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PORT PIRIE COHORT STUDY: ENVIRONMENTAL EXPOSURE TO LEAD AND CHILDREN’S
ABILITIES AT THE AGE OF FOUR YEARS

AnTHONY J. McMicHaeL, M.B.B.S., Pu.D., PeTer A. Bacuurst, M.Sc., Pu.D., NeiL R. Wice, M.B.B.S.,
Granam V. Viveani, M.B.B.S., Pu.D., EveLyn F. RoBerTtson, M.B.Cu.B.,
aND RusseLL J. RoBerTs, M.CLIN.Psycn.

Abstract We studied the effect of environmental ex-
posure to lead on children’s abilities at the age of four
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 antenatally, at delivery from
the mothers and umbilical cords, and at the ages of 6,
15, and 24 months and then annually from the children.
Concurrently, the mothers were interviewed about per-
sonal, family, medical, and environmental factors. Ma-
ternal intelligence, the home environment, and the chil-
dren’s mental development (as evaluated with use of the
McCarthy Scales of Children’s Abilities) were formaily
assessed.

The mean blood lead concentration varied from 0.44
umol per liter in midpregnancy to a peak of 1.03 umol
per liter at the age of two years. The blood lead concen-
tration at each age, particularly 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 covanates 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.”8 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 blood lead concentration of 1.50 xmol 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 0.50
wumol per liter. Similar deficits occurred in the perceptual-
performance and memory scores. Within the range of ex-
posure studied, no threshold dose for an effect of lead was
evident.

We conclude that postnatal blood lead concentration is
inversely related to cognitive development in children, al-
though one must be circumspect in making causal infer-
ences from studies of this relation, because of the diffi-
culties in defining and controlling confounding effects.
(N Engl J Med 1988; 319:468-75.)

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-
velopment; measurement of antecedent exposure to
lead is difficult; and there is uncertainty about the
selection and measurement of developmental out-
comes. The inconsistencies may also 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 seeking 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 gwmol 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 wmol per liter, various
neurophysiologic 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
pmol 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 15 months
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and 24 months exceeds 1.0 wmol per liter (21 ug per
deciliter).!?

The Port Pirie Cohort Study began in 1979. 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.'?

Earlier results 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 pmol per liter (25 pg 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
Development 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, perceptual 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 evaluation 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.

METHODS

From 1979 to 1982 a total of 723 women were recruited during
early pregnancy and followed to the live birth of an apparently
healthy child.'” The children were then entered in 2 long-term post-
natal follow-up study. Recruitment was done through the medical
practitioners in and around Port Pirie, who, after a series of meet-
ings with the research team, unanimously agreed to support the
study. The recruitment rate, estimated from registrations of births
during this period, was 90 percent. Of the 548 children who were
followed to the age of four, 397 lived in Port Pirie, and 151 were
from the immediate rural area, including several smaller towns. The
latter 151 children were included to ensure a 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 postnatal study were in families that left the Port
Pirie district; a few 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 years old.

Blood samples for measurement of lead concentrations were ob-
tained from the pregnant women at specified times and from each
child at delivery (umbilical-cord blood} and at ages 6, 15, and 24
months and annually thereafter. The postnatal samples were ob-
tained from capillaries by finger prick, with use of a rigorous cleans-
ing and collection protocel.'® A pilot study had demonstrated that
blood lead concentrations measured in capillary samples were high-
ly correlated with simultaneously determined venous lead concen-
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trations in 47 children in metropolitan Adeclaide who were two to
four years of age.'® The samples were obtained by staff members of
the Port Pirie Cohort Study. The capillary-venous blood lead corre-
lation coefficient was 0.97.

Blood lead concentration was estimated with electrothermal
atomization atomic absorption spectrometry.?” Measurements of
blood lead levels have been performed by our laboratory (at Ad-
elaide Children’s Hospital) for more than 20 years. Throughout this
study, both internal and external (interlaboratory) 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 Assaciation of
Australia and the international programs run by the health depart-
ment of Pennsylvania and the Wolfson Research Laboratories (Bir-
mingham, United Kingdom). Estimates were standardized to 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 four years). This method of averaging adjusts for the
unequal time periods between successive blood samples. Since
blood lead concentrations have approximately log-normal distribu-
tions, the reported mean blood concentrations of lead 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 a range of demographic, familial, 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 lead concentration conducted all testing sessions in a clinic
setting. Although the psychologist had also assessed the child’s
development (using the Bayley 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 data to scale scores was done by computer. The scoring
process was thus reliable and accurate. Annual mean MSCA scores
during the three years of testing were compared in order to
test for temporal observer drift; a variation 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 population. (A review of the original standardization in the
United States, from about 1970, might lead one to expect that the
scores would be 100 for the GCI and 50 for the other five scales.
However, there is evidence 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 results 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 quality of stimulation of children
in their homes.?® The inventory measures 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; appropriateness of play materials; and variety in daily
stimulation. These aspects of the home environment correlate well
with intellectual and verbal development in early childhood.?***
One nurse-interviewer who was trained in the use of the HOME
inventory made nearly all the assessments, although the first 30
were done by the psychologist-trainer.

Maternal intelligence was estimated with use of the Wechsler
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Adult Intelligence Scale-Revised.?* This test was administered in
full by the research psychologist, who was blinded to the children’s
blood lead concentrations. The testing was done while the children
were in the age range of three to five years.

RESULTS
Blood Lead Concentration at Varlous Ages

The geometric mean antenatal {maternal) blood
lead concentration varied from 0.44 wmol per liter (9.1
g 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 umol 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 umol 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 pmol 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 Scores at the Age of Four Years, According to Quartite of Blood
Lead Concentration and Time of Blood Sampling.
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correlation coefficients for all pairs of measures of
blood lead concentrations between the ages of 15
months and seven years (with data still incomplete
at six and seven years) were in the range of r = (.55
to 0.80; the value of 0.55 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 independently 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 11, there was an
excessive delay before testing. The latter group was
excluded from the analysis; among the other 537 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 boys on
all scales. The scores were 2 to 3
percent lower in the children resid-
ing in Port Pirie than in those from

Brooo
LEAD LEVEL® BLOOD SaMPLE

ANTENATAL UMBILICAL

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

INTEGRATED
POSTNATAL
AVERAGE

(AVERAGE] DELIVERY CORD 6 MO 15 MO 2 YR 3YR
Mean blood lead level (zemol per liter)
1 0.29 0.27 0.21 0.40 (.58 0.64 0.58
2 0.42 0.40 0.35 061 08 09 084
3 0.51 0.53 0.48 0.82 1.18 1.18 .09
4 0.69 0.78 0.72 118 1.68 1.63 1.46
General cognitive index ’
1 108.8 109.5 1086 111.2 110.1 1124 1120
2 109.4 108.8 109.3 1074 1099 109.4 109.0
3 106.7 106.1 104.7 105.9 1054 1046 105.7
4 104.3 104.2 1063 104.1 103.6 102.3 102.0
Perceptual-performance score
1 58.4 58.0 $7.7 592 585 595 590
2 57.9 57.9 517 570 585 583 583
3 56.5 56.2 55.2 558 S6.1 557 567
4 55.2 55.3 57.1 556 546 541 536
Memory score
1 48.2 49.1 49.3 498 49.2 509 511
2 49.4 49.5 48.6 47.6 49.4 49.0 48.3
3 48.0 47.7 47.7 48.0 47.1 473 473
4 473 46.9 47.2 47.2 471 456 459
Motor score
! 54.4 54.9 54.5 556 552 556 559
2 54.4 53.9 543 53.6 54.0 55.4 54.2
3 539 53.9 52.9 53.4 535 519 537
4 52.5 524 53.2 529 528 522 515
No. of 534 479 474 526 527 534 525
children

*The first quartite includes those with the lowest blood concentrations of lead and the fourth those with the highest

concentrations.
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the GCI had the highest correlation

047  0.60
071 085 (r = 0.58}, whereas the motor scale
092 1.05 had the lowest {(r = 0.43). The
126 1.36
MSCA motor scale was only mod-
L 12 erately correlated with the Bayley
1092 1083 Psychomotor Development Index
Y p
103.6 1040 (r =0.28).
1047 103.0
Age-Specific Blood Lead Concen-
58.8 59.7 tration and MSCA Scores
587 581 N .
549 556 I*.or each age of t}_xe children at
552 54 which blood sampling was per-
formed, the study population was
507 502 subdivided into quartiles of blood
ig'g :g'é lead concentration, each of which
470 463 contained approximately 135 chil-
dren. Variation in MSCA scores
55.0 56.0 was examined in relation to these
5;-0 54.3 quartiles. At each age, there was a
22:2 ;gé consistent inverse relation between
s30 463 blood lead concentration and

MSCA scores.
This inverse relation had similar
strength for the GCI, the memory
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score, and the perceptual-performance score, with the
mean values varying by approximately 10 percent be-
tween the highest and lowest quartiles of blood lead
concentration. Table 1 shows that the range of mean
scores was greater for blood lead concentrations meas-
ured postnatally than antenatally or at delivery and
was greatest at the ages of two and three years. Sincé
the verbal and quantitative scales are subsets of the
GCI and the scores obtained on them varied only
slightly with the blood lead concentration, they are not
listed.

Figure 1 shows the variation in MSCA scores at four
years of age in relation to blood lead concentration at
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
scores, an inverse gradient extends across the full
range of blood lead concentrations. Figure 1 depicts
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 univariate
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 job) 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 the results of simple and multiple
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 so 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 markedly by adding quad-
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Figure 1. MSCA Scale Scores at the Age of Four Years, Accord-
ing to Blood Lead Concentration at Three 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-fold in-
crease (i.e., one unit on a logarithmic scale) in the
corresponding blood lead concentration. Thus, for ex-
ample, an increase in the integrated postnatal 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 umol per liter, the expect-
ed drop in GCI would be (log;o3 X 28.9) = 13.8
points. After the adjustment for the covariates in the
multiple 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 wmol per liter). The fig-
ure of 7.2 points (95 percent confidence interval, 0.3 to
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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Table 2. Mean MSCA Scores for Covariates That May Confound the Relation between a Child's Ability and His or Her Exposure to Lead.*

: PERCEPTUAL-
INTEGRATED MEAN GENERAL PERFORMANCE MEeMoRrY
COVARIATE CATEGORY Leap Lever CoGNITIVE INDEX ScaLe ScaLe
P vALUE P vaLUE P vaLUE
MEAN (% VARIANCE} MEAN (% VARIANCE) MEAN (% VARIANCE)
smollliter
Sex Male 0.92 105.7 0.058 55.6 0.002 41.5 0.10
Female 0.92 108.3 0.5) 58.0 {1.5) 48.8 0.3)
Residence Non-Pirie 0.70 109.4 0.06 57.6 Q.31 49.6 0.035
Pirie 1.00 106.4 {0.5) 56.7 0.0 47.7 0.6)
Mother's educa- <10 1.07 102.6 <0.001 54.8 0.003 46.0 0.005
tion (yr) 10 0.96 105.6 (3.2) 55.9 2.1 47.4 (1.9
11 0.86 107.8 51.7 48.5
=12 0.83 T 1132 59.5 50.8
Mother’s work site Home 0.92 106.4 0.10 56.5 .10 48.1 0.79
External 0.92 108.9 ©.3) 57.9 ©.3) 48.4 0.0)
Mother’s marital Unmarried 113 99.6 <0.001 523 <0.001 4.7 0.001
status Married 0.90 107.8 (1.6) 57.3 n 48.5 1.0
Mother’s age (yr) =21 1.11 102.3 <0.001 54.7 0.02 46.0 0.003
22-29 0.90 107.3 2.3 57.0 n 48.1 (1.8)
=30 0.84 L3 58.7 50.5 .
Antenatal medica- No 091 109.1 0.07 58.2 0.03 49.0 0.18
tion use Yes 0.93 106.4 ©.4) 56.4 .7 47.9 0.2
Mother’s 1Q <81 L1 94.0 <0.001 48.6  <0.00! 42.5 <0.001
81-%0 0.98 107.4 ©. 57.3 (9.6) 48.7 6.2)
91-100 0.88 107.8 51.4 483
>100 0.80 114.5 61.0 52.0
Not measured 0.95 105.5 55.9 47.0
HOME score <39 1.08 95.9 <0.001 50.8  <0.001 45.1 - <0.001
39-41 0.99 104.6 {16.0} 553 (13.9) 43.7 ©.1)
42-44 0.92 109.3 58.4 47.0
45-47 0.79 110.5 58.9 48.5
>47 0.80 116.9 61.7 53.0
Father's educa- <10 0.96 104.8 <0.001 56.1 <0.001 46.2 0.002
tion (yr) 10 0.91 105.9 ¢.9 56.1 (6.8) 48.0 2.3
11 0.91 108.3 58.0 L48.3
=12 0.82 114.6 60.8 51.4
Missing 1.09 99.6 51.3 46.6
Father’s work Unemployed 1.1l 97.3 <0.001 52.0  <0.001 43.3 <0.001
Non-office 0.92 106.5 56.8 418
Office 0.83 113.8 6.4) 59.9 “.n 51.7 4.9
Unknown 113 101.1 52.9 45.6
Delivery Occipital 0.92 106.7 0.55 56.8 0.78 47.9 0.52
Cesarean 0.95 109.1 0.0 571.7 0.0 48.7 0.0
Other 0.90 107.7 56.9 489
Apgar score at Yor 10 0.90 105.5 0.23 56.4 0.55 47.1 0.14
5 min =<8 1.01 107.5 0.1) 57.0 0.0) 485 ©0.2)
Oxygen use at No 0.90 108.1 0.03 574 0.04 48.7 0.04
birth Yes- 0.99 104.83 0.7 55.6 0.6) 47.0 (0.6}
Neonatal No 0.91 107.4 0.59 57.1 0.60 48.4 0.98
jaundice Yes 0.94 106.6 0.0 56.6 0.0) 47.8 0.0
Birth weight (g) <2500 1.06 99.3 0.02 53.0 0.01 4.0 0.17
' 2500-2999 0.99 104.5 (1.3 55.0 1.6 48.4 ©0.4)
3000-3499 0.93 107.1 56.6 48.3
=3500 0.88 108.9 58.2 48.4
Size for dates Small 1.01 100.7 0.10 53.6 0.01 4.3 0.08
at birth Appropriate 0.92 107.3 ©.5) 57.0 (1.6) 48.2 0.6
Large 0.90 108.1 56.9 48.5
Birth rank First 0.95 106.7 0.62 56.5 0.68 48.4 0.44
Second 0.91 107.0 ©0.0) 51.3 ©0.0) 47.6 0.0)
Subsequent 0.89 108.5 57.1 48.9
*The P values indicate the global statistical signi of di between the ies of each ate, ignoring all other covariates. HOME denotes home observation for measurement of

the environment.

were less strong. However, measures of postnatal  were approximately halved relative to their values in
blood lead concentration retained clear, negative, and  the simple regression. Thus, the covariates that were
predominantly statistically significant relations with  included were, in aggregate, positively confounded
the GCI. For these postnatal measures, including the with blood lead concentration and accounted (either
integrated average value, the regression coefficients - independently or through their association with expo-
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sure to lead) for approximately half 120 ) ]
the apparent effect of blood lead GCl Score ( rgfe‘;'s?:ff’c&h 150)
concentration that was evident in 115 4
simple regression analysis. \
Repeated analysis including 1104
stratification according to sex did Change
not significantly improve the fit, al- 2:.:5 105 ~" Mean score = 107.1
though the negative regression coef-
ficient of blood lead concentration NG
in relation to GCI score was slightly 1009 |
higher for girls than for boys. Re-
peated analysis restricted to chil- 95 | I
dren with blood lead concentra-
tions below 1.21 umol per liter (25 % 1 1

ung per deciliter) showed that the
relation at such levels was as strong
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
relation with GCI was actually
stronger at values below 1.21 umol
per liter than overall. 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 analyses, small progres-
sive reductions occurred in each of the regression coef-

Table 3. Estimated Coefficients of Log Blood Lead Concentration from Simple and
Multiple Regression Analyses of MSCA Scores at the Age of Four Years.*

T T T T T

0.25 05 10 15 25
L_Changein PbB |

Blood lead concentration (Lmol/l)

Figure 2. Linear Relation, as Estimated from Multiple Regression Analysis, between
the Integrated Postnatal Average Blood Lead Concentration (Shown on a Logarithmic

Scale) and the General Cognitive Index {GCI).

The estimated decrease in GCI associated with an increase in biood lead concentra-
tion from 0.50 to 1.50 umol per liter 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 years) 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
anh average blood lead concentra-
tion of 1.50 umol per liter during
the first four years of life will have a
GCI score approximately 7.2 points

BLOOD SaMpLE GeNERAL COGNITIVE INDEX PERCEPTUAL-PERFORMANCE

ScaLE
SIMPLE PARTIAL

SIMPLE PARTIAL

coefficient *SE (P vatuej

SIMPLE

MEMORY SCALE lower (95 percent confidence inter-
val, 0.3 to 13.2) than a child with an
average blood lead concentration of
0.50 pmol per liter.

Finally, the change in a child’s

PARTIAL

Antenatal (average) ~15,1%4.7 —18%57 =—9.5227 =—4.1x33 =-4.8+27  2.0x33 ;
©.00)  (0.7% (<0.00)  (0.22) ©.07) ©.54 average blood lead concentration
Delivery -10.4+3.9 —04x45 -51%23  0.2%27 -49*22 -0.4=26 between the first two years and the
©.008) 093 ©03 095 ©03 (089 second two years of life was exam-
Cord -6.1%3.4  33x4] —30%£20 16224 —3.0£20 26224 . : : .
©.08) ©42) ©.13) ©.50) ©.12) 02N ined in relation to the change in
6 Mo —15.1£3.8 —85%4.4 —7.8x22 ~-48%25 -—49222 24225 (rank-ordered) measures of cogni-
(<0.001)  (0.05  (<0.001)  {0.06) (©.03) (0.34) tive ability between the ages of two
15 Mo -143%38 -3.5x48 —8.2%£22 -32%28 -53%22 -0.5227 years (according to the Bayley
(<000}~ (046) (<0001  (0.26) ©.on 87 Mentai Developmental Index) and
24 Mo —25.8+43 —11.1254 —13.5%25 -62%3.2 —13.4224 -73%3] ;
(<000 (004  (<0.00D (005 (<0001 (0.0 four years (according to the GCI).
36 Mo —25.1%43 —13.1£5.6 —13.6225 —7.7%3.3 —127%24 —72+32 Such an analysis should reveal
(<0.001)  (0.02)  (<0.001)  (0.02) (<0001}  (0.27) whether intellectual function at the
48 Mo ~20.1%4.1  —5.5%5.] —11.2%24 —4.0%30 -103223 -4.1+3.0 age of four years is particularly
(<0.001) ©.29) (<0.00D) ©.18) (<0.000) @17 inﬁuCnCCd b recent blood lcad lev-
Integrated postnatal —-28.9x5.5 -15.0x7.3 —15.1%x3.2 -83%4.] -I33x3.] -7.9x42 ’ Y .
average (<0.001)  (0.04)  (<0.001) (005  (<0.00)  (0.06) els. However, no relation was ob-

*The partial regression coefficients are from analyses incorporating all the covariates in Table 2. The P values are for

assessments of the two-sided hypothesis that the estimates are not zero.

served between changes in post-
natal blood lead levels and changes
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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 two age periods.

Discussion

Qur results 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 1Q 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 covariate. However, while
these interrelations remain unknown and controversy
persists about whether exposure to lead affects 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 concentrations
at earlier 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 relation is most evident in relation to
raised blood lead concentrations during the postnatal
period. Within the cohort we studied, any adverse ef-

Aug. 25, 1988

fects of elevations in maternal and fetal blood concen-
trations of lead are likely to have been overwhelmed
by the much higher concentrations in the children be-
cause of their direct environmental exposure to high
levels of lead during early childhood.

This phase of the Port Pirie Cohort Study indicates
that a group of children with an average blood lead
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 wmol per liter. The latter 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 GCI scores
of this magnitude represents about half a standard
deviation (1 SD equals 15 GCI points'®). Hence, an
additional 15 percent of the children with high expo-
sure to lead could be considered to have developmen-
tal delay on the basis of the criterion that a develop-
mental score more than | 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 results in a devel-
opmental deficit, not just developmental delay. The
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 four years. This effect 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 studying the relation between
blood lead levels and mental 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 effect 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 staff, the nurse-interviewers
{Barbara Hobson, Chris Mavromatis, Mary-Anne Lange, Bron-
wen Morgan, and Louise Thomson); to the staff of the De-
partment of Chemical Pathology, Adelaide Children’s Hospital
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(Ms. B. King, Mr. R. Oldfield, and Dr. A.C. Pollard); to Ms. M.
Padhye and Ms. A, Bartlett for data management; and to Mr. C.
Greeneklee, Commonwealth Health Department Laboratory in
Port Pirie.
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