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Evidence of Health Effects of Blood Lead Levels < 10 IJg/dL in Children 


Introduction 

Because recent studies showed an inverse association between children's health 
and blood lead levels (BLLs) in the range < 10 micrograms per deciliter (J.1g1dL), the 
Advisory Committee on Childhood Lead Poisoning Prevention established a work group 
(WG) to review available evidence that blood lead levels below those currently defined 
as elevated by CDC could adversely impact children's health. The WG attempted to 
answer two questions: 

1) Does available evidence support a negative association between measured 
blood lead levels in the range < 10 J.1g1dL and children's health? 

2) Are the observed associations likely to represent causal effects of lead on 
health? 

The WG reviewed evidence from published studies relating blood lead levels 
measured in children to cognitive function and other health measures. Among studies, 
both cross-sectional and longitudinal that have examined the relation of blood lead level 
to cognitive function as measured by IQ or the McCarthy Scales of Children's Ability 
(MSCA) General Cognitive Index (GCI), the majority showed an inverse relation of 
blood lead level to measured cognitive function that is attenuated but not eliminated with 
adjustment for potential confounders. There was no evidence that the estimated slope of 
the inverse blood lead-cognitive function relation tended to decrease with decreasing 
population blood lead levels, which one would expect if a threshold existed. In addition, 
in two prospective studies, (Canfield et aI., 2003 and Bellinger et aI., 2003), the estimated 
slope among children whose measured blood lead levels did not exceed 10 j.LgldL, was 
greater than the slope estimated for the cohort as a whole. In these two studies, no 
threshold for the association is evident in the range of routinely measured blood lead 
levels. On the basis of this review, the WG concluded that the inverse association 
between children's blood lead levels and children's cognitive function that has been 
observed in populations of children with higher blood lead levels is also present in 
populations ofchildren with measured blood lead levels less than 10 J.1g1dL. 

The WG identified and considered several issues that bear on drawing causal 
inference from the observed associations among children with blood lead levels < 10 
J.1g1dL. After considering these issues in the light of available evidence, the WG 
concludes that these associations are likely to be at least partly due to a causal adverse 
health impact of lead occurring at blood lead levels < 10 J.1g1dL. However, the WG also 
concluded that the possibility of residual confounding and other factors leaves 
considerable uncertainty as to the absolute size of the effect and shape of the dose 
response relationship at blood lead levels < 10 J.1g1dL. 
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Additional but limited evidence is available concerning associations of blood lead 
levels < 10 j.1g1dL with impairment of health domains other than cognitive function, 
including other neurologic functions, growth, sexual maturation, and dental caries. 
Because of the limitations of this evidence, which is mostly from cross-sectional studies 
such as the Third National Health and Nutrition Examination Survey (NHANES lIn, the 
WG did not draw conclusions concerning whether or not these associations represent 
causal effects at blood lead levels < 10 j.1g1dL. 
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Appendix A 

Literature Review and Classification 


The literature review began with the Agency for Toxic Substances and Disease Registry's Toxicological 
Profile for Lead (ATSDR Tox Profile), published July 1999. The Health Effects chapter was thoroughly 
read and all articles relating to low blood-lead levels in children were chosen, whether they found 
significant results or not. New literature searches were then performed by Battelle's Technical 
Information Center. The year 1995 was chosen as the cutoff date for the new searches because it was 
felt that before this time, there was little focus on blood-lead levels less than 10 and that most relevant 
articles before 1995 were cited in the ATSDR Tox Profile. Searches were performed on a variety of 
databases using DIALOG and a set of keywords. 

The following is an example of the DIALOG, including databases and keywords: 

SYSTEM:OS - DIALOG OneSearch 
File 6:NTIS 1964-2003/May W3 (c) 2003 NTIS, Intl Cpyrght All Rights Res 
File 103:Energy SciTec 1974-2003/May B1 (c) 2003 Contains copyrighted material 
File 266:FEDRIP 2003/Mar Comp & dist by NTIS, Intl Copyright All Rights Res 
File 161:0cc.Saf.& Hth. 1973-1998/Q3 (c) Format only 1998 The Dialog Corp. 
File 156:ToxFile 1965-2003/May W2 (c) format only 2003 The Dialog Corporation 
File 155:MEDLINE(R) 1966-2003/May W2 (c) format only 2003 The Dialog Corp. 
File 162:Global Health 1983-2003/Apr (c) 2003 CAB International 
File 71:ELSEVIER BIOBASE 1994-2003/May W3 (c) 2003 Elsevier Science B.V. 
File 40:Enviroline(R) 1975-2003/May 
File 73:EMBASE 1974-2003/May W1 (c) 2003 Elsevier Science B.V. 
File 34:SciSearch(R) Cited Ref Sci 1990-2003/May W2 (c) 2003 Inst for Sci Info 
File 5:Biosis Previews(R) 1969-2003/May W2 (c) 2003 BIOSIS 

Set 
S1 
S2 
S3 
S4 
S5 
S6 
S7 
S8 
S9 
S10 
Sl1 
S12 
S13 
S14 
S15 
S16 
S17 
S18 
S19 
S20 
S21 
S22 
S23 
S24 
S25 
S26 
S27 
S28 
S29 
S30 
S31 

Items 
512735 

1244432 
2607491 

253558 
184354 

68959 
5798237 

14048 
2153692 

31450 
634981 
169948 
200409 
669012 

13 
61334 
20269 

1441 
438 
422 
353 
190 
190 

19583 
272980 
166224 
148942 

15459 
7061 

2878983 
3 

Description 
NATAL? OR PRENATAL? OR PERINATAL? OR POSTNATAL? 
INFANT? ? OR INFANCY 
CHILD? ? OR CHILDREN? ? 

LEAD/TI,DE,ID 

PB 

RN=7439-92-1 

BLOOD 

(S1:S3) AND (S4:S6) AND S7 

GROWTH/TI,DE,ID 

STATURE 

NUTRITION 

HEARING 

(RENAL OR KIDNEY) (3N) FUNCTION? 


BLOOD() PRESSURE 

HEMESYNTHESIS 

HEMATOPOIESIS 
(VITAMIN()D) (3N)METABOLI? 
S8 AND (S9:S17) 
S18 AND PY=1990:1996 
S19/ENG OR (S19 AND LA=ENGLISH) 
S20/HUMAN 
RD (unique items) 
Sort S22/ALL/PY,D 
NEUROBEHAVIO? 
NEUROLOGICAL? 
NEUROLOGIC 
NEUROTOXIC? 
NEURODEVELOPMENT? 

( 

BEHAVIOR? OR BEHAVIOUR? 
IMPULSITIVITY 
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S32 54987 HYPERACTIVITY 

S33 10725 ADHD 

S34 31451 IQ OR (INTELLIGENCE()QUOTIENT? ? ) 

S35 3350 WISC 

Ref Items Index-term 

E1 715223 *DC=AS . 1S6. (Central nervous system) 

E2 645734 DC- AS .lS6 . 211. (Brain) 

E3 23250 DC=AS.1S6.2ll.l32. (Brain stem) 

S36 715223 DC='A8.186. ':DC='A8.186.211 . 132.' 

S37 2936 (S8 AND (S24: S36)) NOT S18 

S38 964 S37 AN D PY=1990:1996 

S39 941 S38/ENG OR (S38 AND LA=ENGLISH) 

S40 808 S39/HUMAN 

S41 415 RD (unique items) 


This literature search was first run for the years 1995 to 2002. In the spring of 2003, the search was 
rerun for the years 2002-2003 to determine the relevance of recently published articles. Also in the spring 
of 2003. the search was rerun for the years 1990 to 1996 for relevant articles that were not cited in the 
ATSDR Tax Profile. Titles and abstracts from each literature search were reviewed, and relevant ones 
were ordered for further review. Additional articles were identified while reviewing the selected articles 
and were added to the list of references, as were a number of articles recommended by workgroup 
members. 

The table below provides a summary of all the articles obtained from the various sources. This table 
shows when the search was performed, the years covered in the search, the number of articles found in 
the literature search, the number of articles ordered after the titles and abstracts had been reviewed, and 
the number of articles that were relevant for abstraction. 

Summ~ryof Literature Review Results 

Date of 
Search 

Years 
Covered 

Number of 
Unique 

Raferences 
Found 

Number of reviewed 
for relevance 

Number of Articles 
Abstracted into the 

Database 
9/02 1995-2002 327 79 12 
4/03 2002-2003 119 14 4a 

5/03 1990·1996 605 25 4 
ATSDR 

Tox 
Profile 

Prior to 1996 - 107 24 

ReferralsD various 10 12 7 
Total : 235 51 

Relevant articles cited In tables 2-5  44 
a I/oA 5 article, Stone et aI., 2003, was obtained from thiS search and IS not abstracted Into the database but its relevance IS 
discussed elsewhere in the report. 

b Referrals include articles that were recommended by workgroup members, as well as those articles dted as references in studies 

identified in the ATSDR Tox Profile or literature searches. 
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AppendixB 

Critique of NHANES III data by Stone et ale (2003) 

Stone et al. (2003) reanalyzed the data used by Lanphear et al.. While the results 
they present are largely consistent with the findings of Lanphear et aI., they provided a 
critique of the validity of the NHANES III data for evaluating lead-related impacts on 
neuropsychological development in children. Because their critique cuts across on 
neuropyschological measurements performed in the survey, the main points of their paper 
are summarized here. 

• 	 Stone et aI. note that the weighted mean values for the 4 measures used by 
Lanphear et al. are below the predicted mean based on standardization data for 
these tests collected in the early 1970s for the WISC-R) and early 1980s for the 
WRAT. Stone et al. argue that the mean values should be higher than predicted 
by the standardization means due to secular improvements in cognitive test 
scores. One possible reason cited for the discrepancy is that NHANES tests were 
not administered by a psychologist. It is unclear, however, if the population 
sample used in the standardization data were equally representative of the U.S. 
population at that time or if changes in the population composition since then 
would lead to an increase or decrease in overall mean test performance. More 
importantly, it is unclear how a bias in mean score, even if real, and the use of 
non-psychologists for testing could produce associations between blood lead 
levels and test scores, given that examiners could not have known the participants 
blood lead levels. If non-psychologists produced less precise test results than 
psychologists would have, the expected impact on regression coefficients would 
be a bias toward the null. 

• 	 The age-adjusted scores used in NHANES are correlated with age, and they 
should not be. Stone et al. show that age is negatively correlated with arithmetic, 
block design, and digit span and positively correlated with reading. However, 
since blood lead levels decrease with age across the age range studied, the 
negative correlations would tend to produce a trend towards higher scores with 
increasing blood lead for those tests, the opposite of the findings of Stone et aI. 

• 	 Imputation ofmissing covariate values was performed for a substantial proportion 
of observations in the analyses performed by Lanphear et al.. While imputation 
could increase covariate mismeasurement and residual confounding, analyses 
presented by Stone et al. show essentially similar findings when analyses are 
restricted to observations with full rank data. 

• 	 Relevant covariates, including whether a child has repeated a grade, whether 
interviews were in Spanish, and several other factors, were not included in 
analyses. However, two problems are evident in alternative "two stage" analysis 
provided by Stone et at.. First, it uses predicted rather than residual blood lead 
level as an independent variable in a model relating blood lead to test scores. This 
amounts to testing the relation to test scores of a linear combination of covariates, 
many included in the model with test score as the outcome. In addition at least 
one variable - having to repeat a - is as a possibly 
serious over control as discussed earlier. Lead associated cognitive and 

1 
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behavioral effects have, not surprisingly, been associated with an increased risk of 
failure to complete high school. Thus, controlling for failure to complete a grade 
could amount to controlling for an effect of, rather than a confounder of the lead 
effect. 

Taken as a whole, the Stone et al. critique of the NHANES III data, do not provide a 
convincing argument that the findings reported by Lanphear et al. are due to problems 
with the sample or testing methods. More importantly, Lanphear et al. must be 
considered in the context of other findings, including the more persuasive cohort studies, 
which are largely consistent with the associations he reports. 
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Background 

Charge to the Work Group 

In March 2002, the Advisory Committee on Childhood Lead Poisoning Prevention 
agreed to establish a work group (WG) to review evidence of possible health effects of lead at 
blood lead levels less than 10 micrograms per deciliter (llgldL), currently the threshold for 
defining an elevated blood lead level according to CDC guidelines (CDC, 1991). 

"In October 1991, the Centers for Disease Control and Prevention issued 
Preventing Lead Poisoning in Young Children. This document heralded a change in the 
definition of the level for intervention for children with elevated blood lead levels 
(EBLLs) from a lead level of25 IlgidL to 10 IlgidL. The report explained that this 
change was due to new data that indicated significant adverse effects of lead exposure in 
children at levels once thought to be unassociated with adverse effects. The 1991 
document identified a goal to reduce children's blood lead levels below 10 IlgidL. 
Interventions for individual children were recommended at levels of 15 IlgidL and above. 

Research findings published and disseminated since October 1991 suggest that 
adverse effects from lead exposure and toxicity occur at blood lead levels below 10 
IlgidL. Some studies suggest that some effects may be greater at blood lead levels 
(BLLs) below 10 IlgidL than at higher BLLs. Such research findings raise concerns 
about the inability to control lead exposure with conventional methods and lend credence 
to the importance of primary prevention measures to prevent lead exposure to children. 

The work group will be convened by the Advisory Committee on Childhood Lead 
Poisoning Prevention to review the existing evidence for adverse effects of lead exposure 
and toxicity on children at very low blood lead levels and to focus on effects at levels of 
10 IlgidL and below. Rigorous criteria will be established for the literature review. The 
work group will then create, in conjunction with the committee, a summary oftlle 
evidence for publication." 

Scientific and Public Health Context for the WG Review 

Prior reviews that compiled the extensive evidence from in vitro, animal, and human 
studies establishing lead as a multi-organ toxicant, including studies showing health effects at 
blood lead levels near 10 J..I.gldL (ATSDR, 1999; WHO, 1995; EPA, 1986). Among the 
published studies, a large body of literature establishes, beyond a doubt, that lead is a 
developmental toxicant and that harmful effects oflead on children's development can occur 
without clinical signs, symptoms, or abnormal routine laboratory tests. In addition, a growing 
number of studies suggest that blood lead levels prevalent in the general population are 
associated with adverse health effects in adults and in the offspring of pregnant women. Finally, 

more recent 
epidemiologic studies as a measure of cumulative lead exposure. Although these are not 
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considered in this review, a number of studies showing inverse relations of bone lead level to 
health general population samples (e.g., Cheng et aI., 2001) adds further evidence that 
cumulative lead exposure may be harmful to health at typical background exposure levels for the 
population in the United States. 

That available epidemiologic evidence does not demonstrate a threshold below which no 
effect of lead is possible is not a new idea. A review prepared for a 1986 workshop on lead 
exposure and child development stated, "There is little evidence for a threshold or no-effect level 
below which the lead/IQ association is not found. IQ deficits have been reported in studies 
where the mean lead level is 13 I-Lgldl (Yule, et aI., 1981) and similar deficits in the Danish study 
where the primary measure was tooth lead, but blood lead levels are lower at around 7 I-LgldI." 
(Smith 1989) A review, metaregression, and reanalysis of existing data (Schwartz, 1994) 
reached essentially the same conclusion. Available data did not suggest a threshold below which 
no association between blood lead levels and intelligence in young children was evident. Recent 
studies (Canfield, et aI. 2003; Lanphear, et aI., 2000; Moss, et aI., 1999; Wu, et aI., 2003) 
provided more direct evidence of an association between blood lead levels and adverse health 
effects in the domains of cognitive function, neurologic function, growth, dental caries, and onset 
of puberty at levels well below 10 I-LgidL. Thus, a reexamination of this issue is in order. 

As the evidence from experimental animal studies and human epidemiologic studies has 
grown, the blood lead level (BLL) considered elevated for the purpose of interpreting clinical 
test results in a child has been successively lowered by CDC (Table 1). These same guidelines 
also have provided criteria for identifying children who have more severe manifestations of lead 
toxicity and/or a higher risk oflead-related sequellae. For example, CDC's 1975 and 1978 
guidelines defined clinical "lead poisoning" on the basis ofBLLs, symptoms, and/or levels of 
erythrocyte protoporphyrin (EP) or other indicators of lead-related biochemical derangements. 
CDC's 1985 guidelines used the terms "lead toxicity" and "lead poisoning" interchangeably to 
refer to BLL ~ 25 I-LgidL with EP ~ 35 j.LgldL. But the guidelines acknowledged that "lead 
poisoning" is generally understood for clinical purposes to refer to episodic, acute, symptomatic 
illness from lead toxicity. CDC's 1985 guidance also cautioned that blood lead thresholds that 
guided follow-up and treatment for individual children "should not be interpreted as implying 
that a safe level of blood lead has been established." The 1991 guidelines more directly 
acknowledged the difficulty in assigning terms to specific ranges of blood lead levels given the 
different settings in which blood lead levels are interpreted and given that manifestations of lead 
toxicity occur along a continuum: "It is not possible to select a single number to define lead 
poisoning for the various purposes of all of these groups [e.g. clinicians, public health officials, 
and policy makers]" (CDC, 1991). These guidelines also noted, "Some [epidemiologic] studies 
have suggested harmful effects at even lower levels [than a BLL of 10 j.LgldL]." 
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In addition to these changes in criteria used to evaluate blood lead test results for the 
Individual child, recent analyses by the Department of Housing and Urban Development (HUD, 
1999) and the U.S. Environmental Protection Agency (EPA 2000) to support the development of 
regulations governing lead exposure have assumed that the relation of increasing blood lead to 
decrements in children's IQ extends to blood lead levels < 10 IlgidL. 

As blood lead levels considered elevated have fallen, measures to reduce or remove lead 
from a number of sources, including gasoline, soldered food and beverage containers, paint, 
drinking water, and industrial emissions have resulted in a dramatic decline in BLLs in the 
United States since the mid-1970s (Pirkle et aI. 1994). The Second National Health and 
Nutrition Examination Survey (NHANES II) conducted from 1976 to 1980 showed that, among 
U.S. children ages 6 months through 2 years, 84% of white children and more than 99% of black 
children had blood lead levels ~ 10 IlgldL, and the median blood lead level was 14 and 19 IlgidL 
respectively (Mahaffey, et aI., 1982). A decline in blood lead levels during the course of that 
survey was noted, paralleling the falling consumption oflead in gasoline (Annest, et aI., 1983). 
A continued decline in blood lead levels was evident in subsequent NHANES surveys (Pirkle et 
aI.1994; NCEH 2003) and in clinical blood lead test data compiled by state and local health 
agencies (Hayes et aI. 1994; CDC 2000). Nationally, it is estimated that by 1999-2000, the 
prevalence of BLL ~ 10 IlgidL among children 1 to 5 years of age had fallen to 2.2% and the 
median level to 2.2 IlgidL (NCEH 2003). 

These reductions in lead exposure are not cause for complacency, however. As noted 
above, scientific advances have shed light on harmful effects of lead at levels of exposure once 
thought safe. In addition, even at the lower exposure levels that prevail today, typical body 
burdens of lead may be more than two orders of magnitude higher than those estimated to have 
been present in pre-industrial humans (Smith et aI. 1992). Therefore, the potential exists for 
discovery of additional harmful effects of lead from currently prevailing exposures. Finally, 
though falling blood lead levels have benefited all demographic groups (Pirkle et aI. 1994), stark 
demographic and geographic disparities continue to reflect the historic pattern: the risk of 
elevated BLL in communities where poverty and older (Pre-1950) housing are prevalent is 
several fold higher than the national average (Lanphear et aI., 1998). 

Draft - October 2/24/2004 3 



1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

A Review of 

Review Methods 

Scope and approach 

Given the charge to the work group and the scientific and public health context 
summarized above, the WG did not attempt a comprehensive review of all evidence relating lead 
exposure to health. Instead, the WG set out to answer the following questions: 

1) Does available evidence support negative associations between children's 
measured blood lead levels and their health in the range < 10 JlgldL? 

2) Are the observed associations likely to represent a causal effect of lead on health? 

The work group established criteria as described in the methods section for published 
studies that would address the first question. In addition, the work group identified issues 
relevant to making causal inference from any observed associations. Identifying such issues is 
an essential step in interpreting evidence relevant to the WG charge. Human studies to assess 
potential health effects of environmental toxicants in general and lead in particular are, for the 
most part, observational studies. That is, the health status of participants is related to some 
measure of exposure, dose, or body burden that varies on the basis of environmental factors and 
not experimental manipulations by the investigator. For ethical reasons, the limited number of 
human experimental studies that evaluated causal relations of toxicant exposures to health 
usually involved attempts to reduce exposure or body burden and assess the impact on health 
status. Such studies of lead exposed children are rare, and to date none have focused on children 
with blood lead levels < 10 JlgldL. 

Observational studies have inherent limitations and the potential to produce biased 
results. Biases from observational studies can obscure true causal effects of toxicant exposures 
and produce associations between toxicant exposures and health status when no causal relation is 
present. Thus, statistical associations from individual observational studies or multiple studies 
subject to similar biases cannot establish causal relationships, and additional, non-statistical 
criteria have been used to evaluate such evidence. Although causal criteria have been stated in 
various ways, the Surgeon General's Report on Smoking and Health (U.S. Public Health Service 
1964) provides a useful set ofcriteria. They include: 

• 	 The consistency of the association. Is a similar association observed across studies 
with varying methods and populations? 

• 	 The strength of the association. The strength of an association is the extent to 
which the risk of a disease or a measure of health status varies in relation to 
exposure and can be expressed, for example, as a relative risk or regression 
coefficient. It is distinguished from the statistical significance of an association 
that both of 
additional criterion, specificity of the association, is closely 
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the association and is considered less important in the context of multifactorial 
health conditions. 

• l1l~~umC&.m!l!!l!;UYYm~~~!ai~LY!Ylil~~ Does the hypothesized causal 
exposure occur before the health outcome associated with it? 

• Coherence of the association. Is the observed association consistent with other 
relevant facts including, for example, experimental animal studies and the 
descriptive epidemiology of the health condition under study? 

Consistent with these criteria, the WG identified several issues specifically relevant to 
inferring causality from associations, or the lack of associations, of blood lead levels to health 
measures observed in studies of low-level lead exposure. These potential biases are not unique 
to studies of children with blood lead levels ~ 10 J.lgldL, e.g., Smith, 1989. The larger number of 
human and experimental animal studies, including primate studies, and the nature of associated 
health effects associated with higher blood lead levels have made it possible to conclusively 
demonstrate adverse health effects oflead. However, far fewer studies of possible health effects 
of blood lead levels < 10 J.lgldL have been conducted, and the relative importance of some 
sources of bias may be greater at these lower levels. Therefore, the work group considered 
several issues, which are delineated in the discussion section, in interpreting the findings of 
available studies. 

At the time of this review, a consortium of investigators from several longitudinal studies 
of lead exposure and cognitive function in children, were conducting a reanalysis of data pooled 
from these studies. A focus of the pooled reanalysis is studying the shape of the association 
between postnatal lead exposure at low levels and measured IQ (Bruce Lanphear, personal 
communication). These studies include serial measures of blood lead level, cognitive function, 
and a large number of potential confounders and thus represent stronger evidence than is 
available from cross-sectional studies. The WG reviewed published reports from individual 
cohort studies from which data were pooled, but the final results of that pooled reanalysis were 
not available for inclusion in the WG report. 

On the basis of its charge, the WG did not develop policy recommendations or address 
questions relevant to such recommendations. Among such questions are the following: 

1) 	 Is it feasible to routinely measure blood lead levels in individual children 
and accurately and reliably classify them with respect to threshold BLLs < 
10 f.LgldL? 

2) Are evidence-based interventions available to reduce blood lead levels 
and improve health of children who develop BLLs above such threshold 
values? 
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3) Would the benefits, if any, of testing and classifying children according to 
such threshold values outweigh any potential hann that might result? 

4) Would setting a threshold below 10 IlgidL for initiating individual case 
management divert resources for services to children with higher blood 
lead levels? 

5) What are other policy options for responding to concerns about health 
effects of lead at low levels of exposure? 

6) Would policy recommendations be most appropriately directed at the 
population or at the individual level? 

Such questions and policy decisions will, if appropriate, be considered by the full 
ACCLPP after reviewing the findings of this report. 

Criteria for relevant studies 

The WG initially considered then rejected limiting its review to studies for which 
published results provide direct comparisons between children with varying BLLs 10 IlgidL. 
Instead, the group decided that the large number of studies that have included IQ as an outcome 
could, collectively, indirectly support or refute the existence a threshold near 10 IlgidL for the 
blood lead-IQ association. The rationale for this approach is based on that used in a review and 
metaregression reported by Schwartz (1994) and restated below. 

Suppose that, hypothetically, a threshold exists near 10 IlgldL, above which mean IQ 
decreases linearly with increasing blood lead, with a slope=x and below which mean IQ is not 
associated with blood lead (see Figure 1 - Hypothesized "true" relation A). In studies of children 
who have blood lead levels < 10, estimated slopes would, absent sampling error, be o. For 
studies with all children having blood lead levels above the threshold, the estimated slope would, 
again ignoring sampling error, be x. Studies in which some children have blood lead above and 
others below the threshold, estimated slopes will vary between 0 and x as shown in Figure 1. 
Thus, if regression coefficients estimating the IQ-blood lead slope are less negative (approaching 
0) in populations with lower mean blood lead levels than in populations with higher mean levels, 
a threshold near 10 would be suggested. The absence of such a trend or an increase in slopes 
with decreasing mean blood lead level of the population studied would provide evidence against 
such a threshold and in support of "true" relations B and C, respectively. 

Because of this approach, studies that assess the association between blood lead and 
measured IQ were included in this review, even if (as was true in most cases) published results 
did not examine blood lead - IQ associations limited to the range of blood lead levels < 10 
IlgidL. An additional reason for considering studies that measured 1Q was the relationship ofIQ 
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to other outcomes ofpolicy and public health importance including educational success and 
earnings potential (Grosse et al. 2002). Because the McCarthy Scales of Children's Ability 
(MSCA) General Cognitive Index (GCI) was used in a number of studies to measure cognitive 
function in preschool children and because GCI and IQ scores have similar distributions, studies 
using GCI as an outcome were also included in this review. 

The following criteria were used to select relevant studies to review for this report: 

1) Blood lead levels were measured using graphite furnace atomic absorption 
spectrophotometry (GFAAS) or anodic stripping voltametry. 

2) The study was published in English. 

In addition, 

For studies in which IQ or Gel was a measured outcome, the 

study analyses included an assessment of the association between blood lead 
levels measured in children and IQ or GCI. 

For studies in which IQ or GCI was not a measured outcome, the 

study analyses included an assessment of the association between blood lead 
levels < 10 IlgidL measured in children and a health outcome. The assessment 
could either be formal (e.g., non-linear modeling, linear modeling restricted to 
populations with all or at least 95% of children had blood lead levels < 10 IlgldL, 
statistical comparison of two or more sub-groups with blood lead levels < 10 
IlgldL) or informal (e.g., graphical display of results permitting visual assessment 
of blood lead-outcome relation in the range < 10 IlgldL). 

Literature search 

To identify potentially relevant articles, a comprehensive report published by the Agency 
for Toxic Substances and Disease Registry (ATSDR 1999) was reviewed first to identify cited 
articles that related to low-level lead exposure in children. The list of potentially relevant 
citations identified in the ATSDR report was supplemented by three computerized literature 
searches, using Dialog ® to search Medline, Toxfile, and other bibliographic databases. Search 
terms (see Appendix A) were chosen to identify articles reporting on blood lead measurements 
and one or more domains of health related to lead exposure including neurodevelopment, 
cognitive function, intelligence, behavior, growth or stature, hearing, renal function, blood 
pressure, heme synthesis, hematopoiesis, and Vitamin D metabolism. The first search spanned 
articles published from 1995 through 2002 and indexed as of September 2002 when the initial 
search was performed. The second search was performed in April 2003 and spanned the period 

througb date. A spanning the years 1990' through 1 was 
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performed when a relevant article not cited in the ATSDR toxicological profile was identified by 
one of the work group members. In addition, potentially relevant articles were identified by 
work group members and through citations in articles identified previously. Abstracts were 
reviewed initially. If they were ambiguous or if they suggested the article was relevant, full 
articles were checked for relevance. Articles deemed relevant were abstracted for this report. 
Appendix A summarizes the number of possibly relevant references identified, full articles 
checked for relevance, and relevant articles abstracted and considered in the review. 

Structured abstracts 

For each relevant study, a structured study abstraction was performed that captured the 
following information: the study location, sample size, age at which blood lead was measured, 
age at which the outcome was measured, available information about the blood lead distribution, 
including mean or other measure of central tendency, variance, and % of participants with blood 
lead levels < 10 IJ.gldL, and the crude and adjusted regression coefficients relating blood lead to 
outcome, if available. If regression coefficients were not available, other measures of association 
reported, such as correlation coefficients, were noted, the type ofmodel fit (linear, log linear, or 
other), and the covariates included in the adjusted model. Because some studies fit multiple 
blood lead-outcome models, (e.g. cohort studies with blood lead and IQ measured at multiple 
ages), relevant information about each model estimated was abstracted. For IQ studies, 
covariates measured and not included in adjusted models were recorded where available. 

Review of Cohort Study Methods 

Among relevant published results were those from cohort studies specifically designed 
and conducted to study the relation of blood lead levels to children's cognitive function and other 
health outcomes. Because these studies have the strongest and best-documented study designs to 
address the topic of this review, methods used for blood lead measurement and 
neuropsychological assessment were summarized for these studies. This information was 
collected from published studies; in some cases, the studies were supplemented by information 
provided through correspondence with the investigators. 

Results 

Studies relating postnatal lead exposure to JQ or General Cognitive lodex 

Studies in which IQ or GCI measured using the McCarthy Scales of Children's Abilities) 
were measured as an outcome and other criteria were met, included 25 published reports from 16 
separate study populations. Results from these studies are summarized in Table 2 (full scale IQ 
and Gel), Table 3 (verbal IQ), and Table 4 (performance IQ). Within each table, results are 
grouped according to the age at blood lead measurement and age at outcome measurement; each 
table displays results sorted according to the measure of central tendency of the blood lead 
distribution. Because some studies used linear models (blood lead levels were untransformed) 
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and some used log-linear models (blood lead levels were log transformed) estimated regression 
coefficients were, where possible, used to calculate the estimated change in IQ (or GCI) 
corresponding to a blood lead increase from 5 to 15 IJgldL to allow for comparisons across 
studies. Covariates included in adjusted models are grouped into several broad domains that 
were addressed in most of the published studies. 

Among studies that provided results for the size and direction of the estimated blood 
lead-Full Scale IQ (or GCn associations regardless of statistical significance, a majority found 
both crude and adjusted associations to be consistent with an adverse effect - IQ decreases with 
increasing blood lead. In most cases, covariate adjustment attenuated, but did not eliminate these 
estimated associations. Findings for performance and verbal IQ were similar, with some studies 
showing stronger associations oflead with performance IQ and others with verbal IQ. 

There are notable exceptions to this pattern, however. Results from the Cleveland cohort 
(Emhart et al. 1987, 1988, 1989) indicated a crude inverse association between blood lead and 
IQ but no association with covariate adjustment. In the Cincinnati and Boston cohort studies, 
BLLs measured at or below 12 months of age showed no association or a slightly positive 
association with covariate-adjusted IQ (Dietrich et al. 1993; Bellinger et al. 1992). The 
estimated BLL-IQ association in the Kosovo cohort was strengthened substantially with 
covariate adjustment (Wasserman et aI. 1997). 

No trend toward attenuation of the blood lead-IQ (or GCI) relations across studies with 
decreasing average blood lead levels is evident (Figures 2 and 3). For two of these studies, 
analyses were presented that provide more direct information concerning the association between 
BLL and cognitive function at blood lead levels < 10. The steepest estimates of blood lead- IQ 
slope come from the Rochester (Canfield et aI. 2003) and Boston cohort (Bellinger et aI., 2003) 
analyses that were restricted to children whose measured blood lead level never exceeded 10 
IJgldL. In each case, the estimated slopes are substantially larger than those estimated from the 
entire study population (Figure 4). Canfield et aI. also report a non-linear model supporting a 
steeper blood lead-IQ slope at lower levels. 

Most of the published studies included at least one measure of socio-economic status. 
All of the published results from cohort studies were adjusted for Home Observation for 
Measurement Environment (HOME) score and birth weight; all except the Costa Rica cohort 
were adjusted for a measure of maternal intelligence. Prenatal exposure to maternal smoking 
was adjusted in the majority of studies, whereas, only in the Port Pirie cohort was a measure of 
postnatal environmental tobacco smoke exposure included. Iron deficiency anemia was included 
as a covariate in results from the Costa Rica study, which found no association of lead and IQ; 
the inverse blood lead-IQ associations in the Rochester study (Canfield et aI. 2003) and the 
Karachi study (Rahman et aI. 2002) were adjusted for serum transferrin saturation and 
hemoglobin respectively. In addition, in the Kosovo study (Wasserman et aI., 1997), alternative 
models were fit with adjustment for hemoglobin, and these showed no appreciable change in the 
lead coefficient. 
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It should be noted that not all studies reported regression coefficients that could be used 
to estimate the change in IQ associated with a BLL change of 5 to 15 J.1g1dL, and the overall 
pattern of results summarized above and in Figures 2 and 3 might have been altered had 
regression coefficients been available from all studies. For example, a member of the WG 
provided results of reanalysis of the data from the Costa Rica cohort, which showed no evidence 
of an inverse relation of BLL to IQ with adjustment for maternal IQ and other covariates used in 
the published result (Wolffet al. 1994; B Lozoffand A Wolff, personal communication). 

Studies of health endpoints other than IQ and CGI 

As noted earlier, more stringent criteria were required for inclusion of studies in this 
review if they assessed health endpoints other than general intelligence as measured by IQ or 
GCI. These studies are summarized in Table 5 and are described below. 

Cognitive function 

Lanphear et al.(2000) analyzed data on blood lead levels on performance on standardized 
tests of cognitive function of4853 children age 6 through 16 years who were evaluated as part of 
the NHANES III survey, a multiphasic health interview and examination survey of a stratified 
probability sample of the U.S. population, carried out from 1988 through 1994. In this 
population, with a geometric mean BLL of 1.9 and 98% of children having BLL < 10 J.lg/dL, 
significant inverse relations were found between BLL and scores on the Wide Ranging 
Achievement test (WRAT) arithmetic and reading scores and on the WISC-R block design and 
digit span subscales. The relationships were strengthened (the slopes became more negative) as 
analyses were progressively restricted to children with lower blood lead levels. Stone et al. 
(2003) reanalyzed the data used by Lanphear et al. (2000). While the results they present are 
largely consistent with the findings of Lanphear et aI., they provided a critique of the validity of 
the NHANES III data for evaluating lead-related impacts on neuropsychological development in 
children. Their critique did not provide results that could be summarized in the structured 
abstract formant used in this report, so a discussion of the Stone et al. critique is found in 
Appendix B. 

Other neurobehavioral measures and visual function 

Three reports (Altman et al. 1998; Walkowiak et al. 1998; Winneke et al. 1994) describe 
the relation of blood lead to several neurobehavioral measures and to visual function assessed in 
384 school children 5 to 7 years of age in three cities in Eastern Gemany. Blood lead levels were 
generally low, with a geometric mean of4.25 J.lgldL and 95% of children having blood lead 
levels < 10 J.lgldL. Walkowiak et al. 1998 reported a significant negative association between 
BLL and WISC vocabulary subscale scores and with continuous performance test false positive 
and false negative responses. Other measures inversely related to BLL included performance on 
a pattern comparison test, finger tapping speed (Winneke et aI, 1994) and visual evoked potential 
interpeak latency (Altman et al. 1998). Mendelsohn and colleagues (1999) found a 6 point 

for children aged 12 to 36 months with BLL 10-24 J.lgldL compared with children who had BLLs 

Draft - October 2/24/2004 10 



1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

A Review of 

< 10 Jlg/dL. A scatterplot of covariate-adjusted MDI vs. blood lead suggests the association 
continues at BLL<lO. 

Neurotransmitter metabolite levels 

Among children ages 8 through 12 years with mean blood lead level of 3.95 Jlg/dL, an 
direct relation of PbB to higher urinary homovanillic acid, a neurotransmitter metabolite, was 
found for the subset of children with BLL > 5 Jlg/dL (Alvarez Leite et aI., 2002). 

Growth 

Two studies examined the relation of blood lead levels < 10 Jlg/dL to somatic growth. 
Ballew et aI. (1999) using the NHANES data, found that blood lead levels were inversely related 
to height and to head circumference among children 1 to 7 years of age. A birth cohort of 
children in Mexico had blood lead levels and head circumference assessed every 6 months from 
6 to 48 months of age, during which time the median blood lead level varied from 7 to I 0 Jlg/dL 
(Rothenberg et aI. 1999). Most postnatal blood lead measures were inversely correlated with 
covariate adjusted head circumference, with the strongest relation found between blood lead at 
age 12 months and head circumference at 36 months. Kafourou and colleagues (1997) reported a 
significant negative association between blood lead level and covariate-adjusted head 
circumference and height in a population of children with median BLL of9.8, with a scatterplot 
suggesting the relation extends to BLL < 10 Jlg/dL. 

Sexual maturation 

Two studies, both based on analyses of the NHANES data, found an association between 
blood lead levels less than 10 and later puberty in girls. Selevan et al (2003) found that blood 
lead levels of 3 j.Lg/dL, compared with 1 j.Lg/dL were associated with significant delays in breast 
and pubic hair development in African American and Mexican girls. The trend was similar, but 
not significant, for non-Hispanic white girls. Age at menarche was also delayed in relation to 
higher blood lead levels, but the association was only significant for African-American girls. 
Wu et aI. (2003) reported similar findings, also for girls in the NHANES III population but did 
not stratify the analysis by racial/ethnic group. Compared with blood lead levels 2.0 j.Lg/dL and 
below, BLLs of 2.1-4.9 j.Lg/dL were associated with significantly lower odds of attaining Tanner 
2 stage pubic hair and menarche; whereas no overall association with breast development was 
noted. 

Dental caries 

In the NHANES III population, the odds ofdental caries, comparing children age 5 to or 
through 17 years in middle tertile of the BLL distribution (range ofBLLs 1.7-4.1) with those in 
the lowest tertile, were significantly elevated at 1.36 (1.01-1.83) (Moss et aI. 1999). Gemmel et 
aI., (2002) evaluated the association between blood lead levels and caries in 6-10 year old 
children from urban communities in eastern Massachusetts (mean PbB=2.9 Jlg/dL) and a rural 
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community (mean PbB=I.7 ~g/dL) in Maine. They found a significant direct relation of blood 
lead level to caries in the former, but not the latter population in which a non-significant decrease 
in caries frequency was observed with increasing blood lead. In the urban population, the trend 
of increasing caries with PbB level was evident comparing children with 1,2, and 3 ~g/dL PbB. 

Blood pressure and renal function 

Among 66-month-old children in Kosovo, a graphs depicting adjusted mean systolic and 
diastolic blood pressure vs. blood lead level, showed no consistent trend across 4 groups of 
children (approximately 28 per group) with blood lead levels spanning a range from 
approximately 5 to 1 0 ~g/dL (Factor Litvak et al. 1996). In a popUlation of 12- to 15-year-old 
children living near a lead smelter and a control group, urinary retinal binding protein (U-RBP) 
was found to be significantly associated with PbB in a stepwise regression. When urinary RBP 
excretion was examined by BLL tertiles, significantly lower U-RBP was seen in the group with 
BLL <8.64 ug/dl compared with BLL 8.64-12.3. 

Heme synthesis biomarkers 

Roels et al. (1987) studied the relations ofPbB to heme synthesis biomarkers and 
reported no evident threshold for inhibition of aminolevulinic acid dehydratase synthesis at PbB 
as low as 8-1 0 ~g/dL, while the threshold for increasing erythrocyte protoporphyrin levels was 
evident in the range of 15-20 ~g/dL, consistent with other studies, including two meeting criteria 
for inclusion in this report (Rabinowitz et al. 1986; Hammond et al. 1985). 
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Discussion 

Question 1: Does available evidence support an inverse association between children's 
blood lead levels in the range < 10 ~gldL and children's health? 

The weight of evidence clearly favors such an association for cognitive function. This 
conclusion is based on both indirect and direct evidence. Indirect evidence comes from the great 
majority of studies relating blood lead levels to standardized measures of overall cognitive 
function showing an inverse relation and no trend toward weaker associations in populations 
with lower BLL distributions. Two recent analyses of data from cohorts designed from the start 
to study the relation of blood lead to child development provide more direct evidence of such an 
association (Canfield et a1. 2003; Bellinger et a1. 2003). These studies showed that the inverse 
relation ofBLL to cognitive function is present and indeed stronger at BLL <10 ~gldL compared 
with higher BLL. These studies suggest no threshold within the range of routinely measured 
blood lead levels below which no association was present. Several recent analyses of data from 
the NHANES III and other populations also provide direct evidence of associations that imply 
adverse impacts of lead on indicators of children's neurocognitive development, stature, head 
circumference, dental caries, and sexual maturation in girls, occurring at measured blood lead 
levels < 10 ~gldL. Though the number of studies providing direct evidence of associations at 
BLL < 1 0 ~gldL is limited and most are cross sectional, they provide convincing evidence of an 
association in the context of the much large number of studies that relate slightly higher levels of 
lead in blood to impairments of children's health. 

Question 2: Are the observed associations likely to be causal? 

With the weight of evidence clearly favoring an association between blood lead levels in 
the range < 10 ~gldL children and health and, indeed, suggesting that such relationships become 
steeper as blood lead levels decrease, the work group considered a number of issues that must be 
addressed in judging whether such associations are likely to be causal. These are 
discussed individually below followed by overall conclusions. 

Biologic plausibility 

Evidence from experimental animal and in vitro studies, which are not subject to 
confounding influences of concern in human observational studies, can establish causation and 
identify mechanisms that might be operative in humans. Therefore, an important consideration 
in judging whether associations between blood lead levels < 10 ~gldL and health outcomes are 
likely to represent causal relations is whether such causal relations are biologically plausible on 
the basis of experimental animal and in vitro studies. These studies can also help to assess 
potential dose-response relationships and thresholds, but extrapolation from in vitro and animal 
models to human health risk adds additional uncertainty. 
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Lead is the most extensively studied environmental neurotoxicant. Animal and in vitro 
studies have provided an abundance of information concerning biochemical and physiologic 
changes caused by lead. Along with clinical and epidemiologic data, this evidence has clearly 
established that lead is toxic to the developing and mature nervous system. These data have been 
extensively reviewed elsewhere (EPA 1986, ATSDR 1999, WHO 1995, Davis et al. 1990) and 
are not exhaustively reviewed here. Rather, this discussion highlights evidence concerning 
potential mechanisms of lead toxicity and data from animal studies that are relevant to the 
biologic plausibility of the toxicity of lead, especially to the developing nervous systems of 
children exposed at blood lead levels < 10 micrograms per deciliter. 

Athough the precise mechanisms of action and their relative importance in different 
manifestations of lead toxicity are not known for certain, in vitro studies demonstrate that lead 
can interfere with fundamental biochemical processes. At the most basic level, many of the 
proposed mechanisms of lead toxicity involve binding to proteins and/or interference with 
calcium dependent processes (Goldstein 1993). 

For some of the adverse health effects of lead, such as anemia, the lead-associated 
biochemical changes that contribute to the effect in humans are fairly well understood. Lead 
interferes with heme synthesis in part by binding to sulfhydryl groups in the enzyme amino 
levulinic acid dehydratase (ATSDR, 1999), which is especially sensitive to inhibition by lead 
(less than 0.5 micromoles per liter in vitro) (Kusell et aI., 1978; Dresner et aI., 1982). This 
inhibition causes delta amino levulinic acid, a potential neurotoxic agent, to accumulate. Lead 
also inhibits ferrochelatase, an enzyme catalyzing the incorporation of iron into protoporphyrin 
to form heme. This inhibition also may involve lead binding to protein sulfhydryl groups. 

Although anemia and accumulation ofprotoporphyrin IX in erythrocytes are the most 
obvious consequence of impaired heme synthesis, this pathway could playa role in lead-related 
impairment of cellular function throughout the body (EPA 1986). By interfering with heme 
synthesis and perhaps by inducing enzymes that inactivate heme, lead can decrease the levels of 
heme in body tissues (Fowler et al. 1980). A reduction in the body heme pool may impair heme
dependent biochemical processes, such ascellula.r respiration, energy production and the 
function of the cytochrome p-450 monooxygenase system involved in detoxification of 
xenobiotics and in transformation of endogenous compounds such as vitamin D precursors (EPA 
1986). 

For other more complex health effects of lead, such as impaired neurocognitive 
development and behavior change, a number ofplausible mechanisms have been demonstrated 
in animal and in vitro systems. Lead's impact on one or more biochemical systems needed for 
normal brain development and function could account for the neurobehavioral effects observed 
at low levels of exposure. Especially sensitive to lead in vitro is the activation of protein kinase 
C (PKC), a calcium dependent enzyme. Lead binds more avidly to PKC than its physiologic 
ligand, calcium, causing activation at picomolar concentrations in vitro. (Markovac and 
Goldstein, 1988). The interactions between lead exposure and PKC activity in the brain are 

cell trn.::rnDJrDllI!5 

while increasing cytosolic PKC activity. Lead effects on PKC activity have been proposed to 
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mediate potential impacts of lead on cell growth and differentiation, including that ofneural cells 
(Deng and Poretz, 2002), the blood-brain barrier, and long-term potentiation (a process related to 
memory) (Hussain et aI, 2000). Lead also interferes with calcium-dependent control of 
neurotransmitter release at presynaptic nerve terminals. It may thereby interfere with signaling 
between neurons and possibly with development ofneural networks. In animal and in vitro 
studies, lead has been shown to interfere with neurotransmitter systems, including inter with 
dopamine binding and the inhibition ofN-methyl-D-aspartate (NMDA) receptor activity. 

The large body of evidence from animal studies of lead exposure and neurodevelopment 
supports a causal effect that is persistent following exposure early in life and that generally 
parallels human studies in terms of the domains of function that are impaired. (WHO 1995) 
Concerning blood lead-effect relations, direct cross-species comparisons of blood lead levels 
cannot be made (Davis et aI., 1990), and most animal studies demonstrating lead-related 
developmental neurotoxicity involved doses that produced blood lead levels well above 10 
/lg/dL. However, available studies provide strong evidence of adverse effects in animals with 
blood lead levels near 10 /lg/dL. It should be noted that blood lead levels cited in animal studies 
generally involve mean levels achieved in experimental groups with individual animals varying, 
sometimes substantially, around that mean. 

Non-human primates experimentally exposed to lead early in life demonstrate dose 
related impairments in learning and behavior (Bushnell and Bowman, 1979; Rice 1985; Levin 
and Boman 1986). One study, involving monkeys dosed during the first 200 days of life to 
achieve peak blood lead levels that averaged 25 and 15 /lg/dL, showed deficits relative to control 
monkeys (average peak blood lead 3 /lg/dL) at age 3 years on "discrimination reversal" tasks (the 
animals are taught to respond to a cue and then the cue is changed and the ability to learn the 
new cue, with and without irrelevant cues, is measured). At the time of testing, mean blood lead 
levels in the exposed groups had fallen to 13 and 11 /lg/dL, respectively. Both exposure groups 
showed deficits, but in the lower exposed group the deficits were evident only with more 
complex tasks (e.g. including irrelevant cues) (Rice 1985). The same monkeys showed 
persistent impairments at 9 to 10 years of age (Gilbert and Rice, 1987). Experimental studies in 
rats have demonstrated behavioral effects at mean blood lead levels in the range of 10-20 /lgidL 
(Cory-Slechta et al. 1985; Brockel and Cory-Slechta, 1998). 

There is uncertainty about the relationship of the tissue or cellular levels of lead linked to 
physiologic changes in animal and in vitro studies to the corresponding human blood lead level 
required to produce such levels at target sites. Although the majority (90 to 99%) of lead in 
whole blood is in red cells, plasma lead level is believed to better reflect lead transferred from 
bone stores and (Cake et aI, 1996) available for transfer to target tissues. Because red cells have 
limited capacity to accumulate lead, the relation of blood lead to plasma or serum lead is non
linear with serum Pb increasing more rapidly at higher blood lead levels (Leggett 1993). In 
subjects with a mean blood lead level of 11.9 /lg/dL, plasma lead levels ranged from 0.3-0.7% of 
whole blood lead levels (Hernandez-Avila et al. 1998). The relation of plasma serum levels in 
intact animals to tissue levels measured in in vitro models is probably more complex. It is also 

vitro studies demonstrating possible mechanisms for low-level lead toxicity 
reflect mechanisms operative in the intact animal. For example, Zhao et al (1998) found that 
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lead interfered with PKC in choroid plexus endothelial cells in a dose dependent fashion over the 
concentration range range of 0.1-10 micromolar. However, no effect on choroid plexus PKC 
activity was seen in an in vivo model. 

Conclusions: The fundamental nature of biochemical and physiologic changes linked to 
lead in in vitro and experimental animal studies do illustrate potential mechanisms for lead 
toxicity that might be operative in humans at very low exposure levels. Experimental animal 
studies support the biologic plausibility of adverse health effects of lead in children at blood lead 
levels near 10 f.lg/dL. However, firm conclusions concerning relations of health status of children 
to blood lead levels in the range < 10 f.lg/dL cannot be drawn from these studies because of 
limitations of extrapolating from in vitro systems to intact animals and from animals to humans 
and because of the limited amount of data available from studies of animals dosed to produce a 
range of blood lead levels less than 10 f.lg/dL. Data from primates, which can most readily be 
extrapolated to humans, are especially limited. 

On the other hand, given the uncertainty in extrapolating across species, the fact that 
animal test systems cannot match the complexity of learning tasks faced by young children, and 
the relatively small relative difference in blood lead levels shown to be harmful in animals and 
those at issue in children, adverse health effects in children at blood lead levels < 10 f.lg/dL are 
biologically plausible. 

Blood lead measurement 

The precision and accuracy of blood lead measurements performed in an epidemiologic 
study will impact observed results. On the one hand, if blood lead levels are systematically over 
or underestimated, biases in estimated blood-lead response relationships and/or no effect 
thresholds will result. All blood lead measurements involve some random error, which, if a true 
blood lead-health relation exists, will tend to bias estimates of the relation toward the null (i.e. no 
effect) value. The quality ofBPb measurements varies widely from one laboratory to another, 
between different analytical technologies and between different specimen collection techniques. 
In addition, laboratory performance for blood lead has improved markedly over the last 3 
decades and continues to improve as new analytical technologies are developed. Each of these 
factors becomes important in assessing the quality of blood lead measurements used in published 
studies. In this section, specimen collection and laboratory factors that can effect blood lead 
precision and accuracy are considered. 

The widespread industrial use and dispersal of lead, particularly during the last century, 
has ensured that it is a ubiquitous contaminant. Stringent procedures are therefore necessary to 
reduce environmental contamination of blood collection devices and supplies so that false 
positive results are avoided. Consequently, venous blood collected using evacuated tubes and 
needles certified as "lead-free" is considered the most appropriate specimen for BPb 
measurements. See National Committee for Clinical Laboratory Standards (NCCLS), 2001. 
However, collection of venous blood from pediatric subjects is sometimes difficult; thus, 

hlood 
have compared the quality of BPb results for capillary and venous specimens drawn 
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simultaneously (Schlenker et al. 1994; Schonfeld et al. 1994; Parsons et al. 1997). With 
stringent precautions, particularly rigorous hand washing, contamination errors can be held to 
around 4% or better (Parsons et al. 1997). So, although venous blood is preferable for 
epidemiologic studies of environmental lead exposure, use of capillary blood is acceptable if 
collected by staff specially trained in the technique using devices certified as "lead-free." Data 
should be provided showing an acceptably low rate of contamination errors and low mean bias in 
the capillary blood lead levels as collected using the study protocol. 

There are currently three basic analytical approaches to blood lead measurement: atomic 
absorption spectrometry (AAS); anodic stripping voltammetry (ASV) and inductively coupled 
plasma mass spectrometry (lCP-MS). A thorough discussion of these analytical techniques is 
beyond the scope of this brief. A comprehensive assessment has been published by the National 
Committee for Clinical Laboratory Standards (NCCLS, 2001). Briefly, the older flame 
atomization AAS methods, which include MillK-extraction and Delves cup, are less precise, 
with a detection limit near 5 J.1g1dL for Delves cup (Parsons et al. 1993), and are thus not well 
suited to examining BLL-health relations in the range < 10 IJ.gldL. The electrothermal 
atomization techniques based on the graphite furnace (ETAAS) are more precise and more 
sensitive and, therefore, have better detection limits, typically around 1.0 J.1g1dL. A direct 
comparison between ASV and ET AAS techniques (Bannon et al. 2001) shows that the latter has 
better precision and better accuracy. Nonetheless, when operated in experienced hands and with 
a robust quality control/quality assurance program that includes calibration standards traceable to 
the mole via isotope dilution mass spectrometry (lD-MS), ASV can deliver BPb measurements 
with accuracy and precision sufficient to examine health effects at BLL < 10 J.1g1dL (Roda et at. 
1988). 

In order to assess the accuracy and precision of blood lead measurements made for 
research purposes, investigators should provide information on the laboratory's performance in 
measuring external quality control samples and on the between-run standard deviation for routine 
quality control samples that span the relevant blood lead range for a given study. 

Conclusions: The key considerations relevant to judging the accuracy and precision of 
BPb measurements in published studies include the type and quality of blood specimen collected, 
analytical methodology used by the laboratory, internal and external QNQC procedures in place. 
For the purpose of studying the relation of blood lead to health endpoints at levels < 10 J.1g1dL, 
venous samples are preferred and capillary samples are acceptable with evidence of a rigorous 
protocol to control contamination errors. Acceptable analytic methods include electrothermal 
AAS, ASV, and ICP-MS. Information on laboratory performance (accuracy and precision) from 
external and internal quality control data should be provided. 

Suitable measurement methods were required for studies to be included in this review. In 
addition, venous samples were used for most postnatal blood lead measurements in the relevant 
cohort studies (see Table 6) and others cited in this report. Given this and the blood lead quality 
control procedures reported in the most informative studies, it is highly unlikely that systematic 
errors in measurement reJevant studies were sufficient to the observed blood lead 

Draft - October 2/24/2004 17 



A Review of 

5 

10 

15 

20 

25 

30 

35 

40 

45 

1 
2 
3 
4 

6 
7 
8 
9 

11 
12 
13 
14 

16 
17 
18 
19 

21 
22 
23 
24 

26 
27 
28 
29 

31 
32 
33 
34 

36 
37 
38 
39 

41 
42 
43 

distributions enough that associations observed in the range < 10 J.lg/dL were attributable to 
blood lead levels above that threshold. 

Blood lead age trend, tracking, and inference concerning blood lead - effect relations in 
children 

Age-related changes in children's blood lead levels and within-child correlation of blood 
lead measured at different ages may influence observed relations of blood lead level to health at 
a given age. In addition, the biologic impact of lead in children is likely related not only to the 
blood lead level measured at anyone time but may also be influenced by the ages at which a 
given level occurs and the duration of exposure. 

Under most exposure scenarios, children's blood lead levels show a characteristic age 
trend. A newborn's blood lead level will largely reflect the blood lead level of its mother. 
Because adult women tend to have lower blood lead levels than young children, umbilical cord 
blood lead levels are generally lower than blood lead levels during childhood. During the latter 
half of the first year of life, however, children's blood lead levels begin to increase as the infant 
becomes more active, mobile, and exposed to ambient lead. The onset of ambulation during this 
period is likely to be important, as are play patterns that bring the child into contact with 
environmental media such as lead-contaminated dust and soils. Other factors include the 
increased hand-to-mouth activity of children, including the practice of eating "in place," i.e., in 
play areas. Physiologic factors, such as more efficient absorption of ingested lead in children 
compared to adults, and their greater food and air intake on a body weight basis might also 
contribute to the early postnatal rise in blood lead level 

The mean blood lead level within a study sample generally peaks between 18 and 36 
months of age, and slowly declines over the next few years. This blood lead profile is seen 
among poor urban minority children (Dietrich et aI., 2001) and among children living around a 
smelter (Tong et.al., 1996; see Figure 5). In cohorts with extremely high exposures, the blood 
lead decline might be very gradual (e.g. Wasserman et aI., 1997). In the Cincinnati Study, the 
same general profile was evident in each of four strata defined by average lifetime blood lead 
level, suggesting that it is, to some extent, independent of the overall level of exposure. This 
blood lead profile has not been observed in all study cohorts, however. In the Boston Study, for 
example, mean blood lead level varied minimally, from 6.2 to 7.6, between birth and 5 years of 
age (Rabinowitz et aI., 1984; Bellinger et aI., 1991). 

One implication of the typical profile is that maximum level is often associated with age, 
constituting an obstacle to an effort to identify age-specific vulnerability to lead toxicity. 
Compounding this challenge is that, under many exposure scenarios, particularly those involving 
higher exposures, intra-individual stability of blood lead level tends to be substantial. That is, 
blood lead level tends to "track," so that if, at time 1, child A has a higher blood lead level than 
child B, child A is likely to have a higher blood lead level than child B at time 2 as well. Thus, 
children's rank ordering tends to be similar over time even though, in absolute value, blood lead 

and over course Again, degree 
stability varies from cohort to cohort. In the Boston Study cohort, for instance, the extent was 
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limited; likely, it was due to the generally low blood lead levels of the children (Rabinowitz et 
aI., 1984). 

A blood lead level measured after 36 months of age will, on average, be lower than the 
blood lead level that would have been measured if a child's blood been sampled sometime 
during the 18 to 36 month period. Suppose, however, that the critical period with regard to 
producing an adverse health outcome is the 18 t036 month period, and that, in a study conducted 
post-36 months, an inverse association is noted between concurrent blood lead level and a health 
endpoint. If the concurrent blood lead level is the only index of lead exposure history available, 
basing a dose-effect assessment on it will, to the extent that the natural history of blood lead 
levels in the study cohort follows the canonical form illustrated above, result in an underestimate 
of the blood lead level responsible for any adverse health effects noted at the time of or 
subsequent to blood sampling. In other words, one will conclude that adverse health effects occur 
at lower blood lead levels than is the case. For instance, assume that the inverse association 
shown in Figure 6 holds between IQ and concurrent blood lead in a cross-sectional study of 6 
year olds. 

If, however, the blood lead level of each child was, on average, 5 f.lgldL greater at age 2 
than at age 6, and age 2 is the time of greatest toxicologic significance (i.e., it is age at which 
lead exposure produced the IQ deficit observed at age 6), then the dose-effect relationship that 
underlies the association seen at age 6 would be more accurately described as in Figure 7. 

This dataset would thus not be informative with respect to the functional form of the 
dose-effect relationship at levels below 10 f.lgldL insofar as (hypothetically) all children had a 
blood lead level greater than 10 at age 2. 

Other uncertainties apply to interpreting blood lead-health associations (or lack of 
associations) observed at any point in time. First, the relation of age to vulnerability to lead 
toxicity is not well understood. Is blood lead level during the age period 18 to 36 months more 
toxicologically critical than a measure of cumulative lifetime exposure, such as the area under 
the curve or some other exposure index? Also, it is possible that the critical age varies with dose, 
health endpoint, or sociodemographic factors. Available studies do not provide consistent 
answers to these questions. For example, in the Boston cohort, blood lead at age 24 months was 
most strongly related to IQ at age 10 years (Bellinger et aI, 1992), while in the Port Pirie Cohort, 
the lifetime average blood lead level through age 5 years was most predictive oflQ at age 11 to 
13 years. 

If 18- to 36 months is the critical age of exposure, it should, in theory, be possible to 
"adjust" an observed blood lead distribution measured at age 6 by some function to reflect the 
downward trend in blood lead level with age and estimate the blood lead distribution at, e.g. age 
2. It seems unlikely that a "one size fits all" adjustment would be appropriate for all children. 
Moreover, the appropriate adjustment is likely to be study site-specific (i.e., depend on the key 
exposure sources and pathways of a particular study cohort). 
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It would be possible to get a general sense of how accurately past peak exposure can be 
estimated for children in cross-sectional studies by using data collected in prospective studies in 
which blood lead was measured frequently during the period spanning birth to school-age. 
Examining the distribution of the differences between blood lead levels measured at ages 18 to 
36 months and at age 6 would suggest the amount of exposure misclassification that would result 
from applying a constant adjustment factor. 

Conclusions: Because of age trends in blood lead and the tendency of blood lead levels 
to "track" within individual children, inferences drawn from cross-sectional blood lead-health 
associations at a given age should be interpreted cautiously because of to the influence of likely 
higher blood lead levels occurring earlier in life. It may be possible to apply data on age trends 
and within-subject correlation ofblood lead to estimate from an observed blood lead - health 
association the approximate relation to blood lead levels at an earlier age. However, because of 
differences between study popUlations in age trends and "tracking," any estimate of the earlier 
blood lead distribution will have considerable uncertainty. If the only relevant studies available 
based on cross-sectional data, such as the NHANES III, age trends and "tracking" of blood lead 
levels would represent a serious challenge to inferring a causal link between blood lead levels < 
10 J.1g/dL and adverse health impacts. However, recently published results from two cohort 
studies (Canfield et al. 2003; Bellinger et al. 2003) showed inverse associations ofBLLs 
measured early in life (6 to 24 months and 24 months, etc.) and later IQ among children whose 
measured BLL did not exceed 10 J.1g/dL. This makes it unlikely that associations observed in 
cross-sectional studies cited in this report are due solely to the impact of higher blood lead levels 
experienced earlier in life. 

Quality of neurobehavioral assessments 

As with blood lead (exposure) measurements, the accuracy, precision, and consistency of 
neurobehavioral assessments can influence observed blood lead-outcome relations. In order to 
judge whether the data from a study should be considered in characterizing the functional form 
of the dose-effect relationship at blood lead levels below 10 J.1g/dL, one would like to have access 
to the following infonnation about the conduct of the neurobehavioral assessments: 

• Assurance that examiners were blinded to all aspects of children's lead exposure 
histories. 

• The assessment setting. Assessments can be standardized when carned out in a 
hospital, neighborhood health center, or community center, but may be difficult to 
standardize in a participant's home. 

• Essentials of the process by which an examiner was trained, including the 
criterion used to certify an examiner (e.g., % agreement on an item-by-item basis 
with some gold standard, average difference in scores assigned compared to gold 
standard, correlation with gold standard in terms of scores assigned). 
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The plan implemented for supervision of test administration over the course of• 
data collection (e.g., periodic observation of test sessions, live or by videotape) 

The plan implemented for supervision of test scoring over the course of data• 
collection (e.g., doubling scoring of a sample of protocols). 

• 	 The number of neurobehavioral examiners used over the course of data collection 

• 	 Ifmore than one assessor was used, whether data analysis plan included 
evaluation of an "assessor" effect (i.e., as a main effect, as a modifier oflead's 
association with endpoints). 

The Practice Committee of the American Academy of Clinical Neuropsychology, 
supports the use of non-doctoral level personnel in data collection for clinical 
neuropsychological evaluations (Brandt et al. 1999). While some have argued that 
neurobehavioral examiners should have professional qualifications (e.g., Kaufman, 2001, cites 
the need for a clinician with graduate-level training in psychometrics, neuropsychology, etc,), 
with rigorous training, supervision, and quality control, non-professionals can obtain good 
quality data. 

Assuming blinding of examiners to blood lead levels, most problems with quality of 
neurobehavioral assessment would be expected to mask or underestimate true associations rather 
than create spurious ones. It is possible, for example, that use of non-professional examiners 
might introduce noise into the data, masking an association between toxicant exposure and 
performance. In one study of methyl mercury (MeHg) exposure (Grandjean et aI., 1997), MeHg 
was inversely associated with children's scores on the Similarities subtest of the WISC-III 
among children tested by the supervising, PhD-level psychologist but not among children tested 
by the research assistant. On the other hand, it is difficult to imagine how use of non-professional 
examiners could introduce a positive bias in effect estimates (assuming that blinding was 
preserved). 

Measurement quality problems causing bias of associations away from the null, without 
loss of blinding, are theoretically possible. If one examiner, for example, consistently yields 
lower scores than another and that examiner, without knowledge of blood lead, is assigned to 
assessments of a segment of the study population at higher risk for lead exposure. A spurious 
inverse association could be created between lead level and neuropsychological test scores. 

Conclusions: The key considerations in judging the quality of neurobehavioral 
assessments in the research setting are the blinding of examiners to lead exposure history, the 
training and supervision of examiners, and the setting for examinations. If examiners are truly 
blinded, other data quality problems will generally bias estimated blood lead-outcome relations 
toward the null. Given that examiners were noted to blinded to blood lead levels cohort studies 
demonstrating associations (see Table 6) and the NHANES III survey, errors in measurement of 
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neuropsychological function are unlikely to have contributed to observed associations with blood 
lead levels < 10 J.1g1dL. 

Potential Confounding Factors 

Social Factors 

Because socioeconomic factors influence both lead exposure and measured intelligence, 
the potential for reported subtle effects of lead on IQ and related measures of intellect to be 
attributable to confounding by socioeconomic factors warrants serious consideration (Bellinger 
et aI., 1989). Key relations required for confounding to occur are almost certainly present 
socioeconomic status (SES) has been shown to be related to blood lead levels, presumably 
because the neighborhoods and homes in which families of lower income reside are associated 
with higher levels of lead in soil and residences. Socioeconomic status is also clearly relateed to 
measures of intelligence, whether through parental stimulation, nutrition, or resources available 
in the home. With an inverse relationship between socioeconomic factors and lead levels (higher 
socioeconomic status predictive of lower lead levels) and a positive relationship between 
socioeconomic factors and measures of intelligence (higher socioeconomic status predictive of 
higher intelligence test scores), failure to adjust for the confounding effect of socioeconomic 
factors will result in confounding that overstates the harmful effect of lead on IQ because the 
socioeconomic effect will be mixed with any true effect of lead exposure. Confounding by 
social factors may be a concern for some other lead-associated health measures with social 
gradients such as height (Silventoinen 2003). 

Data presented from most of the key studies strongly suggest that there is substantial 
confounding by socioeconomic factors, and even with adjustment for crude measures such as 
parental education and household income (Lanphear et a1. 2000), the apparent lead effect on 
cognitive function is greatly reduced. Such a pattern in which adjustment for a crude proxy 
results in a substantial decrement in the magnitude of association would suggest that "residual 
confounding" may be present in the adjusted estimate of effect. If residual confounding is 
indeed present, then tighter control for confounding with more refined measures of the social 
environment, the apparent effect might well be further attenuated or eliminated (Savitz et a1. 
1989). 

The following factors complicate this scenario: 

1) Socioeconomic status is a very elusive construct to fully capture, far more 
complex than is reflected in parental education or income. It includes many 
aspects of economic means and associated lifestyle, so that adjustment for 
operational measures such as education or income is certain to be incomplete. 
Adjustment for an imperfect proxy measure of a confounder results in residual 
confounding (Greenland et a1. 1985; Savitz et a1. 1989). 

blood 
imperfectly reflected in a current blood lead measure (Bellinger et aI., 1989) or to 
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some extent, even from a series of blood lead measures. Whatever physiologic 
effect it might produce, available evidence suggests that the impact is chronic and 
cumulative. Beyond what is reflected in a blood lead measure, socioeconomic 
status may be indicative ofhistorical exposure and thus the observed effect of 
socioeconomic status would partly reflect an effect of lead exposure above and 
beyond the blood lead measure. 

With a focus on blood lead levels of <10 J.lg/dl, the nature and magnitude of these 
associations is less clear. Measures of social advantage, including income and parental 
education, are associated with blood lead levels within the range of <I 0 J.lg/dl (e.g. Lanphear et 
ai, 2000). But the relative importance of different aspects of socioeconomic status and the 
pathways by which they affect lead exposure are not entirely clear. It appears that the 
association between lower income and deterioration of paint in older housing contributes to 
variation in blood lead levels even in the range < 10 J.lg/dL. The increase in geometric mean 
blood lead associated with living in an older home is greater for children from low compared to 
middle income families (Pirkle et aI, 1998). Nonetheless, with the elimination of lead in gasoline 
some time ago and the continued decline in the proportion ofhomes with leaded paint (Jacobs et 
aI, 2002), it is possible that the relative importance of lead exposure sources is changing. It is 
also possible that the association of social factors with lead exposure is different for populations 
with blood lead levels < 10 llg/dL than for those above that threshold. 

Several strategies have been applied to address the role of socioeconomic factors and 
isolate a non-specific effect of socioeconomic factors on IQ from an effect of lead exposure. 
First, populations can be sought or even constructed in which blood lead is not closely associated 
with socioeconomic status as demonstrated most clearly in the Boston cohort (Bellinger et aI., 
1987). In that population, all in a relatively low blood lead range for that time and the great 
majority of relatively advantaged socioeconomic status, there was a weak positive gradient 
between socioeconomic status and lead. The Kosovo cohort (Wasserman et a1.1997) also 
departed from the usual trend in that the more socioeconomically advantaged of the two 
communities studied was the site of a lead smelter. As a result, adjustment for social and other 
covariates actually strengthened inverse relation of blood lead to IQ in that population. 

Second, improved measures of socioeconomic factors have been applied to better control 
for non-specific effects. That is, by refining and decomposing the construct of socioeconomic 
status, it is possible to more fully adjust for the confounding dimensions such as nutrition, 
parental stimulation, attitudes towards achievement, etc., and not adjust for the aspects that 
primarily serve as a proxy for lead exposure, such as age ofhousing and neighborhood. One 
example among published research of refining and decomposing the construct of socioeconomic 
status, has been the use of the HOME scales to adjust for stimulation provided by caregivers. 
Use of HOME scales has in some cases further attenuated but not eliminated apparent lead-IQ 
associations. 

A third approach has been to examine the possibility of confounding of the blood lead-IQ 
would to to 

the strength of the observed association across studies is varies in relation to control for relevant 

Draft - October 2/24/2004 23 



A Review of 

5 

10 

15 

20 

25 

30 

35 

40 

45 

1 
2 
3 
4 

6 
7 
8 
9 

11 
12 
13 
14 

16 
17 
18 
19 

21 
22 
23 
24 

26 
27 
28 
29 

31 
32 
33 
34 

36 
37 
38 
39 

41 
42 
43 

confounders, using meta-regression, as was applied by Schwartz (1994). This approach could be 
refined to assess possible residual confounding. One challenge in performing such an analysis 
using published summary data is the difficulty in operationalizing measures of the tightness of 
SES adjustment while controlling for other aspects of study design that might influence blood 
lead- IQ slopes. An alternative approach is discussed in the research recommendations section. 

Conclusions: On the basis of available evidence, it is likely that the observed 
associations between blood lead and cognitive function below 10 JlgldL are, at least in part, 
causal. This conclusion is supported by the following: 1) the studies showing the strongest 
relationship (Canfield et al. 2003; Bellinger et al. 2003) at low levels employed the HOME scale 
for adjustment, the best available measure for assessing the impact of the home environment on 
child development; 2) two cohorts, Kosovo and Boston, in which strong relations of blood lead 
to IQ have been found were characterized by a direct, rather than inverse, correlation of blood 
lead with social advantage; 3) diversity of geographic and social settings in which associations of 
children's blood lead and intelligence have been seen at blood lead levels - in both cases close to 
10 JlgldL; and 4) animal data demonstrating effects oflead at blood lead levels near 10 JlgldL. 
At this point, the case for residual confounding by social environment is speculative, but 
available studies relating blood lead to cognitive function in children cannot entirely exclude the 
possibility that observed associations are at least partly influenced by it. Such a possibility does 
increase uncertainty about the actual strength and shape of blood-lead relationships at blood lead 
levels less than 10 JlgldL. 

Iron Status 

Iron deficiency could confound the relation of blood lead to neurodevelopmental status in 
some populations. The likelihood of such bias is related to the extent to which iron status was 
controlled in a given study and the prevalence of iron deficiency in a study popUlation. Iron 
deficiency may impair neurodevelopment in a manner similar to low-level lead exposure and the 
populations at increased risk for iron deficiency and lead toxicity may overlap (Lozoff et al. 
1991; Wasserman et al. 1999). However, the association between iron deficiency and blood lead 
is not consistent across populations (CDC, 2002). Therefore, the potential for iron to confound 
an association of blood lead with neurodevelopmental status will vary across populations, 
depending on both the prevalence of iron deficiency and its association with blood lead level. 

Clinically, adequate assessment of iron status entails determination of hemoglobin or 
hematocrit and at least two other measures of iron status. Generally accepted definitions of iron 
deficiency and iron deficiency anemia depend on age- and sex-specific normal ranges. The iron 
status measures most commonly used are mean corpuscular volume (MCV), free erythrocyte 
protoporphyrin (FEP) or zinc protoporphyrin (ZPP), transferrin saturation, ferritin, and, more 
recently, transferrin receptor. The standard for defining iron deficiency is values indicating iron 
deficiency on at least two of these measures and/or response to iron therapy with an increase in 
hemoglobin to at least 10 gIL. The utility of ferritin in young infants is under debate, making it 
important that functional measures, such as MCV or ZPP be obtained. There are limitations of 

ferritin infection, MeV in neIDOJgloDUlIOpaW.1es, 
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A Review of 

Although iron deficiency with low hemoglobin has been associated with later impairment 
of cognitive function, it is not certain which measure(s) of iron status are most strongly related to 
neurodevelopmental outcomes. The most consistent finding across longitudinal studies of 
children is the finding that anemia in early childhood is associated with poorer performance on 
tests of cognitive and motor development at school age (Grantham-McGregor et aI. 2001). 
Thus, based on available evidence, measurement ofhemoglobin would seem to be the single best 
predictor of iron deficiency-related neurodevelopmental problems. In studies of children with 
higher BLLs, controlling for hemoglobin is problematic because lead toxicity can reduce 
hemoglobin in the normal range or cause frank anemia. This is less of a concern in studies of 
children with blood lead levels < 10, a range in which no meaningful impact on hemoglobin 
levels has been observed. 

Conclusions: Measurement of iron deficiency has been absent or suboptimal in most of 
the studies reviewed. Two studies in which iron status was controlled for using tranferrin 
saturation (Canfield et aI, 2003) and serum ferritin (Lanphear et aI. 2000) found strong inverse 
relations of blood lead to cognitive function, while a third study that controlled for the presence 
of iron deficiency anemia found the opposite (Wolf et aI. 1994). Furthermore, iron deficiency 
anemia is the measure of iron status most clearly linked to impaired cognitive function, and it 
seems unlikely that the prevalence of iron deficiency anemia could be high enough in the 
populations showing the strongest inverse relations ofblood lead to cognitive function (Canfield 
et aI. 2003; Bellinger et a12003; Lanphear et aI. 2000) to entirely explain these associations. 
Finally, in Kosovo, following treatment of iron deficient children with iron supplements, no 
association of earlier hemoglobin levels with IQ at age 4 (Wassserman et aI. 1994) or age 7 
(Wasserman et aI. 1997) was found. Thus it is unlikely that inverse associations between blood 
lead levels < 10 J.1g/dL and cognitive function are explained completely by iron deficiency. 

Tobacco 

Blood lead levels in children have been associated with exposure to environmental 
tobacco smoke (assessed by caregiver report or by urinary cotinine levels) in both general 
population surveys (Stromberg et aI., 2003; Mathee et aI., 2002; Lanphear et aI., 2000) and in 
studies of children living near lead smelters (Willers et aI., 1988; Baghurst et aI., 1992; Baghurst 
et aI., 1999). The explanation for this association is not entirely clear; possibilities include 
enhancement of lead uptake by environmental tobacco smoke (ETS), exposure to lead in ETS 
itself, or differences in cleaning practices or child supervision between households with and 
without smokers. 

Maternal smoking during pregnancy has been associated with behavior problems and 
impaired cognitive development in children; fetal hypoxia is one possible contributing 
mechanism (Habek et aI. 2000). Evidence for an effect ofpre- or postnatal ETS exposure on 
neurodevelopment is less clear (Eskenazi et ai. 1999). As with studies of lead and 
neurodevelopment, social factors may confound, at least in part, the association between 
maternal smoking and neurodevelopment (Baghurst et aI. 1992). A child's prenatal exposure to 

smoking or pre- or postnatal exposure to ETS could, if these are causally related to 
impaired neurodevelopment or other adverse health outcomes, confound the observed 
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associations of lead and health. In addition, if a relation between postnatal ETS and 
neurodevelopment is established, it is possible that lead exposure is a mediating factor. 

Conclusions: Among the studies reviewed, most did not assess pre- or postnatal ETS as a 
possible confounding factor. Those that assessed tobacco at all controlled for maternal smoking 
during pregnancy. However, the two exceptions, Lanphear et al (2000) in which serum cotinine 
measurements were used to control for ETS and a study based on the Port Pirie cohort (Tong et 
al. 1996; Baghurst et al. 1992) in which reported postnatal parental smoking, provide no 
evidence that confounding by tobacco exposure accounts for the associations observed between 
blood lead and adverse health effects. Limitations in available studies leave some uncertainty as 
to what contribution, if any ETS might make to observed associations between BLL and health. 

Causal Direction 

Inference of causation from observational epidemiologic studies is sometimes 
complicated by the possibility that the health outcome under study could be a cause of the 
exposure or causally related to a third factor which itself is a cause of the exposure under study. 
Two possibilities are relevant to studies of the health effects of lead at low level. 

Mouthing behavior 

An important pathway of lead uptake by yong children is ingestion of lead-contaminated 
dust (Charney et al. 1980; Bornschein et aI, 1985), presumably through mouthing ofhands, 
surfaces, and objects on which the dust is deposited. Although mouthing behavior is difficult to 
measure, children with more reported mouthing behavior have higher blood lead levels in 
relation to environmental lead exposure (Lanphear et al. 1998; Bellinger et al. 1986; Baghurst et 
al. 1999). Pica (purposeful ingestion ofnon-food items) can be a consequence of impaired 
neurodevelopment and predispose to lead ingestion (Cohen et al. 1976; McElvaine et al. 1992), 
but the relation ofvariation in "normal" age-appropriate mouthing behavior to 
neurodevelopment is uncertain. However, in groups of children, average measured or caregiver 
reported mouthing has been shown to diminish with age (Juberg et aI., 2001; Tulve et aI., 2002). 
Nonetheless, it is unclear whether, at the individual level, more frequent mouthing behavior is a 
marker (independent of its effect on lead ingestion) for delayed neurodevelopment. If it were, 
then an association between blood lead level and impaired neurodevelopment would result, and 
failure to adjust for mouthing behavior would result in an overestimate of the blood lead effect. 
On the other hand, ifmeasured mouthing behavior is associated with cumulative lead exposure 
above and beyond that reflected in measured blood lead levels, then controlling for mouthing 
behavior could amount to over control, underestimating the true effect of lead on 
neurodevelopmental measures. 

Conclusions: At this point, no direct evidence supports reverse causation by mouthing 
behavior, and this hypothesis remains speculative. Arguing against this possibility, Tong et al. 
(1996) reported that an early measure ofneurocognitive development, the Bailey MDI, was not 
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Calcium balance 

Calcium balance changes in relation to growth during childhood and during the rapid 
of bone mass during puberty and the pubertal growth spurt (Bronner et aI, 1998; van 

Coeverden et al. 2002; Bailey et aI, 2000); estradiol may influence bone mineral deposition in 
pubertal girls (Cadogan, 1998). It is possible that effect of skeletal growth and puberty on 
calcium balance could cause lower blood lead levels (Thane et al. 2001), just as the opposite 
changes in calcium balance during menopause appear to cause an increase in blood lead 
(Hernandez-Avila et al. 2000; Garrido Latorre et al. 2003). 

Conclusions: Because human studies linking blood lead at levels < 10 ~gldL to delayed 
puberty and smaller stature are, with one exception, cross-sectional and evidence is limited on 
this topic, reverse causation via changes in calcium balance can not be ruled out as accounting 
for at least some of the observed associations. 
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A Review of 

Overall Conclusions 

Because of the large number of studies that have assessed cognitive function as an 
outcome, the WG review and conclusions focus to a great extent on this health domain. The 
consensus of the WG is that the overall weight of available evidence supports an inverse 
association between blood lead levels in the range less than 10 Ilg/dL and the cognitive function 
of children and that the association more likely than not reflects, at least in part, a causal relation. 
However, the WG also concluded that the available evidence has a number of important 
limitations, including likely residual confounding by social environment, that raise uncertainty 
about the absolute strength and shape of the causal relation. Because of this, associations 

in the relevant population studies cannot be applied with any confidence to 
interpretation ofBLLs measured in individual children at a single point in time. Thus, the WG 
does not believe that the individual children can be classified as "lead poisoned," as the term is 
used in the clinical setting, on the basis of the associations observed in studies reviewed for this 
report. The basis of the overall WG conclusions is discussed below and is followed by a 
summary of the important limitations in the available evidence. 

This evidence for an adverse impact ofBLLs < 10 j.Lg/dL on cognitive function is 
bolstered by the consistency across both cross sectional and longitudinal studies in varied 
settings and by the lack of any trend towards a weaker association in studies with lower 
population mean blood lead levels. More recent studies and analyses best suited to examining 
this association (Canfield et al. 2003; Bellinger et al. 2003) have added to, rather than refuted, 
evidence for such an association noted in prior CDC guidance (1991). The WG explored other 
possible explanations (aside from causation) for these associations and concluded that none are 
likely to fully explain the observed data. The context of evidence from animal, in vitro, and 
human studies of adult populations, also supports the consensus of the WG conclusion that the 
observed associations most likely represent, at least in part, causal adverse impacts of lead on 
children's cognitive function at blood lead levels less than 10 j.Lg/dL. 

The greatest source ofuncertainty in interpreting the relation ofBLLs < 10 lJ.g/dL to 
cognitive function is the potential for residual confounding by social factors. The conditions for 
residual confounding appear to be present: BLLs are strongly influenced by SES, SES is clearly 
related to measured cognitive function, and social factors that could influence BLL and cognitive 
function are difficult to measure precisely. Other sources of potential bias are, individually, less 
concerning than social confounding, but collectively they add to the overall uncertainty about the 
absolute strength and shape of the relation of BLL to impaired cognitive function. These 
include, random error in blood lead measurement and in a single BLL as a measure of chronic 
exposure, possible influence of factors that have not been fully addressed in published studies, 
including blood lead tracking and age trend, which limits cross-sectional studies in particular, 
tobacco smoke exposure, iron deficiency, and mouthing behavior. Error in measuring lead 
exposure would bias observed associations towards the null, while failure to adjust for the other 
factors noted would most likely bias observed associations away from the null. 
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The recently reported trend of asymptotically increasing slopes of lead-associated 
decrements in cognitive test scores at lower BLLs (Bellinger et al. 2003; Canfield et al. 2003; 
Lanphear et al. 2000) would be expected if residual confounding were operative as illustrated in 
figure 8. The graph on the left depicts a comparison of two groups of children who live in a high 
exposure setting. They differ, on average, with respect to aspects of the home and social 
environment that are not captured in measured covariates. This results in one group ingesting 
and absorbing twice as much lead and having, after adjustment for measured covariates, a mean 
IQ 1 point lower than the children raised in a more favorable environment. Assuming a roughly 
linear relation of lead intake to blood lead, the result is that one group has a mean blood lead 
twice as high, corresponding to a 10 llg/dL difference in blood lead and an estimated blood lead-
IQ slope attributable to residual confounding of 0.1 IQ points per llg/dL. The figure on the right 
depicts the same hypothetical two popUlations living in a low exposure setting. The same 
imperfectly measured differences in social environment contribute to the equivalent covariate
adjusted difference in mean IQ, but in this case, although one group ingests twice as much 
contaminated dust as before, lower levels of lead contamination result in the two children having 
a blood lead difference of only 1 llg/dL in blood lead level. The result is an estimated blood lead-
IQ slope attributable to residual confounding of 1.0 IQ points per llg/dL. In addition, a 
convincing and directly relevant biologic mechanism for such a dose response relation has yet to 
be demonstrated. Though this hypothetical example cannot demonstrate that residual 
confounding underlies the steep blood lead- IQ slopes observed at Jow levels, it does support the 
need for caution in interpreting the absolute value of the estimated effect sizes. 

For other health endpoints other than cognitive function, including other neurologic 
functions, stature, sexual maturation, and dental caries available data favors associations 
consistent with adverse health effects at blood lead levels < 10 llg/dL. The available data for 
these other health endpoints, taken mostly from cross-sectional studies, are more limited and 
firm conclusions concerning causation cannot be made at this time. 
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Research Needs 

Resolving residual confounding through observational studies 

It may be somewhat easier to locate or configure populations in the <10 J.lgldL range in 
which socioeconomic factors are not associated with exposure as compared to studies in a higher 
range in which more advantaged persons may be rare above 20 or 30 J.lgldL. Configuring a 
cohort similar to the one in Boston or assembling one from the pieces of others already studied 
could be helpful in isolating socioeconomic and lead effects from one another. Another formal 
statistical approach that could be applied to pooled data across multiple studies is the application 
of a hierarchical modeling approach as proposed by Schwartz et al. (2003, in press). 

Controlled intervention trials 

While experimental designs can establish causation with greater confidence than 
observational studies, it would be unethical to intentionally expose some children to higher blood 
lead levels in a randomized controlled design. However, randomized trials in which 
interventions are tested for their ability to reduce BLLs in the range < 10 J.LgldL or prevent their 
increase provide an opportunity to support or refute a causal relation of BLLs < 10 J.Lg/dL to 
adverse health outcomes. Studies testing such interventions should measure covariates relevant 
to assessing health effects, allowing a test of the causal hypothesis should they be successful at 
sufficiently reducing blood levels. 

Animal and in vitro studies to explore mechanisms and dose-response relations 

While the overall evidence from animal or in vitro models supports the biologic 
plausibility of adverse effects of lead at blood lead levels < 10 J.Lg/dL, the WG is unaware of 
directly relevant animal or in vitro studies that demonstrate a steeper slope for adverse effects of 
lead exposure at lower blood lead levels than observed at higher levels. Demonstrating such a 
relationship in experimental studies and identifying possible mechanisms would n'u""""'';:", 

confidence in a causal interpretation of the observed blood lead-response relations in studies 
such as Canfield et al. (2003). 
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Table 1. Lowest blood lead level (BLL) considered elevated by CDC and the US 
Public Health Service 

Year and Reference BLL 

(llg/dL) 

1971 (Surgeon General) 40 

1975 (CDC) 30 

1978 (CDC) 30 

1985 (CDC) 25 

199J (CDC) 10 
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PopulaUon* PbB Outcome MunPbS Fetal Family Parental Iron 

(ref., type, n) Age (ugldL) Crude AdJ SES Smoking Growth Environment HOllE Race Intailigence Status Other 


Age • 
r-2years) ("""4 y.....) 

Kosovo 24 months #4 yeaTS 21 ,8 (GM) not slated -5 (IoiI10)" MaL Edu. Birth Weight Famltj SlIuclure, unspecffietl ChRd ""!her ~Sex, 
(193, L ,332) MIdemaIhJe IangLfigespoken 

-_..__.._._-

in home 

Port I'iie 24mon1hs Uyears 21.3 (GM) -12.3 -5.3 (Iog10)" Mat Edu., Pal. Bi1h Weight. MariIaI SIaIu:s. lIISPeciIied Mother PostMIaI Facm, 
(13, L ,537) (Iog10)" Edu., Pal Occ. GesIaIIon MaIIIImaI hJe Bi1h Order, Birth 

Type,8/rth 
Probl!nls, Child's 
Sex, Residence in 
Ragll!l!lS, 
Medka!lon Used 
by Chid, Chid's 
Mlldlcal HisDy, 
moIIlm'$walt site 

PQrt Piie 15 monIhs UYfi~ 2O.9(GM) ~.8 (Iog10)" -1.7 (Iog10) Mat. Edu., Pal. Bi1h Weight. MariIaI StIlus, lIISPeciIied Mother 	 Postnatal Factors, 
(13, L ,537) Edu., Pal Occ. GesIaIIon MMImaIhJe 	 Bi1h Order, Birth 

Type,Blrth 
Problems, Child's 
Sex, Residence in 
Raglms, 
Medlcallon Used 
by Ctill. Chid's 
Madl!;al Hmy, 
moIIl~swalt site 

Port Piie 15 months 11-13 years 2O.9(GM) ~.8~n)" -2(kJ) 	 0anieI's Scale Famitt Functioning, lIISPeciIied Mother 
(5, L ,367) 	 of Prestige of MaanaI 


Occupations in Psychopathological 

AusIraIa Status 


POrt Pitie Ufetine avg. 7~ 16.6-20.5 not staled -5.1 ~)" DanIel's Scale Parental Birth Weight Famitt S!lUtlUre, unspl!Cilled Mother 	 Breast Fee!llng, 
(37, L ,494) 2years 	 (means of of Prestige of smoking MatemalAge Feed1Irg Method, 

2nd &31d Occupations in Bi1h Order, 
quartIes) AustraIa, Mat. ~Sex 
(GM) Edu., Pal Edu. 

Kosovo 18 months Uyears 20.0 (GM) not stated -2.3 (1og10) Mat. Edu. Bith Weight Famitt SIructIR, unspecified Child Mother Child'r Sex, 
(193, L ,332) MatemalAge language spoken 

in horroe

r'McCorlhy Gel••11 ",~"'d ......'-"~ II> .......... 

... • LClLongltudlnal c-ohort, X=Cro~eatlonal. NFMota ~Is• 
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(37, l ,494) 
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Bir1h Weight 
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Environment 
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HOME Race 

lIlSpecified 
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Intelligence 
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Stetus OCher 

Breast Feedng, 
FeedIlq Method, 
Bith Oroer, 
ChikI'J Sex 

Kosovo 
(l93,l,332) 

12 months '4yealS 17.2 (GM) not stated -3.6 (1og10)" Mat. Edu. BithWeight Family Strucfure, 
MatemalAge 

unspecified Child Mother ChIld'S Sex, 
lIIlg\Iage spoken 
in home 

CInciMati 
(2,l,253) 

Mean 15-24 
months 

6.5 years 17.1 -1.3 -0.2 (;;,jaretle 
~tion 
dlling 

Bi1h Weight, 
Bi1h length 

unspedfIed Mother Chid's Sex 

Pf1I!INIIC)' 

Cievelni 
(4,l,149) 

2yea1S 4 yealS 10 
months 

16.70 r-.38" not stated Mal Edu. MaIemaI 
cigarelles/day 

Bith Weight 
Gestation 

Authoritarian Famly 
Ideology 

~ta1 
(mean of 
1,2,3, 
nl4yrs 
10 mos) 

Child Mother Medlcationldrug 
Use,MaIemaI 
AJcolJol 
Coosl.Imption, 
BithO rder, 
Child's Sex, 
IisUJy Alcohol 
Abu$e 

Sydney 
(7,l,318) 

Mean 18,24 
months 

'48 months 15.8 (GM) not stated not stated Daniers Scale 
of Prestige of 
0ccupaIi0ns in 
Austraia, Mat. 
Edu., Pat. Edu. 

Gestation lotal48 mo Mother 

Sydney 
(7,l,318) 

Mean 6,12 
months 

'48 months 15.2(GM) not stated not stated Daniers Scale 
ofPreHgeof 
Occupations in 
Australia, Mat. 
Edu., Pat. Edu. 

Gestation lolal48mo Mother 

Kosovo 
(193, l,332) 

6months '4yealS 15.0 (GM) not stated -2 (1og10) Mal Edu. BiI1h Weight Family Struclure, 
Maternal Age 

unspecified Child Mother Chilcfs Sex, 
languagespoken 
in home 

·1·; .. Mccarthy GCI, ell unmarked are full-scale 1'1 measllres, 
•.• l=LongltudlnaJ cohort. X....Cross-s.ctlonal. M=Meta ens/ysls. 

? atetlstlCIII!y significant (p < 0.05) I
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Popu..tlon· 
(ref., type, n) 

PbB 
Age 

Outcome 

Age • 

....nPbB 
(ugldL) Crude AdJ SES Smoking 

Fetel 
Growth 

F.mlly 
Environment HOME Race 

P.rentel 
Intelligence 

Iron 
Stetus OtIl.r 

Port Pirie 6 months 14years 14.5(GM) -71 (Iogl0)" .... 1 (Iogl0) Mat. Edu., Pal. M Weight, MariIaI StaIus, II1SpeCiIied MoIher PO$tJwtaj FacIm, 
(13, l ,537) Edu., Pat. Occ. Gestation MatemalAge Bilh erder, Birth 

Type, Birdl 
ProbJerns, Child's 
Sex , ~il 
Rag km, 
Medimtion Used 
by CIUIl,Chld's 
Medical lisby, 
motll"'Swon site 

Costa Rica 12-23 months 5 years 11.0 r-+.06 not staled 
(22, l ,184) 

Ci1cInnaIi Mean 3-12 6.5 years 10.6 -2.2 0.1 Cigarelle BiIh Weight, lI1SpeCiIied MoIher Chi1d'5 Sex 
(2,l,253) months COI1SOO1Ption BiIh length 

cIIring 
pregnMCy 

MexicoCiIy Mean 6-18 # 36-60 months 10.1 (GM) not staled mean Family BiIh Weighl MoIher Posmlal FacIoIs, 
(17,l,l12) months square = 

87.81 (neg) 
socioeconomic 
level, Mat. Edu. 

Birth Order, 
Chi~ Sex 

(k1) 

Cleveland 6 monlhs 4 years 10 9.99 r-.06 not staled Mat. Edu. MaIIImaI BitI Weialht, A~ Family mill Child MoIher MadicalioMlrug 
(4,l,l22) months cigaretteslday Gestation Ideology (mean of Use, MaIemaI 

1,2,3, AlcOhlI 
1D14yrs Conslunplion, 
lOmas) Birth Order, 

ChlJ~ Sex, 
HiAlIy Alcohol 
Able 

Boston 18 months #57 months 8.0 -3.3 (k1)" -1.8 (In) Hollingshead Birth Weighl FiWIliIy StruckIre, kllal Child t.tIIher Birth Order, 
(20, l ,170) index of Social MarUI Status, Res Chikli Sex, 

Class Changes, Day Care SChool Grade, 
Mtdication Used 
by 

Boston 12 months #57 months 7.8 -2.4 (In) -1.6 (In) Holingshead Birth Weight Family Structure, total Child Mother Birth 0 rder, 
(20,l,170) index of Social MarUI Status, Res Child's Sex, 

Class Changes, Day Care SchcJl"1Grade, 
Med itation Used 
by ChJd 

I-c ~cCarthy GCI,.u unmarked are full-seale IQmeasuJ&.S-• 
• L=longltudlnal cohort, X ..Cross-aoctional. M=MetlunaJy.ls, 
.. statistically significant (p < 0.05) 
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for PbB 6 -> 16 

Crude AdJ 
·2.8 ·1.2 

SES 

HoIingshead 
Four-Factor 
nIex of Social 
Class 

Smoking 
Fe"l 

Growth 

COva....tes In Model 

Family 
Environment HOME Race 

FnittSnss, scales V& Child 
Marital SIatu5, Res Viet 120 
Changes, Me1emaI mo, loIaI 
Age @57mo 

Parental 
In..lllgence 

Moller 

Iron 
Status Other 

Child Sbess, Bith 
Order,Child's Sex 

BOston 
(1 , L ,116) 

12 months 10 years 7.7 ·2 0 HoIngshead 
Four-Factor 
Index of Social 
Class 

Famitt Balance, 
Family Stress, 
Marital Status 

scales V& 
Viet 120 
mo,total 
@57mo 

Child MoIher Child Stress, 
PIIWIS' Sense 
Compe tentll, 
Bi1h Order, 
Chikl'1Sex 

Beston 
(20, L ,170) 

24 months #57 months 7.0 ·3.4 (kit ·3.2 Qn)' Hollingshead 
index of Social 
Class 

Birth Weight Famitt StrucbJre, 
MInaI SIaM, Res 
Changes, DIri Care 

mtaI Chid MoIher Bith Order, 
C/ild'$ Sex, 
ScI10d Grade, 
MeciGlIion Used 
byCIl1d 

Rochester 
(19, L ,172) 
(alQ 

avg in infancy • 
6-24mon1hs 

5years 7.0 ·9.7' ·5.3' yearty 
household 
income, Mat. 
Edu. 

Tobacco use 
cbing 
pregnancy 
(userlnonuser) 

Birth Weight total Molher Mother serum 
transferrin 
sabnIion 

ChiId'l Sex 

Boston 
(20, L,170) 

6 months #57 months 6.8 0.3 (In) 0.3 (In) HoIingshead 
index of Social 
Class 

Birth WeIght Famitt StruchIre, 
Marital SIaIu5, Res 
Changes, Day en 

kltaI Child MoIher Birth Order, 
~Sex, 
SchoOl Grade, 
Medlcallon Used 
by C/jd 

Boston 
(1, L ,116) 

6 months 10 years 6.7 ·2 ·1.3 HoIingshead 
Four-Factor 
Index of Social 
Class 

Marital StaI1I'5 scales V& 
VI@120 
mo,lotal 
@57mo 

Child MoIher Chlkl'SIre;s, Birth 
Order, Child's Sex 

Boston 
(1,L,1 16) 

24 months 10 years 6.5 ·7.1' ·5.8' HoIingshead 
Four-Factor 
Index of Social 
Class 

Marital Status, Res 
Changes, Maternal 
Age 

scales V& 
VI@120 
mo,lDIaI 
@57mo 

Child MoIher Child Stress, BI!th 
ORIel, Ohlld's Sex 

Cincinnati 
(2, L ,253) 

10 Days 6.5 years 5 ·1 -0.3 Cigarette 
~tion 
dlling 
pregnancy 

Birth Weight 
Bith Length 

unspecified Mother Childi Sex 

t.a McCarthy Gel, .11 unmarked al'8 full-,scaJo (Q me,sures. 
" L"Longltudlnai eohort. xaCrou-uctional, M=Meta analysis • 
.. statistically significant (p < 0.05) 
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Eatllllllt8d 0.... 	 Covarlatn In Model 

Study for PbB 5 -> 15 
Populmlon· PbB Outcome MnnPbB Fetal Family Parental Iron 
(ret., type, n) Age (ugldL) Crude AdJ SES Smoking Growth Environment HOME ~ce In.llla-nee Status Oltl.rAge • 
Boston 24 months 10 years 	 not staIIIId not staI8d -15.6" 
(219, L,not 
stated) 

BoSlon 24 months 10 years <8 not staI8d -5.8A 	 HoIilgshead MIriaI SIaU, Res scales V& Child MoIlef Child Stress, Bill 
(21 4, L,148) 	 Fcu-Factor Changes, MaIIIImaI VlO 120 ()rde! Child's Sex 

ndex of Social Age 100, mtaI 
Class 057100 

Roches1er IIVg in infancy - 5 years notslalld -15.8" -92 	 yaty Tobacco use BillWetht total Mother Mother senJIIl ChiId:s Sex 
(19, L,105) 6-24 months 	 household dtmg tnnfenI1 
«10 group) 	 income, Mal. pregnancy S8UaIion 

Edu. (user/ncnJser) 

(>2. <4JUrI) (>."y.arl) 
Kosovo 36monlhs 11 4 years 241 (GM) nolslaled .... 5 (Iog10)A Mat. Edu. BIOh Welg/ll FamIly Structure. unspeclfled ChUd Molhel Chltdi Sex, •
(193, L,332) MaIIImaI Age 	 langtage spoken 

in hDme 

Kosovo 42 months "'yellS 23.2(GM) not staI8d -5 (Iog10)A Mal. Edu. Birth Weight Family SIruGtin, IIl$pdied Child Mother Chid'> Sex, 
(193, L,332) MabImaIAge langl:lllgespoken 

in home 

Kosovo 30 months "'yellS 22.1 (GM) not staled .... 6 (Iog10)A Mat. Edu. Birth Weight Family SIruclure, oospeciIied Chid Mother ~s Sex, 

(193, L,332) MaIIImaI Age IangLage spoken 
in home 

Port Pirie Lifetime avg. 7 years 17.4-21.7 notstal8d -5.3 (kl)A 	 o.HI'sScale Parental Birth Weight Family Slruclure, LIlSPeciIied IIoIher Bress! Feeding, 
(37, L,494) 3 years 	 (man of or Prestige of smoking Malllmal Age Feedng Method, 

2nd&3rd 0ca4latI0ns in Birth Order, 
quII1Ies) AustraIa. Mat. Child's Sex 
(GM) Edu., Pal Edu. 

Port Pirie 36 months '4years 19.5(GM) -12 (Iog10)" -6.3 (Iog10)A Mat.Edu., Pal Birth Weight, Marital Status, LIlSPeciIied IIoIher 	 PoslRllaJ FICUs, 
(13, L,537) Edu., Pal Occ. Gestation MaIemalAge 	 Bi:lh Order, 81M 

Type.Birth 
Probems, Child's 
Sex, .Residence in 
Reglms, 
Medication Used 
by Cbld, Chld's 
Medital HistoIy, 
IOOthor'S wo!It site 

" . .... McC.rthy GOI, all unma.rked are 1ull-scale.lQ m8HUnt!t•

• LcLDn.!llWdlnal cohort, X=Cross.svctlonal, M=Meta 

" statistically significant·(p < 0.051 


http:1ull-scale.lQ
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Study 
Popu"tlon* 
(ref., type, n' 

Port Pirie 
(5, L,372) 

PbB 
Age 

3 years 

Outcome 

Age • 
11-13 years 

Me.n PbB 
(ugldL' 

19.3(GM) 

estimated De... 
for PbB 5 -> 15 

Crude AdJ 
-10.8 (kI)" ..t2 (kI) 

SES 

Daniel's Scale 
of Prestige of 
0ca4lIIi0nS in 
Austraia 

Smoking 
Fetal 

Growth 

CoVllriatn In Model 

F.mlly 
Environment HOllE Race 

FniI'j Func1ionilg, lJ1Specified 
Maternal 
PsychopaIIlOlOgicai 
Status 

P.rentel 
Intelligence 

t.tJther 

Iron 
Stetus Other 

CIeveI;nt 
(4, L ,155) 

3 years 4 years 10 
months 

16.70 1=-.31" not sIaIed Mal. Edu. MaI8maI 
cigInIIasIday 

Bi1h We9h1. 
GesIaIion 

AIAhoriIarian Famly 
Ideology 

mtaI 
(mean of 
1,2,3, 
and4yrs 
10 mas) 

Child t.tlIher Medlc:alionldrug 
Use,MDmaI 
AIco/Dl 
Consa-nptlon, 
Bith OI1ler, 
Cliikl"s Sex, 
HistOIy Alcohol 
Ab~ 

Cincinnati 
(2, L,253) 

Mean 27-36 
months 

6.5ye.-s 16.3 -2.6" -1.3 Cigarette 
COIISIIl1PIion 
cUing 
pregnancy 

Bi1hWelght 
Bi1h length 

unspecified MoIher ChildS Sex 

Sydney 
(7, L,318) 

Mean 30,36 
months 

.48 monIhs 12.4(GM) not stated not stated Daniel's Scale 
of PrasIge of 
Occupations in 
AushIa, Mal. 
Edu., Pal Edu. 

Gestation tolal48mo t.tJther 

Mexico City 
(17, L,112) 

Mean 24-36 
months 

# 36-60 months 9.7 (GM) not stated mean 
square = 
101.62 
(neg) (kI) 

Fanily 
socioecoIlOII1ic 
level, Mat. Eckl. 

Bi1hWeight Mother Posinalal Factors, 
Bi1h OI1ler, 
ChlJd's Sex 

Port Pirie 
(5, L,326) 

UIeIine avg. 
3 years 

11-13 years notslaled -10.4 {kit ~.7 (kI) Daniel's Scale 
of Prestige of 
Occupations in 
AusIraia, Mal. 
Edu. 

PnnIaI 
smoking 
habits 

Bi1h We9ht Fnily SlrUdure, 
Family Funclianing, 
Marital StaIIIs, 
Maternal Age, Life 
Ewnls 

lJ1Specified MoIher Brea>! FeecIng, 
Fe-edIng Method, 
Bi1h OI1ler, 
ChMS Sex, 
Cllikts Age, 
School Grade, 
SdlCI:i!Absence 

Kosovo 48 months Uyears 25.1 (GM) not stated ~.5 (1og10t Mal. Eckl. Birth Weight Fnily SlJucfure, unspecified Chid MoIher ChildsSex, 
(193, L,332) Mallemal Age language spoken 

in home 

• II McC.rthy GOI, .11 unmark·.d ...... full-scale. IQ meas.ures • 

• LI:Longltudtnal cohort, X"'Cron-lIKtionel, M=Mate analysis, 

A ltatiatlcally significant (p < 0,06) 
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E8t1mated Delta Covariate, In Model 
Study 

Population·
(m., type, n) 

PbS 
Age 

Outcome 
Age • 

....nPbB 
(ugldL) 

for PbS 5 -> 15 

Crude AdJ SES Smoking 
Fetal 

Growth 
F.mI~ 

Environment HOllE Race 
P.rentel 

IntelUgence 
Iron 

Status OSher 

Lanion, Greece 
(21 , X ,509) 
[COY. model b) 

primary school 
chilchn  nol 
specIied years 

primary school 
children  not 
specified years 

23.7 ·3.16A -2.66A Mal Edu., Pal 
Edu., Pat. Occ. 

FIIlIiIy Structure Both BirIh Order, 
HistoJ'j Alcohol 
Abuse, lalher's 
age 

Lanion, Greece 
(21, X ,509) 
Icw.model c) 

primary school 
children-not 
specIied years 

primary school 
children-not 
specified years 

23.7 -3.7SA _2.7A Mat. Edu., Pal 
Edu., Pat Occ. 

Birth Weight FIIlIiIy Structure, 
MariIaI Status, Life 
Events 

Both BirIh Order, Birth 
ProbIen1s, Child's 
Age, ChiId's 
MacItal tistory, 
HistOIy Alcohol 
~, faIhe(s 

age, bill1gualsm 

Lanion, Greece 
(21, X,509) 
[cwomodel d) 

primaIy school 
chilchn  not 
specified years 

primary school 
children-not 
specified years 

23.7 -3.76A -2.6A Mal Edu., Pat. 
Edu., Pal Oce. 

Birth Weight FIIlIiIy Strudllre, 
Marital Status, Life 
Events 

Both BirIh Older, Birth 
Problems, Child's 
Sex, Child's Age, 
Resilience in 
RegIOns, Child's 
Medl!;al Hisloly, 
HistIlIy Alcohol 
Abuse, Mouthing 
BehaiIor, falle(s 
age, bllinguaism 

Lavrion, Greece 
(21,X ,509) 
(COlI. model eJ 

primary school 
children-not 
specified years 

primary school 
children  not 
specied years 

23.7 -3.76A -2.4A Mal Edu., Pat. 
Edu., Pat Occ. 

Birth Weight FIIlIiIy Struclllre, 
Marital SIaIus, Life 
Events 

Both BirIh 0 Iller, Birth 
Prol!Ierns, Child's 
Age,School 
GrlI!e, Child's 
Med~ HistoIy, 
Histuy Alcohol 
Abuse, falhe(s 
age, brlingualsm 

Port Pirie 
(37,l,494) 

Lifeline avg. 
4 years 

7 years 17.6-21.5 
(menD! 
2nd&3td 
quartiIes) 
(GM) 

not stated -5.1 (In) Daniel's Scale 
of Prestige of 
Occupations in 
Austraia, Mat. 
Edu., Pat. Edu. 

Parental 
smoking 

Birth Weight FIIlIiIy StrucbJre, 
MaIemaIAge 

unspecified t.tlther Brust Feeding, 
Feeding Method, 
Bith Order, 
ChiId'sSex 

Port Pirie 
(37, l ,494) 

Ufetine avg. 
7years 

7 years 15.7-19.7 
(men of 
2nd &3n1 
quartiles) 
(GM) 

not slated .... 1 (In) Daniel's Scale 
of Prestige of 
Occupations in 
Australia, Mat. 
Edu., Pat. Edu. 

Parental 
smokilg 

Birth Weight FIIlIiIy SbucbJre, 
MatemalAge 

unspecified Mother Brust Feeding, 
Feeci)g Method, 
Birth Order, 
Child'sSex 

, .. McO.rthy GCI,e,1I unmarllJd .,. full·.-cale' IQ 

• L=LongltudlnaJ cohon. X=Cross.sectlonal, ~ 
,. mtlstically slgnlflca,!!t(p < 0 .•05) 
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18 
II 

18 
II 

....nPbB 
(ugldL) 

Estimated Delta 
for PbB 5 -> 15 

Crude AdJ SES Smoking 
Fetal 

Growth 

Covariate. In Model 

F.mlly 
Environn.ent HOllE Rae. 

P.rental 
Intelligence 

Iron 
Status Olhar 

19.4 r=-.33 (lot r=-.32 (Int income, Mat. 	 Child's Sex, 
Edu., Pat. Edu. Assessment Site, 

ChiId'S Madi:al 
HiWrt 

17.1 (GM) not stalled -5.3 Mat. Edu., Pat. ChiId's Sex, 
Occ. ChiId's Age 

16.4(GM) -9.6 (logl0t -2.6 (log10) Mat. Edu., Pat. Bi1h WeiJhI, Marital Stalus, lIISPeciIied MXher 	 Postralal Factors, 
Edu., Pal. Occ. Gestation MatamalAge 	 8iIh Order, BII1h 

Type. Birth 
Problems, Child's 
Sal, Jtesidence in 
Regicns, 
t.1edkation Used 
by Cffid, Chid's 
Medkal HistDIy, 
molhlf's WOlle site 

16.0S -4.3A .o.3A haemoglobin 	 child', height-for
age 

14.3 (GM) -9.S (In)" -4.4 (In)" Da1ieI's Scale Family Fooctioning, lIISPeciIied ""!her 

0/ PI1IStige of MaIIImaI 

Occupations in PsycIIopathobgi:al 

Aushia status 


14.1 (GM) -12.7 (In)A -4.7 (In)A DlWliers Scale Parental Birth Weight Family Struclure, unspecified ""ther Breast Feecing, 
0/ Prestige of smoking Family Functioning, Feedng Method, 
Occupations in habits Marital Status, Birth Order, 
AusIraIia, Mat. MaIemaI Age, Life Childs Sex, 
Edu. Events Chfid's Age, 

SchaDlGrade, 
Scnml Absence 

14.0 -3.1A -1.5 Cigarette Bi1hWeight unspecified MXher Ch~ Sex 
COIlSIITlption Bi1h Length 
cUing 
pregnancy 

l1.S -4.2A -2.3A 	 Cigarette BiI1h Weight, unspecified ""ther Child's Sex 
consumption BiI1h Length 
during 
pregnancy 

__ ..._ _ ·c ___. _ ~_ _ __,_"" . .. ._ ' - = ,__¥_ ..,···"'L..." .....,,_,,_,, __ =_" 

11I....~I~scala IQ meuures, 
tiolllltiona~ M=Mata analysis. 
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Study 
Population· PbB 
(m.• type. n) Age 

{:= 2YH... ' 
Port Pirie 15 mOllIh$ 
(5, l,367) 

Outcome 
Age 

(>. 4,.....' 
11,13 years 

EatimatH Delta IQ 
for PbS 1-> 11 

....nPbB 
(ugldL, Crude AdJ ...... 

--- 20.9 (GM) -5.7 (In)' .0.7 (In) 

SES 

Oanlefs Scale 
of Prestige of 
0ccupaIi0ns in 
AusnIa 

Smoking 
F...I 

Growth 

Cowrta... In IIIodeI 

F.mlly 
Environment HOME RIle:. 

f'amily Functioning, unspecified 
MIIIImaI 
PsychopaIhologlcal 
S1IU 

P....ntal 
IQ 

Mother 

Iron 
S...... Ob er =

Port Pile 
(37,l,494) 

llfIIIime illig. 
2 years 

7yetn 16.6-20.5 
(means of 
2nd &3rd 
quarIes) 
(GM) 

notsll*d -2.6~) DalieI's Scale 
of Prestige of 
0ccupaIi0ns in 
AusIrIIIa, Mat. 
Edl/., Pal Edu. 

PnntaI 
smoking 

Bir1h Weight Fntt SIrucUe, 
MIIIImaI Age 

IIISPded MoIher BrNsI Filling, 
Feedillg Method, 
BiIh Drder, 
CNId's Sex 

POItPiie 
(37,l ,494) 

UfeIime illig. 
15 months 

7yetn 14.3-18.0 
(means of 
2nd&3rd 
qudes) 
(GM) 

notstallld ·2.5~) Daniel's Scale 
of Prestige of 
0ccupaIi0ns in 
AusIrIIIa, MIlt. 
Edu., Pal Edu. 

Pnntal 
smoking 

Bk1h Weight Fntt SlrucIUte, 
MaIamaIAge 

lIISPecified Mulher 8l'1l$I Feeding, 
FeedIIg Method, 
Bir1h Order, 
ChiIcfl; Sex 

Cincinnati 
(2,l,253) 

MaII115-24 
months 

6.5 years 17.1 -2' -1 Cigarelle 
~ 
cUing 
Pf8911S1CY 

Bi1h Weight, 
Bi1h Lang1h 

IIISPecified MlIher ChId3 Sex 

CIevMld 
(4,l,149) 

2 years 4yetn10 
II1OI1Ihs 

16.70 r-.34 not staled Mal. Edu. MaI!emaI 
clglI8II8sIday 

Bill Weight, 
GestaIion 

AuIhoriIIrian Farnly 
Idaoklgy 

mtaI 
(l1IIIIIIof 
1,2,3, 
and4yrs 
10 mas) 

Child MlIher ClildSnss, 
MedicaliolVdrug 
Use, Jo1aIerM 
AIcohI! 
Ccm.Inplion, 
Bith,Order, 
~Sex, 

~AIcohoI 
Abuso. 

Costa Rica 
(22,l,184) 

12-23 months Syears 11.0 r=+.OS notslaled 

CinciMllli 
(2,l,253) 

MaII13-12 
months 

6.Syears 10.6 -3.9" -1.6 Cigarette 
COI'ISII11Ition 
dlllng 
PI19I1S1CY 

8i1hWeight 
8i1h length 

IJ1SpeCiIied MoIher Ch~ Sex 

-. LaLongltudlnal cohort, X=Cross-sectlonal. M=,.,.,taan.!yals 
.. statistically 51gnlflcant (p. < O.OSI 1 



Population· 
(ref., type, n) 

PbS 
Age 

Outcome 
Age 

....nPbS 
(ugldL) Crude AdJ SES Smoking 

F...I 
Growth 

Family 
Environment HOllE Race 

Paren..1 
IQ 

Iron 
S...... OJher 

Cleveland 6 months 4 yeas 10 9.99 r-.02 not staled MalEdu. MaIamaI Birth Wei.lht Authorilarian Family mtaI Child t.tIIher MecfrcationldIUg 
(4, L ,122) months cigntlBslday GesIaIIon Ideology (meII'Iof Use, Malemal 

1,2,3, AIco/1II 
and4yrs Consumptioo, 
10Il105) BilhOnler, 

ChikrS Sex, 
Hislay Alcohol 
Ab w. 

Boston 18 months 10 yeas 7.8 not staled 0 HoIingshead FIIIIiIy Stress, scales V & Child t.tlIher Child SIms, Bi1h 
(1 , L ,116) Fcu.fadllr MarIaI StaIus, Res VIO 120 OnIer, ChMs Sex 

Index of Social Changes, Maternal mo,~ 
Class Age @57mo 

Boston 12 months 10 years 7.7 not stated 1.4 HoIiIgshead Family BaIaIICe, scales V & Child Mother Child Slress, 
(1, L,116) Four.factDr FIIIIiIy Stress, VI@120 Panl!I1s' SeJise 

Index 01 Social MariIaI Stalm mo,lDlai Comgetllnce, 
Class 057mo BirItt Older, 

CI1llt1S Sex 

Boston 6 months 10 years 6.7 not slatllld 0.3 HoIingshead MariIaI Stalus scales V & Child t.1other ChIld SIress, Bi1h 
(1, L,116) Four-FactDr VI@120 Order, ~s Sex 

Index 01 Social mo,lDlai 
Class @57mo 

Boston 24 months 10 years 6.5 not stated -3.9 HoIngshead FIIIIiIy Snss, scales V & Child t.tIIher ChIld SIress, Bill 
(1, L ,116) Four.factDr Malta! SlBu, Res VI@120 Ordel, Chlkl's Sex 

Dlex of Social Changes, M;!lemaI mo, kIIaI 
Class Age @57mo 

Cincinnati 10 Days 6.5 years 5 -4 -2.2 Ciglllllle Birth Weight II1SP8Cified Mother Child's Sex 
(2, L,253) COIISIIIlption Birth length 

dlling 
pregnancy 

Boston 24 months 10 years <8 not stated -3.9 HoIilgshead MarUI StaIm, Res scales V & Child Mother Chlld Stress, Birth 
(214, L,148) Four-FactDr Changes, Maternal VI@120 Ordel, Child's Sex 

Index of Social Age mo, total 
Class @57mo 

Port Pirie lifetime avg. 7 years 17.4-21.7 not stated -3.1 (kI) DanieI's Scale Parental Birth Weight Family SII'ur:Ue, lJlSPecIied Mllher Breast Feecing, 
(37, L,494) 3 years (means of 01 Prestige of smokilg MaIemaiAge Feedng Method, 

2nd &3rd Occupations in Birth Order, 
quries) Australia, Mat. Chifd's Sex 
(GM) Edu., Pat. Edu. 

• L=Lonultudlna/ cohort. XOICross-aectlonal, M=Me.tII .qalys'la ],. IItiItfatically .Iunlfieant (p < 0.05) page20fl 

Study 
EatimatH DeItllIQ 

for PbS 5 -> 15 
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Study 
Popu18t1on* 
(ref., type, nl 

PbB 
Age 

Outcome 
Age 

....nPbB 
(ugfdL) 

Estlmatad Delta IQ 
for PbB 5 -> 15 

Crude AdJ SES Smoking 
Fetal 

Growth 

Covariate. In Model 

Family 
Environment HOME Race 

Parental 
IQ 

Iron 
Status Other 

Port Pirie 
(5, L,372) 

3yea1S 11·13 years 19.3(GM) .10.3 (kJ)A .... 6 (k1) Daniel's Scale 
01 Prestige of 
~in 
AusIraia 

FIIritt Funotionilg, 
MatamaI 
PsyciIopaIIII:jlical 
Slalus 

lIlSPecified Mother 

CIeveIIrld 
(4, L ,155) 

3years 4 years 10 
months 

16.70 r=-.28 not staled Mal Edu. MaIBmaI 
cigarettes/day 

IIiIh Weight, 
Gestation 

AuIhoriIarian FamIy 
Ideology 

mtaI 
(mean of 
1,2, 3, 
ancI4yrs 
10 mos) 

Child Mother ChildSInIss, 
Medlcalionldrug 
Use,Maternal 
AIco/IOI 
Consumption, 
Bi1Il Order, 
ChIId's Sax, 
HlstCIY Alcohol 
Abuse 

Cincinnati 
(2, L ,253) 

Mean 27·36 
months 

6.5 years 16.3 -3.4A -2.2A Cigarelle 
COIISI.npIon 

dlling 
pl8lJnaIlCf 

IIiIh Weight, 
IIiIh Length 

II1SPecified Mother Chld"s Sex 

Port Pirie 
(5, L ,326) 

Lifatime avg . 
3 yeaIS 

11-13 years notslaled -3.6 (k1) -3.5 (k1) Pal Occ. Paren1aI 
smoking 
habiIs 

Birth Weight Family Struclllre, 
Family FIIICtiooing, 
MaIIaI StaIus, 
Maternal Ag~, Ute 
Events 

lIlSPecified Mother B,.Feeding, 
Feedlng Method, 
IIiIh Order, 
ChIkfs Sex, 
Childs Age, 
SdlOlII Grade, 
School Absence 

-----...... 

LavrIon, Greece 
(21, X ,509) 

primary school 
children-not 
specified yeaIS 

primary school 
children  not 
specified years 

23.7 notstatecl -2.3 Mal Edu., Pat. 
Edu., Pat. Occ. 

Birth Weight Family SlnlcIure, 
Marital Status, Ufe 
Events 

Both Bith Order, Birth 
Probler!1!l,Child's 
Age. Child's 
Mecf!C31History, 
Hiskwy Alcohol 
Abus;e, father's 
age, I!ffingualism 

Port Pirie 
(37, L ,494) 

Ufetime avg . 
4 years 

7 years 17.6-21.5 
(means of 
2nd &3rd 
quar1ies) 
(GM) 

not stated -3.6 (k1) Daniel's Scale 
of Prestige of 
Occupations in 
AusIraIia, Mat. 
Edu., Pat. Edu. 

Parental 
smoking 

Birth Weight Family SlrOOure, 
Maternal Ags 

lIlSPecified Mother B_ Feedng, 
Feedi1g Method, 
IIiIh Order, 
ChiIcI'sSex 

Port Pirie 
(37, L,494) 

Wiletime avg . 
7 years 

7 years 15.7-19.7 
(means of 
2nd &3rd 
quar1ies) 
(GM) 

not stated -2.5 (kJ) Daniel's Scale 
of Prestige of 
Occupations in 
AusIraIia, Mat. 
Edu., Pat. Edu. 

Parental 
smoking 

Birth Weight Family StrudlJre, 
Maternal Age 

unspecified Mother Brean Feeding, 
F~g Method, 
IIiIh Order, 
ChiId'sSex 

~l.~Longltqdlnal cohort, 
. catatistlcally slgnlflcant (p < 0.06) 



Study 
Popu..tlon* 
(ref., type, n) 

Mexico City II 
(23, X ,139) 

PbB 
Age 

7-9 years 

Outcome 
Age 

7-9 years 

..an PbB 
(ugldL) 

19.4 

EstimetH DeItllIQ 
for PbB 5 -> 15 

Crude AdJ 
r=-.24 (In" r=-.28 Qn,. 

SES 

ilcome, Mal. 
Edu., Pal. Edu. 

Smoking 
Fabll 

Growth 

Cova,..tes In Model 

Family 
Environment HOME Race 

Parenbll 
IQ 

Iron 
Status Other 

ChI~ Sex, 
Assessment SIte, 
Chi"* t.1adical 
Hisl 

PortPiie 
(5,L ,368) 

5 yeats 11·13 yea"S 14.3 (GM) -7.9 (In" -4.1 (In) Daniel's Scale 
of Prestige of 
~i1 
Austraia 

Family FuncIoning, 
MaIamaI 
PsydIopaIhoiogical 
Stalus 

lIISpecilied t.tlIler 

PortPiie 
(5, L ,326) 

Lifetime 1Ng. 

11-13 yea"S 
11-13 years 14.1 (GM) -11.9 (n) -5.2 (In) Daniel's Scale 

of Prestige of 
Occupations i1 
AustraIa, Mat. 
Edu. 

PnntaI 
smoking 
habits 

Birth Weight Family StrucUe, 
Family FIIlCtiooing, 
Marital Status, 
Maternal Age, Ufe 
Events 

II1SpedIied Molller Brmt ~eecIng, 
Feedhg Method, 
BilhOrder, 
Childs Sex, 
ChiId$ Age, 
Sc:hocI Grade, 
Sc:hciOI Absence 

Cincinnati 
(2, L ,253) 

Mean 39-48 
months 

6.5 years 14.0 -4.3" _2.7A CigareIIe 
COIlSIIIIptiOn 
cUing 
prBg/lillCY 

BilhWeight 
BilhLength 

II1Specified t.1oIher Chilo, Sex 

Cincinnati 
(2, L ,253) 

MeanS1~ 
months 

6.5 years 11.8 -5.SA -3.SA CigareIIe 
COIlSIIIIption 
cUing 
prBg/lillCY 

BilhWeight 
BilhLength 

II1SpedIied t.1oIher ChilO's Sex 

PortPiie 
(5, L ,360) 

7 years 11-13 yea"S 11.6 (GM) -9.4 (In,. -4.2(n) Daniel's Scale 
of Prestige of 
Occupations i1 
Austraia 

Family FunCtioning, 
Maternal 
Psychopathological 
SlabJS 

lIISpecified Mother 

SassuoIo, Italy 
(S, X ,211) 

7-8 years 7-8 years 10.99 (GM) r =-ll.100 
(Iog10) 

not stated 

San Luis PolDsi, 
Mexico 
(9,X,39) 
[reference group] 

6-9 years 6-9 years 9.73 (GM) r=+.04 (In) r=-.10 (In) Bronffman 
ndexof 
Socioeconomic 
SIabJS, Mal 
Edu., Pal. Edu. 

ChildS Sex, 
Chi~ Age 

San Luis Potosi, 
Mexico 
(9, X ,41) 
[expOsed group] 

6-9 years 6-9 years S.98(GM) r=-.OS (In) r=+.005 (In) Bronffman 
Index of 
Socioeconomic 
SlabJS, Mat. 
Edu., Pal Edu. 

ChI~ Sex, 
Chi~ Age 

It L=l.ongrtudlnal cohort. X~Cross-sec:tional. M=Meta analysis

It' 5tatlstlcally sJgnlficant Ip < 0.05) ~jj 2 ]tB"!i£:a.UE . ~~.. Paga4 
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Study 
Population· 
(ref., type, nl 

PbB 
Age 

Outcome 
Age 

....nPbB 
(ugldLI 

Eatll11llted Delta IQ 
for PbB 5 -> 15 

Crude AdJ SES Smoking 
Fetal 

Growth 

CoVllriates In Model 

Femlly 
Environment HOME Rece 

Perental 
IQ 

Iron 
Status O!her 

Port Pirie 11-13 years 11-13 y&ars 7.9(GM) -6.8 (lnr -2.2 (In) Dcners Scale Fnly Functioning unspecified MoIher 
(5, L ,326) of Prestige of 

0c:c:upR0ns in 
AusIraIa 

Boston 57 months 10 yeatS 6.3 not staled ....4 HoIngshead Birth Weight F.nIy Stress, scales V & Child MoIher Child Stress, Bith 
(1, L ,116) Four-Factor MarDI Status, VI@12O Order, Child's Sex 

Index of Social MatemalAge mo, mtaI 
CIIBS @57mo 

Boston 10 years 10 years 2.9 not stated -1.7 HoIilgshead Birth Weight F.nIy Stress, scales V & Child MoIher ChIld Stress, Bith 
(1,L,116) Four-Factor Marital Status, Day VI@12O Order, Child's Sex 

Index of Social c.e, MaIarnaI Age mo, lDIIII 
CIIBS @57mo 

Kosovo Meal AUC7 7 years age7=21.2; not stated ....5 (1og10r Mat. Edu. Bi1hWeight F.nIy Struc!ufe, II1SI*ified Child Mother ChildS Sex 
(194, L ,261) years CIIIIUIatNe MaIemaIAge 

age7=1.21 

PortPiie UfeIine avg. 11-13yeIWS not stated -9.6 (In) .... 7 (In) Dcners Scale Parental Bir1h Weight F.nIy Structure, lIISPecified Mother Breast Feeding, 
(5, L ,326) 7years of Prestige of smoking Fniy Funclianing, Feedi1g Method, 

~in habits MariIaI Status, Bi1h Order, 
AusIraIa, Mat. MaIemaI Age, Life ChllfS Sex, 
Edu. Events ChId's Age, 

School Grade, 
School Absence 

PortPiie lifeline avg. 11-13years nolstaled ·9.4 (In) .... 8 (In) Pat Occ. Parental Bith We;,/ht F.nIy SIrucIlue, IIlSp8Cified Mother Bl8a$t Feeding, 
(5, L ,326) 5years smoking F.nIy Fwdoning, Feedi1g Method, 

habits MariIaI Stab.r.i, Bi1h Order, 
Malllmal Age, Life Childs Sax, 
Events Chld"s Age, 

School Grade, 
School Absence 

CinciMati 
(2,L ,253) 

Mean 66-72 
months 

6.5 years nolstated ·7.5A ·5.2A Cigarette 
COIlSIIT4Ition 

Bi1h Weight 
Bith Length 

unspecified Mother Chid's Sex 

dwing 
pregnancy 

• L-Longltudlnal cohort, X=Ctoss-sectionaJ, M:Meta 
... statisticallY slgn.H1eant (p < 0.05) Page S ofl 
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t L=Longltudlna! cohort; X ..c::ross-sectfon8ti

I" l taf!a.!lcall1 slgnlflnnt (p < 0.06) 

Study 
Population· 
(ref., type, n) 

PbB 
Age 

Outcome 
Age 

"anPbB 
(ugldL) 

Eatlmatltd Della IQ 
for PbB 5 -> 15 

Crude AdJ SES Smoking 
Fetal 

Growth 

Covariate. In Model 

Family 
Environment HOllE RJlce 

Parental 
IQ 

Iron 
StMus Other 

CleVeland Mean 0.5-3 4yas 10 9.9906 1=-.25 not stated Mat Edu. MaIIImaI BiIh WeQht, AuIhoriIariarI Famly mtaI Child MoIIler Medlc:ationldrug 
(4, L ,212) years months months & cigaretleslday Gestation Ideology (1IlUl of Use, J.1;DmaI 

16.70@ 1,2,3, AIco/JlI 
boIIl 2 yr.; & 1n14yr.; Con$uii1pIion, 
3 yr.;) 10mos) IIith Order, 

ChiII!l Sex, 
Hisby Ak;ohoI 
Abusa 

GinciMali Lifetime avg. 6.5 years not staled -4.3 -2.6 Cigare4I8 BiIh Weight, unspecified MoIIIer Chid'-s Sex 
~,L ,253) 72 months ~tion BiIh LengUl 

cUing 
pn!gI\IIICy 
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study 
Populatlon* 
(ref., type, n' 

Port Pirie 
(5. L,367) 

PbB 
Age 

(<OO-2yars) 

15 months 

Outcome 
Age 

(>"'4Y··I1I' 
11-13 years 

....nPbS 
(ugldL' 

2O.9(GM) 

EatimetH DeItllIQ 
for PbB 5 -> 15 

Crude AdJ 

-7 (In)" -3.2 (In)' 

SES 

Oantel's Sca1e 
of PrestIge of 
0ca.IpIIi0ns in 
AustaIa 

Smoking 
Fetal 

Growth 

Covarla... In Model 

F.mlly 
Environment HOllE Race 

--
Family S!rucbJlll. unspecified 
Family FuncIoning, 
MaBnaI 
PsychopaIhoIogIcal 
StabIs 

P.rental 
IQ 

Mother 

Iron 
S...... Othe r -. 

PortPiie 
(37, L,494) 

LlIetime illig. 
2 yeJJIS 

7 yeJJIS 16.6-20.5 
(means of 
2nd&3rd 
quartiIes) 
(GM) 

notslMed ~.41'1) DanIeI's Scale 
ofPrlstlgeof 
0ca.IpIIi0ns in 
AusInIIia, Mat 
Edu., Pat Edu. 

PcnnIaI 
smotiIg 

Bir1h Weight FII'IiIy SIrucUe, 
MaIIImaI Age 

II\SPded MoIher Breast Feeding, 
Feed1l9 MeIIod, 
Bir1h Oilier, 
C/iId'5 Sex 

PortPiie 
(37, L ,494) 

Llfetime avg. 
15 months 

7 yeJJIS 14.3-18.0 
(means of 
2nd &3111 
quartiIes) 
(GM) 

not staf8d -5.51'1) DanIeI's Scale 
of Prestige of 
~in 
AushIIa, Mal. 
Edu., Pat Edu. 

PnntaI 
smoking 

BiI1h Weight Famly StnaJre. 
MaIemaIAge 

lJISI)ICiIIed Mother BI8tI5I Feeclng, 
Feedl'Ig Method, 
Bir1h Oilier, 
ChIkf. Sex 

Cincinnati 
(2, L,253) 

Maarl15-24 
months 

6.5 yeJJIS 17.1 -0.3 01 CiginDa 
c:cJIISIII1IbI 
cUing 

Bill Weight, 
Bir1h Leng1h 

II1Spded MoIher Chld's Sex 

CiMIIIId 
(4, L ,149) 

2yeJJIS 4 yeJJIS 10 
months 

16.70 r-.37 noIsIMad Mat. Edu. 

pregnancy 

M*rnaI 
cigarelleslday 

Bir1h Weight, 
Gestation 

AdhotiIarian Famly 
Ideology 

'*' 
(IIIIIIII of 
1,2,3, 

Child MoIher MecfiralloMtug 
Use, 1'1a1llmal 
AIco!»1 

and4yrs 
10 mas) 

ConsIrnption, 
Bir1h Oilier, 
ChIId'I Sex, 
HiAJJT Alcohol 
Abusf 

CcsIa Rica 
(22, L ,184) 

12-23 months 5 years 11.0 r=+.06 noIsIMed 

Cincinnati 
(2, L,253) 

Maarl3-12 
months 

6.5 years 10.6 0 11 CigaretIe 
COIISIJI1lIion 
cUing 

Bir1h Weight, 
Bir1h LengI1 

IIaspecified MoIher Chid'! Sex 

pregnancy 

~ • L:aLongltudlnal cohort, Xc:Cross-sectional, M=Meta ~Iys~ 
.. statlsflcally slgnlftcant (p <·0,05) 



Study 
Population" 
(ref•• type. n) 

PbB 
Age 

Outcome 
Age 

....nPbB 
(ugldL) 

Eatl..,.wd Della IQ 
for PbB 5 -> 15 

Crude AdJ SES Smoking 
Fetal 

Growth 

CoVllriatn In IIocIeI 

Famltt 
Environment HOllE Race 

P.rental 
IQ 

Iron 
Status Other 

Cleveland 6months 4years 10 9.99 r-.05 not stated MalEdu. MaIImaI Bir1h Weight, Authorlarian Famly mtaI Child MoIher Madica1icn'cWg 
(4, L ,122) months cigntl8slday Gestation Ideology (meII1 of Use, Maternal 

1,2,3, AIcotOI 
1n14yrs CoI5m1ption, 
10mos) Bir1h Order, 

ChiId's Sex, 
HiAIIY Alcohol 
Abuse 

Boston 18 months 10 years 7.8 not slated -2 HoIingshead Fnily Sbess, scales V & Child t.401her Child Sb'ess, Bir1h 
(1, L ,116) Fcu-FactDr MarIaI StaIus, Res V1@12O Ordef, Chld's Sex 

Index of Social Changes, Mal!maI mo,~ 

Class Age @57mo 

Boston 12 months 10 years 7.7 not slated -1.3 HoIingshead FIITliIy Balance, scales V & Child MoIher Child SIress, 
(1, L ,116) Four-FactDr Fnily Stress, VI@12O Parents' Sense 

Index of Social Marital SIaIus mo, total Competllnc:e, 
Class @57mo Bir1h Order, 

Child's Sex 

Boston 6months 10 years 6.7 not slated -2.4 HoIingshead Marital StaIus scales V & Child MoIher Child Snss, Bi1h 
(1, L ,116) Fcu-FactDr VI@12O 0nIeJ, Child's Sex 

Index of Social mo, total 
Class @57mo 

Boston 24mon1hs 10 years 6.5 not slated ~.3A HoIingshead Marital StaIus, Res scales V& Child MoIher Child Snss, Bir1h 
(1, L ,116) FoII"-Faca Changes, MIitlImaI V1@12O Older, ChiId's Sex 

Index of Social Age mo,mill 
Class @S7mo 

Ci1ciMali 10 Days 6.5 years 5 ~. 1 1.1 Cigarelle Bir1h Weight, II1speciIied Mother Child's Sex 
(2, L ,253) COI1SIIl1pIion BirthLeng1h 

dLling 
pregNllCy 

Boston 24 months 10 years <8 not stated ~. 3A HoIi1gshead MarIaI Status, Res scales V & Child MoIher Child Snss, Bi1h 
(214, L ,148) Four-FactDr Changes, t.4aIemaI VI@12O Ordef, Child's Sex 

Index of Social Age mo, total 
Class @S7mo 

(>~~~n) (»< 4 years) 
PortPiie Lifetime illig. 7years 	 17.4-21.7 not stated ~.3 (In) Daniel's Scale PIRIIIaI Bir1h Weight Famiy SlruI.llIre, II1speciIied MoIher ~t FeecIng, 
(37, L,494) 3years 	 (me_of of Pres1ige of srnokilg MatemalAge Feedng Method, 

2nd &3rd Occupations in Birth Older, 
qudes) AustraIa, Mat. Chills Sex 
(GM) Edu., Pal Edu. 

• L-=Longltudlnal cohort, X=Ci'oss'lJ8Cltlonal, M=Mota an.lysls 

"statistically sfgnmcant (p < 0,05) 
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COva....te. In Model 

Study for PbB 5 -> 15 
Population" PbS Outcome Mean PbB Fetal Family Parental Iron 
(ref., type, n) Age Age (ugldL) Crude AdJ SES Smoking Growth Environment HOME Race IQ Status Oll'ler 

Estlmatad DeItllIQ 

PortPiie 3 years 11·13 ye.s 19.3(GM) ·9.3 (kit' ·2.9 (kI) Danlel's Scale Fanily Structure, LIlSPecified .mIher 
(5, L,372) of Prestige of Family Funelionklg, 

Occupations in MaanaI 
AusIraia PsychopaIhoIogical 

Status 

Cleveland 3 years 4 years 10 16.70 r-.37 not stated Mal Ec1I. Ci.laretIes Bi1h Weight AuIhoriIarian Family total Child WIler MedkatiorJdrug 
(4, L,155) monlhs per day, Gestation Ideology (mean of Use, I.1aIemaI 

MaIemaI 1,2,3, Alcohol 
cignlleslday 111114yrs Consumption, 

10mos) Bilh Onler, 
Chilcfs Sex, 
IistQy Alcohol 
AbuSe 

CilciM8li Mean 27·36 6.5 year.; 16.3 ·1.4 ~.4 Cigaralle Bi1hWeight unspecified tmlher Chilli. Sex 
(2, L,253) months ~Iion Bi1h Length 

dIIing 
pregnancy 

Port Piie Ufatine avg. 11·13 years not stated ·10.2 (kI) -5.1 (kI) Pal Occ. PnntaI Birth Weight Family Slrudulll, LIlSPecified fI«lIher Breast Feecing, 
(5, L ,326) 3years Smoking FIII1iIy Functionklg, Feedrg Method, 

habits ManalSIaU, Bilh Order, 
MaanaI Age, ute Child'sSex, 
Events Child's Age, 

SchUllI Grade, 

Lavrion, Greece 
(21, X,509) 

primaIy school 
chti'en - not 

(>.. 4 yellraj 

prflTl3lY school 
chDdl1ll1- 001 

23.7 nolstaled -2,52 Mill Edu., Pat. 
Edu., Pat. Occ. 

• Birth We~hl Family StrudUre, 
Marital Status, Ule 

Both 

ScIlOOf Absence 

I 
Blr:th Order, Birth 
Problems, Child's 

specified years speciIjed years Events Age,ChIId's 
~HsIDfy, 
Histtty Alcohol 
Abusa. falhe(s 
age,blingualsm 

PortPiie UIetime avg. 7yeilS 17.6-21.5 not staled -5.5 (h) Danlel's Scale Parental Birth Weight FIGiy Slrudure, !mpecified Mother BIeast Feeding, 
(37, L ,494) 4 years (means of of Prestige of smokilg MatemalAge FeedRlg Method, 

2nd &31d Occupations in BithOrder, 
quartiIes) AusIraia, Mat. Chikfs Sex 
(GM) Ec1I., Pat. Ec1I. 

Port Piie Lifeline avg. 7 years 15.7·19.7 not staled -4.7 (kI) Danlal's Scale Parental Birth Weight Family Strudure, LIlSPecified Mother Breast Feeding, 
(37, L,494) 7 years (means of of Prestige of smoking MatemalAge FeeWng Method, 

2nd &31d Occupations in BirtIlOrder, 
quartiIes) AusIraia, Mat. Child's Sex 
(GM) Edu., Pat. Edu. 

I • L-Longltudlnal cohort, X=Cro'"" 

I."statistically .algil/ffcant (p < 0.05) 
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Study 
Population' 
(ref., type, n) 

PbB 
Age 

Outcome 
Age 

....nPbB 
(ugldL) 

EatimatH Delta IQ 
for PbB 5 -> 15 

Crude AdJ SES Smoking 
Fetal 

Growth 

Covarlatn In IIodel 

F.mlly 
Environment HOllE Rac. 

P.rental 
IQ 

Iron 
Statu. Olher 

Mexico City II 7-9 years 7-9 years 19.4 r=-.24 (In)" r=-.19 On)" Income, Mat. 	 CNId's Sex, 
(23, X,139) Edu., Pal Edu. 	 Assessment Site, 

Child's Medical 
HisPy 

Port Pirie 5 years 11-13 years 14.3 (GM) -9.2 On)" "'.1 On)" 	 Daniel's Scale Famitt Functionilg, lIlSPeciIied Mother 
(5, L,368) 	 dPllldgeof MaaemaI 

Occupations in PsychopathOlOgical 
AusIraIa Status 

Port Pirie Lifetime avg. 11-13 years 14.1 (GM) -11.9 On) "'.3 On) Daniel's Scale Parental BilhWeight FIIIliy Struc:IUte, unspedied Mother 	 Breast Feeding, 
(5, L.326) 11-13 years 	 d Prestige of smotilg Famitt FuootIonilg, Feedflg MeIIod, 

0a:upaIi0ns in habits MartIal SIaIus, Birth Order, 
Aushia, Mat. MaaamaI Age, life Chillfs Sex, 
Edu. Events C~Age, 

School Grade, 
School Absence 

Cincimali Mean 39-48 6.5 years 14.0 -1.4 -0.2 CigareIIe BiIh Weight, IIlSpeCified Mother CIlidS Sex 
(2, l,253) monIhs COIISIIl1ption BiIh length 

dIJing 
Pf8!/I18I1CY 

Cincinnati Mean 51-60 6.5 years 11.8 -2.2 -0.7 Cigarelle Birth Weight. unspecified Mother 	 CIliJd's Sex 
(2, l ,253) months 	 COIISLIIlPtion Birth lenglh 

dLling 
pregnancy 

Port Pirie 7 years 11-13 years 11 .6 (GM) -3.7 On)" -3.1 On) 	 Daniel's Scale Famitt FLI'oClWnilg, Moller 
(5, l ,360) 	 d Prestige of MaIemaI 

Occupations in PsychopaIholilgical 
AusIraIa Status 

SassuoIo, !lay 7-3 years 7-3 years 10.99(GM) r=-O.101 not stated 
(8, X,212) (log10) 

San Luis Potosi, 6-9 years 6-9 years 9.73 (GM) r=+.04 On) r=+.07 (In) Bronffman CIllld's Sex, 
Mexico Index of CIIlId"s Age 
(9,X,39) Socioeconomic 
[reference group) Status, Mal 

Edu., Pal Edu. 

San llis Potosi, 6-9 years 6-9 years 8.98 (GM) r=-.12 On) r=-.25 On) Bronffman Clllkf5 Sex, 
Mexico Index of ClIlkfs Age 
(9,X,41) Socioeconomic 
[exposed group) Status, MaL 

Edu., Pat. Edu. 

• I.-Longitudinal co\ ort, X=Cross-Kctlonal. M=Meta analys.iIt, 

" statistically significant (p < 0.05) 
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Study 
Population" 
(m.• type. n) 

PbS 
Age 

Outcome 
Age 

....nPbS 
(ugldL) 

EatllNltH Della IQ 
for PbS Ii -> 16 

Crude AdJ SES Smoking 
Fetal 

Growth 

Covarlll... In Model 

Family 
Environment HOllE Race 

P.rental 
IQ 

Iron 
S..... Other 

PortPiie 11-13 years 11-13 years 7.9 (GM) -6.3 (lnjA -2.6 (In) DalieI's Scale Family Functioning, unspecified Mother 
(5, L ,326) of Prestige of Maternal 

Occupations in PsychopaIIIOlOgical 
Austraia SlaIus 

Boston 57 months 10 years 6.3 not stated -0.7 HoIingshead Birth Weight Family S1reSs, scales V& Child MoIher Child SInIss, Birth 
(1, L ,116) FOIK-FacD MariIaI StaIus, VlO 120 Order, Child's Sex 

Index of Social Maternal Age mo, total 
Class 057mo 

Boston 10yem 10 years 2.9 not stated -5.9 HoIingshead Birth Weight Family SIre~, scales V& Child MoIher Child Snss, Birth 
(1, L ,116) Four-FacIDr MariIaI S1abJS, Day VlO 120 Order, ChiId's Sex 

Index cI Social Care, Mldemal Age mo, mIaI 
Class 057mo 

Kosovo Mean AUC7 7years age7=21.2; not stated -3.4 (Iog10jA Mal. Edu. Birth Weight Family StrucIlJre, IIISjI8Cified Child MoIher Chikfls Sex 
(194, L ,259) years Cl.m.l1aIive Maternal Age 

age7=1.21 

PortPiie UfeCine avg. 11-13 years not stated -10.8 (In) -5.5 (In) PalOcc. PlOIltal Birth Weight Family SIMIUre, lIlSPeciIied MoIher Bre85t Feeding, 
(5, L ,326) 5years SIIIOkiY,I Family FLIICIIoning, FeeQng Method, 

habiIs MariIaI Status, Birth Order, 
Maternal Age, ute Childs Sex, 
Events Child'. Age, 

SchQ)1 Grelle, 
School Absence 

PortPiie UIeIine avg. 11-13 years noIstaled -10.5 (In) J..7 ~n) DalieI's Scale PnntaI Birth Weight Family StrucIlJre, lIlSPecified MoIher Breast Feeding, 
(5, L ,326) 7years ofPreslgeof SIIIOkiY,I Family Fooctioning, Feedng MeIIod, 

Occupations in habits Marital Slatus, Birth Order, 
Ausb'aIa, Mat. Malernal Age, ute Child's Sex, 
Edu. Events ChildS Age, 

School Grelle, 
Scha!IIAbsence 

CilcinnaIi Mean 66-72 6.5 years not staled -3.3A -1.2 Cignte Birth Weight, wISpeCiIied MoIher Chkts Sex 
(2, L ,253) months COIISIIT1pIion Birth Length 

during 
pregnancy 

CIeveIcrId MIlan 0.5-3 4years 10 9.99@6 r-.29 not slated Mat. Edu. MaIemaI Birth Weight, A~ Famiy mtaI Child MoIher MedltatioMlrug 
(4, L ,212) years months months & cigcntteslday Gestation Ideology (mean of Use, MaIemaI 

16.70@ 1,2,3, AIcoIlol 
both 2yrs & and4yrs ConsUmption, 
3yrs) 10mos) Birth Order, 

ChiId'5 Sex, 
Hisby Alcohol 
Abuse 

__~"""""' ~,"""""'''''__''''~·~m.,~ .-.•=_~-_._""",,~ _.~~~=,=__~_.__ .____ ••__. w ~~ , ~~. , · -..~.'~~m_~___·___·~'M"".'=."_=-~"·'---'·'~""" "'~ 

• L-Longltudlnal cohort, X=Cross-oseetional, M=Meta 
A ..t:....-tlcatJy..!lgnlflcant (p c! 0.05) 
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Study 
Population· 
(ref., type, n) 

PbB 
Age 

Outcome 
Age 

....nPbB 
(ugldL) 

Estimated DeItllIQ 
for PbB 5 -> 15 

Crude AdJ SES Smoking 
Fetal 

Growth 

Covarlatn In Model 

F.mlly 
Environllllnt HOME Race 

Patenlal 
IQ 

Iron 
Status Other 

CinciMati UfeIine avg. 6.5 yellS not stated -1.3 ~.1 Daniefs Scale Parental Blr1h Weight FIIIIiIy Structure, lIISpecified h\llher BI885II=eedilJ,l, 
(2, L ,253) 72 months 01 Prestige of smoking Family Functionilg, Feedhg Me1l1lld, 

Occupations in habits Marital Status, Bith Order, 
Ausnia, Mat. MaIBmaI Age, Life Childs Sex, 
Edu. Events ChlI0'5 kle, 

SdlooI Grade, 
Sc/Iool Absence 

t L=Longltudlnal cohort, X=Cross-sectional, M=Meta 

IA atetlstleally slgnlffcant (p < 0.05) 
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Table 5. Studies of health endDoints other than IQ or Gel in relation to Blls < 10 ua/dL 

edlan 6 fJgldl, 95 
lie <: 10 jJg/dL 

or NES2 tapping, benton (pattern lSignfficant negative association of log transformed blood 
emory). reaction time, pattern 'ead with tapping speed and with pattern comparison. 

omparl50n: age, sex, parental education, 
tudy area. lNo significant association of Iog-transfonned blood lead 

irthwelghl, smoking In pregnancy, 
umber of siblings. height, computer 
amillaritv. 

evel with visual evoked potential peak latencies. 
or Visual Evoked Potentials: age, 
ender. study area 

ecelves public assistance, maternal Inificantly lower Bayley MOl for children ~ 10 jJ.g/dL vs 
ducation, HOME - Stim Q, child race, 10; scatterplot of adjusted MOl vs Bll suggests 
aternal la, anemia or low MeV,birth laUon linear relation continues at BLL <10 

rder, sex. age 

Age 

.ttention, 
nsolimotor 
nction, and 

Initive function 

metric mean 1.9 
g/dL,98% < 10 
g/dL 

ender, raceJethnlclty, poverty. region, 
arent/caregiver education and marital 
tatus. serum ferritin. serum cotlnlne. 

or Wise vocabulary and block design: 
;tudy area, visual acuity and oontras! 

slUvity. parental educaHon, sex, 
reastfeedlng, helgh~ nationality. 

or NES2 pattem comparison, pattern 
emory, tapping. simple reaction Ume. 

nd continuous performance test study 
rea, visual acuity and contrast 

sltivity, age, parental education, sex, 

Covarlates Results on BLL-outcome association less than 10 
nficant lnverse relationships between BlL and WRAT 

lrithmetic, WRAT reading, wise Rblock design. WiSe
digit span. For all but block design, regression slopes 

me more negative with restriction of analyses to 
ildren with bli <10, <7.5, < 5.0 and < 2.5 jJg/dL. 

gnlficant negative association between wise 
bulary and CPT results.Associations strongest In 

ardelegen,community with lowest mean PbS. 



Age 

Health Outcome 
ES1  Tapping 
'est and Pattern 
:ecognition 

11-7 years 

Covarlates Results on BLL-outcome lIIOCIatIon .... than 10 
ltemal education, child's sex, child's Vwthors report that after adjustment for COIIfounders a 

ild's Age, Assessment site, Birth 
lelght Child's Medical History, head 

ircumference, child weight quality of 

Ithnle group, iron status, dietary inbilke, 
ileal history, socIodemographlc 

, and household characteristics 

Problems, Child's Race, maternal 
circumference, head circumference 

birth 

. nificant deficit for tapping and pattern OiII'Ilparison in 
ion to BLL(p<.05) was found, but no regression 

boeflicient or dose-response analyses are presented.. 

VISUal evoked potential interpeak latencies were 
ignificantly prolonged in relation to PbB for one of three 
. Ial stimuli tested and non-sIgnificantly prolonged for a 

Id stimulus. No significant association between 
,B and contrast sensitivity was seen. 

significant correlation overall between PbB and 
mprolactin (Pro-S) or urinary homovarIBIIc acid 

VA-U. Analysis performed on only those children PbB>1 
ug/dl showed a weak but stat direct reIatiCIn to PbB. 

ignificant inverse relation of bli to stature head 
·Ircumf&rence. estimated decrease of 1. 57 an in stabJre 
d 0.52 em in head circumference for each 1 0 

'dL inaaase in au 
of blood lead at 12, 18, and 24 months SignificanUy 

to head ciraJlnference at 36 months; Ln of blood 
at 12 months signifca1Uy related to head 

ircumf&rence at 42 months. Most other partial 
k:orreIations between postnatal blood were negative. 

It of coavariate adjusted head circumfenlnce at 36 
IthS vs. Ln blood lead at 12 months shows inverse 

lation that appears to continue below 10 JIgIdL 

" 2 
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Age 

Covariltll Results on BLI.-outcomeassociation leu than 10 
latemal education, patamal occupation, ~Ignlficanl negative association of BLL andhead 
,1Id's sex, child's age, iron stall.Js, . rcumference and height with scatterpiot suggesting 

lasaessment site, father's helgh~ mother's elation continues below 10 J.1g1dL. 

osignificant associalion with chest circumference. 

lcod lead levels of 3rgJdL, compared with 11k.¥dl were 
aled with significant delays in breast and pubic 

air development in African American and Mexican girls. 
e trend was similar,but not slgnlfican~ for non· 

ispanic white girls. /v;je at menarche was also delayed 
n relation to higher blood lead levels, but the association 
las only significant for African-American oris. 

lverty Income ratio, family size, metro pared with blOOd lead levels 2.0 ~dl and below, 
l'esidenoe, Child's Age, ChiJd's Race, BMI Is of 2.1-4.9 were associated with significantly lower 

s of attaining tanner 2stage pubic hair (OR=O.48, 
S% CI 0.25-0.92) and menarche (OR=0.42, 95% CI 
.18-0.97); no significant association with ~east 
lvetopment was noted. 
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Age 

150] X
)lUm 
(n=143) 

ltal Caries 

Blood pressure 

Ierne Synthesis 
. ·Iarkers 

Outcome PbB DIstribution 
means: 

or Systolic blood pressure: Birth Order, 
iId's Sex, Child's Race, height, 8M1; 

or diastolic blood pressure: Birth order, 
ild's Race 

Results on BLL-outcome lIIOCIdon less thin 10 
paring children 5-17 years of age in middle the 

rtile of BLL (range of BlLs 1.7-4.1) with lowest tertile), 
ratio for dental caries was 1.36 (1.01-1.83) 

In C8mbricIgeI Boston number of carious surfaces 
lnaeased signlflcandy with Jog PbB in linear regression 

In graph comparing children with PbB Of 1, 2, and 3 
'dL. In Famlnglon, non-significant decrease in 
• surfaces with increasina PbS 
lUres showing adjusted mean systolic anti diastolic 

pressure for 10 groups with approximately equal 
umbers in each ordered by blood lead shows no 

Islstent trend iI1lOI1Q the 4 across arangeof bll 
Iximalely 5-10 ugldL 

Dose-etrect relationships are plotted for FEP, /JUD, and 
U. No threshold evident for /JUD inhibiti.on. 

state if it exists it must be below 8-10 ugldl. A 
B5threshold for inaeasing FEP evident at 15-20 

IgidL. 

relation of incidence of elevated erythrocyte 
ltoporphyrin levels to blood lead levels below 151J9/dL 
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Age 

Health Outcome Covll'latel Results on BLL-outcoma association les8 than 10 
eme Synthesis 
iomarkers 

one presented, crude results only gnificanl positive association reported for FEP and 
Pand In transformed BLl at all ages. Threshold for 

laUonshlp at B:: between 15 and 20 IlQfdL. 

215] X
ribam, 
zech 
epublic 

n=246) 
--

enal function 12-15 years 12-15 years an ranged from 
.39 ug/dl in girls in 

control area to 
4.9 ug/dl in boys in 

luted area 2 

one presented, crude only reported rinary RBP was found to be significantly associated 
·th PbS In astepwise regression . When urinary RBP 
xcretion was examIned by Blller1iies, significantly 

ower U-RBP was seen In the group with 8LL <8.64 
g/dl compared with BLl8.fi4..12.3. 
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