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Lead s a confirmed neurotoxin, but questions remain about lead-associated intellectual deficits at
blood lead levels < 10 pg/dL and whether lower exposures are, for a given change in exposure, asso-
ciated with greater deficits. The objective of this study was o examine the association of incelli-
gence west scores and blood lead concentradion, especially for children who had maximal measared
blood lead levels < 10 pg/dl. We examined data collected from 1,333 children whe participated in
seven international population-based longitudinal cohort studies, followed fron birth or infancy
uatil 5-190 years of age. The full-scale 1€} score was the primary outcome measure. The geometric
mican blood lead concentration of the children peaked at 17.8 pg/dl. and dedlined w0 9.4 pg/dL by
57 years of ages 244 {18%) children had a2 maximal blood lead concentration < 10 pg/dl., and
103 (8%) had a maximal blood lead concencration < 7.5 pg/dL. After adjustment for covariates,
we found an inverse relationship between blood lead concentration and [} score. Using a log-
lincar model, we found a 6.9 [Q point decrement [95% confidence interval (CI), 4.2-9.4] associ-
ated with an increase in concurrent blood lead levels from 2.4 to 30 pg/dL. The estimated 1Q
point decrements associated with an increase in blood lead from 2.4 to 10 pg/dL, 10 to 20 pg/dL,
and 20 o 30 pg/dL were 3.9 (95% CI, 2.4-5.3), 1.9 (95% CI, 1.2-2.6), and 1.1 (95% CI,
0.7-1.5), respectively. For a given increase in blood lead, the lead-associated intellectual decre-
ment for children with a maxinl blood lead level < 7.5 pg/dL was significanty greater than that
observed for those with a maximal blood lead level = 7.5 pg/dL (p = 0.015). We conclude that
environmental lead exposure in children whe have maximal blood lead fevels < 7.5 pg/dL is asso-
ciated with intellectoal deficits. Key words: blood lead concentration, children, environment,
epidemiology, intelligence, lead, lead toxicity. Environ Frealth Perspect 113:394-899 (2005).
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The preponderance of experimental and
human daa indicares that there are persistent
and deleterious effects of blood lead levels
> 10 pg/dL on brain function, including low-
ered intelligence, behavioral problems, and
diminished school performunce (Baghurst
et al 1992: Bellinger eval. 1992; Cory-Slechta
1997; Dierich et al. 1993; Ernharc eral. 19895
Nadonal Rescarch Council 1993; Needleman
and Garsonis 1990; Pocock et al. 1994; Rice
1993; Wasserman et al. 19975 Yule et al,
1981). Lead toxicity, defined as whole blood
lead 2 10 pg/dl. was based on numerous
cross-sectional and prospecrive studics
[Bellinger et al. 19875 Centers for Discase
Conwol and Prevenuon (CDC) 1991 World
Health Organization (WHO) 1995]. These
studics generally, bur not always, found
adverse consequences of childhood lead expo-

sure (CDC 1991, WHO 1995). Sall, most of

the children in those studies had blead lead

levels » 10 p/dL. The WHO and the CDC

894

recognized that there was no discernable
threshold for dhe adverse effeets of lead expo-
sure, but too few studies had examined chil-
deen with blood lead Jevels < 10 pg/dh o
support any firm conclusions (CDC 1991
WHO 1999).

There is emerging evidence that lead-
associated intellecruad delicits occur ar blood
fead Tevels < 10 pg/dl. [n the Rochester
Longitudinal Study, there was an esdmared
reduction of 7.4 Q) points wssociated with an
increase in lifetime mican blood lead from
Vo 10 pg/dl (Canfield ecal. 2003). Ina
reanalysis of a Boston, Massachuscrs, cohort,
a similar finding was observed among chil-
dren whose masimal blood lead level was
< 10 py/dl (Bellinger and Needleman 20033,
Questions abour an effect of lead ac blood
lead levels < 10 pg/dL persist, however,
because of the relatively small numbers of
children with maximal blood lead levels
< 10 pg/dl in the Rochester Longirudinal

Study (Rogan and Ware 2003). Other studies
were limited because they ivolved children
whose blood lead levels may bave excecded
1 pe/dl ac some point in their lifetime or
because imporant covariates, such as marernal
[} scores, were not always available (Fulion
et al. 19870 Lanphear cral. 2000 Schwarw
1994; Schwartz and Ouo 1991 Walkowiak
et al. 1998). Because of the policy implica-
tons of this research, 101s oriveal o estimate
with greater precision the exposure-response
relationship at bload lead levels < 10 pg/dLL.
The primary objective of this pooled analy-
sis was 1o estimate the quandtative relatonship
between children’s performance on 10 tests
and selecred measures of blood lead concenira-
tion among children followed prospectively,
from infancy through S—10 vears of age in
seven prospective cohort studies. We also
sought to test whether the fead-associated 1Q
deheir was greater for @ given change in cxpo-
sure among children who had maximal blood
lead levels < 10 pg/dlL compared with children
who had higher bload lead concentrations.

Materials and Methods

We contacred investigators for all eighs
prospective lead cohorts that were initiated
hefore 1995, and we were able o retrieve data
sets and eolldboration from seven, The par-
ticipating sites were Boston (Bellinger eoall
1992); Cincinnati {Dietvich ¢t al 1993} and
Cleveland, Ohio (Brnharr e al, 1989);
Mexico City, Mexico (Schnaas et al. 2000);
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Pore Pivie, Australia (Baghurst ¢t all 1992):
Rochester, Noew York (Canfield er al. 2003),
and Yugoslavia (Wasserman et al. 1997), The
Svduey, Australia, study was noc included
becanse we were unable 1o contact the investi-
gators {Cooney et al. 1989} The dara for dhe
Rochester Longiudinal Saudy and for Mexico
Ciry, collecred when the children were about
6 vears of age, have not been published else-

where. The eligibility criteria and mechods for

cach of the coborts are described elsewhere

(Baghurse coal 19925 Bellinger cral. 1992,
Canficld coal, 2003; Dicirich cval, 1993
Frohart co al. 19895 Schoaas er al, 2000:

Wasserman ¢ al. 19971 All studies were
approved by their respective instirudonal
review boards.

Outeame weasures. The primary outcome
measure was the full-scale 10, which is a com-
posite score of verbal and performance tests,
The children were admimistered a version of the
Weehsler Intelligence Seales Tor Children
[Weehster Inceiligence Seale for Children-
Revised (WISC-R; Weehsler 1974), Weehsler
Intelligence Scale for Children—HT {WISC-TL
Weehisler 19913, Wechsler Preschool and
Primary Scales of Tntelligence (WPPSE; 19673,
and Weehsler Tneelligence Scale for Children—
Spanish Version (\\ [SC-S: Wechsler 19813
undu uniform condirions within cach study.

The 1 test was administered when the children

were between 4 years 10 months and 7 vears of

age for all but one wohort. In the Bostan cohort,
we used biood fead toses aken e S vears of age
and the ncarest available full-seale 1Q score,
which was done ac 10 vaars of age.

Venous or fingerstick capillary blood sam-
ples were obrained using standard protocals.
Cord blood fead was collected i a subsample
of the subjects. During cach child’s examina-
tion, demographic and health information
were obrained from the parent {usually che
biologic mother). 1Q tests were adminisiered
tw the mother, We also obtained data on other

factors that might confound the relation of

lead exposure and 1Q, including child's sex,
birth mdu birth wuglu maternal education,
maternal age. marical status, prenaral aleohol
exposure, prenatal tobacco exposure, and the
Flome Observition for Measurement of the
Enviromment {HOMLE) Inventory score. The
HOME Inventory is an index that refleces the
quality and quantity of emodonal and cogni-
rive stimulation in the home environment
(Caldwell and Bradley 1984).

Measures of exposure. We examined four
measures of blood lead: concurrent blood lead
(defined as the blood lead mcasured closest
to the 1Q test), maximum blood lead level
{defined as the peak blood lead measured at
any tinme before 1) test), average lifetime blood
lead {defined as the mean blood lead from
6 months to concurrent blood tead tests), and

carly childhood blood lead (defined as che

mean blood lead from 6 to 24 months), The
blood sampling intervals varied across studies.
To cobance comparability across studies, we
used the following blood sampling intervals
{bused on children’s agek: 6, 12 (or 15), 36, 48,
and 60 months. We used mean blood lead
rather than arca under the curve (AUC) 10
maintiin the sume units of analysis for all four
leud indices. The AUC and mean provided
essentially the same informacon abouc chil-
dren’s fead exposure (= .97,

Stasistical methods. |
tative relationship between children’s perfor-

‘o estimate the quan-

mance on 10 wsts and selecred measures of

blood {ead concentration, we examined the
potential confounding cffects of other facrors
associated winh TQ scores using wultiple
regression analvsis. Ten factors were available
HOMLE Toventory,
child’s sex, bivth weighe, birth order, maternal
viducation. maternal Q. maternal age, marial
status, prenatal smeking status, and prenacl

from ndividual sites:

alcohol use.

The development of the regression model
nvolved a multistep process beginning with a
simple unadjusted model relating cach blood
lead measure 1o 10 while controlling Tor site.
The first step was to test whether the linear
wodel of the relationship between blood lead
and 1Q, applied in most of the individual
cohort analyses, provided a good fit over the
wider range of blood lead levels represenced in
the pooled data, First, a linear model adjusted
aud chen
quaddratic and cubic werms for blood lead were
added to test for lincarity. A restricted cubic
spline funcdon was fic to the data o produce
1 curve that followed the daca in che absence

for the seven stres was estimared,

of any assumptions about the lunctional form
of the relationship.

After an mival model was chosen, we
examined cach of the 10 available confounders
individually and in combination with the
other covariates w assess potential confound-
ing of the [Q-biood fead relationship. Careful
attention was paid 1o the subilivy of the para-
nicter estimares as each additional werm was
added. This process was halied when cither no
more mgmhcmu terms {p < 0.10) entered the
model or the inclusion of addidonal terms
caused no substantial change e, » 109%) in
the blood lead coethcient,

In all models, we wested the mweraction
of blood fead and site o dewermine whether
{ the 1Q-blood lead
relationship could be used for all cohors.
After an inidal model was selecred, the wests
of linearity and the restrivted cubic spline
modcls were recomputed to ensure that our
initial model was sull appropriate after adjusi-
ment for covariates {Harrell 2001). We also

dsunimary measure of

produced separate linear models for cach of

the seven cohorts adjusted for the covariates
sclected in die combined model.
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After the mualtiple regression models
were developed, regression diagnostics were
employed w ascertain whether the fead cofli-
cient was atkected by collinearite or influcental
1980). Alter regres-
ston diagnostics were examined and honio-

obscervations {Bels lg\’ cial 1

1 coefficients across

geneny of the
sites was evaluated, the At of all four measures
of blood fead was comp wared using the magni-
wide of the model #7 The blood lead measure
with the largest £ (adjusted for the same
covariates) was selected o priovi as the preferred
blood lead mdex relating blood lead 1o 1QQ.
Several approaches were invesdgated to
evatuate the stability of dhe final model.
Althou E«h the seven cohorts were not rmdnmlv
sampled from a Llryu population of studics,
assumnption could be made dhat they were rep-
resentative of alarger population of Children.
Accordingly, we C\«‘;illld[(d the resules of apply-
ing a random-effects model fwith sites ran-
dom) rather than ¢ fixed-clfects meoddd i'l itret]
Cal. 1996). We a

any vne site on the overall maodel by caleulat-

so examined the effear of
ing the blood lead coeflicient in seven identical
maodels, cach omitting one of the seven cohorts
{Efron and Tibshirani 1993).

Afeer the final model was sclected using the

o
full-scale 1Q) as the ontcome variable, we fic

similar models for verbal and performance
1Q) scores. We also examined interactions of
covark

es with blood lead concentration (effect
modification) and tested the effect of induding
race as a confounder i the ULS. cohore studies.
Finally, we examined the rclminnsixip of prena-
tal fead exposure {cord blood) and HQ score in
the subsamiple for which cord b

were JN\IJH .

0()({ lead LOsts

Results

OFf the 1,981 eligible children from the seven
cohorts, data on all 10 covariates were available
for 1,308 (839%) childreny 1,333 (84%) chil-
dren had dac on the four major covariates that
were selected for the final model (Table 1),
Blaod lead fevels were highest in Yugoslavia
and lowest in Rochester and Boston for all lead
eaposure dices (Table 2). The median peak

or maximal blood lead concentration was
18 pgfdl; the mean age when children’s blood
fead levels peaked was 2.5 years. By 57 vearns
of age, the median blood level had declined w
9.7 pg/dL {concurrent blood lead concenta-
tion). The lifcriime average blood lead concen-
tration was 12.4 pe/dl; 244 (18%:]) children
|md a maximal blood lead concentration

peddl, and 103 {89%) had a maximal
1 Ioud lc,nd concentration < 7.5 pg/dl.

The mean 1Q of all children was approxi-
mately 93, Child () was highest in the Boston
cohort and fowest in the Yugoslavia cohort
(Table 2). In univariate regression analyses, chil-
dren's 1QQ was significantdy relaced o site, mater-
nal 1Q, the HOML score, muaternal education,

895
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marital statns, birth weight, nuternal age, birdh
order, race {(for LS. colwres only), and pre-
natal tobaceo exposure. Tn contrast, child’s sex
and prenatal aleohol consumption were not

Table 1. Characteristics of the children ang of their
mothers in the pooled analysis {n = 1,333}

Characteristic Value
Child characteristic
Fema I(‘ (64 150.2)
Birth weight? {g) 3,286 ¢ 503
le(.t on at delivary” {wecks! 396119
Birth order® 20(1Y)
Bloud lead cohcentiation®
Corcurrent 97125 332
Peak 180B.2-47 0
Larly childhend 12740 398)
Lifelime averayge 12.4{41-34.8)
Peak binod lead 244 (1R.3)

curcentration < 10 yg/dle
Puak blood lead
concentration < 7 5 pg/dl
IV 932+ 192

Age a1 10 testing® {years; Gu+1?
Matemal characleristics

Age at delivery” lyoars] 454
Materat 1G7 BHZ  1HL
Education st delivary (grade) 111428
HOME seore® 370484
Max‘rmi" 896 (67.3]
Smoked duning pregnancy” 153 (34.1)
Alronol use during pregnancy” rRvawi

HOME score was standardized to preschool test, Early
childhood blood lead concentration was defined as the
mean of 6- to 24-month biood Jead tests. Lifetime average
blond fead concentration was defined as the mean of bloed
lead tests taken from & months through the concurrent
blood lead lest.

No. (%), ®Mean + §D. ®Median (5th 9511 percentles).

significandy associated widh a deficic in 1Q
score { Lable 3).

We examined the relationship ol the Tour
blood fead indices with 10 (Table 4). Although
all four blood lead measures were hughly cor-
refuted (7 range = 0.74-0.96), the concurrent
ead variable exhibited the scrangest
relationship with 1Q), as measured by R

Aldhough l!u means differed {or the differen:
blomi lead indices, the resubes of the regres-

b [()(\L!

ston analyses were very similar. Do alt subse-
quent analyses and figures, the concurrent

blood lead measure was used as the prinsary
lead exposure index.

The shape of the exposure-response rela-
tonship was determined w be nonlinear insofar
as the quadratic and cubic wrms for conenrren
blood lead were statistically significant (p <
0.001 and p = and 0.003, respectively). Because
the restrictive cubie sphine indicated thac a log-
linear maodel provided a good fit 1o the data, we
used the log of concurrent blood lead in all sub-
sequent analvses of the pooled data {Figuue 1,
analysis resuled inoasis-
term model: luy of concurrent blood lewd, site,
maternal 1Q, HOME Inventary, buth weight,
and maternal education, which we consider
our preferred model (Table 4). Lincar models
of concurrent blood lead and 1QQ are shown for

The muldvariable

cach of the seven coborts, adjusted for che
same covariates (Figure 2). The addivional six
rermy we considered {child's sex, birth arder,
maternal age, marial satus, prenatal smoking

status, and prenatal aleohol use) contributed

verv litde o the overall fic of the moded, and
thetr incluston in the model resulted i virea-
ally no change o dhe codhicient for blood lead
{Le, < 5%). None of dhe six erms was statisti-
cally significant (dac notshown.

The shape of the log-lincar moded and the
spline funcion indicated thar the steepest
declines in 1QQ were at blood lead levels

10 pefdl (Figures 3 and 43, The log-linear
modd estimated a decrenienc of 6.9 1) points
[95% confidence inerval (C1), 4.2-9.4] for an
increase in concurrent blood lead levels from
24 o 30 pe/dh, representing the Sth w the
95¢h percentile for blood lead values in the dara
set {Fable 4). Bue the lead-associed decrement
was greatest in the lower ranges of blood lead.
The estimated 1Q decrements associned with
an inerease in blood fead from 2.4 1o 10 pg/dl
10 o 20 pg/dlw and 20 10 30 pg/dl were 39
")3% CL 24-53) 1.9 (95% CIL 1.2-2.6), and

I {(95% ( , 0.7-1.5), respectively (Fable 4).

To investigate turther whether the fead-
associated decrement was greater at Jower blood
lead concentrations, we divided the dara art two
cut-points g priori (e, masinmal blood lead
above and below 10 pg/dl, and maximal blood
lead above and below 7.5 pe/dl) (Fugure 43,
We then fic separate linear models to dhe daw
i each of these ranges and compared the blood
lead cocthcients for the concurrent blood lead
e coeflicient for the 103 children
with maximal blood lead levels < 7.5 pg/dl,
was significantly greater than the coctlicient for
the 1,230 children with a maximal blood lead

index, 1

Table 2. Characteristics 0f 1,333 children and their mothers in seven cohort studies of environmental lead exposure and |Q.

Boston Cinginnati Cloveland Mexico Port Pine Rochester Yugoslavia
Charactenstic (n=116] {n=22%) {n=160] {11=4G) {n=324] (n=182) (n=1231]
Percent fomale! 645171 108 (48.9) 73145.6) 501505 174537} 849(48.9) 115{49.8)
Birth weight® {g) 3A1Z 510 3,144 1 457 3,169+ 498 3,254 1 432 3393 502 3.226 s 506 3.328 1 26
Gestation at dolivery” (woeks) A00=+718 3896217 396+ 1.7 402+ 1 KRES 341218 393+29
Birth order” 16410 26+ 1.4 22418 TH 09 20411 w‘«i 2617
10 tost WISC-R WISC-R WPPS| WISC-S WISC- WPPSH WISC-H
10 score? 1160 ¢ 142 870114 867182 1678+ 110 WS 0137 #48144 /424133
Age at 10 testing lyoars) 10 7 48 7 7 6 7
Blood lead concentratiens”
Concurrent blood lead Hd 15 142 74 13.0 A0 14
{08-12 /3 [35-200) /0 2845 30 165] (60 240 (15-12.0) (4.7 178
Peak bluod lead 120 179 80 15.0 270 3.0 238
ba-2/01 {9.0-38.00 56 34.0) {50 100 (150 460 (39 23.3) (76 615
Early childhood 8.1 12.0 13.4 114 205 58 14.1
3.3 180} 66 26.8] (79 248 13 268) 1110 333 (24-13.1) {43 A0
Lifetime maon 76 1.7 145 106 186 55 158
(36152 b8 249 81 253) b 213 (108 307) {24 128 ho 493)
Peak blood lead < 10 pg/dL’ 4135 3) 23004 1116.9) 2010202 u{o.0) 103 {56.6} AG{18.9)
Peak blood leac < 7 5 pg/dl? 130012 1043 106} g8 0{0.0 8%{3/.9) 1148}
Matemal ha(amuislics
Age at delivery (yw 305142 72/7:43 72734 271659 260142 248166 28651
Race (nonwhite)” 514.3) 197 (89.1) BY 3.1 NA KA 130(71.4) NA
Materal I 1242+ 162 /h21 84 1341132 334:+319 34+ 110 8112126 §7.3+148
Educotion at delvery {grade)® 152:+20 11214 106186 1141:35 W6 10 122720 88349
HOML scorg? 505+3% 32767 381467 368167 423146 319:63 30468
Marsiad? 1071432 2) 301{13.6} 2{51.2 88188 9) 298182 U} GO {33.2) 231100
Tobacco use during pregnancy” 29125 G} 1150.2) 12818001 (6.1} 190246} AV (226 HG {75!
Alcohol use during pregnancy 51 {52 6) 3040 514649 SRIERH 821(25.3) G55 14451}

NA, Not applicable. HOME score was standardized to preschool scale. Concurrent lood (e

ad tests taken at § years af age were used as the concurrent blood lead test for the Bosten

cohort, and the 10 test was done at 10 years. Test scores of children w the Yugosiavia cohort are low hecause of adjustments in adapting tests where no standardization existed; rather
than deriving appropriate analogues, some culturally driven items were removed, resulting in lower scores.

Mo (%), *Mean +

896

SD. *Geometric mean (5th- 95th percenties),

vouume 113 numser 7 1 July 2005 « Environmental Health Perspectives


http:81.3,].18

Childhood lead exposure and intellectual function

=7 Lg/u linear B = ~2.94 (95% CL -5.16
713 vs. =016 (95% Cl, =24 o0 —0.08);
;; = ().()'A 3], The cocfticient for the 244 children
who had a maxiniad blood lead < 10 pg/dl. was
ot signilicantly greater than the coeflicient for
the 1,089 children who had a maximal blood
lead 2 10 ug’/( Hinear B = ~0.80 (95% C1,
~1.74 t 0.1 \5 B =01 {9%9’0( 1 ~23w
S0.03% p=0. 0 3.
o assess the moded stabiling, we employed
a random-citecss model with sites assumed 1o
be randomly selecred from a larper set of popu-
fattons. Resalis were simifar to the preferred
fixed-cffects model, with the random-effocts
model producing a blood lead cocficient that
o lower (2.6 vs. =2.71. As an addi-
tional measure of model stability, we fit seven
identical log-lincar models with cach moded

was 3.7¢

omitring data from one of the sites. The range
of cocllicients leaving one site out at a time
was =236 (Rochester) o =294 (Yugoshwvial,
Or a percent ch;mgv ranging from =2.6 ro
+8,9%. ']
the stability of our final preferred fixed-effects
moaodel and indicare that dhe results of the
pouled analysis did not depend on the dam
from any single seudy.

We also examined the relation of blood
fead concentration 1o verbal and perfomuance
[Q) scares, adjusting for the same covariates
used i the full-seale 1 model. The cocllicient
for the log of bload laad related to perfurmance

1Y was similar to the coefficient fk)t l(w of

blood lead in che full-scale 1Q model (B =
=273 vs. 270}, wheraas the coefficient for
log of bload lead related o verbal 1QQ was
somewhat fower than dhe coeflicient for the log
of blood fead in the full-seale 1Y model (f =
=207 vs. =2.70), The difference between the
cocthcient for verbal aud performance 19 was
not statistically significant (p = 0.196).

We did not identify any significant inter-

actions between the covariates and the log of

concurrent blood lead, In the U.S. sites, race
was not \ig,mfu andy assoctated with {Q after
inclusion of dhe four covariares in the preferred
model, nor did e alier the estimared reladon-
ship of blood lead concentration and [Q. In
unadjusted analyses involving the 696 children
who had cord blood jead levels, che log of cord
blood lead concentration was siyliﬁcunlv 850~
s 10 ¢ {j_ 1.69, Sk = 0.60;
2= 0.005). After adjusting for the log of con-
current bl(md concentration, the log of cord
blood lead was no longer associared with chil-
dren’s 1 scores (p = 0.21). In contrast, the log
ol concurrent blood lead was significantly asso-
ciated with children's 1 scores even with log
cord blood lead concentration i the maodel
(B =~1.73, SE = 0.74; p = 0.019). Finally, we
identified and ramoved 65 potendally influcn-
tial observations from the data and refic the

on md with le

model. The change in the codicient for log of

blood lead was 1.4%, from —2.70 1o -2.74.
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Discussion

Before 1970, undue lead exposure was defined
by a blood lead level of 60 pe/dlL or higher—a
level ufkn associared with overt signs or symp-
fead toxicity, such as abdominal colic,
anemia, encephalopachy, and death.
then, the't

toms of
l']kﬂ,
oml lead coneentration for defining

nnddue lead exposure has been reduced: from
60 to 40 pg/dl in 1971, ro 30 pg/dl in 1978,
and 1o .ﬁ ug/dL in 1985 {CDC 1990, In
1991, the CDC, and subsequendy the WHO
(19953, further reduced the blood tead value
defining undue fead exposure to 10 pg/dl

(CHC 9.l

hese ongoing reductions in the

tese analyses provide evidenee off

Table 3. Concurrent blood lead concentration and mican 10 scoras by characteristics of children and their
mathers {n= 1333}

Madian concurrent
Hlood fead {py/dl)

Covatiate No {5th 45th percentiles) 10+ S0
Child
Female 569 90024 31.4 938+ 183
Male 664 99(26 30.7) 425 -700
Birth weight fa)
< 3,000 HHE - 180
3,000 10 3,000 351193
Y53 +193

i at delvery tweeks)

: 35+ 186
38042 1, 341186
> 47 1 6.3+ 771
Bitth ardes
1 475 9.01(2.1 32 6) 96./ - 184
2 407 WO 314 946 -187
23 44p 10.0{3.0 3689 890187
Maternal
Rac l"/)l LS. cohorts)
Whi 278 78113 7220 o620
N(:.nwhmé 401 114728 215 B9~ 178
Age at delvery (years)
<75 650 10530 32.0) BIE+1/7
225 683 a2t 347 L2203
Maternal {0
< 518 10.0(2.9 32.0) $3.3:160
=85 115 8.0(7.1-34.3) 16183
Education at delivery (grade)
<17 10 12.004.1-35.5) 904 - 188
1z 197 87124 343) EH,I??’
=17 78 55{11-157} 1055~ 180
HOME score
<30 278 9430 430 f19+148
30 A0 561 100428 322) 883154
> 40 496 95470 72 ¢ W0/0+158
Martied
Yes #96 10120 375 6.7+ 205
Na 436 81424 220 8705143
Prenatal smoking
Yos 453 115(37 332 89511772
No 8/6 8./(272 338 949+199
Prenatal alcobiol ingestion
Yes 778 101{27 7250 953194

No 1035 95127-34.3; 91.7 011584

Table 4. Mean unadjusted and adjusted® changes in full-scale 1Q score associated with an increase in
blood lead concentration {log scalel, from the 5th to 95th percentile of the concurrent blood lead level at
the time of 1Q testing.

Blood lead 1 deticits
soncentialion [Gthta xm

Adjusted

estimatos 15th to 95th B
Blood lead variable [3495% Cijl poreantile, pg/dl) i< ‘x‘
Farly elnldhood -3570 486t 2.78) 2040 327 w6-08Y 41348 4401770
Pgak <ABS{ 516t -3.54] -2.82(-11010 160 40345 6.1{34 48]
Lifetime averags 5361086 68 - 403 -3.04( 4330 - 175} 6.1 470 87(36 88
Congurrent 466157 ~3 60} 2700 3741 168} 24331 7.1{14.9.8)

SAdjusted for site, HOME score, birth welght, maternial 1Q, and malernal education. The addition of child’s sex, tobacca
exposure during pregnancy, alcohol use duning pregnancy, maternal age at delivery, marital status, and birth order did
not alter the estimate, and these were notincluded in e model. The estimates for the covariates in the concurrent blood
lead model were HOME score {3 - 4.23, SE = 0.54), birth weight/100 ¢ {{3 = 1.53, SE - 0.35), maternal 1Q (3 - 4.77, SE . 0.57),
and maternal education {§ - 132, SE - 046].
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acceprable fevels of children’s blood lead were
motivated by evidenee showing that blood lead
concentrations as fow as 10 pg/dL were associ-
ated \\'itl adverse ollects, such as lower ineelli-
gence (DO 1991 WHIO 1995).

In tlns pooled analysis, we lound evidence
of lTead-refated intellectual deficis among
children who had maximal blood lead levels
< 7.5 pg/dl.
a dhreshold. Ochier stadies reported a simidar
inding, but questions abour the relatdonship at
lower levels rtnmincd because they involved
children with blood lead
< 10 peldl. or they did not adjuse for impor-
eld et el 2003 Fulion
¢ Lanphear ec all 2000;
Schwartz and Owo 1991 Walkowiak
1998). In the pooled analysis, we esti-
mated the blood lead=]
data from dhe Sch w 95¢h pereendle of the con-
enrrent blood Tead level ac dhe tine of T test-

simaller numbers of

tant covariates {Canfl
et al. TU87
1994;
ceal

Q rd.umnslnp with

ing, which tends 1o underestimace the advense
cffects of blood lead levels.,
pooled data ser, the observed decline of 6.2 1Q)
points (95% Cl, 3.8-8.6) for an increase in
blood lead fevels from < 1 o 10 pg/dl was
comparable with the 7.4 1Q decrement for an
mcrease in et mean blood fead Tevels from
< 1 o 10 pg/dl observed in the Rochesier
Longitudinal Seady (Canlicld et al. 2003).
Consistent with other seudies (Bellinger
and Needleman 2003; Canficld coal. 2003;

For the entire

195 .
i - S knot spline
oy [ %Il
(=
30
85 T 7 T T T T

DS 0 15 25 30 3/ 45 45 50
Cancurrent blood lead {jig/dL)

Figure 1. Restricted cubic splines and log-linear
model for ¢oncurrent blood lead concentration.
The dotted lines are the 95% Cls for the restricted
cubic splines.

00,

\BOSWH
NOL e Maxico

T Pont Pirie
100

=]
i . Cleveland
. “Cincinnati
80 " Rochester
T e e Yugaslavia
70 T T T — T 1
Q 10 20 30 40 50 60

Concurrent blood Jead (ug/dL)

Figure 2. Linear models for each cohort study in the
pooled analysis, adjusted for maternal 1Q, HOME
score, maternal education, and birth weight, The
figure represents the 5th to 95th percentile of the
concurrent blood lead level at the tume of |Q testing.
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Indeed, we found no evidenee of

Schwarez

Fulton eral, 1987 Lanphear ecall 20005
Schwarez 1994 Schwartz and Qe 1991
Walkowiak et al. 1998),
1 deficies observed in this pooled analvsis
were significandy greater at lower blood

the Tead-associated

lead concentrations. In a mea-analysis, the
observed decrement was greater in soudy
cohores in which children with blood lead
levels < 15 pg/dl were more heavily repre-
seoted {Schwartz 1994). In che Rochester
Longitadinal Saudy, dhere was an esanaed
reduction of 7.4 1) points for an increase in
letime mean blood lead from | 10 pg/dl
{Canficld ¢ al. 2003). In conwrast, 1 scores
declined 2.5 pomts for an inerease in bload lead
cmxccntmriwn from 10 o 30 pg/dl (Canficld
et al. 2003) The farger sample size of this

pooled ;1[1;1]).‘515 permitied us o show dhae dhe
lead-associated intellectual decrement was sig-
nificandy greater for children with a maximal
blood lead of < 7.5 pg/dL than for those who
had @ maximal blood lcad of 2 7.5 pg/dl.
Although the diflerence in coefficients associated
sith the 1Q decrement for children who had a
maximal blood lead concentration < 10 pg/dL
versus 2 10 pg/dl was not stadistically signifi-
cant, the results were consistent with the analysis
using 7.5 pe/dh as a cur-point.

We found that concurrent blood lead lev-
cls or average lifetime estimates of lead expo-

sure were generally stronger prediciors of

Concurrent blood lead (ug/dL

Figure 3. Log-linear madel (95% Cls shaded) for
concurrent blood lead concentration, adjusted for
HOME score, maternal education, maternal {Q, and
bhirth weight. The mean 1Q {35% Cl) for the intervals
<5 pg/dl, 510 wg/dL, 10-15 pg/dL, 15-20 pa/dL,
and » 20 pg/dl are shown.

105
Tlog near model
<= Peak hlgod lead 2 10 ugfdt
100 Peak bloud lead < 10 ug/dl

o % ~
«\\\\
80 -
BS T ‘ ‘ ; .
0 10 20 30 40 50

Concurrent blood tead {pg/dL)

Figure 4. Log-linear model for concurrent blood
lead concentration along with linear models for
concurrent blood lead levels among children with
peak blood lead levels above and below 10 pig/dL.

lead-associated intellectual deficis than was
maximal measured (peak) or carly childhood
bload lead concentration. Although dhis find-
ing conflices widh the widely hald beliet thae
2-yvear {or peak) blood lead levels are the most
sabient measure of lead toxicity, there is
mereasing evidence that Hfetime mean blood
Jead and concurrent blood tead levels are
stronger predictors of 1Q in older children
(Baghurst e al 19925 Canfield cval. 2003:
Dyiterrich eval, 1993 Facror-Litvak e al,
1999). The scronger effects of concurrent and
lifetime measures of lead exposure may be
due to chronicity of exposure (Belinger and
Dherrich 1994). Aliernatively, the weaker
assoctation wich blood lead measured during
carly childhood may be due w exposire mis-
classification from dhe greater within-child
variability of blood lead in younger children,
Neverdheless, because blood lead concentra-
tons taken in carly childbood track closcly
with subscquent blood lead levels (Baghurse
ctal. 1992; Canfield et al. 2003: Dicirich
ctal. 1993) we cannog entirely resolve che
qucsti(m of whether children are more vidner-
able to fead exposure during the firse 2 vears
ol fife. Stll, yonng children do ingest more
fead during the first 2 years of lite and may
absorb it more efficiendy than do older chil-
dren and adules {Clark ecall 1985 Lanphear
200; Ziegler ecall 1978). Thus, cllors
to prevene lead exposure must oceur belure

et al.

prcgn'muy or a child's birth,

The specitic mechanisms tor lead-tnduced
intellectual deficits have not been fully cluci-
dated. There are several plausible mechanisms
for the greater lead-associated inul]ccuml
dehicies obsm'\'cd at blood fead levels < 10 ng/dLL
{(Lidsky and Schucider 2003 Ma rl\mnm and
Goldstein 1988; Schaeider cral. 2003), bucicis
not yet possible to link any ;mmcuhr mecha-
nism with the deficies observed in this pooled
analysis. Nevertheless, efforts can be when w
reduce environmentl lead exposure without
full clucidation of the underlving mechanism
(Wynder 1994).

The observacional design of this study
ltmits our ability to draw causal inferences.
Instead, we must rely on the consistency of
findings from numerous epidemiologic and
experimental studies in rodents and nonhuman
primates, including evidence dhat environ-
mental fead exposure s associaed with ineellee

pgfdi.

wial deficies ar blood lead levels < 10

There are potential limiadons of the wols we

used to measure imporant covariaes. The
HOME Inventory was not conducted at the
same age for children in all of the sites, and the
HOMLE [nventory and FQ wests have not been
validated i all culwaral or ethnic communities,
Nonetheless, because these covariates were

stundardized and adjusted for swudy site, these

problems do not pose any limitatons w the
interpretation of the pooled analysis resuls.
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There are other prediciors of nenrodevelop-
mental outcomes thar we did not examine in
this pooled analysis, such as marernad depres-
stonn. The omission of unmeasured variables
may produce residual confounding (Pocock
1994). Sull, i studies thar did examing
ather relevant covariates, such as breast-feeding

et al

and iron status, the estmared effect of fead was
not altered appreciably (Canfield ecal 2003,
Needleman e al, 1990; Tong and Lu 2000]

Finally, cach of the cohons

s wnigue hmita-
tions that raise questions abourt the validity and
generalizability of their Hndings. Nevertheless,
the resules of these analyses indicare thae che
results are robust and not dependent on the
data from any one sice.

The impact of low-level environmental
lead exposure on the health of the public
substantial, This peoled analysis focused on
intellecrual deficies, bur environmental fead
exposure has been Hinked with an increased
risk for numerous conditions and discases thac
are prevalent in industrialized society, such as
reading problems, school failure, delinguent
behavior, bearing loss, tooth decay, s
neous abortions, renal discase,
vascular disease (Borja-Aburto ecal, 1999;
I)Mmh ctal. 2001 Facror-Litvak eoal. 1999,

Lin et al. 2003; Moss et al, 1999 Nash et al,
2003; Needloman e al. 2002; Schwarrz and
Ouo 1991). Although only a few stadies have
examined the assoctation ol these conditions
or discases Jmcmg individuals with blood
lead fevels < pe/dl (Borja-Aburto coal,
1999: meludr <t al. 2000: Moss et al. 1999,
Schwartz and Qo 1994),
growing.

sponti-
.md cardio-

the evidence is

In conclusion, the results of this pooled
analysis underscore the increasing impottance

of primary prevention as the consequences of

lower blood lead concenuations are recognized.
Altheugh blood fead concentrations < 10 pe/dlL
i children are often considered “normal.” con-
temporary blood lead levels in children are
considerably higher than those foand i pre-
mmdustrial humans (Patrerson ecal, 19915,
Moreaver, existing dat indicate that there s no
evidence of a threshold for the adverse conse-
quences of lead exposure. Collectively, these
data provide sufficient evidence to chiminate
childhood lead exposure by banning all
nonessential uses of lead and further reducing
the allowable levels of Tead in air emissions,
house dust, soil, water, and consumer products
(Lanphear 1998 Rosen and Mushak 20013,

REFERENCES

Baghurst PA, McMichag! Ad, Wigg NR, Yimpani GV, Robertson
£f, Heberts R, et al. 1932, Eovrunmental exposure (o jgad
and children's intelligence al the age of seven years The
Port Pine Cohort Study. N EnglJ Med 3271279 1284,

Bellmger 0, Dietrich KN 1994, Low-level ivad exposure and
cognitive funchion in children, Pediatr Ann 23:600 605
Belinger D, Leviton A, Waternaux C, Needlvman HE, Rabinowite
M. 1987, Longuudinal analyses of prenatal and pestnatal
iead exposure and early cognitive daveloprent. N Engl

Med 316:1037- 1043

Belinger DC, Needieman HL. 2003, intellectualhinparment ang
blond lead levels N Engl J Med 349:500 502

Beliinger DC, Stiles KM, Needieman HL 1992 Low-level Jead
exposuie, mtetigence and academic achievemant a long-
term follow-up stuiy. Pediatrics $0:855 861

Belsley DA, Kub E. Welsch RE. 1980, Begrassion Diagnostics
New York:Johe Whiey and Sens.

Borja-Aburto VH, Hertz-Piceiotte |, Rejas Loper M, Fanas P,
Rios C, Blanco J. 1999 Blood lead levels measured
prospeclively and nisk of spontanecus aborion. An
Epidemiol 150:5906 597

Caldwell BM, Bradiey B 13984, Home Qbservation for Measure-
ment of the Environment. Littte Rock, AR Univirsity of
Arkansas.

Canfield RL, Henderson CR, Cory-Slechta DA, Cox C, Jusko TA,
Langheas BP. 2003, Intellectual n |npaumun m chddren
with blood lead concentrations below 10 nicrograms per
deciliter, N Engi J Med 348:1517 1526,

CDC. 1981 Prevenung Lead Potsoning i Yeung Children A
Statement by the Centers for Disease Control, Atlanta,
GA:Lenters for Disease Control and Provention

Clatk CS, Besnschem RL, Succop B, Uue Hee S8, Hammond
PB, Peace 8. 1985 Condition and type of housing as an
indicator of potential environmental lead exposure and
pediatric blood lead levels Envicon Res 3846 53

Cooney GH, Bell A, McBrde W, Carter €. 1983 Low-level expo-
sures to lead: the Sydney lead study. Dev Mad Child Neuaro!
31640 649

Cory-Slechta DA 1397 Relationships hetween Pheinduced
changes in neurotrgnsmilter system function and behav-
ioral toxicity. Neurotoxicology 18673 688

Oiatrich KN, Berger 8, Succop PA, Hammend PB, Bormschen
RL. 1993. The developmental conseqguences of low to mod-
erate prenatal and postnatal lead exposure: misllectual
attainment 1 the Cincinnati Lead Study Cohort following
school entry. Neurotoxicol Teratol 15:37 -44.

Dietrich KN, Ris MD, Succop PA, Berger 06, Bornschem RL.
2001, Early exposure to fead and juvemle delinquency.
Neurotoxicol Teratol 23511 518

Efron B, Tibshirant R, 1993, An Introduction to the Bootstrap
New York:.Chapman & Hall.

Ernhart CB, Moreow-Tlucak M, Woll AW, Super 0, Urotar D
198S. Low level lead exposure in the prenatal and eatly
srescheol periods: intelligence prior to schoal entry.
Neurotoxico! Teratol 112161 170

Factar-Litvak P, Wasseninan G, Kline JK, Grazano J. 1999. The
Yugosiavia prospective swdy of environmental lead expo-
sure. Environ Kealth Perspest 167:8-15,

fulton M, Baab G, Thomson G, Laxen D, Hunter R, Hepburm W,
1987 Influence of blood lead on the ability and attainment
of chitdren in Ediburgh. Lancet 1122121226

Harrell F. 2001, Regression Modeling Strategies. New York
Springer Verlag.

Lanphear 8P, 1948, The paradox of lead poisoring prevention.
Science 281:1617 1618,

Lanphear BP, Dietrich X, Auinger P, Cox C. 2000 Cognitive
deficits associated with blood lead lovels < 10 pg/dl in US
chitdren and adoiescents, Pubbec Health Rep 115521 523,

Lanphear BP, Horrung R, Ho M, Howard CR, Eberly §, Knauf K
2002. Environmental lead exposure during early childhood
J Pediatr 140:40 -47

Lidsky Ti, Schneider JS. 2003. Lead neurotoxicity in children:
basic mechanisms and clinical correlates Brain 126:5-19

L JL, Lin-Tan DT, Hsu KH, Yu CC. 2003. Environmental lead
exposure and progression of chronic renal diseases in
patients without diabetes N EnglJ Med 348:277 286

Littell BT, Millixen GA, Stroup WW, Wolfinger RD. 1996. 1995
SAS System for Mixed Maodels, Cary, NC:SAS Institute Inc.

Markovae J, Goldstein GW 1988 Picomolar concentrations of
iead stimulate bramn protein kinase C. Nature 334:71-73.

Mass ME, Lanphear BP, Avinger P 1859, Association of dental
carigs and blood tead levels. JAMA 2812294 2298,

Nash D, Magder L, Lustberg M, Sherwin RW, Bubin RJ,
Kaufmann RB, et al. 2003. Blood lead, blood pressure, and

Environmental Health Perspectives « volume 113 | numeer 7 1 July 2005

hypeitension in perimanopausal and pestimenopausal
women. JAMA 289.1523-1532

Natonai Research Council. 1833, Measuring Lead Exposure in
Irfants, Children and Other Sensitive Populations.
Washigton, DC:Natonal Academy of Scienges

Needieman HL, Gatsonis CA 1330 Low-level lnad exposiure
and the 10 of children. A meta-analysis of mpdam stodies,
JAMA 283:673-678.

Needleman HL, McFartand C, Ness BB, Fignberg SE, Tobin M.
2002. Bone lead levels in adjodicated delinquents. A case
contral study. Neurotoxicol Teratol 24711-717

Neadieman HU Schell A Bellinger U, Leviton A, Allred EN. 1950
The tong-teim effects of exposure o low doses of lead
in chitdhaad. An 1-year follow-up repoit, N Engl J Med
322:83 88

Patierson C, Ericsen J, Manea-Krickien M, Shirahiata H 1981
Natural skeletal levels of lead i Home sapiens sapiens
uncentaminated by technologicat lead. S¢i Total Enviren
107:205 236.

Pocock SJ, Smith M, Baghurst PA 1994 Enviranmental lead
and children’s intelligence: a systematic review of the ept
demiclogical ewidence. Br Med J 3031189 1197,

Rize DC. 1993, Lead-induced changes inlearning: evidence for
behavioral mechanisms from experiniental anim
Neurotoxicology 14:167 -174.

Rogan WJ, Ware JH. 2003, Exposure to iead in children  how
fow is low enough? N Engl J Med 3481515 1516

Rosen JF, Mushak P, 2001, Prunary prevertion of childhood lead
paispning  the only splution. N Engl J Med 3441470 1471,

Schnaas L, Rothenberg 8J. Perroni E, Martines 8. Hernardes G,
Hernandez RM. 2000, Temporal pattern i the effect of post-
natal blgad lead Jevel ur inteliectual development of young
chitdren. Neurotexicol Terato) 22.805 -810.

Schnesder S, Huang FN, Vemun MC. 2003, Effocts of low-level
tead exposure on celi survival and neunte length n primary
mesuncephalic cultures. Neuratoxicol Teratol 25556 558,

Schwariz J. 1994, Low-level lead exposure and childien's 10
a meta-analysis and search for a threshold, Enviran Hes
6547 55

Schwartz J, Ouo DL 1991, Lead and minor hear
Arch Envirgn Health 46:300 305.

Tang S, Lu Y. 2000 tdenufication of confounders in the assess-
ment of the relationship between lead exposure and child
development. Ann Epidemiol 11:38 45

Walkowiak J, Altmann L, Kramer U, Sveinsson K, Turfeld M,
Weishoff Houben M, et al. 1998, Cogritive and sensorimo-
tor functions in 6-year-old children in relation to lead and
meccury levels: adjustment for intefligence and cantrast
sensitvity i compulerzed testing. Neurotoxicol Teratol
20511 521,

Wasserman GA, Liu X, Lolacono NJ, Factor-Livak P, Kline JK,
Popovac D, «t al 1997 Lead exposure and nteiligence m
J-year-old children: the Yugoslavia Prospective Study
Erviron Heaith Perspect 105:956 962

Wecehsler D 1967 Manual for Wechsler Preschool and Prmary
Scale of Inelhigence. San Antonin, T The Psycholaginal
Carporation.

Wechsler DL 1974, Manual for Wechsler intelligence Scale for
Chitdren - Revised. $an Antamig, TX:The Psychological
Corporation.

Wechster D Y381 WISC-B-Espanol Escala de mtelhigencia
revisiada para el mivel escolar, Manual Mexico Ciy:El
Manaal Moderno, SA.

Wechster D. 1981, Manual for Wecehsler Intelhgenze Scale
for Children. drd ed San Antonio, TX The Psychalagical
Corporation,

WHO. 1995, Envirorminental Health Cotena 165+ Inorganic Lead.
Geneva:lnternationat Programme on Chemical Safety,
Woarld Health Organization.

Wynder EL. 1994, Invied commentary: studies in mechanism
and prevention. Striking a proper balance. Am J Epidemiol
138:547--548

Yule W, Lansdown B, Millar {8, Urbanowicz MA. 1981 The rela-
tionship hetween hlood lead concentrations, intelligence
and aftainment in a schoal population a pilot study Dev
Med Child Nearcl 23:567 976

Ziggler EE, Edwards BB, Jensen BRI, Mahalley KR, fomon §J.
1978 Absorption and retention of tead by infants Pediatr
Res 12:29-34

al studies.

g unpannent

899


http:Environmentilllp.dd

