
ABSTRACT. This report is a follow-up of an earlier study
of the effects of low to moderate prenatal and postnatal
lead exposure on children's growth in stature. Two
hundredthirty-flve subjects were assessed every 3 months
for lead exposure (blood lead level) and stature (recum
bent length) up to 33 months of age. Fetal lead exposure
was indexed by maternal blood lead level during preg
nancy. The adverse effects of lead on growth during the
first year of life were reported previously. This analysis
covers essentially the second and third years of life. The
results indicate that mean blood lead level during this
period was negatively associated with attained height at
33 months of age (P = .002). This association was,
however, evidenced only among those children who had
mean blood lead levels greater than the cohort median
(@10.77 @ig/dL)during the 3- to 15-month interval. The
results also suggest that the effect of lead exposure (both
in utero as well as during the first year of life) are
transient provided that subsequent exposure to lead is
not excessive. It appears that maintaining an average
blood lead level of 25 @ig/dLor more during the second
and third year of life was detrimental to the child's
attainedstatureat 33 months of age.Approximately15%
of this cohort experiencedthese levels of lead exposure.
Continued follow-up of this cohort will reveal whether
these lead-relateddeficits persist and whether they con
tinue to be dependent on the level of exposure in an
earlier period. Pediatrics 1991;88:886-892; lead toxicity,
growth, stature, infant, follow-up.

In an earlier paper,' we reported an apparent
interactive effect of prenatal and postnatal lead
exposure on infants' growth in stature through the
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first 15 months of life. It was found that postnatal
lead exposure, as indexed by change in average
blood lead concentration (PbB) over the interval
from 3 to 15 months of life, was negatively associ
ated with infant growth rates during the same
period. This effect, however, was exhibited only by
those infants born to mothers with above average
(>7.7 @sg/dL) prenatal PbB levels. This provided

support for our initial hypothesis that â€œ¿�highâ€•early
postnatal lead exposure would have an adverse ef
fect on an infant's growth in stature provided that
a relatively â€œ¿�highâ€•in utero exposure to lead was
experienced (see Shukia et al' for a review of the
pertinent literature that led to this hypothesis).
The present paper is a follow-up of the same cohort.
This follow-up analysis covers the period of 18
months to 33 months of age. The stature measure
ments for the infants in the study were obtained in
their recumbent position until the age of 3 years
whereupon standing height was obtained. To avoid
introducing a systematic source of bias in the
growth data due to two different stature-measuring
techniques, we analyze and report the findings on
the data up to 33 months of child's age.

Our objective in this follow-up analysis was to
assess the independent association of lead exposure
with indices of stature during the period 18 to 33
months of age. We considered lead exposure histo
ries both in utero as well as during early (3 to 15
months) and later postnatal periods (ie, 18 to 33
months). The following questions were examined:
(1) Are lead-related deficits in growth still evident
during the 18- to 33-month interval? (2) What
combination of prenatal and/or postnatal lead ex
posure is most strongly associated with lead-related
growth deficits? (3) Is there any evidence of an
exposure threshold for this effect?
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MATERIALS AND METHODS

Subjects

The general design of the Cincinnati Lead Study
has been reported elsewhere.2 Since this study is a
prospective follow-up, we continue to examine the
same subjects as in the earlier report.' For details
of inclusion and exclusion criteria for the subjects,
the reader is referred to the earlier papers.â€•2Of all
the subjects, 25 had three or fewer length measure
ments during the 18- to 33-month period and there
fore had inadequate growth data (ie, lengths at both
18 months and 33 months were missing). Conse
quently, they were excluded from further analyses.
Thus, of the original 260 subjects, 235 were avail
able for the present study. A comparison was made
for several demographic variables between the ex
cluded subjects (n = 25) and the remaining sample
(n = 235). The excluded subjects were very similar
to those retained in the analysis except for cigarette
consumption (packs per day) by mothers during
pregnancy (1.12 [excluded subjects] vs 0.71 [in
cluded subjects], P = .02).

Lead Exposure Indices

Details of the PbB assessments are given else
where.' Briefly, in utero lead exposure was indexed
by maternal PbB measured from samples collected
by venipuncture at the first prenatal visit. Postna
tal PbB was measured at 10 days of age (corrected
for gestational age), at 3 months of age, and every
3 months thereafter. Details of the laboratory's
quality assurance and quality control programs
have been reported elsewhere.3 All PbB measure
ments were adjusted to an average hematocrit for
developmental age and transformed to their natural
logarithm for statistical analyses.

Longitudinal studies with frequent assessments
typically have some â€œ¿�missedâ€•and â€œ¿�mistimedâ€•ob
servations. Approximately 15% of the subjects
needed either imputation of missing PbB data or
adjustment for mistimed PbB assessments. Missing
postnatal PbB levels were imputed from a weighted
average of a within-subject regression of PbB on
age and the cohort mean PbB at each age. Analyses
were conducted with the data set that contained
both imputed and observed PbB values and also
with the data set that contained only observed PbB
values. This was done to determine whether there
were differences in the regression coefficients ob
tamed for PbB in these two overlapping data sets.
Very similar results were found in these analyses.
Therefore, we report only results obtained from the
larger data set, which contained both observed and
imputed or adjusted PbB values.

Typical PbB profiles of exposed infants beyond
15 months of age are such that they peak some
where around 24 months and then gradually de
dine. Consequently, net change in PbB (the expo
sure index used in the previous study) may not be
an appropriate measure of the degree of lead expo
sure during this period. Therefore, mean PbB dur
ing 18 to 33 months was chosen as a more appro
priate integrated index of lead exposure for this
later developmental period. For the present follow
up analyses, we used mean PbB during 3 to 15
months as an index of postnatal exposure during
that period. This was done for the sake of consist
ency with the 18- to 33-month measures and for
ease of interpretation. The results obtained did not
differ with respect to the two alternative ways of
characterizing developmental lead exposure during
3 to 15 months. Mean PbB for the cohort in the
18- to 33-month interval was 17 sg/dL (range 5.7
to 53.9 @g/dL).Arithmetic mean total iron-binding
capacity was 360 Â± 31.2 @sg/dLand hemoglobin
level averaged 12 Â±0.72 g/dL, a value indicating
adequate iron status for most subjects.

Index of Growth

As was done previously,' slopes of the least
squares regression, fitted to each subject's length
measurements at 18, 21, 24, 27, 30, and 33 months,
were used as growth rates. All the subjects had at
least four of the six possible length measurements,
including both the 18- and 33-month length assess
ment. Eighty-five percent of the subjects had all six
measurements. There were no apparent differences
between the subjects when grouped in terms of the
available number of length measurements. Coeffi
cient of determination (R2) exceeded .80 in all the
cases, indicating that the slopes ofthe linear regres
sion fit were an adequate representation of the
growth for this period. Table 1 gives some descrip
tive statistics for the sample. Rate of growth during
second and third year was not only reduced by half,
vis-Ã -vis the first year, but also the variability in
the growth rates was decreased (from an SD = 0.2
to 0.1 cm/mo).

Statistical Approach

As in the previous analysis,' a set of candidate
confounders/covariates was chosen based on their
a priori probability of being related to growth rate
and/or length at 33 months. Two key response
variables, namely growth rate (18 to 33 months)
and stature at 33 months, plus one key exposure
variable, ie, mean blood lead level during 18 to 33
months (mean PbB), were examined for bivariate
correlation with a host of candidate confounders/
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Length at
33moMean

PbB during3â€”15mo.78â€”.02â€”.03Prenatal
PbB.32.02â€”.04Cigarette
use.12â€”.05â€”.12Child's
raceâ€”.13.14.12HOMEtâ€”.16.01.08Maternal

height.02.18.40Total
iron-bindingcapacity.02.18.20Socioeconomic

statusâ€”.17â€”.02.02Sexâ€”.03.14.04Stature

at 18 moâ€”.09â€”.07.80

covariates. Table 2 lists Pearson's product-moment
correlation coefficients between the above-men
tioned key variables and confounders/covariates.

For exploring the hypothesis that some combi
nation of prenatal and postnatal blood lead levels
affect growth during the period 18 to 33 months,
we categorized past lead exposure histories (both
prenatal and early postnatal) into four groups based
on median splits of prenatal PbB (7.78 i.ig/dL) and
mean PbB during 3 to 15 months (10.77 j@g/dL).
This resulted in four combinations (ie, low-low,
low-high, high-low, and high-high) of earlier lead
exposure histories. The relationships between mean
PbB (18 to 33 months) and growth rate (18 to 33
months) as well as mean PbB (18 to 33 months)
and length at 33 months were examined via step
wise multiple regression with particular emphasis
on understanding which, if any, of the four lead

history combinations were exhibiting lead-growth

or lead-stature relationships.

RESULTS

The bivariate correlations between growth rate,
length during 33 months, and mean PbB at 18 to
33 months, by lead exposure histories, prenatally
and early postnatally (3 to 15 months), are shown
in Table 3. The growth rate from 18 to 33 months

was essentially uncorrelated either with the growth
rate from 3 to 15 months (first column) or with
height at 18 months (second column). The attained
height at 33 months, however, was very strongly
correlated with the attained height at 18 months
(third column). The correlations of PbB vs growth
(fourth column) and PbB vs length at 33 months
(fifth column) were weak but consistent for two

TABLE 1. DescriptiveStatisticsonStudySample(N = 235)
Variable MeanSDMinimumMaximum81.42.973.791.093.23.585.4105.01.50.20.82.10.80.10.41.217.39.12.962.915.97.82.944.411.85.44.136.510.71.64.136.517.18.05.753.915.51.55.753.9359.431.2283.0449.3

Length at 18 mo, cm
Length at 33 mo, cm
Growth rate (3â€”15mo), cm/mo
Growthrate (18â€”33mo), cm/mo
Blood lead at 18 mo, @ig/dL
Blood lead at 33 mo, j@g/dL
Mean blood lead (3â€”15mo), @ig/dL
Mean blood lead (3â€”15mo), sg/dl*
Mean bloodlead (18â€”33mo), sg/dL
Mean blood lead (18â€”33mo), @g/&*
Mean total iron-bindingcapacity

(18-33 mo), @Lg/dL
Mean hemoglobin(18â€”33mo), g/dL
HOME scoret
% Chelated(diagnostic)
% Chelated(therapeutic)

12.10.710.214.533.04.817.043.05.530.85

* Geometric mean and geometric SD.

t AverageofHomeObservationforMeasurementoftheEnvironmentscoresat 12months
and 24 months of age.

TABLE2 Correlatesof LeadExposureandResponseVariables*
Variables Mean PbB Growth Rate

18â€”33mo 18â€”33mo

* Race and prenatal cigarette use were bona fide confounders. They were forced to remain

in the models, irrespective of their significance levels. Correlation coefficient .11 for P
< .10. Entries are correlation coefficients. PbB, blood lead concentration.
t Averageof total HomeObservationfor Measurementof theEnvironmentscoresat 12
months and 24 months.
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Lead ExposureGrowth RateGrowth RateLength atGrowth RateLengthatHistoryt
Pre (18â€”33mo)(18â€”33 mo)33 mo vs(18â€”33 mo)33 movsnatal/Earlyvs

Growthvs Length atLength atvs MeanMeanPbBPostnatal
(3â€”Rate (3â€”1518 mo18 moPbB(18â€”33(18â€”3315

mo)mo)mo)mo)Low-low.07â€”.07.83.06.04(n

=77)(.56)(.56)(<.0001)(.63)(.75)Low-high.24â€”.09.70â€”.28â€”.32(n

=44)(.11)(.55)(<.0001)(.07)(.04)High-low.01â€”.35.74â€”.01â€”.01(n

=41)(.94)(.02)(<.0001)(.53)(.54)High-high0.17.85â€”.22â€”.25(n

=73)(1.0)(.17)(<.0001)(.07)(.04)All.06â€”.07.79â€”.06â€”.11(n

= 235)(.39)(.30)(<.0001)(.36)(.10)

TABLE4. MultipleRegresaio
Length at 33 Months*n

Results forRecumbentIndependent

VariableCoefficientSEPValueIntercept3.80Mean

PbB (3â€”15mo)5.602.22.01Mean
PbB (18â€”33mo)â€”0.130.57.83Mean
PbB (3â€”15mo) xmeanâ€”1.810.80.025PbB
(18-33mo)Sext0.550.27.05Races0.810.42.06Cigarette

use duringpregnancyâ€”0.400.18.03Mean
total iron-binding capac0.010.004.009ity

(18â€”33mo)Maternal
height(cm)0.100.02.0001Length

at 18 mo (cm)0.840.05.0001

TABLE3. BivariateCorrelationsof ResponseandExposureIndex*

* Entries in parentheses are P values. PbB, blood lead concentration.

t Based on median split (prenatal PbB = 7.78 @sg/dL,mean PbB [3-15 mo] = 10.77 @g/
dL).

lead exposure history combinations, namely low
high and high-high. This suggested a possible in
teraction of early postnatal lead exposure history
(up to 15 months) with subsequent lead exposure
(ie, 18 to 33 months) in determining the effect of
PbB on either growth or length at 33 months.

Using our strategy of confounder/covariate selec
tion, followed by a multiple regression analysis
(which included two-way interactions), two reduced
models (with all significant variables) were ob
tamed, one for growth rate and the other for length
at 33 months. The reduced models for both response
measures indicated that mean PbB during the 3- to
15-month interval did have a statistically signifi
cant interaction with mean PbB during the 18- to
33 month interval (P = .05 for growth rate and P
= .02 for length at 33 months). The model R2 for

growth rate was low (R2 = .13), while that for length
at 33 months was high (R2 = .71).

Results from the multiple regression analysis
where length at 33 months was treated as the
dependent variable are shown in Table 4. There
was a significant interaction (P = .025) between
lead exposure during the 3- to 15-month interval
and exposure during the 18- to 33-month interval
which confirmed our observations based on the
bivariate correlations (Table 3). The positive
regression coefficient of mean PbB (3 to 15 months)
is uninterpretable here because of the presence of
a significant interaction in the model involving this
PbB variable. The nature of this interaction is
graphically displayed in Figs 1 and 2. Covariate
adjusted stature at 33 months was significantly (P
= .002) and negatively related to mean PbB during

the 18- to 33-month interval for subjects having
high (10.77 @sg/dL)mean PbB during the 3- to 15-
month interval of life (Fig 1). On the other hand,
no relationship (P = .85) was observed for subjects

S PbB, blood lead concentration.

t 1 = male, 2 = female.
:1:1= white,2= black.
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Fig 1. Influence of later postnatal lead exposureon at
tamed height at 33 months for children with moderately
elevated blood lead concentration (PbB) from 3 to 15
months of age (mean PbB 10.77 sg/dL).
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Mean Blood Lead (18â€”33 mo) (ug/dI)

Ag 3. Dose-effectrelationshipbetweenmeanbloodlead
concentration (PbB) (18 to 33 months) and length at 33
months for childrenwith low PbB from 3 to 15 months
(mean PbB <10.77 @ig/dL).Note the PbB scale is the
averagesize of six quarterly PbB determinations between
18 and 33 months of age.

Mean Blood Lead (18â€”33 mo.) (ug/di)

Ag 4. Dose-effectrelationshipbetweenmeanbloodlead
concentration (PbB) (18 to 33 months) and length at 33
months for childrenwith moderatelyelevated PbB from
3 to 15 months (mean PbB 10.77 @g/dL).Note the PbB
scale is the average of six quarterly PbB determinations
between 18 and 33 months of age.

life was perhaps â€œ¿�borderlineâ€•while an average PbB
of above 25 @sg/dLcould certainly be considered as
having a significant and measurable negative effect
on height.

One would expect that complete catch-up result
ing from a decrease in lead exposure would result
in attainment of stature approximately that of chil
dren who had been exposed to low levels of lead
throughout the period extending from fetal life
through 33 months. Surprisingly, when low expo
sure in the 18- to 33-month interval is preceded by
high exposure earlier, stature at 33 months actually
exceeds that of children with persistently low ex
posure. Figure 5 illustrates this point. Subjects were

Fig 2. Influenceof later postnatal leadexposureon at
tamed height at 33 months for children with low blood
lead concentration (PbB) from 3 to 15 months of age
(mean PbB <10.77 @sg/dL).

with â€œ¿�lowâ€•(<10.77 @&g/dL)mean PbB for 3 to 15
months of age (Fig 2). It appears that in utero
exposure to lead did not directly predict stature at
33 months. On the other hand, lead exposure from
3 to 15 months of age did interact with lead expo
sure during the second and third year of life and
determined whether that child exhibited a negative
association between lead exposure and growth.

Figures 3 and 4 show the dose-effect relationship
of second- and third-year PbB on the mean height
at 33 months, as predicted by the regression analy
sis. Two features are noteworthy. One is that the
â€œ¿�lowâ€•first-year PbB group (Fig 3) exhibited almost
no change in average length for increasing levels of
mean PbB (18 to 33 months), except for a small
number of subjects (n = 6) with mean PbB of 20 to
27 @zg/dL.The â€œ¿�highâ€•first-year PbB group (Fig 4)
exhibited a significant lead-related decrement in
mean stature at 33 months. In fact, subjects with a
mean PbB (18 to 33 months) of 25 @g/dLhad a
mean predicted length at 33 months of about 1.5
cm below the cohort mean of 93.2 cm. Those chil
dren with â€œ¿�lowâ€•PbB during the second and third
year (mean PbB of 10 to 15 sg/dL) exhibited mean
stature well above the cohort mean, suggesting that
high levels of lead exposure in the first year sup
pressed growth and thus did not allow them to
attain their full potential for growth in stature in
that early period. Lead exposure during the second
and third year of life, being relatively â€œ¿�low,â€•may
have allowed them to catch up4 and even overshoot.
The subjects with intermediate mean PbB during
the second and third year (15 to 20 @g/dL)were
perhaps experiencing two opposing effectsâ€”the
catch-up and the suppression of growth. Perhaps
the two impacts canceled each other. These data
suggest that an average PbB of 20 to 25 @g/dLover
the entire interval from 18 to 33 months of a child's
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Fig 5. Model-basedpredicted length at 33 months by
lead exposure history (XYZ). X, prenatal; Y, mean blood
lead concentration (3 to 15 months);Z, mean blood lead
concentration (18 to 33 months).

divided in two halves (based on median PbB of 7.7,
10.77, and 15.37 @g/dLfor prenatal, 3 to 15 months,
and 18 to 33 months, respectively) for each devel
opmental period. The three periods thus provided

eight (2@= 8) categories of lifetime lead exposure
history. These different exposure categories yield
different average statures at 33 months of age. For
example, a relatively â€œ¿�highâ€•in utero exposure to
lead might suppress intrauterine growth and con
sequently result in lower than expected birth
length. If the same infant continues to experience
relatively elevated postnatal lead exposure, he or
she would continue to exhibit depressed growth and
lower than average attained stature. On the other
hand, if the same infant avoids elevated postnatal
lead exposure, then he or she might exhibit â€œ¿�catch
upâ€•4and consequently would exhibit average or
above-average attained stature because of over
shoot. The subjects in the two lead exposure history
categories with the greatest stature (ie, LHL and
HHL) also tended to be those with highest rates of
growth during 18 to 33 months. These children
averaged 0.85 cm/mo compared with 0.76 cm/mo
for the entire cohort and 0.75 cm/mo for the chil
dren in the consistently low lead category (LLL),
in which the lead impact on growth was minimal.
We are not aware of any other situation in which
previously depressed growth results in a rate of
growth that overshoots the norm for the population

in question.
The amount of cigarette use by mothers during

pregnancy was still independently associated with
child's length at 33 months of age (P = .03). The
other striking finding from the regression analysis
is the relationship of a child's iron status (total
iron-binding capacity) with stature (P = .009). The

implications of these two findings are the subject
of our future investigation.

DISCUSSION

Our earlier work' revealed that lead exposure is
associated with deficits in infants' growth during
the first year, but only among those who had ex
perienced elevated in utero exposure (maternal pre
natal PbB >7.7 @&g/dL).The present study is a
follow-up of the same cohort during the second and
third year oflife. We no longer found any indication
of a prenatal PbB influence on growth. Rather, the
depressive effect oflead. during the second and third
year was now dependent on lead exposure in the
early postnatal period (3 to 15 months). The dis
appearance ofprenatal PbB and appearance of PbB
(3 to 15 months) as an interacting variable suggests
two things. First, the depression of growth is seen
only with a long period of exposure, eg, prenatal
plus 3 to 15 months, or 3 to 15 months plus 18 to
33 months. Second, the effect seems to be reversi
ble, at least when elevated prenatal and early post
natal exposure is followed by lower exposure. An
other interesting feature is the overshoot phenom
enon illustrated in Fig 5. We are at a loss to explain
why this occurs and are not aware of any similar
situation in which previously depressed growth is
followed by attainment of stature that clearly ex
ceeds the expected norms. This may be a transient
phenomenon. Continued follow-up should reveal
whether this is the case.

Unlike in the first year, when growth rate was an
adequate measure of response, this was not found
to be the case in the second and third year. Growth
velocities during the second and third year of life
are not only slow relative to the first year, but the
between-subject variability in growth rates de
creases.5 Further, the amount of measurement error
inherent in any single length measurement is corn
bined and compounded in obtaining growth rates
from several length measurements. This cumulative
error effect applies to a total quantity (the amount

of growth) that is quite small relative to length
measurements. The attained height at a given point
in time represents the end result of a cumulative
growth process and was found to be a satisfactory
measure of response. We were concerned, however,
about the robustness of results for other ages. Con
sequently, similar analyses were conducted using
lengths at 27 months, 30 months, 36 months, and
39 months as the response variable. The results
obtained were similar in all the cases to those for
length at 33 months (data not shown).

The sensitivity of the lead-growth regression
coefficient was tested for inclusion/exclusion of
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other explanatory covariables. The coefficient did
not change in magnitude (â€”1.8to â€”¿�2.0)as a func
tion of other covariables. A set of 15 children was
chelated one or more times for diagnostic or ther
apeutic purposes prior to 3 years of age. Thirteen
of these subjects had â€œ¿�highâ€•first-year PbB and had
mean PbB (18 to 33 months) of more than 25 @sg/
dL. We found that the regression results were es
sentially unchanged when those 13 subjects were
excluded, indicating that the overall results of this
study were not unduly influenced by those children.
A number of demographic characteristics and po
tential confounders were compared between the two
groups of subjects created by the median split-on
the mean PbB during the 3- to 15-month interval.
Except for prenatal maternal smoking (packs per
day) (0.84 Â±0.94 for â€œ¿�highâ€•group vs 0.57 Â±0.68
for â€œ¿�lowâ€•group), the two groups were very similar.

Another issue worth emphasizing here relates to
the epidemiologic nature of the study design and
analysis. No amount of data-based evidence from
an observational study like this can, by itself, be
conclusive â€œ¿�proofâ€•of a cause-effect relationship.
Any temptation to draw such a conclusion must be
resisted. One such issue that cannot be fully re
solved from a study like this relates to PbB as a
marker for lead exposure in a growing child. The
possibility cannot be ruled out that faster growing
children exhibit lower PbB levels because of in
creased volume of distribution, particularly bone.
Other recent studies,Â°9though not all,'Â°also sug
gest that low to moderate levels of lead exposure
are a risk factor for growth in stature during early
childhood. Moreover, reduction in linear and pon
deral growth due to lead exposure has been clearly
shown to occur in weanling rats.â€•2

In summarizing our findings, we conclude that a
sizable portion of young inner-city children expe
rience lead exposures that may have a significant
impact (both statistically and otherwise) on growth
and attained height. It also appears that prenatal
and/or early postnatal effects on growth are â€œ¿�tran
sientâ€•in the sense that a child tends to catch up,
provided subsequent lead exposure is reduced. We
hope that continued follow-up of the study cohort

will reveal whether these Pb-related deficits in
growth persist.
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