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Abstract
This prospective study investigated the impact of early exposure to lead on the maturation of children's postural balance. The effect of lead
exposure on age-associated maturation of postural balance was investigated on 91 children from the Cincinnati Lead Study (CLS) with a 5-year
geometric mean lead concentration in blood of 11.66μg/dL (range 3.89–28.33 μg/dL) by re-assessing their postural balance approximately every
20 months starting at mean age of 6.6 years through mean age of 12.1years. The results presented in this paper provide evidence that low to
moderate lead exposure in early childhood has a measurable and statistically significant impact on the maturation of postural balance. In
comparison to less exposed children, of those in the higher lead group showed an impaired postural balance response. The results from this study
suggest that children with early childhood lead exposure may need additional time to approach (or “catch up” with) their maturational postural
balance status. As these subjects are now adults in their early to mid-twenties, poor postural balance may impact their daily living tasks and pose a
higher risk of potential injuries at home and work.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction
The purpose of this study was to determine whether subjects
with higher early childhood blood lead (PbB) levels would

Abbreviations: Pb, lead; PbB, blood lead; EO, eyes open on force platform;
EC, eyes closed on force platform; FO, eyes open on 4-in.-thick foam pad placed
on the force platform; FC, eyes closed on 4-in.-thick foam pad placed on the
force platform; AVHEM5, mean hemoglobin for 1 to 5years; AVTIBC, mean
total iron binding capacity for 1 to 5years of life; ACTVSCOR, total number of
sporting activities participated in; BMI, body mass index; MEPSL and MEPSR,
minimum middle ear pressure for left ear and right ear; SES, Hollingshead Four
Factor Index of Social Status; HOME, Home Observation for Measurement of
Environment at age 36 months; SA, sway area; SL, sway length; Max PbB1,
maximum PbB in first year; Max PbB2, maximum PbB in second year; Max
PbB3, maximum PbB in third year; Max PbB4, maximum PbB in fourth year;
Max PbB5, maximum PbB in fifth year; PbB05, average PbB between birth and
5years; PbB5–6, average PbB between fifth and sixth years; CLS cohort,
Cincinnati Lead Study cohort; L-4 cohort, subjects with four common visits; L-5
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experience a different time-dependent maturation of their
postural balance than those with lower early childhood PbB.
The main hypothesis for this study was that, in comparison to
early childhood lower level lead (Pb) exposure, children with
higher PbB levels will experience a permanent deficit in and/or
a delayed maturation of postural balance as assessed by the
microprocessor-based quantitative posturography technique [8].
Several studies have reported that low level Pb exposure
during early childhood is associated with neuromotor dysfunction such as unsteadiness, clumsiness and fine motor deficits
[3,8,9,17,42]. Most of these studies have shown that neuromotor impairment is identified at PbB levels lower than 15μg/
dL. The long-term persistence of such Pb-associated effects on
neuromotor function has been reported in even fewer studies.
Since Pb has a long half-life (decades) in the skeleton
[28,34,43], it is reasonable to assume that it will continue to
be resorbed into the blood and tissue compartments and its
detrimental effects will persist [1]. Neurocognitive effects have
been shown to be persistent at later stages in life [18,20,36].
White et al. [44] followed up 34 Pb-poisoned children after
50years who were originally treated at age 4 years. The authors
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concluded that acute Pb poisoning in childhood caused chronic
subclinical cognitive decrement evident in adulthood. In an 11year follow-up study by Needleman et al. [30], adolescents with
elevated dentin Pb levels first measured in first and second
grade showed poorer performance in both cognitive and
neuromotor tests at follow-up. In a prospective study, Bellinger
et al. [4] showed that Pb-associated cognitive decrements first
observed at age 2 years were still present at age 10 years, even
though blood Pb was less than 3μg/dL.
Dietrich et al. [17] in the Cincinnati Lead Study found that
fine motor function impairments at 72 months were still
persistent at 16 [36]. We have evaluated gross motor function
as measured by postural balance in the same cohort at 5–6 years.
In our study of postural balance, we showed that early
childhood Pb exposure was associated with impairment in
postural balance measured with a microprocessor-based force
platform system [8].
Postural balance is a common body function which humans
must perform to carry out their daily living tasks including those
performed at the workplace [2,6,11,13,14]. Postural balance in
healthy children usually matures or reaches its adult-like state
sometime between the ages of 10 and 12years [41]. Therefore,
by quantifying the developmental pattern of postural balance in
a longitudinal study such as the Cincinnati Lead Study, we can
determine the long-term effect of early childhood Pb exposure
on the maturation of postural stability. Impaired postural
balance carried into adulthood may pose a risk of potential
occupational and non-occupational injuries in the future [24].
2. Methods
2.1. Subjects
In order to investigate the effect of Pb exposure on ageassociated maturation of postural balance, the postural balance
of 246 children from the Cincinnati Lead Study (CLS) was reassessed approximately every 20 months (average 20.2months)
starting at about 5 years of age. Out of 246 subjects, 57 were
excluded who did not meet the inclusion criteria. This gave us a
sample of 189 subjects at the first visit or evaluation. The
exclusion criteria were the same as those used in our previous
publications [8,19]. Briefly, exclusion criteria were: subjects
who could not complete the postural balance test because they
fell during the test and/or were not cooperative; corrupt data due
to computer disk/hardware problems; children with medical
conditions such as Down syndrome, fetal alcohol syndrome and
significant congenital anomalies, subjects undergoing Pb
chelation therapy; children born at less than 35 weeks of
gestation and/or <1500 g birth weight; and Apgar score of 5 or
less at 5min. In addition, during prenatal recruitment, women
with the following disorders were also excluded: addiction to
drugs, alcoholism or diabetes, known neurologic disorders,
psychosis or mental retardation. A test of cofactors and average
blood Pb levels between the excluded group and the eligibles
showed no statistically significant differences. The data from
children with four common visits (longitudinal cohort, L-4;
N = 91) were analyzed to determine the age-dependent longitu-
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dinal effect of early childhood Pb exposure on the maturation of
their postural balance. A comparison of demographics (birth
weight, birth length, maternal IQ, Home Observation for
Measurement of Environment at 36 months, Hollingshead
Four Factor Index of Social Status, mean hemoglobin for 1 to
5years and mean total iron binding capacity for 1 to 5 years of
life) at birth and blood Pb profiles (prenatal PbB, PbB from
years 1 to 5, average PbB 0 to 5years, average PbB between 5
and 6 years of age) between the L-4 cohort and the remaining
subjects revealed no statistically significant differences between
the groups. However, at their first visit for postural balance
evaluation, the children in the L-4 cohort were younger, lighter
in body weight, shorter and had smaller foot area compared to
the remaining subjects. In the final analysis of the Pb–sway
relationship of the L-4 cohort, we statistically controlled for
body weight, height and foot area. This was done because the
final model included all significant (p < 0.05) cofactors so that
an independent effect of PbB on sway could be assessed.
2.2. Postural balance assessment
The subject's postural balance was quantitated with a
microprocessor based strain-gauge type force platform system.
The details of the force platform system and the test protocol are
explained in our earlier publications [7,8]. Briefly, the force
platform is designed to capture three orthogonal forces and three
moments produced by the human body while undergoing the
postural balance test on the force platform. These forces and
moments are processed by our custom software (“Posture60”
Copyright All Rights Reserved, University of Cincinnati,
1987–2004), which allows calculation of x–y coordinates of
the center of pressure (CP) movement of the subject during the
test period [7]. All subjects underwent a 30-s trial in each for
four test conditions. All subjects were administered the
following tests: EO: eyes open on the force platform, EC:
eyes closed on force platform, FO: eyes open on a 4-in.-thick
foam pad placed on the force platform and FC: eyes closed on a
4-in.-thick foam pad placed on the force platform. These tests
were repeated in the reverse order. The mean of two trials was
used for statistical analysis. The test protocol was designed to
indirectly and non-invasively challenge or eliminate the
contributions of the afferents (i.e. visual, vestibular and
proprioceptive systems) relevant for postural balance [7,8,39].
Table 1 shows a list of postural balance and other study
variables, which were used for data analysis.
2.3. Data analysis
All statistical analyses proceeded from the univariate to the
bivariate to the multivariate level.
The key sway measures, namely sway length (SL) and sway
area (SA), were transformed to their natural logarithms to meet
the normal distribution requirement for regression analyses.
With regards to the key exposure measure (PbB), subjects from
the L-4 cohort were categorized into four quartiles based on
their mean PbB between birth and 5 years of age. The cut-off
points for the quartile means PbB(0–5) are reported in Table 3.
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Table 1
Study variables and abbreviations
Postural balance variables
Sway area (SA)
Sway length (SL)
Exposure variables
Prenatal maternal PbB
Maximum PbB level
In 1st year (max PbB1)
2nd year (max PbB2)
3rd year (max PbB3)
4th year (max PbB4)
5th year (max PbB5)
Average PbB between birth and 5 years (PbB05)
Average PbB between 5th and 6th years (PbB5–6)
Iron status variables
Mean hemoglobin for 1 to 5 years (AVHEM5)
Mean total iron binding capacity for 1 to 5 years of life (AVTIBC)
Questionnaire variables
Total number of sporting activities participated in (ACTVSCOR)
Anthropometric variables
Age
Sex
Current height
Current body mass
Foot area (length × width)
Birth weight, length and body mass index (BMI)
Acute ear infection-related variable
Minimum middle ear pressure for left ear (MEPSL) and right ear (MEPSR)
Socio-economic and related variables
Hollingshead Four Factor Index of Social Status (SES)
Race
Home Observation for Measurement of Environment (HOME) at age 36months
Maternal variable
Maternal intelligence (IQ)

Association between any two continuous variables, including
those between Pb exposure and sway, were obtained by
Pearson's bivariate correlation coefficients. For each of the
test conditions (EO, EC, FO and FC), separate models were
tested for the dependent variables of log SL and log SA, and the
exposure variables of PbB05, PbB quartiles and evaluation visit
number for all subjects (L-4 cohort, N = 91) who underwent
postural balance evaluations during four visits. Based on our
previous publication [8], covariates included were body mass
index, mean hemoglobin for 1 to 5 years, minimum middle ear
pressures for left and right ears, Home Observation for
Measurement of Environment at 36 months and total number
of sporting activities in which the subject participated. Least
square means (LS means) of sway variables SA and SL
corresponding to each sway test visit for each of the four PbB
quartiles were calculated by the SAS MIXED Procedure with
repeated measures on each subject. These LS means were
compared to ascertain postural sway changes for groups with
different PbB levels in order to assess their maturation or lack
thereof. Since our hypothesis was to determine the differences

in the postural sway maturation between the lower and the
higher PbB quartiles (using L-4 cohort), a particular approach
was applied to compare the results of age-associated changes in
postural sway from quartile 1 to that of quartile 4. An analysis to
account for repeated observations as well as significant
(p < 0.05) covariates was employed. The program uses the
methodology of Generalized Estimating Equations (GEE) and
is written in SAS macro. The GEE approach was used because
of its robustness to mis-specification of the underlying
correlation structure among repeated observations. The dependent variables were log SA and log SL. In order to assess the
impact of lead exposure on age-related maturation of postural
balance, a regression model was developed which included PbB
quartiles (represented by three dummy variables), age at
assessment and three variables indicating age by PbB interactions. This model allowed us to assess if the higher quartiles had
somewhat different age-related postural balance maturation
compared to low exposure quartiles. Results from lowest and
highest quartile are summarized in this paper.
3. Results
Tables 2 and 3 provide demographic and Pb exposure
statistics for the longitudinal cohorts. The quartile mean PbB
levels are given in Table 3. Table 3 also provides mean age and
SD values of all subjects by quartile and by visits. The mean age
for subjects was comparable for each visit among all quartiles.
Fig. 1 provides blood Pb (PbB05) profiles during the first
5years of life for the L-4 cohort.
Fig. 2 shows examples of changes in stabilograms for the
eyes closed, firm surface test for two children representing the
lowest average PbB quartile and the highest average PbB
quartile as they approach age 12 years when, in unexposed
children, an adult-like postural balance is expected. Both
children's postural balance variables decreased at the fourth
visit in comparison to their values at the first visit implying that
postural balance is undergoing a maturational process. While
both children with age show maturation of their postural
balance with respect to their initial postural sway status, their
absolute postural balance status as documented by SA and SL
values were remarkably different from each other at the fourth
Table 2
Descriptive statistics of subjects with four consecutive evaluation or visits
(N = 91) a
Variables

Mean

S.D.

Minimum

Maximum

Age (years)
Birth weight (g)
Birth length (cm)
Current body mass (kg)
Current height (cm)
Foot area (cm2), n = 49
Maternal IQ
HOME score at 36months, n = 80
SES
AVHEME5, n = 89
AVTIBC5, n = 89

5.8
3136.7
49.1
22.5
115.4
150.1
75.0
32.9
17.3
12.1
348.4

0.98
466.9
2.4
7.2
8.0
26.4
9.8
6.3
5.1
0.63
29.9

4.5
1990
43.0
14.4
101
81.0
55
16.0
11.0
9.8
280.8

8.8
4400
54
55.0
137.5
218.4
102
45.0
37.0
13.43
435.2

a

88% African–American, 43 boys and 48 girls.
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Table 3
Demographics by visit and average childhood PbB (based on PbB05 values) quartiles for L-4 cohort (N = 91)
PbB05 quartile
(μg/dL)

Variable a

Q-1 ≤ 8.52

Age (months)
Height (cm)
Body mass (kg)
Foot area (cm2)
Age (months)
Height (cm)
Body mass (kg)
Foot area (cm2)
Age (months)
Height (cm)
Body mass (kg)
Foot area (cm2)
Age (months)
Height (cm)
Body mass (kg)
Foot area (cm2)

Q-2 > 8.52–11.7

Q-3 > 11.7–15.5

Q-4 > 15.5

a

N

Visits

23
23
23
23
23
23
23
23
23
23
23
23
22
22
22
22

1

2

3

4

70.03 (2.8)
116.61 (1.71)
22.07 (1.37)
143.81 (6.12)
72.00 (2.27)
116.21 (1.54)
22.18 (1.08)
148.56 (4.43)
68.00 (2.21)
115.06 (1.66)
23.98 (2.09)
159.77 (12.15)
72.11 (2.32)
114.4 (1.73)
21.89 (1.35)
167.72 (13.72)

91.74 (3.5)
127.4 (2.13)
28.6 (1.78)
170.13 (5.84)
87.28 (3.9)
124.8 (2.46)
27.10 (1.62)
166.25 (5.73)
92.47 (4.7)
127.6 (2.67)
31.92 (2.99)
181.51 (5.74)
89.35 (4.31)
123.10 (2.95)
27.61 (2.37)
180.31 (9.57)

113.30 (3.15)
138.63 (2.08)
35.43 (2.26)
186.15 (6.44)
108.14 (4.8)
135.51 (2.87)
35.45 (3.01)
185.04 (6.57)
113.05 (4.12)
138.64 (2.66)
42.13 (4.49)
198.91 (6.45)
109.90 (4.17)
133.17 (2.85)
34.06 (2.74)
190.16 (7.10)

132.13 (2.75)
148.2 (2.08)
42.81 (2.71)
208.14 (6)
128.32 (4.33)
145.25 (2.55)
44.62 (4.01)
202.81 (4.81)
132.29 (3.14)
148.16 (2.66)
52.56 (5.23)
210.73 (7.13)
131.45 (2.99)
144.06 (2.4)
43.19 (3.03)
205.79 (6.71)

Mean (S.E.M.).

visit. A comparison of postural sway responses at each visit
between the lower Pb child and higher Pb child reveals that the
higher Pb child had significantly greater postural sway values
and increased scatter in the stabilograms, which are indicative of
slower maturation of postural balance. This type of response
pattern was also found in the remaining subjects of the study
cohort.
3.1. Bivariate correlations
For the SL correlations with PbB values, only Max PbB for
the first year showed significant associations for the first three
visits for all four test conditions. The SL correlations with Max
PbB years 2 to 5, PbB05 and PbB5–6 were significant only for
the first two visits for all four test conditions. There were only
sporadic correlations between SL and prenatal PbB concentration implying these findings may be due to chance. In general,

with subsequent visits to the lab for postural sway evaluations,
the SL correlation coefficients (r) values either stayed the same
(as the first visit) or decreased. For the SA correlations with PbB
values, there were only few sporadic significant correlations
with prenatal PbB and Max PbB5–6.
Bivariate correlations between cofactors and Sway variables
for L-4 cohort were also investigated. For both SA and SL, the
consistent significant negative correlations with age support the
fact that as these children aged their postural sway decreased
implying maturation of postural balance. A significant negative
association between SL, SA and height suggests that human
postural sway decreases with increasing height, a phenomenon
indicative of increased postural control. A significant negative
correlation between SA, SL and body mass is expected and
implies that an increase in body mass lowers the center of
gravity of the subject causing the postural sway to decrease.
There were significant negative correlations between SA, SL

Age-dependent arithmetic average PbB (n=91)
35

Mean Blood Lead(ug/dl)

30

# of subjects:
Q1: 23
Q2: 23
Q3: 23
Q4: 22

25
20

Q4: >15.5

15
10

Q3: 11.7-15.5
Q2: 8.52-11.7
Q1: <8.52

5
0
0

12

24

36

48

60

72

84

Age (months)
Fig. 1. Age-dependent arithmetic average blood lead concentration profiles presented for children in four quartiles (Q1 to Q4) based on PbB05 for the cohort with four
visits (n = 91).
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Fig. 2. Comparison of postural sway stabilogram patterns from two children representing lowest (Q1) and highest (Q4) exposure quartiles for eyes closed, compliant
surface condition (FC).

and foot area, which suggest that with increasing foot size the
subjects' base of support increased thereby reducing postural
sway, an indication of maturation. The correlations between SA
and SL and HOME and SES were rare and not necessarily
always in the expected direction, i.e., they are not always
consistent. First of all, SA did not correlate with HOME for any
of the four test conditions and four visits. For the SL vs. HOME,
out of 16 correlations, only 2 were significant which could be
chance occurrences. In addition, for both SA and SL, the
correlations with SES, out of 32 bivariate correlations for both
sway variables (SA or SL), only 4 were significant which could
be chance occurrences. The variables of maternal IQ and hours
of sleep before the postural sway test were not significant for
both SA and SL for all test conditions for all visits. All the
remaining covariates showed sporadic significant correlations
for some of the visits and test conditions implying that these
correlations were probably occurring by chance.

3.2. Lead-associated postural sway maturation patterns
There were statistically significant differences in SL responses between different PbB quartiles for different visits (Fig.
3A and B). The SL response was significantly higher among
the subjects in PbB quartile 4 compared to those in PbB
quartile 1 for the test conditions of EO, EC and FO for visits
1and 2 only. For the FC test, the SL response was significantly
higher for subjects in PbB quartile 4 compared to those in PbB
quartile 1 for visit 2 only. Also, the SL response was
significantly higher among the subjects in PbB quartile 3
compared to those in PbB quartile 1 for the test condition of
FO in visit 1 only. In comparison to SL, the SA responses did
not show statistically significant differences among different
quartiles (Fig. 3C and D).
Within each quartile, there were, however, several statistically significant differences in both SL and SA responses

Fig. 3. (A) Least squares mean response (adjusted for co-variates) of SL by visits for lowest PbB quartile (Q1) and the highest PbB quartile (Q4) from L-4 cohort (those
completing first four visits; N = 91) for EO and EC test conditions. Also shown as reference are SL responses from an unexposed normal adult group (mean age 34.3
years, S.D. 2.8 years, n = 14). The dotted lines represent standard errors for the unexposed normal adults. Bars represent standard errors. ⁎Significantly different between
Q1 and Q4 (p < 0.05). ⁎⁎Mean SL response from those subjects (N = 44) who completed the fifth visit. (B) Least squares mean response (adjusted for co-variates) of SL
by visits for lowest PbB quartile (Q1) and the highest PbB quartile (Q4) from L-4 cohort (those completing first four visits; N = 91) for FO and FC test conditions. Also
shown as reference are SL responses from an unexposed normal adult group (mean age 34.3 years, S.D. 2.8 years, n = 14). The dotted lines represent standard errors for
the unexposed normal adults. Bars represent standard errors. ⁎Significantly different between Q1 and Q4 (p < 0.05). ⁎⁎Mean SL response from those subjects (N = 44)
who completed the fifth visit. (C) Least squares mean response (adjusted for co-variates) of SA by visits for lowest PbB quartile (Q1) and the highest PbB quartile (Q4)
from L-4 cohort (those completing first four visits; N = 91) for EO and EC test conditions. Also shown as reference are SA responses from an unexposed normal adult
group (mean age 34.3 years, S.D. 2.8 years, n = 14). The dotted lines represent standard errors for the unexposed normal adults. Bars represent standard errors. ⁎⁎Mean
SA response from those subjects (N = 44) who completed the fifth visit. (D) Least squares mean response (adjusted for co-variates) of SA by visits for lowest PbB
quartile (Q1) and the highest PbB quartile (Q4) from L-4 cohort (those completed first four visits; N = 91) for FO and FC test conditions. Also shown as reference are SA
responses from an unexposed normal adult group (mean age 34.3 years, S.D. 2.8 years, n = 14). The dotted lines represent standard errors for the unexposed normal
adults. Bars represent standard errors. ⁎⁎Mean SA response from those subjects (N = 44) who completed the 5th visit.
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among various visits. In general, both SL and SA responses
showed a statistically significant decreasing trend from visit 1 to
visit 4, implying age-associated maturational changes in
postural balance. (Fig. 3A to D). In addition to the statistical

A

results presented above, SL and SA responses by quartile and
by visit are provided in the following to demonstrate the
differences in the age-associated trend in maturation of
children's postural balance between lower (quartile 1) and
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higher (quartile 4) PbB quartiles. While the above results are
based on statistical analysis performed on the L-4 cohort only
(through four visits of evaluations), we wanted to qualitatively
observe how the SA and SL responses appeared when the
response from subjects with a fifth visit (out of 91 subjects in L4 cohort 44 completed the fifth visit) were plotted in Fig. 3A to
D. In comparison to age-associated decreases in mean SL (range
of % decrease from visit 1 to visit 5 for all quartiles for four test
conditions: 12.3–28.7%), the decrease in mean SA (range of %
decrease from visit 1 to visit 5 for all quartiles for four test
conditions: 20.2–61%) were somewhat higher. Fig. 3A to D
also include as a reference SA and SL mean response values
from a non-exposed adult group (mean age: 34.3 ± 2.8 years,
N = 14) from our laboratory database. These SA and SL values
from the adult non-exposed group provide a reference as to how
much “catching up” needs to be done by the Pb exposed L-4
cohort to accomplish their postural balance maturation.
We examined the impact of PbB exposure (quartile 1 vs.
quartile 4) on age-related maturation of balance (using measures
log SL and log SA) by including the PbB exposure interaction
with age in the regression models. The interaction term was
statistically significant (p < 0.05) only for log SL and not
significant for log SA. Therefore, age-related decreases in SA
were similar in the low PbB quartile as well as in the high PbB
quartile. As indicated by the significant interaction for log SL,
age-related maturation was steeper for quartile 4 subjects than
for quartile 1 subjects with the two lines intersecting at around
11 years of age (data not shown). For the SL response (LS
means), comparison between quartiles 1 and 4 over the entire
age range and all four test conditions showed a statistically
significant larger SL for quartile 4 (p range: < 0.0001 to 0.0004).
For the predicted SA response (LS means), comparison between
quartiles 1 and 4 over the whole age range for all test conditions
showed a larger SA for quartile 4; however, only the FO test
condition was statistically significant (p = 0.04).
4. Discussion
The results presented in this paper provide evidence that low
to moderate Pb exposure in early childhood has a measurable
and statistically significant impact on the maturation of postural
balance. Based on the results from the longitudinal cohort, L-4,
both SA and SL did decrease significantly with age implying
postural balance maturation. Similar age-associated changes
have been reported by Shumway-Cook and Woollacott [41] in
non-exposed children.
The level of age-associated maturational decrease in SL was
different between the lowest quartile and the highest quartile
subjects (L-4). As shown in Fig. 3A to B, SL responses at the
first postural balance evaluation for all test conditions, as
expected, were higher for those in the highest quartile than those
in the lowest quartile. This implies that postural muscles of
children with higher PbB burden had to work harder than those
with the lowest PbB burden even though the children in the
quartile 4 were older than those in the quartile 1 and had the
advantage of an age-associated maturational process. In other
words, the age-associated maturational process (which in a

normally developing nervous system decreases postural sway)
was not sufficient to offset the detrimental effect of Pb in the
highest quartile children. As these children aged over the next
60months, the rate of decrease in SL in the highest PbB quartile
appeared to be much steeper than that observed in the lowest
quartile children (Fig. 3A and B) at least through the fourth
postural balance evaluation visit (mean age for quartile 1:
132.13 months and mean age for quartile 4: 131.45 months)
implying some level of catch-up. However, for those subjects in
the highest quartile, who completed the fifth visit, mean SL
responses appeared to show a plateauing trend for all test
conditions.
In contrast to the mean SL response, the mean SA levels
were comparable between the lowest and the highest quartile
groups at their first visits. Age-associated decreasing patterns in
SA were somewhat different than those for SL. Age-associated
decreases in SA responses between the two extreme quartile
subjects were comparable throughout their maturational age
period. However, subjects in the highest quartile who completed
the fifth visit appeared to plateau for FO and FC tests and
actually showed an increasing trend for EO and EC tests but the
increase was not statistically significant. This implies that, in
spite of increased postural muscle contractions (as implied by
higher SL response) by the subjects in the highest quartile
(quartile 4), their mean SA response was still higher than those
in the lowest quartile. A qualitative comparison of SL responses
of high and low PbB quartile groups with those of non-exposed
adults shows a shorter SL implying potentially better balance
(Fig. 3A to B). However, the children's SA response is still
several fold higher than that of non-exposed adults (Fig. 3C and
D). In other words the mean SL response (implying postural
muscular contractions) achieved by the both cohorts was not
sufficient to exhibit mean SA responses comparable to those in
the normal adults. This potential deficit may be overcome once
all the subjects reach the age of 12years or older.
The above finding shows that mean SL and mean SA
responses present different patterns, which may shed some light
into the potential physiological pathways affected by early Pb
exposure. Yasuda et al. [45] have shown that control of the
body's sway area (SA) is maintained by the labyrinth and the
velocity of sway (which is highly correlated with SL) is
maintained by the proprioception systems. Their study with
patients with vestibular (bilateral canal paresis) and proprioception disorders (severe decreased sensory vibration sensitivity) showed different SA and SL response patterns. Patients
with a vestibular disorder tended to have a much higher SA than
SL, while those with a proprioception disorder showed a much
higher SL response than SA. Irrespective of membership in the
lowest or highest PbB quartile, as children in our study
underwent age-associated changes in postural sway, their SA
responses were much higher than the normal adult subjects,
even though SL response was markedly lower than that of the
normal adult subjects. Based on Yasuda's study, it appears that
Pb exposed children, even near their maturation age of
approximately 12 years, showed potential impairment in their
vestibular systems’ functionality (more of the otolithic system
than the semicircular canals or more so than their proprioception
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system) related to postural balance. This implication of
vestibular system dysfunction was more prominent in the
highest quartile 4 subjects than those in the lowest quartile 1
(Fig. 3C to D). This finding of potential vestibular involvement
was also speculated for this cohort at age 5–6 years in our
previous report [8] and the prospective follow-up data on this
cohort suggests that there is continued decrement in the
functionality of the vestibular system. The persistence of
decreased functionality of the vestibular system for postural
balance under Pb exposure was also suggested in a clinical case.
The results from a clinical case study [10] of a Pb-poisoned
teenager provided some evidence that postural balance under
the FC test requiring relatively higher reliance on the vestibular
system was not improved after succimer therapy, while postural
balance was much improved under the EO, EC and the FO tests
implying that Pb exposure has a long lasting impact on the
vestibular system.
Vestibular involvement has been also reported by Mameli et
al. [28] with Pb exposure in a rodent study where the results
suggested Pb-associated modification of the depolarization
properties of the membranes of the vestibular receptors. Other
animal studies have shown that Pb affects the depolarization
mechanism of vestibular receptors [22,29]. Furthermore, there
is some evidence in the literature with animal models showing
detrimental effects of Pb on cerebellar Purkinje neurons
[31,32,35]. Patrick and Anderson feline model for chronic
early Pb exposure revealed Pb-associated increased dendritic
spines and altered patterns of dendritic growth and pruning
[31,32]. The researchers suggested that such a hyperspiny
condition and modified dendritic growth might affect afferent
input to the cerebellar Purkinje cells, which are critical for
postural balance control. Other studies have also implicated Pb
as having a detrimental impact on the cerebellum [5,33].
A detrimental impact of Pb on vestibulo-cerebellar and
spino-cerebellar afferent pathways has been reported in Pb
workers [46]. Yokoyama et al. [46], using a fast Fourier
transform method for frequency analysis of postural sway data
of Pb workers, implied a potential detrimental impact on their
vestibulo-cerebellum and spinocerebellar afferent pathways at
PbB levels between 7 and 36 μg/dL. In summary, the observed
decrement in vestibular functionality as suggested by postural
sway response patterns in this cohort may be-associated with a
variety of Pb exposure-related factors such as slowed vestibular
nerve conduction velocity [27], myelin destruction [16] and
disruption of ion channels for calcium which are present on the
gelatinous plate of the vestibular hair cells.
The Mamelli [34] study implied that Pb affects brain stem
and cerebellum and thereby influences the vestibule-ocular
reflex (VOR), which appears to be important for postural
control as reported during posturography evaluations[15,21].
Rocchi et al.'s results suggest that the basal ganglia to brain
stem centers are involved in postural control so the impact of Pb
at the brain stem level could have detrimentally affected the
postural balance of the subjects in the present study [37]. In
other words, Pb exposure may have influenced the basal ganglia
to brain stem level centers' ability to properly integrate the
proprioceptive afferents needed for postural control.
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While the half-life of Pb in blood is fairly short (several
weeks), its toxic impact on the brain is much longer [26]. In our
clinical case study [10], a teenage child with Pb poisoning
undergoing succimer therapy showed improved postural
balance for all test conditions except for the FC test which
requires relatively more reliance on the vestibular system for
postural control. In other words succimer therapy was not
sufficiently effective in providing beneficial effects on the
vestibular system's ability to maintain upright balance. This
preliminary finding from a clinical case study and the fact that
the mean SA response of the L-4 cohort at visit 4 (and a subset
of subjects who completed visit 5) were higher than that of a
non-exposed adult cohort suggest that these children may need
additional time to approach their expected maturation level of
postural balance. The current data from our cohort along with
animal models of the role of Pb-associated vestibular receptor
malfunction provides further support to the concept that there is
a potential long-term detrimental impact of Pb on the vestibular
system's ability to maintain postural balance, which is not
completely overcome by the age-associated maturation of the
postural balance.
As these children are now adults, poor postural balance may
impact their tasks of daily living, which may pose a higher risk
of potential injuries at home and work. There is preliminary
evidence that early childhood Pb exposure may be associated
with the prevalence of injuries at home and the workplace [24].
Another study showed an association between exposure to
neurotoxicants and increased risk of slips/trips and falls among
painters [23]. In addition, early childhood Pb exposure may also
have detrimental delayed health consequences such as development of Parkinsonism. Seidler et al. [40] and others [25,38]
have reported an association between long-term exposure to a
combination of specific metals such as Pb, mercury and
manganese and risk of development of Parkinsonism. Kuhn et
al. [25] studied the effect of occupational chronic low-level
exposure to lead sulfate batteries and found an association with
the development of Parkinsonism. The patients in Kuhn's study
also showed axonal neuropathy, which provides further support
for a potential association between exposure to Pb and/or sulfate
compounds and Parkinsonian symptoms. Rybicki et al. [38]
reported a gene–environment interaction in his cohort exposed
to occupational Pb and copper indicating a higher risk of
Parkinsonism development among individuals with a family
history of Parkinson's disease (PD). A preliminary study [12]
from our group with the Cincinnati Lead Study cohort has
provided some evidence of gene-environment interaction in
modifying the Pb-associated changes in postural balance. This
study suggests that the polymorphisms at the DRD3 and VDR
genes may moderate the effects of Pb exposure on neuromotor
functions (in particular postural balance) in children. Future
studies are needed to further explore the impact of gene–
environment interactions in modifying neuromotor outcomes in
subjects with exposure to Pb.
In summary, the longitudinal data presented from the L-4
cohort provides measurable evidence that early Pb exposure is
associated with a detrimental impact on the maturation of
children's postural balance. The results also suggest a
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detrimental influence of early Pb exposure on the vestibular
system, which is one of the afferents necessary for maintaining
postural balance. The findings are correlational and therefore
care should be exercised in the interpretation of the findings.
The results at this stage do not necessarily provide direct
evidence of how long it may take for subjects to achieve adultlike postural balance but it appears that the children's postural
balance maturation is “catching up”. In addition, the cohort
(predominantly African American) used in this study may not
be representative of the US population. However, Pb effects on
neuromotor development (not necessarily postural balance)
have been reported in other populations [3,42]. As maintenance
of proper upright balance is critical in the conduct of tasks of
daily living at home and work, any detrimental postural balance
impact caused by early Pb exposure may pose a risk for
potential injuries. Future studies are needed to address this issue
further.
Acknowledgements
The authors thank the families and children for their
participation and cooperation. Thanks are due to Cyndy Cox,
Terry Mitchell, Sherry Wilkens and Angshuman Bagchee, PhD.
Thanks are also due to Jian Huang, Yu Hin and Mario
Medvedovic, PhD for their assistance in SAS programming
and analysis.
Support for this research was provided by a program project
grant from the National Institute of Environmental Health
Sciences (P01-ES01566).
References
[1] F.J. Barbosa, J.E. Tanus-Santos, R.F. Gerlach, P.J. Parsons, A critical
review of biomarkers used for monitoring human exposure to lead:
advantages, limitations and future needs, Environmental Health Perspective 113 (2005), 1669–1674.
[2] A. Bagchee, A. Bhattacharya, P.A. Succop, R. Emerich, Postural stability
assessment during task performance, Occupational Ergonomics 1 (1998)
41–53.
[3] A. Benetou-Marantidou, S. Nakou, J. Micheloyannis, Neurobehavioral
estimation of children with life-long increased lead exposure, Archives of
Environmental Health 43 (1988) 392–395.
[4] D. Bellinger, K. Stiles, H. Needleman, Low-level lead exposure,
intelligence and academic achievement: a long term follow-up study,
Pediatrics 90 (1992) 855–861.
[5] B. Bernie, Round and round it goes: the epidemiology of childhood lead
poisoning, 1950–1990, Milbank Quarterly 71 (1993) 3–39.
[6] A. Bhattacharya, A. Bagchee, P.A. Succop, R. Liang, L. Lian, The effect of
task performance on elevated/inclined surfaces on workers' objective and
subjective measures of postural balance, The International Conference on
Application of Human Performance in Health and Disability, Cairo Egypt,
2001.
[7] A. Bhattacharya, R. Morgan, R. Shukla, H.K. Ramakrishanan, L.W. Wang,
Non-invasive estimation of afferent inputs for postural stability under low
levels of alcohol, Annals of Biomedical Engineering 15 (1987) 533–550.
[8] A. Bhattacharya, R. Shukla, K.N. Dietrich, R.L. Bornschein, O. Berger,
Effects of early lead-exposure on children's postural balance, Developmental Medicine and Child Neurology 37 (1995) 861–878.
[9] A. Bhattacharya, R. Shukla, K.N. Dietrich, J. Miller, A. Bagchee, R.L.
Bornschein, C. Cox, T. Mitchell, Functional implications of postural
disequilibrium due to lead exposure, Neurotoxicology 14 (1993) 179–190.

[10] A. Bhattacharya, D.T. Smelser, O. Berger, R. Shukla, M. Medvedovic, The
effect of succimer therapy in lead intoxication using postural balance as a
measure: a case study in a nine year old child, Neurotoxicology 19 (1998)
57–64.
[11] A. Bhattacharya, P.A. Succop, L.D. Kincl, M. Lu, A. Bagchee, Postural
stability during task performance on elevated and/or inclined surfaces,
Occupational Ergonomics 3 (2003) 83–97.
[12] B. Chakraborty, M. Wolujewicz, J.D.K. Mallik, A. Bhattacharya, R. Deka,
R. Chakraborty, Polymorphisms at VDR and DRD3 genes moderate the
effect of lead exposure on postural balance in children, American Journal
of Human Genetics 73 (2003) 382.
[13] S.Y. Chiou, A. Bhattacharya, C.F. Lai, P. Succop, Effects of environmental
and job-task factors on workers' gait characteristics on slippery surfaces,
Occupational Ergonomics 3 (2003) 209–223.
[14] S.Y. Chiou, A. Bhattacharya, P.A. Succop, C.F. Lai, Effect of
environmental and task risk factors on workers' perceived sense of
postural sway and instability, Occupational Ergonomics 1 (1998)
81–93.
[15] B.T. Crane, J.L. Demer, Gaze stabilization during posturography in normal
and vestibulopathic humans, Experimental Brain Research 122 (1998)
235–246.
[16] B. Dabrowska-Bouta, G. Sulkowski, W.M. Bartosz, U. Rafalowska,
Chronic lead intoxication affects the myelin membrane status in the central
nervous system of adult rats, Journal of Molecular Neuroscience 13 (1999)
127–139.
[17] K. Dietrich, O. Berger, P. Succop, Lead exposure and the motor
developmental status of urban six-year-old children in the Cincinnati
Prospective Study, Pediatrics 91 (1993) 504–505.
[18] K. Dietrich, O. Berger, P.e.a. Succop, The development consequences of
low to moderate prenatal and postnatal lead exposure: intellectual
attainment in the Cincinnati Lead Study following school entry,
Neurotoxicology and Teratology 15 (1993) 37–44.
[19] K.N. Dietrich, K.M. Krafft, R.L. Bornschein, P.B. Hammond, O.G. Berger,
P.A. Succop, M. Bier, Low-level fetal lead exposure effect on
neurobehavioral development in early infancy, Pediatrics 80 (1987)
721–730.
[20] K.N. Dietrich, M.D. Ris, P.A. Succop, O.G. Berger, R.L. Bornschein Early
exposure to lead and juvenile deliquency, Neurotoxicology and Teratology
23 (2001) 511–518.
[21] V. Grigorova, K. Stambolieva, R. Ikonomov, Sensory inputs to vestibuloocular reflex and postural response maintaining simultaneously body
balance, Acta Physiologica et Pharmacologica Bulgarica. Journal Subset:
IM 26 (2001) 181–184.
[22] P. Hinkle, P.A. Kinsella, K.C. Osterhoudt, Cadmium uptake and toxicity
via voltage-sensitive calcium channels, Journal of Biological Chemistry
262 (1987) 16333–16337.
[23] K. Hunting, G.M. Matanoski, M. Larson, R. Wolford, Solvent exposure
and the risk of slips, trips and falls among painters, American Journal of
Industrial Medicine 20 (1991) 353–370.
[24] L. Kincl, K.N. Dietrich, A. Bhattacharya, Injury trends for adolescents
with perinatal and early childhood lead exposure, Presented at the 2000
NIOSH-UC Pilot Research Grant Symposium, University of Cincinnati,
2000.
[25] W. Kuhn, R. Winkel, D. Woitalla, S. Meves, H. Przuntek, T. Muller, High
prevalence of parkinsonism after occupational exposure to lead-sulfate
batteries, Neurology 50 (1998) 1885–1886.
[26] T. Lidsky, J.S. Schneider, Lead neurotoxicity in children: basic mechanisms and clinical correlates, Brain 126 (2003) 5–19.
[27] G. Lockitch, Perspectives on lead toxicity, Clinical Biochemistry 26 (1993)
371–381.
[28] O. Mameli, M.A. Caria, F. Melis, A. Solinas, C. Tavera, A. Ibba, M. Tocco,
C. Flore, F.S. Randaccio, Neurotoxic effect of lead at low concentrations,
Brain Research Bulletin 55 (2001) 269–275.
[29] J. Markovac, G.W. Goldstein, Picomolar concentrations of lead stimulate
brain protein kinase C, Nature 334 (1988) 71–73.
[30] H. Needleman, A. Schell, D. Bellinger, A. Leviton, E. Allred, The longterm effects of exposure to low dose of lead in childhood: an 11 year
follow-up report, New England Journal of Medicine 322 (1990) 83–88.

A. Bhattacharya et al. / Neurotoxicology and Teratology 28 (2006) 376–385
[31] G. Patrick, W.J. Anderson, Dendritic alterations of cortical pyramidal
neurons in postnatally lead exposed kittens: a Golgi study, Developmental
Neuroscience 17 (1995) 219–229.
[32] G. Patrick, W.J. Anderson, Dendritic alterations of cerebellar Purkinje
neurons in postnatally lead exposed kittens, Developmental Neuroscience
22 (2000) 320–328.
[33] T. Petit, J.C. LeBoutillier, Effects of lead exposure during development on
neocortical dendritic and synaptic structure, Experimental Neurology 64
(1979) 482–492.
[34] S. Piomelli, J.A. Wolff, Childhood lead poisoning in the 90's, Pediatrics 93
(1994) 508–509.
[35] O. Pompeiano, Cerebello-vestibular interrelations, in: H.H. Kornhuber,
Ed. Handbook of Sensory Physiology, Vestibular System. Berlin,
Heidelberg, New York: Springer-Verlag vol.VI/1 (1974), 417–476.
[36] M.D. Ris, K.N. Dietrich, P.A. Succop, O.G. Berger, R. Bornschein, Early
exposure to lead and neuropsychological outcome in adolescence, Journal
of the International Neuropsychological Society 10 (2004) 261–270.
[37] L. Rocchi, L. Chiari, F. Horak, Effects of deep brain stimulation and
levodopa on posturals way in Parkinson's disease, Journal of Neurology,
Neurosurgery and Psychiatry 73 (2002) 267–274.
[38] B. Rybicki, C.C. Johnson, E.L. Peterson, G.X. Kortsha, J.M. Gorrell, A
family history of Parkinson's disease and its effect on other PD risk factors,
Neuroepidemiology 18 (1999) 270–278.
[39] T. Sahlstrand, R. Ortengren, A.L. Nachemson, Postural equilibrium in
adolescent idiopathic scoliosis, Acta Orthopaedica Scandinavica 49 (1978)
354–365.

385

[40] A. Seidler, W. Hellenbrand, B.P. Robra, P. Vieregge, P. Nischan, J. Joerg,
W.H. Oertel, G. Ulm, E. Schneider, Possible environmental, occupational,
and other etiologic factors for Parkinson's disease: a case-control study in
Germany, Neorology 46 (1996) 1275–1284.
[41] A. Shumway-Cook, M.H. Woollacott, The growth of stability: postural
control from a developmental perspective, Journal of Motor Behavior 17
(1985) 131–147.
[42] G. Wasserman, A. Musabegovic, X. Liu, J. Kline, P. Factor-Litvak, J.H.
Graziano, Lead exposure and motor functioning in 4(1/2)-year children:
the Yugoslavia prospective study, The Journal of Pediatrics 37 (2000)
555–561.
[43] M. Weisskopf, H. Hu, R.V. Mulkern, R. White, A. Aro, S. Oliveira, R.O.
Wright, Cognitive deficits and magnetic resonance spectroscopy in adult
monozygotic twins with lead poisoning, Environmental Health Perspective
112 (2004) 620–625.
[44] R. White, R. Diamond, S. Proctor, C. Morey, H. Hu, Residual cognitive
deficits 50 years after lead poisoning during childhood, British Journal of
Indutrial Medicine 50 (1993) 613–622.
[45] T. Yasuda, T. Nakagawa, H. Inoue, M. Iwamoto, The role of the labyrinth,
proprioception and plantar mechanosensors in the maintenance of an
upright posture, European Archives of Oto-Rhino-Laryngology 256
(1999) S27–S32.
[46] K. Yokoyama, S. Araki, K. Murata, Y. Morita, N. Katsuno, T. Tanigawa, N.
Mori, J. Yokota, A. Ito, E. Sakata, Subclinical vestibule-cerebellar, anterior
cerebellar lobe and spinocerebellar effects in lead workers in relation to
concurrent and past exposure, Neurotoxicology 18 (1997) 371–380.

