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1. NEUROT03UCrrY OF LEAD

Recent data have demonstrated health effects of lead in children at
doses previously believed to be harmless. Childhood lead poisoning is among
the more important of the man-made diseases. Its origin, unlike many other
important diseases, is known. The neurotoxic properties of lead at high doses
have been known for at least a century, and in 1943 (Byers and Lord 1943)
there was the first suggestion that childhood exposure to lead below the dose
sufficient to produce clinical encephalopathy was associated with deficits in
psychological function. However, in spite of the large number of studies
investigating the relationship of low-levels of lead exposure to health effects,
the picture of the exposure-response relationship is not yet clear for any of the
chronic endpoints.

Lead can enter the body upon breathing air with lead-containing dust
or lead particles. Almost all of the lead in the lungs enters the blood and
moves to other parts of the body. In adults, very little of the amount of lead
swallowed in food, beverages, water and dust or soil enters the blood from the
gastrointestinal tract and moves to other body parts. Much less lead enters
the body through the skin than through the lungs or gastrointestinal tract.
Regardless of how lead enters the body, most of it is stored in bone, rather
than soft tissue.

The effects of lead, once it is in the body, are the same no matter how
it enters. Exposure to lead is especially dangerous for unborn children, with
high levels associated with premature birth and low birth weight. Young
children are at risk because they swallow lead when they put toys or other
objects soiled with lead-containing dirt in their mouths. A greater proportion
of the lead ingested by cildren enters their bodies than enters the bodies of
adults. For infants and young children, lead exposure has been shown in some
studies to decrease intelligence (IQ) scores, slow growth, and cause hearing
problems. These effects can last as children get older and can be permanent.
Realistic risk assessment for lead-induced neurobehavioral deficit in
environmentally exposed children must stem from consistent results from

'Based largely on a working paper by C. Easterly.
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independent studies, as well as the documentation of dose-response
relationships. At present, studies investigating such effects have not been
definitive. However, taken' as a whole, there is growing support for the
absence of a threshold for adverse effects in exposed children.

2. EARLIER STUDIES

De la Burde and Choate 1972) found a mean Stanford-Binet IQ
decrement of points, fine motor dysfunction, and altered behavioral profiles
in 70 preschool children exhibiting pica for paint and plaster and elevated
blood lead levels >30 Ag/dL, mean = 8 lxg/dL), as compared with results for
matched control subjects not engaging in pica for paint and plaster. A follow-
up study on these children at 7 to years of age (de la Burde and Choate
1975) reported a mean Wechsler Intelligence Scale of Children (WISC) Full
Scale IQ decrement of 3 points and impairment in learning and behavior,
despite decreases in blood lead levels since the original study.

Rummo 1974) observed hyperactivity and a decrement of - 16 IQ
points on the McCarthy General Cognitive Index (GCI) among children who
had previously had encephalopathy and whose mean blood lead levels at the
time of encephalopathy were 88 ig/dL. Asymptornatic children with long-term
lead exposures and mean blood lead levels of 68 Ag/dL had an average IQ
decrement of points on the McCarthy GCI, and their scores on several
McCarthy Subscales were generally lower than those for controls, but were not
statistically significantly different (at P < .05), while children with short-term
exposure and blood lead levels of 60 Ag/dL did not differ from controls.
Blood lead levels in controls did not exceed 40 /Ag/dL (mean 23 14g/dL).

A study of 158 first- and second-grade children by Needleman et al.
(1979) provides evidence for the association of full-scale IQ deficits of - 4
points and other neurobehavioral defects with tooth (dentine) lead values that
exceed 20 to 30 pprn. Corresponding average blood lead values would
probably be in the range of 30 to 50 1Ag/dL (EPA 1986). The study has been
reanalyzed in additional reports (Needleman et al. 1982, 1985; Bellinger and
Needleman 1983) and critically evaluated by the EPA 1986). In comparison
with children having low dentine lead levels < 10 ppm), children having high
dentine lead levels >20 pprn) had significantly lower Full-Scale WISC-R.
scores (Wechsler Intelligence Scale of Children--Revised), with IQ deficits -of
- 4 points, and significantly poorer performance n tests of auditory and
verbal processing, on a test of attentions] performance as measured by
reaction time under conditions of varying delay, and on a teachers' behavioral
rating (Needleman et al. 1979). The distribution of verbal IQ scores was
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shifted downward in the high-lead group, such that none of the children in the
high-lead group had verbal IQs > 125, whereas % of the children in the low-
lead group had verbal IQs >125. Furthermore, children in the high-lead
group were three times more likely to have a verbal IQ < than were
children in the low-lead group (Needleman et a]. 1982). Using regression
analysis, Bellinger and Needleman 1983) found that IQs of children in the
high-lead group fell below those expected based on their mothers' IQs and
that the amount by which a child's IQ fell below the expected IQ increased
with increasing dentine lead levels in what appeared to be a nonlinear
manner. That is, dentine lead level was not significantly correlated with IQ
residuals in the low-lead children or in the high-lead children with 20 to 29.9
ppm dentine lead, but was significantly correlated with IQ residuals in high-
lead children with 30 to 39.9 ppm dentine lead.

Schroeder et al. 1985) and Schroeder and Hawk 1987) evaluated 104
children of lower SES (socioeconomic status) on the Bayley Mental
Development Index (MDI) or Stanford-Binet IQ Scale at ages 10 months to
6.5 years. Hierarchical backward stepwise regression analyses indicated that
blood lead levels were a significant source of the variance in IQ and MDI
scores after controlling for SES and other factors. Fifty of the children were
examined again years later, at which time blood lead levels were 30 pg/dL.
The 5-year follow-up IQ scores were inversely correlated with contemporary
and initial blood lead levels, but the effects of lead were not significant after
covariates, especially SES, were included in the analysis.

Hawk et al. 1986) and Schroeder and Hawk 1987) replicated this
study with 75 black children, 3 to 7 years old, of uniformly low SES.
Backward stepwise multivariate regression analysis revealed a highly significant
linear relationship between Stanford-Binet IQ scores and contemporary blood
lead levels over the entire range of 6 to 47 ig/dL. The association was nearly
as striking when past maximum or mean blood lead levels were used. Because
SES was uniformly low, it was not a significant covariate. This feature of the
study may limit the applicability of the findings t the general U.S. population
of children, if SES and lead exposure interact in such a way that IQ is affected
by blood lead at lower SES levels but not at high SES levels.

Fulton et al. 1987) studied 501 children, 6 to 9 years old, in Edinburgh,
Scotland where a major source of lead exposure is drinking water. The
children were selected from a larger sample of 855 (mean blood lead level =
10.4 /Ag/dL) by taking all subjects in the top quartile of the blood lead
distribution from each of the 18 participating schools plus a random in 3
subsample of the remaining children. Mean blood lead level of the study
population was 11.5,ug/dL, with a range of 33 to 34 /Ag/dL. Blood lead levels
> 25 /tg/dL were found in ten children. Multiple regression analyses revealed
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a significant negative correlation between log blood lead and the British
Ability Scales Combined Score (BACS) and attainment test scores fr number
skills and work reading after adjustment for confounding variables. Further
analysis divided the children into ten groups of - 0 based on blood lead level
and plotted the group mean lead values against the group mean difference
from the school mean score, adjusted for covariates. The authors reported
that this analysis revealed a dose-effect relationship extending from the mean
blood lead level of the highest lead groups, 22.1 AgIdL, down through the
mean blood lead level of the lowest-lead group, 56 Ag/dL, without an obvious
threshold.

Bellinger et al. 1987) reported significant deficits of 48 points on the
Bayley Mental Development Index (MDI) at ages 6 to 24 months in children
whose blood lead level at birth was 10 to 25 /ig/dL, in comparison with
children whose blood lead level at birth was < 3 Ag/dL. These findings are
supported by the data of Dietrich et al. 1987), who reported inverse
correlations between prenatal or neonatal blood lead levels (range to -
25 1Ag/dL) and MDI at 3 or 6 months of age. Additional evidence is provided
by the data of Ernhart et al. 1985, 1986) and Wolf et al. 1985), which
indicated that neonatal performance on a Neurological Soft Signs scale was
related to umbilical cord blood lead levels, and to the indirect effect of cord
blood lead on Neurological Soft Signs (EPA 1986; Davis and Svendsgaard
1987). These effects were significantly correlated with cord blood lead levels
that averaged 5.8 Ag/dL and that ranged up to only 14.7 ig/dL. Additional
analysis follow-up through 3 years showed a negative association between
maternal, but not cord, blood lead with several developmental indices at 6
months (Ernhart et al. 1987). Winneke et al. (1985a, 1985b) found that errors
in the Wiener Reaction Performance test were associated with maternal blood
lead levels averaging 93 ig/dL and cord blood levels averaging 82 Ag/dL;

most of the blood lead levels were 15 L&L.

3. SUNM4ARY OF SEIECTED RECENT STUDIES

Winneke et al. 1990) combined results from different groups from
8 countries combined on the basis of a common study protocol with inherent
quality assurance elements. In order to attempt to improve the dose-response
information on neurobehavorial effects in children, the World Health
Organization, Regional Office for Europe, in collaboration with the
Commission of the European Communities, initiated this international study
which was planned, executed and evaluated between 1984 and 1989. This
collaboration made it possible to increase the sample size (n=1,879) and
broadened the range of the exposure dimensions (below to about 60 g
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Pb/dL blood). Blood-lead concentrations were used as markers of
environmental lead exposure. The battery of tests used included the
psychometric intelligence [WISC- Wechsler Intelligence Scale for Children],
visual-motor intelligence [Bender Gestalt test and the Trail-Making test
(TMT)], reaction performance [Delayed Reaction Time (DRT) and Vienna
Reaction Device (VRD)], as well as general behavior as rated by parents
and/or teachers by means of simple rating scales. Apart from blood-lead as
the independent and psychological outcome as the dependent variable, the full
model for analysis also included age and gender as exogenous variables and
father's occupational status as well as maternal education as social
confounders. Within the range of below to about 60 4g Pb/dL blood, the
study confirmed that there are detectable exposure-related neurobehavioral
effects in school-aged children between age 6 and 1 1 years.

The strongest and most consistent effects were observed in visual-motor
integration (GFT and VRC). WISC scores were also affected by lead
exposure, although the effects were inconsistent across studies and the overall
degree of association with blood lead was of only borderline significance.
However, in studies including 1698 children, the WISC scores were
consistently and negatively associated with blood lead, with an approximate
0.12 decrease in the mean WISC score per ig/dL. No significant associations
with blood lead were found for the less standardized measures, namely, Trail-
Making test and the general behavior test. The results of this European study
are relevant to judging risk due to environmental Pb exposure, because the
original data in the individual studies were collected using a common study
protocol with inherent quality control elements. Further, the findings were
extracted from a large sample size which was subjected to a uniform statistical
analysis.

In contrast to the original data taken by Winneke et al. 1990), re-
analysis study done by Needleman et al. 1990) identified 24 modern studies
of childhood exposures to lead in relation to IQ. From this population, 12
studies that employed multiple regression analysis with IQ as the dependent
variable and lead as the main effect and that controlled for non lead
covariates were selected for a quantitative, integrated review or meta-analysis.
The studies were grouped according to type of tissue analyzed for lead. There
were 7 blood and tooth lead studies. Within each group, Needleman et al.
(1990) obtained joint P values by two different methods and average effect
sizes as measured by the partial correlation coefficients. They also
investigated the sensitivity of the results to any single study. The sample sizes
ranged from 75 to 724. The sign of the regression coefficient for lead was
negative in 1 1 to 12 studies. The negative partial r's for lead ranged from -
0.27 to 0003. The power to find an effect was limited, below 06 in 7 o 12
studies. The joint P values for the blood lead studies were <0.0001 for both
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methods of analysis 95% confidence interval for group partial r, -0.15 +
0.05), while for the tooth lead studies they were 0.0005 and 0004, respectively
(95% confidence interval for group partial r, -0.08 + 0.05). The hypothesis
that lead impairs children's IQ at low dose is strongly supported by this
quantitative review. The effect is robust to the impact of any single study.
While the group partial r of 0.15 + 0.05 is suggestive of a small effect whose
confidence limits do not include zero, the authors did not evaluate a
composite effect size. Thus, nothing can be said about level of effect on IQ
from this analysis.

The primary objective of the following three studies was to determine
if the early deficits of neurobehavioral development seen in children with ow-
lead levels persist into later life, and if so, how adverse and stable are these
effects. Bellinger et al. 1990) studied the cognitive performance in children
exposed to low levels of Pb in utero and followed their performance through
5 years of age. Umbilical cord blood lead levels at birth, capillary blood lead
levels at 6 12, 18, and 24 months old and venous blood lead levels at 57
months were determined. Cord blood and postnatal blood lead levels of
below 3 g/dL were classified as low, above 10 1Ag/dL were classified as high,
and between 3 and 10 ig/dL were classified as medium. Mental Development
Index (MDI) score from the Bayley Scales of Infant Development at 24
months and General Cognitive Index (GC1) score from the McCarthy Scales
of Children's abilities at 57 months were used to measure the cognitive
performance in children. In addition, information on a range of potential
covariates of Pb exposure and cognitive function were obtained. These
included demographics, reproductive history, exposures during and
characteristics of the index pregnancy, labor and delivery, neonatal
characteristics, and measures of child rearing environment and practices.

The results showed that up to 2 years of age, children with umbilical
cord blood lead levels of 10 to 25 ig/dL achieved significantly lower scores on
MDI than do children with lower prenatal exposure. Further, in the second
year of life, children from lower social classes expressed deficit at lower levels
of prenatal lead exposure than did children from the highest social class. This
association between high prenatal exposure and lower performance persisted
beyond age 2 although not as a main effect. Rather, the degree to which
deficit persisted varied among subgroups of children with different
sociodemographic characteristics and postnatal lead exposure profiles. By age
5 years, however, they appear to have recovered from, or at least
compensated for, this early insult. Further, tis recovery or compensation
between ages 24 and 57 months of age for children with high prenatal lead
exposure, was more positive for children with lower postnatal blood lead levels
at 57 months of age and coming from higher socioeconomic status, higher
Home Observation for Measurement of the Environment (HOME) scores,
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higher maternal IQ, and female gender. Hence, the risk that a deficit will
persist through the preschool years is increased among children with high
prenatal exposure and either high postnatal exposure or less optimal
sociodemographic characteristics. Children already stressed by
sociodemographic disadvantages are hence less able to weather the additional
stress of high prenatal lead exposure.

Dietrich et al. 1990) assessed the neurobehavioral effects of fetal and
postnatal lead exposure during the first two years of life. Blood was collected
for Pb analysis prenatally from the mother and at quarterly intervals from the
infant. Infants were given developmental assessment at 3 6 12, and 24 months
of age by using the three part assessment of the Bayley Scale of Infant
Development, namely, Mental Development Index (MDI), Psychomotor
Development Index (PDI), and Infant Behavior Record (IBR). They found
that the prenatal and neonatal blood lead levels were. low, with only a handful
reaching or exceeding 25 yg/dL. Most children reached their highest blood
lead levels during the second year. They further found that 25% of study
subjects had at least one serial blood lead determination of 25 g/dL or
greater during the second year. Ten potential covariates and confounders were
included for making statistical adjustments in regression models. They included
birth weight, gestational age, Obstetrical Complications scale, Postnatal
Complications Scale, child sex, child race, composite index of tobacco and
alcohol consumption, maternal age, socioeconomic status, and poverty.
Multiple regression and structural equation analyses revealed statistically
significant relationships between penatal and neonatal blood lead level and
3- and 6-month Bayley Mental and/or Psychomotor Development Index.
However by 2 years of age, no statistically significant effects of prenatal or
postnatal lead exposure on neurobehavioral development could be detected.
The authors, using Bayley MDI raw scores, show that a postnatal
neurobehavioral growth catch-up can occur in infants exposed fatally to higher
levels of lead. These results obtained by Dietrich et al. 1990) differ
substantially from those obtained by Bellinger et al. 1990), who reported a
continuous inverse relationship between cord blood lead level and Bayley MDI
between 6 months and 2 years. However, the authors' finding of no statistical
significance between indices of postnatal lead exposure and Bayley MDI or
IBR factors was in accord with that of Bellinger et al. 1990).

Dietrich et al. 1991) performed a follow up study on the group of
children studied in the earlier paper of 1990. Since in the earlier paper no
significant associations were found between prenatal and early postnatal Pb
exposure and indices of early sensorimotor development in late infancy, this
follow up study was conducted on children at age 4 years to determine if this
disappearance represented true recovery or recovery which was limited to
infant sensorimotor functions. The Kaufman Assessment Battery for Children
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(K-ABC) was administered to children at approximately age 4 This test is a
neurobehavioral survey of general intelligence, information processing, and
achievement for children between the ages of 25 to 12.5 years. The test rating
was done on a standardized point scale with a score of one indicating little
or no validity, and a score of indicating a completely untroubled protocol.
Higher neonatal lead blood levels were associated with poorer performance
on all K-ABC subscales. However, this inverse relationship was limited to
children from the poorest families. Maternal blood-lead levels were unrelated
to 4-year cognitive status. Few statistically significant associations between
postnatal PbB levels and K-ABC scales could be found. However, a weak
relationship was found between the postnatal PbB levels and performance on
a K-ABC subscale that assesses visual-spatial and visual-motor integration
skills. In many ways the overall findings of this study do not agree with those
of Bellinger et a]. 1990). Further, the main procedural difference is the use
of the K-ABC test in this study versus the use of the McCarthy Scales of
Children's Abilities as used by Bellinger and coworkers.

Since there still exists a great deal of controversy regarding the lead
effects on cognitive function in children, Bhattacharya et al. 1990) suggest the
use of lead induced neuromotor functions for assessment. This may be equally
important as measures of cognitive function since portions of the igher center
of the central nervous system which contribute toward cognitive development,
also play a significant role in neuromotor development in children. They
studied the postural balance of children and how it related to blood lead
levels. Although the results are preliminary in nature, with a very small
number of children used in the study, the data suggest a significant
relationship between sway area response and peak or max PB during the
second year of life.

4. CHOICE OF ENDPOINT AND RESPONSE UNCMON

Effects on cognitive capacity related to lead exposure have been
investigated for several decades. Decrements in performance are one
manifestation of neurological disfunction, which would be a more general
category of effects. However, it is necessary to identify a symptom which can
be used in our willingness-to-pay (WTP) paradigm (refer to Part IV of this
report); thus we have chosen a specific effect which will be generally referred
to as IQ decrement. Because of the differences in measurement tests and
grading systems, intelligence tests measure different things and they also have
different numerical ranges. We have reviewed the literature up to the current
time and find that there is a solidification within the community that blood
lead is negatively related to neurotoxicological effects, including cognitive
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capacity. The precise relationship for any of these effects is in question,
however, most modern investigators, using large sample sizes or who
incorporate meta-analysis techniques, have been -unable to identify a threshold
below which no effect could be observed. There is a building consensus,
however, that a child's cognitive capacity, if significantly affected at birth, can
improve over time, if the child experiences more favorable economic or
exposure conditions during the early years after birth.

Over the years, several re-analyses/meta-analyses have been performed.
The most recent, and the most comprehensive was done by Needleman et al.
(1990). These authors calculated group partial correlation coefficients for
studies -using blood lead and for studies using tooth lead as indicators of
exposure. Each of the correlation coefficients was small, but the 95%
confidence limits were beyond zero, the no-effect point. Taken together, the
analysis of the 12 studies provide stronger evidence of a negative effect than
any study alone. When viewed in the context of the Winneke et al. 1990)
data, which provide a borderline significant, but consistently negative
association with blood lead, the overall picture does not change significantly.
Clearly the effect for small levels
of lead exposure will be small, ............... ... .. ..... ....... ...... ... ....... ........... .. . ....... ........ ........ ... .......... ... .. . ......................... . .. .. .. .......even in the sense of a population .................................................. ... . ............. ...... ..... ....... . .. . . . .e ffe c t, in sp ite o f th e d a ta ................ .. ......... .................. ...... . . .. .. .. ............. .. ................. .. ......... ........ ....... ......... .................. ... .. ......... .. .... .. .......... .
suggesting that there may be no ........ ........................................... ........... ........ ....... .......... ........... ............. ........ .. ........ .............................................. ........................................................threshold. Therefore, we choose ... ............ .. .. ...
to build our analysis on the seven
blood lead studies reviewed and accepted by Needleman et al. 1990) and the
results of Winneke et al. 1990). The median value of the effect size of these
studies is identified in the following text box.

Dose-Response Function
for LEAD

10 Decrement: Based on median effect size from studies reviewed by
Needleman et al. 1990) and Winneke et al. 1990)

IQ Decrement = 025 x Pb (in AgPb/dL blood)

Given that no author within the past decade has suggested an effects
threshold, this equation is used without consideration of a threshold. Some
notion of the uncertainty can be gained by reviewing the uncertainty in the
group partial correlation coefficient derived by Needleman et al. 1990). The
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95% confidence limits were approximately 33% of the partial correlation
coefficient. We ke � this same proportion as a guide for estimating the
confidence limitsfor the effect size. Thus we estimate the 95% confidence
limits to be 025 0.1.

In order to use the information which we have from effluent modelling,
it is necessary to be able to convert the in-air concentration of lead to in-blood
concentration. he USEPA 1986) identifies the median blood lead/inhalation
slope for children as 192 Itg/dL blood per Aglm' air. The contribution from
ingested dust cntaminated with lead deposited from the air is 626 gg/dL per
jAg/m3 air. This value may be high because the supporting data were obtained
during a period of lead use in automobile fuels. However, we choose to
maintain this value.-until definitive data suggest changing, possibly lowering,
this dust pathway uptake factor. Tus, for ildren, te aggregated lead value
of blood lead per concentration in air is 82 AgIdL per /Ag/M3 of air.

5. ASSUNEMONS USED IN ANALYSIS OF DATA

The concentration-response function chosen was a simple, ear
function previously described. In order to use it, the following assumptions
are required:

1. Exposures occur to the mother/fetus/infant, and 1-year's
exposure is sufficient to elicit the response.

2. The infant is assumed not to improve in exposure conditions,
nor is a change in socioeconomic status assumed.

3. The number of new cases is proportional to the number of
births per year.

4. The IQ decrement, as calculated, is a statistically-based notion
similar to the person-rem concept in radiation protection. Thus,
the IQ decrement is statistically distributed over the population
of exposed infants, however, te particulars of the distribution
are unknown.
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IQ Decrement NUSAV

Numerical Information: 0.25 blood lead concentration

Units

Measurement Units: person IQ/1Lg lead per dL blood

Statistical Unit: Median

Spread

Confidence Level: 95%

95% confidence interval, as suggested by Needleman 1990), based on
proportion 33%) of partial correlation coefficient derived in a meta analysis.

Upper Bound: + 0.1
Lower Bound: - 0.1

Assessment

Informative Value Based on Spread: MEDIUM

Effect sizes vary from about -8 to 2. However, we reject the 2 because
we do not accept the notion of lead being beneficial to human health.

Informative Value Based on Application: MEDIUM

Generalizability to OtherApplications: HIGH

Robustness of Value over Time: MEDIUM

Relationship considered perishable because of the large number of on-going
studies which may clarify the changes in IQ decrement vs. lead exposure as
the child matures.

1!edigree (credibility of the entry's origin)

Theoretical Basis: POOR

Epidemiology results continuing to be controversial at present environmental
concentrations.

Data Inputs: FAIR

Estimation Methods: FAIR

Estimation Metric: GOOD

'Refer to Part VI for a description of the NUSAP method for describing the quality of data and
information.
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