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Abstract

Objective: To find the best lead exposure assessment marker for children.

Methods: We recruited 11 children, calculated a cumulative blood lead index (CBLI) for the children, measured their
concurrent BLL, assessed their development, and measured their bone lead level.

Results: Nine of 11 children had clinically significant neurodevelopment problems. CBLI and current blood lead level,
but not the peak lead level, were significantly or marginally negatively associated with the full-scale IQ score.

Conclusion: Lead exposure at younger age significantly impacts a child’s later neurodevelopment. CBLI may be a
better predictor of neurodevelopment than are current or peak blood lead levels.

Keywords: Heavy metal toxicity, neurological disease, environmental pollution/ecotoxicology

Introduction

Lead exposure has declined in the United States over
the last two decades. Nonetheless, lead toxicity remains
a significant pediatric public health issue due to the
extensive use of leaded-paint in housing, the normal
hand to mouth activities of toddlers, and the sensitivity
of a child’s developing brain. Blood lead concentration
has been used as the primary biomarker to assess lead
exposure in children. However, it mainly reflects cur-
rent- or short-term lead exposure due to lead’s relatively
short half-life in blood (Rabinowitz, 1991). Bone lead,
on the other hand, has a half-life of years to decades

(at least in adults), which reflects long term or cumula-
tive lead exposure (Hu et al., 1995). KXRF technology
has been used to measure lead in bone for over three
decades and many studies in adults have demonstrated
that bone lead is a better biomarker than blood lead in
addressing long-term health effects related to cumula-
tive lead exposure (Shih ef al., 2007; Navas-Acien ef al.,
2007; Navas-Acien et al., 2008; Weisskopf et al., 2009).
Whether children’s bone lead stores persist into
adolescence or adulthood is unknown. Previous kinetic
models have predicted that the combination of growth

Address for Correspondence: Dr Linda H Nie, Purdue University, School of Health Sciences, 550 Stadium Mall Dr., West Lafayette, 47907

United States. E-mail: hnie@purdue.edu

*This paper is dedicated to Dr. Michael Wayne Shannon in memory of his many distinguished contributions to the field of toxicology.

Dr. Shannon received his undergraduate degree from Washington University, St. Louis, MO, and his MD from Duke University School of
Medicine in Durham, NC. He did his residency in Pediatrics at Boston City Hospital and Children’s Hospital, Boston, where he subsequently
completed a combined Pediatric Emergency Medicine—Medical Toxicology Fellowship. In 2004, he became the first African—American to
be named a full Professor of Pediatrics at Harvard Medical School. Dr. Shannon was perhaps the preeminent pediatric clinical toxicologist
in the world, and was a pioneer in the field of Children’s Environmental Health. He was the chair of the American Academy of Pediatrics
(AAP) Committee on Environmental Health, as well as Co-editor of the AAP Pediatric Environmental Health Green Book. Dr. Shannon
initiated and led the study on bone lead levels in children described in this issue, but passed away prior to its publication. He will be
remembered as an extraordinary clinician, an advocate for children, a gifted researcher, a mentor and a loyal friend.

(Received 02 May 2011; revised 05 July 2011; accepted 06 July 2011)

RIGHTS LI MN Kiy


mailto:hnie@purdue.edu
http://informahealthcare.com/doi/abs/10.3109/1354750X.2011.604133

Biomarkers Downloaded from informahealthcare.com by Peking University on 11/14/12
For personal use only.

518 L.H.Nieetal.

and bone turnover would wash out lead in bone during
adolescence (O’Flaherty, 1998), or that there is not much
accumulation oflead inbonefortoddlers even athighlead
exposure levels because of the high bone turnover rate in
childhood (Leggett, 1993). Whether lead accumulates in
bone for toddlers and whether lead in bone would persist
isimportant because (1) if so bone lead would be a useful
biomarker of cumulative exposure in children if it could
be measured and (2) lead present in bone during adoles-
cence could be remobilized causing toxicity as it would
represent a “second dose” of lead, endogenous in origin.
Because neurodevelopment is a long-term process, bone
lead levels might be a better biomarker than blood for
characterizing the association between lead exposure
and neurodevelopment. The sensitivity of previous KXRF
bone lead measurement systems has limited its use as a
biomarker to assess lead exposure in children. Recently,
a highly sensitive KXRF bone lead measurement system
has been developed and validated (Nie et al., 2006), mak-
ing bone lead assessment for children potentially more
informative.

The first objective of this study was to determine
whether it would be possible to measure the lead con-
centrations in bone in 6-16 year old children with a his-
tory of lead poisoning as toddlers. The second objective
was to examine the children’s current neurodevelopment
functioning in relation to their lead exposure histories.

Patients and methods

Subjects and recruitment

The base population for the present study was 1442
children age of 6-16 years old who were followed in the
Children’s Hospital Pediatric Environmental Health
Specialty Units (PEHSU) in Boston for elevated lead
exposure at the age of 1-4 years.

We mailed the recruitment letters to 110 families of
children who met the following eligibility criteria: ages
8-13 years with a past peak blood lead >30 pg/dl. Some of
these families were unavailable for such follow-up 6-11
years from when they had been originally treated in the
PEHSU. Of the 110 invitations mailed, 28 were undeliver-
able; 5 families declined to participate; 15 families were
interested in the study, and 62 did not respond. Of the 15
families who were interested, 11 completed the study, 2
canceled appointments and 2 refused consent at a later
contact. Thus 11 children and their parents completed
the bone lead test, blood lead measurement, and neu-
rodevelopmental testing.

The study protocol was approved by the institutional
review board of the Children’s Hospital Boston. Informed
consent was obtained from the parents of all subjects, and
assent was obtained from all the subjects as well. Parents
were later informed of study results on their child.

KXRF technology and bone lead measurement
The in vivo bone lead measurements were performed
with an advanced KXRF system. The physical principles,

technical advances, and in vivo investigations of this
instrument have been described elsewhere (Nie et al.,
2006). In summary, the system consists of four 16-mm
diameter Canberra HpGe detectors (model GL0O210R/S)
of 10 mm thickness, four resistive feedback pre-amplifiers
with resistors of about 50 GQ, 4 Canberra digital signal
analyzers (DSA-1000) and a computer.

We measured bone lead in the tibia and calcaneus of
each subject for 30 min. We took the measurements at
the mid-shaft of the left tibia and at the right calcaneus
after each region had been washed with a 50% solution
of isopropyl alcohol. Interaction signals, which include
characteristic lead X-rays, were collected by the four
HpGe detectors and processed by 4 sets of digital signal
processing electronics. We then analyzed the spectra with
an in-house peak fitting program based on Marquardt
least-square algorithm and calculated the final lead
concentrations.

Blood lead measurement

Whole blood samples were collected in lead-free tubes
and analyzed by inductively coupled plasma-mass spec-
trometry (ICP-MS)inthe ChemistryLaboratoryatHarvard
School of Public Health (Farias et al., 2005). Results are
given as the average of 5 replicate measurements.

Cumulative blood lead index (CBLI)

CBLI reflects cumulative lead exposure and it can be
estimated from a series of blood lead levels recorded
over a period of time. The CBLI (CBLI) for these chil-
dren when they were 1.5-5 years old is estimated from
the child’s medical record. The children enrolled in the
study had been followed in the PEHSU for an average of
1.5 years. The CBLI is calculated as (Somervaille et al.,
1988):

CBLI=0.5%(PbB,, +Pb,)x(t,, ~t,)
i=1

Where PbB, and PbB,  are the blood lead concentra-
tions at two consecutive times t and t, . and t, and t
are the beginning and ending time for the blood lead
measurements. Among these subjects, 7 had their first
bloodlead test between 1.5 and 2 years of age, and 4 had
their first blood lead test between 2 and 4 years of age.
Among the 4 who had first blood lead measurement
after 2 years of age, 1 had only three blood tests in total.
This subject was removed from the analysis involving
CBLI due to the lack of blood lead data. The average
number of visits for the 10 subjects who are included in
the analysis was 12 (range 6-17). Because the children
only had blood lead records for a certain time period
between 1.5-5 years, the blood lead levels at 1.5 years
was arbitrarily set at 10 pg/dl and at 5 years was set
at the level for the last visit. This is a valid estimation
because: (a) the blood lead levels were recorded dur-
ing the period when the children had the highest lead
exposures; (b) the blood lead level between 1.5 years
and the first visit (when the peak blood lead level was
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recorded) is partially weighted by the peak blood lead
level; (c) the blood lead level between the last visit and
5 years old is fully weighted by the blood lead level for
the last visit.

To assess the impact of setting the blood lead level
at 1.5 years of age at 10 pg/dl, we also set the blood lead
level at 1.5 years to be the same as the blood lead level
at the first visit for the children who had their first visit
between 1.5 and 2 years. We performed analyses with the
CBLI calculated using this slightly different assumption.

Neurodevelopmental assessments

An experienced neuropsychologist (D.B.) administered
the neurodevelopmental tests. The neurodevelopmental
assessment consisted of one individually-administered
test of intelligence, the Wechsler Intelligence Scale
for Children-Fourth Edition (WISC-IV), and three
parent-completed questionnaires. The three ques-
tionnaires were the Behavior Assessment System for
Children-2 (BASC-2), which provides a broad-based
assessment of behavioral problems, the Behavior
Rating Inventory of Executive Function (BRIEF), which
assesses executive functions, and the Conners ADHD/
DSM-IV Scale (CADS-1V), which assesses attention and
hyperactivity.

The WISC-IV has five scores, which are verbal com-
prehension, perceptual reasoning, working memory,
processing speed, and full-scale IQ. The BASC-2 has four
scores, which are externalizing problems, internalizing
problems, behavioral symptom index, and adaptive skill.
The BRIEF has three scores, which are behavioral regu-
lation index, metacognition index, and general execu-
tive composite. The CADS-IV has four scores, which are
ADHD index, inattentive, hyperactive-impulsive, and
total score.

Data analysis

We calculated the Pearson correlation between the
cumulative lead exposure and current blood lead level.
We also examined the association between the neu-
rodevelopmental scores and lead exposure with CBLI,
peak blood lead level, and current blood lead level as
biomarkers. We then adjusted for the children’s age
and parental education which may be correlated with
both the predictor and outcomes (Tellez-Rojo et al.,
2006; Roy et al., 2009). Single and multiple regression
models were used for these analyses. The basic model
used is:

[neurotest score]=a+BX[Pb]

Where neurotest score refers to one of the scores from
the neurodevelopmental assessment, and [Pb] refers to
CBLI, current blood Pb, or peak blood Pb.

All analyses were conducted using SYSTAT Version 13
software package. An association with a p-valueless 0.05is
considered significant, and an association with a p-value
less than 0.2 is considered marginally significant.

© 2011 Informa UK, Ltd.
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Results

Subjects

The average age of the 11 subjects at the time of this
follow-up study was 11.0+1.6 (std). Five of the subjects
were female, and 6 were male. The average maternal edu-
cation was 13.8+3.0 years (missing for one child). The
average paternal education was 13.3 +4.4 years (missing
for 3 children).

Bone lead measurement results, blood

lead test results, and CBLI

The average tibia lead level was 0.7+3.8ppm with a
median of 0.4ppm (range: —-5.8-6.2ppm). The average
calcaneus lead level was 2.5+5.8 ppm with a median of
1.6 ppm (range: —6.8-10.4 ppm). The average uncertainty
for the tibia lead measurement was 2.6 ppm, and for the
calcaneus measurement 4.4 ppm. The average detection
limits (DL), calculated as twice the average uncertainties,
were 5.2 and 8.8 parts per million (ppm) for the tibia and
calcaneus measurements, respectively (McNeill et al.,
2000; Herranz et al., 2008). Only one measurement, the
tibia measurement for subject number 70, exceeded the
detection limit. Therefore, no analyses were carried out
relating bone lead levels to neurodevelopmental test
scores.

Table 1 lists the peak blood lead levels, current
blood lead levels, and CBLI calculated from the for-
mula described in section cumulative blood lead index
(CBLI). Including all the data points, the Pearson corre-
lation coefficient between current blood lead level and
CBLI was 0.420 (p=0.198); the correlation coefficient
increased to 0.600 (p=0.067) when one outlier (ID #54)
was excluded. The outlier was the subject for whom
the fewest blood lead levels from early childhood were
available in the medical record and hence who had the
least reliable CBLI value. (This child had only 3 visits to
the Children’s Hospital Boston, compared to 6-17 visits
for the other children). Figure 1 plots current blood lead
level versus CBLI.

Table 1. Blood lead levels for the 11 subjects.

Current blood
Peak Blood CurrentBlood Pb uncertainty. CBLI 1*

ID Pb(ug/dl)  Pb(ug/dl) (png/dl) ((pg/d1)-years)
13 31 3.74 0.06 68.1
16 37 1.64 0.02 45.6
4 34 2.17 0.04 65.8
88 32 1.68 0.03 49.9
79 37 0.49 0.03 52.6
14 36 1.23 0.05 44.6
59 30 0.87 0.02 44.7
70 32 3.19 0.06 49.3
91 41 1.95 0.03 61.6
45 36 0.99 0.02 47.3
54 34 1.00 0.02 66.6

aCalculated as described in section cumulative blood lead index.
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Neurodevelopmental assessment

The children’s test scores are provided in Table 2. A brief
explanation of the scores is provided in the footnote.
The WISC-IV test for the first child was performed in
error by an inexperienced staff member and the results
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Figure 1. Current blood lead level versus CBLI 1. Correlation
coefficient: 0.600 (p=0.067). (Outlier ID #54 removed). The two
curved lines represent the 95% confidence interval.

Table 2. Neurodevelopmental test scores?.

were considered invalid. The test scores derived from
the parent-completed questionnaires for this child were
considered valid. The tests for all other children were
performed by an experienced neurologist. Among these
11 children, 5 had clinically significant behavioral and/or
attention problems, and 9 had scores which were close to
clinically significant.

We evaluated the correlations between neurodevel-
opmental test scores and CBLI, current blood lead levels,
and peak blood lead levels. Table 3 lists the correlation
coefficients and the corresponding p values for the rela-
tionships between neurodevelopmental test scores and
CBLI 1 (the CBLI calculated with blood lead level set to
10 pg/dl at 1.5-year old) and CBLI 2 (the CBLI calculated
with blood lead level set to the level for the first visit at
1.5-year old). The correlations adjusted for age and
mother’s education are also shown in the table. There
are too few data to adjust for father’s education. The data
show that there is no significant difference between the
associations calculated using the two CBLI values. The
associations are somewhat diminished when age and
mother’s education were included into the models, how-
ever, the majority of the associations remain significant
or marginally significant.

Table 4 summarizes the correlation coefficients
and the corresponding p values for the relationship
between neurodevelopmental test scores and CBLI 1,
current blood lead levels, and peak blood lead levels.

ID number 13 16° 4 88 79 14 59 70 91 45 54
Wisc-IV

Verbal comprehensive 79 n.a 99 99 98 98 119 112 93 110 121
Perceptual reasoning 88 n.a 100 86 110 106 108 100 96 94 125
Working memory 74 n.a 88 110 110 116 102 120 71 113 97
Processing speed 103 n.a 94 94 97 94 106 112 75 94 118
Full-scale IQ 81 n.a 95 96 105 105 113 114 81 105 121
BASC-2

Externalizing problems 79 41 71 59 58 51 48 52 64 48 45
Internalizing problems 68 45 99 79 54 53 52 49 61 60 35
Behavioral symptom index 79 51 76 72 58 49 50 48 67 59 38
Adaptive skills 33 35 40 54 43 53 60 47 47 38 66
BRIEF

Behavioral regulation index 93 44 64 81 60 64 57 46 62 58 36
Metacognition index 74 53 61 68 63 52 52 49 64 71 35
General executive composite 83 50 63 74 62 57 54 48 64 67 34
CADS-IV

ADHD index 69 65 60 48 77 58 50 45 63 69 41
Inattentive 71 62 62 48 71 54 51 53 59 64 41
Hyperactive-impulsive 85 43 63 51 74 59 57 46 56 64 43
Total 80 54 68 49 74 57 54 50 59 65 41

aWISC-IV: a score of 70 or below are considered clinically significant while scores of 71-75 are considered borderline problematic;
BASC-2: For Externalizing, Internalizing, and Behavioral Symptom scales, T-scores of 70 or greater are considered clinically significant,
and scores of 66-70 are considered to be of borderline clinical significance; for the Adaptive skills scale, T-scores of 30 or lower are
considered clinically significant, and scores of 31-35 are considered to be of borderline clinical significance; BRIEF: T-scores of 65 or
greater are considered clinically significant and scores of 60-64 are considered to be of borderline clinical significance; CADS-IV: T-scores
of 70 or greater are considered clinically significant, and scores of 66-70 are considered to be of borderline clinical significance.: clinically

significant;: borderline clinical significance.

"The WISC-1V of one child were not considered valid and were not considered in the analyses.
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Table 3. Correlation coefficients between neurodevelopmental test scores and CBLI1, CBLI2, and CBLI1 adjusted for age and mother’s

education.

CBLI 1 (adjusted for age and
Neuro-test CBLI'1 CBLI2 mother’s education)
WISC

Verbal comprehension
Perceptual reasoning
Working memory
Processing speed
Full-scale IQ

BRIEF

Behavioral regulation
Meta-cognition

Global executive composite
CADS

ADHD index

DSM-1V inattentive
DSM-1V hyperactive
DSM-1V total
Externalizing problems
Internalizing problems
Behavioral symptom index
Adaptive skills

20.746 (p=0.021) +
0.406 (p=0.278) +
%0.853 (p=0.003) +
0.283 (p=0.461) +
40,823 (p=0.006) +

20,573 (p=0.084) +
20,560 (p=0.092) +
»0.614 (p=0.059) +

0.313 (p=0.378) +
20,513 (p=0.129) +
0.583 (p=0.077) +
20.661 (p=0.038) +
20.943 (p=0.000) +
%0.648 (p=0.043) +
20.853 (p=0.002) +
»0.481 (p=0.160) +

20.710 (p=0.032) +
0,478 (p=0.193) +
40.906 (p=0.001) +
0.368 (p=0.330) +
40.872 (p=0.002) +

20,617 (p=0.057) +
20,517 (p=0.126) +
20.614 (p=0.059) +

0.110 (p=0.762) +
0.277 (p=0.438) +
20.450 (p=0.192) +
20,465 (p=0.176) +
40.928 (p=0.000) +
%0.655 (p=0.040) +
20.855 (p=0.002) +
0.249 (p=0.488) +

v0.682 (p=0.113) +
0.161 (p=0.641) +
20.973 (p=0.015) +
0.260 (p=0.597) +
20,785 (p=0.058) +

0.477 (p=0.216) +
0.355 (p=0.277) +
v0.450 (p=0.189) +

0.291 (p=0.484) +
v0.536 (p=0.150) +
%0.636 (p=0.050) +
20.707 (p=0.016) +
20.937 (p=0.002) +
v0.490 (p=0.156) +
20.703 (p=0.006) +

0.326 (p=0.397) +

+: Positive sign indicates worse neurodevelopmental performance with increased CBLI, current blood lead, or peak blood lead.

aSignificant correlation (p <0.05).

bMarginally significant correlation (p <0.20).

Table 4. Correlation coefficients between neurodevelopmental test scores and CBLI, current blood lead level, and peak blood lead level.

Neuro-test

CBLI 1 (also listed in Table 3)

Current blood lead

Peak blood lead

WISC

Verbal comprehension
Perceptual reasoning
Working memory
Processing speed
Full-scale IQ

BRIEF

Behavioral regulation
Meta-cognition

Global executive composite
CADS

ADHD index

DSM-1V inattentive
DSM-1IV hyperactive
DSM-1V total

BASC2

Externalizing problems
Internalizing problems
Behavioral symptom index
Adaptive skills

%0746 (p=0.021) +
0.406 (p=0.278) +
%0.853 (p=0.003) +
0.283 (p=0.461) +
20.823 (p=0.006) +

50,573 (p=0.084) +
50.560 (p=0.092) +
v0.614 (p=0.059) +

0.313 (p=0.378) +
50,513 (p=0.129) +
v0.583 (p=0.077) +
%0.661 (p=0.038) +

20.943 (p=0.000) +
%0.648 (p=0.043) +
%0.853 (p=0.002) +
0,481 (p=0.160) +

v0.513 (p=0.129) +
v0.551 (p=0.099) +
0.394 (p=0.260) +
0.076 (p=0.835)

50.493 (p=0.147) +

v0.421 (p=0.197) +
0.269 (p=0.423) +
0.369 (p=0.265) +

0.065 (p=0.850)

0.221 (p=0.514) +
0.209 (p=0.537) +
0.253 (p=0.452) +

20.609 (p=0.047) +
0.307 (p=0.358) +
v0.476 (p=0.139) +
v0.447 (p=0.169) +

0.217 (p=0.547) +
0.088 (p=0.810)
0.205 (p=0.571) +
40,705 (p=0.023) +
0.296 (p=0.407) +

0.256 (p=0.447)
0.075 (p=0.826) +
0.081 (p=0.813)

20,473 (p=0.137) +
0.270 (p=0.423) +
0.089 (p=0.794)
0.085 (p=0.803) +

0.117 (p=0.731)
0.133 (p=0.697)
0.042 (p=0.902)
0.228 (p=0.500) +

+: Positive sign indicates worse neurodevelopmental performance with increased CBLI, current blood lead, or peak blood lead.

aSignificant correlation (p <0.05).

"Marginally significant correlation (p < 0.20).

The results show that 7 out of 16 test scores are signifi-
cantly correlated with CBLI (p <0.05) and an additional
6 are marginally correlated with CBLI (p<0.20). In all
cases, higher CBLI is associated with a worse score.
Only 1 out of 16 scores was significantly correlated with

© 2011 Informa UK, Ltd.

current blood lead level (p<0.05) and an additional
6 were marginally correlated with current blood lead
(p<0.20). For 14 of the 16 correlations, higher current
blood lead level was associated with a worse score. Peak
blood lead was significantly associated with 1 of 16 test
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Figure2. Full-scaleIQscore versus CBLI 1. Correlation coefficient:

0.823 (p=0.006). (Outlier ID #54 removed). The two curved lines
represent the 95% confidence interval.

)

scores and marginally associated with another. Higher
peakblood lead level was associated with a worse score
for 9 of the 16 correlations.

Because full scale IQ score is commonly reported in
the lead literature, we used this score to illustrate the
correlations. Including all the data points, the Pearson
correlation coefficient between full-scale 1Q scores and
CBLI 1 was 0.422 (p=0.225); the correlation coefficient
increased to 0.823 (p=0.006) when the outlier, the child
for whom the least blood lead history data were avail-
able (ID #54), was excluded. Figure 2 plots full-scale IQ
score versus CBLI 1. The Pearson correlation coefficient
between full-scale IQ score and current blood lead level
was 0.493 (p=0.147). There was no significant correlation
between full-scale IQ score and peak blood lead level
(p=0.407).

Discussion

Many studies in humans and animals have shown that
lead accumulates in bone and returns to the blood dur-
ing periods when bone remodeling occurs, such as aging.
Therefore, lead in bone can elevate blood lead levels even
when external lead exposure ceases. This endogenous
exposure (Brito et al., 2002; Gwiazda et al., 2005; Fleming
et al., 1997) would be expected to have the same health
effects as external lead exposure. There have been tech-
nological limitations to bone lead measurements which
limited the ability to measure lead in the less dense
bones of children. Because the density of a child’s bone
isless than that of an adult (ICRP, 1996), the KXRF system
samples less bone and hence a smaller amount of lead
for the same bone lead concentration. So the bone lead
detection limit for children is higher than that for adults.
Newer generation instruments can overcome this limita-
tion, but our data indicate that bone lead levels are quite

low even in children with a history of lead poisoning. The
detection limit for our instrument is 2-3 ppm (for adults)
compared to 6-10 ppm for the older generation XRF (Nie
et al., 2006). We had hoped that this sensitivity would
allow us to detect lead in bone even in children. The
detection limit we observed in this study is significantly
higher than the published value of 2-3 ppm for the adults.
There are two main reasons for this discrepancy. First, the
density of a child’s bone is less than that of an adult, as
we explained above. Second, the activity of the radioiso-
tope (Cd-109) used to excite the lead atoms in this study
is lower than that used for the adult study. Against this
backdrop, there are toxicokinetic models which predict
that bone lead in early childhood is quite low based on
two factors (1) dilution due to the rapid growth during
childhood and (2) turnover of lead due to both growth
and remodeling of the bony matrix. Such models predict
that even children with significant lead poisoning would
have limited pools of lead in their bones. However, until
now there have been no empirical data to support these
models. In a previous report (Goldman et al., 1994), a
woman who had substantial self-reported lead exposure
at childhood had high stores oflead in her bones despite a
lack of subsequent environmental or occupational expo-
sure. Our data do not contradict this report as no child in
our study had a history of lead exposures as severe as the
subject of that report. Needleman et al. reported measur-
able lead concentrations in the bones of children at age
12 years (Needleman et al., 1996). One possible reason
that they detected bone lead in children’s bones with a
less sensitive measurement system is that some of the
children might have had a continuous moderate or high
lead exposure, as opposed to high exposures only at a
younger age, which is the case in our study.

Our purpose in conducting this study was to quantify
the lead in the children’s bones and to evaluate the asso-
ciation between bone lead levels and late neurodevel-
opment. For all children but one, bone lead levels were
below the detection limit of the most advanced KXRF
bone lead quantification system available, preventing us
from carrying out these analyses.

We found that a CBLI calculated on the basis of blood
lead history data was marginally correlated with current
blood lead level (p=0.067). One interpretation of this
finding is that the lead that these children were exposed
to still persist in their bodies and is reflected in their cur-
rent blood lead levels (Lanphear ef al., 2005). Because
over 80% of the lead in a child’s body stores resides in the
bone (Barry and Mossman, 1970), any ‘old’ lead is most
likely stored in their bones. Therefore, even at very low
levels (i.e. <5ppm), bones might act as a storage site of
lead and cause endogenous exposure in children who
were previously exposed to high levels of lead. An alter-
native interpretation is that previous lead exposure pre-
dicts persistent environmental exposure later in life.

CBLI was significantly or marginally correlated with
14 of thel6 neurodevelopmental and behavioral test
scores, while current blood lead level was significantly or
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marginally correlated with 7 of the 16 scores. In contrast,
the associations between peak blood lead level and the
neurodevelopmental scores were much weaker. These
findings indicate that elevated lead exposure in early
childhood has long-term adverse neurodevelopmental
effects on the children. These findings suggest that an
index of cumulative lead exposure may be a better pre-
dictor of neurodevelopmental outcomes than is current
blood lead level or peak blood lead level, which indicates
that bone lead level might be a better predictor of late
neurodevelopment than is blood lead level. However, the
fact that the bone lead levels of all children but one were
below the detection limit of the current system suggests
that additional increases in sensitivity are needed if this
method is to prove useful in future studies of childhood
lead exposure, especially for children who were highly
exposed to lead only at toddler age. On the other hand,
if lead in bone is washed out and hence not detectable,
as predicted in O’Flaherty’s model (O’Flaherty, 1998), the
correlation between CBLI and current blood lead might
reflect only persistent environmental exposure. Whether
bone lead represents cumulative lead exposure for chil-
dren requires further investigation.

The limitations of this study include the small sample
size and the lack of information for some covariants such
as parental IQ and family income. Despite this, however,
we were able to demonstrate remarkably strong associa-
tions, inasample of children with earlylifelead poisoning,
between a CBLI and their neurodevelopmental functions
later in life, which is consistent with data published in the
most recent literature (Mazumdar et al., 2011).

Conclusions

This study adds to the evidence that elevated lead expo-
sure in early childhood has long-term adverse neu-
rodevelopmental and behavioral effects. The study also
suggests that in children CBLI is a better predictor of
late neurodevelopmental effects than is current or peak
blood lead level.
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