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In their recent article [1], Chari et al. call attention to the important subject of setting National
Ambient Air Quality Standards (NAAQS) to provide requisite protection for public health, including
the health of sensitive groups, as specified under the Clean Air Act (73 FR 66965) [2]. The authors
focus on consideration of susceptibility to inform policy choices, using lead (Pb)-related neurocognitive
effects and children from low socioeconomic status (SES) families in the context of alternative Pb
standard levels. Our comments focus on the authors’ analysis of the scientific evidence and not on
policy. We agree with the authors that the health effects evidence for Pb indicates a role (or roles) for
SES-related factors in influencing childhood Pb exposure and associated health effects. We disagree,
however, with the authors’ interpretation of the literature on SES influence on the shape of the
concentration-response (C-R) relationship between children’s blood Pb and IQ (e.g., steepness of the
slope). We further address aspects of the scientific evidence that are important to the consideration of
sensitive populations in the context of the Pb NAAQS, and how the U.S. Environmental Protection
Agency (EPA) considered this evidence in setting the Pb NAAQS in 2008.
The role of SES as a confounder and/or effect modifier of the associations between Pb exposure and
health effects is complicated [3,4]. Lower SES is independently associated with an adverse impact on
neurocognitive development [5], and often associated with higher Pb exposure and higher blood Pb
concentration [3]). Consequently, SES is commonly treated as a potential confounder. Several studies
have, however, examined SES as a potential modifier of the association of childhood Pb exposure with
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cognitive function, and thus, might inform the question of a likelihood for greater neurocognitive
impact at the same blood Pb level in low as compared to higher SES groups. However, this limited
dataset has produced somewhat mixed results. For example, an analysis of the Port Pirie longitudinal
cohort in early adolescence suggested a steeper slope for the C-R relationship for the relatively lower
SES subset of the cohort, although the results lacked statistical significance after adjustment for
covariates and an analysis of the same cohort in early childhood found no significant SES
modification [6,7]. Comparison of results between two longitudinal study cohorts of notably different
SES but similar blood Pb levels (Rochester and Boston), however, does not indicate appreciably
different slopes for their blood Pb-IQ C-R relationships [8–10]. Additionally, a meta-analysis of data
from these and other studies, which examined the relationship of early childhood blood Pb with school
age IQ, observed a smaller IQ reduction per unit blood Pb for studies conducted in SES disadvantaged
populations compared to nondisadvantaged populations [11]. In summary, we find, based on a critical
assessment of the available scientific evidence, that low SES is not consistently associated with a
larger decrement in IQ per increment of children’s blood Pb level.
Building from their interpretation of the evidence on SES as a Pb susceptibility factor, Chari et al. [1]
present an alternative application of the evidence-based framework that was developed by the EPA to
inform the 2008 Pb NAAQS. The authors suggest that their application, which involved their use of
different C-R functions or slopes of the C-R relationship between children’s blood Pb and IQ than those
selected by EPA, incorporates susceptibility, and that EPA’s application did not. As discussed below,
however, EPA comprehensively considered multiple aspects of the evidence relating to susceptibility.
Based on the extensive evidence base for the health effects of Pb, including the evidence pertaining
to sensitive populations, EPA focused their consideration for a Pb NAAQS level primarily on Pb
effects to the developing nervous system in children (73 FR 66965) [2,3]. (EPA’s assessment of the
extensive evidence base for the health effects of Pb, including the evidence pertaining to sensitive
populations, was documented in the Air Quality Criteria for Pb [3], two drafts of which received
public scientific review by the Clean Air Scientific Advisory Committee (CASAC), supplemented by
subject-matter-expert Panelists, creating a scientific panel of 20. Among the range of health effects
aspects considered by the CASAC review was identification of populations that are especially
susceptible or vulnerable to Pb.) EPA further gave particular attention to neurocognitive effects at the
blood Pb levels well below 10 µg/dL that have become common in U.S. children, the shape of the C-R
relationship at those blood Pb levels, and available evidence regarding factors affecting this
relationship. Thus, an important factor in the development and application of the evidence-based
framework to inform EPA’s NAAQS decision was the conclusion of a steeper slope to the C-R
relationship for children’s blood Pb level and IQ at lower (versus higher) blood Pb levels [3]. In light
of this conclusion and the recognition that much of the evidence comprised studies involving blood Pb
levels much higher than those common in U.S. children, EPA focused on studies involving the lowest
studied blood Pb levels, closest to those of today’s U.S. children. In so doing, EPA selected four C-R
relationship slopes from four studies with subgroup analyses for which mean blood Pb levels ranged
from 2.9 to 3.8 µg/dL [8,10,12,13]. Consistent with the conclusion regarding a steeper slope at lower
blood Pb levels, these studies were those reporting the steepest slopes in the evidence base. (Among
studies with mean blood Pb levels near or below 10 µg/dL, EPA considered slopes from published
analyses which found statistically significant associations of neurocognitive decrement with blood Pb
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after adjustment for important potential confounders (or their surrogates) in full study cohorts, as well
as some subgroups restricted to children with lower blood Pb levels (73 FR 66977) [2].) Thus, with the
selection of these slopes, EPA focused this aspect of the framework on the evidence pertaining to those
children with the greatest incremental impact of Pb on IQ. The rest of the framework design, which
implemented relationships between air Pb and blood Pb for different standard levels, further focused
EPA’s decision on the level for a revised standard on the sensitive subset of children in the U.S. likely
to be exposed at different alternative standard levels, which is generally expected to be the subset living
near sources who are likely to be most highly exposed to air Pb (73 FR 67005) [2].
With regard to Chari and colleague’s consideration of EPA’s evidence-based framework, we first
note, that it appears they did not realize the studies selected by EPA did not represent SES-diverse
populations. Three of the four analyses from which EPA identified C-R relationship slopes (C-R
functions) for use in the evidence-based framework are for subgroup analyses of study groups
completely or largely composed of children from families of low or low to middle income [8,12,13].
The fourth slope, for a subgroup of the middle to high SES Boston longitudinal cohort [10], is not
appreciably different from the slopes obtained for the three lower SES datasets.
We further note that the C-R relationship slopes identified in Table 3 of Chari et al. [1] as
representing analyses for low SES children were derived by extrapolation, using log-linear functions in
all but one case, to a blood Pb level of 2 µg/dL, a value largely outside the range of the study data. For
example, all but one of the slopes are based on studies in which the mean blood Pb levels for the full
cohorts exceed 14 µg/dL [6,14,15]. (The fourth slope comes from analyses of neonatal blood Pb,
reflecting maternal exposure rather than childhood exposure (relevant for the evidence-based
framework), with the full neonate cohort mean level being 4.5 µg/dL [16]. Further, at least two of the
studies reported there to be still higher blood Pb levels in the lower SES subgroup than the full
cohort [6,16].) The use of extrapolation, particularly for the nonlinear functions, adds uncertainty and
reduces confidence in the estimates. In contrast, the slopes used by EPA in the evidence-based
framework reflected linear functions derived directly from the four study subgroup datasets without
extrapolation (73 FR Tables 1 and 3) [2].
In summary, there is agreement that evaluation of differential susceptibility is important to inform
policy choices and the full evidence base indicates that SES-related factors are important influences on
Pb exposure and on children’s cognitive function. A critical assessment of the evidence on children’s
blood Pb and IQ, however, does not support the underlying premise of the presentation by Chari et al.
of a larger incremental effect in low (as compared to higher) SES populations. Additional research in
this area may further inform this issue.
Acknowledgements
The views expressed in this article are those of the authors and do not necessarily reflect the views
or policies of the U.S. Environmental Protection Agency.

Int. J. Environ. Res. Public Health 2013, 10

715

References
1.

2.

3.
4.
5.
6.

7.
8.

9.
10.
11.
12.

13.

14.
15.

Chari, R.; Burke, T.A.; White, R.H.; Fox, M.A. Integrating susceptibility into environmental
policy: An analysis of the national ambient air quality standard for lead. Int. J. Environ. Res.
Public Health 2012, 9, 1077–1096.
National Ambient Air Quality Standards for Lead; Final Rule. Available online:
http://www.epa.gov/leaddesignations/2008standards/documents/Pb_NAAQS_Rule.pdf (accessed
on 5 September 2013).
Air Quality Criteria for Lead; Final Report EPA/600/R-05/144aF-bF; U.S. Environmental
Protection Agency: Washington, DC, USA, 2006.
Bellinger, D.C. Lead neurotoxicity and socioeconomic status: Conceptual and analytical issues.
Neurotoxicology 2008, 29, 828–832.
Tong, S.; Baghurst, P.; Vimpani, G.; McMichael, A. Socioeconomic position, maternal IQ, home
environment, and cognitive development. J. Pediatr. 2007, 151, 284–288.
McMichael, A.J.; Baghurst, P.A.; Vimpani, G.V.; Robertson, E.F.; Wigg, N.R.; Tong, S.
Sociodemographic factors modifying the effect of environmental lead on neuropsychological
development in early childhood. Neurotoxicol. Teratol. 1992, 14, 321–327.
Tong, S.; McMichael, A.J.; Baghurst, P.A. Interactions between environmental lead exposure and
sociodemographic factors on cognitive development. Arch. Environ. Health 2000, 55, 330–331.
Canfield, R.L.; Henderson, M.A.; Cory-Slechta, D.A.; Cox, C.; Jusko, T.A.; Lanphear, B.P.
Intellectual impairment in children with blood lead concentrations below 10 µg per deciliter.
New Engl. J. Med. 2003, 348, 1517–1526.
Bellinger, D.C.; Stiles, K.M., Needleman, H.L. Low-level lead exposure, intelligence and
academic achievement: A long-term follow-up study. Pediatrics 1992, 90, 855–861.
Bellinger, D.C.; Needleman, H.L. Intellectual impairment and blood lead levels. New Engl. J.
Med. 2003, 349, 500–502.
Schwartz, J. Low-level lead exposure and children’s IQ: A meta-analysis and search for a
threshold. Environ. Res. 1994, 65, 42–55.
Tellez-Rojo, M.M.; Bellinger, D.C.; Arroyo-Quiroz, C.; Lamadrid-Figueroa, H.; Mercado-Garcia, A.;
Schnaas-Arrieta, L.; Wright, R.O.; Hernandez-Avila, M.; Hu, H. Longitudinal associations
between blood lead concentrations lower than 10 µg/dL and neurobehavioral development in
environmentally exposed children in mexico city. Pediatrics 2006, 118, 323–330.
Lanphear, B.P.; Hornung, R.; Khoury, J.; Yolton, K.; Baghurst, P.; Bellinger, D.C.; Canfield, R.L.;
Dietrich, K.N.; Bornschein, R.; Greene, T.; Rothenberg, S.J.; Needleman, H.L.; Schnaas, L.;
Wasserman, G.; Graziano, J.; Roberts, R. Low-level environmental lead exposure and children’s
intellectual function: an international pooled analysis. Environ. Health Perspect. 2005, 113,
894–899.
Harvey, P.G.; Hamlin, M.W.; Komar, R. Blood lead, behaviour and intelligence test performance
in preschool children. Sci. Total Environ. 1984, 40, 45–60.
Tong, S.; Baghurst, P.; McMichael, A.; Sawyer, M.; Mudge, J. Lifetime exposure to environmental
lead and children’s intelligence at 11–13 years: The port pirie cohort study. BMJ 1996, 312,
1569–1575.

Int. J. Environ. Res. Public Health 2013, 10

716

16. Dietrich, K.N., Krafft, K.M., Bier, M.; Succop, P.A.; Berger, O.; Bornschein, R.L. Early effects of
fetal lead exposure: Neurobehavioral findings at 6 months. Int. J. Biosocial Res. 1986, 8,
151–168.
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

