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We identified 24 modern studies of childhood exposures to lead in relation to IQ.
From this population, 12 that employed multiple regression analysis with IQ as
the dependent variable and lead as the main effect and that controlled for
nonlead covariates were selected for a quantitative, integrated review or meta-
analysis. The studieswere grouped according to type of tissue analyzed for lead.
There were 7 blood and 5 tooth lead studies. Within each group, we obtained joint
P values by two different methods and average effect sizes as measured by the
partial correlation coefficients. We also investigated the sensitivity of the results
to any single study. The sample sizes ranged from 75 to 724. The sign of the
regression coefficient for lead was negative in 11 of 12 studies. The negative
partial r's for lead ranged from \p=m-\.27 to \p=m-\.003. The power to find an effect was
limited, below 0.6 in 7 of 12 studies. The joint P values for the blood lead studies
were <.0001 for both methods of analysis (95% confidence interval for group
partial r, \p=m-\.15\m=+-\.05), while for the tooth lead studies they were .0005 and .004,
respectively (95% confidence interval for group partial r, \p=m-\.08\m=+-\.05).The hy-
pothesis that lead impairs children's IQ at low dose is strongly supported by this
quantitative review. The effect is robust to the impact of any single study.

(JAMA. 1990;263:673-678)

THE NEUROTOXIC properties of
lead at high doses have been recognized
for at least a century and are not a mat¬
ter of dispute. In 1943, Byers and Lord1
first suggested that childhood exposure
to doses of lead insufficient to produce
clinical encephalopathy was associated
with deficits in psychological function.
The question of low-level lead exposure
has been studied widely over the past
two decades and, in contrast to high-
dose lead exposure, has been the source
of considerable contention. Several
methodological difficulties encountered
in the conduct of these studies have con¬
tributed to the controversy. Among
them are (1) selecting adequate mark¬
ers of exposure or internal dose,
(2) measuring outcome with instru¬
ments of adequate sensitivity, (3) iden¬
tifying, measuring, and controlling for
factors that might confound the lead ef¬
fect, (4) recruiting and testing a sample
large enough to provide adequate sta¬
tistical power to detect a small effect,
and (5) designing a study that avoids
biases in sample selection.

A number of reviews of studies on the
effects of low-level lead exposure on the
neuropsychological function of children
have been published.2'5 The outcome of
major focus in these reviews has been
psychometric intelligence. The general
approach was to provide narrative sum¬
maries in which the epidemiologic and
statistical issues often received limited
critical attention. Where quantitative
synthesis was attempted, it consisted of
a simple tally of those studies showing
statistically significant effects (at the
.05 level) vs those that did not. This
approach gives undue emphasis to the
individual study's P value and attaches
equal weight to all studies without re¬
gard to their specific merits or flaws.
The size of the effect measured in each
study is generally ignored in the
process.
The statistical techniques that have

been subsumed recently under the ru¬
bric ofmeta-analysis offer a framework
within which formal research synthesis
can be conducted with more clearly de¬
fined methods and criteria.6"9 In this ap¬
proach, individual studies are treated as
data points in a larger "meta-study."
Summary measures from each study
are pooled by one of a number of tech¬
niques, and quantitative inferences are
drawn about the research questions of

interest. The difficulties entailed in
combining dissimilar studies ("apples
and oranges") is a concern for any meta-
analysis.6 8 It points to the need for some
measure of commonality in the studies
that are being combined. At the same
time, the usefulness and novelty of
meta-analysis lies in the fact that it en¬
ables the investigator to combine the
results of studies that differ in several
respects, while addressing the same re¬
search questions.
The first meta-analysis of six lead-IQ

studies was reported by Schwartz et al10
in 1985. They used Fisher's aggregation
technique to calculate a joint P value of
.004 for the effect of lead on IQ in the six
studies. Needleman and Bellinger11 ex¬
tended the analysis by Schwartz et al
and also used Fisher's technique on

pooled tooth and blood lead studies.
In the last few years, a substantial

number of new epidemiologic studies
from various nations, using more re¬
fined designs, larger sample sizes, and
more sophisticated statistical tech¬
niques, have been reported. This pre¬
sents an opportunity for amore compre¬
hensive meta-analysis. Herein, 12
recent studies are reviewed and a quan¬
titative synthesis of their results is pre¬
sented. Themajor outcome of interest is
full-scale IQ, although many studies
also examined the effects of lead expo¬
sure on important functions such as
school performance, reading ability,
and classroom behavior. All studies re¬
viewed employed multiple regression
analysis in which the dependent vari¬
able (IQ) was treated as continuous.
Lead exposure was classified by one of
two methods: blood or tooth lead level.
In contrast to earlier attempts, this
analysis divides the studies by tissue
analyzed and combines inferences with¬
in tissue groups. The question of possi¬
ble bias in the obtained sample of stud¬
ies (known as the "file drawer" problem)
is addressed. Moreover, the aggregate
effect of the exclusion criteria is as¬
sessed by performing an analysis that
combines all of the initial 24 studies. The
sensitivity of the results of this meta-
analysis is further investigated by elim¬
inating each of the included studies, one
at a time, from the analysis and observ¬
ing how this affects the conclusions. The
statistical power of each study to find an
effect is also computed.
This article presents a discussion of

some methodological difficulties en¬
countered in the studies reviewed, ex¬
amines the critical question of effect as¬
sessment in pollutant studies, and
concludes with comments on the diffi¬
culties entailed in drawing causal infer¬
ences from observational studies of lead
exposure and intellectual development.
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Table 1 .—Candidate Studies for Meta-analysis*

Study Year
No. of
Subjects Tissue

Lead
Levelt Data Analysis

Included/Reason
for Exclusion Comments

Lead Effect,
P<.05

Kotok'2 1972 C = 25;E = 24 Blood C = 38;E = 81 ttest No/G,D A, B No
Perino and Ernhart'3 1974 C = 50;E = 30 Blood C<30;E-40-70 Multiple regression No/H Yes
Rummo et al" 1979 C = 45;E = 45 Blood C = 23;E = 61-88 ANOVA No/G,D Yes
de la Bürde and Choate'5 C = 67;E = 70 Blood R = 30-100 No/D,E,G Yes

Landrigan et al16 1975 C = 78;E = 46 Blood C<40; E = 40-68 No/D,E Yes
McNeil et al" 1975 C = 37;E = 101 Blood C = 29;E = 59 (test No/D E, G, H No
Yamins" 1976 80 Blood PbBx = 33.2 = 9.1 Multiple regression No/E A. B Yes
Kotok et al" 1977 C = 36;E = 24 Blood C = 38;E = 81 (test No/G,D A, B No
Ratcliffe20 1977 C = 23;E = 24 Blood C = 28;E = 44 ttest No/E No
Needleman et al21 1979 C = 100;E = 58 Tooth PbC = 24;PbE = 36;

PbTCsl0;PbTEa20
ANCOVA No/H Yes

Yule et al22 1981 166 Blood Cs13;E = 13-32 Multiple regression Yes Yes
Winneke et al23 1982 C = 26;E = 26 Tooth PbTCx = 2.4;PbTEx = 9 (test No/D No
McBride et al2" 1982 108 Blood C = 2-9; E = 19-29 ANOVA No/D,E No
Smith et al25 1983 402 Tooth PbTx = 5.1=2.í ANCOVA No/H No
Winneke et al26 1983 115 Tooth PbTx = 6.2;PbBx=14 Multiple regression No

Harvey et al27 1984 48 Blood R = 6.2-26.8 Multiple regression No/F No

Shapiro and Marecek26 1984 193 Tooth R = 30-150 Multiple regression No/E Yes
Needleman et al23 1985 218 Tooth PbTx = 12.7 Multiple regression Yes Yes
Ernhart et al30 Blood C = 30; E = 40-70 Multiple regression Yes No

Schroeder et al3' 1985 104 Blood Median = 30 Multiple regression Yes Yes
Hawk et al32 1986 75 Blood PbBx = 21;R = 6-47 Multiple regression Yes Yes

Lansdown et al33 1986 C = 80;E = 80 Blood C = 7-12;E = 13-24 Multiple regression Yes No
Hatzakis et al34 1987 509 Blood PbBx = 23;R = 7-63 Multiple regression Yes Yes
Pocock et al35 1987 402 Tooth PbTx = 5.1=2.f Multiple regression Yes Yes

Fergusson et al3" 1987 724 Tooth PbTx = 6.2 = 3.8 Multiple regression Yes No
Fulton et al3' 501 Blood GM = 11.5;R = 3-34 Multiple regression Yes Yes
Hansen et al3* 1987 156 Tooth PbTx = 10.7;PbBx = 5 Multiple regression Yes Yes

*A indicates small sample; B, weak outcome measures; C, poor exposure measures; D, inadequate data analysis or reporting; E, inadequate or no covariate control; F,
overcontrol; G, clinical levels of lead exposure (blood lead level >3.86 |j.mol/L); H, later reanalysis substituted (Needleman et al29 [1985] for Needleman et al2' [1979], Pocock
et al38 [1987] for Smith et al25 [1983], and Ernhart et al30 [1985] for Perino and Ernhart'3 [1974]; PbTx, mean tooth lead value; PbBx, mean blood lead value; R, range; PbTC,
values for control group; PbTE, values for high-lead group; GM, geometric mean; ANOVA, analysis of variance; and ANCOVA, analysis of covarlance.
TAN tooth studies are measured In parts per million and all blood studies are measured in micrograms per deciliter.

METHODS
Data Collection
All studies on lead exposure and chil¬

dren's neurobehavioral development
that were published since 1972 were ex¬
amined for eligibility. The sources of
candidate studies were a computerized
MEDLINE subject search and a search
of programs of meetings on metals,
neurotoxicology, lead, pediatrics, and
public health. Dissertation abstracts
were also searched. Table 1 lists the
studies identified in the search12"38 and
presents summary data.
Studies were excluded for the follow¬

ing reasons: (1) Inadequate control of
covariates reflecting socioeconomic and
familial factors.1216"20'24'28 (2) Overcontrol
of factors that reflect exposure to the
independent variable, lead. One study27
controlled for pica and peeling paint. (3)
Inclusion of subjects with defined clini¬
cal lead poisoning (ie, blood lead levels
>3.9 (jimol/L).121419 (4) Reported data ei¬
ther did not permit any further quantifi¬
cation15 or did not enable us to calculate
the coefficient of lead in a multiple re¬
gression model.121416'17'23'24
Some studies were excluded on the

basis of more than one of the above cri¬
teria. The first criterion effectively ex-

eludes most of the early studies in this
area since these simply compared high-
and low-lead groups, with limited or no
control for relevant covariates. The sec¬
ond criterion was selected to avoid over-
control. The one study27 that was ex¬
cluded on this basis also involved a very
small sample (multiple regression with
17 covariates and complete data on 48
subjects).
Two of the studies21,25 originally ana¬

lyzed the data by dichotomizing lead ex¬
posure. The data were later reanalyzed
by regression, treating exposure as a
continuous variable. We used the re¬
sults reported in the reanalyses. Sup¬
plementary information about the re¬
gression analysis was obtained from the
authors of two studies.26,38
Data Analysis
To achieve an acceptable level of ho¬

mogeneity, the studies were divided
into two groups according to the type of
tissue analyzed for lead (blood or tooth).
The P values within each group were
compared for homogeneity using the
technique of Rosenthal,8lp761 which is
based on the sum of the squared devi¬
ations of the t values for lead from the
group mean.

Joint P values for lead were calculat¬
ed for each of the two groups using two
different approaches proposed by Fish¬
er and by Mosteller and Bush.8<p94> In
Fisher's procedure, the logarithm of the
product of the individual P values is
multiplied by

-

2. The resulting quanti¬
ty has a x2 distribution with 2N df In the
procedure by Mosteller and Bush, the
weighted sum of the t values of the lead
coefficient is computed, with each coef¬
ficient being weighted by its df. This
method effectively weights each study
by the number of subjects involved. It is
particularly useful in this meta-analysis
because of the wide range of sample
sizes (75 to 724).
For each study, the partial correla¬

tion coefficient of lead was derived from
the corresponding t value and was used
as a measure ofeffect size. These coeffi¬
cients were transformed to z scores us¬
ing Fisher's transformation8*271 and
were then compared via a \2 statistic.8<pTn
When the hypothesis of homogeneity
was not rejected, the values of partial r
from each study were treated as inde¬
pendent estimates of a common (group)
partial correlation. Weighted z score

averages were computed and were used
to construct 95% confidence intervals
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Table 2.—Studies Included in the Meta-analysis*

Exposure Publication Subjects'
Study Year Measure_OutcomeMeasure_Status_Age,y_Country

Yule etal22_1981_Blood_WISC-R V,F_Journal_6-12_United Kingdom
Lansdown etal33_1986_Blood_WISC-R V,F_Journal_Preschool_United Kingdom
Winneke etal26_1983_Tooth_WISC-R V,F_Journal_7-12_Germany
Needleman etal29_1985_Tooth_WISC-R V,F_Journal_7-8_United States
Ernhart et al30 1985 Blood McCarthy Scale Journal Preschool United States
Schroeder etal3'_1985_Blood_Bayley/Stanford Binet IQScale_Journal_t-6_United States
Hawk etal32_1986_Blood_Stanford Binet IQScale_Journal_3-7_United States
Fergusson et al3« 1987 Tooth WISC-R V, F Journal 8-9 New Zealand
Fulton et al3' 1987 Blood British Ability Scale C Journal 6-9 United Kingdom
Hatzakis etal"_1987_Blood_WISC-R V,F_PROC_7-12_Greece_
Pocock et al35 1987 Tooth WISC-R F Journal 6 United Kingdom
Hansen et al38 1987 Tooth WISC-R V, F PROC 7-8 Denmark

*WISC-R indicates Wechsler Intelligence Scale for Children-Revised; V, verbal; F, full-scale; and PROC, proceedings of meeting.

Table 3—Covariates Entered Into the Final Multiple Regression Model*

Study* SES
Parental
Factors

Perinatal
Factors

Physical
Factors Gender

Parent
IQ

Parental
Rearing

Lead Coefficientst
Unadjusted Final Model

Yule et al22 (2) Age NA -8.08 (4.63)
Lansdown et al33 (2) Age NA 2.15 (4.48)
Winneke et al26 (52) NA -0.125 (466)
Needleman et al29 (5) -0.21 (0.07)
Ernhart et al30 (3) Age NA NA
Schroeder et al31 (7) NA -0.199 (0.07)
Hawk et al32 (1) -0.456 -0.255 (0.15)
Fergusson et al36 (7) NA 1.46 (1.25)
Fulton et al37 (21 )§ -5.45 (1.5) -3.70 (1.31)
HatzakisetaPOO) -0.376 -0.266 (0.07)
Smith et al25 (18) -2.66 (O.f -0.77 (0.63)
Hansen et al38 (6) NA -4.27 (1.21)

*Asterisk (*) indicates those factors entered into the model; and SES, socioeconomic status.
|NA indicates not available. Where available, coefficients for lead are given for the unadjusted bivariate model and the final multivariate model.
ÍThe number of coefficients entered into the initial model is in parentheses.
§The SE of the coefficients was estimated from the data.

for the group partial correlation
coefficient.7(p227,
Power for each study to find a "small"

effect was computed using the method
(and program) described in Gatsonis
and Sampson.39 We used the definition
by Cohen40 of a "small" effect (partial
r=.14).
Finally, to assess whether the exclu¬

sion of 12 of the original 24 studies had a
biasing effect on our conclusions, we
used Fisher's aggregation technique in
an analysis that included all 24 studies.
For most of the early studies, P values
were either given in the published re¬
ports or derived on the basis of the pub¬
lished data. In the few cases where a P
value was not available, we followed a
conservative approach and assumed it
was .5.

RESULTS
All studies considered and reasons for

exclusion are listed in Table 1. Of the 12
excluded studies, 5 reported an effect
significant at the .05 level and 7 did not.
Twelve studies were included in the
meta-analysis; 7 of them measured ex-

posure by blood lead and 5 by tooth lead
values (Table 2). The two groups were
analyzed separately. In 11 of the 12
studies reviewed, the t value of the re¬
gression coefficient for lead was nega¬
tive, ranging from -3.86 to 0.48 in the
blood lead group and from -3.0 to
-

0.03 in the tooth lead group. The par¬
tial correlation coefficient of lead
ranged from

-

.27 to .05 aud from
-

.2
to -.003, respectively, for the two
groups.
The dependent variable (IQ) was

measured by the Wechsler Intelligence
Scale for Children-Revised in eight
studies. Two studies employed the
Stanford Binet IQ Scale, one employed
the British Ability Scale, and one em¬
ployed the McCarthy Scale. The com¬
parison of the distributions of lead expo¬
sure was hindered by two difficulties:
(1) methods formeasuring lead level dif¬
fered, particularly in the tooth lead
group, and (2) summary descriptions of
the distribution of lead exposure also
differed. In the blood lead group, the
lead exposure in the study by Lands-
down et al33 (mean, 0.62 pimol/L) was

among the lowest, while the exposure in
the study by Schroeder et al31 (median,
1.46 jxmol/L) was among the highest. In
the tooth lead group, where analytic
methods were different, the lead expo¬
sure in the study by Smith et al25 was
among the lowest (248 of 402 children
had tooth lead concentration <5.5
ppm), while the exposure in the study
by Needleman et al21 (mean, 12.7 ppm)
was among the highest. The sets of co¬
variates included in the regression
equations differed for each study, al¬
though most covariates purported to
measure factors that were similar
across studies. It is impractical to pre¬
sent herein a detailed list of the covar¬
iates for each study. A condensed form
ofthis information is in Table 3, in which
we classified the various covariates into
groups on the basis of seven factors.
Where available, the unadjusted coeffi¬
cient of lead is also included in Table 3,
along with the coefficient of lead in the
final model. In some studies the loga¬
rithm ofthe lead measurementwas used
in the regression equations.
The P values for the common direc-
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Table 4.—Results of Synthesis of 12 Studies

Weighted t Values Fisher's Technique

Study (One-Sided) X2

All studies
Blood Lead Studies

-5.46 61.29

Eliminating one study at a time
(study eliminated)
Hatzakis et al34 -3.88 <.0O01
Hawk et al32 -5.34 <0001 55.3
Schroeder et al31 <.0001 49.68
Fulton et al3' <.0001 49.68

Yule et al22 -5.25 <.0001 54.86
Lansdown et al32 -5.56 <.0001 60.52
Ernhart et al30 -5.31 <.0O01 54.86 <.0001

Combining studies using log-transformed values
(Fulton et al,37 Yule et al,22 and Lansdown et al33) 18.83

All studies
Tooth Lead Studies

-2.65 .004 33.11

Eliminating one study at a time
(study eliminated)
Needleman et al29 -1.97 19.29 <.025
Hansen et al38 -2.3 .011 23.9 <005

Winneke et al26 -2.67 .004 31.68

Smith et al25 -2.36 .009 28.69

Fergusson et al3» -3.04 .001 28.88

Combining studies using log-transformed values
(Smith et al25 and Fergusson et al36) 1.61 .001 8.66

Table 5. —Lead Coefficients for Full-scale IQ Scores*

P Sample Partial Total
Study_Coefficient SE_t_(One-Sided) Size_r__R=_

Blood Lead Studies
Hatzakis etal"_-0.27_0.07t. -3.86t_.0001_509_-.17 0.25
Hawk etal32_-0.25_0.15 -1.67_£5_75_- .20 0.21

Schroeder etal3'_-02_0.07t -2.78_£03_104_-.27 NA
Fulton etal37t_J37_1.37 -2.77_£03_501_-.12 0.46
Yule etal°t_- 8.08_4.63 -1.75_£4_129_-.16 NA
Lansdown etaPt_2^15_4.48t_0A8_£8_86_.05 NA
Ernhart et al30 NA NA -1.8t 04 80 -.20 NA

(Average weighted partial r=
-

.152; 95% confidence interval,
-

.2 to
-

.1)
Tooth Lead Studies

Needleman et al29_-0.21_0.07 -3_£01_218_- .20 0.35

Hansen etal33_-4.27_1.91 -2.23§_£1_156_-.18 0.2

Winneke etal2»_-0.13_4.66 -0.03§_.49_115_-.003 0.13

Pocock etain_-0.77_0.63
-

1.22_.11_388_-.06 NA

Fergusson et al36* -1.46 1.25 -1.17 .12 724 -.04 NA
Average weighted partial r=

-

.08; 95% confidence interval,
-

.13 to
-

.03)

*NA indicates not available.
tEstimated from data in article.
tLog transforms.¿Obtained from the author.

tional hypothesis that lead is negatively
correlated with IQ were tabulated. Be¬
fore combining the probabilities, the ho¬
mogeneity of the P values was assessed.
The x2 statistics were 11.02 (d/=6,
P = .09) and 5.13 (df= 4, P = .26) for the
blood lead and tooth lead group, respec¬
tively. Thus, the hypothesis of homoge¬
neity cannot be rejected for either
group.
Combined P values in the blood lead

group were less than .0001 for both
methods of combining probabilities.
The corresponding combined P values
for the tooth lead group were less than
.0005 and .004, respectively.

Sensitivity Analysis
The sensitivity of the findings was

examined by removing the studies one
by one from the analysis and recalcu¬
lating combined P values (Table 4).
For the tooth lead group the highest
combined P value was .025 and the
lowest was .0001. The corresponding
figures for the blood lead group were
below .0001. The overall finding of a
significant lead effect is supported by
both methods of combining the data.
No single study seems to be responsi¬
ble for the significance of the final
finding.

Effect Size
In the case ofmultiple regression/cor¬

relation studies, the usual measure of
effect size is the partial correlation coef¬
ficient (partial r).7'8,40 Derived partial r's
for the 12 studies under review are giv¬
en in Table 5.
Each partial r was converted to a z

score using Fisher's z transform. The \2
statistics for homogeneity were 5.78
(<i/=6, P>.4) for the blood lead group
and 6.44 (df= 4, P>. 1) for the tooth lead
group. The hypothesis of homogeneity
of the effect sizes cannot be rejected for
either of the two groups. Theweighted z
score averages were

—

.152 (SE = .027)
and
-

.08 (SE = .025), respectively. In
the original scale, the approximate 95%
confidence intervals for the group par¬
tial r were -. 15 ± .05 for the blood lead
group and

-

.08 ± .05 for the tooth lead
group.
The results of the analysis in terms of

the partial r's support those obtained
from the analysis of the P values. Nei¬
ther approach provides an overall esti¬
mate of the raw effect size, ie, of the
average change in IQ units per unit
change in lead exposure. A meaningful
attempt to arrive at such an overall esti¬
mate is precluded by the substantial dif¬
ferences in model specification among
the studies, aswell as in units and meth¬
ods of measuring lead exposure and
outcome.
Selection Bias and the File
Drawer Problem
There were two basic steps in the

selection of studies for this meta-analy¬
sis: (1) the retrieval of studies and (2)
the formulation and applicationofexclu¬
sion criteria to the retrieved studies.
The possibility of bias in both steps was
investigated. In particular with respect
to the second step, calculations with all
the original 24 studies included showed
that Fisher's statistic was 93.8 (d/=34,
P<.0001) for the blood lead group, 42.5
(ri/=14, P<.001) for the tooth lead
group, and 136.4 (<i/=48, P<.0001) for
all studies together. This is evidence
that the application of the exclusion cri¬
teriawasnotan important sourceofbias
in thismeta-analysis.
The possibility of bias resulting from

the first step has been termed the file
drawer problem.8<pl07) Such bias may re¬
sult from at least two sources (beyond
faults in the retrieval process): the fail¬
ure of all investigators to report their
results or the failure of journals to pub¬
lish all results submitted. Studies that
show a statistically significant result do
tend to be published more frequently.
We estimated the magnitude of the

file drawer problem by calculating the
number of unpublished nonsignificant
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Table 6—Power Calculations for "Small" Effects of
Lead (a = .05; Partial r = .14)

No. of
Sample Covariates

Study Size (Final) Power
Blood Lead Studies

Fulton et al37 501 14 0.87
Hatzakis et al3" 509 8 0.88
Hawk et al32 75 5 0.21
Schroeder et al3' 104 7 0.28
Yule et al22 129 2 0.35
Lansdown et al33 86 2 0.25
Ernhart etal30_45_4_0.23

Tooth Lead Studies
Needleman et al2» 218 5 0.53
Fergusson et al36 724 8 0.96
Smith et al25 388 10 0.78
Winneke et al26 115 4 0.31
Hansen et al3" 156 7 0.40

studies that would be necessary to bring
the overall P value to greater than .05.
Using the procedure of Rosenthal,mm'
we found that 26 null result studies
would be necessary to dilute the finding
for the tooth lead group and that 67
would be necessary for the blood lead
group. This procedure assumes that the
mean z score of the unseen studies is 0.
A more stringent procedure is suggest¬
ed by Iyengar and Greenhouse,41 which
assumes that all unseen studies simply
are not significant at the .05 level. Un¬
der this assumption, it would require 16
and 35 studies to dilute the finding for
the tooth lead group and the blood lead
group, respectively. Given the expense
of conducting human studies of lead ex¬
posure and the amount of attention di¬
rected to this question, it is unlikely that
this number of negative studies have
escaped notice.
Power Calculations
The studies included in this meta-

analysis are observational. The values
of the covariates cannot be fixed in ad¬
vance by design but are themselves out¬
comes of the study. Any calculation of
power must account for this extra vari¬
ability.39 Table 6 presents the a priori
power of each study to detect a partial r
of .14 (denoted as a "small" effect40).
"Small" in this sense does not mean bio¬
logically unimportant, it means difficult
to identify. Cohen40 has pointed out that
a result ofthis size "all too frequently in
practice represents the true order of
magnitude of the effects being tested."
As can be seen from Table 5, a partial r
equal to -. 14 is near the center of the
values for the partial correlation coeffi¬
cient that were derived from the studies
under review. Of the 12 studies, 8 had
power below 60% to detect an effect of
thismagnitude.
The power figures given here are op¬

timistic: they are calculated on the num¬
ber of covariates present in the final
model reported in each study. Most

studies, however, initially controlled
for many more covariates than those in
the final model. As few articles gave
information aboutmissing values in the
data, it is possible that some of the sam¬
ple sizes used to calculate power are
larger than the effective sample sizes of
the studies.

Some Methodological Issues
The inclusion criteria ensured that

the studies analyzed provided an ac¬

ceptable minimum control for relevant
covariates. In two studies,22,33 control
was done only for social class. Multiple
regression analysis was employed in all
studies, usually in stepwise form. No
study reported any analysis of residu¬
als, model checking, and detection of
possible outliers in the data. Only two
studies attempted to select an "optimal"
regression model in a formal way. No
study addressed the issue of errors in
measurement of the independent vari¬
ables. The question of errors in vari¬
ables is particularly relevant when mea¬
suring exposure at low levels. Other
covariates that represent arbitrary con¬
structs (eg, marital relationships, pa¬
rental interest, parental involvement in
school, and so on) are also particularly
vulnerable to errors-in-variables pro¬
blems.

COMMENT
The overall evidence from our meta-

analysis establishes a strong link be¬
tween low-dose lead exposure and intel¬
lectual deficit in children. A natural
question that arises at this point is
whether the link is a causal one. The
answer to this question goes beyond the
formal meta-analytic method. Some of
the epistemological issues encountered
in making causal inferences are dis¬
cussed below.
The effects of lead on the central ner¬

vous system are embedded in a complex
process involving biologic, environmen¬
tal, familial, and socioeconomic factors.
Epidemiologie studies cannot, by them¬
selves, establish causal relationships.
Causality is not subject to empirical
proof, whether in the field or in the lab¬
oratory.42 Given that direct demonstra¬
tion ofproofofa low-dose lead effect in a
naturalistic setting is not achievable,
epidemiologists rely on canons43 that, if
satisfied, permit the conservative
drawing of causal inferences. They are
(1) time precedence of the putative
cause, (2) biologic plausibility, (3) non-
spuriousness, and (4) consistency.
Cross-sectional studies such as those

reviewed herein cannot establish the
time precedence of lead exposure; the
level of lead was measured at the same
time as IQ. The claim has been made

that neurobehavioral deficits result in
excess lead intake, ie, deficient children
mouthmore leaded substances. This as¬
sertion has been effectively refuted by
forward studies of lead exposure begin¬
ning at birth. These studies have shown
a clear relationship between umbilical
cord blood lead levels and later develop¬
ment at 6 to 24 months.44"46
Biologic plausibility demands that

mechanisms at a lower biologic level
have been demonstrated to explain the
phenomenon under examination. Lead
is a thoroughly investigated neurotox-
in.47 Amongmany effects that have been
demonstrated, lead has been shown to
affect neurotransmitter activity, brain
adenyl cyclase activity, and dendritic
complexity.48"50 Demonstration of dose-
response relationships strengthens the
plausibility of the relationships studied.
Convincing demonstrations of dose-re¬
lated behavioral effects have been made
in animal studies.51,62 Epidemiologie
demonstrations of association between
dose (blood or tooth lead levels) and re¬
sponse (teachers' ratings of classroom
behavior and reaction time under vary¬
ing intervals of delay) also have been
published.21,34
Nonspuriousness means that the re¬

lationship put forth in the causal claim is
not due to a confounder or a set of con-
founders. Complete confounder control
is impossible in real world studies. In
most studies reviewed, control of con-
founders has reduced the magnitude of
the lead-IQ effect but has not obliterat¬
ed it. The argument for nonspurious¬
ness is further strengthened by the evi¬
dence provided by animal studies in
rodents and subhuman primates, which
produced cognate outcomes in cross-
fostered litter mates.61,52
Finally, consistency requires that the

phenomenon be demonstrated in differ¬
ent studies under similar but not identi¬
cal circumstances. The statistical na¬
ture of these investigations requires an
extended notion of consistency. Even if
the effect under study exists in nature,
the P values and effect sizes reported in
investigations of the question will vary
in magnitude, and not all studies will
give a significant result.
A different type of evidence for con¬

sistency was offered in the study by
Wallsten and Whitfield.53 This evidence
is based on theprobabilisticallyencoded
opinions of six lead experts of widely
ranging viewpoints about the dose-re¬
sponse relation between lead exposure
and IQ. Five of the six experts' esti¬
mates of the dose-response curve were
convergent, leading the authors to
state: "In view of the extensive debate
concerning the effects of lead on IQ, the
degree of consensus reflected in the
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study's results is notable, especially
since the experts were selected so as to
span the full range of opinion. "
The four previously cited reviews of

the studies of lead at low dose differed in
their evaluation of essentially the same
evidence. One review came to a quali¬
fied negative conclusion," one came to a
positive conclusion,4 and two found the
evidence inconclusive.2,3 This difference
ofopinion partly proceeds from a limita¬
tion inherent in the method of narrative
reviewing; it essentially evaluates each
study in isolation and is unable to
achieve a systematic synthesis. Meta-
analysis avoids this limitation and in¬
cludes all studies in a joint inference.
Using this method, and incorporating
into our review a number of recent stud¬
ies that were not available to the earlier
reviewers, we found that although the
sample of studies varied widely in their
individual power to find an effect, and
not all found an effect by the convention¬
al rule of P<.05, 11 of 12 studies re¬
viewed reported a negative coefficient
for lead. The joint probability of the
findings reported occurring by chance
under the null hypothesis was quite
small, and this was not materially influ¬
enced by any single study. The estimat¬
ed effect sizes for the two groups were
both significantly different from zero.
These findings, taken in sum, permit a
strong inference that low-dose lead ex¬
posure is causally associated with defi¬
cits in psychometric intelligence.
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