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Abstract To determine whether the effects of low-level
lead exposure persist, we reexamined 132 of 270 young

o~

fath . adults who had initially been studied as primary school-
bor chidren in 1975 through 1978. In the earfier study, neuro-
behavioral functioning was found to be inversely related to
for dentin Jead levels. As compared with those we restudied,
I the other 138 subjects had had somewhat higher lead
dy levels on earlier analysis, as well as significantly lower
o 10 scores and poorer teachers’ ratings of classroom be-
9 havior.
When the 132 subjects were reexamined in 1988, im-
-;’ pairment in neurobehavioral function was stilt found to
"3 e related to the lead content of teeth shed at the ages
« 4 ofsixand seven. The young people with dentin lead levels
a4 >20 ppm had a markedly higher risk of dropping out of
. 4 high school (adjusted odds ratio, 7.4; 95 percent con-
" ITHIN the past three years, the Environmental
€ Protection Agency and the Agency for Toxic
" Substances and Disease Registry have concluded in
¢ 4 policy statements that lead at low doses is a serious

threat to the central nervous systems ol infants and
children.'? These policy statements have been based
on a growing convergenee of results from both epide-
§ miologic and experimental studies of lead toxicity in
" 1 the United States, Europe, and Australia.® Whether
-4 the effects on the central nervous system of exposure
10 low doses of lead that have been observed in infants
and children persist has received himited attention.
Only three follow-up studies have been published to
date, and the longest follow-up has been five years 5!
No data have yet been reported on whether early dis-
wurbances influence functiona! abilities in later life.
In 1979 we reported that first- and second-grade
children without symptoms of plumbism, but with
clevated dentin lead levels, had deficits in psychomet-
ric intelligence scores, speech and language process-
ing, attention, and classroom performance.” When
" they were studied in the fifth grade, the children with
high dentin lead levels had lower 1Q) scores, nceded
_ more special academic services, and had a significant-
ly higher rate of failure in school than other children.®
" We have now evaluated the neuropsychological and
academic performance in young adulthood of 132 of

From the School of Medicine, University of Pittsburgh, Pittsburgh (H,1..N.):
Boston University, Boston (A.S.); and the Newroepidemiology Unit, Children’s
Hospital and Harvard Medical School, Boston (D.B., A.L.,, E.N.AL) Address
reprint requests to Dr. Needleman at the University of Pittsbutgh Schoot of
. Medicine, Westem Psychiatric Institute and Clinie, 3811 O"Hara §t., Pittsburgh,
. PA 15213.

Supported by & grant {(ES 04095) from the National Institute of Environmental
Health Sciences. Dr. Beliinger's work was supported by a Research Career De-
velopment Award (ES 00138) during the conduct of this study.

* Presented in part at the annual mecting of the Soctety for Pediatric Research/
American Pediatric Society, Washington, D.C., May 4, 1989,

LONG-TERM EFFECTS OF EXPOSURE TO LEAD — NEEDLEMAN ET AL. a3

THE LONG-TERM EFFECTS OF EXPOSURE TO LOW DOSES OF LEAD IN CHILDHOOD
An 11-Year Follow-up Report

HerserT L. Neeoreman, M.D., Avan Scueir, MLA., Davip BELLINGER, Pu.D., ALan LeviTow, M.D,
anD EvizaseTH N, ALLrED, M.S.

fidence interval, 1.4 to 40.7} and of having a reading dis-
ability (odds ratio, 5.8; 95 percent confidence interval, 1.7
to 19.7) as compared with those with dentin lead levels
<10 ppm. Higher lead levels in childhood were also sig-
nificartly associated with fower class standing in high
school, increased absenteeism, lower vocabulary and
grammatical-reasoning scores, poorer hand-eye coordi-
nation, longer reaction times, and slower finger tapping.

_ No significant assoclations were found with the results of

10 other tests of neurobehavioral functioning. Lead levels
were inversely related to self-reports of minor delinguent
activity.

We conclude that exposure to lead in childhood is asso-
ciated with deficits in central nervous system functioning
that persist into young adulthood. (N Engl J Med 1990,
322:83-8.)

the original sample of 270 subjects, and we report the
relation of their recent performance to their exposure
to lead, as measured 11 years carlier.

MEeTHODS
Sample

The initial sample was chosen from the population of 3329 chil-
dren enrolled in the frst and second grades in the Chelsea and
Somerville, Massachusetts, school systems between 1975 and 1978.
Of this population, 70 percent provided at least one of their shed
primary teeth for lead apalysis. From this sample of 2335 children,
97 percent of whom were white, we identified 270 from English-
speaking homes whose initial dentin lead levels were either >24
ppm or <6 ppm. These children (mean age, 7.3 years} underwent
an extensive neurobchavioral examination. More teeth were subse-

.quently collected and analyzed, and the subjects whose tecth werg

discordant with respect to lead fevel according to a prior criteria
were exciuded from the data analysis. Also excluded (rom the analy-
sis were children wha had not been discharged from the hospital
after birth at the same time as their mothers, who had a noteworthy
head injury, or who were reported Lo have had plumhbism.?

In a later reanalysis, conducted in response o suggestions from
the Environmental Protection Ageney,'? the tooth lead level was
treated as a continuous variable, A mean dentin lead level was
computedd for each subjeet from ait the teeth collected. The exclu-
sionary factors previously used were found not he related to
outcome seoves. The subjects initially excluded were therefore not
excluded from this follow-up sample.

The 270 subjccts tested from 1975 to 1978 constitute the basc
population for this report. From old research records, telephone
directories, town records, and driver’s-license rolls, we located
177 subjects. Of these, 132 agreed to participate, and the re-
maining 45 declined. The subjects were paid 335 each and received
travel expenses. Ten subjects tested in 1988 had heen excluded from
the analysis reported in 1979 becalse their parents stated at the
time of testing that the children had elevated blood lead levels or
had undergone chelation for lead polsoning. This group is discussed
scparately in this report. The mean age of the 132 subjects at
the 1988 reexamination was 18.4 years; the mean length of time
between the two examinations was 11.i years. All but four subjects
in the current follow-up study were white. No clinical manifesta-
tions of lead exposurc were recorded in the ecarlier interviews
for the 122 subjects who were not treated wilh chelating agents.
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The research protocol and informed-consent procedures were ap-
proved by the institutional review boards of the Children's Hospital
of Pittsburgh and the Chiidren's Hospital, Boston, Informed con-
sent was given by all the subjects or their parents.

Classification of Lead Exposure

All the dentin lead levels measured from 1975 through 1977 were
used to compute an arithmetic mean lead concentration for each
subject. The lead burden was treated in two ways: as an interval
vartable in lincar regressions and as a categorical variable — Le.,
high (20 ppm), medium (10 10 19.9 ppm), and low {<10 ppm} —
in the legistic regressions described below. Lead levels in venous
blood were measured at the time of the reexamination o estimate
current exposure. This practice was discontinued after the first 48
subjects were tested, because none had a lead level exceeding 0.34
umol per liter (7 ug per deciliter), well below the Centers for Dis-
ease Conirol’s definition of undue lead exposure of 1.25 umol per
liter {25 pg per deciliter).

Behavioral Evaluation

The subjects were evaluated individually by a single examiner,
who remained blinded 1o their lead-exposure status until all the
data had been coded and entered into a computer data base, All
assessments were carried out in a fixed order; the duration of the
testing was about two houss.

Neurcbehavioral Evaluation System

The subjects completed an autornated assessment battery in
which they used a personal computer, joystick, and response key.'?
We selected the following items from the battery for evaluation:

Continuous-performance test."

Symbol-digit substitution, an adaptation of the Wechsler item for
computer administration.

Hand-gpe coordination. Using a joystick to move the cursor, the
subject traced over a Jarge sine wave gencrated on the monitor
screen; deviations [rom the line {root mean square error} were
recorded,

Simple visual-reaction {me. Subjects pressed the response key
when an O appeared on the sereen; the interval belore the stisus
lus was varied randomly.

Finger tapping. ‘The subject pressed a response button as many
times as possible during a 10-second period; both hands were
tested.

Pattern memory. The subject was presented with a computer-
generated pattern formed by a 10-by-10 array of dark and bright
elements. After a briel exposure, the subject was presented with
three patterns, only one of which was identical to the original
pattern. The number of correct responses and the fength of time
to the correct choice were recorded.

Pattern comparison. The subject was presented with three com-
puter-generated patterns on the 10-by-10 array. T'wo were identi-
cal, and one differed slighty from the other two. The subject was
required to select the nonmatching pattern.

Serial-digit learning. The subject was presented with a string of
10 digits, then asked to enter the string into the computer. After
an error, the same sumulus was presented, and the second trial
began, :

Vecabuiery. For each of 25 words, the subject chose the word
most nearly synonymous from a list of four choices.

Grammatical reasoning. ‘The subject was presented with a pair of
letzers, A and B, whose relative position varied. Then the screen
cleared, and the letiers were replaced by a seatence that described
the order of the lerters. The sentence might be active or pas-
sive, alfirmarive or negative, true or false (examples are “A fol-
lows B” and “B is not followed by A™). The subject had to
choose the correct sentences, and the number of errors was
recorded.
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Switehing attention. The subject was required to choose which
key to press in response to three different instructions. In the
“side™ trials, the subject had to press the key on the same side as
the stimulus, In the “direction” trials, the correct choice was the

direction in which an arrow pointed, Before cach trial in the third
set, the subject was told whether to choose the side the arrow was .
on or the direction in which it pointed.

Mood scales. This test was derived from the Proﬁic of Mood_
States.'"® Five scores were computed for tension, anger, depres-
sion, fatigue, and conlusion.

The following tests were also used to evaluate neurobehavioral
functioning:

California Verbal Learning Test

The California Verbal Learning Test'® was used to assess multi-
ple strategies and processes involved in verbal learning and mem-
ary. Scores for immediate and delayed recall were also obtained.

Boston Naming Test

In the Boston Naming Test,'” the subject was presented with 60
pictures in order of inerveasing difficulty and asked to name the
chjects shown.

Aey-Osterreith Complex Figure Test

The Rey-Osterreith Complex Figure Test'® was used to evaluate
visual-motor and visual~spatial skills. The sublect was asked to
copy an abstract geometric figure and then to draw it from memory
both immediately and after 30 minutes. Accuracy and organization
scores were calculated.

Word-Identification Test

Form B from the Woodcock Reading Mastery Test was used to
evaluate reading skill. Grade-equivalency scores were calculated
from raw scores. Reading disability was defined as indicated by
scores two grade levels below the score expected on the basis of the
highest grade completed.

Seif-Feports of Delinquency

The subjects completed a structured questionnaire from the Na-
ticnal Youth Survey'® that included scales for minor antisocial be-
havior and for violent crimes.

Review of School Records  ~ o

High-schoo! records were obtained for all but two of the subjects
tested. Class size and rank, the highest grade completed, and the
number of days absent and tarciy in the last full semester were
recorded. Students who were still in the 111h grade at the time of
testing were not included in analyses of the highest grade complet-
ed. Class rank was computed as | — (class rank/class size).

Statistical Analysis

To evaluate whether the participants in this follow-up evaluation
were representative of the original cohort, subjects who were tested
and not tested in 1988 were compared in terms of variables reported
in 1979, including dentin lead levels, covariates not related 1o lead
exposure, teachers’ ratings of classroom behavior, and 1Q scores. In
addition, we carried out separate regressions of dentin lead level
against IQ) score as measured between 1976 and 1978 for subjects
tested and not tested in 1988, We then performed a regression on
both groups taken together, entering both a dummy term for partici-
pation in the current follow-up {yes or no) and a lead-level-by-
participation status term.

To evaluate the relation between early exposure to lead and each
of the continuously distributed outcome variables, subjects were
classified according to dentin lead-level quartiles, and mean scores,
adjusted for covariates, were computed. Ordinary least-squares lin-
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sar regression, with the mean or log-mean dentin fead level as the

main ellfect, was used to estimate the significance of the relation.

Outcomes that were significantly associated with lead exposure in

{iese bivariate analyses were further evatuated by multiple regres-

fion analysis. Ten covariates were included in the modet, They were

the mother’s age at the time of the subject’s birth, the mother’s

educational level, the mother’s 1QQ, family size, socioeconomic sta-

ws {a two-factor Hollingshead index), sex, age at the time of test-

ing, birth order, alcoho! use, and whether the subject and the moth-
er left the hospital together after ‘the subject’s hirth, The lead

measure (the mean or the log of the mean) that produced the best-
fited model {highest R?) is reported. Five of these covariates were
employed in the first study of these subjects and shown to be influ-
enttal. Five others (sex, age at testing, prolonged hospitalization as
2 neonate, birth order, and current alcohol use) were added to the
model on the basis of prior knowledge of their elfects on psychomet-
fic function. Logistic-regression anatysis was used to madel the as-
wclation of lead levet and two outcomes treated categorically {laii-
ue to graduate from high scheol and reading disability}. In this
analysis, we controlied for the covariates listed above. Two indica-
1or variables were used to represent’ the three exposure groups.
(xdds ratios and 95 percent eonfidence intervals, adjusted for covar-
tates, were computed for the high-lcad-level group, with the low-
lead-level group used as the reference group.

ResuLrs

Selection Blas

The 132 subjects who were retested in 1988 {Table
) were not representative of the group of 270 subjects
wested in 1979. The subjects we retested tended to have
slightly lower dentin lead levels, more highly educated
families of higher socioeconomic status, and mothers
with higher 1Qs and better obstetrical histories; a
higher proportion of the retested subjects were girls.
In addition, they had had fewer head injuries and had
significantly higher IQ scores and better teachers’
ratings as reported in 1979. The slope of the regres-
sion of childhood 1Q on dentin lead level was steep-
¢r in the group not tested in the follow-up study, al-
though the difference from the slope in the group we
retested was not statistically signifi-
cant (F = 1.82, 1,196 df; P = 0.18).

Academic and Neurobehavioral

LONG-TERM EFFECTS OF EXPOSURE TO LEAD - NEEDLEMAN ET AL. 85

Table 1. Comparison of Subjects Tesfed and Not Tested

in 1988.*
‘TESTED Mot TESTED
CHARACTRRISTIC (N = 13D (N = 138) P VALUE
Lead-level group (%)
Low’ 50 47.8 e
Middle 2.7 16.7 -
High ) 7.3 355 0.7t
Birth order 2.3%1.6 2.8%1.9 0.016
No, of live births 28x1.5 3.2=1.6 0.05
Father's education (y1) : 12.2£2.6 1}.4%2.6 0.009
Mother's education {yr) 12.0£2.2 1121 0.0005
Mother's 1Q ’ 12415 108=15 0.017
Mother's age at subject’s 25.5+5.9 25.3+358 0.7
birth (yr)
Father's age at subject’s 28.327.8 28.8£7.9 0.6
bisth (yr}
Gestation (wk} 396420 40.0=1.7 4.7
Bisth weight (g} 3776608 37124600 0.40
Sex (%)
Female 55.3 42.8
Male 44,7 57.3 0.04
Haad injurics (%) 3.8 8.7 0.09

Teachers' ratings (1979 sum scote) 93428 B.2x3.6 (.004
Full-scale 1Q (1979} 107.5%14 99515 0.001

r

*Plus—minus values are means =50, By chi-square test for all tead-level groups.

covariates increased the odds ratio to 7.4 (95 percent
confidence interval, 1.4 to 40.8). Higher dentin lead
levels were also associated with lower class rank,
increased absenteeism, lower scores on vocabulary
and grammatical-reasoning tests, significantly slower
finger-tapping speed, longer reaction times, poorer
hand—eye coordination, and lower reading scores. In
subjects with dentin lead levels >20 ppm, the unad-
justed odds ratio for having 2 reading disability, de-
fined by a score two grades below that expected for the
highest grade completed, was 3.9 (95 percent confi-

Table 2. Outcomes in Young Adulthood According to Dentin Lead Goncentration

in Childhood.*

Cutcome

QuTCOME VARIABLE

L840 CONCENTRATION

Tablc 2 shows the covariatevad— LOWEST Low HIGH HIGHEST
. justed' SCUNES Of the EQQ subjects (<59 ppm)  {6.0-8.% ppm} (8.3-22.2 ppmy) (>22.2 ppm)
who did not have clinical plum- Ne. of subjects 30 31 30 31
bism, according to their dentin lead Reading score (words read correctly) 143.8 142.7 140.2 135.2
concentrations. Table 3 summa- Reading grade equivatent {grade level) 12.2 11.9 L2 10.f
rizes the rcsults'of modeﬁng the re- Highest grade achieved (grade leved) 15.7 158 1.5 1.3
lation between early exposure to Class standing (percentile} 0.60 0,59 0.48 0.45
lead fmd outcg)mc by multiple re- Abss:nt:c;ghtrgm schoot (no. of days! 12.0 12.0 £7.9 20.8
-gression. Earlier exposure to lead Vocabulary (words correct) 18.0 16.4 176 14.6
was significantly associated with di- Grammatical reasoning {no. 13.1 13.0 1.8 15.8
-minished academic success. Among incorrect)
hildren with dentin lead levels. Hand-cye coordinationt 5.1 5.4 5.5 6.2
. H Reaction time (msec
+>20 ppm, as compared with those Preferved rand } 246.6 255.5 2613 275.1
hose dentin lead levels were <10 Nonpreferred hand 212 1382 258.4 2612
. ppm, the unadjusted odds ratio for  Finges tapping (no./10 sec) 46.6 41.2 45.9 435

siture to graduate from high school

R R A S AR YT

was 4.6 (95 percent confidence in-
terval, 1.2 to 17.4). Adjustment for

*The subjucts were divided into groups according to lead-levet quaniles. The values shown are least.square mean $COMs,
after adjustment for covariates. Subjects with clinicai phrmbism have beest excluded.

#For hand-cy¢ coondination, larger aumbers indicate more erross.
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Table 3. Regression of Outcomes in Young Adulthood on Dentin Lead Levels in Childhood.*

OUrconME VARIABLE BIVARIATE REGRESSION

. PARAMLTER

»e ESTIMATE SE

Highest grade schieved G.06% =000 0.009
Reading grade equivalent 0.12¢ —-0.07 0018
Cliss standing 0.03% —0.006 0.003
Absence from schoolt 0.071 4.8 1Y)
Gramrmatical reasoning 0.051 G.159 0.062
Vocabuiary 0.108 -0.124 0.032
Finger upping 0.031 =0, 164 0.05
Hand-eye coordination 0.043 0.041 0.018
Reaciion limet

Preferred haad - 0,025 11.8 6.66

Nongreferred hand 0.03 i1.5 0.05
Minor antisocial behaviort 0.025 ~0.639 0,36

MuitirLe REGRESSION -

PARAMETER Lo
P vALUE U ESTIMATE SE P vatul
0.00% 0.319 —0.027 0.0 0.013
0.0004 0.229 —0.072 0.021 0,00t
0.048 0.248 —0.006 0.003 0.048
0.006 0.209 4.73 [ 11|
0.012 0.197 0.178 0.068 - 0.1 -
0.000 0.324 —0.122 0.033 0001
0.0 0.336 (1,133 .08 000
0.02 0.195 0.048 0.01% 0.0
0.08 0.242 . 129 6.3 0.042
0.056 0.229 10.3 55 - 0.6
0,082 0.306 ~0.739 0.35 0.038

*The following covariates were controlled for in the multiple regression anaiysis: age, sex, binh order, family size, mother’s age at the subject's birth, length of the seonaiat stay in the hospxlal.

mother's education eved, mother's 14, sociocconomic status, amd curment alcohol use.
TThe nutural log of the mean dentin lesd feved was used as the main effect.

dence interval, 1.5 to 10.5). Adjustment for covariates
increased the odds ratio to 5.8 (95 percent confidence
interval, 1.7 1o 19.7). For most outcomnes, neither the
size of the lead regression coelficients nor their stand-
ard errors wers substantially changed by adJustment
for covariazes.

Of the 10 children with clinical plumbism (who
either underwent chelation or were reported to have
had elevated blood lead levels), 3 of 7 (43 percent)
dropped out before graduating from high school (3
others are still in school), and 5 of 10 (50 percent)
have reading disabilities. When the children with
plumbism were grouped with the other subjects ac-
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Figure 1. The Proportion of Subjects Who Did Not Graduate from
High School, Classified According to Their Past Exposure
o Lead,

Asymptomatic subjects are c¢lassified according to lead-level
quartiles. Seven of the 10 subjects who were earlier reported 1o
have clinical piumbism are shown in a separate column. No
schoot records were found for two subjects. One subject was not
tested but reporied that she had graduated from high school.
(There are therefore 127 subjects represented in this figure.) Ten
subjects (three with reported plumbism and seven asymptomatic
subjects) are still attending high school and are therefore not
shown here. The numbers in each ¢olumn indicate the number
who did not graduate and the total number in the category.

cording to quartiles for dentin lead levels, a dose-
response relation was evident for both outcomes (Fig,
I and 2).

Farlv cxposure to lead was not significantly associ-
ated with performance on the symbol-digit or serial-

digit tests, the continuous-performance test, pattern

memory or patiern comparison, switching attention,
the California Verbal Learning Test, the Rey-Oster-
reith figures, the Boston Naming Test, or mood scores.
The lead level was inversely related to the summed
score on the self-report of delinquency questionnaire,
which consisted primarily of reports of minor antise-
cial behavior.

When subjects were. divided into two groups ac-
cording to their dentin lead levels (<10 ppm vs. =10
ppm), high dentin lead levels predicted future faiture
to graduate from high school with a sensitivity {%SE)
of 0.71£0.12 and a specificity of 0.612:0.05 (Table 4).

Discussion

In this extended follow-up study, in which the mean
length of follow-up was 11.1 years, we found that the
associations reported earlier between lead and chil-
dren’s academic progress and cognitive functioning
persisted into young adulthood. The persistent toxici-
ty of lead was seen to result in significant and serious
impairment of academic success, specifically a seven-
fold increase in failure to graduate from high school,
lower class standing, greater absenteeism, impairment
of reading skills sufficiently extensive to be labeled
reading disability (indicated by scores two grades be-
low the expected scores), and deficits in vocabulary,
fine motor skills, reaction time, and hand~eye coordi-
nation.

A nurber of issues require consxderauon when one
is interpreting the data reported here. The first is the
influence of selection bias on the associations we ob-
served. The subjects retested in 1988 had more favor-
able characteristics than those who could not be locat-
ed or who declined to participate. The subjects who
were not retested tended to have had higher lead lev-
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;;:;:,j ‘ Figure 2. The Proportion of Subjects with Reading Disabilities,
e Classifled According to Their Past Exposure to Lead,
Asymptomatic subjects are classified according to lead-level
% quariile, and 10 children with a history of clinical piumbism are
ose— g shown separately. Reading disability is defined as indicaled by a
i reading Jevel two or more grades below the expected level. The
Fig. 3  numbers in each column indicate the number with a reading dis-
ability and the total number in the category.
soci-
rial- 4 els, lower socioeconomic status, and lower IQ) scores
tern 4 and teachers’ ratings of classroom behavior. The in-
ion, verse relation between dentin lead levels and I} re-
iter- ¢ ported in 1979 was stronger for the subjects who were
res, ¥ ot retested in 1988 than for those we retested, al-
ned § though the difference did not reach statistical sig-
dire, | nificance. This finding is in agreement with the obser-
iso- .4 vation, made by us and others, that children from
1 families in lower socioeconomic groups are more vul-
ac- - nerable to the effects of lead than children [rom more
10 % favored economic backgrounds® We infer that the
ure estimates made on the basis of the data on the 132
3E) subjects we restudied are likely to be conservative. ’
4). Indeed, had all the original subjects been located and
retested, the magnitude of the effect of lead exposure
might have been even greater.
an : Is the nature of the relation between lead and later
‘he 4  outcome causal, or does it result from confounding by
il- §  other variables? The association between lead and
ng - outcome reported here meets six criteria for valid
ci- 1  causal inference: proper temporal sequence, strength
us %3 of assoclation, presence of a biologic gradient, non-
m-" 4§ spuriousness, consistency, and biologic plausibility.?
ol, In this study, the exposure to lead preceded the
nt school failure and the reading disabilities measured.
& The strength of the association, as measured by ad-
e~ justed odds ratios of 7.4 and 5.8, was substantial. A

dose-response relation has been demonstrated be-
tween exposure and numerous outcome variables (Ta-
ble 2, Fig. | and 2). “Nonspuriousness” indicates that
the association observed is not due to confounding. In
this analysis, we controlied for both the covariates that
were identified in 1979 as potential confounders and
_others we suspected were important. The magnitude
of the effect of lead was reduced only slightly, if
at all, by this procedure. The zero-order correlation
between socioeconomic status and dentin lead levels
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in this sample was not great {r = 0.04). Many covar-
iates that were important contributors to performance
in the early grades (e.g., the mother’s IQ and the
mother’s educational level) had less effect on the
subject’s performance in young adulthood. The re-
sults, moreover, are consistent with those of several
other studies by workers who have reported lead-
associated deficits in reading®™® and early classroom
behavior.?+?® The lead-related deficits in 1Q), speech
and language processing, and attention reported in
1979 provide plausible mechanisms by which lead
could impair performance in class and produce even-
tual faijlure. Similar effects on learning have been
demonstrated in the experimental studies by Gilbert
and Rice of subhuman primates.” In these investiga-
tions, rhesus monkeys, administered lead only in the
first 100 days of life, had impairments in learning
as adolescents. In adolescence, the mean blood lead
level of these monkeys was 0.73 wmol per liter {15 pg
per deciliter).

The value accepted as the threshold for lead-engen-
dered neurotoxicity in children has declined steadily
over the past decade as more sophisticated population
studies, with larger samples, better designs, and better
analyses, have been conducted >/ #3552 When this
study was begun in 1975, the toxic level of lead in the
blood was defined by the Centers for Disease Control
as 2,0 pmol per liter (40 pg per deciliter). In 1973,
the mean blood lead level in a subsample of 23 chil-
dren chosen from among those with the highest dentin
lead levels in an earlier study was 1.7 wmol per liter
(34 pg per deciliter).” None of our subjects were symp-
tomatic. That these subjects were exposed to high

doses of lead after the original study was compieted is

unlikely. Lead exposure, the incidence of pica, and
hand-to-mouth behavior diminish alter the fifth year
of life. The low blood icad levels found in these sub-
jects in young adulthood (all <0.034 wmol per liter)
provide convincing evidence that their later exposure
to lead was not excessive.

The consensus on what level of lead is toxic has
changed in recent years. After reviewing the studies
published up to 1987, the Agency for Toxic Sub-
stances and Disease Registry defined the threshold for
neurcbehavioral toxicity as 0.5 to 0.7 umol per liter

Table 4. Sensitivity and Specificity of the Dentin
Lead Level in Childhood as a Predictor of Fallure to
Graduate from High Schaol.*

HIGH-5CHODL GRADUATION Leap Levet

=10 FPM <10 PPM
No . 10 4
Yes 39 61

Scnsitivity = 10/{10+4) = (.71

Specificity = 61/(61+39) = 0.6]

+0f the 122 asyimpiomatic subjects stilicd, 7 suhjects who were stll
attending schonl #t the fime of this analysis were excluded, One subjeet’s
school records were not found. O the |32 subjects terested in 1988, the 10
with clintcal plumbism have been excluded.
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(10 to 15 ug per deciliter).! The agency estimated that
3 to 4 million American children have blood lead ley-
els in excess of 0.7 wmol per liter. The mean blood
level among our subjects with high tooth lead levels,
estimated in 1979 from a limited lead-screening pro-
gram, was 1.6 wmol per liter (34 ug per deciliter)
{range, 0.87 to 2.6 umol per liter [I8 to 54 ug per
deciliter}). For subjects with low tooth lead levels, it
was 1.2 pmol per liter {24 ug per deciliter) (range,
0.58 to 1.7 umol per liter [12 to 36 pug per deciliter]).
Thus, the lead levels in the reference sample used in
the calculation of the odds ratios for one high-lead-
level group were relatively high by contemporary
standards.

The data presented here indicate that exposure to
lead, even in children who remain asymptomatic, may
have an important and enduring effect on the success
in life of such children and that early indicarors of lead
burden and behavioral deficit are strong predictors of
poor school outcome. For the small group of 10 sub-
Jects who were diagnosed earlier as having plumbism,
the outcome was especially dire; half of these young
people have reading disabilities, and almost half left
high schoot before graduation. Given the federal esti-
mates that 16 percent of children in the United States
have elevated biood lead levels (>0.7 umol per liter
[15 ug per deciliter]), the implications of these find-
ings for attempts to prevent school failure are intrigu-
ing. The practical importance of early detection and
abatement of fcad in the environment, beflore it enters
the bodies of children, is borne out by these long-term
findings in young adults,

We are’ indebted 1o Drs. Richard Frank, Conswantine Gatsonis,
Alan Mirsky, and Rolf Loeber for their careful review and eritigues
of the manuscript and 1o Ms. Pat Hadidian for her careful work ia
finding subjects and reviewing records.
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