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A B S T R A C T

The peer-reviewed literature on the health and ecological effects of lead (Pb) indicates common effects
and underlying modes of action across multiple organisms for several endpoints. Based on such
observations, the United States (U.S.) Environmental Protection Agency (EPA) applied a cross-species
approach in the 2013 Integrated Science Assessment (ISA) for lead for evaluating the causality of
relationships between Pb exposure and specific endpoints that are shared by humans, laboratory
animals, and ecological receptors (i.e., hematological effects, reproductive and developmental effects,
and nervous system effects). Other effects of Pb (i.e., cardiovascular, renal, and inflammatory responses)
are less commonly assessed in aquatic and terrestrial wildlife limiting the application of cross-species
comparisons. Determinations of causality in ISAs are guided by a framework for classifying the weight of
evidence across scientific disciplines and across related effects by considering aspects such as biological
plausibility and coherence. As illustrated for effects of Pb where evidence across species exists, the
integration of coherent effects and common underlying modes of action can serve as a means to
substantiate conclusions regarding the causal nature of the health and ecological effects of
environmental toxicants.

ã 2015 Published by Elsevier Ireland Ltd.
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13 1. Introduction

14 There is increasing recognition in the scientific community of
15 the potential value of integrating scientific information across
16 human and ecological receptors to improve characterization of the
17 risk posed by environmental exposures (Munns et al., 2003; U.S.
18 EPA, 2005a; Vermeire et al., 2007). A cross-species and transdisci-
19 plinary approach was proposed for characterization of the effects
20 of Pb to humans and wildlife (Pokras et al., 2009; Pokras and
21 Kneeland, 2008). Consistent with these developments, the United
22 States (U.S.) Environmental Protection Agency (EPA) used a novel
23 cross-disciplinary approach, drawing upon the coherence of the
24 effects of Pb across human and animal species, to form causal
25 determinations for relationships of Pb exposure with health and
26 ecological effects. These causal determinations are described in the
27 recent Integrated Science Assessment (ISA) for Pb (U.S. EPA, 2013a),
28 which is the comprehensive review, synthesis, and evaluation of
29 the most policy-relevant science and serves as the scientific
30 foundation for the review of the National Ambient Air Quality
31 Standards (NAAQS) for Pb in the U.S (U.S. EPA, 2013a). Pb is one of
32 six criteria pollutants for which the U.S. EPA establishes primary
33 and secondary standards for the level of pollutant in the air. The
34 primary NAAQS are established to provide an adequate margin of
35 safety that is requisite to protect public health from air pollution.
36 Secondary standards for Pb provide public welfare protection,
37 including damage to animals, wildlife, soils, crops, and vegetation.
38 The Clean Air Act requires periodic review of the scientific evidence
39 upon which the standards are based and the adequacy of the
40 standards themselves.
41 In order to determine the causal nature of air pollution-related
42 health or ecological effects, ISAs apply a well-defined framework to
43 integrate scientific evidence and evaluate the overall weight of
44 evidence. This framework, described in detail in the preamble to
45 the ISA, includes several factors to guide the evaluation of the
46 evidence across all disciplines: consistency, coherence, strength,
47 biological plausibility, temporality, specificity, analogy, and exper-
48 imental evidence (U.S. EPA, 2013a). These various aspects of the
49 available scientific information, based on the criteria first
50 articulated by Sir Austin Bradford Hill (Hill, 1965), have been
51 widely applied for hazard identification when evaluating human
52 health evidence for the purpose of judging causality (IOM, 2008;
53 IARC, 2006; U.S. EPA, 2005b; CDC, 2004). Although, originally
54 developed for interpretation of epidemiologic results, the Hill
55 aspects have been modified for use with a broader array of data, i.e.,

56epidemiologic, controlled human exposure, ecological, and animal
57toxicological studies as well as in vitro data (U.S. EPA, 2013a).
58Causal inference can be strengthened by the integration of
59evidence across disciplines. A weak inference from one line of
60evidence can be addressed by other lines of evidence and their
61coherence across disciplines can add support to a cause–effect
62interpretation of the association. For example, for any effect
63identified in one scientific discipline, other lines of evidence that
64elucidate the sequence of key events that lead to that effect can add
65to the weight of evidence by providing biological plausibility for
66effects. Where effects of Pb observed in humans can support
67conclusions regarding effects in wildlife and vice-versa (Pokras
68et al., 2009), consideration of common underlying mechanisms of
69Pb toxicity across species can provide an additional basis for
70integration. While human health and ecological effects are
71typically assessed through the consideration of distinct disci-
72pline-specific bodies of literature, both human and ecological
73toxicology have recently moved toward characterization of
74underlying pathways conserved across taxa (Perkins et al., 2013;
75Ankley et al., 2010). Both the mode of action (MOA) approach and
76the adverse outcome pathway (AOP) approach are based on shared
77molecular pathways and key initiating events (Meek et al., 2014).
78An AOP examines the linkages between molecular initiating events
79and adverse outcomes at higher levels of biological organization
80that are relevant to risk assessment (Ankley et al., 2010). MOA is
81defined as a series of causally linked biochemical or biological key
82events that are empirically observable, measurable, reproducible
83and necessary steps of a MOA leading to an effect. The MOA
84approach typically uses a chemical-specific focus to characterize
85key events while the AOP approach uses an endpoint specific focus
86for the same purpose (Ankley et al., 2010; Meek et al., 2014).
87Although the MOA construct has historically been used in human
88toxicology and the AOP in ecological contexts, both facilitate
89characterizing the effects of toxicants on humans and wildlife.
90Both approaches support the identification of key events that are
91conserved across taxa and may in turn inform the other for a range
92chemicals or outcomes.
93As noted by Munns et al. (2003), joint examination of health and
94ecological effects of environmental stressors in risk-based deci-
95sion-making is supported by shared exposure pathways and
96commonalities in biological responses across species, including
97those characterizing potential underlying mechanisms. In the case
98of Pb, human and ecological receptors share pathways of exposure
99due to the non-specificity of multiple sources, including current
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