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Preface

Potential health effects of endocrine-disrupting chemicals raise an environmental health concern about the chemicals’ ability to interfere with normal hormone function in humans and wildlife. Some research on endocrine-disrupting
chemicals has identified dose–response relationships that have nonmonotonic
curves; that is, lower doses are not always associated with smaller responses, nor
higher doses with larger responses. Nonmonotonic dose–response (NMDR) curves
have been a subject of debate in regulatory toxicology because of their implications for how chemicals should be tested and for how risks posed by such chemicals should be assessed. The debate has focused on whether standard toxicitytesting protocols assess relevant health effects for such chemicals, on the degree to
which such tests might miss low-dose effects of NMDR relationships (falsenegative results), and on the implications of the evidence on NMDR curves for
current risk-assessment practices. To help to address those issues, the US Environmental Protection Agency (EPA) developed a draft State of the Science Evaluation: Nonmonotonic Dose Responses as They Apply to Estrogen, Androgen, and
Thyroid Pathways and EPA Testing and Assessment Procedures. EPA asked the
National Research Council to conduct an independent review of its evaluation to
ensure that it is scientifically sound and of high quality.
In response to EPA’s request, the National Research Council convened the
Committee to Review EPA’s Draft State of the Science Paper on Nonmonotonic
Dose Response, which prepared this report. The members of the committee were
selected for their expertise in reproductive and developmental toxicology, endocrinology, epidemiology, environmental epigenetics, toxicogenomics, mechanistic toxicology, physiologically based pharmacokinetic modeling, risk assessment, and biostatistics. Biographic information on the committee members is
presented in Appendix A.
The committee’s report has been reviewed in draft form by persons chosen
for their diverse perspectives and technical expertise in accordance with procedures approved by the National Research Council’s Report Review Committee.
The purpose of the independent review is to provide candid and critical comments that will assist the institution in making its published report as sound as
possible and to ensure that the report meets institutional standards of objectivity,
ix
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evidence, and responsiveness to the study charge. The review comments and
draft manuscript remain confidential to protect the integrity of the deliberative
process. We thank the following for their review of the report: Sandra Baird,
Massachusetts Department of Environmental Protection; Niladri Basu, McGill
University; Jan-Åke Gustafsson, University of Houston; Sangtae Kim, Purdue
University; M. Sue Marty, The Dow Chemical Company; Shyamal Peddada,
National Institute of Environmental Health Sciences; Gail Prins, University of
Illinois at Chicago; Justin Teeguarden, Pacific Northwest National Laboratory;
Rochelle Tyl, RTI International; John Vandenbergh, North Carolina State University; and R. Thomas Zoeller, University of Massachusetts Amherst.
Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions or
recommendations, nor did they see the final draft of the report before its release.
The review of the report was overseen by Linda McCauley, Emory University,
and Martin Philbert, University of Michigan. Appointed by the National Research Council, they were responsible for making certain that an independent
examination of the report was carried out in accordance with institutional procedures and that all review comments were carefully considered. Responsibility
for the final content of the report rests entirely with the author committee and
the institution.
The committee is grateful for the assistance of National Research Council
staff in preparing the report. It particularly wishes to acknowledge with deep
gratitude the support of Project Director Susan Martel, who coordinated the project and contributed to the committee’s report. Other staff members who contributed to this effort are James Reisa, director of the Board on Environmental
Studies and Toxicology; Keri Stoever, research associate; Tamara Dawson, program associate; Norman Grossblatt, senior editor; and Mirsada KaralicLoncarevic, manager of the Technical Information Center.
Finally, I thank all the members of the committee for their efforts
throughout the development of this report. Their varied expertise attests to the
complexity of this topic, and the committee’s ability to synthesize that expertise
into a clear consensus is much appreciated.
David A. Savitz, PhD, Chair
Committee to Review EPA’s Draft State
of the Science Paper on Nonmonotonic
Dose Response
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Summary

Potential health effects of chemicals that disrupt endocrine function pose
an environmental health concern about their ability to interfere with normal
hormone function in human and wildlife populations. The endocrine system
regulates biologic processes throughout the body and can be sensitive to small
changes in hormone concentrations. Endocrine-disruptor research has focused
primarily on chemicals that affect three hormone pathways that play important
roles in reproduction and development—the estrogen, androgen, and thyroid
hormone pathways. Some of the research has identified dose–response relationships that have nonmonotonic curves. Nonmonotonic dose–response (NMDR)
curves are of concern because they do not follow the usual assumption made in
toxicology that toxic response decreases as dose decreases. The slope of a
NMDR curve changes sign, and the function can take on the shape of a U, the
shape of an inverted U, or another shape that has more than one inflection point.
The existence of NMDR curves has been controversial for decades, and
there has been considerable debate about their implications for the testing of
chemicals and the assessment of risks posed by chemicals. Toxicity tests are
designed to identify hazards and to characterize dose–response relationships, so
they are aimed at finding a dose that is high enough to elicit a response and exploring dose–response relationships by spacing lower doses to identify a noobserved-adverse-effect level (NOAEL) or a lowest observed-adverse-effect
level. One concern raised by NMDR relationships is that such studies as currently designed might not detect critical points (such as peaks and valleys) along a
dose–response curve if only a few doses are tested or if the inflection point occurs below the doses tested. Another concern is that some NMDR relationships
are found in connection with biologic effects that are not usually evaluated in
toxicity tests. If current testing strategies are inadequate to account for NMDR
relationships, changes in risk-assessment practices might be necessary.
To address these concerns, the US Environmental Protection Agency
(EPA) has developed a draft report, State of the Science Evaluation: Nonmonotonic Dose Responses as They Apply to Estrogen, Androgen, and Thyroid Pathways and EPA Testing and Assessment Procedures (SOTS evaluation). The
SOTS evaluation presents a collection of the evidence on NMDR relationships
to answer three central scientific questions:
3
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EPA’s Evaluation of Nonmonotonic Dose–Response Relationships

1. Do [NMDRs] exist for chemicals and if so under what conditions do
they occur?
2. Do NMDRs capture adverse effects that are not captured using [EPA’s]
current chemical testing strategies (i.e., false negatives)?
3. Do NMDRs provide key information that would alter EPA’s current
weight of evidence [WOE] conclusions and risk assessment determinations,
either qualitatively or quantitatively?
Given the important role that the SOTS evaluation could play in making decisions about conventional toxicity testing and risk-assessment practices, EPA
asked the National Research Council to evaluate whether it presents a scientifically sound and high-quality analysis of the literature on NMDR curves. To the
committee’s knowledge, this is one of the few attempts to evaluate specifically
the implications of the evidence on NMDR curves for testing strategies and riskassessment practices, and the agency is commended for undertaking such a challenging task.
This report presents the findings of the committee convened by the National Research Council. The committee focused on whether EPA fairly and
soundly evaluated the evidence from diverse sources (in vitro, animal, mode-ofaction, and epidemiologic studies) and on whether the SOTS evaluation provided a robust, objective, and repeatable analysis. The committee reviewed how
clearly EPA describes how its assessment was performed, whether consistent
methods and criteria were applied in the analysis of different evidence streams,
and whether appropriate methods were applied in evaluating the evidence. Thus,
the focus was on the process of the SOTS evaluation and documentation that
resulted. The committee organized its evaluation according to the three central
scientific questions that EPA sought to answer. Question 1 is considered first,
and Questions 2 and 3 are addressed together later.
STATE-OF-THE-SCIENCE APPROACH
TO ANSWERING QUESTION 1
To answer the question of whether NMDR curves exist for chemicals and,
if so, under what conditions, EPA focused on evidence of NMDR relationships
in studies of chemicals that have effects on the estrogen, androgen, and thyroid
hormone pathways. EPA’s SOTS evaluation made a distinction between NMDR
relationships and the related issue of low-dose effects and successfully avoided
conflating the two concepts. It presented evidence from in vitro studies and in
vivo studies of aquatic species and mammalian models. It concluded that exposure to endocrine disruptors can result in NMDR curves for specific end points
and that such curves were found more often in in vitro studies, at high doses,
and for exposures of short duration.
Because of time constraints, independent groups wrote the sections on the
estrogen, androgen, and thyroid hormone pathways. No plan was established in
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advance for the writing groups to follow. Rather, the groups determined independently how to perform their analyses. The committee sought to determine
how the groups approached their evaluations by looking for documentation of
the literature-search strategies, criteria for selecting studies, methods for assessing study quality, presentation of the evidence, and methods used for synthesizing the evidence. Documentation of some of these elements was difficult
to find and in most cases had to be inferred. The exception was the section on
the mammalian evidence of NMDR curves in studies of thyroid disruptors,
which provided enough description of how the literature was searched and filtered, of the modes of action (MOAs) that were considered, and of how the findings were synthesized for the committee to understand the process that was
used. EPA acknowledged that such a process was not followed by the groups
evaluating the data on the estrogen- and androgen-hormone pathways and that
an expert-driven approach was used instead. Such an approach might be appropriate as an internal scoping exercise for the agency, but a higher standard of
documentation and analysis is needed to provide the foundational support necessary to make decisions about the agency’s toxicity-testing strategies and riskassessment practices. A lack of transparency and a lack of consistency were
identified as two critical limitations of EPA’s evaluation. EPA has acknowledged such limitations and has indicated that it plans to conduct more systematic
literature searches, data extraction, and evaluations of the evidence on NMDR
curves. However, the results of these endeavors were not available to the committee, so findings and recommendations are restricted to what is presented in
the SOTS evaluation.
Recommendation: An analytic plan should be developed and applied
consistently to the evidence on the three hormone pathways. Important elements
of the plan include predefining and documenting the literature-search strategies
and their results, establishing criteria for selecting studies for analysis, establishing criteria for determining study quality, using templates for presenting evidence consistently in tabular and graphic form, and documenting approaches to
integration of evidence. Guidance on these elements is provided below.
Scoping and Framing Questions
The committee supports EPA’s approach of posing questions as a means
of focusing the evaluation of the evidence on NMDR curves. The three central
scientific questions are critical and are framed broadly. The first question is
whether endocrine disruptors have NMDR curves and, if so, under what conditions. Identifying the “conditions” under which NMDR curves occur requires
analysis of the different types of evidence that are available. However, EPA restricted its analysis to in vitro studies, studies of aquatic species, and studies of
mammalian models; epidemiologic and other types of human studies were excluded from consideration. That exclusion raises a problem in that the SOTS
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evaluation will ultimately inform decisions about human health risk-assessment
practices. In addition, for the estrogen and androgen hormone pathways, it
seems that evidence-gathering encompassed only a subset of MOAs by which
chemicals and endogenous hormones can act in the body. That restricted the
array of chemicals considered to be disruptive of the estrogen and androgen
pathways and limited the ability to detect conditions under which NMDR curves
might occur as a result of different modes of action.
Recommendation: If EPA wishes to determine the conditions under
which NMDR curves occur, it should expand its evaluation to include evidence
from epidemiologic and clinical studies and include chemicals that have a variety of potential MOAs for the different hormone pathways. If such a broad analysis is not feasible in light of the agency’s immediate needs, consideration should
be given to narrowing the questions and their answers.
Methods of Analysis
Systematic approaches to evaluating the scientific literature have been
recommended by other National Research Council committees and are being
developed by government agencies and incorporated into environmental health
assessments. Emphasis is placed on specifying and documenting the methods
that will be used to answer a study question. Such methods include determining
the literature-search strategy, defining criteria to select studies for analysis,
evaluating study quality, presenting data, and integrating evidence. It is noteworthy that EPA’s SOTS evaluation of NMDR curves related to chemicals that
affect the thyroid hormone pathway contained elements of that type of structured review, but the sections on the estrogen and androgen pathways did not.
EPA has indicated that it has since started incorporating elements of systematic
review into its literature evaluation in connection with endocrine disruptors.
An issue that should be further explored by EPA is whether the available
data lend themselves to answering questions about NMDR curves in a definitive
manner. That will require establishing the study-design criteria that would be
necessary to characterize whether an NMDR relationship exists and identifying
studies that meet the criteria. Conventional toxicity tests have design limitations
that can make it difficult for them to detect or characterize NMDR relationships,
such as the number of doses, the number of test animals, and the variety of end
points considered. Statistical methods are available for conducting post hoc
analyses of the data and for combining evidence from multiple studies, including
meta-analytic approaches. Such methods could be adapted to evaluating the evidence on NMDR curves. However, that would need further research and development before implementation, inasmuch as current methods have been designed to examine single measures and outcomes and do not have the capacity to
explore more complex relationships.
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Recommendations: EPA should consistently use a more systematic approach to evaluating the literature on NMDR curves for all three hormone pathways. Guidance for such approaches is available from clinical guidelines, other
National Research Council reports, and guidelines being developed in other
government agencies. In developing an approach for the literature on NMDR
relationships, special consideration should be given to the following:
 The methodologic features that would be necessary for a study to be
able to detect an NMDR relationship should be identified. Ideally, multiple dose
groups would be spaced across a defined exposure domain, including doses below those typically tested. Statistical design, biologic plausibility, and replicability should be factored into interpreting and weighing the evidence from such
studies.
 Study exclusion and inclusion criteria should be established. Although
statistical significance is an important consideration, it should not be an absolute
criterion for including or excluding studies, inasmuch as standard toxicitytesting strategies generally do not have sufficient sensitivity and statistical power to detect NMDR curves.
 Study quality criteria should be established. Statistical criteria should
be given particular attention. It will be important to balance study quality criteria
that are based on statistical significance and those based on biologic plausibility.
 Secondary analyses of other studies may be necessary. Current methods
for performing post hoc analysis of data and for combining evidence from multiple studies might be adapted for such purposes but would require research and
development before implementation. EPA should consider soliciting input from
the biostatistics community on the best methods to pursue in the long term and
on what measures to take to complete the SOTS evaluation.
 Justifying the use of definitions that are not consistent with those used
by EPA programs or that are controversial, such as definitions of low-dose effect, resilience, and adverse effect.
STATE-OF-THE SCIENCE APPROACH
TO ANSWERING QUESTIONS 2 AND 3
EPA’s SOTS evaluation concluded that current testing strategies include
assays that detect chemicals that interfere with the estrogen, androgen, and thyroid signaling pathways. Assertions were made that the evidence is insufficient
to show that NMDR curves for adverse effects occur below particular thresholds—NOAELs or benchmark doses (BMDs)—derived from current testing
strategies, that current testing assays are sensitive in detecting chemicals that
interfere with the hormone pathways, and that NMDR curves occur mainly at
high doses. However, it is acknowledged that traditional toxicity testing may not
be sufficient for defining the shapes of dose–response curves. These conclusions
appear to be based on the expert opinions of the authors of the document. The
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present committee recognizes that expert judgment is integral to scientific analyses, but EPA’s evaluation provided insufficient documentation of the analyses
that led to the conclusions.
The “testing strategies” that were under consideration were not specified,
so it was unclear to the committee whether they included EPA’s toxicity-testing
studies, testing associated with the Endocrine Disruptor Screening Program,
testing as part of the ToxCast program, or other types of testing that are important for framing MOA or WOE analysis. Each of those categories of studies
has different goals, so EPA’s conclusions about the adequacy of toxicity testing
should be rooted in specific reference to and demonstration of its own testing
strategies in a systematic manner for the estrogen, androgen, and thyroid pathways.
With respect to the question of whether NMDR curves provide information that would alter EPA’s current WOE conclusions and risk-assessment
determinations, EPA concludes that NMDR curves can have both qualitative
and quantitative effects and that current risk-assessment practices will consider
the evidence appropriately. However, no analyses of how NMDR curves might
affect considerations of hazard identification and dose–response relationships or
of how current practices are equipped to handle evidence of NMDR relationships are provided in support of those conclusions. Thus, whether EPA’s conclusions are supported by the evidence presented in the SOTS evaluation could
not be determined by the committee.
Recommendations:
 EPA should specify the toxicity-testing strategies under consideration
and evaluate them transparently for their ability to detect NMDR relationships
mediated by the estrogen, androgen, and thyroid hormone pathways. The tests
should be evaluated in terms of the design criteria that would be necessary to
detect such relationships and the adverse effects of interest.
 The concept of “resilience” or adaptation is controversial and not adequately addressed by EPA in the SOTS evaluation. EPA should distinguish between end points that are adverse and ones that are adaptive. Because effects
that are adaptive in some people are adverse in others, consideration should be
given to potential windows of susceptibility (for example, during fetal development), sensitive populations (for example, those with pre-existing health conditions), and other factors (such as multiple chemical exposures) in making these
distinctions.
 EPA’s evaluation should indicate how NMDR relationships for estrogen, androgen, and thyroid pathways would be addressed under the agency’s
current risk-assessment guidelines and practices, including statistical considerations, uncertainty analyses, life-stage or susceptibility issues, and MOAs.
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Potential health effects of endocrine-disrupting chemicals have been an
environmental health concern for decades because of their ability to interfere
with normal hormone function of humans and wildlife populations. Endocrinedisrupting chemicals are exogenous substances or mixtures that alter function(s)
of the endocrine system and so may cause adverse health effects in an intact
organism or its progeny or subpopulations (EPA 2013). Endocrine disruptors are
heterogeneous and include synthetic chemicals used as industrial solvents and
their byproducts (such as polychlorinated biphenyls and dioxins), plastics (such
as bisphenol A), plasticizers (such as phthalates), pesticides (such as chlorpyrifos and DDT), fungicides (such as vinclozolin), pharmaceutical agents (such as
diethylstilbestrol), and natural chemicals found in human and animal food (such
as phytoestrogens) (e.g., Diamanti-Kandarakis et al. 2009).
Because endocrine systems exhibit tissue-, cell-, and receptor-specific actions through the life course of organisms, the mechanisms by which endocrine
disruptors may interfere with hormone function are complex and challenging to
decipher (Zoeller et al. 2012). Evolving epidemiologic, toxicologic, mechanistic,
and biomonitoring research on endocrine disruptors has invigorated the discussion with respect to their effects, the mechanisms by which the effects occur,
and the interpretation of the data for science-policy implications. Concerns also
have been raised about nonmonotonic dose–response (NMDR) relationships
reported in in vitro, in vivo, and epidemiologic studies because conventional
assumptions about chemical toxicity may not be applicable to chemicals that
have such dose–response curves. NMDR curves are characterized by a change in
the sign of their slope. They may be U-shaped, inverted U-shaped, or more
complex (see Figure 1-1). NMDR curves could have implications for regulatory
toxicity testing and risk assessment, which typically extrapolate from higher
doses in animals to lower exposures in the environment for testing the safety of
chemicals and thus assume that the slope of the dose–response curve does not
change sign, that is, is monotonic. Controversy regarding this issue led the US
Environmental Protection Agency (EPA) to review the evidence on NMDR
curves and to request that the National Research Council conduct an independent scientific review of the draft of State of the Science Evaluation: Nonmonotonic Dose Responses as They Apply to Estrogen, Androgen, and Thyroid Path9
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FIGUR
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In 2000, EPA and the National Institute of Environmental Health Sciences
(NIEHS) held a workshop on low doses of endocrine-disrupting chemicals
(EDCs) to provide an independent peer review of the available data, including a
statistical reanalysis of studies that suggested the existence of NMDR relationships for EDCs. Among the findings from the workshop were that there was
sufficient evidence of low-dose reproductive and developmental effects and that
some estrogenic compounds exhibit NMDR curves (NTP 2001).
In 2011, EPA held a workshop on low-dose effects of EDCs—with participation by EPA scientists of the Office of Chemical Safety and Pollution Prevention (OCSPP), the Office of Water, and the Office of Research and Development
(ORD)—to review the state of the science and discuss its potential implications.
Workshop participants emphasized the need for a comprehensive scientific review given the rapid advances in this field (Schoeny 2013).
In 2012, a number of scientific publications on NMDR curves and EDCs
received a great deal of attention from the scientific, nongovernment, and industry communities. Vandenberg et al. (2012) reviewed the extensive literature on
NMDR relationships, and concluded that “fundamental changes in chemical
testing and safety determination are needed to protect human health.” In an editorial in Environmental Health Perspectives, the director of NIEHS cited that
review and indicated that future research should be directed at answering the
question of “which dose-response shapes should be expected from specific environmental chemicals and under what specific circumstances” (Birnbaum 2012).
A commentary by Rhomberg and Goodman (2012) on the Vandenberg et al.
review was critical of the approach used to evaluate the literature and draw conclusions. The Endocrine Society published a position statement in 2012 that
provided guidelines for applying fundamental principles of endocrinology to
identify EDCs and to assess their potential risks (Zoeller et al. 2012). Those and
other publications and the discourse surrounding them highlight the critical need
for using a transparent, well-defined, and clearly articulated strategy in seeking
to assess the effect of NMDR relationships on toxicity-testing strategies and
how they affect human health and environmental risk assessments.
Several European and international organizations have evaluated whether
the evidence on EDCs and NMDR curves requires changes in testing strategies.
For example, the Centre on Endocrine Disrupters of the Danish National Food
Institute evaluated the REACH (Registration, Evaluation, Authorisation, and
Restriction of Chemicals) testing guidelines (Hass et al. 2013) and included critiques of the Vandenberg et al. (2012) paper. It concluded that “the current information requirements in REACH are not designed for the identification of
endocrine disrupters, although certain endpoints and assays may give some indication of endocrine disrupting effects. It is, however, evident that important
endpoints needed for the detection of [endocrine-disrupter] effects are not included.” The UN Environment Programme and World Health Organization
(UNEP/WHO 2013) published State of the Science of Endocrine Disrupting
Chemicals—2012. The report noted the need for revising current testing strategies because of questions, raised by the evidence on EDCs, about the adequacy
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of typical testing exposure paradigms and the array of end points considered. A
scientific committee of the European Food Safety Authority (EFSA) conducted
a review of the scientific criteria for identifying EDCs and of methods for assessing effects mediated by such chemicals (EFSA 2013). The EFSA committee
concluded that “a reasonably complete suite of standardized assays for testing
the effects of [EDCs] is (or will soon be) available for the oestrogenic, androgenic, thyroid and steroidogenic modalities in mammals and fish, with fewer
tests for birds and amphibians.” It also stated that it “cannot conclude whether
the test methods are adequate to fully define dose response relationships. However, the available information is equally insufficient to conclude that current
dose response analysis in regulatory (eco)toxicology should be modified on a
routine basis.”
EPA’s ORD began work on the draft SOTS evaluation in 2012 in response
to a request from OCSPP. The agency convened a cross-program, cross-agency
working group that engaged other federal partners (for example, the Food and
Drug Administration and the National Institute of Child Health and Human Development) to provide input for the evaluation. The working group adopted consensus definitions of four key terms for the SOTS evaluation: NMDRs, EDC,
low-dose effect, and adverse effect. The definitions were:
 NMDRs: “measured biological effects with dose response curves that
contain a point of inflection where the slope of the curve changes sign at one or
more points within the tested range” (EPA 2013).
 EDC: “an exogenous substance or mixture that alters function(s) of the
endocrine system and consequently causes adverse health effects in an intact
organism, or its progeny, or (sub)populations” (adopted from WHO 2002).
 Low-dose effect: “a biological change occurring in the range of typical
human exposures or at doses lower than those typically used in standard testing
protocols” (adopted from NTP 2001).
 Adverse effect: “a measured endpoint that displays a change in morphology, physiology, growth, development, reproduction, or life span of a cell or
organism, system, or population that results in an impairment of functional capacity, an impairment of the capacity to compensate for additional stress, or an
increase in susceptibility to other influences” (adopted from Keller et al. 2012).
Four subgroups worked independently on the sections of the evaluation
that dealt with estrogen, androgen, and thyroid (in human and nonhuman) hormone pathways. The groups used various approaches for searching and reviewing the literature (details of these approaches are in Chapter 2). They focused
explicitly on EDCs that act through the estrogen, androgen, and thyroid hormone systems. Because of the limitations of the literature, the focus was limited
to single chemical exposures. The draft SOTS evaluation states that the report is
not intended to be a policy document or to reflect testing guidance but rather as
a resource for informing decision-making. EPA intends to revise the document
in response to recommendations made in the present report and after considering
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public comments. To the committee’s knowledge, this is one of the few attempts
to evaluate specifically the implications of the evidence on NMDR curves for
testing strategies and risk-assessment practices, and the agency is commended
for undertaking such a challenging task.
THE COMMITTEE’S TASK AND APPROACH
Given the complex nature of NMDR curves exhibited by EDCs and their
possible importance in interpreting toxicity testing and risk assessment, EPA
asked the National Research Council to review the draft SOTS evaluation. In
response to the request, the Research Council convened the Committee to Review EPA’s Draft State of the Science Paper on Nonmonotonic Dose Response.
The committee was charged with reviewing EPA’s draft SOTS evaluation,
commenting on EPA’s analysis of the existence of NMDR curves, and considering the implications of NMDR curves for chemical-testing and risk-assessment
practices. The complete statement of task is presented in Box 1-1.

BOX 1-1 Statement of Task
An ad hoc committee will conduct a scientific review of EPA's draft paper, State of
the Science on Nonmonotonic Dose Response. Specifically the committee will review and provide a brief report on the following:

 EPA's analysis of the potential existence of nonmonotonic dose-response

(NMDR) curves for chemicals. Has EPA fairly and soundly evaluated the weight
of evidence and has it reached conclusions supported by the available studies?
 EPA's evaluation of the studies and expert opinion (including the completeness
of the database) used to assess whether current chemical testing strategies capture adverse effects potentially represented by NMDR curves. To what extent do
the available studies capture adverse effects?
 EPA's scientific rationale used to evaluate whether the state of the science influences EPA's weight of evidence conclusions and the implications for risk assessment.
For the issues addressed in the bullets above, the committee will consider:
– Is EPA's State of the Science document scientifically sound and of high
quality?
– Has EPA selected studies of suitable breadth, relevance, and quality?
– Has EPA fairly and soundly evaluated and integrated the weight of evidence from the diversity of studies (epidemiological, mode-of-action, animal
testing)?
– Are the assumptions valid and reasonable?
– Are the conclusions valid and supported on the basis of EPA's assessment
and the literature?
– Are there potential limitations or data gaps that would substantially impact
the conclusions?
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To address its task, the committee held three meetings. At the first meeting, EPA officials provided an overview of the development process that led to
the draft SOTS evaluation, and an open-microphone session was held to hear the
views of interested stakeholders on the evaluation. The second and third meetings were used to draft this report. Throughout the course of its work, the committee considered input from interested stakeholders and additional input that it
requested from EPA. As specified in its charge, the committee focused on determining whether the draft SOTS evaluation provides a credible overview of
the evidence and adequately documents the methods used to analyze the evidence and on determining whether conclusions were appropriately drawn and
justified. The committee did not conduct an independent literature review to
draw its own conclusions about the evidence on NMDR curves.
ORGANIZATION OF THIS REPORT
The committee’s review of the SOTS evaluation is presented in the following two chapters. Chapter 2 reviews the approach and methods that EPA
used for its literature search, study selection, study evaluation, and synthesis and
integration of the evidence on NMDR curves. Chapter 3 reviews how EPA assessed the implications of NMDR curves for the agency’s testing strategies, its
weight-of-evidence conclusions, and its risk-assessment determinations.
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Review of the Environmental Protection
Agency’s Methods for Evaluating Evidence on
Nonmonotonic Dose–Response Relationships

INTRODUCTION
This chapter reviews the methods used by the US Environmental Protection Agency (EPA) to identify, evaluate, and synthesize the scientific evidence
on nonmonotonic dose response (NMDR) curves in its draft State of the Science
Evaluation: Nonmonotonic Dose Responses as They Apply to Estrogen, Androgen, and Thyroid Pathways and EPA Testing and Assessment Procedures (the
SOTS evaluation; EPA 2013a). To address its first task, to determine whether
EPA “fairly and soundly evaluated the weight of evidence” on NMDR curves,
the committee first identified the key design elements of a thorough, systematic,
and transparent evaluation and synthesis of environmental health data (see Box
2-1).
Those elements are derived from accepted approaches to literature-based
evidence synthesis in the clinical sciences, particularly methods for systematic
review in clinical medicine (Guyatt et al. 2011; Higgins and Green 2011). The
National Research Council (NRC 2011, 2013) has recommended that EPA use
similar approaches to support and improve its toxicologic assessments in support
of its Integrated Risk Information System program. The methods in clinical
medicine are not directly transferable, because environmental health assessments include evidence from multiple lines of research (in vitro, animal, and
human studies) whereas clinical-medicine evaluations are based exclusively on
studies of humans (Woodruff and Sutton 2011; Birnbaum et al. 2013). However,
modified methods have been proposed for evaluating environmental health evidence (e.g., Woodruff and Sutton 2011; Kushman et al. 2013), and efforts are
under way in EPA (2013b) and the National Toxicology Program (NTP) Office
of Health Assessment and Translation (NTP 2013) to incorporate systematic
approaches into their toxicologic assessments. Although the committee recognizes that such a systematic approach has not yet been formally established,
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BOX 2-1 Design Elements of a Systematic Review
 Define study question
 Specify methods for collecting and evaluating evidence
o Literature-search strategy
o Study inclusion and exclusion criteria
o Methods for evaluating study quality
o Data presentation
o Methods for analyzing and synthesizing evidence

EPA has received enough guidance and recommendations from other National
Research Council reports (NRC 2009, 2011) to have considered the use of more
consistent and transparent approaches similar to the design elements shown in
Box 2-1 to develop the SOTS evaluation.
The committee thus used the following criteria to evaluate how each of the
elements in Box 2-1 was addressed in the SOTS evaluation:
 Clarity: Is the SOTS evaluation clear in its description of how each element was addressed?
 Consistency: Is the SOTS evaluation consistent among topics in its application of methods and criteria?
 Appropriate methods: Were the SOTS evaluation’s approaches to evaluating evidence appropriate?
Those criteria were used to examine the assessments that were conducted both
within and among the three hormone pathways considered (estrogen, androgen,
and thyroid) and to evaluate the different streams of evidence (in vitro studies
and in vivo studies of aquatic species and animal models).
EVALUATION OF THE
ENVIRONMENTAL PROTECTION AGENCY’S APPROACH
EPA’s strategy for developing the SOTS evaluation was to pose three central scientific questions about NMDR curves with respect to the estrogen, androgen, and thyroid hormone pathways. The agency was faced with the difficult
challenge of comprehensively identifying, evaluating, and summarizing the
large volume of information required to address those questions. The foreword
to the SOTS evaluation indicates that because of time constraints the agency
used an expert-driven approach to conduct the evaluation, which involved having different groups evaluate the evidence on the three hormone pathways separately. However, EPA did not establish an analysis plan in advance for the writing groups to follow. Rather, the groups determined independently how to
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perform their analyses. That led to the lack of an overall plan for the approach,
differences in the degree of documentation provided about the literature search
and selection process used by the groups, differences in criteria that were used
for study selection, and unclear documentation of how study quality was evaluated and of how conclusions were drawn. The lack of transparency and the inconsistencies raise questions about the quality of the approaches used.
Lack of Transparency. There was a lack of transparency at key steps of
the SOTS evaluation. Prominent examples include the lack of documentation of
the literature-search methods used for the estrogen and androgen sections, the
lack of explicit criteria for evaluating study quality, the lack of clarity of the
weight-of-evidence (WOE) methods, and the inadequate explanation of the process used to identify which studies carry the most weight (and why). Furthermore, the methods of data synthesis and weighing of evidence to identify conditions under which NMDR curves occur were not presented transparently. Thus,
it was unclear how the authors concluded that NMDR curves were found more
often in in vitro studies, at high doses, and for exposures of short duration.
Inconsistency. Inconsistencies were found in the methods used to identify
studies for consideration; in the study inclusion and exclusion criteria and their
application; in the criteria for evaluating study quality; in how data were presented, weighed, and analyzed; and in how the key data for each section were
summarized. Those inconsistencies resulted largely from not having established
a protocol for the writing groups to follow or, if a protocol was established, from
failure to adhere to it rigorously for each of the three different hormone modalities. In the absence of a clear framework and its consistent application, the separate writing groups inevitably used different methods of review; this calls into
question whether a more systematic approach would have led to the same conclusions.
The sections below review specific aspects of the SOTS evaluation that
led the committee to draw those overarching conclusions.
Protocol
EPA decided to use independent groups to draft the SOTS evaluation, but
there was no protocol for performing the evaluations to ensure that the different
groups followed the same methods to reach conclusions. Instead, each group
was allowed to perform its analysis on the basis of expert judgment. Documentation of the methods used by each group was difficult to find and in most cases
did not appear to be provided.
Stipulating the methods ahead of an assessment and then applying them
consistently in the various sections is a means of reducing author bias and of
providing transparency. Several National Research Council reports have highlighted the importance of planning and scoping. For example, Science and Decisions: Advancing Risk Assessment noted that “increased emphasis on planning
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and scoping and on problem formulation has been shown to lead to risk assessments that are more useful and better accepted by decision-makers” (NRC 2009,
p. 6). Chapter 7 of the 2011 report on formaldehyde called for EPA to “ensure
standardization of review and evaluation approaches among contributors and
teams of contributors; for example, include standard approaches for reviews of
various types of studies to ensure uniformity” (NRC 2011, p. 164).
Study Questions
Defining the study questions determines the structure and scope of any assessment (IOM 2011). The committee found the three central scientific questions of the SOTS evaluation (Box 2-2) to be clear and reasonable. Question 1 is
framed broadly and is open-ended with respect to determining the “conditions”
under which NMDR curves might occur. The scope of the question suggested to
the committee that EPA would evaluate all relevant streams of evidence to answer it. However, the SOTS evaluation was restricted to in vitro studies and in
vivo studies of aquatic species and animal models. Because of inadequate resources, evidence from epidemiologic or other types of human studies is not
considered beyond reference to reviews conducted by other groups (e.g., Vandenberg et al. 2012; EFSA 2013). Furthermore, the scope of conditions being
considered was not specified. It appears that the evidence on the estrogen and
androgen hormone pathways was restricted to chemicals that have narrowly
defined modes of action (discussed below under “Study-Selection Criteria”);
this would limit the mechanistic conditions under which an NMDR curve might
occur. There is an important incompatibility between the broad question posed
by EPA and the narrow array of data considered to answer it. That is problematic because the answers to questions about the adequacy of EPA’s toxicity-testing
strategies and risk-assessment practices (Questions 2 and 3) depend critically on
the scope of the answer to Question 1.
The SOTS evaluation also uses several definitions that are important in
determining the scope of the answers to the questions posed. The committee
offers several observations about three key definitions:

BOX 2-2 Three Central Scientific Questions to be Addressed
in the SOTS Evaluation (EPA 2013a)
 Question 1: Do [NMDRs] exist for chemicals and if so under what conditions
do they occur?
 Question 2: Do NMDRs capture adverse effects that are not captured using
[EPA’s] current chemical testing strategies (i.e., false negatives)?
 Question 3: Do NMDRs provide key information that would alter EPA’s current weight of evidence conclusions and risk assessment determinations, either
qualitatively or quantitatively?
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 Low-dose effect is defined in the SOTS evaluation as “a biological
change occurring in the range of typical human exposures or at doses lower than
those typically used in standard testing protocols”, which is the definition used
by NTP (2001). That definition is vague and confuses two concepts—“low
dose” and “low effect”—both of which are important in understanding endocrine disruptors and for identification of NMDR curves. Just the low-dose part
of the definition is nonspecific: the range of doses reported as “low dose” in the
literature and those used by NTP and relevant human exposures can differ by
orders of magnitude (Teeguarden and Hanson-Drury 2013). Being clear about
what is meant by low dose is thus critical to study evaluation and interpretation.
The definition of low effect clearly depends on the end points being measured,
and could be an issue at any dose, including those in the range used by NTP in
animal bioassays. Thus, the committee recommends that EPA’s definitions be
clear and specific to ensure their consistent application throughout the SOTS
evaluation.
 Resilience is described in the SOTS evaluation as the ability of cells
and tissues to adapt to maintain homeostasis. The concept of resilience, or adaptation, in a toxicologic context has varied definitions and is a controversial topic
that requires careful consideration, but the overview in the SOTS evaluation (p.
30, Figure 2.2) is brief and insufficiently supported, with only a single reference
(Andersen et al. 2005). The figure presented from that reference was adapted in
a National Research Council report (NRC 2007) to address an important limitation of the resilience concept: that it might not apply in all cases and situations.
The caption of the revised figure states that “when perturbations are sufficiently
large or when the host is unable to adapt because of underlying nutritional, genetic, disease, or life-stage status, biologic function is compromised, and this
leads to toxicity and disease” (NRC 2007, p. 49). The human population is composed of individuals in various states of disease and adaptation. Adaptation may
occur in healthy adults who are exposed to a single chemical; but if there are
multiple chemical exposures or exposures occur during critical periods of development, there could be little or no ability to adapt or change (Woodruff et al.
2008). Thus, there is particular concern about how the concept of resilience
might have been used to evaluate data resulting from studies in which exposure
occurred during development. It is also unclear how consideration of resilience
might have affected study selection. The revised SOTS evaluation should either
elaborate on this concept and specify how it was used in the analysis or omit it,
particularly if it was provided simply for reference but did not affect study selection.
 Adverse effect is defined in the SOTS evaluation as “a measured endpoint that displays a change in morphology, physiology, growth, development,
reproduction, or life span of a cell or organism, system, or population that results
in an impairment of functional capacity, an impairment of the capacity to compensate for additional stress, or an increase in susceptibility to other influences”
(adopted from Keller et al. 2012). The SOTS evaluation indicates that this defi-
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nition is preferable to the one used by the agency for health-assessment purposes1 because it is a more “systems biology oriented description of adversity” and
allows for consideration of mode of action, toxicity pathways, adverse-outcome
pathways, and adaptive capability. Better justification for using the definition is
needed, especially because the SOTS evaluation is intended to inform decisions
about risk-assessment practices; explicit consideration should be given to the
implications of this definition, in contrast with the definition used by EPA risk
assessors, for health end-point selection, study selection and weighting, and related decisions.
Literature-Search Strategy
A literature-search strategy is designed to identify the universe of potentially relevant studies once a study question is specified. Information about the
strategy and results should be provided in sufficient detail to ensure that each
database search is replicable. For example, the databases should be specified, the
search terms and strings listed, the dates on which the searches were conducted
identified, and a summary of the search results provided. Any examination of
the literature that is not thorough and systematic runs a risk of assembling an
unrepresentative selection of publications and could lead to erroneous conclusions.
The independent writing groups of the SOTS evaluation conducted their
literature searches differently. In most cases, no documentation of the search
strategies was provided. An expert-based approach to literature selection and
analysis appears to have been used for the estrogen and androgen sections. Section 4.2.1 (“Literature Search and Selection Strategy for Estrogen and Androgen
Pathways”) does a reasonable job of describing the complexities of the literature
but says only in general terms that a “large database of journal articles and other
reports were examined” and does not adequately describe how studies were
identified and selected. In the androgen section, Table 4.3 presents 29 studies
that were used to evaluate the androgen hormone pathway, but the committee
could not find any description of a search strategy that led to their selection.
Similarly, adequate documentation was not provided in the thyroid section on
aquatic species (Section 4.1.4). In contrast, the search strategy is presented with
reasonable completeness in the thyroid section on mammalian models (Section
4.2.4.2 and Appendix C). Failure to establish a clear method of literature identification and evaluation for the groups to follow is responsible for the section-tosection variation and is an important shortcoming of the report. EPA is aware of
this problem and has indicated that it is monitoring systematic approaches being
developed by the National Toxicology Program and EPA’s Integrated Risk In-

1
“A biochemical change, functional impairment, or pathologic lesion that affects the
performance of the whole organism, or reduces an organism’s ability to respond to an
additional environmental challenge” (EPA 2014).
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formation System program and will consider them in revisions to the SOTS
evaluation (EPA, unpublished material, September 6, 2013).
Study-Selection Criteria
In systematic reviews, clearly defined eligibility criteria are used to determine which studies will be included and which will be excluded from evaluation. Explicit and well-defined criteria are fundamental for a rigorous gathering
of a defensible set of data for review (Abrami et al. 1988; Meline 2006), and
they provide a guide for the standard of research used to evaluate WOE. Selection criteria should be formulated to identify and include as many informative
studies as possible. Several approaches are available to guide study selection.
One is to develop a population–exposure–comparator–outcome statement to
define each of the elements of the studies. That approach is being modified for
application to environmental and toxicologic studies by NTP (2013) and others
(e.g., Koustas et al. in press). EPA should consider and adopt an approach that
clearly lays out its study-selection criteria.
In the sections below, the committee considers whether the selection criteria in the SOTS evaluation were clearly presented and whether they would ensure that an appropriate set of studies is considered in the analysis.
General Issues with Study-Selection Criteria in the State-of-the-Science
Evaluation
EPA’s SOTS evaluation states that it did not “attempt to design exclusion/inclusion criteria for studies uncovered in all literature searches; for reasons
of resource limitations, this was done primarily for the description of the data on
the thyroid hormone pathway” (EPA 2013a, p. 27). Thus, the literature search
and analysis for thyroid disruptors (Section 4.2.4.2) describe the study-selection
criteria and present a decision tree in an appendix (Figure C.1) to illustrate how
the criteria were used to filter studies. Although the criteria were clearly laid out
for the thyroid section, the committee questions the appropriateness of some of
the criteria used to filter the studies (see section “Selection Criteria for ThyroidActive Chemicals” below).
The committee attempted to identify some of the informal study-selection
and study-quality criteria used in the estrogen and androgen sections. Table 2-1
presents a comparison of the study-selection criteria for the three hormonal
pathways. For all three pathways, an “ideal” number of doses evaluated, type of
chemicals evaluated, and specific restrictions for each of the sections are specified. As illustrated in the table, the criteria varied among sections (and even
within sections for different chemicals), and the rationale for their use was only
partially explained. For instance, Section 4.1 (“Aquatic Models”) specifies that
studies with four doses are preferred but that studies with fewer doses could be
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TABLE 2-1 Comparison of Study-Selection Criteria and Study-Quality Evaluations Used in Different Sections of the
SOTS Evaluation
Study-Selection Criteria
Section of SOTS
Evaluation
3. In vitro studiesa

SOTS
Pages
43-44

4.1.1 Aquatic
models (HPG axis)

56-57

4.1.1 Aquatic
models (Thyroid)

58

4.2.1 Mammalian
models (estrogen
and androgen
pathways)

84

Chemicals and Modes of
Action Considered
Unable to determine

Number of Dose Groups
Unable to determine
A. ≥4 treatment groups
B. <4 groups (included for
chemicals or pathways where A
not available)

Unable to determine whether
criteria used for aquatic models
(HPG axis) were applied to this set
of studies

A. ≥6 groups

A. Starting list included 28
“model chemicals” listed in Table
4.1 and was reduced to 11 “beststudied” and ”illustrative”
examples
B. Chemicals with adequately
described MOA on the HPG axis
(e.g., atrazine excluded because of
insufficiently characterized
MOA); no explanation of
“adequately described”
Chemicals with effects on either:
A. Sodium-iodide symporter
(NIS)
B. Thyroid peroxidase (TPO)

No exclusion

OR
B. ≥4 groups (3 + 1 control), but
large range of exposure (“large
range” not defined)

Restrictions and Filters
Unable to determine

Study Quality
Criteria
Unable to determine

Restrictions:

Unable to determine

A. “Restricted largely to” fish
species
B. Time windows
B.1. Full life cycles
B.2. When B.1 not available,
“longer-term experiments during
portions of the life-cycle expected
to be sensitive to endocrine-active
chemicals”
Restrictions:

Unable to determine

A. Fish and amphibians were
included
B. Time windows: unclear
whether restrictions in point B
above for aquatic models (HPG
axis) were applied to this set of
studies
Restrictions:

Unable to determine

A. Oral exposure
B. Subcutaneous included if
genomic study or if only few or no
oral studies for a specific MOA
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TABLE 2-1 Continued
Study-Selection Criteria
Section of SOTS
SOTS
Evaluation
Pages
4.2.4.2 Mammalian 121-122
models (thyroid)

Number of Dose Groups
≥3 doses + control

Chemicals and Modes of
Action Considered
Only one chemical for each of three
MOAs described in depth:
A. PTU (TPO inhibition)
B. Perchlorate (NIS inhibition)
C. PHAHs (u-regulation of
thyroid hormone metabolism
induced by nuclear receptor
activation)

Restrictions and Filters
Filters:

Study Quality
Criteria
Unable to determine

1. Minimum of three doses +
control
Evidence of statistically
significant NMDR relationship
2. Absence of observations at
lower doses in the study that
would have been used to
determine the LOEL or LOAEL

No exclusions for the broader
mammalian thyroid literature

a

3. (a) Absence of other published
reports on the chemical in which
effects were observed at low levels;
(b) absence of other published
reports for effects on other end
points that would have been used to
determine LOEL or NOEL below
the doses identified as having an
NMDR relationship; (c) absence of
study-quality concerns or
statistical-power issues that
weakened confidence in NMDR
observation

Studies identified by Vandenberg et al. (2012). Description of search strategy and study selection were not provided in the Vandenberg et al.
paper.
Abbreviations: HPG, hypothalamic-pituitary-gonadal; LOAEL, lowest observed-adverse-effect level ; LOEL, lowest observed-effect level;
MOA, mode of action; NIS, sodium-iodide symporter; NMDR, nonmonotonic dose response; NOEL, no-observed-effect-level; PHAHs, polyhalogenated aromatic hydrocarbons; PTU, propylthiouracil; TPO, thyroperoxidase.
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used to include additional chemicals and pathways in the analysis. In contrast,
Section 4.2.1 (“Literature Search and Selection Strategy for E and A Pathways”), a minimum of six doses is specified, but in vivo studies that tested fewer
doses were allowed for inclusion provided that the studies tested a “broad doserange” so that studies cited by others as displaying NMDR curves could be included. However, no definition of a broad dose range was provided. Most of the
sections restrict the evaluation to subsets of the studies available on the basis of
species, route of exposure, or exposure levels. The restrictions do not appear to
be consistently applied among sections.
In determining the set of chemicals to evaluate for each of the hormonal
pathways, it appeared that the SOTS evaluation was not consistently comprehensive in its consideration of modes of action (MOAs). The section on the thyroid pathway provided the clearest description of the MOAs considered. Known
mechanisms of thyroid disruption were described (pp. 36 and 119–120 and Figure 2.5), and the search strategy documents that potential NMDR curves with
both genomic and nongenomic actions were considered. The thyroid section also
included chemicals that have effects both on and outside the hypothalamic–
pituitary–thyroid axis. Thus, this section was appropriately inclusive in considering potential MOAs.
In contrast, the scope of the MOAs considered for the estrogen and androgen pathways was unclear. On the basis of the data presented in the two sections, the evaluations appear to focus on studies in which nuclear receptormediated activity was observed or presumed. For example, although it is
acknowledged in the text that estrogen can act on the cell via multiple mechanisms, only the nuclear receptor-mediated activity is depicted in Figure 2.6, and
it appears that this is how the “estrogenic” MOA is primarily defined in the
SOTS document. The committee found this to be too limited an interpretation of
estrogen activity. For example, effects of estrogen action via the newly identified receptor GPR30 are dismissed in the SOTS evaluation as “difficult to evaluate” because the “responses are often of very low magnitude, and, although
statistically significant, have little biological validation” (EPA 2013a, p. 49).
Although investigation of estrogenic activity through GPR30 signaling and the
physiologic outcomes associated with it continue, this MOA and similar rapidsignaling pathways initiated by estrogen are proving to be biologically significant (Filardo and Thomas 2012). Excluding this MOA not only is inappropriately dismissive but demonstrates how adoption of a narrowly conceived MOA
constrains the identification of “under what conditions do [NMDR curves] occur” (part of Question 1). Not understanding the biologic significance of GRP30
signaling is an important and reasonable consideration in addressing Questions 2
and 3 but is too limiting for addressing Question 1. Also missing is discussion of
whether studies reporting epigenetic modifications were included or excluded
from consideration. Numerous studies have demonstrated that endocrine disruptors—such as bisphenol A, phthalates, vinclozolin, methoxychlor, and dioxins—
can produce epigenetic modifications associated with altered behavioral, reproductive, and other neuroendocrine end points (Dolinoy et al. 2007; Prins et al.
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2008; Wolstenholme et al. 2011; Guerrero-Bosagna et al. 2012; Tang et al.
2012; Kundakovic et al. 2013; Manikkam et al. 2013; Somm et al. 2013). It is
biologically plausible, and there is precedent for steroid hormones to act through
MOAs other than steroid receptor mediation.
The discussion of MOAs relevant to the androgen pathway (p. 36) focuses
only on events surrounding androgen-receptor activation (agonism and antagonism) and touches on the effects of disrupting androgen-converting enzymes.
However, MOAs and adverse-outcome pathways important in suppressing androgen synthesis (relevant for phthalates) are not discussed although they appear
to be considered in subsequent sections analyzing the literature on NMDR
curves (pp. 82 ff). In general, the selection of studies for androgenic activity
appears to consider all relevant modalities, but the study-selection description
lacks the transparency needed to verify that that is the case. Furthermore, in describing the selection strategy for the estrogen and androgen pathways, the
SOTS evaluation states that a large database of journal articles and other reports
was examined (p. 83), but the database is not identified or described.
Selection Criteria for Thyroid-Active Chemicals
The thyroid section is the only section that explicitly defines the criteria
that were used for study selection, which includes four filters, as shown in Table
2-1. Generally, systematic-review methods used in clinical medicine (Higgins
and Green 2011; IOM 2011) and those being developed for environmental
health assessments (NTP 2013) recommend that selection criteria be chosen on
the basis of relevance to the question being evaluated rather than only to studyquality issues. Study quality is important and should be evaluated, but after the
studies have been selected for analysis. Study inclusion and exclusion criteria
that are too strict may lead to the omission of studies that can provide useful
information even if they are limited in some way. Accordingly, the committee
disagrees with the use of criteria that would exclude studies because of issues
related to statistical power (which are encompassed by Filters 2-4). Using statistical significance as an absolute criterion for selecting studies with respect to
NMDR curves is not recommended, because it can be influenced by several factors that should be explored before a determination of how informative a study
would be in addressing the question (see Chapter 3 for further discussion of this
issue). For example, having a small number of data points can limit a study’s
power to detect a significant result. In later analyses, it might be possible to
combine data from several studies. When several studies that have small numbers of data points and marginally statistically significant results are combined,
statistically significant results can be revealed because the statistical power has
been increased (Cohn and Becker 2003; Walker et al. 2008; Haidich 2010). In
contrast, Filter 2 could also exclude studies that were well powered but failed to
detect an NMDR curve. Statistical issues are also pertinent to Filter 3, which
restricts consideration to studies that found a lowest observed-effect level or
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lowest observed-adverse-effect level. The identification of such levels can be
heavily influenced by study design, particularly when small numbers of animals
are tested. That concern is also relevant to Filters 4 (a) and (b). Issues related to
study quality are discussed further below.
Evaluating Study Quality
The SOTS evaluation used an expert-based approach to evaluate study
quality. Although expert judgment clearly is important, and the committee could
find no clear description of a strategy or criteria for assessing the studies used in
the evaluation (see Table 2-1). Lack of such criteria and of their systematic application to the studies raises serious concerns about the ability of the SOTS
evaluation to reach conclusions regarding the degree to which NMDR curves are
evident in the scientific literature. It also compromises the assessment of whether NMDR curves require changes in EPA chemical-testing and risk-assessment
strategies. Another National Research Council committee is providing relevant
guidance on study-quality issues, such as risk of bias, to EPA’s Integrated Risk
Information System program (NRC in press). Recommendations from that
committee could be supplemented with study-quality criteria specific to evaluating the evidence on NMDR curves.
Evaluation of study quality for the SOTS evaluation should include
whether a study has the design elements needed to determine the presence or
absence of an NMDR curve. Most standard toxicity-testing protocols have low
sensitivity and little statistical power for detecting NMDR curves, particularly at
the lower end of the dose–response curve, because they typically test only three
or four doses. Thus, it is not surprising that most studies in the SOTS evaluation
did not find NMDR curves and that reproducibility of the small number of studies that have shown such an effect is low. Figure 2-1 gives a hypothetical example of the relationship between the statistical power of a toxicology experiment
and the ability to reveal NMDR curves.
If few studies have the necessary methodologic features to evaluate
whether a dose–response curve shows an NMDR relationship, it will be necessary to consider other studies. Such studies may have methodologic challenges,
such as low statistical power, that raise questions about how the data should be
analyzed and interpreted. For example, how should issues regarding multiple
comparisons (such as inflated type I error rate in all tests combined) be handled
in evaluating secondary or tertiary hypotheses? How should detection of a quadratic effect leading to an NMDR curve be handled if the original analysis of variance (ANOVA) was not statistically significant? What statistical methods
should be used to perform robust analyses of variances in response that might be
nonmonotonic but that might be functions of mean response and have outliers?
Those are difficult and controversial questions, and addressing them goes
beyond the present committee’s task. In general, the committee supports the
conduct of predefined secondary analyses as appropriate in support of evidence
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synthesis, such as meta-analysis. Criteria will need to be developed for determining appropriate statistical approaches to evaluate NMDR curves. For example, ANOVA is not designed to detect NMDR curves, so criteria for using such
other approaches as biologically based dose–response models, polynomial functions, or splines should be considered.
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FIGURE 2-1 Relationship between the statistical power of a toxicologic experiment and
the ability to reveal a nonmonotonic dose–response (NMDR) relationship. (A) Hypothetical NMDR curve. The horizontal dashed line depicts the minimum significant difference
(MSD), the effect magnitude that can be detected as statistically significantly different
from untreated controls a high percentage of the time. Effects below this line will be classified as not statistically significant. The magnitude of an MSD depends on several factors, such as the number of animals per dose group and the inherent variability of the
measured response. In this example, the experiment is sufficiently powered to reveal an
NMDR curve. (B) Same hypothetical NMDR curve as in (A), but with an underpowered
experiment, which results in a larger MSD. In this case, an NMDR curve will tend to be
overlooked because the nonmonotonicity will be classified as “background fluctuation”
with no statistical significance.
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Data Presentation and Summarization
Consistency of Exposure Descriptions
Given the wide range of chemicals and doses considered in the SOTS
evaluation, environmental exposure ranges for each chemical could be provided
to give context to the data. That would help in understanding the similarities and
differences in findings between the studies described. Some examples of such
context are already in the document; doses tested for genistein in the diet are
described as including levels found in human diets (p. 97), and figures are used
to demonstrate points of inflection in in vitro and in vivo data compared with
environmental exposure concentrations (pp. 52-55). Alternative presentations
might also be useful. For example, tabulation of the data might allow easier
comparisons of the data. However, the presentation should consider the issues
related to statistical power as described above.
It would also be helpful to report exposures to each chemical in the same
units throughout a given section (for example, either as micrograms per liter or
parts per billion). Inconsistency in the units is particularly problematic in the
appendixes, where study tables are reproduced directly from publications. It
would be helpful to convert standard international units to conventional units (or
vice versa) in such tables. Consideration might also be given to creating a single
large table for each appendix (expanded from Tables 4.1-4.4).
The committee recommends that, where it is possible, figures for a given
end point be provided to show multiple dose–response relationships on the same
scale for ease of comparison (see, for example, NTP 2013).
Consistency of Study Descriptions
Using a consistent format to present data from the individual studies that
evaluated NMDR curves would allow multiple authors to contribute while permitting consistency in style and substance; this would make it easier for readers
to understand the data and follow the conclusions. Tables 4.1–4.4 in the SOTS
evaluation are purported to present the studies that provide evidence of NMDR
curves. Some of the variation in how the data were analyzed in the various sections contributes to slightly different formats of the tables. However, the data
presented are restricted to study-design elements and provide no information on
the specific end points for which EPA asserts that NMDR curves were demonstrated. Such information would make the tables more useful by providing context for the evidence.
The committee found that Appendix A (the section on estrogen disruptors
in mammals) provides useful context of the reported NMDR curves. For example, the appendix specifies the total number of end points evaluated in each
study, which is then compared with the evidence in other generations in the
same study (same doses, sex, and strain). The approach of cross-checking an
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NMDR relationship in one generation by looking at the same end point in other
generations is logical and valid.
In the thyroid section, the study descriptions of thyroid hormones should
distinguish whether measurements are of total or of free triiodothyronine (T3)
and thyroxine (T4). Changes in total hormone concentrations may be due simply
to alterations in binding and may or may not be associated with alterations in the
concentrations of the bioactive free hormones.
Summarization of Data
The SOTS evaluation provides detailed descriptions of the studies considered but little or no synthesis or summarization of the data to compare results
among studies or to understand how the evidence was weighed to reach conclusions. The thyroid sections (Sections 4.2.4.4 and 4.2.4.5) do the best job of
summarizing the overall findings of the studies that demonstrated NMDR
curves. This type of data synthesis and interpretation is lacking in the androgen
and estrogen sections. It will be important to ensure that other conclusions embedded throughout the evaluation are adequately supported. For example, support is needed for the statement on p. 75 that “this pattern suggests, perhaps, that
NMDRs may be more prevalent in shorter-term assays, especially during periods of system disequilibrium.” Another example, on p. 113, inadequately summarizes the evidence on peripubertal exposure to DEHP on male rat reproductive development: “While effects on [preputial separation] and body and
reproductive organ weights with an NMDR were observed in the Ge et al.
(2007) [B.2.c.3], they were not seen by Noriega et al. (2009) [B.2.c.4] in either
of two rat strains studied, and some of the other effects reported in Ge et al. are
not consistent with findings from other publications.”
Approach to Synthesizing Evidence
The committee evaluated whether the SOTS evaluation has transparently
laid out the process for integrating the evidence from various studies and provided a consistent rationale for WOE from various lines of research to support
reasonable conclusions. The introduction to the SOTS evaluation describes the
WOE used by EPA to determine hazards and risks associated with chemicals.
The approach includes “assembling the relevant data; evaluating that data for
quality and relevance; and an integration of the different lines of evidence to
support conclusions concerning a property of a substance. The significant issues,
strengths, and limitations of the data and the uncertainties that deserve serious
consideration are presented, and the major points of interpretation highlighted”
(p. 27). However, the SOTS evaluation notes that “for sections of [the] review,
judgments of likelihood were based on relevant examples rather than a formal
[WOE]” (p. 27). Thus, the committee understands that a formal WOE evaluation
was not performed but was nonetheless struck by the lack of transparency in
how the authors integrated the evidence in each section. Indeed, although such a
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synthesis forms the core of what the SOTS evaluation intends to communicate,
the balancing and weighing of all the evidence was not described, let alone described in a transparent manner that would readers to reach the same conclusion
from the same data.
As advocated in previous National Research Council reports (e.g., NRC
2011), presentation of reviewed studies should be standardized in tabular or
graphic form to capture the key dimensions of study characteristics, WOE, and
utility for addressing the question under consideration. Transparency and clarity
in the lines of evidence considered and how it was integrated to draw conclusions would help to minimize unintended or perceived biases on the part of the
authors or the readers of the SOTS evaluation. For example, a table could specify by publication the end points evaluated and the dose–response evidence,
which would illustrate studies that did and did not show NMDR curves. Alternatively, separate tables could be created for each end point. Either format would
put the mass of the evidence in one place and allow readers to see easily the
number of end points and the ones that did and did not have NMDR curves. Using figures that provide the same information for each of the studies that are
included in the review would be a consistent and clear way to display the data.
Such presentations would allow readers to observe the patterns in the data that
led to the authors’ conclusions. Examples of approaches that could be used to
guide revisions of the SOTS evaluation include those used by NTP’s Center for
the Evaluation of Risks to Human Reproduction and those being developed by
NTP’s Office of Health Assessment and Translation (NTP 2013), other proposed data review and synthesis tools recently developed (e.g., Woodruff and
Sutton 2011), and approaches recommended by other National Research Council
committees (NRC in press).
Statistical methods are available for combining evidence from multiple
studies, including meta-analytic approaches (e.g., Greenland and Longnecker
1992; Berlin et al. 1993; Berlin and Coldiz 1999; Steenland et al. 2001; Sutton
and Higgins 2008; Orsini et al. 2012) and Bayesian approaches (e.g., Sutton and
Abrams 2001). Those methods could be adapted to evaluating the evidence on
NMDR curves. However, that would need further research and development
before implementation, inasmuch as current methods rely on a common point
estimate of a single parameter and its standard error from each study and do not
have the capacity to explore more complex relationships. Alternatives to conventional meta-analysis include pooling individual participant data from different studies for modeling or performing Bayesian hierarchic modeling. Regardless of how the methods are adapted, assessment of study heterogeneity, full
specification of study design, and accessibility to individual participant data will
be important for evidence integration and synthesis of NMDR data.
CONCLUSIONS
The committee focused on whether EPA fairly and soundly evaluated the
evidence from diverse sources (in vivo, animal, mode-of-action, and epidemio-
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logic studies) and whether the evaluation would be accepted as robust, transparent, objective, and repeatable by the scientific community. EPA has made it
clear that time and resource constraints led to its decision to use separate, expertbased evaluations to develop the SOTS evaluation of NMDR curves. However,
the agency failed to establish (or enforce) a clear set of methods for collecting
and analyzing the evidence on NMDR curves to ensure that the groups conducted their assessments in a clear, consistent, and therefore replicable manner. Instead, the groups determined independently how to perform their analyses. Although such an approach might be appropriate as an internal scoping exercise for
the agency, the SOTS evaluation is to be its foundational synthesis of the literature on NMDR curves for the estrogen, androgen, and thyroid pathways and
addresses biologic responses that are often counterintuitive. The document will
probably be a milestone event in the history of EPA’s engagement with endocrine disruptors because it draws conclusions about the existence of NMDR
curves and the conditions under which they occur that will to be used to inform
decisions about the agency’s toxicity-testing strategies and risk-assessment practices. Given its importance and its broad use, the committee judges that the
SOTS evaluation should meet a higher standard of evaluation, particularly given
the heated controversy surrounding this issue. Methods that provide a more systematic approach and greater transparency are necessary, or it will be too easy to
dismiss the analysis as superficial or even biased in the literature selection and
evaluation. Although it is clear that the authors spent enormous time and energy
in developing the evaluation, it is fundamentally compromised, at least in appearance.
EPA has acknowledged the lack of a consistent and transparent process for
data identification, selection, and evaluation and is actively engaged in establishing new procedures on the basis of recommendations from other National Research Council reports (NRC 2009, 2011). An upcoming National Research
Council report will address methods specifically for performing evidence evaluations and evidence integration for EPA’s Integrated Risk Information System.
EPA has already taken steps to address shortcoming in the current SOTS evaluation by developing a Performance Work Statement for subcontractors to conduct
systematic literature searches, data extraction, and evaluation of the evidence on
NMDR relationships (EPA, unpublished material, September 6, 2013). However, the results of this activity were not available to the committee, so recommendations are restricted to what was presented in the SOTS evaluation.
RECOMMENDATIONS
EPA’s SOTS evaluation should be revised to provide more systematic and
transparent approaches to evaluating the literature on NMDR curves for the
three hormone pathways. Guidance for such approaches is available from clinical sciences (e.g., IOM 2011), other National Research Council reports (e.g.,
NRC 2011), and those being developed at other government agencies (e.g., NTP
2013). Important considerations include the following:
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 The mismatch between the breadth of the three central scientific questions of the SOTS evaluation and the narrower scope of the analytic approach
used to address them should be rectified by either narrowing the scope of the
questions or broadening the scope of the analysis. Specific important issues include these:
o The decision to exclude human studies should be reconsidered,
particularly because the analysis will ultimately be used to make decisions about human health risk-assessment practices.
o The MOAs considered for each of the hormonal pathways should
be clarified and considered in the context of the breadth of the questions to be answered.
 An analytic plan should be developed and applied consistently to the
evidence on the three hormone pathways. Important elements of the plan include
predefining and documenting the literature-search strategies and their results,
criteria for selecting studies for analysis, criteria for determining study quality,
templates for presenting evidence consistently in tabular and graphic form, and
approaches to integration of evidence. The following are specific consideration
for these elements:
o Improve the justification and context for the definitions of low-dose
effect, resilience, and adverse effect used in the SOTS evaluation.
o The methodologic features that would be necessary for a study to be
able to detect an NMDR relationship should be established. Ideally,
studies would have multiple dose groups that were spaced across a defined exposure domain, including doses below those typically tested.
Statistical design, biologic plausibility, and replicability should be factored into interpreting and weighing the evidence from such studies.
o Study exclusion and inclusion criteria should be established. Although statistical significance is an important consideration, it should
not be an absolute criterion for including or excluding studies, inasmuch as standard toxicity-testing strategies generally do not have sufficient sensitivity and statistical power to detect NMDR curves.
o Study quality criteria should be established. Statistical criteria
should be given particular attention. It will be important to balance
study-quality criteria that are based on statistical significance and those
based on biologic plausibility.
o Secondary analyses of other studies may be necessary. Current
methods for performing post hoc analysis of data and for combining evidence from multiple studies might be adapted for such purposes but
will require research and development before implementation. EPA
should consider soliciting input from the biostatistics community on the
best methods to pursue in the long term and on what measures should
be taken to complete the SOTS evaluation.
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 Evidence tables and graphic presentations should use consistent units
for varied studies (when possible), present multiple dose–response curves on the
same scale (when possible) to facilitate comparisons, and provide more context
for exposure ranges.
 The evidence on each hormone pathway should be summarized and
synthesized to document the key evidence and WOE analysis that led to conclusions.
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The Environmental Protection Agency’s
Evaluation of Implications of Nonmonotonic
Dose–Response Relationships for
Current Toxicity-Testing Strategies
and Risk-Assessment Practices

This chapter reviews the approaches used by the US Environmental Protection Agency (EPA) to answer questions about the adequacy of its toxicitytesting strategies and risk-assessment practices on the basis of its findings about
nonmonotonic dose response (NMDR) relationships for endocrine disruptors in
its draft State of the Science Evaluation: Nonmonotonic Dose Responses as They
Apply to Estrogen, Androgen, and Thyroid Pathways and EPA Testing and Assessment Procedures (SOTS evaluation). The questions that EPA sought to answer are presented in Box 3-1. The committee evaluated whether EPA applied
sound scientific principles, whether potential effects on toxicity-testing guidelines and risk-assessment practices were appropriately considered, and whether
conclusions were adequately justified in response to Questions 2 and 3.
The answers to those questions depend on the scope of and answer to
Question 1. As discussed at length in Chapter 2, the SOTS evaluation did not
provide adequate analysis and support for its conclusions that NMDR curves
were found more often in in vitro studies, at high doses, and for exposures of
short duration. The committee found that EPA’s approach to evaluating whether
NMDR curves exist for endocrine disruptors was not systematic, consistent, or
transparent, especially with regard to the literature on estrogen and androgen
effects. Thus, the same issues and problems discussed in Chapter 2 carry over to
the review of the evidence in this chapter.
THE ENVIRONMENTAL PROTECTION AGENCY’S EVALUATION
OF THE ADEQUACY OF TOXICITY TESTING
In trying to answer Question 2, EPA posed three more specific questions:
38
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2a. Are there adverse effects with NMDRs that are not being identified by
using the current chemical testing strategies?
2b. Are there NMDRs for adverse effects below the no observed adverse
effect levels (NOAELS) or benchmark doses (BMD) derived from the current
testing strategies?
2c. Do EPA chemical testing strategies detect relevant adverse effects for
chemicals which produce NMDR curves for specific endpoints?
No description of “current chemical testing strategies” is provided, so it was
unclear to the committee whether they included EPA’s guidelines for toxicity
testing under the Toxic Substances Control Act (TSCA) or the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA), testing associated with the Endocrine Disruptor Screening Program (EDSP), testing associated with EPA’s
ToxCast program, or the larger body of investigative toxicology and clinical or
epidemiologic research. Each of those testing strategies has specific goals and
applications that are important for identifying potential hazards, including those
associated with endocrine disruptors, and for framing the mode of action (MOA)
or weight of evidence approaches that ultimately affect risk assessments. For the
purposes of the present review, the committee assumed that EPA’s questions
and conclusions pertain to TSCA, FIFRA, and EDSP testing strategies.
EPA cited the work of a few European agencies, such as the European
Food Safety Authority (EFSA 2013) and the Danish Centre on Endocrine Disrupters (Hass et al. 2013), that have analyzed the strengths and weaknesses of
testing guidelines for addressing endocrine-disruptor toxicity and dose–response
issues. Their approaches are relevant to the SOTS evaluation because they explicitly analyze the adequacy of specific testing methods. EPA should use a similar approach to analyze the strengths and weaknesses of its testing guidelines
for addressing its questions about their adequacy for detecting adverse effects
associated with NMDR curves.

BOX 3-1 Central Scientific Questions EPA Addressed
in the SOTS Evaluation (EPA 2013)
 Question 1:a Do [NMDRs] exist for chemicals and if so under what conditions do they occur?
 Question 2: Do NMDRs capture adverse effects that are not captured using
[EPA’s] current chemical testing strategies (i.e., false negatives)?
 Question 3: Do NMDRs provide key information that would alter EPA’s current weight of evidence conclusions and risk assessment determinations, either
qualitatively or quantitatively?
a

See Chapter 2 for committee’s evaluation of how Question 1 was answered.
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Failure to present the testing strategies under consideration and to develop
a framework for analyzing them in the context of the NMDR evidence makes it
difficult to understand how EPA drew its conclusions. As noted in Chapter 2,
the SOTS evaluation should meet a higher standard of evaluation if it is to be a
foundational synthesis of the literature to inform decisions about EPA’s testing
strategies. In the sections below, the committee considers issues regarding each
of the individual questions that EPA sought to answer.
Question 2a: Are There Adverse Effects with NMDRs That Are Not Being
Identified by Using the Current Chemical Testing Strategies?
In response to this question, the SOTS evaluation states that EPA’s toxicity-testing strategy is not intended to identify all possible adverse outcomes of
chemical exposure but instead is intended to provide broad coverage of sensitive
end points that are relevant to human health. It states that estrogen-, androgen-,
and thyroid-responsive effects are evaluated as part of testing in EDSP and that
multigeneration studies include end points that are sensitive to androgen and
estrogen action. It concludes that “current testing strategies are unlikely to mischaracterize, as a consequence of NMDR, a chemical that has the potential for
adverse perturbations of the estrogen, androgen or thyroid pathways.” However,
the SOTS evaluation provides no analysis to support that conclusion.
Answering Question 2a in a defensible and transparent manner requires a
comparison of the end points evaluated in current testing strategies that are
thought to be sensitive to estrogen, androgen, or thyroid effects with the end
points associated with NMDR curves. The MOAs associated with those effects
should then be evaluated in the context of additional supportive data, if available, to help in understanding the sequences of key events that ultimately lead to
the adverse effects. As the SOTS evaluation noted, not all measured end points
are themselves adverse or necessarily key events associated with an adverse
response, so careful consideration is needed. Early development is an especially
sensitive window of susceptibility, and perturbations that are adaptive in the
average adult may give rise to an adverse response in the fetus, for example. The
analysis should give careful consideration to the suite of end points assessed in
reproductive and developmental toxicity and related tests, given the importance
of hormones in fetal, perinatal, and adolescent development. A more rigorous
approach to analyzing the evidence would help in framing the data to determine
whether current testing strategies are qualitatively identifying hazards irrespective of whether an NMDR curve is present and whether follow-on investigative
studies would be needed to differentiate key events associated with adverse
events from events that are considered adaptive.
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Question 2b. Are there NMDRs for Adverse Effects Below the
No Observed Adverse Effect Levels or Benchmark Doses Derived
From the Current Testing Strategies?
In response to this question, the SOTS evaluation states that “for estrogen,
androgen or thyroid MoA[s] that provide adequate information to make an assessment, our evaluation shows that there is not sufficient evidence of NMDRs
for adverse effects below the NOAELs or BMD derived from the current testing
strategies.” However, the evaluation provides no analysis of EPA’s testing protocols for their adequacy to detect NMDR curves for adverse responses at doses
below NOAELs or BMDs derived from traditional toxicology-testing protocols.
Without such an analysis of the strengths and weaknesses associated with testing
protocols, EPA’s conclusions are not well supported.
Answering Question 2b in a more rigorous manner will require an analysis
of protocols for their ability to detect adverse effects associated with perturbations of the estrogen, androgen, and thyroid pathways and for their ability to
detect NMDR curves. EPA should pay particular attention to issues of study
design—such as the number of dose groups, dose spacing, numbers of animals
tested, end points evaluated, and statistical power—in considering whether current testing strategies have the ability to detect NMDR curves for adverse responses. For example, toxicity studies that test the minimum of three dose
groups and a control group are inadequate for identifying complex dose–
response relationships. That limitation is acknowledged in the SOTS evaluation,
as evidenced by EPA’s focus on studies that use four or preferably more dose
groups. As discussed in Chapter 2, EPA was left with a relatively small number
of studies from which to draw definitive conclusions on NMDR curves for adverse effects associated with a broad range of exposures and multiple potential
outcomes. That may well reflect true inadequacies in the literature and even in
EPA’s testing protocols, but a more rigorous analysis of the literature is needed
to support any conclusions, including a finding that the available data are inadequate to reach a conclusion.
Question 2c. Do EPA Chemical Testing Strategies Detect Relevant Adverse
Effects for Chemicals Which Produce NMDR for Specific Endpoints?
EPA’s response to Question 2c appears to be that current testing assays in
the EDSP’s screening battery detect disruption of estrogen, androgen, and thyroid pathways and that standard multigenerational tests “have measures that are
sensitive to disruption of the estrogen and androgen signaling pathways” (p. 13).
However, as discussed in relation to Questions 2a and 2b, the SOTS evaluation
provides no analysis to support these answers. A rigorous comparison of the end
points evaluated in EPA’s current testing strategy with the expected outcomes of
exposures to chemicals that affect the estrogen, androgen, and thyroid pathways
is needed. EPA could then identify the outcomes for which NMDR curves are
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plausible and consider the extent to which they would be captured by the other
end points. The analysis could then be supported by a review of the human
physiologic, toxicologic, and epidemiologic literature to provide context for
toxicity assessments conducted in laboratory animals.
It is unclear whether “relevant adverse effects” refers to ones that would
be important for the purposes of hazard identification or ones that would lead to
further testing requirements or investigative research to establish adversity. Furthermore, not all end points are considered equal in a risk assessment; some effects are given more weight than others. For example, cardiac malformations
can provide stronger evidence of a developmental hazard than would modulation
of a hormone concentration. Both are measurable end points, but they have different considerations in hazard identification. The SOTS evaluation does not
include an analysis that considered both the extent of end-point coverage and the
quality of the response.
THE ENVIRONMENTAL PROTECTION AGENCY’S EVALUATION
OF THE IMPLICATIONS OF NONMONOTONIC DOSE–RESPONSE
RELATIONSHIPS FOR RISK-ASSESSMENT PRACTICES
Question 3 of the SOTS evaluation was: Do NMDRs provide key information that would alter EPA’s current weight of evidence conclusions and risk
assessment determinations, either qualitatively or quantitatively? A conclusion
was drawn that “data from studies in which NMDRs are identified may be biologically relevant and as such should be evaluated in context with the totality of
the available scientific data in weight of evidence (WoE) conclusions and risk
assessment determinations. . . . NMDRs can have impact on both qualitative and
quantitative risk assessments, but cannot be considered in isolation from other
data for the chemical and biological response being considered” (p. 14).
Although risk-assessment guidelines specific to endocrine disruptors have
not been developed, the committee recognizes that endocrine disruption has
been treated as a specific MOA in guideline categories, such as those for developmental toxicity (EPA 1991), reproductive toxicity (EPA 1996), cancer (EPA
2005a,b), neurotoxicity (EPA 1998a), mutagenicity (EPA 1986), and ecologic
effects (EPA 1998b). EPA acknowledged that many prior reviews and expert
panels concluded that there is a need to address specifically how endocrine disruptor–related dose–response relationships affect current risk-assessment practices. However, EPA did not analyze how evidence of NMDR curves would be
considered in its current risk-assessment practices and drew only the general
conclusion that NMDR curves, if deemed important and relevant, would have an
effect. Thus, the SOTS evaluation fails to provide the analysis needed to answer
Question 3 in a defensible manner.
To address Question 3 directly and respond to the challenges that have
been raised, the committee recommends that the draft SOTS evaluation be revised to include a specific analysis and presentation of how NMDR relation-
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ships, to the extent that evidence supports their existence for adverse effects,
would be addressed in current risk-assessment guidelines and practices and under what circumstances they would be found inadequate. A key consideration
will be an examination of how NMDR curves bear on the WOE and MOA analyses that drive the risk-assessment process. Even if the current literature is found
not to provide compelling evidence of NMDR curves of health relevance in the
exposure range of regulatory concern, an assessment of how such evidence
would alter risk assessment is needed to answer Question 3. For example, consideration could be given to whether cross-species extrapolations should be performed differently from current practices. Those types of analyses are needed to
determine whether NMDR curves provide key information that would alter
EPA's current WOE conclusions and risk-assessment determinations.
Noticeable omissions in the draft SOTS evaluation are consideration of
human studies—including the physiologic, clinical, and epidemiologic evidence—and discussion of how evidence of NMDR curves in ranges relevant to
humans would be incorporated into risk assessments. Furthermore, little attention is paid to potential issues associated with, for example, cross-species,
lifestage, sex, route-to-route, and in vitro–to–in vivo extrapolations that help to
frame the MOA and dose–response analyses that are important for developing
human health risk assessments. Those issues can be even more problematic in
extrapolating from aquatic or ecologic studies to the broader ecosystem or human health. Clarifying how such issues could be addressed in human and environmental health assessments would be an important contribution to the SOTS
evaluation.
Thus, the committee recommends that the answer to Question 3 be justified with specific reference to EPA’s risk-assessment guidelines. As noted earlier, EPA could use examples from other organizations to guide its own analyses.
For example, the Danish Centre on Endocrine Disrupters (Hass et al. 2013) provides specific examples of the strengths and weaknesses of European testing
guidelines, establishment of dose–response relationships (BMDs) or NOAELs,
and statistical considerations and uncertainties for use in risk assessment. EPA
should consider and expand on such analyses to establish the bridge between the
state of the science for NMDR curves associated with estrogen, androgen, and
thyroid pathways and how they could be implemented in risk assessments in a
transparent manner that is ultimately useful to the regulatory community. In that
way, the final SOTS evaluation would provide a more coherent and complete
response to the questions that are posed.
As EPA considers this recommendation, it should also consider reiterating
and clarifying its operating definitions. In addition to the definitions of low-dose
effect, resilience, and adverse effect discussed in Chapter 2, definitions of WOE
and MOA in a risk-assessment context should be clarified. Clear definitions are
especially important so that future debates can be based on common understandings of the strengths and weaknesses of the science that underpins methods and
results.
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CONCLUSIONS

The committee found that the SOTS evaluation provided little documentation of the analyses performed to answer questions about toxicity-testing strategies and risk-assessment practices. EPA stated in the Executive Summary of the
SOTS evaluation that it did not intend to review specific testing methods or risk
assessments, but this decision needs to be reconciled with the central scientific
questions that are posed. Because the SOTS evaluation is to be a foundational
synthesis of the literature on NMDR curves for the estrogen, androgen, and thyroid pathways, a higher standard of evaluation is required. Developing at least a
simple framework that identifies the testing methods and evaluates their ability
to detect endocrine-mediated adverse effects and NMDR relationships is necessary to answer, fully and transparently, questions about the ability of current
testing strategies to characterize hazards related to endocrine disruptors appropriately. EPA’s conclusions about the adequacy of toxicity testing should be
rooted in specific reference to and demonstrations with its own testing guidelines in a systematic manner for the estrogen, androgen, and thyroid pathways
even if it eventually decides that the available data are inadequate to reach a
conclusion. Similarly, it should devise a framework for evaluating the qualitative and quantitative implications of NMDR curves for WOE conclusions and
risk-assessment determinations. In that way, all the factors (including issues,
strengths, and weaknesses) associated with establishing dose–response relationships, characterizing MOAs, and understanding route-to-route, in vitro to in vivo, and cross-species extrapolations can be presented openly and transparently,
assumptions can be clearly stated, and uncertainties can be acknowledged.
RECOMMENDATIONS
The scope of Questions 2 and 3 should be better defined and tailored to the
scope of Question 1 (see Chapter 2). Important elements include the following:
 EPA should specify the toxicity-testing strategies under consideration
and evaluate them for their ability to detect NMDR relationships mediated by
the estrogen, androgen, and thyroid hormone pathways. The tests should be
evaluated in terms of the design criteria that would be necessary to detect such
relationships and the adverse effects of interest. The evaluation should include
careful consideration of reproductive and developmental toxicity and related
tests, given the importance of hormones in fetal, perinatal, and adolescent development.
 As noted in Chapter 2, resilience, or adaptation, is a controversial topic
and is not adequately addressed by EPA in the SOTS evaluation. EPA should
distinguish between adverse effects and adaptive effects. Because effects that
are adaptive in some people are adverse in others, consideration should be given
to potential windows of susceptibility (for example, during fetal development),
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particularly sensitive populations (for example, those with pre-existing health
conditions), and other factors (such as multiple chemical exposures) in making
these determinations.
 EPA’s SOTS evaluation should be expanded to indicate how NMDR
relationships for estrogen, androgen, and thyroid pathways would be addressed
under EPA’s current risk-assessment guidelines and practices, including statistical considerations, uncertainty analyses, lifestage or susceptibility issues, and
MOAs.
 As recommended in Chapter 2, EPA should reconsider its decision to
exclude human evidence. Human physiologic, clinical, and epidemiologic literature may be useful in identifying end points, dose–response relationships, and
MOAs that are relevant to the estrogen, androgen, and thyroid pathways. If such
data are included, they could be used to highlight species differences in chemical interactions with respect to the three hormone pathways, including pharmacokinetic and pharmacodynamics processes that are important considerations in
conducting risk assessments.
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David A. Savitz (Chair) is professor of epidemiology and obstetrics and gynecology at Brown University. His primary research interests are in reproductive
and environmental epidemiology. He has conducted studies of the causes of
adverse pregnancy outcomes, including miscarriage and preterm birth, and
pregnancy complications, birth defects, and child health problems. His environmental interests include a wide array of chemical and physical exposures, including exposures to perfluorinated chemicals, pesticides, drinking-water treatment byproducts, and nonionizing radiation. Dr. Savitz was president of the
Society for Epidemiologic Research and the Society for Pediatric and Perinatal
Epidemiologic Research. He is on the Executive Council of the International
Society for Environmental Epidemiology. He has served on several Institute of
Medicine (IOM) and National Research Council committees, most recently on
the IOM Committee on Obesity Prevention Policies for Young Children. Dr.
Savitz was elected to IOM in 2007. He received his PhD in epidemiology from
the University of Pittsburgh Graduate School of Public Health.
Andrea Baccarelli is the Mark and Catherine Winkler Associate Professor in
the Department of Environmental Health of the Harvard School of Public
Health. His Laboratory of Human Environmental Epigenetics investigates molecular mechanisms and biomarkers that reflect reprograming of health and disease trajectories in response to environmental exposures. He is particularly interested in the epigenome and mitochondriome at different life stages. Recent
and current projects investigate effects of exposure to particulate air pollution,
metals, bisphenol A, phthalates, and pesticides. Dr. Baccarelli received his MD
from the University of Perugia, his MPH from the University of Turin, and his
PhD from the University of Milan in Italy.
Robert E. Chapin is a senior research fellow at Pfizer, Inc., working in the Developmental and Reproductive Toxicology Center of Expertise. The center helps
to interpret and weigh reproductive and developmental data for the organization,
is involved in the development and application of in vitro models to screen
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compounds, and conducts mechanistic work in developmental and reproductive
toxicology. He was the recipient of the Pfizer Achievement Award in 2010. Before joining Pfizer in 2002, Dr. Chapin ran the reproductive toxicology laboratory for the National Toxicology Program at the National Institute of Environmental Health Sciences. He received the National Institutes of Health Director’s
Award for Scientific Merit in 1995. Dr. Chapin received his PhD in pharmacology from the University of North Carolina at Chapel Hill.
Richard A. Corley is laboratory fellow in the systems toxicology group at the
Pacific Northwest National Laboratory operated by Battelle for the US Department of Energy. He specializes in the development of physiologically based
pharmacokinetic models and multiscale computational fluid-dynamics–based
models of the respiratory system. He has published numerous peer-reviewed
papers in toxicology, pharmacokinetic modeling, and cross-species dosimetry
applications in human health risk assessments. Dr. Corley was member of the
National Research Council Committee to Review EPA’s Draft IRIS Assessment
of Formaldehyde, Committee on Risk Analysis Issues and Reviews, and Committee to Assess the Health Implications of Perchlorate Ingestion. He received
his PhD in environmental toxicology and veterinary biosciences from the University of Illinois at Urbana-Champaign.
George P. Daston is Victor Mills Society Research Fellow at the Procter &
Gamble Company and an adjunct professor of pediatrics at the University of
Cincinnati. His current research efforts are in toxicogenomics and mechanistic
toxicology, particularly in addressing how findings in these fields can improve
risk assessment of chemicals and the development of nonanimal alternatives. Dr.
Daston has served as president of the Teratology Society, councilor of the Society of Toxicology, member of the Environmental Protection Agency’s Science
Advisory Board, member of the National Toxicology Program’s Board of Scientific Counselors, and member of the National Children’s Study Advisory Committee. He has also served on several National Research Council committees,
most recently as a member of the Committee on Use of Emerging Science for
Environmental Health Decisions. Dr. Daston has been awarded the Distinguished Service Award by the Teratology Society and the George H. Scott
Award by the Toxicology Forum and is an elected fellow of the American Association for the Advancement of Science. He received his PhD from the University of Miami.
Russ B. Hauser is the Frederick Lee Hisaw Professor of Reproductive Physiology and professor of environmental and occupational epidemiology in the Department of Environmental Health of the Harvard School of Public Health. He
also holds an appointment at the Harvard Medical School, where he is professor
of obstetrics, gynecology, and reproductive biology. Dr Hauser’s research focuses on the health risks posed by exposure to environmental chemicals that
adversely affect human development and reproductive health. He has served on
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several National Research Council and Institute of Medicine committees, including the Committee on the Health Risks of Phthalates. He was chair of the Environment and Reproduction Special Interest Group of the American Society for
Reproductive Medicine and serves on the US Consumer Product Safety Commission’s Chronic Hazard Advisory Panel that is examining the effects of
phthalates on children’s health. He received his MD from Albert Einstein College of Medicine and his MPH and ScD from the Harvard School of Public
Health. He is board-certified in occupational medicine.
Amy H. Herring is professor of biostatistics and associate chair of the Department of Biostatistics of the University of North Carolina at Chapel Hill. Her
research interests include longitudinal and multivariate data, hierarchic models,
latent variables, Bayesian methods, reproductive and environmental epidemiology, and maternal and child health. She is a former president of the Eastern
North American Region Committee of the International Biometric Society. Dr.
Herring is a fellow of the American Statistical Association and serves on the
Board of Directors of the International Society for Bayesian Analysis. She received the Mortimer Spiegelman Award for outstanding public-health statistician under the age of 40 years from the American Public Health Association in
2012. Dr. Herring received her ScD in biostatistics from Harvard University.
Andreas Kortenkamp is professor of human toxicology at the Institute for the
Environment of Brunel University, London (United Kingdom). His research
interests are in exploring environmental pollutants and their combined effects on
endocrine diseases. In numerous publications, he has investigated the effects of
mixtures of chemicals that can disrupt hormone action. Dr. Kortenkamp has
been involved in the development of several reports for the European Commission, including the State of the Art Report on Mixture Toxicology and the State
of the Art Assessment of Endocrine Disruptors. He was a member of the World
Health Organization–United Nations Environmental Programme panel for evaluating the state of the science of endocrine disruption in 2012. Dr. Kortenkamp
was a member of the National Research Council Committee on the Health Risks
of Phthalates and is a member of the US Consumer Product Safety Commission’s Chronic Hazard Advisory Panel that is examining the effects of phthalates
on children’s health. He earned his PhD from Bremen University in Germany.
Heather B. Patisaul is an associate professor in the Department of Biology of
the North Carolina State University. Her research examines the steroiddependent mechanisms through which sexually dimorphic behaviors and brain
circuits arise, and she also explores the mechanisms by which sexually dimorphic systems and behaviors can be disrupted by environmental estrogens. Her
laboratory is interested in the mechanisms by which exposure to environmental
estrogens can advance puberty and impair fertility in females. Dr. Patisaul
served on the World Health Organization expert panel that assessed the risks of
bisphenol A in 2010. She received her PhD from Emory University.
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Elizabeth N. Pearce is associate professor of medicine at the Boston University
School of Medicine in the Section of Endocrinology, Diabetes, and Nutrition.
Her research interests include the sufficiency of dietary iodine in the United
States, thyroid function in pregnancy and lactation, thyroid effects of exposure
to environmental perchlorate and other potential endocrine disruptors, and the
cardiovascular effects of subclinical thyroid dysfunction. She has served as a
member of the Board of Directors of the American Thyroid Association (ATA)
and is on the Management Council of the International Council for the Control
of Iodine Deficiency Disorders Global Network. Dr. Pearce is the recipient of
ATA’s 2011 Van Meter Lecture Award. She received her MD from Harvard
Medical School and her MSc in epidemiology from the Boston University
School of Public Health.
Tracey J. Woodruff is professor and director of the Program on Reproductive
Health and the Environment in the Department of Obstetrics, Gynecology, and
Reproductive Sciences of the University of California, San Francisco. Before
joining the university, she was a senior scientist at the US Environmental Protection Agency’s National Center for Environmental Economics. She has extensive expertise in exposure assessment, environmental epidemiology, risk assessment, and research translation. Her research interests are in evaluating
prenatal exposures to environmental chemicals and related adverse pregnancy
outcomes and characterizing developmental risks. She has also been involved in
developing guidance for applying evidence-based medicine methodology to
environmental health sciences. Dr. Woodruff was appointed to the California
Developmental and Reproductive Toxicant Identification Committee in 2012.
She received her PhD in bioengineering from a joint program of the University
of California, Berkeley and San Francisco.
Lauren Zeise is deputy director for scientific affairs in the California Environmental Protection Agency’s Office of Environmental Health Hazard Assessment. She oversees the department’s scientific activities, which include the development of risk assessments, hazard evaluations, toxicity reviews, cumulative
impacts analyses, and frameworks and methods for assessing toxicity and cumulative impact and the department’s activities in the California Environmental
Contaminant Biomonitoring Program. Dr. Zeise was the 2008 recipient of the
Society of Risk Analysis’s Outstanding Practitioner Award. She has served on
several advisory boards and committees of the US Environmental Protection
Agency, the Office of Technology Assessment, the World Health Organization,
and the National Institute of Environmental Health Sciences. Dr. Zeise has
served on numerous National Research Council and Institute of Medicine committees, including service as a member of the Committee on Improving Risk
Analysis Approaches Used by the US Environmental Protection Agency and
current service on the Committee on the Review of the Formaldehyde Assessment in the National Toxicology Program 12th Report on Carcinogens. She received her PhD from Harvard University.
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Yiliang Zhu is professor in the Department of Epidemiology and Biostatistics
of the University of South Florida, where he directs the Center for Collaborative
Research. He is also professor of internal medicine at Morsani College of Medicine. His current research involves quantitative methods in health risk assessment, including physiologically based pharmacokinetic models, dose–response
modeling, benchmark-dose methods, and uncertainty quantification. He also
conducts research in health outcome and health system evaluation. Dr. Zhu is
currently a Fulbright Research Fellow in China, where he is establishing a 15year cohort study on rural health and human development in northwest China.
Dr. Zhu has served on several National Research Council committees, including
current service on the Committee to Review the IRIS Process. He received his
PhD in statistics from the University of Toronto.
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