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Abstract We studied the effect of environmental ex-
posure 10 lead on children's abilities at the age of tour
years in a cohort of 537 children born during 1979 to
1982 to women living in a community situated near a lead
smelter. Samples for measuring blood lead levels were
obtained from the mothers antenataliy, at delivery from
the mothers and umbilical cords, and at the ages of 6,
15, and 24 months and then annuaily from the children.
_ Concurrently, the mothers were interviewed about per-
" sonal, family, medical, and environmental factors. Ma-
ternal inteiligence, the home environment, and the chil-
dren's mental development (as evaluated with use of the
McCarthy Scales of Children’s Abilities) were formally
assessed.

The mean blood lead concentration varied from C.44
wmol per liter in midpragnancy to a peak of 1.03 umal
per liter at the age of two years. The blood lead concen-
fration at each age, particuiarty at two and three years,

LTHOUGH the health hazards of acute lead tox-
icity and occupational exposure to lead are well
known, uncertainties exist about the adverse effects
of environmental exposure to lower levels of lead. Re-
cent epidemiologic studies have indicated that neuro-
psychological development in children may be im-
paired by such exposure, but debate persists about
methods for ensuring adequate control of the con-
founding effects of other covariates in such investiga-
tions.** :

The early epidemiologic research on the relation
between lead and development, which consisted of
cross-sectional or case-control studies, was incon-
clusive. In 1979 Needleman and colleagues, in a com-
munity-based study of children in Boston in whom
previous exposure to lead was estimated from ex-
aminations of deciduous teeth, reported evidence of
lead-related neuropsychological deficits.® Subsequent

research in Germany revealed a similar but statistical-.

ly insignificant relation.® However, in several British
studies, adjustment for covariates relating to the social
environment greatly, attenuated an apparent inverse
relation of lead to mental development.’® A recent
cross-sectional study of blood lead concentration in
relation to cognitive ability and educational attain-
ment in Scottish children six to nine years of age found
an inverse relation, with no apparent threshold level
of exposure.®
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and the integrated postnatal average concentration were
inversely related to development at the age of four. Mul-
tivariate analysis incorporating many factors in the chil-
dren’s lives indicated that the subjects with an average
postnatal biood lead concentration of 1.50 umot per
liter had a general cognitive score 7.2 points lower (95
percent confidence interval, 0.3 to 13.2; mean score,
107.1) than those with an average concentration of .50
umol per liter. Similar deficits occurred in the perceptual-
performance and memory scores. Within the range of ex-
posurs studied, no threshoid dose for an effect of iead was
evident.

Wae conclude that postnatal blood lead concentration is
inversely related to cognitive development in chitdren, al-
though one must be circumspect in making causal infer-
ances from studies of this retation, because of the diffi-
culties in defining and controlling confounding effects.
(N Engl J Med 1988; 319:4568-75.)

These inconsistent results may have arisen because
any effect of environmental exposure to lead on chil-
dren’s development is probably small; many coex-
istent confounding factors also influence children’s de-

ve.opment; measurement of antecedent exposure to

lead is difficult; and there is uncertainty about the
sclection and measurement of developmental out-
comes. The inconsistencies may aiso reflect interactive
effects, in that the deleterious effects of exposure
to lead may be greater in socially disadvantaged
children.!

To overcome some of these methodologic difficul-
ties, cohort studies have been started in several loca.
tions. These investigations are secking more definitive,
prospective evidence of the relation between exposure
to lead early in life and subsequent neuropsychologi-
cal development. In a cohort study of 249 children in
Boston, the lead concentration in umbilical-cord
blood was inversely related, after adjustment for co-
variates, to cognitive development assessed every six
months up to the age of two years.! The effect was
most evident in the children in the upper and middle
tertiles of blood lead concentrations (i.e., predomi-
nantly within the range of 0.3 to 1.0 wmol per liter, or
6 to 21 ug per deciliter).

Debate continues over whether there is a threshold,
or “safe,” level of exposure to lead. At blood lead
concentrations as low as 1.0 umol per liter, various
neurophysiclogic and enzymatic processes are im-
paired,'®!! and disturbances of heme synthesis and
altered central nervous system electrophysiologic re-
sponses have even been observed at levels below 0.72
umol per liter (15 ug per deciliter).'? Within urban
and industrial populations, a substantial proportion
of young children may have blood lead concentrations
above this level; indeed, within the Port Pirie cohort,
the mean concentration at the ages of 135 months
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and 24 momhs exceeds 1.0 umol per liter (21 ug per
deciliter).??

The Port Pirie Cohort Study began in [979. The
industrial town of Port Pirie (population, 16,000) is in
South Australia, 200 km northwest of Adelaide. The
town is situated immediately downwind of a large and
longstanding lead-smelting facility, and there is exten-
sive environmental contamination with lead, particu-
larly in topsoil, yard dust, and house dust. 13

Earlier resuits from this study have shown consider-
able individual variation in blood lead concentra-
tion during the first four years of life,'® with approxi-
mately one third of the children having levels above
1.21 umol per liter (25 ug per deciliter) on one or
more occasions. Furthermore, postnatal blood lead
concentrations have been found to be inversely associ-
ated, albeit weakly, with mental development at the
age of two years (assessed by the Bayley Mental
Dcvelopmem Index), after adjustment for confound-
ing factors.'*

This paper presents the results of follow-up to the
age of four years, when the children’s abilities were
evaluated with use of the McCarthy Scales of Chil-
dren’s Abilities (MSCA). The MSCA, which can be
used in children three to seven years old, comprises
five scales: verbal, pcrccp:ual performance, quantita-
tive, memory, and motor.'* The first three of those
scales combined form the general cognitive index
(GCI). The GCI provides an age-specific index of
cognitive functioning. Formal evaluadon has shown
that the GCI “assesses the child’s reasoning, concept
formation, and memory when solving verbal and nu-
merical problems and when manipulating concrete
materials.”'% An inverse relation has previously been
reported between lead concentrations in the teeth of
schoolchildren and perceptual-motor functioning®;
the perceptual-performance scale of the MSCA meas-
ures the equivalent function in preschool children.

MzTHODS

From 1979 wo 1982 a wotal of 723 women were recruited during
earfy pregnancy and followed to the live birth of an apparently
hﬂ.hhy child.'” The children were then entered in a long-term post-
oatal follow-up study. Recruiument was done through the medical
practitioners in and sround Port Pirie, who, after a series of meet-
ings with the research team, unanimously agreed 1o support the
swdy. The recruitment rate, estimated from registrationa of births
during this period, was 90 perceat. Of the 348 children who were
dlowed to the age of lour, 397 lived in Port Pirie, and 131 were
Gom the immediate rural area, induding several smaller towns. The
lascer 131 children were included to ensure & range of individual
blood lead concentrations, and they were found to have lower mean
levels than the children from Port Pirie.'?

The majority (80 percent) of the children lost to follow-up during
the four years of postoatal study were in families that left the Pon
Pirie districs; & [ew families simply discontinued their partici-
pation. Follow-up is continuing, and the final detailed formal ncu-
ropsychological assessment is being carried out in children who are
seven vears old.

Blood samples for measurement of lead concentrations were ob-
tained (rom the pregnant women a¢ specified times and from each
child at delivery (umbilical-cord blood) and at ages 6, 15, and 24
months and annually thereafier. The postnatal samples were ob-
tained rom qulanﬂbyﬁn‘erpmk , with use of a rigorous cleans-
ing and collection protocol.' A pilot study had demonsirated that
blood lead concentrations measured in capillary samples were high-
by correlated with simultaneousiv determined venous lead concen-
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trations in 47 children in metopolitan Adelaide who were two o
four years of age.'? The samptes were obtained by staff members of
the Port Pirie Cohort Study. The capillary-venous blood lead caera-
lation coefficient was 0.97.

Blood lead concentration was estimated with efectrothermal
atomization atomic absorption spectrometry.” Measurements of
blood lead levels have been performed by our laborawry (at Ad-
elaide Children's Hospital) for more than 20 years. Throughout this
study, both internal and external (interiaboratory) quality-control
procedures were used, with consistently satisfactory results. A certi-
fied commercially prepared product was employed to monitor intra-
batch accuracy and to ensure interbatch standardization. External
quality control, entailing assays of regularly supplied samples, was
ensured by participation in three major programs: the national
quality-control program conducted by the Standards Association of

Australia and the international programs run by the heaith depart- .

ment of Pennsylvania and the Wollson Research Laboratories { Bir-
mingham, United Kingdom), Estimates were standardized o a
packed-cell volume of 35 percent for maternal blood, 50 percent for
cord blood, and 35 percent for the children's blood.

Each child’s cumulative burden of body lead was estimated by
trapezoidal integration of the area under the curve of blood lead
concentration, according to age (from birth [cord blood sample] to
the age of {our years). This method of averaging adjusis for the
unequal time periods between successive blood samples. Since
blood lead concentrations bave approximately log-normal distribu-
tions, the reported mean blood concentrations of iead are geomet-
ric. To reduce the influence of extreme individual values for blood
lead concentration on the statistical analyses, the logarithm (base
10) of the concentration was used in all simple and multiple regres-
sion analyses.

At the time the blood samples were obtained, the nurse-inter-
viewer also conducted a structured interview to obtain information
on & range of demographic, (amilial, behavioral, medical, and social
environmental factors. All interviews were carried out by one of four
trained nurse-interviewers.

The developmental status of each child at the age of four
years was assessed with use of the MSCA. This assessment and
the blood sampling were carried out on different days. A full-time
research psychologist who was blinded to the child’s past or current
blood Jead concentration conducted all testing sessions in a clinic
setting. Although the psychologist had also assessed the child's
development (using the Baviey Scales of Infant Development) at
the age of two years, he was not aware of that earlier result
when making the subsequent assessment. The conversion of raw-
score daea to scale scores was done by computer. The scoring
process was chus reliable and accurate. Annual mean MSCA scores
during the three years of testing were compared in order 10
test for temporal observer drift; a variados of only 1 percent
was found.

Since there are no Australian standardization data on the MSCA,
it was not possible to evaluate the absolute scores obtained in our
study populadon. (A review of the original standardization in the
United States, from about 1970, might lead ooe to expect that the
seores would be 100 for the GCI and 50 for the other five scales.
However, there is cvidence that in developed countries, an upward
drift in intelligence scores occurs with successive generations.')
Since the MSCA was used in this study solely for the epidemiologic
purpose of making intracohort comparisons, our resuits concern
only the relative scores for compared groups of children.

Assessment of the care-giving environment, using the Home Ob-
servation for Measurement of the Environment (HOME) inven-
tory, was made during a visit to the children's homes when they
were three years of age. This inventory evaluates, by means of
observations and interviews, the qualiry of stimulation of children
in their homes.? The inventory measurey processes that mediate
the child's development and has six subscales: emotional and verbal
responsiveness of the parents; parental acceptance of the child;
maternal involvement with the child; organization of the home en-
vironment; spprogrisieness of plsy macerials; and vaciety in daily
stimulation. These aspects of the home environment correlate well
with intellectusl and verbal development in early childhood.***
One nurse-interviewer who was trained in the use of the HOME
inventory made nearly all the asseasmeng, although the first 30
were done by the psychologist-trainer.

Maternal intelligence was estimated with use of the Wechsler



the unadjusted relation between blood lead concentra-
tion at the age of three years and MSCA score; the
relations at 15 months and two years, as well as with
- the integrated postnatal blood lead concentration, re-
sembled those shown in Figure 1.

Relation of Other Covariates to MSCA Scores

For the covariates subsequently treated as potential
confounders in multivariate analyses, their univariace
relations with blood lead concentration and with the
GCI and the perceptual-performance and memory
scales are shown in Table 2. Many characteristics of
the parents (including parental education, the moth-
er's IQ and marital status, and the father's joh) were
strongly related to the MSCA scores, in the expected
direction. Maternal age and the quality of the home
environment were positively related to the scores. Ob-
stetrical factors and neonatal characteristics were less
strongly related, although the lower values (or the ad-
verse findings] tended to be associated with low
MSCA scores.

Regression Analyses of MSCA Scores and Blood Lead
Concentration : :

Table 3 presents thé results of simple and multipie .

linear regression analyses. The multivariate model
contained almost all factors identified a priori as po-
tential determinants of developmental abilities —
irrespective of the variance in developmental score
accounted for by the factor in multiple regression anal-
ysis. This approach errs toward overinclusion of
covariates, but it does 30 because of the known dif-
ficulty of achieving adequate control of confound-
ing factors in studies of lead and childhood develop-
ment. The only factors excluded from the original list
were two antenatal variables (bleeding during preg-
nancy and vitamin supplementation), which had no
explanatory power in multivariate analysis and for
which there were no a priori expectations of the ef-

fects on child mental development, and the Apgar

score at one minute (which was supplanted by the
Apgar score at five minutes). The fit of the linear
models was not improved marl_&cdly by adding quad-
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score, and the perceptual-performance score, with the 120 ~
mean values varying by approximately 10 percent be- )
tween the highest and lowest quartiles of blood lead 110 4
concentration. Table | shows that the range of mean
scores was greater for blood lead concentrations meas- 100 4
_ured postnatally than antenatally or at delivery and ]
was greatest at the ages of two and three years. Since 5 20 4 McCanty Scale: <& Verbal
the verbal and quantitative scales are subsets of the g | o g‘.":‘.:‘_‘;’:;
GCI and the scores obtained on them varied only 2 ) - Cognitve (GC}
slightly with the blood lead concentration, they arenot § | > Memory
listed. Ca A ] = Marar
Figure | shows the variation in MSCA scores at four § )
years of age in relation to blood lead concentration at  § 1
. three years of age — the age at which there was maxi- %
mal variation in those scores according to quartile of
blood lead concentration (Table 1}. For each of the six s )
scores, an inverse gradient extends across the full i
range of blood lead concentrations. Figure 1 depicts « i I " T AN T T

Blood lead concentration (umol/)

Figure 1. MSCA Scale Scores at the Age of Four Yaars, Accord-
ing 1o Blvod Lead Concentration at Thres Years of Age.

ratic terms in blood lead concentration and in other
continuous covariates (birth weight, maternal age,
and HOME score). .

The linearity observed with the logarithm of blood
lead concentration accords with recent results from
studies in schoolchildren in Edinburgh® and infants in
Cincinnati.?® Repetition of this analysis, using the un-
transformed blood lead concentration, did not alter
the fit of the model. - ‘ :

The regression coefficients in Table 3 estimate the
changes in MSCA score accompanying a 10-foid in-
crease (i.c., one unit on a logarithmic scale) in the
corresponding blood lead concentration. Thus, for ex-
ample, an increase in the integrated postnaral blood
lead concentration of from 0.25 to 2.50 umol per liter
would be accompanied by an estimated drop of 28.9
points in the GCI (last entry, first column), ignoring
the confounding effects of other covariates. For an
increase in the integrated postnatal blood lead concen-
tration of from 0.50 to 1.50 umot per liter,.the expect-
ed drop in GCI would be (log,(3 X 28.9) = 13.8
points. After the adjustment for the covariates in the
mulitiple regression analysis, the corresponding drops
in GCI (see partial regression coefficients, Table 3}
would be 15.0 points (for an increase in blood lead
concentration from 0.25 to 2.50 umol per liter) and 7.2
points (for from 0.50 to 1.50 mmol per liter). The fig-
ure of 7.2 points (95 percent confidence interval, 0.3 1o
13.2) represents a decrease of approximately 7 percent
in GCI score in a child with average values for the
other covariates. .

In simple regression analyses, blood lead concentra-
tion at every age was negatively related to the GCi
and the perceptual-performance and memory scales
(Table 3). These relations were weakest for the cord
blood sample. In multiple regression analyses, the re-
lations between antenatal and perinatal blood lead
concentrations and these developmental outcomes
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Adult Intelligence Scale=Revised.?* This test was administered in
full by the research psvchologist, who was blinded 1o the children’s
biocd lead concentrations. The tesung was done white the children
were in the age range of three to five years.

REsuULTS
Biood Lead Concentration at Various Ages

The geometric mean antenatal (maternal) blood
{ead concentration varied from 0.44 umol per liter (3.1
pg per deciliter) at 16 weeks of gestation to 0.46 umol
per liter {9.5 ug per deciliter) at delivery. The mean
lead concentration in blood from the umbilical cord
was 0.40 pmol per liter. The mean values in the chil-
dren at the ages of 6 months, 15 months, and two,
three, and four years were 0.70, 1.01, 1.03, 0.94, and
0.79 umol per liter, respectively. Maximal uptake of
lead appears to occur during the second and third
years of life. At the age of two years, when the mean
blood lead concentration peaked (at 1.03 wmol per
liter, or 21.2 pg per deciliter), individual values
ranged from 0.24 to 2.75 mol per liter. There were no
postnatal differences in mean blood lead concentra-
tions between boys and girls. The integrated postnatal
average blood lead concentration was 0.92 umeol per
liter. The distributions of individual values according
to age are indicated in Table 1.

Analysis of autocorrelations of blood lead concen-
tration measured at different ages indicated substan-
tial intraindividual “tracking.” The estimated Pearson

Table 1. Mean MSCA Scorss at the Age of Four Years, According to Quartile of Biood

Lead Concentration and Time of Biood Sampling.

1588

correlation coefficients for all pairs of measures of
blood lead concentrations between the ages of 13
months and seven years (with data stili incomplete,
at six and seven years) were in the range of r = 0.33
to 0.80; the value of 0.35 corresponded to the larg-
est possible age difference (69 months). This suggests
that for each child, the relative magnitude of the
blood lead concentration remained fairly constant
with increasing age. This constancy impedes the es-
timation of the effect of age-specific blood lead con-
centration on mental development independentdy of
the blood lead concentration at other ages. Correla-
tions between the assessments of lead in the cord
blood and postnatal measures were of the order of
0.35 to 0.40.

Results of the MSCA Tests

MSCA testing was completed for 548 children. For
537, it was done within a six-month period around

-

their birthdays, whereas in the other 1!, there was an \) .

excessive delay before testing. The latter group was
excluded from the analysis; among the other 337 chil-
dren, the time of testing appeared to be unrelated to

the blood lead concentration. The mean scores, which -

were generally higher than the expected values of 100

for the GCI and 50 for other scales, were as follows .

verbal, 53.5; perceptual performance, 56.9; quantita-
tive, 50.5; GCI, 107.1; memory, 48.2; and motor, 53.8.
The girls scored 2 to 4 percent higher than the bovs on
all scales. The scores were 2 1o 3
percent lower in the children resid-
ing in Port Pirie than in those from

BLoco
Leap LevoL® BLOCD Samrt
AMTENATAL LMBILICAL
(AVERAGE} DELIVERY [a- 1] (3 -] I$ MD I Ivn
Mean blood lead level (umol per liter)
1 0.29 027 0.2 040 0358 064 058
2 0.42 0.40 0.39 06l 089 09 08
3 0.51 0.53 0.48 082 LI8 .18 1.9
4 0.6 078 on .18 168 1.63 .46
General cognitive index -
1 . 108.8 109.5 1086 1i1.2 1100 1124 112.0
1 - 109.4 8.8 109.3 1074 1099 1094 109.0
3 106.7 106.1 104.7 1039 1054 1046 1057
4 104.3 104.2 106.3 104.1 1036 1023 102.0
Perceptual-performancy soor
i 584 55.0 7 592 85 595 S50
b 9 LTR 1.7 $7.0 S8.8 583 580
3 %63 - %2 382 554 %t 557 se7
4 .582 35.3 Tt 356 S48 54 838
Memory score .
| 4.2 49.1 49.3 98 H2 509 518
] 49 4 “ws LR 476 494 490 4§12
3 43.0 oy 7.7 440 471 413 413
4 47.3 5.9 412 411 411 456 459
Motor score
1 544 4.9 4.5 554 %52 856 ss5%
2 544 539 4. 53.6 340 354 842
3 $3.9 539 2.9 534 513 %19 5
4 52.5 24 5.2 529 528 352 5.5
Ne. of 3 @9 414 26 527 s34 528

chilkdren

the surrounding areas.
Comparison of the MSCA test
results with the scores on the Bay-
ley Mental Development Index, at
the age of two years, showed that

INTEGRATID
FOETNATAL
4T AVERAGE

047 060
071 088 (r = 0.58), whereas the motor scale
92 had the lowest (r = 0.43). The
' ' MSCA motor scale was only mod-
Lt 1138 crately correlated with the Bavley
1092 1083 Psychomotar Development Index
103.6 1040 (r = 0.28).
1047 103.0
Age-Specific Blood Lead Concen-
auy B tration and MSCA Scores
5,::; ;:é For ecach age of the children at
52 s which blood sampling was per-
formed, the study population was
07 3.2 subdivided into quartiles of blood
:: :'; lead concentration, each of which
a0 43 contained approximately 133 chil-
" dren. Variation in MSCA scores
5.0 was examined in relation to these

quartiles. At each age, there was a
consistent inverse relation between
blood lead concentration and
MSCA scores.

1
(-]

& uuex

- e W O

“Tha first quartile inclades those with e lowest bioad concrwmauons of lesd and the (ourth thos with the highewr

This inverse refation had similar
strength for the GCI, the memory

the GCI had the highest correlation | ‘.
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sure to lead) for approximately half 12019
the apparent effect of blood lead GC! Score line of besttx
. - . (regress.on coeM = 15 3
concentration that was evident in 115 4
simple regression analvsis. \
Repeated analysis including 110
stratification according to sex did Cange
"not significantly improve the fit, al- ';:, s _" Mean score » 1071
though the negative regression coef- '
ficient of blood lead concentration
in relation to GCI score was slightly 100 - ’ |
higher for girls than for boys. Re-
peated analysis restricted to chil- 85 I |
dren with blood lead concentra. ~
tions below 1.21 umol per liter (25 20 - ! —t
s 1 |
Kg per deciliter) showed that the 0.25 05 10 15 25
relation at such levels was as strong L_Change v PbB

for this group of children as for the
whole cohort (although statistical
significance was decreased because
of reductions in the range of expo-
sure and the numbers of subjects).
For the integrated postnatal aver-
age blood lead concentrations, the
refation with GCI was actually
stronger at values below 1.21 umol
per liter than overail. This could reflect either an actu-
al greater dependence of GCI on blood lead concen-
tration or less confounding by the other covariates,
among children with less exposure.

When successive contractions of the age span of the
integrated postnatal average blood lead concentration
(i.e., spanning the periods from six months to, succes-
sively, the fourth, third, and second birthday) were
substituted in the regression analvses, small progres-
sive reductions occurred in each of the regression coef-

Tabie 3. Estimated Coetficients of Log Blocd Lead Congentration from Simple and
Multiple Regression Analyses of MSCA Scores at the Age of Four Ysars.»

Biood lead concentration (umol/l)

Figure 2. Linear Relation, as Estimated from Multipie Regression Analysis, between
the integrated Posinatal Average Blood Lead Concentration (Shown on a Loganthmic

Scais) and the General Cognitive index (GCI).

The sstimated decreass in GCI associated with an increase in blood lead concentra-
tion from Q.50 to 1.50 umol per iiter is shown as an example;

also see Discussion.

ficients shown in the bottom row of Table 3. Thus, the
integrated measure across the maximal age span (i.e.,
birth to the age of four vears) showed the greatest
inverse relation to developmental outcome,

The estimated linear inverse relation between inte-
grated postnatal blood lead concentration and GCI,
within the range for which sufficient data were availa-
ble {0.30 to 2.00 umol per liter}, and with use of the
covariate-adjusted coefficient from Table 3, is shown
in Figure 2. This fitted line indicates that a child with
an average blood lead corcentra-
tion of 1.50 umol per liter !.uring
the first four years of life wil. .ave a
GCI score approximately 7.2 points

81000 SamrLE GavmraL COONITIVE In0RX  PEaCIPTUAL- PIRFORMANCE Mumoar ScaLt lower (93 percent confidence inter-
Sewr val, 0.3 to 13.2) than a child with an
m— TS R am R average blood lead concentration of
- cogficiem TSE (P valut) 0.50 pmol per liter.
Antenaal favenge) —15.124.7 =18257 ~9.35227 —412)3 -48:27 20133 Finally, the change in a child’s
oo  (0.75) (<0.001) (0.2 .07 (0.54) average blood lead concentration
Deiivery =10423.9 ~04x435 -51=23 02227 -49222 —04:26 between the first two years and the
©.co8 (@9 ©03  (0.95 oo 0 second two years of life was exam-
Cord ~6.1234  33:41 -30=20 16x24 <-30=z20  26z24 . - . -
©0  ©4n ©13)  ©50 ©i2 .30 ined in relation to the Ch’?“g‘ tn
6 Mo —15.1238 85244 =78222 -48223 -49222 -2.4:25 (rank-ordered) measures of cogni-
. (<0.001)  @O%  (<0.00hH (0.0 (0.03) 0.34) tve ability between the ages of two
15 Mo —143%38 -35:48 52222 32238 -33:27 ~-05:17 years {according to the Baylev
(<0001  (0.46)  (<0.00H  (0.26) ©.01) (;’-:7; Mental Developmental Index) and
24 Mo —208:4.3 ~(1.125.4 -13.5225 -—622)2 -il4sle =132d1 . 2
(<0.001) (004  (<0.001)  (0.08 (<0000 (00D f°“’hY°‘" (“';"f“.l"'sl to ‘I:" ('E‘_ : J’ |
36 Mo -25.1243 -13.1258 -13.6525 -7.7223} -12.7524 -1.2232 Such an analysis shouid reve
(<0.001)  (0.02) (<0000  (0.0D)  (<0.001)  (0.2D) whether intellectual lunction at the
48 Mo =20.124.t ~5525.) =1L2324 =—-40230 =-103223 ~4.12)0 . age of four years is Pal’li(.'ll]ill'l‘}'
(00D OB (<00 @10 - (<000h @D influenced by recent blood lead leve
Integraed posamtal  ~28.9T5.5 —185.0x7.3 (81232 83241 ~133xdi =793:dQ - o ; .
average - (<0.001 0.04) (<0.001) ©.09) (<0.001) (0.08) _els. However, no relation was ob
served between changes in post-
*The partal regrewsion coelfcines are (rom analyses P al v m Taible 2. The P valwes are for

mdhwtymuﬁmn_-'-.

natal blood lcud levels and changes
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Table 2. Mean MSCA Scores for Covariates That May Confound the Relation between a Child's Ability and His or Her Exposare 1o Lead *

Covaniate

Sex

Residence

Mother's educa-
uon (yr)

Mother's work site

Mother’s mantal
slarug

Modher's age (yr)

Antenatsl medica-
Hon use

Mother's 1Q

HOME score

.- .+ Neonaal

" jeundice

- Binh weight (g)

EYEY

Size for dates
o birth

Birth rank

Cattcoly

Male
Femaie
Non-Pine
Pine
<10

10

11
E ¥

Home

External

Unmarried

Mamed

%21
2-29

»30

No

Yes

<31
81-90
91-100
>100
Not measured
<39
3941
4244
AS-47
>47
<10
10
1t
»12
Missing
Unemployed
Non-office
Office
Unknown
Occipital
Cesarcan
Onher
9or 10
L1
Ko
Yes
No
Yes
<2500
25002999
30003499

JiraL

INTECRATED Mram
LEAD LEvEL

umol hiver

0492
0.9l
0.70
1.00
1.97
0.96
0.86
0.83
- 09
0.92

B3
0.50

L.11
0.9
0.84

0.91
0.93

1.1}
0.98
0.88
080
0.95

1.08
0.9
0.92
oM
0.80
0.96
0.91
091
0382
1.09
1}
on
048]
1.13
0.92
0.95
0.90
0.90
1.01
0.9¢
0.9
0.9
0.54
1.06
0.99
0.92
0.88
1.01
Q92
0.90
0.95
0.91
0.89

GrNEaaL

COGNITIVE Langx

MEAN

105.7
1083

109 4
106.4

102.6
105 &
107.8
1132

106.4
108.%

9.5
107.8

102.3
107.3
113
109}
106 4
540
197 4
107 8
it4.5
105.5
959
104 .6
1093
1.3
Itey
1048
i05.9
108.3
L1446
99.6
973
106.5
1138
101 )
106.7
1091
1077

105.3
107.5
1084
104.8
107 4
106 6
991
104.5
107.1
108.9

100.7
197.3
108.1
106.7
107.0¢
108.5

P yaLue
1T v ariancE)

0.058
{])

0.06
{1 1]
<00t
[E2])

0.10
[}

<0.001
{1.5)

<0.001
[P 3))

0.07
(0.4}
<0.00!
9.4)

<0001
{16.0)

<0.001
5.9

<{.001
[CX]]

0.35
0.0y

0.23
.
0.03
N
059
VR ]
0.02
(1.3

a0
05

0.82
0.0

Peecerri..

Paroamany

WEaM

55.6

58.0
576
5.7
54.8
559
5.7
59.5
36.5
519
513
513

57.0

5.4
57.0
1.4
56
EI A
6.6
530
550
56.6
5.2
53.6

'57.0

6.9
36.5
573
57.1

ScaLt

PruLe
{ VakancCE)

¢ 002
(1.5
03
0o

0.003
2.1

0.10
[OR]]
<0.00}
(1.7
0.02
[{ )]

0.03
({4 2}

<0.003
(9.6

<0.001
(n.5

<0001
(6.8,

<0.001

(47)

0.
{0.0)

0.58
{0.0)
0.0¢
0.6}
0.80
0,
0.01
(l.6)

0.01
(.6

0.63
(0.0}

MEan

475
448
49 6
471.7

Y

437
489
471
48.5
8.7
47.0
454
478
440
a2
423
8.4
“y
482
48.5
434
4746
489

Miwngy

Y

PraLLE
(T wafiasre

e

<0.001

4%

0.32
©.0)

0.14
0.2
0.04
(0.6)
0.98
0.0
- 07
10.4)

Q.08
0.6)

0.4
0.0

*Yhe P values indicane tha globel sustisical wgmficance of diiferences herweon the caregones of esch covenaie, ignoning all other covarioms. HOME denoies humie obrers s fur esssurerment of

e cavioRTEAL

were less strong. However, measures of postnaial
. blood Icad concentration retained clear, negative, and
- predominantly statistically significant relations with
the GCI. For these postnatal measures, including the
--integrated average vaiue, the regression coc{licients

were approximately halved relative to their values in
the simple regression. Thus, the covariates that were
included were, in aggregate, positively confounded
with blood lead concentration and accounted {either
independently or through their association with expo-

—
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in intelligence scores. Futhermore, no such relation
existed in the subset of children whose blood lead con-
centration increased with age, or when we used a re-
gression model designed to control for regression to
the mean by including the initial average blood lead
concentration (i.e., that during the first two years)
along with the difference for the iwo age periods.

DiscussioN

Qur resuits corroborate recent findings in several

epidemiologic studies,’*?* each of which showed an
inverse relation between blood lead concentration and
early cognitive development. Among the children in
the Port Pirie Cohort Study, there was an inverse rela-
tion between the average blood lead concentration in
a sequence of samples obtained in early childhood
and measures of cognitive functioning. This paper has
described that relation at the age of four years; the
inverse relation observed at the age of two years has
been described elsewhere.'*
" “In the Boston cohort study, the inverse relation re-
mained statistically significant after adjustment for 26
covariates consisting of demographic, reproductive,
obstetrical, neonatal, and postnatal variables (includ-
ing maternal IQ and home environment).' In our
study, 16 covariates that were thought to be potential
confounders of the relation of interest were incorpo-
rated; thus, we included fewer antenatal and obstetri-
cal variables in the multivariable model than did the
Boston study.

" In multivariate analyses that incorporate many co-
variates there is a possibility of “overcontrol.”? If, for
example, the area of residence affects mental develop-
ment exclusively by determining the child’s level of
environmental exposure to lead, then it would be inap-
propriate to control for that covanate. However, while
these interrelations remain unknown and controversy
persists about whether exposure to lead aflects mental
development in childhood, inclusion of such covar-
iates is prudent, even though it may cause any true
adverse effect of lead to be underestimated.

«-The fact that the integrated postnatal (birth to the
age of four years) average blood lead concentration
showed the strongest inverse relation with the GCI
score suggests that the adverse effect of exposure to
lead on mental development is cumulative during ear-
ly childhood. The relations of blood lead concentra-
tion at the age of four years to concurrent MSCA
scores were much weaker in the multiple regression
analyses than were those of blood lead concentrarnions
at carlier ages. This finding and the evidence that a
change in blood lead concentration between the first
two years and the second two years of childhood does

_ not affect development suggest that long-term expo-

sure to lead is the primary determinant of risk of im-
paired mental development.

.-« The inverse refation is most evident in relation to

raised blood lead concentrations during the postnatal

" period. Within the cohort we studied, any adverse ef-

R - .
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fects of elevations in maternal and fetal blood concen-
trations of lead are likelv 1c have been overwhelnied
by the much higher concentrations 1n the children be-
cause of their direct environmental exposure 10 high
levels of lead during earlyv childhood.

This phase of the Port Pirie Cohort Study indicates
that a group of children with an average blood lcad
concentration of 1.50 umol per liter will have a de-
crease in mean GCI score of approximately 7 percent,
as compared with children with an average blood lead
concentration of 0.50 umal per liter. The latier blood
lead concentration would be typical of a population
with little environmental exposure to lead. In public
health terms — and assuming that a reduction in
mean GCI score reflects a shift in score distribution
rather than a change in the shape of that distribution
— a downward shift of the distribution of GCl scores
of this magnitude represents about half a standard

deviation (1 SD equals 15 GCI points'®). Hence, an"

additicnal 15 percent of the children with high expo-
sure to lead could be considered 10 have developmen-
tal delay on the basis of the criterion that a develop-
mental score more than 1 SD below the mean merits
clinical attention. ~

The results of this analysis and those of the earlier-

analysis of the children at the age of two years'* sug-.

gest that increased exposure to lead resuits in a devel-,

opmental deficit, not just developmental delay. Thé
current analysis indicates that cumulative environ-
mental exposure to lead in early childhood is critical in
affecting subsequent mental development. Further-
more, the findings of the Port Pirie and Boston cohort
studies, which collectively investigated a wide range
of blood lead concentrations in very young children,
indicate that there may be no clear threshold below
which an adverse effect on mental development does
not occur.

This cohort study indicates that a raised blood lead
concentration in early childhood has an independent
deleterious effect on mental development as evaluated
at the age of {our years. This cffect was not accounted
for by the known and measurable influences of obstet-
rical, parental, family, and social environmental fac-
tors on mental development. However, because of the
intrinsic difficulty of defining and controlling con-
founding factors when studving the relation between
blood lead levels and menial development, causal in-
ferences must be made only with circumspection. The
fact that the effect has been observed longitudinally at
the ages of two and four years within this cohort and
that it is stronger at four years suggests that any ad-
verse ellect of lead is cumulative and may result in
long-term impairment in development rather than a
delay in development.

We are indebted to the families who participated in this study,
their doctors, the local hospital stall, the nurse-interviewers
(Barbarz Hobson, Chris Mavromaiis, Mary-Anne Lange, Bron-
wen Morgan, and Louise Thomsan), w the sl of the De-
parument of Chemical Pathology, Adelaide Children's Hosphal
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(Ms. B. King, Mr. R. Oldfield, and Dr. A.C. Pollard); 1o Ms. M.
Padhve and Ms. A, Bartdew for data management; and 1o Mr. C.
Greeneilee, Commonwealth Health Department Laboratory in
Port Pine.
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