans had been actively spraying. Survey
participation rates were modest: 72.9% for Vietnam veterans and 69.2% for non-Vietnam
veterans. If those in poorer health were less inclined to participate, the prevalence of the selected
chronic health conditions would be understated. The study relied on self-reported measures of
disease prevalence increasing the possibility of recall bias.

2. Consideration

Risk estimates are not susceptible to important biases.

[Response Consideration not satisfied. See above.
[3. Consideration [Study demonstrates an association between TCDD and adverse health effect.
[Response Consideration not satisfied. The data collected are cross-sectional, they are ill-suited for

evaluating the relationship between the timing of exposure and the onset of disease.

4. Consideration

Exposure assessment methodology is clear and characterizes individual-level exposures.

[Response

Consideration satisfied. Serum TCDD levels were available for 897 subjects, although the entire
study population consisted of a group of 1,499 Vietnam veterans and a control group of 1,428
non-Vietnam veterans.

5. Consideration

Study size and follow-up adequate to estimate risk and ensure sufficient statistical power.

[Response Consideration satisfied. Size of study population likely provided sufficient study power to
observe effects.

1. Criteria Study is published in the peer-reviewed scientific literature.

[Response Criteria satisfied. Published in Chemosphere in 2001. The authors discussed the limitations of
using collected sera.

2. Criteria [Exposure is primarily to TCDD and can be quantified to assess dose-response relationships.

[Response Criteria not satisfied. While serum TCDD measures were available for some of the study
participants, there was no analysis of other contaminant exposures in the study population.

3. Criteria [Effective exposure is estimable latency and window(s) of exposure are examined.

[Response Criteria not satisfied. The critical exposure window could not be identified for the study.

Conclusion /A number of potential biases are present in this study. There is also potential confounding of

results from exposures to other contaminants that have not been evaluated in the population. The
critical exposure window cannot be determined. Dose-response modeling was not conducted for
this study.
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APPENDIX D. SUMMARIES AND EVALUATIONS OF CANCER AND NONCANCER
IN VIVO ANIMAL BIOASSAYS FOR INCLUSION
IN TCDD DOSE-RESPONSE ASSESSMENT

D.1. SUMMARY OF ANIMAL BIOASSAY STUDIES INCLUDED FOR TCDD
DOSE-RESPONSE MODELING

This appendix summarizes studies that have already met the in vivo animal bioassay
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) study inclusion criteria (see Section 2.3.2). These
studies are identified and described in a tabular form in Section 2.4.2 of the main document in
Tables 2-3 and 2-4, for cancer and noncancer, respectively. Section D.2 of this appendix also
provides lists of the animal bioassays that met and did not meet the study inclusion criteria.
Sections D.2.1 and D.2.2 describe the results for the cancer and noncancer studies, respectively.
Table D-1 presents the noncancer studies that met the study inclusion criteria, and Table D-2
identifies the noncancer studies that were excluded, along with the criteria that were not met for
those studies. The following study summary sections are organized by reproductive studies,
developmental studies, and general toxicity studies (subdivided by duration). They summarize
the experimental protocol, the results, and the no-observed-adverse-effect levels (NOAELs) and
LOAELs U.S. Environmental Protection Agency (EPA) has identified for each included study.

To evaluate and discuss studies consistently, doses were converted to nanograms per
kilogram body weight per day (ng/kg-day) and were also adjusted for continuous exposure.
Some doses were adjusted based on daily dietary intake and body weight. For these studies,
EPA uses 10% of an animal’s body weight as the daily feed rate. More commonly, doses were
adjusted from 5 days/week to a 7 days/week standard adjustment, in which case administered
doses were multiplied by 5 and divided by 7 to obtain continuous doses. To adjust for weekly
dosing, the weekly administered doses were multiplied by the administration frequency per week
(in days) and divided by 7 to give continuous doses.

Other exposure protocols used a single loading dose followed by weekly maintenance
doses. To adjust these doses, the loading dose was added to the maintenance doses multiplied by
the administration frequency, and this sum was divided by the exposure duration to give a
continuous dosing rate. The doses administered in single dose studies were not averaged over

the observation period.
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D.1.1. Reproductive Studies

D.1.1.1.  Bowman et al. (1989a; 1989b) [and related Schantz and Bowman (1989); Schantz
etal. (1986); Schantz et al. (1992)]
Female rhesus monkeys (6 to 10 years old; 8 per treatment) were exposed to 0 or 5 ppt

(for 3.5 years), or 25 ppt (for 4 years) TCDD (purity not specified) (Schantz et al., 1992;

Bowman et al., 1989a; Bowman et al., 1989b; Schantz and Bowman, 1989; Schantz et al., 1986).

Female monkeys were mated to unexposed males after 7 months (Cohort I) and 27 months

(Cohort IT) of exposure, and, then again 10 months postexposure (Cohort III). The average daily
doses to mothers were equivalent to 0, 0.12, and 0.67 ng/kg-day. The 0.67 ng/kg-day dose group
had reduced reproductive rates in both Cohorts I (»p <0.001) and II (Bowman et al., 1989b). The

mean number of days of offspring survival (p < 0.023) also decreased. No effects on birth

weight or growth, or physical evidence of toxicity (Bowman et al., 1989a) were observed.

Behavioral effects were observed in the offspring (Cohort I: 7, 6, and 0 offspring, respectively;
Cohort II: 3, 5, and 0 offspring, respectively; Cohort III: 6, 7, and 3, respectively). In the

0.67 ng/kg-day dose group, the number of offspring was insufficient to form a group in either
Cohorts I or II. Offspring in the 0.12 ng/kg-day dose group had alterations in social behavior of
the mother-infant pairs (mothers had increased care giving, which appeared to be an effect of the
infants and not due to the treatment of the mother) and peer group of the offspring after weaning

(Bowman et al., 1989a). The performance of learning tasks was inversely related to the level of

TCDD in the body fat. Schantz and Bowman (1989) examined effects using
discrimination-reversal learning (RL) and delayed spatial alteration (DSA). RL detected effects
in the 0.12 ng/kg-day group as measured by retarded learning of the shape reversal (p < 0.05),
but DSA did not. In another behavioral study, Schantz et al. (1992) placed two offspring (one
male, one female) from the 0.12 ng/kg-day dose group of Cohort I into each of three peer groups
that also consisted of two control monkeys tested in a large playroom for 1.5 hours/day,

5 days/week. Patterns of behavior were then watched beginning on the second day of
socialization 4 days/week for 9 weeks. Play behavior, displacement, and self-directed behavior
were significantly altered in the TCDD-exposed offspring. In a second experiment by Schantz
et al. (1992) utilizing offspring from Cohort III (i.e., born after the cessation of maternal
exposure to TCDD), four offspring from mixed treatment groups (i.e., control and 0.12 and

0.67 ng/kg-day dose groups; varying numbers of males and females per group) and 3—4 offspring
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from the same treatment groups were placed into peer groups and assessed similarly as described
above. Behavioral changes were observed in peer groups containing only TCDD-exposed
offspring, but behavior was not altered in TCDD-exposed offspring socializing with control
monkeys. Additionally, Schantz et al. (1986) combined the cohorts and looked at 5, 5, and
3 mother-infant pairs in the 0, 0.12, and 0.67 ng/kg-day groups, respectively. They found that
TCDD-exposed mother-infant pairs spent more time in close, social contact compared with the
controls (mutual ventral contact, p < 0.025; nipple contact, p < 0.01) and infants had reduced
locomotor activity (p < 0.05), but the dose effect was complex. Of note, the control groups
contained fewer males than did the TCDD-exposed groups.

From these reproductive studies in monkeys, a lowest-observed-adverse-effect level
(LOAEL) of 0.12 ng/kg-day is established for significantly altered social behavior in offspring
from TCDD-exposed females (Schantz et al., 1992). A NOAEL cannot be determined.

However, there are several issues associated with these data that confound their interpretation.
For example, there were a small number of TCDD-exposed offspring (only one male and

one female) in a limited number of observed peer groups (only three). The subjective nature of
the experimental design (e.g., observing and scoring the various social interactions and other
behaviors among the offspring, the schematic of the playroom apparatus, etc.) also contributes
uncertainty to the data analysis. Additionally, the biological significance of the alteration in
social behaviors among the TCDD-exposed offspring (e.g., increased initiation of social play as
it pertains to overall social adjustment) is difficult to assess. Furthermore, in a follow-up report
by Rier et al. (2001b), DLC levels were quantified in the sera of some of the maternal monkeys
from the aforementioned studies 13 years after termination of TCDD treatment. Rier et al.
(2001b) reported that the animals had elevated serum polychlorinated biphenyl (PCB)77 and
PCBI126 levels and an increased serum toxicity equivalence (TEQ). Although the cause of the
elevated PCB levels was unclear, the study authors speculated that “accumulation of PCBs in
TCDD-treated animals may have resulted from PCB exposure during TCDD administration due
to a contaminated TCDD solution or other inadvertent source.” They also inferred that all the
animals may have been exposed to PCBs in their feed or other environmental sources. Taken
together, the multitude of confounding factors greatly decreases the confidence in the

dose-response data from aforementioned reproductive studies in monkeys.
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D.1.1.1.1. Supplemental published information on these rhesus monkeys [Rier et al. (1995;
1993)]
Rier et al. (1995; 1993) examined the impact of chronic TCDD exposure on

endometriosis. Female rhesus monkeys (eight animals per treatment group) were exposed to 0,
5, or 25 ppt TCDD (purity not specified) in feed for 4 years. Previously, Bowman et al. (1989a)
determined that these dietary concentrations were equivalent to 0, 0.12, and 0.67 ng/kg-day,
respectively. Ten years after termination of TCDD treatment, the presence of endometriosis was
determined via laparoscopic surgical procedure, and the severity of the disease was assessed.
The study authors reported that three monkeys in the 0.67 ng/kg-day exposure group died at 7, 9,
and 10 years after termination of TCDD treatment. Autopsy results attributed the deaths to
widespread and severe peritoneal endometriosis (all three monkeys) along with obstruction of the
colon (one monkey) and blockage of the jejunum (one monkey). Other deaths also occurred in
the control group (1 death from birthing complications and another from an unknown cause); in
the 0.12 ng/kg-day dose group (1 death due to natural causes with no endometriosis), and in the
0.67 ng/kg-day dose group (1 death due to a breeding fight with no incidence of endometriosis).
At study termination, 17 live animals and the 3 that had previously died of endometriosis were
evaluated (total n = 20).

Incidence of endometriosis was significantly (p < 0.05) higher than in the control group
with 71 and 86% incidence rates in the 0.12 and 0.67 ng/kg-day dose groups, respectively,
compared with 33% in the control group. Severity of endometriosis was also significantly
(p <0.001) correlated with TCDD dose. Staging by rAFS indicated that untreated control
animals had either minimal or no incidence of endometriosis. In comparison, endometriosis was
absent in 2 of the 7 monkeys in the 0.12 ng/kg-day dose group, while only 1 of the 7 animals in
the high-dose group was disease free. Moderate-to-severe disease was observed in 3 of the
7 animals in the 0.12 ng/kg-day dose group and 5 of the 7 animals in the 0.67 ng/kg-day dose
group. Moderate-to-severe disease was not observed in the control group. The authors also
compared the incidence and severity of endometriosis in TCDD-exposed animals with
304 normal, nonneutered females with no dioxin exposure and reported that the disease was not
present in monkeys that were less than 13 years of age, while the disease rate was 30% among
animals 13 years of age or older. The study authors report that these findings are in agreement
with human and rhesus studies demonstrating that the prevalence of detectable endometriosis can

increase with advanced age.
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In a follow-up report, Rier et al. (2001b) examined the DLC and TCDD levels in sera
collected from 9 treated (n = 6, 0.12 ng/kg-day dose group; n = 3, 0.67 ng/kg-day dose group)
and 6 control female monkeys surviving from the Rier et al. (1995; 1993) study and 13 years
after termination of TCDD treatment. Additional studies were conducted on four monkeys that
died 7 to 11 years after TCDD exposure. Rier et al. (2001b) reported that treated animals in this
study had elevated serum TCDD, PCB77, and PCB126 levels, as well as an increased serum
TEQ); the fractional contribution of serum TCDD levels to total serum TEQ was 30% in treated
animals. Although the severity of endometriosis in the 15 monkeys examined was determined

previously (Rier et al., 1995; Rier et al., 1993), it was reevaluated and disease status was similar

between laparoscopies. Endometriosis severity corresponded to the serum PCB77
concentrations rather than total TCDD. As stated previously, the study authors speculated that
“accumulation of PCBs in TCDD-treated animals may have resulted from PCB exposure during
TCDD administration due to a contaminated TCDD solution or other inadvertent source.” They
also inferred that all the animals may have been exposed to PCBs in their feed or other
environmental sources. Thus, in these studies, it is not possible to determine the contribution of
TCDD, alone, to the endometriosis due to the background contamination. These studies (Rier et

al., 1995; Rier et al., 1993), were not selected for TCDD dose-response modeling because

exposures were not to TCDD only.

D.1.1.2.  Francetal. (2001)

To study the effects of subchronic, low-dose exposure to TCDD on the regulation and
expression of the aryl hydrocarbon receptor (AhR), Franc et al. (2001) used rodent models with
varying sensitivities to TCDD. Female Sprague-Dawley rats, inbred Long-Evans rats, and
outbred Han/Wistar rats (eight per dose group) were dosed via oral gavage with 0, 140, 420, or
1,400 ng/kg TCDD (>99% purity) dissolved in corn oil once every 2 weeks for 22 weeks (0, 10,
30, and 100 ng/kg-day average daily doses). Animals were sacrificed 10 days after the final
dosing. Body weights were recorded biweekly and just before sacrifice. After sacrifice, liver
and thymus weights were determined. Liver tissue samples were removed and either frozen for
RNA isolation followed by semiquantitative reverse transcription polymerase chain reaction
(RT-PCR) or homogenized and prepared for subcellular fraction analysis. Radioligand binding
and immunoblotting techniques were used to measure AhR levels, and RT-PCR analysis was
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used to assess mRNA levels of AhR, aryl hydrocarbon nuclear receptor (ARNT), and
cytochrome P450 (CYP)1ALl.

Long-Evans rats exhibited significant (p < 0.001) decreased weight gain over time as
compared with the Sprague-Dawley and Han/Wistar rats as determined by repeated measures
analysis of variance (ANOVA). Because body-weight gain varied indirectly with TCDD
exposure, liver and thymus tissue weights were normalized to body weight for data analysis.
TCDD exposure led to a significant (p < 0.05) increase in relative liver weights at all
three TCDD doses and in all three rat strains, compared with the control groups. At the upper
end of the TCDD dose range, Sprague-Dawley rats dosed with 100 ng/kg-day showed the
greatest increase in relative liver weights (160% of the control values), while the relative liver
weights in Long-Evans and Han/Wistar rats were similar to each other, and also were elevated
above control values by 10-20%. At the 30 and 100 ng/kg-day doses, the relative thymus
weights were significantly lower (p < 0.05) in all rat strains compared with their corresponding
controls, but the 10 ng/kg-day dose did not produce a statistically significant effect in any strain.
However, absolute thymus weight was higher at all doses in Han/Wistar rats, which also had a
higher control thymus weight.

Supporting observed differences in baseline TCDD sensitivity among the rat strains, liver
AhR levels in the control groups as measured by radioligand binding were similar for Sprague
Dawley and Han/Wistar rats, but were approximately twofold higher for Long-Evans rats. A
significant (p < 0.05) twofold, dose-dependent increase in radioligand binding of liver AhR was
observed at all TCDD doses relative to the control in Sprague-Dawley rats. At the 30 ng/kg-day
dose, the AhR level for Long-Evans rats was significantly (p < 0.05) increased to approximately
250% of the control level.

AhR protein levels measured in the liver cytosol by immunoblotting were highest in the
10 and 30 ng/kg-day TCDD dose groups for all three rat strains. Significant (p < 0.05) increases
in AhR levels were observed in the Sprague-Dawley rats that received 30 ng/kg-day, and in
Long-Evans rats that received either 10 or 30 ng/kg-day. A significant (p < 0.05) decrease in
AhR protein level was observed only at the 100 ng/kg-day dose in Han/Wistar rats. Liver AhR
protein was not detectable by immunoblotting in nuclear extracts for any strain or dose. The
study authors assert that AhR levels measured in cytosol correspond to measures in whole-tissue

lysates as demonstrated in their previous work.
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Based on RT-PCR analysis, all three rat strains showed similar responses in liver AhR
mRNA following TCDD exposure. Liver AhR mRNA levels increased significantly (p < 0.05)
as compared with control levels in all rat strains at 10 and 30 ng/kg-day and in Long-Evans rats
at 100 ng/kg-day. The study authors observed that statistically significant increases in AhR
mRNA levels in the liver were not always associated with statistically significant increases in
AhR levels for a given strain and dose, but that the opposite (increases in AhR levels associated
with increases in AhR mRNA levels) was always true. Changes in liver ARNT mRNA levels
tended to increase with increasing TCDD dose, and the increases were significant (p < 0.05) in
the 30 ng/kg-day dose groups of Long-Evans and Han/Wistar rats. At the 100 ng/kg-day TCDD
dose, all rat strains showed a decrease in ARNT mRNA in the liver relative to controls with
significant (p < 0.05) differences for the 100 ng/kg-day TCDD dose groups of Sprague-Dawley
and Han/Wistar rats. Liver CYP1A1 mRNA induction was not detectable in control animals. A
significant (p < 0.05) increase in liver CYP1A1 mRNA was observed in all rat strains
administered 10 or 30 ng/kg-day TCDD. Liver CYP1A1l mRNA levels also were significantly
(p <0.05) elevated above controls in the 100 ng/kg-day groups although not to the same extent
as in the 30 ng/kg-day groups. For all rat strains, the largest up-regulation for AhR and ARNT
mRNA levels occurred in the 30 ng/kg-day TCDD dose groups.

The NOAEL for TCDD identified in this study is 10 ng/kg-day TCDD. At 10 ng/kg-day
TCDD, the change in relative liver weight, while significantly (p < 0.05) increased in
Sprague-Dawley rats, was determined (Franc et al., 2001) to be less than 10% and judged by

EPA not to be biologically relevant. Also, at 10 ng/kg-day TCDD, the change in relative thymus
weight, was not statistically significantly decreased in Sprague-Dawley, Han-Wistar or
Long-Evans rats. The study LOAEL is 30 ng/kg-day based on statistically and biologically
significant increases in relative liver weight in Sprague-Dawley and Long-Evans rats and
statistically and biologically significant decreases in relative thymus weight in Sprague-Dawley,

Han-Wistar, and Long-Evans rats.

D.1.1.3.  Hochstein et al. (2001)

Adult female mink (12/treatment group) were administered dietary concentrations of
0.0006 (control), 0.016, 0.053, 0.180, or 1.40 ppb TCDD (purity >99.8%) for 132 days
(Hochstein et al., 2001). This dose is estimated to be equivalent to 0.03 (control), 0.8, 2.65, 9,
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and 70 ng/kg-day assuming a food consumption of 5% of body weight per day. Females were
mated with unexposed males beginning on treatment Day 35. Females were allowed to mate
every fourth day during a 29-day mating period or until a confirmed mating. Mated females
were presented with a second male either the day after initial mating or 8 days later. In the

70 ng/kg-day group, the treated animals were lethargic after 4 to 5 weeks, with several having
bloody (tarry) stools near the end of the trial. Two animals in the 70 ng/kg-day dose group died
prior to study termination. These animals had lost a large percentage of their body weight
(24—43%), and had pale yellow livers and intestinal hemorrhages. Histopathology from both
mink indicated marked diffuse hepatocellular vacuolation. The mean body weight decreased in
all treatment groups including the control (losing an ave