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Preface

Lead is a ubiquitous toxicant. It is especially toxic to young children and
the fetus. Evidence gathered recently has shown that lead concentrations of less
than half the previous Centers for Disease Control (CDC) guideline (30 µg/dL)
can impair cognitive and physical development in children and increase blood
pressure in adults. In response to that evidence, the U.S. Environmental
Protection Agency has proposed setting 10 µg/dL as a maximal blood lead
concentration. On the basis of the same evidence of toxic effects at 10 µg/dL,
CDC has recently reduced its 1985 intervention or action concentration from 25
µg/dL to 10 µg/dL and proposed a concentration for clinical management of 20
µg/dL.

Persons exposed to lead and with blood lead concentrations above 10 µg/
dL are likely to number in the millions. It was estimated that in 1984 about 6
million children and 400,000 fetuses in the United States were exposed to lead
at concentrations that placed them at risk of adverse health effects (i.e., blood
lead concentrations of at least 10 µg/dL). Because of the potential for toxic
exposures to lead of a large segment of the population, especially sensitive
populations (infants, children, and pregnant women), there is a need to develop
and refine methods for measuring lead in blood at the revised lower
concentrations (10 µg/dL).

In addition, new reliable and reproducible techniques for measuring lead in
other tissues, such as bone, will also need to be developed. Methods for
detecting and measuring biologic markers of low-dose exposure to lead are also
needed, because the erythrocyte protoporphyrin test lacks sensitivity at blood
lead concentrations below 25 µg/dL. The U.S. Agency for Toxic Substances
and Disease Registry (ATSDR)
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requested that the National Research Council (NRC) provide information on
measuring environmental exposure of sensitive populations to lead. In response,
the Board on Environmental Studies and Toxicology in the NRC Commission
on Life Sciences formed the Committee on Measuring Lead Exposure in
Critical Populations, which produced this report.

Committee members have expertise in toxicology, epidemiology,
medicine, and chemistry. From the beginning, the committee decided to take a
broad view of its charge and to produce a report that would not only consider a
variety of technical methods for measuring lead and biologic markers of lead
exposure in human populations at special risk for lead toxicity, but would
consider related issues, such as sources of exposures and toxicity in sensitive
populations.

We hope that this document meets the goals of ATSDR, which took the
initiative in sponsoring this study, and the needs of the wide array of readers
and regulators concerned with the impact of lead toxicity in human populations
at special risk. It is clear that public-health problems associated with the misuse
of lead have plagued society for several thousand years. Modern humans are
estimated to have total body burdens of lead approximately 300–500 times
those of our prehistoric ancestors, because lead is extensively mobilized from
the earth's crust by our activities. This committee believes that the state of
scientific knowledge and technical tools to deal with the lead problem are
sufficiently developed to begin the process of changing these public health
risks. We hope that this report will be a useful tool to those charged with
shaping effective approaches for dealing with lead toxicity and thus improving
the public health.

The committee gratefully acknowledges the interest and support of Barry
Johnson of ATSDR. We also thank George Provenzano, University of
Maryland, Baltimore, and Joel Pounds, Institute of Chemical Toxicology,
Wayne State University, who provided information for the committee. Finally,
the committee was concerned about the extent to which societal resources are
necessary to implement various environmental lead control options that are
associated with the analytical methods described in this report. The committee
requested that one of its members, Joel Schwartz, prepare a detailed benefit
analysis of lead exposure prevention. His analysis will appear in the Journal of
Environmental Research. The committee is grateful for his independent analysis
of this important policy issue.

This report could not have been produced without the untiring efforts of
Shelley Nurse, senior project assistant. Norman Grossblatt edited the
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report. Finally, the committee gratefully acknowledges the persistence,
patience, and expertise of Carolyn E. Fulco, project director for the study until
June 1990; Mary B. Paxton, project director until April 1991; and Richard D.
Thomas, project director from May 1991. Dr. Thomas, an expert in toxicology
and public health, provided us the guidance, perspective, and judgmental
interventions necessary to bring this report to its final form.

Bruce A. Fowler

Chairman

Committee on Measuring Lead in Critical Populations
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Executive Summary

Adverse health effects from exposure to lead are now recognized to be
among industrialized society's most important environmental health problems.
In the United States, more than 6 million preschool metropolitan children and
400,000 fetuses were believed to have lead concentrations above 10
micrograms per deciliter (µg/dL) of whole blood. That concentration has been
designated by the U.S. Public Health Service as the maximum permissible
concentration from the standpoint of protecting the health of children and other
sensitive populations, and 20 µg/dL is the concentration at which medical
intervention should be considered. A blood lead concentration of 10 µg/dL is
low by comparison with the concentrations that have been associated with
observable toxic reactions and that used to be widely permitted in the 1970s
(e.g., 50–80 µg/dL). But it is hundreds of times higher than estimated blood
lead concentrations in preindustrial peoples. For example, studies of bone
samples of North American Indians and other preindustrial populations indicate
that body burdens of lead in the general population today are 300–500 times
greater than preindustrial background concentrations.

Science and society have been remarkably slow to recognize and respond
to the full range of harm associated with lead exposure, but that is changing.
Understanding of this public-health problem has involved a complex mixture of
scientific knowledge, societal perception of risk, economic concerns based on
lead's numerous uses, and a recognition that adverse health effects of lead are
associated with lower exposures than previously believed. Current scientific
studies in toxicology and epidemiology have shown that relatively low blood
concentrations of lead may
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be associated with toxic effects. The appropriate regulatory agencies have
responded or have begun to respond by lowering the allowable (i.e., presumably
safe) concentrations of lead in the population.

Until the early 1970s in the United States, the acceptable concentration of
lead in blood was 60 µg/dL in children and 80 µg/dL in adults. Early in 1990,
after a series of intermediate lowerings of the acceptable concentration by
various agencies and organizations, the Science Advisory Board of the U.S.
Environmental Protection Agency (EPA) identified a blood lead concentration
of 10 µg/dL as the maximum to be considered safe for individual young
children, on the basis of available evidence. The U.S. Centers for Disease
Control and Prevention (CDC) also recently lowered its lead-exposure guideline
to 10 µg/dL and its guideline for medical intervention to 20 µg/dL.  It should be
noted that CDC, in a 1985 statement, explicitly identified lead toxicity in
children at blood lead concentrations well below 25 µg/dL, but a lower
concentration was not chosen as a guideline at that time, because of the logistics
and feasibility of lead screening. As with the previous reduction in exposure
limits, the advent of more sensitive and reliable analytic techniques has played a
central role in these changes in permissible exposures.

CHARGE TO THE COMMITTEE AND STRUCTURE OF THE
REPORT

This report was prepared by the National Research Council's Committee
on Measuring Lead Exposure in Critical Populations, a committee of the Board
on Environmental Studies and Toxicology. The study was sponsored by the
Agency for Toxic Substances and Disease Registry (ATSDR).

As part of its efforts to prepare this report, the committee summarized new
scientific evidence on the low-dose toxicity of lead, and generally concurs with
CDC in the selection of 10 µg/dL as the concentration of concern in children.
Meeting this new guideline will require substantial improvement in methods for
measuring lead in blood and monitoring other biologic markers of lead in
tissues. If preventive techniques are to be successful, amounts and sources of
lead must be identified. Developing analytic measurement techniques that are
accurate and precise at such low concentrations is a difficult scientific challenge.
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The committee was charged to examine one segment of the lead issue: the
assessment of lead exposure in sensitive populations via various biologic
markers of exposure and early effects. Chapters 2 and 3 of this report
summarize the toxicity of lead and sources of exposure to lead for sensitive
populations, defined in this report as infants, children, and pregnant women.
Chapter 4 deals with lead in blood and other physiologic media and describes
the monitoring of biologic markers that indicate that exposure to lead has
occurred, markers of early toxic effects, and markers of susceptibility.
Chapter 5 assesses techniques for quantitative measurement of the biologic
markers of exposure and effect; it concludes by describing trends in monitoring
lead exposure and the  effects on society of reducing exposure. Finally,
Chapter 6 presents the committee's conclusions and recommendations to
improve the monitoring of lead in sensitive populations.

CONCLUSIONS

Sensitive Populations

As CDC has concluded, blood lead concentrations at or around 10 µg/dL
present a public-health risk to sensitive populations on the basis of current
evidence. The sensitive populations with respect to these adverse effects are
infants, children, and pregnant women (as surrogates for fetuses). There is
growing evidence that even very small exposures to lead can produce subtle
effects in humans. Therefore there is the possibility that future guidelines may
drop below 10 µg/dL as the mechanisms of lead toxicity become better
understood.

The adverse effects noted at approximately 10 µg/dL include

•   Impairments of CNS and other organ development in fetuses.
•   Impairments in cognitive function and initiation of various behavioral

disorders in young children.
•   Increases in systolic and diastolic blood pressure in adults including

pregnant women.
•   Impairments in calcium function and homeostasis in sensitive

populations found in relevant target organ systems.
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Somewhat higher blood lead concentrations are associated with
impairment in biosynthesis of heme, a basic substance required for blood
formation, oxygen transport, and energy metabolism. Some effects described
above—cognitive dysfunction and behavioral disorders—might well be
irreversible. One recent study showed persistence into early adulthood of
childhood neurobehavioral effects due to lead. The revelation of adverse effects
after modest exposures in study populations forces the question of what the
aggregate impact on sensitive populations is, with respect to current exposures.

Quantitative Methods for Analysis

Exposure

It is estimated that millions of infants, children, and pregnant women in the
United States have blood lead concentrations above 10 µg/dL. And, the toxicity
of lead is established across the spectrum of exposure concentrations starting as
low as 10 µg/dL. The exposure span between these low-dose effects and the
concentrations of lead associated with substantial risk of severe brain damage
and death is a factor of only 10–15 for a child and probably less for a fetus. In
contrast, safety margins of 10–100 for other toxic substances are commonly
used with the lowest-observed-effect level (LOEL) in humans to establish an
acceptable exposure of the general population.

Sources and Accumulation

With the reduction of lead in gasoline and foods, the remaining major
sources of lead are

•   Lead-based paint.
•   Dust and soil.
•   Drinking water.
•   Occupational exposure.
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Lead-based paint is the largest source of high-dose lead exposure for
children. Dust and soil can be high-dose sources and can also constitute
important sources of general population exposure. Drinking water is also a
major source for the general population, and sometimes high concentrations of
lead are found in drinking water. Lead in food is primarily a general population
source. Although lead in food declined markedly during the 1980s, primarily
because of the decrease in use of lead-soldered cans manufactured in the United
States, imported canned foods continue to be high in lead. Gasoline lead was
the major source of general population exposure in the 1970s, but regulatory
action has reduced it by over 95%.

Dust and soil lead is a legacy of past production of lead, as well as past
uses in paint, gasoline, and other substances. Dust and soil lead continues to be
replenished by the deterioration of lead-based paint and other sources. It serves
as a compelling environmental reminder that lead is not biodegradable and will
accumulate in areas with substantial loadings. In addition, stationary sources of
lead, such as smelters, can be regionally important.

RECOMMENDATIONS

Sensitive Populations

The committee had as a principal task the characterization of members of
the population who are at increased risk for lead exposure and toxicity and are
therefore members of a ''sensitive'' population. The committee identified a
number of sensitive populations in which low-dose lead exposure assessments
were necessary. They include infants, children, and pregnant women. Other
populations are at risk because of potentially large exposures. The committee
concluded, however, that the most sensitive populations are infants, children,
and pregnant women; these populations are the focus of this report. (Lead
workers have long been recognized to be at high risk because of excessive
exposure.)

Populations are defined as sensitive according to intrinsic and extrinsic
factors or mixtures of the two. Age, sex, and genetic susceptibilities
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typify intrinsic factors; relationships of subjects to external exposure sources
define extrinsic factors. Mixtures of the two can exist, as in female workers who
are exposed to lead in the workplace.

Quantitative Methods for Analysis

The principal markers of exposure are lead concentrations in various
physiologic media, of which whole blood is the most commonly used for
exposure assessment in sensitive populations. In very young children, lead in
whole blood is an indicator mainly of recent exposure although there can be
variable (but not dominant) input to total blood lead from past accumulation in
the body. In adults and particularly lead workers, the past accumulation is a
more prominent contributor to total blood lead. However, the historical input is
determined by the slow kinetic component in blood-lead decay rates and thus, it
is rarely the dominant contributor to total blood lead.

Requirements for a longer-term measure of continuing lead exposure in
sensitive populations necessitates use of in vivo measurements of lead in bone.
Lead in shed teeth reflects lead accumulation over the period from tooth
eruption to shedding in children and is useful for quantifying accumulation, but
is inadequate as a basis for regulatory action, because it reflects exposure over a
long period.

Traditionally, impairments of steps in the biosynthesis of heme have been
exploited as effect markers in sensitive populations. The accumulation of
erythrocyte protoporphyrin (EP or ZPP) in whole blood was once the primary
screening test to identify children with increased lead burdens. As blood lead
concentrations of concern have continued to decline, however, this measure
does not retain the necessary sensitivity or the specificity. One measure judged
not to have meaning for systemic toxicity is inhibition in activity of
porphobilinogen synthetase (ALA-dehydratase), an enzyme in the erythrocyte.
Experimental animal studies have identified lead-binding proteins and
stoichiometrically interactive processes of lead with calcium systems in various
tissues. Their immediate relevance or feasibility for routine exposure screening
in sensitive populations remains undefined.

The committee recommends
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•   That, because of the known relationship of the calcium messenger
system to growth, development, and cognitive function, new methods
be developed to characterize disturbances in the calcium messenger
system associated with lead exposure.

•   That research be conducted on the effects of lead on affected organ
systems (e.g., the reproductive system and the genitourinary system)
and on the toxicokinetic behavior of lead (particularly bone lead) in
human populations.

•   That research be conducted to improve the understanding of
mechanisms of low-dose lead toxicity, with emphasis on lead's effects
on gene expression, calcium signaling, heme biosynthesis, and cellular
energy production.

•   That research be conducted to examine further the persistence and
reversibility of lead's effects.

Exposure

The presence of mean blood lead concentrations in the U.S. population
close to those which produce adverse health effects illustrates the importance of
correctly measuring lead concentrations in sensitive populations. The
committee recognized that exposure guidelines for health protection may be
further reduced in the future.

The committee addressed measurement techniques for markers of both
exposure and effect useful at low blood lead concentrations. Emphasis was
placed on lead in physiologic media and EP, respectively. For the present and
near future, the committee concluded that the primary screening tool to assess
current lead exposure will be blood lead concentration, rather than EP
concentration. At current body lead burdens of concern—i.e., those associated
with the new CDC action level of 10 µg/dL—the EP technique is not
sufficiently sensitive. (Evidence from diverse epidemiologic studies shows that
the EP technique was not sufficiently sensitive even at the previous CDC
guideline of 25 µg/dL.)

Current measurement techniques are capable of producing accurate and
precise blood lead measurements. They include atomic-absorption spectrometry
(AAS), anodic-stripping voltammetry (ASV), and thermalionization mass
spectrometry (TIMS), all of which can be applied at parts-per-billion
concentrations of lead in biologic media. Use of those
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methods assumes competence and strict attention to contamination control and
other quality-assurance and quality-control (QA-QC) procedures. To achieve
optimal methodologic utility and proficiency for routine and developmental
needs, the committee particularly recommends

•   That primary screening be done initially by measurement of lead in
whole blood.

•   That, given the current blood lead concentrations of concern, accurate
and precise blood lead values be obtained, with strict attention to
contamination control and other principles of QA-QC.

•   That rigorous trace-metal clean techniques be established in sample
collection, storage, and analysis.

•   That a laboratory certification program be established, involving
participation in external (blind) interlaboratory proficiency testing
programs and analysis of lead in blood with concurrent analysis of
appropriate reference materials.

•   That, for more research-oriented purposes, standard reference materials
be made available for such media as bone, blood, and urine, to allow
laboratory evaluation of accuracy; this effort should be complemented
by similar standards available for environmental media.

•   That studies be conducted to explore the feasibility of applying
ultraclean leadfree techniques to in vitro studies.

•   That mass spectrometry with stable isotopes be used to investigate
sources of environmental lead, as well as to examine lead metabolism
in humans.

Sources and Accumulation

The committee identified the need for and acknowledged the rapidly
developing availability of measurements for long-term lead accumulation
during active exposure periods in sensitive populations, especially children and
pregnant women. In so doing, it acknowledged that blood lead for routine
purposes remains principally an index of recent exposure.

In vivo K- and L-line x-ray fluorescence measurements of long-term
accumulated lead in trabecular and cortical bone of sensitive populations have
been developed and evaluated in some detail, and they may be feasible as
routine screening tools for selected sensitive populations in the future. The
committee recommends
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•   That more sensitive techniques for quantifying body burdens of lead in
workers via bone lead dosimetry be developed.

•   That, when radiation techniques are used for bone lead determinations,
great care be taken that doses to individual subjects and populations,
particularly the human conceptus, be carefully quantified according to
National Council on Radiation Protection and Measurement (NCRP)
guidelines.

The committee recognizes that the application of analytical techniques as
described for the measurement of lead concentrations will require a large
commitment of resources. Further, the establishment of new methods will
require a significant investment of funds for research. However, the importance
of the problem requires this commitment of manpower and funds.
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Measuring Lead Exposure in Infants,
Children, and Other Sensitive Populations

MEASURING LEAD EXPOSURE IN INFANTS, CHILDREN, AND OTHER SENSITIVE
POPULATIONS

11

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


MEASURING LEAD EXPOSURE IN INFANTS, CHILDREN, AND OTHER SENSITIVE
POPULATIONS

12

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


1

Introduction

Lead is a ubiquitous toxicant. It is especially toxic to young children and
the fetus, and it was estimated that in 1984 about 6 million children and 400,000
fetuses in the United States were exposed to lead at concentrations to an extent
that placed them at risk of adverse health effects (i.e., blood lead concentrations
of at least 10 micrograms per deciliter (µg/dL) (CDC, 1991). Equally important,
past screening programs were based on the blood lead concentrations of the
U.S. Centers for Disease Control and Prevention (CDC) guideline of 25 µg/dL.
Screening programs identify about 12,000 children with evidence of lead
toxicity each year (ATSDR, 1988), but results of screening programs might
seriously underestimate the magnitude of childhood lead exposure, primarily
because few children are screened and because the false-negative rate of
screening is high when screening is done with erythrocyte protoporphyrin.

In 1985, the CDC screening guideline for childhood blood lead associated
with toxicity changed from a minimum of 30 µg/dL to a minimum of 25 µg/dL
(CDC, 1985). The CDC guideline was set on the basis of health implications; of
sensitivity, specificity, and cost-effectiveness of a screening program; and of the
feasibility of effective intervention and followup. Evidence gathered since 1985
has shown that lead at less than half the previous CDC guideline (EPA, 1986a;
Grant and Davis, 1989) can cause impairment of cognitive and physical
development in children and increases in blood pressure in adults. The U.S.
Environmental Protection Agency (EPA) Science Advisory Board has therefore
proposed setting 10 µg/dL as a maximal safe blood lead con
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(EPA, 1990a). In response to the same evidence of effects at 10 µg/dL and even
below, CDC has recently revised its 1985 statement (CDC, 1991). The 1991
statement's major points include (1) an acknowledgment that the current
evidence on adverse effects associated with low-dose lead exposure requires a
response from the federal medical and public-health community, (2) a reduction
in the 1985 intervention or action concentration from 25 µg/dL to 10 µg/dL,  and
(3) the implementation of a multitiered, graded response that depends on
measured blood lead concentrations. Responses will range from community-
level actions to reduce lead exposure to emergency medical responses.

Persons exposed to lead and with blood lead above 10 µg/dL are likely to
number in the millions, so appropriate methods for measuring concentrations of
lead in blood at the revised guidelines will need to be developed and refined. In
addition, new reliable and reproducible techniques for measuring lead in blood
and other tissues, such as bone, will also need to be developed. Methods for
detecting and measuring low-dose lead biologic markers are also needed,
because the erythrocyte protoporphyrin (EP) test lacks sensitivity at blood lead
concentrations below 25 µg/dL. For those reasons, the U.S. Agency for Toxic
Substances and Disease Registry (ATSDR) requested that the National
Research Council (NRC) provide information on techniques for measuring
environmental exposure of sensitive populations to lead. The Board on
Environmental Studies and Toxicology in the NRC Commission on Life
Sciences formed the Committee on Measuring Lead Exposure in Critical
Populations to meet the need.

PERSPECTIVE ON ISSUES

The finding of health effects of lead at blood concentrations previously
considered low (i.e., about 10 µg/dL) is not surprising. First, the typical body
burdens of lead in modern North Americans are at least 300 times greater than
(reconstructed) burdens in North American Indians before European settlement
(Ericson et al., 1991; Patterson et al., 1991). Thus, 10 µg/dL is not low,
compared with the concentrations that used to prevail until relatively recently in
humans. The increasing body burdens of lead with time are illustrated in
Figure 1-1. Second, lead interferes with normal cellular calcium metabolism,
causing intracellular
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buildup of calcium. It binds normally to most calcium-activated proteins
with 100,000 times the affinity of calcium; once bound, it interferes with the
normal actions of these proteins.

Calcium and calcium-binding proteins serve as the messengers for many
basic cellular processes. Some lead-caused disturbances, such as activation of
protein kinease, show a dose-response relationship with no evidence of a
threshold—hence the apparent absence of a threshold for some of the adverse
health effects of lead. Third, death from encephalopathy or massive brain
damage is common in children with untreated blood lead concentrations of 150
µg/dL and higher (NRC, 1972), and approximately 10% of the concentration
that can cause death from brain damage might cause cognitive disturbances (as
shown in epidemiologic studies).

Regulation of most toxic substances is based on safety factors: the
presumed "safe" concentration for exposed people is set to be lower than the
lowest-observed-effect concentration in humans by a factor of 10 to 100 (NRC,
1986). In contrast, the mean blood lead concentration of urban black children in
1978 was about one-sixth of the potentially fatal concentration. For all children,
the mean was one-tenth of the potentially fatal concentration and was above the
concentration at which decrements in IQ and other cognitive entities have since
been established. The concentrations of lead in blood at which lead-abatement
actions have been recommended over the past several years is shown in
Figure 1-2. Cognitive effects of lead have been found in infants and children
with blood lead concentrations of 10 µg/dL (ATSDR, 1988; Grant and Davis,
1989; Baghurst et al., 1992; Bellinger et al., 1992; Dietrich, 1992). Other
studies have reported effects of lead at 10–15 µg/dL on growth rates, attained
stature, birthweight, gestational age, auditory functioning, attention span, blood
pressure, and some of the general metabolic pathways (Schwartz et al., 1986;
Dietrich et al., 1987a,b, 1989; Schwartz and Otto, 1987, 1991; Shukla et al.,
1987, 1991; Bellinger et al., 1988, 1991a; Bornschein et al., 1989; Thomson et
al., 1989).

Prevention of disease is preferable to treatment, particularly if treatment is
not certain to reverse damage. A wide variety of public agencies and offices are
trying to reduce exposures to lead. The greatest successes have been in reducing
lead in gasoline and food, and the introduction of new lead into paint and
plumbing systems has been substantially reduced. But relatively little has been
done to reduce exposure to
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FIGURE 1-2 Children's blood lead concentrations at which lead-abatement
action has been recommended. Cross-hatch columns, blood lead concentration
that if untreated is potentially fatal to young child (150 µg/dL). Black columns,
percentage of potentially fatal blood lead concentration at which intervention
has been recommended.
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existing lead in paint and plumbing systems and the reservoir of lead-
contaminated soil and dust. For example, 42 million families live in housing
that contains an estimated 3 million tons of lead in paints in the immediate
environment (ATSDR, 1988)—equivalent to about 140 lb per household.
Ingestion of as little as 2.4 x 10-7% of that household burden each day (150 µg/
day) would result in a steady-state aggregate lead concentration now considered
toxic. Similarly, over 90% of U.S. housing units have lead-soldered plumbing
(Levin, 1986). Occupational exposure at concentrations above those associated
with reduced nerve conduction velocity, increased blood pressure, reduced
reserve capacity for blood formation, and adverse reproductive effects is still
common and legally permissible.

Figures 1-3 and 1-4 show the decline in gasoline lead use and the decline
in food lead in the typical infant diet in the United States. The reductions have
been accompanied by a substantial reduction in the average blood lead
concentration of the population, as shown in Figure 1-3. However, children with
high lead exposures to such sources as paint have not benefited proportionately,
and the lack of substantial progress in reducing the source of their exposure
constitutes a great failure in exposure prevention. Reducing lead in drinking
water should be more easily accomplished by controlling corrosion. Apart from
the benefits derived from reduced lead exposure, the economic saving in pipe
and water-heater replacement would exceed the costs (Levin, 1986, 1987; Levin
and Schock, 1991).

Once lead is mined and introduced into the environment, it persists. Over
time, lead in various forms becomes available to the body as small particles.
Most of the 300 million metric tons of lead ever produced (Figure 1-5) remains
in the environment, largely in soil and dust. That explains, in part, why
background concentrations of lead in modern North Americans are higher by a
factor of 102–103 than they were in pre-Columbian Americans. Today's
production evolves into tomorrow's background exposure, and despite
reductions in the use of lead for gasoline, overall lead production continues to
grow and federal agencies have not addressed the impact of future increases of
lead in the environment.

Until very recently, lead poisoning had been perceived as a potentially
fatal illness associated with acutely high exposure to lead and manifested as
encephalopathy, acute abdominal colic, and acute kidney damage
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FIGURE 1-3 Lead used in gasoline production and average NHANES II
blood lead (Feb. 1976–Feb. 1980). Source: Annest, 1983.
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FIGURE 1-4 Average daily intakes of lead (based on FDA Total Diet Study)
in infants – months old. Source: Capar, 1991.
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FIGURE 1-5 Cumulative production of lead over historic time. Source: Flegal
and Smith, 1992. Reprinted with permission from Environmental Research;
copyright 1992, Academic Press.
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(Fanconi's syndrome). The association between chronic large exposure and
peripheral neuropathy and gout, mainly in lead workers, has also been
recognized. In the United States until about 1970, upper limits of acceptable or
normal blood lead concentrations were set just below the concentrations
associated with overt clinical illness (60 µg/dL in children, 80 µg/dL in adults),
and ''prevention'' referred only to the prevention of clinical symptomatic
episodes of lead poisoning. In the late 1960s and early 1970s, however, the
concept of preventing lead toxicity became prevalent. In 1972, NRC published
Lead: Airborne Lead in Perspective, the first comprehensive document on the
subject published in the United States in almost 30 years. That report
recommended a "further search for possible subtle effects of prolonged, low-
level exposure to lead," inasmuch as the information available at the time did
not "afford an adequate basis for the evaluation of this critical concern."

There has since been a great increase in both experimental and clinical
investigations, and they have led to the conclusion that chronic low-level lead
exposure, insufficient to produce recognizable clinical symptoms of toxicity,
has adverse and probably long-lasting effects, particularly on
neurodevelopment. An 11-year followup study has indicated that the
neurodevelopmental effects persist and can have profound consequences for
school achievement (Needleman et al., 1990). The neurodevelopmental studies
have led to the identification of infants, children, and pregnant women (as
surrogates for fetuses) at greatest risk of lead toxicity from low-level exposure.
In this report, these are described as the most sensitive populations. The EPA
Science Advisory Board and the Centers for Disease Control and Prevention
concluded that published data clearly indicate that the upper limit of acceptable
blood lead concentration is 10 µg/dL. This reduced acceptable blood
concentration necessitates substantial improvement in analytic methods for
measuring lead, as well as development of newer methods for measuring very
low blood lead concentrations. Those measurement issues are the focus of this
report.

HISTORICAL BACKGROUND

Lead was known and widely used by ancient civilizations. A lead statue
displayed in the British Museum, discovered in Turkey, dates
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from 6500 BC (Hunter, 1978). Lead has been mined, smelted, and used in
cosmetics, internal and topical medicinal preparations, paint pigments, and
glazes since early in recorded history (Nriagu, 1983a). In ancient times, the uses
of lead medicinally and as a food additive, sweetening agent, and wine
stabilizer were probably the principal means by which humans became
poisoned by lead. Food and beverage containers crafted from lead compounds,
such as pewter, were also likely exposure routes. Since the Middle Ages, a
particularly common means of exposure has been the adulteration of wine by
lead (Stevenson, 1949; Wedeen, 1984).

Beginning of Public-Health Interest in Lead

Although it is probable that workers involved in the mining, smelting, and
working of lead in ancient times were poisoned, technical details to support the
assumption are not available. With the advent of the Industrial Revolution,
however, interest in hazardous occupational lead exposures began to develop.

The clinical manifestations of lead poisoning were first described by
Nikander, a Greek poet and physician, in the second century BC, who wrote:

The harmful cerussa [white lead], that most noxious thing
Which foams like the milk in the earliest spring.
With rough force it falls and the pail beneath fills
This fluid astringes and causes grave ills. …
His feeble limbs droop and all motion is still.
His strength is now spent and unless one soon aids.
The sick man descends to the Stygian shades.

(Nikander, cited by Major, 1945, p. 312)

Physicians who came after Nikander also described the clinical
manifestations of lead poisoning, but many failed to make a connection between
the symptoms and the causative agent. Even today, the clinical diagnosis of lead
poisoning from low doses is elusive (Harris and Elsea, 1967; Crosby, 1977;
Wallace et al., 1985).

Today's interest in lead's impact on the health and occupational fields can
be said to date from the 1839 publication of Tanquerel des Planches,

INTRODUCTION 23

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


in Paris, in which he described the clinical course of 1,207 persons with lead
colic and the types of work that exposed them to lead. More than 800 of the
cases were in painters or workers involved in the manufacture of white or red
lead pigments.

Somewhat later, particularly during the industrialization of Europe,
reproductive failures and congenital lead poisoning were described by Paul
(1860). Workers recognized sterility, abortion, stillbirth, and premature delivery
as common, not only among female lead workers, but also among the wives of
men who worked in the lead trades (Oliver, 1911; Hamilton and Hardy, 1949;
Lane, 1949). Indeed, those observations led a British Royal Commission in
1910 to recommend that women be excluded from the lead trades, a
recommendation that was enforced in some countries by law (Lane, 1949). In
the United States, occupational-hygiene actions toward protection of women
from lead in the workplace have included the exclusion of women from lead
exposure in an early stage of pregnancy (29 CFR 1910.1025) and even an effort
to exclude all women of childbearing age. The U.S. Supreme Court has recently
ruled that women of childbearing age cannot be excluded from workplaces with
lead present.

Lead poisoning in children was first described by Gibson et al. in 1892 in
Brisbane, Queensland, Australia. By 1904, Gibson, an ophthalmologist, had
identified the source of lead and its probable route of entry into children, using
both observation and experiment. He wrote:

I … advance a very strong plea for painted walls and railings as the source
of the lead, and for the biting of finger nails and sucking of fingers, as in a
majority of cases, the means of conveyance of lead to the patient.

In Europe, at about the same time, the general health hazards of lead in
paint might have already been recognized. Awareness of the hazards was
reflected in advertising of the period: Figure 1-61 depicts an advertisement
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FIGURE 1-6 Advertisement for Aspinall's enamel, which appeared in the
Diamond Jubilee issue of the Illustrated London News, 1897. Note that it is not
made with lead, is not toxic, and represents 60 years of progress. The latter
probably refers to the work of Tanquerel des Planches in Paris in the 1830s. He
published his famous treatise, "Les Maladies de Plumbe" in 1839. Note that
Aspinall's enamel could be purchased in 1897 in Paris, London, and New York.
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appearing in England in 1897 emphasizing the nonpoisonous nature of the
product, in contrast with toxic leaded paint.

Thomas and Blackfan in 1914 described the first American case of lead-
paint poisoning (in a 5-year-old boy). They also offered the opinion that
children must in some way be peculiarly susceptible to lead. On the occasion of
the centennial of the Royal Children's Hospital in Brisbane in 1978, Fison
(1978) cited Gibson's work and noted that at around the turn of the century
physicians in southern Australia had been skeptical, because the condition
seemed to stop abruptly at the Queensland border, and regarded the condition as
a "delusion held by their despised colleagues in the primitive northern state."
However, in the warm humid climate, paints weather quickly, and children
would soon have their hands coated with powdery leaded material, which was
inevitably carried to their mouths and digestive tracts.

After the report of Thomas and Blackfan in 1914, sporadic case reports
appeared, and McKhann, in 1926, published a series of 17 cases of lead
poisoning in children. That was followed by a classic report of lead poisoning
due to the burning of battery casings in Baltimore homes in 1931 and 1932
(Williams et al., 1933). More case studies began to appear in the 1950s, as the
condition became more widely known in larger cities in the United States,
including New York, Chicago, Philadelphia, Boston, Cincinnati, St. Louis, and
Cleveland. By 1970, the epidemiology of childhood lead poisoning was well
established. Lin-Fu (1982) has summarized the history of childhood lead
poisoning in the United States.

History of U.S. Childhood Lead-Screening Programs

Although several cases of childhood lead poisoning in the United States
were reported in the first half of this century, little effort was made to
understand the extent of poisoning in children until the 1950s, when
caseworkers in a few large cities attempted to identify poisoned children as part
of their family nutrition work. Limited results were obtained. In 1966, Chicago
was the site of the first mass screening program where many poisoned children
were identified; it was followed shortly by New York City and other large cities
(Lin-Fu, 1980), where
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similar results were obtained. In 1971, the Surgeon General issued a statement
that emphasized the need to shift the focus from identifying poisoned children
to prevention.

The 1971 Lead-Based Paint Poisoning Prevention Act led to the
Categorical Grants Program to help communities carry out screening and
treatment programs. The act initiated a national effort to identify children with
high blood lead concentrations and to attempt  abatement of their environmental
sources of lead. Funds appropriated under the act were first  administered by the
Bureau of Community Environmental Management of the Department of
Health, Education, and Welfare and later by the Centers for Disease Control and
Prevention. Annual expenditures under the act rose from $6.5 million in fiscal
year 1972 to $11.25 million in fiscal year 1980. The money supported up to 62
screening programs in 25 states (NCEMCH, 1989).

While CDC conducted the categorical program, criteria for identifying lead
toxicity underwent a number of changes. A confirmed blood lead concentration
of 40 µg/dL had been used to "define" lead toxicity. The 1975 and the 1978
revisions of the earlier CDC guidelines (CDC, 1975, 1978) used 30 µg/dL or
above and different definitions of high erythrocyte protoporphyrin (EP)
concentrations to produce several risk categories. Over 2.7 million children
were screened from July 1, 1972, to June 30, 1979; 183,452, or 7%, tested
positive by the prevailing criteria. In 1981, over 500,000 children were
screened; in 18,000, the results were "defined" as lead poisoning (CDC, 1982).

In 1981, the Maternal and Child Health Services Block Grant Act and the
Omnibus Budget Reconciliation Act transferred the national administrative
responsibility for childhood lead-poisoning prevention programs to the Division
of Maternal and Child Health  of the Bureau of Health Care Delivery and
Assistance. Under the provisions of the block grant act, each state decides
whether to use federal funds to support childhood lead-poisoning prevention
efforts (NCEMCH, 1989). In the transition from the categorical to the block
grant programs, the screening-data reporting requirement was eliminated.
Furthermore, federal policy from the U.S. Office of Management and Budget
discouraged continued reports of screening from existing programs.

In early 1985, CDC reduced its criterion of childhood lead poisoning
(CDC, 1985). A blood lead concentration at or above 25 µg/dL in tandem with
an EP concentration 35 µg/dL or above was now considered

INTRODUCTION 27

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


evidence of potential lead toxicity. The 1985 statement made clear that adverse
effects were recognized as occurring blood lead concentrations below 25 µg/dL
(so the chosen criteria represented the best compromise between health
protection and practical matters related to limitations in screening methods at
that time). The 1985 recommendations by CDC have now been re-evaluated,
and an updated statement on lead-poisoning prevention was recently issued
(CDC, 1991), which defines a lead concentration in whole blood at 10 µg/dL or
greater as the action level, i.e., level of intervention.

The Lead Contamination Control Act of 1988 authorized, over 3 years,
$20, $22, and $24 million per year for CDC to administer a childhood lead-
poisoning prevention program. The money was to be given to state and local
agencies to perform childhood lead screening for medical and environmental
followup and education about lead poisoning. The act specifically stated that the
money was not to supplant other funding for childhood lead-poisoning
prevention. Although no money was appropriated for fiscal 1989, $4 million
was appropriated for fiscal 1990, about $8 million for fiscal 1991, and $21.3
million for fiscal 1992. At present, national systematic collection of screening
results does not exist.

The most recent national projection data on lead on children are available
in the 1988 ATSDR report. The authors estimated that 250,000 children under
the age of 6 had blood lead concentrations above 25 µg/dL in 1984. That
estimate was based on data from NHANES II, census data, and projected
environmental quantities of lead (ATSDR, 1988).

Sensitive Populations

People are not equally vulnerable to the effects of environmental exposure
to lead. That fact yields the idea of sensitive populations that should be
protected by monitoring programs from the adverse health effects of lead
exposure. The focus of this report is infants, children, and pregnant women (as
surrogates for fetuses). These populations are the most sensitive to lead
exposure and are defined by the committee as the sensitive populations for this
report. Some vulnerability is intrinsic, such as the age-dependent vulnerability
in developing organ systems, and
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some is extrinsic, such as that related to type or location of childhood exposure.
The magnitude of external exposure to lead varies among populations and

influences both the severity of effects and the incidence of effects within a
defined population. Besides the sensitive populations described in this report,
other populations such as lead-industry workers may be at increased risk of
adverse health effects because of large exposures. Nonetheless, the
consideration of occupational exposures except where it may affect these
sensitive populations is beyond the scope of this report. The time and
magnitude of exposure may also influence the nature of lead intoxication. In
addition, the constellation of organ systems affected can vary with age, with
persistence of lead exposure, and with nutritional status, all of which are
summarized in this report.

SCOPE AND ORGANIZATION OF THE COMMITTEE REPORT

The text and organization of the committee's report constitute a direct
response to its charge, i.e., an assessment of appropriate, accurate, and precise
methods for determining lead exposure in sensitive populations. The magnitude
of human lead exposure deemed to be safe or without health effects continues to
be reduced, to reflect improved identification of subtle toxic effects in sensitive
populations. The committee considered measurement methods that could be
useful in a world in which there might be no apparent threshold for particular
neurobehavioral and other adverse health effects in vulnerable segments of the
human population. The committee has evaluated exposure-measurement
methods in the light of the existing broad range of population lead exposures.

This report has two main portions. One provides a summary of toxicity,
public-health concerns and scientific context that helps to define the need for
the committee's report. The second addresses the specifics of the committee's
charge and some closely linked issues.

The background portion of this report consists of three chapters: this
chapter has provided a perspective on key issues in the lead problem and a brief
history of lead exposure assessment in the United States. Chapter 2 provides a
summary of the toxicity of lead in sensitive populations. Chapter 3 deals with
the nature and scope of source-specific environmental
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lead exposure in sensitive populations and the relative contributions of specific
sources to adverse health effects.

The second portion consists of Chapters 4–6. Chapter 4 deals with the
biologic basis of the markers of early effects of lead exposure. It summarizes
the markers of exposure, effect, and susceptibility and establishes the biologic
basis for the methods evaluated in Chapter 5. Chapter 5 describes the current
and developing methods that are most suitable for lead exposure monitoring at
low concentration, i.e., current CDC guidelines—including their population
monitoring advantages and disadvantages. The methods are primarily those for
use in internal (i.e., biologic) monitoring of lead exposure. They are described
in relation to sampling and transporting, instrumentation, quality assurance and
quality control, and statistical methods. The chapter describes the public-health
implications monitoring sensitive populations for lead exposure at low
concentrations as recommended by CDC. Chapter 6 sets forth a comprehensive
set of recommendations dealing with both the specifics and the generalities of
the committee's charge.
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2

Adverse Health Effects of Exposure to Lead

Exposure to lead produces a variety of adverse health effects in sensitive
populations through its impact on different organs and systems. The nature of
the effects is a complex function of such factors as the magnitude of exposure,
the physiologic and behavioral characteristics of the exposed person, and the
relative importance of the lead-injured organ or system to overall health and
well-being. The toxic effects of lead range from recently revealed subtle,
subclinical responses to overt serious intoxication. It is the array of chronic
effects of low-dose exposure that is of current public-health concern and that is
the subject of this chapter. Overt, clinical poisoning still occurs, however, and is
also discussed here. We have several reasons for emphasizing low-dose
exposure. As recently noted by Landrigan (1989), the subtle effects of lead are
bona fide impairments, not just inconsequential physiologic perturbations or
slight decreases in reserve capacity. And the effects are associated with
magnitudes of lead exposure that are encountered by a sizable fraction of the
population in developed countries and thus are potentially found in very large
numbers of people.

This chapter summarizes key points about the health effects of exposure of
sensitive populations to lead. It deals specifically with various adverse effects of
lead in sensitive populations (with emphasis on effects of low-dose exposure),
persistence of some important health effects, molecular mechanisms of lead
toxicity, and dose-effect relations. As described below, clinical lead poisoning
differs between children and adults, in part because their organ systems are
affected in different ways and to different extents. In addition, some people are
more vulnerable
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to lead toxicity and have increased  sensitivity, because they suffer from
disease, lack proper nutrition, or lack adequate health care. These factors
influence exposure patterns and the biokinetics of lead absorption.

CLINICAL INTOXICATION IN CHILDREN

Childhood lead poisoning involves injury in at least three organ systems:
the central nervous system (specifically, the brain), the kidney, and the blood-
forming organs. Other systems are also affected, but the nature of their toxic
injury has not been as well characterized.

Central Nervous System Effects

The nature of lead-associated overt central nervous system injury in
children differs with the degree of lead exposure. Blood lead concentrations of
about 100–150 µg/dL are associated with a high  probability of fulminant lead
encephalopathy. Before the widespread clinical use of chelation therapy, lead
encephalopathy carried a high rate of mortality, about 65% (Foreman, 1963;
NRC, 1972). The use of chelation therapy, pioneered by Chisolm and co-
workers (NRC, 1972), has reduced mortality to 1 or 2%, or even less, if the
poisoning is recognized and dealt with. The range of blood lead concentrations
reported in association with encephalopathy is quite large (NRC, 1972), owing
to such factors as individual differences in toxicokinetics and in timing of lead
measurement and treatment.

Children are much more sensitive than adults to the neurophatic effects of
lead. The central nervous system is principally involved in children and the
peripheral nervous system in adults (Chisolm and Harrison, 1956; NRC, 1972;
Chisolm and Barltrop, 1979; Piomelli et al., 1984), and thresholds of blood lead
concentration for neurofunctional measures are lower in children. The common
neuropathologic findings in fatal childhood lead encephalopathy (Pentschew,
1965) are cerebral edema, structural derangement in capillaries, neuronal
necrosis, and neuronal loss in isocortex and basal ganglia.

Many children who survive an episode of lead encephalopathy have
permanent neurologic sequelae, including retardation and severe behavioral
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disorders (Byers and Lord, 1943; Perlstein and Attala, 1966; Rummo et al.,
1979).

Renal Effects

Kidney injury in childhood plumbism is most often seen in overt poisoning
and involves damage to the proximal tubule. In poisoning with encephalopathy,
Chisolm (1962, 1968) has found the presence of the full, albeit transitory,
Fanconi syndrome: glycosuria, aminoaciduria, hyperphosphaturia (with
hypophosphatemia), and rickets. In overt toxicity after a range of exposures,
aminoaciduria is the most consistent finding (Chisolm, 1962).

In chronic high-dose lead exposure, aminoaciduria appears to be the most
consistent nephropathic finding. In a group of children with blood lead
concentrations of 40–120 µg/dL, Pueschel et al. (1972) found aminoaciduria in
those with blood lead of 50 µg/dL or more.

The role of childhood lead poisoning as a known contributor to early adult
chronic nephritis found in Australia (e.g., Henderson, 1954; Emmerson, 1963)
has not been identified in the United States (Tepper, 1963; Chisolm et al., 1976).

Hematologic Effects

Anemia is common in severe chronic lead poisoning and is reported to be
associated with blood lead concentrations of 70 µg/dL and higher (NRC, 1972;
CDC, 1978; Chisolm and Barltrop, 1979). However, reanalyses of the
hematologic data of Landrigan et al. (1976) in children by Schwartz et al.
(1990) indicated that anemia as indexed by hematocrit is present with blood
lead concentrations below 70 µg/dL.  Typically, the anemia is mildly
hypochromic and normocytic and arises from a combination of reduced
hemoglobin formation (resulting from either impaired heme synthesis or globin
chain formation) and reduction in erythrocyte survival because of hemolysis
(Waldron, 1966; Valentine and Paglia, 1980).
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INTOXICATION IN ADULTS

The most extensive adult studies are of workers occupationally exposed to
lead in battery recycling, lead smelting, alkyl lead manufacturing, plumbing,
and pipefitting. These studies are described in other reports (EPA, 1986a;
ATSDR, 1988) of lead exposure and are not the focus of this report. This report
examines principally the effects of lead exposure in pregnant women as a
sensitive population. Other adult populations may be at increased risk of lead
intoxication because of large exposures, but they are beyond the scope of this
report. For this reason, only a brief summary of effects in adults is presented
below.

Central Nervous System and Other Neuropathic Effects

Although lead poisoning after very large exposures in adults can produce
central nervous system injury, the exposure threshold is much higher in adults
than in children. Blood lead concentrations associated with adult
encephalopathy are well above 120–150 µg/dL. The features of adult lead
encephalopathy, which can be as abrupt in onset in adults as in children, have
been described by Aub et al. (1926), Cantarow and Trumper (1944), and
Cumings (1959). They include dullness, irritability, headaches, and
hallucination, progressing to convulsions, paralysis, and even death.

The more typical neuropathologic outcome of adult lead poisoning is
peripheral polyneuritis involving sensory or motor nerves. There is often
pronounced motor dysfunction, such as wrist drop and foot drop in the more
advanced cases (Feldman et al., 1977). Changes include segmental
demyelination and axonal degeneration (Fullerton, 1966), often with
concomitant endoneural edema of Schwann cells (Windebank and Dyck, 1981).

Renal Effects

Occupational chronic lead nephropathy, the most important category of
lead-associated kidney injury in adult populations, has been heavily studied for
many years in Europe, but not as well in the United States.
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In the studies of Wedeen et al.(1975, 1979), renal dysfunction has been
established in U.S. lead workers, many of whom had no history of prior lead
poisoning.

Generally, the Fanconi syndrome of acute childhood poisoning is not seen
in adults with chronic lead poisoning. Proximal tubular injury from lead in
adults at early stages of nephropathy is difficult to detect in workers, because of
extensive renal reserve (Landrigan et al., 1982). Hyperuricemia is frequent
probably because of increased uric acid production (Granick et al., 1978).

Lead has been clearly demonstrated to produce tubular nephrotoxicity in
humans and rodents after acute or chronic exposure (Goyer and Rhyne, 1973;
Wedeen et al., 1986; Ritz et al., 1988). Tubular proteinuria is a well-known
manifestation of metal nephrotoxicity, but inconsistently reported in lead
nephrotoxicity (Bonucci and Silvestrini, 1989; Goyer, 1989), perhaps because
of the lack of sensitive and specific protein assays (Bernard and Becker, 1988).
With the advent of two-dimensional gel electrophoresis (O'Farrell, 1975) and
highly sensitive silver staining methods (Merril et al., 1981), it should be
possible to separate various nonreabsorbed proteins from the urinary filtrate into
lead-specific patterns at an early stage of tubular injury or monitor the low-
molecular-weight proteins, such as retinol-binding protein, which is stable at the
pH of normal urine (Bernard and Becker, 1988).

Hematologic Effects

Lead workers often show evidence of both marked impairment of heme
biosynthesis and increased erythrocyte destruction (EPA, 1986a). Characteristic
biochemical and functional indexes of those impairments include increased
urinary delta-aminolevulinic acid and erythrocyte zinc protoporphyrin,
increased cell fragility, and decreased osmotic resistance, which combine to
produce anemia (Baker et al., 1979).

REPRODUCTIVE AND DEVELOPMENTAL EFFECTS

Reproductive and Early Developmental Toxicity

Reproductive toxicity resulting from the high-dose lead exposure is
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well established (Rom, 1976). Much of the early literature focused on an
increased incidence of spontaneous abortion and stillbirth associated with lead
exposure in the workplace (Paul, 1860; Legge, 1901; Oliver, 1911; Lane, 1949).
In addition, lead was used as an abortifacient in England (Hall and Cantab,
1905). These outcomes, which are far less common today, presumably involve
some combination of gametotoxic, embryotoxic, fetotoxic, and teratogenic
effects and define the upper end of the spectrum of reproductive toxicity in
humans. Since these earlier reports, industrial exposure of women of
childbearing age was restricted by improved industrial hygiene practices, but a
recent U.S. Supreme Court decision ruled exclusion illegal. The decision was
based on the premise of equal access to the workplace, not on insufficiency of
evidence of toxic harm.

Epidemiologic studies of exposed women have reported reproductive
effects of lead exposure in both nonoccupational groups (Fahim et al., 1976;
Nordstrom et al., 1978a,b) and occupational groups (Panova, 1972).
Deficiencies in the design of the studies prevent definitive conclusions, but the
studies have helped to direct attention to a potential problem.

Very early preimplantation loss can easily go undetected and might be
occurring after moderate-dose and perhaps even low-dose exposure. With the
advent of human chorionic gonadotropin assays, it is now possible to detect the
onset of pregnancy and early fetal loss during the first 1–2 weeks of pregnancy.
Savitz et al. (1989) used data from the National Natality and Fetal Mortality
Survey, a probability sample of live births and fetal deaths to married women in
1980, to show that maternal employment in the lead industry was a risk factor
for negative pregnancy outcomes, including stillbirth (OR = 1.6) and preterm
birth (OR = 2.3). No systematic study has been conducted of the effects of
increased lead stores on early fetal loss in women who may have incurred
substantial lead exposures during their childhood or during a prior period of
employment in a lead-related trade. Such studies are warranted, given the
known reproductive toxicity of large exposure to lead.

Several prospective studies have examined the issue of lead's involvement
in spontaneous abortion, stillbirth, preterm delivery, and low birthweight.
Women in the studies in Boston (Bellinger et al., 1991b), Cleveland (Ernhart et
al., 1986), Cincinnati (Bornschein et al., 1989),
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and Port Pirie (McMichael et al., 1986; Baghurst et al., 1987a) had average
blood lead concentrations during pregnancy of 5–10 µg/dL; almost all had
blood lead concentrations less than 25 µg/dL. The Glasgow (Moore et al., 1982)
and Titova Mitrovica (Graziano et al., 1989; Murphy et al., 1990) cohorts had
average blood lead concentrations of about 20 µg/dL. None of those studies
reported an association between maternal blood lead concentrations and
spontaneous abortion or stillbirth. However, the Cincinnati and Port Pirie
studies found a lead-related decrease in duration of pregnancy, and the
Glasgow, Cincinnati, and Boston studies reported a lead-related decrease in
birthweight. The Boston study found an increased risk of intrauterine growth
retardation, low birthweight, and small-for-gestational-age deliveries at cord
blood lead concentrations of 15 µg/dL or more. The Port Pirie study found that
the relative risk of preterm delivery increased 2.8-fold for every 10-µg/dL
increase in maternal blood lead. In the Cincinnati study, gestational age was
reduced about 0.6 weeks for each natural log unit increase in blood lead, or
about 1.8 weeks over the entire range of observed blood concentrations. Even
after adjustment for the reduced length of pregnancy, the Cincinnati study found
reduced infant birthweight (by about 300 g) and birthlength (by about 2.5 cm),
and the Port Pirie group reported reduced head circumference (by about 0.3 cm)
(Baghurst et al., 1987b). Findings from some of the prospective studies have
been extensively reviewed (Davis and Svendsgaard, 1987; Ernhart et al., 1989;
Grant and Davis, 1989). However, some striking inconsistencies, yet to be
explained, characterize the data on the relationship between prenatal lead
exposure and fetal growth and maturation. For instance, in the large cohort (N =
907) of women residing in Kosovo (Factor-Litvak et al., 1991), no associations
were seen between midpregnancy blood lead concentrations (ranging up to
approximately 55 µg/dL) and either infant birthweight or length of gestation.

Several studies have also looked for evidence of teratogenicity
(Needleman et al., 1984; Ernhart et al., 1986; McMichael et al., 1986).
Needleman et al. (1984), in a retrospective study of the association between
cord blood lead and major or minor malformations in a cohort of 4,354 infants,
found a significant increase in the number of minor anomalies observed per
child, but no malformation was found to be associated with lead. Unexpectedly,
several other factors, such as premature labor and neonatal respiratory distress,
were found to be reduced
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with increased blood lead. Both Ernhart et al. (1986) and McMichael et al.
(1986) tried but failed to replicate these findings; however, these studies lacked
the power to detect the small effects reported by Needleman et al. (1984). The
Needleman et al. study is important because the minor anomalies in question
might reflect general fetal stress and predict developmental disorders (Marden
et al., 1964).

Evidence is accumulating that relatively small increases in maternal blood
lead during pregnancy can be associated with delayed or retarded growth.
Shukla et al. (1987) reported that 260 infants from the Cincinnati prospective
lead study experienced retardation in covariate-adjusted growth. More
specifically, they found that infants born to women with lead concentrations
greater than 8 µg/dL during pregnancy grew at a lower than expected rate if
increased lead exposure continued during the first 15 months of life.
Conversely, if postnatal lead exposure was small, the infants grew at a higher
than expected rate; that suggests a catchup in growth after fetal growth
suppression. No lead-related growth effects were observed in infants born to
women with blood lead concentrations less than 8 µg/dL. In a later analysis of
stature at 33 months of age, Shukla et al. (1991) reported that sustained
increases in lead exposure above 20 µg/dL throughout the first 33 months of life
are associated with reduced stature. However, prenatal exposure was no longer
related to stature at 33 months of age. The reported indication of fetal toxicity is
consistent with other previously discussed markers of lead-related fetal toxicity.
It is also consistent with cross-sectional studies of lead's relation with physical
size.

Several points emerge from a review of those studies, apart from a lead-
related retardation of growth itself. First, the specific manifestations of the fetal
insult vary among cohorts and might reflect lead's interaction with such
cofactors as adequacy of prenatal care, maternal age, ethnicity, and nutritional
status. Second, the blood lead concentrations associated with adverse fetal
development are low (10–15 µg/dL or even lower) and comparable with those
found in a substantial fraction of women of childbearing age (ATSDR, 1988).
The validity of the reported association between fetal lead exposure and
markers of adverse fetal development is strengthened by the observed negative
association between maternal or fetal blood lead concentrations and early
physical growth and cognitive development (Bellinger et al., 1987; Dietrich et
al., 1987a,b; Vimpani et al., 1989). Thus, the birth-outcome measures,
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early physical-growth measures, and early measures of infant development can
be viewed as potentially reflecting the fetal toxicity of lead.

Gametotoxicity of lead has been studied primarily in male lead workers.
Lancranjan et al. (1975) noted lead-associated disturbances of reproductive
competence in lead workers; blood lead concentrations of about 40 µg/dL were
associated with asthenospermia and hypospermia, and higher concentrations
with teratospermia. Erectile dysfunction was observed in the lead workers, but
did not seem dose-dependent. Zielhuis and Wibowo (1976) criticized the design
and results of that study, noting potential underestimation of blood lead
concentrations.

Wildt et al. (1983) noted that lead-battery workers with blood lead
concentrations over 50 µg/dL showed prostatic and seminal vesicular
dysfunction compared with controls. However, their study had a number of
methodologic problems concerning the measures of dysfunction and exposure
monitoring (EPA, 1986a).

More recently, Assennato and co-workers (1986) reported sperm count
suppression in lead-battery workers in the absence of endocrine dysfunction.
Rodamilans et al. (1988) found that duration of lead exposure of smelter
workers was variably associated with endocrine testicular function: workers
who had been employed for more than 3 years had decreases in serum
testosterone, steroid-binding globulin, and free-testosterone index. In both
studies, the mean blood lead concentrations were over 60 µg/dL.

We have already noted longitudinal studies of lead's effects on growth and
development in young children. Cross-sectional data are also available from a
large population survey. Schwartz et al. (1986) reported that postnatal exposure
of U.S. children affects later growth, according to analysis of the large
NHANES II data set with respect to height, weight, and chest circumference as
a function of blood lead concentration. The three growth milestones in children
under 7 years old were significantly and inversely associated with blood lead
concentration: height, p < 0.0001; weight, p < 0.001; and chest circumference, p
< 0.026. The association was present over the blood lead concentration range of
5–35 µg/dL. These results are consistent with those of Frisancho and Ryan
(1991), who found an inverse association between blood lead level and stature
in a cohort of 1,454 5–12 year old children in the Hispanic HANES data set,
and those of Lauwers and co-workers (1986) in Belgium, who noted statistically
significant and inverse associations
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among growth indexes and blood lead concentration in children up to the age of
8 years. Nonquantitatively, reduced stature has been seen in children
chronically exposed to lead (Johnson and Tenuta, 1979).

Angle and Kuntzelman (1989) in a retrospective pilot study examined 30
children with increased blood lead concentrations (over 30 µg/dL) and
erythrocyte protoporphyrin relative to those in a control group. Growth velocity,
higher in the high-lead group before 24 months of age, reverted to a net
retardation after this age, compared with values in controls. In a longitudinal
followup study (Markowitz and Rosen, 1990), lead-poisoned children showed
reduced growth velocity, compared with that in age-matched control subjects.
Furthermore, impaired growth velocities in the lead-poisoned children did not
change substantially from baseline after chelation therapy.

The data on children suggest that endocrinologic disturbances can occur at
sensitive points in anthropometric development. Endocrine dysfunction in lead
workers with relatively high lead exposure is known (Sandstead et al., 1970;
Robins et al., 1983).

Huseman and co-workers (1987) found that height in two lead-poisoned
children dropped to below the tenth percentile during intoxication; both subjects
demonstrated depressed thyroid-stimulating hormone (TSH) responses to
thyrotropin-releasing hormone (TRH), and one showed depression in resting
TSH concentrations.

Cognitive and Other Neurobehavioral Effects

Information about the effects of low-level exposure to lead has been
obtained principally from two types of epidemiologic studies. One is the cross-
sectional or retrospective cohort study, in which children's lead exposure and
development are assessed at the same time or in which past lead exposure is
estimated. The second type is the prospective longitudinal study, in which
children's exposure and development are assessed on multiple occasions. Each
type of study has strengths and weaknesses. For clarity, the findings from each
type are discussed separately.

Prospective Longitudinal Studies

The findings pertaining to the association between indices of prenatal
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lead exposure and early development are mixed. In some cohorts, prenatal
exposures corresponding to maternal or cord blood lead concentrations of 10–
20 µg/dL were associated with early developmental delays. In the Boston
cohort, infants with cord blood lead concentrations between 10 and 25 µg/dL
manifested a performance deficit of 4–8 points between 6 and 24 months of age,
relative to infants with cord blood lead concentrations below 3 µg/dL (Bellinger
et al., 1984a; 1986a,b; 1987). In the Cincinnati cohort, developmental scores at
3 and 6 months of age declined by 6–7 points for each increase of 10 µg/dL in
prenatal lead concentrations in the range of 1–27 µg/dL (Dietrich et al.,
1987a,b); in addition, 12-month Mental Development Index (MDI) scores were
inversely related to infants' blood lead concentrations at 10 days of age. In the
Cleveland cohort, increased cord blood lead concentrations were significantly
associated with increased numbers of neurologic signs, and increased maternal
blood lead concentrations with lower scores on the Bayley Scales and the Kent
Infant Development Scale at age 6 months (Ernhart et al., 1986, 1987).

Quite different results were reported from the Australian studies. In the
Port Pirie study, developmental assessments were first administered at 2 years
of age, at which time MDI scores from the Bayley Scales were not associated
with average antenatal, maternal, or cord blood lead concentrations (Baghurst et
al., 1987b; Wigg et al., 1988). In the Sydney cohort, neither maternal nor cord
blood lead concentration was inversely related to any index of children's
development at 6, 12, 24, 36, or 48 months (Cooney et al., 1989a,b). In fact,
cord blood lead concentration was positively associated with infants' motor
development even after adjustment for covariates. Exposure misclassification is
a potential problem in this study. At 12, 18, and 24 months of age, half the
children provided capillary (fingerstick) blood samples, and the other half
venous blood samples. Given the potential difficulties associated with capillary
samples, the mixing of sampling methods at several ages complicates the effort
to establish the relative exposures of the children in the cohort. For example, the
Sydney group found that at age 3 the average lead concentration in capillary
samples was 30% greater than that in venous samples. Mahaffey et al. (1979)
noted a similar positive bias of 20% for capillary versus venous samples in the
NHANES II data. Although the impact of those differences on exposure
assessment in the Sydney cohort is uncertain, the investigators' concern over
contamination of the early capillary samples prompted the recruitment of an
additional 123 children.
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The association between prenatal or perinatal exposure and indexes of
overall development was apparent beyond the first year in the Boston cohort
(Bellinger et al., 1987) and to a limited extent in the Cincinnati cohort (Dietrich
et al., 1989), but not in the Cleveland cohort (Ernhart et al., 1987). In the
Boston study, the association between prenatal exposure and children's
performance attenuated after 2 years of age. However, children who had high
prenatal exposure and high exposure at age 57 months (blood lead
concentration greater than 10 µg/dL) ''recovered'' to a smaller extent than did
children with high prenatal exposures but lower exposures at age 57 months
(Bellinger et al., 1991a). In the Cincinnati cohort, neonatal blood lead
concentration (measured at 10 days of age) was inversely associated with
performance at age 4 years on all subscales of the Kaufman Assessment Battery
for Children (K-ABC), but only among the more disadvantaged children
(Dietrich et al., 1991). This association was not evident at 5 years of age on the
K-ABC (Dietrich et al., 1992) or at 6.5 years on the Wechsler Intelligence Scale
for Children-Revised (Dietrich et al., 1993a). Neonatal blood lead levels were,
however, inversely associated with fine motor performance on the Bruininks-
Oseretsky Test of Motor Proficiency (Dietrich et al., 1993b).

Several factors could account for the inconsistencies in findings across
studies. First, infants might generally be able to compensate for early
adversities associated with lead exposure. Second, the adverse impact of the
substantial postnatal rise in the exposures of the children in most cohorts might
have obscured a persisting effect of prenatal exposure on development. In the
Port Pirie study, the absence of an association between antenatal or cord blood
lead concentrations and 2-year Bayley scores could reflect the attenuation of an
association that would have been detected if assessments had been carried out
before age 2. Third, the impact of competing risks for poor development among
disadvantaged infants might have overwhelmed a persisting but small effect of
prenatal lead exposure. Fourth, the expression of lead insult might be modified
over time by the child's social environment. Although an association between
prenatal exposure and indexes of overall development might not persist,
associations could emerge with respect to more specific aspects of
development. For instance, in the Cincinnati cohort, the association between
prenatal exposure (maternal blood lead concentration during pregnancy) and
performance on the Bayley Scales attenuated by the time the children were 2
years old, but an inverse association
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was found between prenatal exposure and children's scores on the Fluharty
Speech and Language Screening Test (Dietrich, 1991) at age 30 months. Fifth,
the loss in power resulting from cohort attrition might have reduced the
probability that a persisting association would be detected.

The latter hypothesis is contradicted, however, by a pattern of increasing
consistency in data from the various studies supporting an inverse association
between blood lead levels measured in the postnatal period and cognitive
function in the late preschool and school-age period. In the Boston cohort,
blood lead concentration across a range of 3–20 µg/dL at age 2 years was
associated with a decrease of approximately 6 points in children's General
Cognitive Index (GCI) scores on the McCarthy Scales at age 57 months
(Bellinger et al., 1991a). The coefficients associated with other postnatal blood
lead measurements as well as with dentin concentrations were also negative but
not statistically significant. The inverse association between cognition and
blood lead was still apparent at age 10 years. Children's IQ scores on the
Wechsler Intelligence Scale for Children-Revised declined approximately 6
points for each rise of 10 µg/dL in blood lead level at age 2 years, while scores
on the Kaufman Test of Educational Achievement declined approximately 9
points (Bellinger et al., 1992). In this cohort, the mean blood lead level at age 2
years was less than 7 µg/dL, with 90% of the values below 14 µg/dL. In the
Port Pirie cohort, an increase from 10 to 31 µg/dL in a cumulative index of
postnatal blood lead concentrations (particularly concentrations up to age 4
years) was associated with a decrease of approximately 7 points in GCI scores
at age 4 years (McMichael et al., 1988) and a decrease of 4–5 points in WISC-R
IQ scores at age 7 years (Baghurst et al., 1992). In the data for both studies, no
threshold is discernable for the association between increased blood lead level
and decreased performance. Moreover, in both studies, children's scores on the
Perceptual-Performance subscale of the McCarthy Scales (and the Memory
Scale as well in the Port Pirie study) and WISC-R Verbal IQ were most strongly
associated with postnatal lead exposure. In the Cincinnati cohort, later postnatal
blood lead concentrations, as well as indexes of lifetime blood lead, were
weakly associated with children's scores at 4 and 5 years of age on the
Simultaneous Processing subscale of the K-ABC, which, like the Perceptual-
Performance subscale of the McCarthy Scales, assesses primarily visual-spatial
and visual-motor skills
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(Dietrich et al., 1991, 1992). Some of these associations were not statistically
significant after "full" covariate adjustment, however. Right ear auditory
processing skills at age 5 years, assessed by the Filtered Word subtest of the
Screening Test for Auditory Processing Disorders, were significantly associated
with postnatal blood lead concentrations as well (Dietrich et al., 1992). Scores
on the Auditory Figure-Ground subtest were not associated with lead exposure.
Assessments of this cohort at age 6 indicated that high postnatal blood lead
levels (especially those measured around ages 4 and 5 years) were significantly
associated with lower scores on WISC-R IQ (Performance IQ only) (Dietrich et
al., 1993a), and various indices of both gross-motor and fine-motor function
(Dietrich et al., 1993b).

Preliminary findings from the Yugoslavian prospective study indicate a
significant inverse association between blood lead concentration at 2 years of
age and concurrent MDI scores, corresponding to a decrease of 2.9 points as
blood lead increased from 10 to 30 µg/dL (Wasserman et al., 1991).

The Cleveland study has provided little evidence that postnatal lead
exposure is associated with children's development (Ernhart et al., 1989). A
significant inverse association between blood lead concentration at age 2 years
and IQ scores at age 4 was found, however, if four children identified as
influential by regression diagnostics were excluded. The investigators
discounted this finding on statistical grounds, however. In the Sydney study, a
composite exposure index consisting of blood lead concentrations measured
during the first year of life was weakly associated (p = 0.07) with children's
adjusted GCI scores on the McCarthy Scales. It appears, however, that the
association was positive, rather than negative; i.e., children with greater
exposures achieved higher scores (Cooney et al., 1989a,b).

Inconsistencies in the data preclude drawing inferences about modifiers of
any association between lead and development. Among children 6 months old
and 4 years old in the Cincinnati cohort and children 18 and 24 months old in
the Boston cohort, the inverse association between neonatal blood lead
concentration and MDI scores was stronger among children below the median
social class (Dietrich et al., 1987a,b, 1991; Bellinger et al., 1988). Such
interactions have not been observed in all studies, however, or even at other
ages within the Boston and Cincinnati cohorts. In addition, the performance of
6-month-old boys in the Cincinnati
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cohort was more strongly associated with blood lead concentration than was the
performance of 6-month-old girls. To judge by estimates of performance
change between 24 and 57 months of age in the Boston cohort, boys recovered
more slowly than girls from the adverse effects of higher prenatal exposure.
That is consistent with substantial evidence that a wide range of developmental
neuropsychiatric disorders are more prevalent among boys than girls (Gualtieri,
1987). In the Port Pirie cohort, however, at ages 2, 4, and 7 years, the
performance decrement of girls has consistently been found to be greater than
that of boys (McMichael et al., 1992; Baghurst et al., 1992).

It is clear that there are points of both agreement and disagreement in the
findings of the prospective studies. A variety of methodologic and substantive
explanations can be posited and, at this juncture, it is not yet clear which are
correct. In terms of methodologic factors, false positive findings (Type I errors)
due to multiple comparisons or to incomplete adjustment for confounding could
be responsible for the associations observed in some studies between lead
exposure and cognitive development. False negative findings (Type II errors)
due to factors such as statistical "over-control" or exposure misclassification
may be responsible for the lack of associations reported in some studies.

In terms of substantive explanations, it is possible that the strength of the
association, or the likelihood of detecting an association, depends on population
characteristics that are not comparable in the various cohorts (e.g.,
socioeconomic status, medical risk status, lead exposure profiles). One would
not necessarily expect all studies to produce the same results, and, indeed, they
have not (Mushak, in press). When findings differ, however, the information
yield is likely to be the greatest. Each study is likely to contribute only part of
the answer to the general question, "Under what exposure conditions do
different populations of children manifest a lead-associated impact on growth
and development?" It is clear that the complete answer to this question is
unlikely to be simply "all" or "none."

In summary, there is relatively little consistency across the set of
prospective studies in terms of the association between indices of prenatal lead
exposure and later cognitive function. In contrast, as the length of follow-up has
increased to include assessments at school-age, striking consistencies are
emerging, with all 3 studies (Boston, Cincinnati, Port Pirie) reporting
significant inverse associations between blood lead levels
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measured in the first few postnatal years and intellectual performance at ages 6
to 10 years.

Table 2-1 summarizes the findings from prospective studies to date with
respect to reproductive outcome and early cognitive development. An additional
prospective study is being conducted in Mexico City (Rothenberg et al., 1989)
but follow-up data at ages older than 30 days have not yet been published.

Cross-sectional and Retrospective Studies

Most of the recent cross-sectional studies of lead and children's cognition
have been reviewed by Grant and Davis (1989). Here, an effort is made to
identify major themes, including issues on which the data are inconsistent. For
reference, basic features of the major studies are listed in Table 2-2.

Because each study has include a global assessment of children's
intelligence, this outcome provides the strongest basis for interstudy
comparison. To assess the degree to which the results of various studies support
a common dose-response relationship between lead exposure and IQ, the mean
IQ scores of children in different exposure groups from the various studies are
plotted together in Figures 2-1 and 2-2. For studies that report a partial
regression coefficient as the measure of association, the best fit line is presented
if the authors also provide the intercept or if it can be discerned from a figure in
the original report. Information from such studies can contribute to the effort to
identify a lowest-observed-effect concentration, if adequate steps are taken to
assess the underlying assumption that the lead-IQ association is linear over the
range of exposures represented in a cohort. Integrating the findings from
separate studies would be facilitated if, in reporting the association between
lead and IQ (or any other outcome), investigators provided quantitative
measures of effect size, such as regression coefficients and standard errors or
adjusted means and standard errors, rather than simply p values, correlations, or
percentages of variance (or incremental variance) attributable to, lead. Because
of differences in the measurement and interpretation of blood lead and tooth
lead, the results of studies relying on these exposure indexes are plotted
separately. The nature and extent of adjustment for confounding varies
considerably from study to
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study. The legends provide additional information to aid the reader in
evaluating this issue.

Figure 2-1 displays the IQ scores of children classified by blood lead
concentration, which serves as an index of earlier and current lead exposures.
Within each cohort, children with lower mean blood lead concentrations scored
higher than children with higher mean concentrations, and the decline with
increasing exposure was roughly monotonic. The differences among cohorts in
overall performance (i.e., height on the ordinate) are substantial, but not
surprising, in view of the many differences among studies, including the IQ test
used and its appropriateness to the population sampled, the sociodemographic
characteristics of the cohort, and the total body lead burden of the children.

Figure 2-2 displays the IQ scores of children in studies that relied on tooth
lead as the exposure index. Within each study, children's scores tended to
decline with increasing tooth lead. The consistency in the findings is all the
more surprising, in view of interstudy differences in the portion of tooth
anatomy sampled for analysis (e.g., whole tooth, crown, circumpulpal dentin,
primary dentin) as well as in the type and location of teeth obtained for analysis
(Smith et al., 1983; Grandjean et al., 1986; Purchase and Fergusson, 1986;
Paterson et al., 1988) and, in many cases, the absence of interlaboratory quality-
assurance and quality-control procedures.

To a large extent, evaluation of whether a study provides evidence of an
association between lead and IQ has traditionally been based on whether the p
value related to the association is less than 0.05. A more efficient use of the
information from different studies is to assess the consistency in the magnitude
of effect sizes. Studies in which the p value was greater than 0.05 can provide
evidence that supports the association, if they all report similar effect sizes. The
p value associated with an individual study depends on many factors, including
sample size, the dispersion of values for exposure and outcome within a cohort,
and the precision achieved in measuring exposure, outcome, and covariables.
The p value associated with the result of a single study is somewhat less
important when the studies are viewed in aggregate.

A meta-analysis of 24 recent comparable studies of the association
between lead and IQ (including most of the studies in Figures 2-1 and 2-2)
indicated that, under the null hypothesis of no association between lead
concentration and IQ, the overall pattern of reported associations is
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FIGURE 2-1  Blood lead concentrations vs. intelligence test scores. Data
from cross-sectional and retrospective cohort studies that relied on blood lead
concentration as index of children's exposure. For study to be included,
investigators had to present either mean IQ scores for children by blood lead
strata or sufficient information about regression of IQ on blood lead to specify
regression line (i.e., coefficient for blood lead and intercept of regression line or
figure from which they could be determined). Except where noted, scores are
adjusted for confounding although control variables vary among studies. Source
of information provided for each study depicted is as follows: Yule et al.
(1981): mean full-scale WISC-R IQ scores for children in blood lead quartiles.
Winneke et al. (1990): WISC scores based on four subscales: Vocabulary,
Comprehension, Picture Completion, Block Design; apparently not adjusted for
confounding. The group with the highest blood lead levels (mean of 50.1)
achieved a mean IQ score of 104.3 (not shown). Fulton et al. (1987): regression
of British Ability Scales combined score on blood lead. Based on analysis
conducted by Grant and Davis (1989). Lansdown et al. (1986): mean WISC-R
IQ scores not presented for complete cohort, only for children stratified by
parental occupation (manual vs. nonmanual); apart from stratification on
parental occupation, scores are not adjusted for confounding. Hawk et al.
(1986): regression of Stanford-Binet IQ scores on blood lead concentration;
chunk test evaluating contribution of control and interaction terms was not
significant. Schroeder et al. (1985): regression of Stanford-Binet IQ Scores on
blood lead concentrations; data represent apparently unadjusted regression of
IQ on contemporary blood lead concentration among 6- to 12-year-olds; data
selected for inclusion because they are most similar to those from traditional
cross-sectional study. Although the model in which blood lead was the only
predictor yielded the most precise estimate of the slope of the blood lead-IQ
relationship, the slope was reduced from -0.4456 to -0.255 in the model that
achieved optimal precision and validity. Source: Adapted from Bellinger and
Needleman, 1992.
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highly unlikely to have occurred by chance (Needleman and Gatsonis,
1990). Two methods were used to calculate a joint p value: Fisher's method for
aggregating p values and Mosteller and Bush's method for calculating a
weighted sum of t values. For studies relying on blood lead as the index of
children's exposure, both methods yielded a joint p value less than 0.0001. For
studies based on tooth lead, the p values were 0.0005 and 0.004. Pooled data
from the eight WHO/CEC (World Health Organization and Commission of the
European Communities) studies (conducted in Aarhus, Athens, Bucharest,
Budapest, Modena, Sofia, Zagreb, and Dusseldorf) resulted in a common
regression coefficient of -0.53 (p < 0.1, one-tailed) (Ewers et al., 1989;
Winneke et al., 1990).

FIGURE 2-2 Tooth lead concentrations vs. intelligence-test scores. Data
from retrospective cohort studies that relied on concentration of lead in some
portion of tooth as index of children's exposure. For study to be included,
investigators had to present either mean IQ scores for children by tooth lead
strata or sufficient information about regression of IQ on tooth lead to specify
regression line (i.e., the coefficient for tooth lead and intercept of regression
line or figure from which they could be determined). Except where noted,
scores are adjusted for confounding although control variables vary among
studies. Source of information provided for each study depicted is as follows:
Winneke et al. (1983): verbal IQ scores from German adaptation of WISC; full-
scale IQ scores for children in different tooth lead strata were not provided.
Winneke et al. (1982): full-scale IQ scores German adaptation of WISC for
matched groups. Pocock et al. (1987): WISC-R scores. Needleman et al. (1979):
full-scale WISC-R scores. Hansen et al. (1989): full-scale scores on Danish
adaptation of WISC for matched groups. Fergusson et al. (1988): unadjusted
full-scale WISC-R scores at age 8 yr; tooth lead values displayed are midpoints
of ranges; no range is provided for highest tooth lead strata (12+), so 15 µg/g
was chosen; identical pattern was evident in WISC-R scores at 9 yr of age (not
shown); adjusted scores were not provided. Source: Adapted from Bellinger and
Needleham, 1992.

Despite interstudy differences in the ranges of blood lead represented in a
cohort, most studies report a 2- to 4-point IQ deficit for each increase of 10–15
µg/dL in blood lead within the range of 5–35 µg/dL. A threshold for that effect
of lead is not evident from the reported studies. It is important to note that the
effect sizes estimated on the basis of
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prospective longitudinal studies and cross-sectional studies are essentially
identical. In a recent meta-analysis of studies reporting on cognitive function at
school-age, Schwartz (1992a, in press (a)) calculated the IQ decline over the
blood lead range of 10 to 20 µg/dL to be 2.32 points (standard error of 1.27) for
longitudinal studies and 2.69 points (standard error of 1.28) for cross-sectional
studies. The public-health significance of such an effect size has stimulated
spirited debate.

The public health significance of an effect size of this magnitude has
stimulated spirited debate. Three issues warrant consideration. First, SEM is a
concept that pertains to the performance of an individual, not a group.
Specifically, it defines the range, centered around a subject's observed score,
within which his or her true score likely to lie. Thus, SEM is not germane in
interpreting the importance of group differences in mean score. Second, a
property of statistical distributions is that a small difference in mean score
between two groups results in substantial differences in frequency of extreme
values between the two distributions. The distributional implications of small
changes in population mean score have been confirmed by analyses of several
lead-study data sets (Needleman et al., 1982; Bellinger et al., 1989a; Davis,
1990). Third, small differences in IQ have been associated with differences in
measures of socioeconomic success, such as wages and educational attainment
(Griliches, 1977).

Although the search for markers of increased vulnerability has been carried
out only with post hoc analyses, results of several studies suggest that children
in lower social strata (or whose parents have manual occupations) express an IQ
deficit at lower exposures than do children in higher social strata (Harvey et al.,
1984; Winneke and Kraemer, 1984; Rabinowitz et al., 1991).
Sociodemographic differences are thought to account for the discrepancy
between the results of the first (Yule et al., 1981) and second (Lansdown et al.,
1986) London studies. Not all studies report socioeconomic differences in
vulnerability, however. In one study, the association between increased tooth
lead and lower IQ was more prominent among boys than girls (Pocock et al.,
1987). The findings should be viewed as preliminary, but they are consistent
with patterns reported in two of the prospective studies (Dietrich et al., 1987a;
Bellinger et al., 1990). In two recent studies, however, the inverse association
between lead level and cognitive performance was stronger among girls than
boys (Rabinowitz et al., 1991; Leviton et al., 1993), leaving the issue of sex
differences in vulnerability unresolved.

Several obstacles impede efforts to discern whether specific
neuropsychologic
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deficits are associated with higher lead exposures. First, differences among
investigators in interests and experience, as well as national differences in
assessment strategies and approaches, have contributed to interstudy differences
in the instruments used and the ages at which children were assessed. Second,
within an individual study, the instruments used to assess function in different
cognitive domains vary in reliability and sensitivity. If children with different
exposures perform differently on test A but not on test B, it might be difficult to
determine whether the contrast is attributable to lead-associated effects on the
skills underlying test A but not those underlying test B or to the superiority of
test A in psychometric properties. Third, the specific manifestations of lead's
cognitive toxicity might vary with characteristics of a cohort, such as
socioeconomic status or other markers of the types of developmental support
available to children. For instance, children in lower social strata often begin to
manifest language deficits in the second year of life that are attributed to a
relative lack of environmental support for the types of linguistic skills assessed
in standardized tests. The increased vulnerability of verbal function in such
children might make this aspect of cognition most sensitive to toxic exposure.
In children from higher social strata, where greater emphasis might be placed
on the development of primarily verbal academic skills, this aspect of cognitive
function could be more protected. Toxicity might be expressed in other ways,
such as visual-spatial or visual-motor integration. Fourth, differences across
studies in the cognitive domains found to be associated with lead might reflect
differences in the exposure histories of the children in various cohorts and to
differences in the exposure index used. Some cognitive functions might be more
strongly associated with exposure within the first 2 years of life, and others with
later exposure (Shaheen, 1984). For still other functions, the important contrast
could be between cumulative and acute exposure (e.g., Winneke et al., 1987,
1988).

As noted in the discussion of the impact of lead on IQ, the importance of p
values should not be magnified in assessing the consistency across studies in the
association of specific cognitive functions with lead. Numerous studies showing
similar effect sizes, some of which might not be statistically significant, are
more persuasive than a set of studies showing discrepant effect sizes with
similar p values.

There is relatively little consistency across studies in terms of whether
verbal IQ or performance IQ is more strongly associated with lead exposure.
Some studies report stronger associations for verbal IQ or surrogate scores
(Needleman et al., 1979; Ernhart et al., 1981; Yule et
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al., 1981; Bergomi et al., 1989; Hansen et al., 1989a,b), and others for
performance IQ (Marecek et al., 1983; Shapiro and Marecek, 1984). In some
studies, size of exposure was significantly associated with both scales (Hatzakis
et al., 1989), and in others, with neither scale (Smith et al., 1983; Winneke et
al., 1983; Lansdown et al., 1986 Fergusson et al., 1988; Silva et al., 1988).
Similar inconsistency has been reported in the results of IQ testing conducted at
school-age in the prospective studies (Baghurst et al., 1992; Bellinger et al.,
1992; Dietrich et al., 1993a). Several studies have noted significantly lower
reading scores (primarily word-reading) among children with larger exposures
(Yule et al., 1981; Fulton et al., 1987; Fergusson et al., 1988; Needleman et al.,
1990); other studies have noted similar, but nonsignificant, trends (Ernhart et
al., 1981; Smith et al., 1983; Silva et al., 1988). Spelling deficits have also been
reported (Yule et al., 1981; Fergusson et al., 1988). Some studies report
significant associations between lead exposure and mathematical skills (Fulton
et al., 1987; Fergusson et al., 1988); others do not (Yule et al., Smith et al.,
1983; Lansdown et al., 1986).

In several studies, children with larger lead exposure did poorly on
assessments of visual-spatial or visual-motor skills, with deficits apparent on
figure reproduction, visual retention, mazes, eye-hand coordination, and
construction tasks (Winneke et al., 1988; McBride et al., 1982; Bellinger et al.,
1991a; Hansen et al., 1989a,b). Analysis of the pooled data from the WHO/CEC
studies (Ewers et al., 1989) indicated a significant positive association between
errors on the Bender-Gestalt Test (German scoring system) and blood lead
concentration, particularly on the more difficult trials when perceptual
distractions were introduced.

A more consistent finding across studies is an inverse relationship between
children's lead concentration and the adequacy of their performance on simple
and especially choice reaction-time tasks (Needleman et al., 1979, 1990;
Winneke et al., 1983, 1989, 1990; Hunter et al., 1985; Hatzakis et al., 1989;
Raab et al., 1990). In the WHO/CEC studies, blood lead concentration was
positively associated with errors and negatively associated with hits on a serial-
choice reaction-time task (Ewers et al., 1989). Lead exposure was not
significantly associated with performance on a delayed-reaction-time task in
this set of studies. Larger exposure has also been linked to poorer performance
on tests such as the Toulouse-Pieron cancellation test (Bergomi et al., 1989), the
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Trail-Making Test, Stroop Test, the Talland Letter Cancellation Test, and the
Wisconsin Card Sorting Test (Bellinger et al., in press). If the assumption that
such tasks assess children's attention skills is correct, these data are consistent
with other findings, based on teachers' ratings, that children with larger
exposures are less attentive in the classroom (Needleman et al., 1979); Yule et
al., 1984; Hatzakis et al., 1987; Silva et al., 1988; Thomson et al., 1989). Blood
lead concentration was not significantly associated with teachers' ratings of
classroom behavior in the WHO/CEC studies, however (Ewers et al., 1989).
Except for the finding of Hansen et al. (1989a,b) of greater off-task behavior
during the continuous-performance task, direct observations of children have
not demonstrated behavioral differences between groups of children with varied
magnitudes of lead exposure (Bellinger et al., 1984b; Harvey et al., 1984).

Byers and Lord (1943) reported that 19 of 20 children with asymptomatic
lead poisoning failed to achieve adequate progress in school, despite IQs in the
normal range. Their difficulties were attributed to behavioral dysfunctions, such
as distractibility and impulsivity. Although those observations are generally
credited with originating studies on so-called subclinical effects of lead
exposure, relatively few of the more recent studies have examined performance
in school as an outcome variable, apart from collecting teachers' ratings of
children's classroom behavior.

The limited data available are generally consistent with the hypothesis that
children with greater lead burdens not only perform worse on laboratory and
psychometric tests of cognitive function, but also are more frequently classified
as learning-disabled and make slower progress through the grades. For instance,
in a followup study of a subset of 141 children in the cohort originally identified
by Needleman et al. (1979), dentin lead concentrations greater than 20 parts per
million (ppm) were associated with increased rates of referral for remedial
academic help and with grade retention during the late elementary-school years
(Bellinger et al., 1984b). In a cross-sectional study of 200 second-grade
Scandinavian children, the risk (adjusted odds ratio) for learning disability
among children with circumpulpal-dentin lead concentrations greater than 16
ppm was 4.3 (the reference was the rate among children with concentrations
less than 5 ppm) (Lyngbye et al., 1990). Including children with a variety of
medical risk factors reduced the odds ratio, but
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the risk of learning disability among children with high dentin lead remained
double the reference risk.

An assessment of the prevalence of lead-associated learning disabilities
over a much longer followup interval was reported by Needleman et al. (1990).
At age 18–19 years, children with high dentin lead concentrations had
significantly higher rates of reading disability (at least two grades below
expected) and failure to graduate from high school; the adjusted odds ratios
were 5.8 and 7.4, respectively, when the prevalence among children with dentin
lead concentrations below 10 ppm was used as the reference.

In children, early neurobehavioral and other developmental effects have
been reported at blood lead concentrations of 10 µg/dL or even lower (and
equivalent concentrations in other tissues). Figure 2-3 shows a nonparametric
smoothed curve of full-scale IQ versus dentin lead concentration with
covariates controlled for. The figure comes from a reanalysis of the data of
Needleman et al. (1979) by Schwartz (in press). The analyses of Needleman and
co-workers have recently been criticized. It has been suggested that their
finding of a significant association between full-scale IQ and dentin lead
followed from three critical choices: their exclusion of subjects with
characteristics that they felt might be strongly related to the outcome (such as
hospitalization for head injuries or residence in non-English-speaking homes),
their use of external age adjustment rather than direct control for age in the
regression, and their method for assigning subjects to lead-exposure groups.
The reanalysis addressed recent criticisms of the original analysis by

•   Including all the subjects, instead of using the exclusion criteria of
Needleman and co-workers.

•   Controlling directly for age in the regression model, instead of using
indirect standardization.

•   Using the mean dentin lead in each child as the exposure index, instead
of a set of categorization rules that discarded discordant values.

The reanalysis also controlled for additional covariates. Dentin lead
concentrations were found to be more highly significantly related to full-scale
IQ than in the original analysis. Figure 2-3 indicates that the covariate-adjusted
association continued to the lowest dentin lead concentration found in the
sample, 1 ppm. Although that cannot speak to
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effects at lower concentrations, the rarity of concentrations below 1 ppm in
industrial societies suggests a lack of an effective threshold. Schwartz

FIGURE 2-3 Nonparametric smoothed plot of full-scale IQ vs. dentin lead
from Needleman et al. (1979). After controlling by regression for age, maternal
IQ, maternal age, mother's and father's education, mother's and father's SES,
number of siblings and hospitalization for lead poisoning. None of subjects
excluded in original analysis were excluded from reanalysis. Source: Schwartz,
in press. Reprinted with permission from NeuroToxicology; copyright 1992,
Intox Press.
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(in press) presents a plot that indicates that smoothing did not distort the
relationship. Schwartz also reports a reanalysis of the data of Bellinger et al.
(1991a). The Schwartz reanalysis—in addition to addressing the question of the
impact of the exclusions, age-control method, and definition of exposure in the
original paper of Needleman et al. (1979)—also went to some lengths to
examine the sensitivity of the conclusions to those and other factors. The
regression coefficients and standard errors for the baseline model (which
controlled for age, used mean dentin lead as the exposure index, and used no
exclusionary rules) were compared with those for a number of different models.
Some additional covariates were included, and some of the original Needleman
exclusionary rules were used.

The association between dentin lead and full-scale IQ was insensitive to
those changes. To ensure that the association was not driven by a few influential
observations, Schwartz used M estimation, a technique that assigns lower
weight to points that are far from the predicted regression line to reduce the
possible influence of a few anomalous points. Boot-strapping, which calculates
mean regression coefficients and confidence intervals by repeatedly resampling
observations from the original data set, was also used; it yields inferences that
are less sensitive to any assumptions about the distributional properties of the
variables and parameters. Both techniques gave results essentially identical with
those of the baseline model. Robust variance estimates also yielded the same
results. The nonparametric smooth curve mentioned above (Figure 2-3) also
indicates that the relationship is not driven by a few selected observations.

Schwartz also examined the association between dentin lead and other
outcomes. Those outcomes might be expected to covary with IQ, and an
association with them further indicates that the IQ results are not anomalous in
these data. In models that control for all the covariates used in the IQ
regressions, dentin lead was associated with Teacher Rating Score, with Piaget
Mathematics and Reading Scores, with Seshore Rhythm, and with other
neurodevelopmental outcomes. The findings suggest that the association
between dentin lead and intellectual development in the data of Needleman and
co-workers is strong and robust. Bellinger et al. had reported that 20-month
blood lead concentrations were associated with 57-month McCarthy General
Cognitive Index in their prospective study of lead exposure. Using least-square
means, they
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showed that children with blood lead of 3–9 µg/dL had significantly lower
McCarthy scores than children with blood lead below 3 µg/dL. Figure 2-4
shows a covariate-adjusted nonparametric smoothing of the McCarthy Scores
for those children versus blood lead concentrations from Schwartz's reanalysis.
A continuous dose-dependent decline is seen to start at 1 µg/dL.  Figure 2-5
shows the covariate-adjusted Bayley MDI scores at age 18 months for three
categories of cord lead concentration, as reported from the Boston study. More
recently, Schwartz (in press), using hockeystick regression, has demonstrated a
threshold estimate below 1 µg/dL in the relationship between McCarthy Global
Cognitive Index and blood lead in these data. Those studies support the general
conclusion that there is growing evidence that there is no effective threshold for
some of the adverse effects of lead.

Another neurobehavioral end point is evident in Figure 2-6, which shows
the percent of children with hearing levels worse than the reference

FIGURE 2-4 Nonparametric smoothed plot of McCarthy Global Cognitive
Index vs. blood lead at 24 months of age in Boston prospective lead study
(Bellinger et al., 1991a). Source: Schwartz, in press. Reprinted with permission
from NeuroToxicology;copyright 1992, Intox Press.
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FIGURE 2-5 Mean Bayley Mental Development Index in children aged 24
months, by umbilical cord lead group, after adjustment for covariates, from
study of Bellinger and co-workers (1987a,b). Source: Adapted from Schwartz,
in press. Reprinted with permission from NeuroToxicology; copyright 1992,
Intox Press.
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level, by quintiles of blood lead concentration, after adjustment for
covariates. The data are from the Hispanic Health and Nutrition Examination
Survey, as reported by Schwartz and Otto (1991). The effects clearly continue
to well below 10 µg/dL.

FIGURE 2-6 Fraction of children with hearing worse than reference level of
quintiles of blood lead concentration, after adjustment for covariates. Data
from Schwartz and Otto (1991). Source: Adapted from Schwartz, in press.
Reprinted with permission from NeuroToxicology; copyright 1992, Intox Press.

Considerable interest has focused on the persistence of the cognitive
deficits seen in lead. The longest followup study, published recently by
Needleman and co-workers (1990), showed that some deficits persisted and
showed a dose-dependent relationship with lead exposure. Figure 2-7
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shows the fraction of children with reading disability, by quartile of dentin lead
concentration, after adjustment for covariates.

In the paper of Schwartz and co-workers (1986), children's stature was
associated with blood lead concentrations. A hockeystick regression analysis
found no evidence of a threshold down to the lowest blood lead concentration in
the data (2 µg/dL). At lower ages, Shukla and colleagues (1987, 1989) found an
association between integrated postnatal blood lead and child's stature at 33
months. Figure 2-8 shows that relationship, after adjustment for covariates.

Neurotoxic effects of lead in addition to effects on cognition and other
neurobehavioral measures in children have been documented in both the central
nervous system and the peripheral nervous system (PNS) of both adults and
children.

In both lead workers and lead-exposed children, one noninvasive,

FIGURE 2-7 Percentage of children with reading disability (defined as two or
more grades below expected) by quartiles of dentin lead concentration after
adjustment for covariates. Data from long-term followup of Needleman and co-
workers (1990). Source: Schwartz, in press. Reprinted with permission from
NeuroToxicology; copyright 1992, Intox Press.
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useful measure of PNS injury is the reduction of conduction velocity in some
sensory and motor nerves. By and large, lead workers show impairment of
nerve conduction velocity at relatively higher concentrations of blood lead than
those associated with either childhood lead neurotoxicity or that related to other
toxic end points in adults. Nerve conduction-velocity impairment appears not to
be a particularly sensitive measure of neurotoxicity in adults, as it is a measure
that reflects advanced manifestation of demyelinating injury involving Schwann
cells.

Effects of lead on peripheral nerve function in children are also known,
although not as well studied as in adults. Studies of inner-city children
(Feldman et al., 1973a,b; 1977) and children residing in smelter communities
(Landrigan et al., 1976; Englert, 1978; Winneke et al., 1984; Schwartz et al.,
1988) have been reported. Multiple statistical analyses (Schwartz et al., 1988)
of nerve conduction-velocity data obtained from a group of asymptomatic
smelter-community children described earlier (Landrigan et al., 1976)
demonstrated a threshold in children for nerve conduction-velocity reduction of
blood lead concentration ranging from 20 to 30 µg/dL, depending on the
statistical analysis. One complication with nerve conduction velocity as a
toxicity measure is that a dose-dependent biphasic response can be identified,
i.e., a U-shaped dose-effect curve across studies and across a broad range of
blood lead concentration (e.g., Schwartz et al., 1988; Winneke et al., 1989).

Various assessments of neurophysiologic end points have involved various
evoked-potential testing, particularly by Otto (Benignus et al., 1981; Robinson
et al., 1985; Otto, 1989). The salient points of the various studies are as follows:

•   Various evoked-potential tests are measures of CNS perturbations in
young children, even though some inconsistencies across time and
stage of neurologic development suggest that multiple mechanisms are
involved.

•   Linear dose-effect data were reported in connection with conditioned
slow-wave voltage changes in children, brain-stem evoked-potential
latencies, pattern-reversal evoked-potential (PREP) latencies, and
PREP amplitude.

•   Such measures seem to be minimally affected by social and cultural
factors that complicate psychometric studies.

•   Although much of the evoked-potential information examined by Otto
and others might not have clear clinical connections, except for that
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linked to hearing impairment (Schwartz and Otto, 1987), any CNS
perturbations that occur in developing children should be regarded
with the utmost concern.

FIGURE 2-8 Percentage of newborns weighing less than 2,750 g by maternal
blood lead category, after adjustment for covariates. Data from Dietrich
(1991). Source: Schwartz, in press. Reprinted with permission from
NeuroToxicology; copyright 1992, Intox Press.

CARDIOVASCULAR EFFECTS

Hypertension and Pregnancy

Ever since Schedoff and Porockjakoff drew attention to the association of
high blood pressure and eclampsia in 1884, there has been increasing interest in
this relationship. In normal pregnancy, despite the 30–40% increase in blood
volume and cardiac output, arterial pressure falls,
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because of a decrease in peripheral vascular resistance. A fall early in gestation
lasts until around weeks 18–24 of pregnancy. Between weeks 24 and 26, blood
pressure increases to a plateau; it then stays steady until delivery. Women who
do not follow that usual pattern and are hypertensive during pregnancy have a
higher risk of adverse pregnancy outcome. The reported prevalence of
hypertension ranges from 3.5% to 23.6% (Underwood et al., 1967; Russell et
al., 1968; Naidoo and Moodley, 1980; Huisman and Aarnoudse, 1986); the
lowest of those figures is for a population mostly of Caucasians, and the highest
is for a group of nulliparous women at risk of poor pregnancy outcome. The
estimates of prevalence have suffered from lack of uniform definition and of
standardized measurements of blood pressure.

Hypertension is the disease most often associated with fetal growth
retardation (IOM, 1985). Low and Galbraith (1974) attributed 27% of
intrauterine growth retardation with an identifiable cause to severe pre-
eclampsia, chronic hypertensive vascular disease, or chronic renal disease.
Breart et al. (1982) found that intrauterine growth retardation occurred in only
3% of births when the diastolic blood pressure was less than 90 mm Hg, 6% of
births at 90–110 mm Hg, and 16% of births when it was higher than 110 mm Hg.

Lead readily crosses the placental barrier during the entire gestational
period, and its uptake appears to be cumulative until birth (ATSDR, 1988).
McMichael et al. (1986) showed that preterm deliveries and reduction in
birthweight were significantly related to maternal blood lead at delivery. Those
findings have been documented in other studies in the United States and other
countries. The prenatal effects are minimal or disappear and thus do not show
compromised neurologic functioning in children.

The consistency of the types of adverse pregnancy outcomes that have
been related to hypertension and to blood lead in separate studies is striking, but
needs to be better integrated. Rabinowitz et al. (1987) are the only investigators
who have reported on the relationship of pregnancy with blood pressure and
blood lead during pregnancy. They studied 3,200 live births in Boston by white,
middle-class women. They examined umbilical-cord blood lead and reported a
significant association with blood pressure at delivery and the presence of
hypertension during pregnancy. Schwartz (1991) has reported an association
between blood lead and blood pressure in females in a nationally representative
sample.
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A comprehensive review of both human and animal studies has been published
(Boscolo and Carmignani, 1988).

Animal Models of Lead and Blood Pressure

In the last decade, a substantial body of animal data have associated in
vivo lead exposure with increased blood pressure in animals. Increases in blood
pressure in the rat have been documented by Victery et al. (1982), Iannacone et
al. (1981), Perry and Erlanger (1978), Carmignani et al. (1983), Webb et al.
(1981), Evis et al. (1987), Boscolo and Carmignani (1988), Bodgen et al.
(1991), Nakhoul et al. (1992), and Lal and co-workers (1991). In many of these
studies, the blood lead levels involved were quite low. Figure 2-9, for example,
shows a plot of the

FIGURE 2-9 Response of blood pressure to blood lead concentrations in rats
(Boscolo and Carmignani, 1988). Source: Schwartz, 1992b. Reprinted with
permission; copyright 1992, CRC Press.
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data from Boscolo and Carmignani (1988), taken from the review of Schwartz
(1992b). Other studies have documented similar increases in pigeons (Revis et
al., 1981).

A common finding in these studies was increased reactivity to alpha-
adrenergic stimulation, prolonged response to norepinephrine stimulation, and
reduced effectiveness of isoproterenol in lowering blood pressure. These all
point to a mechanism involving the modulation of the calcium messenger
system that regulates blood pressure. This system is disturbed by lead in other
organs as well.

In vitro studies have also supported the role of lead in increasing blood
pressure. Isolated tail arteries have shown increased contractile response in
studies by Piccini et al. (1977), Chai and Webb (1988), Skoczynska et al.
(1986), Carmignani et al. (1983), Iannocone et al. (1981), and Webb et al.
(1981). These studies also document increased responsiveness to alpha-
adrenergic stimulation. Chai and Webb (1988) report that the contractile
response to lead in an isolated rabbit tail artery was increased by a protein
kinase C stimulant, and decreased in the presence of a protein kinase C
inhibitor. This again suggests the centrality of the calcium messenger system.
This system regulates tone in the vascular periphery of humans as well as
animals.

Population-Based Epidemiology Studies

Recent epidemiology studies have generally supported the conclusion that
the animal results are generalizable to humans. Positive associations between
blood lead levels and blood pressure have been reported in essentially all
studies, and most of them have reported significant results. The largest studies
were the British Regional Heart Study and the NHANES II study. The
similarity in the regression coefficients between those two studies has been
noted by EPA in the air lead criteria document (EPA, 1986a) as well as by
Pocock et al. (1988). Figure 2-10 shows the estimated changes in systolic blood
pressure for a change in blood lead from 10 µg/dL to 5 µg/dL from 11 recent
studies of the association between blood lead and blood pressure (Schwartz,
1988; Orssaud et al., 1985; Kroumhout, 1988; Pocock et al. 1988; Elwood et al.,
1988a,b; Neri et al., 1988; Moreau et al., 1982; de Kort et al., 1987; Sharp et al.,
1988). As can be seen, positive and moderate consistent effects are seen in the
studies. Other studies have also reported
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significant associations, including Weiss et al., (1986), Moller and
Kristensen (1992), Egeland et al. (1992), Apostoli et al. (1992), and Hu (1991).
No association was reported by Grandjean et al. (1989), and a mixed result,
with positive associations in one model, and negative associations in a model
with multiple divalent cations, was reported by Staessen et al. (1991). Overall, a
considerable majority reported significant associations. Combined with the
strong animal model, mechanistic results, and the moderate concordance of
effect size, this suggests overwhelming evidence for the causality of the
association. This conclusion was also the consensus of the International
Conference on lead in blood pressure (Victery et al., 1988), and of EPA's
external Science Advisory Board.

Given the estimated changes in blood pressure from Figure 2-10, a study
would need extremely large sample sizes to test whether the expected
consequences of increased blood pressure on myocardial infarctions occur. No
study done to date has had the power to detect relative risks of 1.05. Two
studies have focused on intermediate, and more common, cardiovascular end
points. Kirkby and Gyntelberg (1985) reported that lead exposure was
associated with electrocardiogram changes associated with ischemic heart
disease. This was confirmed in a general population study by Schwartz (1991).

MECHANISMS OF TOXICITY

The search for mechanisms of lead's toxic actions in human and
experimental animal populations must depend to some extent on the level of the
mechanistic explanations being sought. For example, histopathologic,
physiologic, cellular, and subcellular and molecular levels of mechanistic
explanation have been invoked in numerous papers on human and experimental
lead toxicity. Eventually, all the mechanistic explanations are traced to lead's
functions at the molecular level in various cell types and in various subcellular
components. Investigators have long sought a global, unifying molecular
mechanism of lead's toxic action at all sites in the human body. The diversity of
toxic effects has made such an explanation extremely difficult to find, and it is
the molecular-level mechanism that is of principal interest in this report.

The consequences of lead action on organ and tissue function are also
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highly correlated with reproducible lead-induced dysfunction in cell culture
models of neurons and glia, brain capillary epithelium, bone, and several other
pertinent cell types (Tiffany-Castiglioni, 1993; Goldstein, in press; Pounds et
al., 1991). Finally, the many toxicological effects of lead are well supported in
hypothesis and theory by lead-dependent perturbation of critical physiological,
biochemical, and molecular events including signal transduction processes,
gene expression, mitochondrial function, etc. (Goering, in press; Regan, in
press; Shelton, 1993; Simons, in press).

Most attempts to elucidate or define the mechanism of neurotoxic action of
lead on cognition and related measures of brain function include altered
development and maintenance of the neural network by lead as a vague, but
central thesis. The concept that lead might provoke local or global changes in
brain development, architecture, organization, and function is reasonable and
supported directly and indirectly by the studies from several laboratories. Two
broad classifications of mechanisms have been proposed by Silbergeld (1992).
First, are the neurodevelopmental mechanisms that result in persistent and
irreversible changes in the architecture of the nervous system. The best example
of this developmental mechanism is the neural cell adhesion molecule discussed
below. Second, lead interferes with signal transduction processes, especially
those associated with neurotransmitter function, which may be reversible.
Although these two broad mechanisms may overlap if the neuropharmacologic
effects of lead contribute to the developmental mechanism, they provide a
useful framework to organize information.

Definition of mechanism of action: To assess appropriately the literature
developing on mechanisms of action for lead toxicity and neurotoxicity, it is
important to note that the cellular and molecular effects of lead are parallel to
the effect of lead on nervous system function in humans. That is, at any level of
biologic organization, lead toxicity manifests a broad continuum of toxicity
from overt at higher levels to multifactorial recondite toxicities at lower
exposure levels. A similar broad continuum of toxicities is observed at the
cellular level. Thus, it should not be expected that the actions of lead on a single
cellular or molecular process will provide an adequate description of the
mechanism of action.

In addition, there is not agreement among investigators as to what
constitutes a mechanism of action as the definition of mechanism of action, like
the definition of beauty, lies in the eye of the beholder. For
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example, the underlying process responsible for poor school performance may
be best related to another behavioral outcome, such as visual-moter integration.
At another, but more remote level, perturbation of signal transduction or gene
expression may be responsible for changes in neuronal development and the
hard-wiring of the nervous system that may underlie the changes in behavior.
At yet another level, interaction of lead with critical sites on specific proteins
may explain the effects of lead on signal transduction processes.

Neurotoxicity: The principal neuropathologic feature of acute lead
encephalopathy is interstitial edema. Several lines of investigation implicate
functional changes in the permeability and barrier properties of the capillary
endothelium (Bressler and Goldstein, 1991). These changes in endothelium
function may be mediated by the effects of lead on astrocytes possibly through
altering calcium homeostasis or by activation of protein kinase C (Gebhart and
Goldstein, 1988).

Neurodevelopmental toxicity: The neural cell adhesion molecule (NCAM)
is a complex of three polypeptides which regulates many neurodevelopmental
processes including neuronal fiber outgrowth and synapse formation (Edelman,
1986). The extracellular domain of the NCAM complex is modified by the
addition of sialic acid moieties, with the embryonic form more polysalicylated
than the adult form. The sialic acid content determines the strength of
interactions between NCAMs on adjacent cells. Chronic lead exposure
decreases the rate of NCAM desialylation and the conversion from the
embryonic to adult stage in the rat cerebellum (Cookman et al. 1987; Regan,
1989, in press). It is logical that the impaired NCAM desialylation may induce a
dys-synchrony in normal cerebellar development, with subsequent altered
neuronal structuring contributing reduced fine motor skills and other
manifestations of toxicity. However, the biochemical and cellular mechanisms
by which lead impairs desialylation remain to be clarified.

Many studies have evaluated the effects of lead on selected parameters of
neurotransmitter function and the electrophysiological consequences. Changes
in neurotransmitter levels, turnover, and release are well documented in
numerous experimental systems, including the neuromuscular junction,
synaptosomal preparations, brain tissue slices and cultured neurons. Although
there are inconsistencies and contradictions in the findings among these studies,
the conclusions are remarkably consistent when the differences in experimental
design and the experimental system
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are considered (Bressler and Goldstein, 1991; Minnema, 1989; Silbergeld,
1992). Chronic exposure to low levels of lead enhances the basal or
spontaneous release of various neurotransmitter from almost all systems
investigated. For example, lead concentration of 40 µg/dL increased the
frequency of miniature end plate potentials, but did not affect the presynaptic
nor the end plate potential after direct stimulation (Atchison and Narahashi,
1984; Cooper et al., 1984; Manalis and Cooper, 1973). In contrast, lead at
higher concentrations blocked the evoked release of neurotransmitters in both
the peripheral and central nervous system preparations.

Interactions of lead with the calcium, messenger system have received
considerable attention during the last twenty years. This attention is the result of
the physico-chemical similarity between Pb2+ and Ca2+ and the ubiquitous role
of calcium ions as intracellular messengers for transducing electrical and
hormonal signals. The interaction of lead with Ca2+ homeostasis and the
calcium messenger system has been reviewed in detail (Pounds, 1984; Pounds
et al., 1991; Simons, in press; Bressler and Goldstein, 1991).

The concentration of free cytoplasmic calcium ion, [Ca2+]i, is normally
maintained between 50 and 150 nM by the calcium homeostasis system. An
appropriate hormonal or electrical signal at the plasma membrane is transduced
to a cytoplasmic Ca2+ signal by increasing the [Ca2+ ]i in one or more parts of
the cell. Lead interferes with the generation of a Ca2+ signal in many cells and
nerve terminals. Recent work has extended this understanding by demonstrating
that Pb2+ inhibited Ca2+ entry when calcium channels were opened by
depolarization (Simons and Pocock, 1987)

Cytoplasmic Ca2+ signals are received by a variety of Ca2+ receptor
proteins including calmodulin, protein kinase C, calcimedins, parvalbumins,
troponin C and many others. Some of these Ca2+ receptor proteins are specific
to certain cell types, while others are ubiquitous. Two of the most versatile and
ubiquitous Ca2+ receptor protein are calmodulin and the protein kinase C
family. The calmodulin-mediated responses are typically of brief duration.
Typically calmodulin-mediated functions include neurotransmitter release,
endocrine and exocrine secretion, etc. Protein kinase C is activated by Ca2+ and
a lipid metabolite produced by prosphoinositol metabolism, diacylglycerol.
Protein kinase C activates protein kinase and prosphatases with both a broad
and narrow spectrum
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of protein substrates. Protein kinase C-mediated responses are typically of
longer duration than calmodulin-mediated responses and include cell division
and proliferation, cell-cell communication, organization of the cytoskeleton, etc.
Lead can perturb the function of these Ca2+ receptor protein directly by
substituting for Ca2+ with more or less activity, or indirectly by interfering with
the generation or removal of the Ca2+ signal. For example Pb2+ will effectively
and functionally displace or substitute for Ca2+ in calmodulin and other receptor
proteins tested to data (Habermann et al., 1983; Fullmer et al., 1985; Richardt et
al., 1986). High levels of calmodulin are particularly associated with the nerve
terminals where calmodulin-dependent phosphorylation regulates
neurotransmitter release. The inappropriate, or prolonged activation of
calmodulin by Pb2+ rather than by Ca2+ would logically explain the increased
spontaneous neurotransmitter released observed by many investigators.

Protein kinase C (PKC) is not a single protein, but a family of isozymes,
most of which are calcium activated. Protein kinase C has a profound effect on
cell function, especially the regulation of cell growth and differentiation.
Markovac and Goldstein (1988a,b) demonstrated that very low levels of lead
substituted for calcium in the activation of protein kinase C enzyme activity.
Unfortunately, there is not a clear understanding as to the mechanism by which
Ca2+ activates protein kinase C. Thus the exact biochemical mechanism by
which lead activates PKC is only speculation. Nevertheless, the activation of
PKC by lead has been confirmed in several laboratories using other tissue or
cellular preparations, and thus different PKC isozyme patterns (Goldstein,
1993). Very high levels of lead which are not reasonably expected in vivo are
required to inhibit PKC activity. Current evidence correlates activation of PKC
activity with functional changes in brain microvascular formation in culture
after activation by lead. Similar persistent changes in neuronal activity could
underlie the more subtle effects of lead on neuronal function. Thus, the Pb2+-
protein interactions with Ca2+ receptor proteins and other proteins, such as those
of heme biosynthesis, are beginning to be understood (Goering 1993).

Lead has diverse and complex actions on the calcium messenger system,
emphasizing the importance of this pathway as a key molecular and cellular
target of lead toxicity. Although the effects of lead on these cellular and
molecular processes is clearly established, the causal link

ADVERSE HEALTH EFFECTS OF EXPOSURE TO LEAD 81

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


between these effects and the subtle effects of chronic, low-level lead exposure
is difficult to define with experimental rigor.

Effects on Heme Biosynthesis and Erythropoiesis

EPA (1986a) extensively reviewed the effects of lead on heme
biosynthesis and erythropoiesis. This report will summarize the EPA findings
and will describe new studies.

The various steps in heme biosynthesis affected by lead are depicted in
Figure 2-11. The activity of delta-aminolevulinic acid synthetase, ALA-S (the
rate-limiting enzyme), is stimulated in various tissues in the presence of lead
intoxication. Stimulation of enzyme activity begins to occur at a blood lead
concentration of 40 µg/dL (Meredith et al., 1978). Accumulation of ALA in
lead-exposed subjects occurs both by increased delta-ALA-S activity and by
inhibition of activity of the extremely lead-sensitive cytosolic enzyme
porphobilinogen synthetase (PBG-S, ALA dehydratase [ALA-D]). Of the two
sources of ALA accumulation, that associated with ALA-D activity inhibition is
predominant. The threshold for ALA-D inhibition is between 5 and 10 µg/dL.
ALA accumulation in urine (ALA-U) has generally been assumed to begin in
children and adults with blood lead concentration of about 40 µg/dL (e.g., NRC,
1972; EPA, 1986a). Buildup in plasma (ALA-P) can occur at lower blood lead
concentrations (Meredith et al., 1978). Recent evidence (Okayama et al., 1989)
suggests that the accumulation rate depends on the method of measurement of
the metabolite; dose-response calculations of accumulation of ALA in lead
workers suggest a threshold of below 20 µg/dL, on the basis of the more
specific high-performance liquid chromatography.

Another important step affected by lead is formation of heme from
protoporphyrin IX (erythrocyte protoporphyrin; zinc protoporphyrin) in which
insertion of iron is inhibited by both inhibition of activity of the enzyme
ferrochelatase (Piomelli, 1981; Posnett et al., 1988) and possibly altered
transport of iron intramitochondrially (Moore,1988; Marcus and Schwartz,
1987; Piomelli, 1981; Sassa et al., 1973). Lead-associated accumulation of zinc
protoporphyrin (ZPP) resembles that due to iron deficiency in young children,
and one must adjust for the presence of
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iron deficiency when examining lead exposure. Accumulation of ZPP is
strongly and logarithmically correlated with blood lead concentrations in both
children (e.g., Piomelli et al., 1973, 1982; Lamola et al., 1975; Roels et al.,
1976) and adults (e.g., Grandjean and Lintrup, 1978; Lilis et al., 1978). The
threshold for response in children is 15–20 µg/dL (Piomelli et al., 1982;
Hammond et al., 1985).

Lead-induced impairment of the body heme pool has a broad impact on the
entire organism, and this can be readily comprehended as an effect-cascade
scheme. In summary:

•   Diminished hemoglobin biosynthesis leads eventually in a dose-
dependent manner to anemia (EPA, 1986a; WHO, 1977; Schwartz et
al., 1990). The threshold for lead's effect on hematocrit—based on
analysis of a group of 579 children's blood data—is approximately 20–
25 µg/dL (Schwartz et al., 1990).

•   Heme formation for hemoproteins in neural tissues can be affected,
disturbing normal brain-cell energy production (e.g., Whetsell et al.,
1984; Holtzman et al., 1981).

•   Lead disturbs heme-mediated formation of 1,25-(OH)2-vitamin D in
the kidney, and the disturbance can affect the many functions of
vitamin D in calcium balance and metabolism (Edelstein et al., 1984;
Mahaffey et al., 1982b; Fowler et al., 1980).

•   Other steps in the heme pathway disturbed by lead include the
accumulation of coproporphyrin in urine (CP-U) at an apparent blood-
lead threshold of approximately 40 µg/dL, considerably above that for
the steps already noted. This disturbance occurs only during lead
intoxication (Piomelli and Graziano, 1980), in contrast to the delay
observed in ZPP changes.

In general, impairments of erythropoiesis and erythrocyte physiology
caused by lead exposure are considered to occur at relatively higher body
burdens—i.e., blood lead at or above approximately 40 µg/dL—than is the case
for effects on heme biosynthesis.

Iron-deficiency anemia in children is exacerbated by lead (Watson et al.,
1980; Yip et al., 1981); lead workers' hemoglobin concentration is inversely and
strongly correlated with blood lead concentrations at a threshold of
approximately 50 µg/dL. In children, as noted earlier, lead exposure affects
hematocrit at a blood-lead threshold of approximately 20–25 µg/dL (Schwartz
et al., 1990).

Lead-associated anemia also occurs through direct damage to the
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erythrocyte, i.e., hemolytic anemia. This occurs through a combination of
increased erythrocyte fragility (Waldron, 1966), increased osmotic resistance
(e.g., Horiguchi et al., 1974), and impaired erythropoietic pyrimidine
metabolism (Valentine and Paglia, 1980); Angle and McIntire, 1982).

Effects on Vitamin D and Calcium Metabolism

Recent studies document the impairment of vitamin D metabolism and
function by lead, and this suggests a risk of a toxic action of lead on the many
human bodily functions mediated by vitamin D, particularly during
development. Those functions are tabulated in Table 2-3. Two studies of the
toxic response in children have appeared in the literature (Rosen et al., 1980;
Mahaffey et al., 1982b). In the report of Rosen et al. (1980), a group of lead-
intoxicated children with blood lead concentrations between 33 and 120 µg/dL
were observed to have had marked decreases in circulating amounts of the
vitamin D metabolite 1,25-(OH)2-vitamin D. This association was most
pronounced, in a dose-dependent manner, at blood lead concentrations over 62
µg/dL, but reductions were still significant down to 33–55 µg/dL. The fact that
chelation therapy in the children returned 1,25-(OH)2-vitamin D to normal
without affecting the vitamin D hydroxylation in the kidney indicated that
activity of the mitochondrial enzyme P-450 in the kidney might have been
impaired.

A second investigation in children also documented a strong negative
correlation between blood lead concentrations and serum 1,25-(OH) 2-vitamin
D concentrations (Mahaffey et al., 1982b). They found that the slopes of the
regression analysis lines for data subsets above and below blood lead of 30 µg/
dL were comparable for blood lead and 1,25-(OH)2-vitamin D concentrations.

The decrements in circulating 1,25-(OH)2-vitamin D seen by Rosen et al.
(1980) in the blood lead range of 33–55 µg/dL are similar to those seen in
children with severe renal insufficiency (Rosen and Chesney, 1983). For the
entire blood lead range of 33–120 µg/dL, the metabolite reductions are similar
to what is observed in vitamin D-dependent rickets (Type I), oxaloses, hormone-
deficient hypoparathyroidism, and aluminum intoxication (Rosen and Chesney,
1983).

Data on experimental animals support an effect of lead on biosynthesis of
1,25-(OH)2-vitamin D. Smith et al. (1981) observed decreases in the
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plasma metabolite concentrations in rats given high doses of lead orally. In
chicks fed lead, a dose-dependent reduction in biosynthesis of the dihydroxy
hormone in the kidney and reduced concentrations in tissues have been noted
(Edelstein et al., 1984).

TABLE 2-3 Various Tissues, Cell Types, and Functions Modulated by Vitamin D
Hormone

Tissue Cell Type Function

Bone Osteoblasts Modulates cytosolic Ca2+

Bone remodeling

Gastrointestinal tract Enterocyte Mineral absorption

Mammary gland Mammary explants Calcium uptake

Parathyroid gland Parathyroid Phospholipid metabolism

Pituitary gland GH4C1 pituitary cell Prolactin synthesis  

Modulates cytosolic Ca2+

Heart Cardiac muscle Calcium uptake

Skin Fibroblasts, epidermal CGMO production

Kidney Tubular cells Phosphate reabsorption

Skeletal muscle Myoblasts Calcium uptake

Pancreas ß cells Insulin secretion

Macrophage Phagocytosis

Modulation of protooncogenes

As can be seen in Table 2-3, 1,25-(OH)2-vitamin D controls bone
remodelling and several other metabolic functions. Additional recently
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characterized functions of this vitamin D were summarized by Reichel et al.
(1989). 1,25-(OH)2-vitamin D, for example, controls intestinal vesicular
calcium (Nemere and Norman, 1988) and modulates intracellular calcium ion in
mouse osteoblasts (Lieberherr, 1987), rat cardiac muscle cells (Walters et al.,
1987), and cultured mouse mammary gland (Mezzetti et al., 1988). Other test
systems have also been investigated (Chisolm et al., 1988; Sugimoto et al.,
1988).

Collectively, a decrease in amounts of the dihydroxy metabolite can
potentially produce disturbances in the calcium messenger system and cell
functions controlled by calcium ion (Pounds and Rosen, 1988).

Immunoregulatory properties of the dihydroxy metabolite have been noted
(e.g., Iho et al., 1986), as has its role in growth and differentiation of cell types
other than those of bone (see, e.g., Barsony and Marx, 1988). Other newly
revealed functions are shown in Table 2-3.

A number of studies have attempted to measure the functions affected by
lead, and these are considered in the section of this chapter dealing with
molecular mechanism of lead toxicity.
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Carcinogensis

Virtually all the attention to lead as a major public-health problem arises
from its noncarcinogenic effects in humans and experimental animals. But
questions have been raised about lead carcinogenicity and the topic is briefly
summarized here. Available data are from occupational epidemiologic studies,
short- and long-term experimental-animal tests, and biochemical and in vitro
assessments of lead compounds.

Various studies (Hiasa et al., 1983; Shirai et al., 1984; Tanner and Lipsky,
1984) have shown that dietary exposure to lead acetate at relatively high doses
increases the development of renal cancer caused by several known organic
renal carcinogens in rats. Hiasa et al. (1983) studied the promoting effects of a
diet containing 1% lead acetate on the development of renal tubule-cell tumors
after earlier exposure to N-ethyl-N-hydroxyl nitrosamine. They found a 70%
incidence of renal tumors in animals given lead acetate and the  nitrosamine at
32 weeks and no increase of tumors in animals given either compound alone.
Similar results with the nitrosamine were reported by Shirai et al. (1984), who
concluded that lead acetate acted as a promoter, and with N-(4'-fluoro-4-
biphenyl) acetamide by Tanner and Lipsky (1984), who demonstrated that lead
acetate accelerated the onset and development of kidney tumors in rats after
chronic exposure.

Kasprzak et al., (1985) used a diet containing 1% lead acetate and
supplemented with calcium acetate at 0–6% and showed that addition of
calcium acetate to the diet tended to increase the incidence of renal tumors after
58 weeks of lead  acetate exposure from 45% to 71%, but decreased the
accumulation of lead in the kidneys.

The overall results indicate that lead can act both as a renal carcinogen in
rodents and as a promoter of renal carcinogenesis caused by other organic renal
carcinogens. The exact minimal doses of lead required to produce the effects
are unknown.

About a dozen occupational studies have considered lead exposure versus
various types of cancers in such work categories as battery recycling, lead
smelting, alkyl lead manufacturing, plumbing, and pipefitting. EPA (1986a) has
examined the older studies, and they have been augmented by those of Fanning
(1988) for battery operations, Gerhardsson et al. (1986) for alkyl lead
production, and Cantor et al. (1986) for plumbing and pipefitting.
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Results of some studies suggest a renal-cancer risk (Selevan et al., 1985;
Cantor et al., 1986), but results of others do not (e.g., Cooper et al., 1985). In
some cases (Selevan et al., 1988), an association with duration of exposure
added plausibility to the findings.

In contrast, results of numerous animal studies strongly support a renal-
cancer potential for soluble lead salts (see EPA, 1986a; IARC, 1980, 1987), and
at least 12 long-term studies (with various rat strains, a mouse strain, and both
males and females) documented induction of renal tumors when animals were
fed either lead acetate or subacetate (soluble forms of lead). Those animal data
meet EPA's criteria for sufficient evidence of carcinogenicity, as published in
''Guidelines for Carcinogen Risk Assessment'' (EPA, 1986b).

The mechanism of lead carcinogenicity in laboratory animals remains
unclear. Lead is not mutagenic in most test systems, but it has been shown to be
clastogenic, reducing the fidelity of DNA repair polymerases. As described
above, lead compounds are also mitogens in rodent kidneys and have been
shown to act as tumor promoters and co-carcinogens in various experimental
studies. The inconclusive human data and established animal carcinogenicity
led to a classification of lead as a probable human carcinogen (IARC, 1980,
1987) and an EPA carcinogen ranking of Group B2 (EP, 1986b). Since the U.S.
population has an exposure of approximately 1 µg/kg of body weight per day,
the EPA method for extrapolating animal data to humans could be used to
estimate a lifetime cancer risk for lead approximately 10-5. Of course, the
cancer risks would vary, depending on the extent of exposure if the linearized
extrapolation is appropriate for lead based on biology. The noncarcinogenic
effects of lead remain of predominant interest in sensitive populations, but the
potential carcinogenic effects of lead should be considered as new information
becomes available.

Nephropathy

The question arises whether lead has subclinical renal effects, as would be
expected, given the array of toxic effects on other organ systems. Several
obstacles frustrate efforts to answer the question epidemiologically or
experimentally. First, there is a marked reserve capacity of the kidney to
function in the face of toxic insult. It might be
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some time before the reserve capacity is depleted when people are exposed to
large concentrations; this has been shown in workers occupationally exposed to
lead. Second, we do not know the mechanisms of nephrotoxic events at the
cellular or subcellular level, e.g., in the proximal renal tubules. Finally, there is
a dearth of biologic markers specific for lead's nephrotoxic action.

Previous studies (Victery et al., 1984) have shown that lead-ion uptake in
proximal renal tubule cells occurs via membrane binding or passive diffusion.
Consequently, it is the kidney's intracellular handling of lead that defines the
nephrotoxic dose-response relations for lead toxicity.

One can look to several kinds of experimental studies to garner clues as to
what is occurring in humans who have subclinical lead exposures. Of particular
interest are data on leadbinding proteins in experimental systems.

Oskarsson et al. (1982) showed that the lead-binding patterns in rat
kidneys and brain, major target organs for lead toxicity, were consistent with
binding to two proteins, which might thus be factors in the intracellular
handling and availability of lead. Goering and Fowler (1984, 1985) showed that
the inhibition of PBG-S (ALA-D) activity in the rat kidney is mediated by both
lead biochelation and zinc availability; the former perhaps helps not only to
account for relative resistance to lead in kidney PBG-S (Fowler et al., 1980;
Oskarsson and Fowler,  1985a), a cytosolic enzyme otherwise quite sensitive to
lead in other tissue (Fowler et al., 1980; Oskarsson and Fowler, 1985a), but
such sequestration are linked to the presence of the lead binding proteins. ALA-
S and ferrochelatase function were not, however, protected. These observations
suggested that either other molecules or the lead-binding proteins were
facilitating the mitochondrial uptake of lead, because the mitochondrial inner
membrane has previously been shown (Oskarsson and Fowler, 1985a,b) to be
highly impermeable to lead in vitro (Oskarsson and Fowler, 1987). Studies of
Mistry et al. (1985) show a high affinity of these proteins for lead; other data
(Fowler et al., 1985; Mistry et al., 1986; Shelton et al., 1986) indicate that they
play a role in the intranuclear transport of lead and in lead-induced changes in
renal gene expression and that their biologically active form is a cleavage
fragment of alpha-2-microglobulin in the retinol-binding protein family (Fowler
and Du Val, 1991) that undergoes aggregation, at least in vitro (Du Val and
Fowler, 1989).
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With experimental exposures to mercury (Woods and Fowler, 1977;
Woods et al., 1984) or inorganic oxyarsenic (Woods and Fowler, 1978;
Mahaffey et al., 1981), the resulting porphyrinuria appears to be derived from
injury to the kidney itself. Other data are consistent with a lead-associated effect
on renal heme formation. Ferrochelatase inhibition (a mechanism of erythrocyte
protoporphyrin accumulation) occurs in the kidney (Fowler et al., 1980). The
kidney is relatively rich in porphyrins (Zawirska and Medras, 1972; Maines and
Kappas, 1977), and lead appears to inhibit the heme-requiring kidney 1-
hydroxylase enzyme system (Rosen and Chesney, 1983; Reichel et al., 1989);
one function of this system is the formation of 1,25-(OH)2-vitamin D, the
hormonal metabolite of vitamin D. Short-term experimental-animal studies with
intravenous lead have shown a high correlation between formation and
dissolution of lead inclusion bodies in renal tubule cells and changes in total
and specific gene regulation at these sites. Such changes in regulation are to be
found in various subcellular fractions—mitochondrial, microsomal, cytosolic,
and lysosomal fractions with a specific response for each organelle
compartment (Mistry et al., 1987).

Chronic exposures in experimental animals have produced similar results
with regard to lead induction of specific stress proteins. Comparisons of such
data with morphometric analyses of tubule cell populations and effects on heme
biosynthesis might permit determination of which biologic markers are of
greater utility in delineating specific lead-induced changes in cell functions.

Knowledge of the intracellular handling such as the kidney and brain, is
essential to an understanding of the mechanisms of lead toxicity in target cell
populations in these tissues. Soluble, high-affinity lead-binding proteins in the
kidney and brain of rats were first reported by Oskarsson et al. (1982). Those
molecules were not identified in other nontarget tissues, so they might play a
role in lead toxicity in these organs at low doses. Later studies (Goering and
Fowler, 1984, 1985; Goering et al., 1986) demonstrated that semipurified
preparations of the proteins play a major role in mediating lead inhibition of the
heme biosynthetic pathway enzyme alpha-aminolevulinic acid dehydratase
(porphobilinogen synthetase). Other studies (Mistry et al., 1985, 1986)
demonstrated that the kidney lead-binding proteins had a high affinity for lead
and were capable of facilitating the cell-free nuclear translocation and
chromatin binding of 203Pb. Those molecules thus
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appear to act as "receptors" for lead and to regulate its intranuclear uptake,
chromatin binding, and changes in proximal tubule cell gene expression
(Fowler et al., 1985; Shelton et al., 1986; Mistry et al., 1987; Hitzfeld et al.,
1989; Klann and Shelton, 1989).

More recent studies (DuVal et al., 1989; Fowler and DuVal, 1991)  have
identified the renal lead-binding protein as a cleaved form of the protein
alpha-2-microglobulin that locks the first 9-nitrogen-terminal residue and
shown that the brain lead-binding protein is a chemically similar protein that is
rich in aspartic and glutamic amino acids, but immunologically distinct. It
appears that it is the cleared form of the alpha-2-microglobulin that is
biologically active. Western blot studies (DuVal et al., 1989) have shown that
that protein undergoes aggregation after in vitro exposure to lead. The data
suggest that the protein can play an early role in the formation  of the
pathognomonic cytoplasmic and intranuclear lead inclusion bodies. The
inclusion bodies are the main intracellular storage sites for lead in proximal
tubule cells after increased or chronic lead exposure (Goyer and Rhyne, 1973;
Moore et al., 1973; Fowler et al., 1980; Shelton and Egle 1982; Oskarsson and
Fowler 1985a,b; Klann and Shelton 1989).

Previous studies have shown a marked kidney-specific macromolecular
binding pattern for lead in renal proximal tubule cells. The binding is followed
by several undefined intracellular events that result in the presence of large
quantities of lead in renal proximal tubule cell nuclei. The precise sequence of
events and relationships to other intracellular lead species have not been
completely studied. Such data are central to an understanding of the
bioavailability of lead to sensitive cellular processes. The bioactive lead species
thus might be centrally involved in the mechanisms of toxicity. Further studies
of how lead reacts with them should permit their use as biologic indicators of
lead-induced nephropathy, provided that they are excreted in urine. Lead-
induced alterations of renal gene expression (Fowler et al., 1985; Mistry et al.,
1986; Shelton et al., 1986; Herberson et al., 1987; Hitzfeld et al., 1989) and
inhibition of renal heme biosynthetic pathway enzymes with attendant
development of metal-specific porphyrinuria patterns (Mahaffey and Fowler,
1977; Mahaffey et al., 1981) are examples of sensitive biochemical systems.
Such responses have great potential as biologic indicators of nephropathy, once
their relation to the pathophysiology of lead nephropathy is understood.
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SUMMARY

Exposure of various sensitive populations to lead induces a wide variety of
adverse effects—in the central nervous system of children and fetuses, in
various growth indexes of children, in the cardiovascular system of older
people, in heme synthesis, and in calcium homeostasis and function. LOELs
(lowest-observed-effect levels) for various lead effects are summarized in
Table 2-4 for children and Table 2-5 for adults.

The weight of the evidence gathered during the 1980s clearly supports the
conclusion that the central and peripheral nervous systems of both children and
adults are demonstrably affected by lead at exposures formerly thought to be
well within the safe range. In children, blood lead concentrations around 10 µg/
dL are associated with disturbances in early physical and mental growth and in
later intellectual functioning and academic achievement. Studies of
electrophysiologic end points have suggested some of the changes in brain
function that might mediate the apparent effects.

Despite impressive advances over the last decade in the methodologic rigor
of studies of lead exposure and nervous system function, epidemiology remains
limited by opportunity. Therefore, animal studies are critical for interpreting the
human data. Factors that an epidemiologist must take account of with statistical
analysis (an inevitably imperfect process) can be controlled experimentally with
animals. For example, the influence of socioeconomic factors on performance
can be eliminated, and the importance of timing, dose, and duration of exposure
can be evaluated more precisely.

The extensive evidence gathered in animal studies cannot be reviewed
here, but some themes warrant enumeration. First, primates exposed to
sufficient lead to produce a blood lead concentration of 25 µg/dL or less
manifest a variety of memory, learning, and attentional deficits resembling
those observed in humans. Second, the deficits appear to be permanent; they are
evident for as long as 10 years in animals whose blood lead is maintained at
approximately 15 µg/dL.  Third, striking concordance of the human and animal
data weighs heavily in favor of the hypothesis that low-dose lead exposure is
responsible for some of the developmental and cognitive deficits observed in
humans. Many of the
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neurodevelopmental and possibly other toxic effects resulting from lead
exposure might not be reversible. It is important to distinguish two aspects of
reversibility. The first pertains to biologic plasticity, specifically an organism's
ability to repair damage and recover functional capacity. The second pertains to
the reality of exposure patterns. Impairment might persist, regardless of an
organism's capacity for recovery, as long as exposure is maintained. In a
practical sense, the impairment is irreversible. Therefore, the fact that an
adverse effect is reversible in the biologic sense does not necessarily mean that
it is without potential public-health importance. The key issue is whether
exposure is reduced, and expression of an organism's recovery capacities thus
permitted.

This chapter documents that lead induces measurable increases in diastolic
and systolic blood pressure in human populations and in experimental-animal
models of environmentally induced blood-pressure changes.

Lead exposure is not the only risk factor for hypertension, but is more
amenable to reduction or prevention than behavioral factors that are refractory
to change. Furthermore, the relation of lead to blood pressure persists across a
dose-effect continuum, so reducing lead exposure of all magnitudes has public-
health and societal ramifications. Lead's impact is noteworthy also because of
the importance of associated cardiovascular morbidity and mortality, even for
an agent that contributes less than a major risk.

Through various processes, including toxicokinetic and intracellular
disturbances, lead impairs calcium homeostasis and functions. The importance
of impacts on calcium is that they impair calcium's central role in multiple
cellular processes.

Lead produces a cascade of effects on the heme body pool and affects
heme synthesis. Some of the effects serve as early measures of body lead burden.

Lead effects on cognition and other neurobehavioral measures need to be
evaluated on a population-wide, as well as individual, basis. This evaluation
should account for the whole statistical distribution of exposures and associated
toxicity.

Unfortunately, the direct identification and linkage of the critical and
sensitive biological processes which are targets for these effects remains
saltatory. There are many reasons why our ability to define the mechanism(s)
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of action for lead toxicity lags behind our ability to detect and quantify the
toxicological effects. In addition to the difficulties in defining a mechanism of
action as discussed above, these reasons include:

1 . Lead is a catholic toxicant producing adverse effects in most
tissues and organs of the body, with a parallel effects on multiple
organelles and metabolic processes. This situation makes it
extremely difficult to identify and isolate the critical process(s)
with sufficient experimental rigor.

2 . There is frequently a long delay between the onset of lead
exposure and the development of toxic manifestations, impairing
identification of causal relationships between functional and
cellular or biochemical events.

3 . Lead causes nonspecific, decremental loss of tissue and organ
function, with no important pathognomonic manifestations of
toxicity.

4 . The multifactorial nature of the toxicity in the nervous,
cardiovascular, skeletal and other organ systems complicate
establishing causal relationships between cellular and molecular
processes and organ dysfunction.

Nevertheless, these difficulties do not diminish the importance or necessity
of these efforts. Continued efforts must be made to bridge experimental animal
and human studies, at all level analysis, and to integrate the biochemical and
molecular events impacting function at the level of the whole organisms.
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3

Lead Exposure of Sensitive Populations

A complete assessment of exposure in sensitive populations requires
knowledge of the sources of exposure. That is especially important for lead: it
has multiple sources, and knowledge of them helps to define exposure to lead
and to identify sensitive populations.

The conventional approach to identifying lead exposure in a population has
been to attribute lead intoxication to single sources of lead at high
concentrations, such as leaded paint. However, current understanding calls for a
more comprehensive view. First, there is a growing consensus that lead induces
a continuum of toxic effects in humans, starting with small exposures that cause
subtle, but important, early effects. Our understanding of what constitutes a safe
exposure has increased; as a result, the upper limit of a safe lead content in
blood has declined to one-sixth to one-fourth of what it was in a matter of a few
decades. Second, once lead is absorbed from a specific source, it is added to a
body burden that contributes to various health effects. Therefore, exposures
small enough to have viewed as of little importance now are taken more
seriously. In other words, we must consider the aggregate impact of multiple
small lead sources in assessing health risk.

This chapter is divided into three sections. The first provides a historical
perspective on lead contamination, addressing such topics as natural
concentrations of environmental lead and the chronologic record of
anthropogenic contamination with lead. The second section discusses the major
current sources and pathways of lead exposure in sensitive populations,
including paint, air, dust and soil, drinking water and
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food. The section includes a brief discussion of occupational lead exposure and
ends with sources that can produce large, but not necessarily pervasive,
exposure, such as improperly lead-glazed food and beverage containers and
lead-based ethnic medicinal preparations. The chapter concludes with a detailed
summary.

HISTORICAL OVERVIEW OF ANTHROPOGENIC LEAD
CONTAMINATION

Lead production dates to the discovery of cupellation—a metallurgic
process for separating silver from lead ores—some 5,000 years ago (Nriagu,
1985a). However, such anthropologic artifacts as the lead beads in the Hittite
ruins of Catal Hüyück from 6500 BC and the lead statuette from the temple of
Osiris in Abydos from 3000 BC reveal earlier uses of lead.

The historical record of industrial lead production over the last 5,000 years
is illustrated in Figure 3-1. The current production rate is approximately 3.4
million metric tons per year (U.S. Bureau of Mines, 1989). The total amount of
lead over the last 5,000 years is estimated to be 300 million metric tons (Flegal
and Smith, 1992).

Lead has a long history of wide use. A lead glaze in a Babylonian tablet
from 1700 BC has been described; these glazes had become common in China
during the Chou Dynasty of 1122–256 BC. In the Roman Empire, lead was
used in cooking pots and other utensils, in syrups, in beverage adulterants (e.g.,
sapa), in medicines, and in the construction of pipes and cisterns to transport
water (Nriagu, 1983b). The wide use of lead for the latter explains the word
plumbing (from the Latin plumbum, lead). Lead was so pervasive during that
period that there is little doubt that lead poisoning was endemic in the Roman
population. In fact, it has been speculated (Gilfillan, 1965; Nriagu, 1983b) that
chronic lead poisoning contributed substantially to the decline of the Roman
Empire.

One of the environmental tragedies of that period is that, despite some
Romans' recognition of the problems associated with lead toxicity, awareness
did not restrict its use. For example, Vitruvius (Nriagu, 1985b) observed:
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Water supply by earthen pipes has advantages. First, if any fault occurs in
the work, anybody can repair it. Again, water is much more wholesome from
earthenware pipes than from lead pipes, for it seems to be made injurious by
lead because some white lead is produced from it; and this is said to be harmful
to the human body. Thus if what is produced by anything is injurious, it is not
doubtful but that the thing is not wholesome in itself.

We can take example by workers in lead who have complexions affected
by pallor. For when, in casting, the lead receives the current of air, the fumes
from it occupy the members of the body, and burning then thereupon, robs the
limbs of the virtues of the blood. Therefore, it seems that water should not be
brought in lead pipes if we desire to have it wholesome.

Current uses of lead are much more extensive. It is still used in some
glazes, eating utensils, folk medicines, and plumbing. It is also used in paint
pigments, solders, wall and window construction, cosmetics, sheeting of ships,
roofs, guttering, containers, sealants, protective coatings, printing type,
insecticides, batteries, plastics, lubricants, ceramics, machine alloys, and
gasoline additives (NRC, 1980; EPA, 1986a).

The amount of contaminating lead released into the environment closely
parallels the record of lead production over the last 5,000 years. Approximately
half the lead produced is released into the environment as contamination (NRC,
1980). Current production is about 3.4 million metric tons per year, and current
lead release is about 1.6 million metric tons per year. About 150 million metric
tons of lead has been released into the environment in the last 5,000 years. The
latter value, total release, is probably closer to the total amount of lead put to
use, approximately 300 million metric tons, inasmuch as the element is
indestructible and cannot be transformed into an innocuous form.

Much of the lead released into the environment is emitted into the
atmosphere (about 330,000 metric tons/year) (Nriagu and Pacyna, 1988). Those
releases are currently dominated by emissions from leaded gasoline (over
248,000 metric tons/year), but emissions from other sources—including coal
and oil combustion, mining, manufacturing, incineration, fertilizers, cement
production, and wood combustion—are substantial (Table 3-1). In fact, the
latter exceed emissions of the most other contaminants by orders of magnitude.

The magnitude of industrial emissions of lead is illustrated by comparisons
with natural emissions of lead and other contaminants. The
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sum of industrial lead emissions is approximately 700 times the sum of natural
emissions of lead into the atmosphere (Patterson and Settle, 1987; Nriagu,
1989). Emission of industrial lead aerosols to land and aquatic ecosystems is
now predominant. It accounts for approximately 15–20% (202,000–263,000
metric tons/year) of the total anthropogenic emission of lead to land
(approximately 1,350,000 metric tons/year) and approximately 63–82%
(87,000–113,000 metric tons/year) of the total lead that enters aquatic
ecosystems (approximately 138,000 metric tons/year) (Nriagu and Pacyna,
1988).

TABLE 3-1 Worldwide Emissions of Lead to the Environment, 1983a

Source Amount, 103 kg/yr

Coal combustion 1,765–14,550

Oil combustion 948–3,890

Mining 30,060–69,640

Manufacturing 1,065–14,200

Incineration 1,640–3,100

Fertilizers 55–274

Cement production 18–14,240

Wood combustion 1,200–3,000

Leaded gasoline 248,030

Miscellaneous 3,900–5,100

Total 288,700–376,000

a Data from Nriagu and Pacyna, 1988.

The historical record of atmospheric emissions of industrial lead aerosols
has been measured in the environment by various investigators (Figure 3-2). It
was initially documented by the 230-fold increase in lead deposition rates in
Greenland ice cores over the last 3,000 years, from 0.03 ng/cm2 per year in
prehistoric ice cores (800 BC) to about 7 ng/cm2 per year in contemporary ice
cores (Murozumi et al., 1969; Ng and Patterson, 1981; Wolff and Peel, 1985).
Comparable increases in the Northern Hemisphere have since been documented
in pond and lake
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sediments (Lee and Tallis, 1973; Edgington and Robbins, 1976; Robbins,
1978; Livett et al., 1979; Shirahata et al., 1980; Davis et al., 1982) the oceans
(Schaule and Patterson, 1981, 1983; Flegal and Patterson, 1983; Boyle et al.,
1986), pelagic sediments (Veron et al., 1987; Hamelin et al., 1988), and marine
corals (Shen and Boyle, 1988).

Smaller increases by a factor of 2–5 have been detected in Antarctic ice
cores (Boutron and Patterson, 1983, 1986; Patterson et al., 1987) and in the
South Pacific (Flegal and Patterson, 1983; Flegal, 1986). The contrast reflects
the localization of 90% of lead emissions in the northern hemisphere and the
short residence time (10 days) of lead aerosols relative to the interhemispheric
mixing rate of 1–2 years (Turekian, 1977; Flegal and Patterson, 1983).

Other releases of lead to the land range from 540,000 to 1,700,000 metric
tons/year (Nriagu and Pacyna, 1988). These include industrial lead from
commercial wastes, smelter, wastes, and mine tailings (each approximately
300,000 metric tons/year); fly ash (approximately 140,000 metric tons/year);
urban refuse (approximately 40,000 metric tons/year); agricultural wastes
(approximately 14,000 metric tons/year); animal wastes (approximately 12,000
metric tons/year); solid wastes (approximately 8,000 metric tons/year); wood
wastes (approximately 7,000 metric tons/year); municipal sewage sludge
(approximately 6,000 metric tons/year); peat (approximately 2,000 metric tons/
year); and fertilizers approximately 1,000 metric tons/year). Many of those are
projected to increase and become, at least relatively, more important with the
reduction in atmospheric emission of gasoline lead.

Nonatmospheric input of industrial lead into aquatic ecosystems is smaller,
but still substantial (Nriagu and Pacyna, 1988). It ranges from 25,000 to 50,000
metric tons/year and includes lead from manufacturing (approximately 14,000
metric tons/year), sewage sludge (approximately 9,000 metric tons/year),
domestic wastewater (approximately 7,000 metric tons/year), smelting and
refining (approximately 6,000 metric tons/year), and mining (1,000 metric tons/
year).

Lead contamination in urban areas is often much greater than in remote
areas (Table 3-2). That is due to the extensive use of lead in industrial processes
and the relatively limited mobility of a sizable fraction of this lead. Long-
distance transport of a fraction of the lead to the atmosphere also occurs.
Terrestrial, aeolian, and fluvial gradients show that most of the lead emitted in
urban areas has remained as a

LEAD EXPOSURE OF SENSITIVE POPULATIONS 105

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


T
A

B
L

E
 3

-2
 E

nv
ir

on
m

en
ta

l L
ea

d 
C

on
ce

nt
ra

tio
ns

 in
 R

em
ot

e 
an

d 
R

ur
al

 A
re

as
 a

nd
 U

rb
an

 A
re

as
a

R
em

ot
e 

an
d 

R
ur

al
 L

ea
d

C
on

ce
nt

ra
tio

n,
 µ

g/
g

b
R

ef
er

en
ce

U
rb

an
 L

ea
d 

C
on

ce
nt

ra
tio

n,
 µ

g/
gb

R
ef

er
en

ce
s

A
ir

0.
05

L
in

db
er

g 
an

d 
H

ar
ri

ss
, 1

98
1

0.
3

Fa
cc

he
tti

 a
nd

 G
ei

ss
, 1

98
2;

 
G

al
lo

w
ay

 e
t a

l.,
 1

98
2

Fr
es

h 
w

at
er

1.
7 

x 
10

-5
E

lia
s 

et
 a

l.,
 1

98
2

0.
00

5–
0.

03
0

E
PA

, 1
98

6a
, V

ol
. I

I

So
il

10
–3

0
E

PA
, 1

98
6a

, V
ol

. I
I

15
0–

30
0

E
PA

, 1
98

6a
, V

ol
. I

I

Pl
an

ts
0.

18
c

E
lia

s 
et

 a
l.,

 1
98

2
95

0d
G

ra
ha

m
 a

nd
 K

al
m

an
, 1

97
4

H
er

bi
vo

re
s 

(b
on

e)
2.

0d
E

lia
s 

et
 a

l.,
 1

98
2

38
d

C
hm

ie
l a

nd
 H

ar
ri

so
n

19
81

O
m

ni
vo

re
s 

(b
on

e)
1.

3d
E

lia
s 

et
 a

l.,
 1

98
2

67
d

C
hm

ie
l a

nd
 H

ar
ri

so
n

19
81

C
ar

ni
vo

re
s 

(b
on

e)
1.

4d
E

lia
s 

et
 a

l.,
 1

98
2

19
3d

C
hm

ie
l a

nd
 H

ar
ri

so
n,

19
81

a  
V

al
ue

s 
ca

n
 b

e 
hi

gh
ly

 v
ar

ia
bl

e,
 d

ep
en

di
ng

 o
n 

or
g

an
is

m
 a

nd
 h

ab
it

at
 lo

ca
tio

n
.

b  
E

xc
ep

t µ
g/

m
3  

in
 a

ir
.

c  
F

re
sh

 w
ei

gh
t.

d  
D

ry
 w

ei
gh

t.

LEAD EXPOSURE OF SENSITIVE POPULATIONS 106

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


contaminant in those areas (Huntzicker et al., 1975; Roberts, 1975; Ragaini
et al., 1977; Biggins and Harrison, 1979; Palmer and Kucera, 1980; Harrison
and Williams, 1982; Ng and Patterson, 1982; Elbaz-Poulichet et al., 1984;
Flegal et al., 1989). For example, in the Great Lakes (Flegal et al., 1989),
surface-water lead concentrations in the highly industrialized Hamilton harbor
(290 pmol/kg) are nearly 50 times higher than those of some offshore waters in
Lake Ontario (6.5 pmol/kg). Complementary stable lead-isotope composition
measurements show that essentially all (over 99%) of that lead, in even the most
remote regions of Lake Ontario and Lake Erie, is derived from releases of
industrial lead from Canada and the United States.

Those measurements are consistent with those in numerous other studies
that have shown the pandemic scale of lead contamination, which has increased
lead concentrations throughout the Northern Hemisphere by a factor of at least
10. Lead concentrations in the atmosphere are now 100 times natural
concentrations (Patterson and Settle, 1987). Lead concentrations in remote
surface waters of the North Pacific and the North Atlantic are at least 10 times
natural concentrations (Flegal and Patterson, 1983; Boyle et al., 1986). Lead
concentrations in terrestrial organisms are 100 times natural concentrations
(Elias et al., 1982).

Studies incorporating rigorous trace-metal analysis have shown that the
natural background lead concentration of North American Indians in pre-
Columbian times was 0.3 mg per 70-kg adult (Patterson et al., 1987; Ericson et
al., 1991). The body of an average North American urban adult contains 100–
1,000 times as much lead.

Some uses of lead are being reduced in the United States and other
countries in response to growing concern over pervasive lead toxicity even at
low exposures. For example, lead in gasoline has been decreased in recent
decades (Figure 3-3), as noted widely (EPA, 1986a; Nriagu, 1990). The United
States has also seen a major reduction in the use of lead-soldered cans for foods
and beverages (EPA, 1986a; ATSDR, 1988); lead in such containers can
increase food lead content by a factor of up to 4,000 over the lead content of
fresh food (Settle and Patterson, 1980).

The dispersion of industrial lead is not constrained by national boundaries.
For example, stable-isotope composition measurements, which can identify
specific sources of industrial lead, have shown that industrial lead from Canada
and the United States is transported across the
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Great Lakes (Flegal et al., 1989). Similar analyses have documented that
over 95% of the lead in the North Pacific represents deposition of Asian and
North American industrial lead aerosols (Figure 3-4).

SOURCE-SPECIFIC LEAD EXPOSURE OF SENSITIVE
POPULATIONS

This chapter presents a general picture of the common modes of human
exposure to lead—through leaded paint, air (which it enters from leaded
gasoline and stationary emission), dust and soil, tap water, the workplace, and
miscellaneous sources. Many of the sources and pathways of lead exposure are
connected in ways that complicate exposure analysis and frustrate reduction and
removal strategies (Figure 3-5); in this regard, lead in the air, lead in paint, and
lead in drinking water are of particular concern.

Lead in Paint

Lead-based paint in and around U.S. urban housing has long been
recognized as a serious and pervasive source of lead poisoning of young
children. It also accounts for exposure to lead through its appearance in dust and
soils. This source of lead poisoning has expanded to include workers in housing-
lead abatement and homeowners who attempt rehabilitation of old housing. It
also affects such workers as salvagers, construction crews, and marine
maintenance staff who encounter mobilized lead in burning, cutting, chipping,
and grinding.

Physicochemical and Environmental Considerations

Lead compounds have served as pigments for painting media for
millennia; for example, the use of white lead pigment—basic lead carbonate—
dates to prehistoric times (Friedstein, 1981). Older leaded paints included a
linseed-oil vehicle plus a lead-based pigment and in some cases a long-chain
fatty acid and a lead-based drying catalyst, or
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drier, commonly an organic acid salt of lead. Use as pigment accounted for
most of the lead present in older paints. Pigment lead concentrations were high
in paints marketed and used before the 1940s; fractions in the final dry film
were up to approximately 50% (CDC, 1985).

Physical properties of lead-based paints were such as to lead to their
widespread use in homes, in public facilities, and in industrial sites. The most
common pigment, basic lead carbonate (2PbCO3Pb(OH) 2), reacted with other
paint components to yield a flexible, durable lead soap film. The surface would
have excellent durability (weathering) characteristics, but would eventually age,
i.e., would either peel or undergo weathering and interior shedding or chalking.
Aging yielded paint chips and a constantly renewing surface with concomitant
dispersion of the older leaded film as a leaded dust on nearby surfaces.

The period during which leaded paint had the highest amounts of lead and
posed the worst toxicity risk in the United States was from around 1875 to the
1940s, when other pigments, such as titanium dioxide, began entering the paint
market (e.g., Farfel, 1985). Lead was used in residential paints throughout the
1800s, and it has been estimated (ATSDR, 1988) that 3 million metric tons of
lead in various old paints persist in old housing and public facilities in the
United States. Lead has been used in other pigments, e.g., as lead oxide and
lead chromate.

General Characteristics of Exposure

Given the pervasive nature of leaded paint in homes, elementary schools,
day-care centers, etc., and the normal oral exploratory behavior of very young
children, it is logical for leaded paint to be a major source of lead for young
children. Young children, especially toddlers, can ingest fallen or peelable chips
of leaded paint, gnaw intact lead-painted woodwork, and ingest leaded paint
dispersed in soils or in dusts adhering to hands. Household-paint dust can also
be entrained into the breathing zone of toddlers and inhaled.

Scope of the Problem

In the United States, the distribution of paint lead in housing is a
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function of housing age, as shown in Table 3-3 (ATSDR, 1988), which also
shows numbers of children in housing of different ages (derived from U.S.
Bureau of the Census enumerations). In Table 3-3, the national estimate for the
number of all housing units having paint with lead at or above the detection
minimum of 0.7 mg/cm2 is approximately 42 million, about 52% of the entire
U.S. housing inventory. Of the 42 million, approximately 21 million units were
built before 1940.

TABLE 3-3 Estimated Numbers of Children Under 7 Years Old Residing in Lead-
Based-Paint U.S. Housing, by Date of Construction

Construction Date No. Lead-Based-Paint Homes No. Children

Pre-1940 20,505,000 5,885,000

1940–1959 16,141,000 4,632,000

1960–1974 5,318,000 1,526,000

Total pre-1975 41,964,000 12,043,000

Source: Adapted from ATSDR, 1988. Data from Pope, 1986.

The number of children under 7 years old in lead-based-paint housing is
about 12 million, of whom approximately 6 million live in the oldest units,
which have the highest concentrations of lead in paint. It has been determined
(ATSDR, 1988) that 4.4 million metropolitan children (children in 318 U.S.
Standard Metropolitan Statistical Areas) 0.5–5 years old live in the oldest
housing.

The percentages of housing with leaded paint by date of construction are
pre-1940, 99%; 1940–1959, 70%; and 1959–1974, 20% (Pope, 1986). The
oldest housing group also had the highest percentages of lead in paint
formulations; percentages declined afterward (EPA), 1986a; ATSDR, 1988).
The oldest U.S. housing is to be found in the older areas of the nation.
Figure 3-6 shows that the northeastern and mid-western areas of the nation have
the highest percentages of pre-1940 housing.

In 1989–1990, the U.S. Department of Housing and Urban Development
(HUD) conducted a survey to estimate better the extent of the lead-based-paint
hazard in the U.S. housing stock (HUD, 1990). Among the 77 million privately
owned and occupied homes in the
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United States built before 1980, 57 million contained lead-based paint
(defined as paint lead concentrations of at least 1.0 mg/cm 2). Families with
children under 7 years old occupied an estimated 9.9 million of the 57 million;
the 9.9 million included 3.7 million units with deteriorating (e.g., peeling) lead-
based  paint. The HUD survey provided additional detail on the location of the
lead-based paint. Of the 57 million units with lead-based paint, 18 million had
the paint only on exterior surfaces, 11 million only on interior surfaces, and 28
million on both.

Pope (1986) also determined (Table 3-4) from U.S. Bureau of the Census
(1986) housing-survey data that about 6.2 million U.S. housing units are
deteriorating and have leaded paint in unacceptable amounts. (As seen in
Table 3-4, almost 1 million of these units were of pre-1940 construction.) Some
1.8 million children under 7 years old live in those units. Of these, 1.2 million
are estimated by ATSDR (1988) to have blood lead concentrations over 15 µg/
dL.

•   Case reports and case series. As noted in reports from ATSDR (1988)
and NRC (1972), the clinical literature of the last 60 years is full of
case reports and reviews documenting severe lead poisoning of young
children—laboratory evidence of lead in blood, paint chips in the
gastrointestinal tract, and no concurrent environmental evidence of
other sources of lead exposure.

•   Field epidemiology. A particularly comprehensive data set,
quantitatively linking child screening populations to leaded paint, is
that from the 1976–1980 screening of children for lead poisoning in
Chicago and the accompanying assessment of 80,000 housing units for
the presence of leaded paint (Annest and Mahaffey, 1984). Schwartz
and Levin (1991) analyzed the data and estimated a relative risk of
approximately 15 for lead toxicity in summer months for children who
resided in homes with leaded paint.

•   Research epidemiology. Numerous site-specific epidemiologic studies
have been critically evaluated (e.g., EPA, 1986a). They have entailed
multivariate regression analyses in which the size of the paint lead
contributions to blood lead concentrations are calculated. A
particularly detailed study is that of children in inner-city housing in
Cincinnati, Ohio, with leaded paint and paint-related pathways of
exposure (Clark et al., 1985; Bornschein et al., 1987). Figure 3-7
shows data from Clark et al. (1985, 1987) as reanalyzed by this
committee;

LEAD EXPOSURE OF SENSITIVE POPULATIONS 115

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


T
A

B
L

E
 3

-4
 E

st
im

at
ed

 N
um

be
rs

 o
f C

hi
ld

re
n 

U
nd

er
 7

 Y
ea

rs
 O

ld
 R

es
id

in
g 

in
 U

ns
ou

nd
 a

nd
 L

ea
d-

B
as

ed
-P

ai
nt

 U
.S

. H
ou

si
ng

, b
y 

A
ge

 a
nd

 C
ri

te
ri

a
of

 D
et

er
io

ra
tio

n

• 
 C

at
eg

or
y 

of
U

ns
ou

nd
ne

ss
• 

 C
on

st
ru

ct
io

n 
D

at
e

• 
 N

o.
 

U
ns

ou
nd

L
ea

d-
B

as
ed

-P
ai

nt
H

om
es

• 
 N

o.
 C

hi
ld

re
n

• 
 P

ee
li

ng
 p

ai
nt

• 
 P

re
-1

94
0

• 
 9

64
,0

00
• 

 2
77

,0
00

• 
 1

94
0–

19
59

• 
 7

58
,0

00
• 

 2
18

,0
00

• 
 1

96
0–

19
74

• 
 2

50
,0

00
• 

 7
2,

00
0

• 
 T

ot
al

 p
ee

li
ng

 p
ai

nt
• 

 P
re

-1
97

5
• 

 1
,9

72
,0

00
• 

 5
67

,0
00

• 
 B

ro
ke

n 
pl

as
te

r
• 

 P
re

-1
97

5
• 

 1
,5

94
,0

00
• 

 4
58

,0
00

• 
 H

ol
es

 in
 w

al
ls

• 
 P

re
-1

97
5

• 
 2

,6
02

,0
00

• 
 7

47
,0

00

• 
 G

ra
nd

 to
ta

ls
• 

 P
re

-1
97

5
• 

 6
,1

68
,0

00
• 

 1
,7

72
,0

00

S
ou

rc
e:

 A
da

pt
ed

 f
ro

m
 A

T
SD

R
, 1

98
8.

 D
at

a 
fr

om
 P

op
e 

(1
98

6)
 a

nd
 1

98
3 

ho
us

in
g

 s
ur

ve
y 

da
ta

 (
U

.S
. B

ur
ea

u 
of

 th
e 

C
en

su
s 

19
86

).

LEAD EXPOSURE OF SENSITIVE POPULATIONS 116

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


F
IG

U
R

E
 3

-7
 L

on
gi

tu
di

na
l b

lo
od

 le
ad

 p
ro

fi
le

s 
of

 g
ro

up
s 

of
 c

hi
ld

re
n 

bo
rn

 a
nd

 ra
is

ed
 in

 h
ou

si
ng

 w
ith

 a
nd

 w
ith

ou
t h

ig
h-

le
ad

 p
ai

nt
. B

ot
h

cl
as

se
s 

of
 h

ou
si

ng
 s

ur
ro

un
de

d 
by

 le
ad

-c
on

ta
m

in
at

ed
 s

oi
l a

nd
 d

us
t. 

D
at

a 
fr

om
 C

la
rk

 e
t a

l.,
 1

98
5,

 1
98

7.

LEAD EXPOSURE OF SENSITIVE POPULATIONS 117

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


blood lead concentration is seen to change as a function of paint lead in
housing.

HUD (1990) cited several published and unpublished studies on the
influence of home renovation or abatement of lead-based paint on the blood
lead concentration of children living in housing units during these activities.
Bellinger et al. (1986b) reported a significant association between blood lead
concentrations at age 24 months and recent home-refinishing activities.
Rabinowitz et al. (1985a) reported a mean increase in blood lead concentrations
(1.4 µg/dL, standard error 0.7) in children in homes recently refinished. Farfel
(1987) reported that neither traditional nor modified methods of abating lead-
based paint reduced the blood lead concentrations of children living in the
residences. Farfel also reported that, at least in the short term, traditional
abatement methods resulted in increased blood lead concentrations, presumably
because of exposure to lead-laden dust. In contrast, three unpublished studies
cited in the 1990 HUD report demonstrated blood lead reductions after
traditional abatement methods.

Lead in Air

Lead enters air from gasoline and from stationary emissions.
Environmental lead contamination from combustion of leaded gasoline has
been widely documented in the United States and elsewhere (NRC, 1980; EPA,
1986a), and there is much evidence that it has added substantially to the body
lead burdens of affected human populations.

From the 1920s to the late 1980s, lead was added to gasoline in the
antiknock additive tetraethyl lead (later, this was mixed with tetramethyl lead).
Tetraethyl lead is still used widely as a gasoline additive in many countries.

Physicochemical and Environmental Considerations

Lead in gasoline was emitted typically at approximately 24,000 µg/m3 at
the tailpipe in the 1970s (Dzubay et al., 1979), and urban air contained
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lead at about 1–10 µg/m3. A combination of air dilution and atmospheric fallout
through dry and wet deposition accounts for the difference.

As described in detail elsewhere (EPA, 1986a), air lead from gasoline
depends in a complex way on distances from vehicular traffic, lead content of
gasoline, and mixing with the atmosphere. In closed spaces, such as garages and
tunnels, air lead concentrations are well above those of open areas. Exhaust lead
is discharged in such forms as halides and oxides, but these are eventually
converted to the sulfate. Once the lead is dispersed, physical and chemical
changes occur, including changes in particle size distributions, chemical
changes from organic to inorganic lead, and chemical changes in the inorganic
species themselves.

Most exhaust lead is deposited near its vehicular source (e.g., Reiter et al.,
1977; Harrison and Laxen, 1981), whereas undeposited matter reaches a stable
particle form within 100–200 km of its source. Particles approximately 10 µm
in diameter are deposited over a broader distance, and there is long-range
transport of particles less than 0.1 µm in diameter for up to about a month (e.g.,
Chamberlain et al., 1979).

General Characteristics of Exposure

The amount of lead consumed in the manufacture of antiknock additives
for leaded gasoline has been enormous. In the United States, EPA (1986a) has
estimated total consumption for 1975–1984 as 1.1 million metric tons. It has
also estimated (EPA, 1986a) that 4–5 million metric tons have been deposited
in the environmental in the United States since introduction of alkyl lead
additives in the mid-1920s.

Leaded-gasoline use is being phased out in the United States, as a result of
a series of regulatory actions beginning in 1973, when EPA promulgated the
requirement for unleaded gasoline for use in vehicles with catalytic converters
(EPA, 1973), devices that would be damaged by lead. In 1982, EPA
promulgated new rules (EPA, 1982) that switched the basis of the standard from
an average lead content of all gasoline to an average lead content of leaded
gasoline and set a limit of 1.1 g/gal in leaded gasoline. On August 2, 1984, EPA
proposed to reduce the permissible amount of lead in gasoline to 0.1 g/gal,
effective
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January 1, 1986. The final regulation, issued in early 1985 (EPA, 1985),
imposed an interim limit of 0.5 g/gal in June 1985. As a result of those actions,
lead use in gasoline declined from 175,000 metric tons in 1976 to less than
4,000 metric tons in 1988.

The decline has been accompanied by a remarkable parallel decline in the
mean blood lead concentration of the U.S. population (see Figure 1-3).
Figure 3-8 shows the adjusted mean blood lead concentrations in the NHANES
II survey—controlled for age, race, sex, income, degree of urbanization, region
of the country, occupational exposure, dietary intake, and alcohol and tobacco
consumption—plotted against national gasoline lead use.

The various analyses of the blood lead-gasoline lead relationship, via the
NHANES II data set (Annest et al., 1983; Schwartz and Pitcher, 1989) and data
from an isotopic-lead study (Facchetti and Geiss, 1982), show that gasoline
lead, via both direct inhalation and exposure to fallout, can account for 50% or
more of total blood lead concentration at the earlier air lead contents attributable
to gasoline consumption.

Scope of the Problem

Although leaded gasoline is being phased out in the United States, huge
quantities of deposited lead remain in environmental compartments from the
many decades of use of leaded gasoline starting in the 1920s. Using linear and
logistic regression analysis, Schwartz et al. (1985) have estimated the U.S.
short- and long-term effect of leaded gasoline in terms of decreases in blood
lead concentrations due to the phasing out of leaded gasoline, projected to 1992.
The estimates are presented in Table 3-5 for children 0.5–13 years old.

Lead in Dust and Soil

This section deals with a major pathway of exposure to lead: lead in dust
and soil. Lead in those media are now recognized to be derived from several
sources, including leaded paint and atmospheric lead. The magnitude of the
pathway and of the associated health hazards has been documented only recently.
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TABLE 3-5 Estimated Reductions in Blood Lead Content Because of Phaseout of
Leaded Gasoline, Children 6 Months to 13 Years Olda,b

Year No. Children with Blood Lead over
10 µg/dL

No. Children with Blood Lead over
15 µg/dL

1986 4,929,000 1,726,000

1987 4,595,000 1,597,000

1988 4,261,000 1,476,000

1989 3,918,000 1,353,000

1990 3,637,000 1,252,000

1991 3,283,000 1,125,000

1992 3,215,000 1,098,000

a Estimated by logistic regression analysis.
b Data from Schwartz et al., 1985.

Physicochemical and Environmental Considerations

Technically, dusts and soils are discrete physicochemical substances.
However, both are stable, immobilizable, and relatively permanent depositories
of contaminating lead (Yankel et al., 1977; Angle et al., 1984; Brunekreef,
1984; CDC, 1985; EPA, 1986a; ATSDR, 1988). Soils reflect precursor geology;
dusts reflect atmospheric fallout and other deposition. Dusts have a wider range
of particle sizes, including very small particles. Dusts and soils interact
differently in human exposures and numerous recent studies have documented
the different types of interactions. Some are discussed below.

Lead is present in dusts and soils at potentially toxic concentrations,
primarily because of its use in leaded paint and its fallout from the air  (Nriagu,
1978; Brunekreef, 1984; Duggan and Inskip, 1985; EPA, 1986a; ATSDR,
1988). It is often difficult to apportion lead content in soils and dusts accurately
to either paint or atmospheric lead, but one or
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the other dominates in some circumstances and both contribute importantly in
other circumstances.

Dusts and soils in remote communities near to primary lead smelters often
are enriched in lead from atmospheric fallout due to these operations, either via
direct emission or via re-entrainment of already highly contaminated media
(e.g., Yankel et al., 1977; Angle et al., 1984; CDC, 1986a,b; EPA, 1986a;
ATSDR, 1988). Soils and surfaces next to high-density roadways have similarly
been documented as being heavily contaminated by vehicular exhaust emission
of lead particles and other substances (Nriagu, 1978; Brunekreef, 1984; Duggan
and Inskip, 1985; EPA, 1986a).

In inner-city areas with tracts of old, deteriorating housing, dusts and soils
in adjacent interior and exterior sites are heavily contaminated with leaded paint
(Sayre et al., 1974; Charney et al., 1983; Chisolm et al., 1985; Clark et al.,
1985; Bornschein et al., 1987; EPA, 1986a; ATSDR, 1988). Studies of leaded-
paint weathering in areas low in automobile density have identified
contamination of soils and dusts and have shown a contamination pattern
consistent with the presence of paint lead. Some inner-city neighborhoods also
receive lead fallout from various mobile sources (vehicular exhaust) and
stationary sources (secondary smelters, battery plants, and municipal
incinerators).

A number of studies have attempted to measure the paint contribution to
lead in dusts and soils; some are summarized in Table 3-6. Exterior-paint lead
on homes, outbuildings, and such other outside entities as bridges will be
transferred to adjacent soils and dusts (Ter Haar and Aronow, 1974; Linton et
al., 1980; Landrigan et al., 1982; Fergusson and Schroeder, 1985; Schwar and
Alexander, 1988). Movement of soil lead and interior-paint lead to interior
dusts has also been documented (e.g., Clark et al., 1985; Bornschein et al.,
1987, 1989). The removal of leaded paint from various surfaces warrants
extreme caution.

Concentrations of lead in soils in rural areas of the United States are
typically less than 30 µg/g of soil. In areas affected by lead mining, industrial
emissions or vehicular traffic emitting leaded exhaust, such concentrations can
increase by a factor of hundreds or even thousands. Automobile emissions
account for most of the lead in soil and dust in suburban and rural areas
(Nriagu, 1978; EPA, 1986a), whereas paint, atmospheric fallout from vehicular
exhaust, and stationary sources account for most of the lead in urban dust and
soil.
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Atmospheric lead from exhaust and stationary sources is transferred to
soils through both dry (Friedlander, 1977; Schack et al., 1985) and wet
(Lindberg and Harriss, 1981; Talbot and Andren, 1983; Barrie and Vet, 1984)
depositional processes. The proportions of the type of contribution to the total
deposition of lead vary markedly; wet depositional processes can account for up
to 80% (Talbot and Andren, 1983).

Lead deposition onto soils from vehicular exhaust declines exponentially
with distance from the roadway (EPA, 1986a). Much of this lead is immobilized
in the top 5 cm of undisturbed soil (Reaves and Berrow, 1984) according to a
complex function of geochemistry and pH (Olson and Skogerboe, 1975;
Zimdahl and Skogerboe, 1977).

General Characteristics of Exposure

The extent to which lead in dusts and soils is translated into blood lead and
later to some adverse effect depends first on the nature of the exposed
population. Among sensitive populations, young children are most exposed to
lead via dusts and soils, because they commonly put their hands in their mouths
and often mouth or ingest contaminated soils.

The relationship of lead in dusts and soils to blood lead in young children
has been the subject of various epidemiologic studies in urban areas and in rural
areas that have stationary sources, such as smelters. The studies have been
examined by EPA (1986a) and ATSDR (1988); the key studies include those of
Yankel et al. (1977), Angle et al. (1984), CDC (1986a,b), Bornschein et al.
(1987), and Rabinowitz and Bellinger (1988).

The complexities of and relation among sources and pathways have been
quantitatively examined by Bornschein and co-workers (1987) on the basis of
longitudinal environmental epidemiologic assessments of 18-month-old inner-
city children. The children had substantial but not exclusive lead exposure
through mobilizable leaded paint in poor-quality housing. The authors found
that blood lead concentrations are influenced by the presence of lead in interior
and exterior dust through hand pickup of lead in exploratory activity; dust lead
is controlled by exterior dust (sampled as surface scrapings) and interior paint;
and the lead concentration gradient works from the exterior to the interior, so the
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external contamination around a child's residence markedly affects the interior
contamination and thus the exposure risk.

Other studies have shown a strong association of soil and interior dust lead
with children's blood lead concentration; the various regression-slope estimates
for earlier reports have been tabulated by EPA (1986a). The estimates cover a
broad range, but suggest that detectable effects of these media on blood lead
concentrations would occur at dust and soil concentrations of 500–1,000 µg/g
(CDC, 1985). Particle size, chemical species of lead, and type of soil and dust
matrices are important modifiers of the soil and dust lead hazard, because they
influence lead intake and absorption (Roy, 1977; Barltrop and Meek, 1979;
Heyworth et al., 1981; Healey, et al., 1982; Dornan, 1986; Koh and Babidge,
1986; Steele, et al., 1990). For example, particles of different lead-based paints
are likely to have different solubilities (e.g., higher for the older lead carbonate
paints, lower for the newer lead chromate paints), different particle sizes (large
for paint chips ingested directly from walls or window sills, smaller for particles
settled on dust or soil, very fine for particles formed by chalking or burned off
walls by poorly applied heat guns), and thus different bioavailability for young
children.

Scope of the Problem

A total of 20 million or more housing units were built before 1940; they
are the units most likely to have old flaking, chalking, and weathering highly
leaded paint that is being transferred to soils and becoming dust. The estimated
numbers of young children discussed earlier as exposed to leaded paint are
simultaneously exposed to lead in dust and soil. Added to the lead in soil and
dust from paint in urban areas are the sizable amounts of lead from fallout from
heavy vehicular traffic and stationary sources.

Schwartz et al. (1985) have used linear and logistic regression analysis of
declines in child blood lead concentration associated with phasing out of leaded
gasoline to estimate that 1.35 million children in 1989 and 1.25 million children
in 1990 will have blood lead concentrations below 15 µg/dL as a result of the
control action. Those numbers, when combined with projections to 1992, reflect
a substantial change in dust lead concentrations associated with the decrease in
fallout.
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Lead in Drinking Water

Lead in tap water—consumed in the home, offices, other worksites, and
public buildings—can be a particularly important source of lead exposure of
young children, pregnant women, and other people (Moore et al., 1985; Levin,
1986, 1987; Ohanian, 1986; ATSDR, 1988). The potentially major role of tap-
water lead in overall human exposure has long been recognized in Europe and
older areas of the United States, but only recently has the full scope of the U.S.
water-lead problem been examined. Reasons include the complex,
heterogeneous nature of water supplies, the absence of detailed current survey
data, and the relative exclusion of tap-water lead in environmental exposure
assessment of lead-poisoning cases.

Physicochemical and Environmental Considerations

Tap-water lead concentrations are highly variable from house to house and
tap to tap, because of differences in soldering, temperature, and water use. Any
attempt to measure exposure or compliance with a target concentration must
rest on an adequate sample size. For example, Schock et al. (1989) used data
from four communities and found that 225–625 samples were required to
produce a sample mean within 20% of the population mean (95% confidence
limit), depending on the community. If no more than 10% of subjects should be
exposed above a given value, the number of samples needed for accurate
statistical inference would be even higher.

Lead theoretically can enter tap water at any of several points in the
delivery system. A water-treatment plant distributes finished water with very
little lead (e.g., Levin, 1986) and little more is added through the distribution
lines, but contamination of domestic tap water occurs at five kinds of points in
or near residential, public, or office core plumbing: lead connectors (i.e.,
goosenecks or pigtails), lead service line, lead-soldered joints in copper
plumbing, lead-containing drinking fountains and water coolers, and lead-
containing brass faucets and other fixtures. A host of chemical and
physicochemical variables affect the extent to which any or all of those sites
contribute to the water lead content. The

LEAD EXPOSURE OF SENSITIVE POPULATIONS 128

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


important variables include the relative corrosivity of the water (i.e., acidity,
alkalinity, and ion content), the standing time of water in contact with leaded
surfaces, the age of lead-soldered joints and other leaded components, the
quantity and surface area of lead sites, and the temperature of water in contact
with lead surfaces.

In general, the problem with lead connectors and service pipe is associated
principally with old housing, built around 1920 or before, in older northeastern
American cities, particularly such New England cities as Boston (Worth et al.,
1981; Karalekas et al., 1983). Since 1986, federal law has prohibited lead for
these uses in new construction.

Solder-lead leaching varies with the age of plumbing and diminishes as the
solder sites age, a process assumed to take about 5 years. The extent of lead
leaching is strongly affected by the acidity of the water (i.e., pH), as seen in
Table 3-7, which summarizes EPA data on pH and age of homes. With
corrosive water (pH less than 6.4), it can be seen that soldered joints more than
5 years old still leach sizable amounts of lead in first-draw samples. Copper
plumbing with lead-soldered joints came into widespread use in the United
States and other developed countries in the 1950s.

Brass faucets and other fixtures containing alloyed lead at various
percentages, even below current permissible percentage  (8%), can contribute to
tap-water contamination (Samuels and Meranger, 1984; Schock and Neff, 1988;
Gardels and Sorg, 1989). Gardels and Sorg (1989) reported that newer brass
faucets could contaminate standing water closest to the fixtures (less than 250
ml) at over 10 µg/L, an action concentration promulgated by EPA (1991).

In public facilities that serve young children and other sensitive
populations, such as kindergartens and elementary schools, additional exposure
to lead in tap water can occur (Levin, 1986; ATSDR, 1988; EPA, 1990c).
Patterns of water use in schools potentially can allow greater exposures than in
homes. For example, lead leaching is at its maximum into standing water, i.e.,
water generated overnight, during weekends, and during holiday and summer
vacation periods. Water contamination in schools and the like can occur in
water coolers and fountains, as well as in the expected core plumbing and
fixtures (ATSDR, 1988; Gardels, 1989).
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TABLE 3-7 Percentage of Variably Collected Water Samples Exceeding Lead at 20
µg/L at Different pH, by Age of House

Samples with Lead over 20 µg/L>

Age of House, yr pH First Flush % Fully Flushed
(2 min)

0–2 <6.4 93 51

7.0–7.4 83 5

>8.0 72 0

More than 2, less than 6 <6.4 84 19

7.0–7.4 28 7

>8.0 18 4

6 or more <6.4 51 4

7.0–7.4 14 0

>8.0 13 3

Source: ATSDR, 1988. Data from EPA, 1987.

General Characteristics of Exposure

Tap-water lead affects different groups in different ways. For example,
lead-contaminated water can be used in infant formula and in beverages for
older children and can be consumed directly. Tap-water lead can be ingested in
foods cooked in lead-contaminated water. Furthermore, food surfaces can bind
and concentrate water lead (Smart et al., 1981; Moore, 1985).

Lead in tap water is much more bioavailable than lead in food, because it
is often consumed during semifasting (between meals) or after fasting
(overnight) conditions. According to the data of Heard and Chamberlain (1982)
and Rabinowitz et al. (1980), adults' fasting absorption rates can be 60% or
higher, compared with rates of 10–15% in association with meals.

The marked reductions in blood lead concentrations of water-consumers
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in Glasgow and Ayr, Scotland, after water-treatment steps to reduce corrosivity
(see, e.g., Moore et al., 1981; Sherlock et al., 1984; Moore, 1985) constitute
convincing evidence of an impact of water lead on blood lead concentration.
Figure 3-9 shows blood lead concentration distributions for two periods in a
single group of mothers mointored before and after change in tap-water pH in
Ayr, Scotland (Richards and Moore, 1984; Sherlock et al., 1984). Significant
declines were observed in blood lead values as water was treated between 1980
and 1982.

With respect to case reports of lead intoxication associated with tap water,
Cosgrove et al. (1989) reported lead intoxication—blood lead concentrations
ranging up to 45 µg/dL—in a toddler found to have been exposed to lead solely
from tap water, which entered the home through new copper plumbing with
lead-soldered fittings. First-draw water samples averaged 390 µg/L and were as
high as 1,080 µg/L.

Environmental epidemiologic studies have attempted to analyze the
quantitative relation of tap-water lead to blood lead concentrations in both
infants and adults. Some of the studies considered both dietary and water data;
others examined only tap-water lead. As can be seen in Table 3-8 and in the
very detailed Table 11-51 of EPA (1986a), for mainly first-draw water samples
(except Sherlock et al., 1984), the relation of blood lead to tap-water lead is
complex and a function of the concentration range of water and blood lead in
the cohort. Over a broad range of water concentrations, well above 100 µg/L,
the relation is curvilinear (e.g., Worth et al., 1981; U.K. Central Directorate on
Environmental Pollution, 1982; Sherlock et al., 1984); it becomes linear at the
low end of water content, i.e., less than 100 µg/L (Pocock et al., 1983). At the
higher concentrations, the relation is best fitted through logarithmic or cube-
root expressions.

Scope of the Problem

Table 3-9, based on data from Levin (1986) and ATSDR (1988), shows the
numbers of children up to 13 years old who were at risk of exposure to lead
from domestic plumbing. As indicated, 1.8 million children up to 13 years old
lived in homes with newly installed lead-soldered plumbing (that is less than 2
years old), of whom 0.7 million
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were less than 5 years old. The corresponding tally for old leaded
plumbing is 4.8 million, of whom 1.8 million were under 5 years old. The two
groups yield a total of 6.6 million children.

TABLE 3-9 Estimated Numbers of Children at Risk of Exposure to Lead in
Household Plumbing

Housing Type Population at Risk

New Housinga

8.8 million people in new housing with lead soldered piping:

(8.8 million) (7.6% of population less than 5 years old) 0.7 million

(8.8 million) (12.8% of population 5–13 years old) 1.1 million

Total number of children at risk in new housing 1.8 million

Old Housingb

If one-third of units built before 1939 contain lead pipes,c then
(0.33) (0.29) = 10% of housing has lead pipes:

(0.10) (17.8 million children less than 5 years old) 1.8 million

(0.10) (30.1 million children 5–13 years old) 3.0 million

Total number of children at risk in old housing 4.8 million

a Data from Levin, 1986; based on 9.6 million in new homes, of which 92% have metal plumbing.
b Data from U.S. Bureau of the Census, 1985.
c Data from David Moore, Office of Policy Development and Research, HUD, Submissions to
ATSDR, January 1987, and EPA
Source: ATSDR, 1988.

According to Levin's (1986) analyses, 42 million U.S. residents receive
water from public supplies having lead concentrations above 20 µg/L. ATSDR
(1988) estimates that 3.8 million of those are chil
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20 µg/L.  ATSDR (1988) estimates that 3.8 million of those are children less
than 6 years old.

Levin (1987) has used regression-analysis methods described by Schwartz
et al. (1985) to estimate that 240,000 children less than 6 years old will have
blood lead concentrations over 15 µg/dL, in part because of exposure to lead in
tap water.

Lead in the Diet

Physicochemical and Environmental Considerations

Lead contaminates food through various pathways: deposition of airborne
lead, binding of soil lead to root crops, use of lead-contaminated water and
equipment in processing, use of lead-soldered cans for canned foods, and lead
leaching from poorly made lead-glazed food and beverage containers.

Lead is readily deposited on leaf surfaces of edible plants (e.g., Schuck and
Locke, 1970) and accumulates over the life of the crop. The deposition rate in
areas with high air lead content can measurably increase the lead content of
leafy crops, and such surface contamination is difficult to remove by either
harvest washing or rainfall (Page et al., 1971; Arvik and Zimdahl, 1974).

Transfer of lead from soil to edible roots is a complex function of
physicochemical factors that govern the plant uptake of lead, including those
mentioned earlier in this chapter. Camerlynck and Kiekens (1982) reported that
normal soils contain exchangeable lead at approximately 1 µg/g or less, and
presumably some portion of the mobile lead will bind to plant roots.

Lead in processing water can sometimes be the major contributor to
dietary lead (Moore et al., 1979; Smart et al., 1981). However, the more
common source of food contamination in processing is the use of lead-soldered
cans. When lead is used as seam solder, the material can spatter on the interior
of the can or the toxicant can migrate to the canned-food matrix itself. Acidic
foods induce more lead release from the soldering material, although the
leaching phenomenon also occurs
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with relatively low-acidity foods, such as corn and beans, and in all cases the
total amounts liberated are a function of the shelf-life of the canned goods. Lead
release is accelerated by contact with oxygen once a can is opened. Lead in
wine has been shown to be a potentially important source of dietary lead
exposure (e.g., Elinder et al., 1988).

Pottery, dinnerware, and other ceramic items are used to store foods. If
containers so used have been made with poorly fired leaded glazes, lead can
migrate from them into the food (extensively discussed in Lead in Housewares,
U.S. House, 1988; see also Wallace et al., 1985). Key factors affecting lead
release include characteristics of the glaze, the temperature and duration of food
storage, and the acidity of the food. Lead can also be released on extended
scrubbing and cleaning of even well-prepared glazes.

Commercial American products have led to fewer problems in this regard
than commercial products from other countries—such as countries in southern
Europe and Latin America and mainland China—or items made by artisans and
hobbyists. Most cases of lead toxicity have been associated with repeated use of
vessels with problematic glazes or with prolonged food storage.

Glassware is often decorated with decals or decorative surfaces that
contain lead. Those surfaces have a potential for exposure through contact with
young children's lips and mouths.

Characteristics of General Exposure

The contribution of foods and beverages to body lead burden, as reflected
in blood lead, has been measured in epidemiologic surveys of infants, toddlers,
and older people (EPA, 1986a). Various studies have shown that dietary lead
can contribute substantially to blood lead in complex ways that reflect the
influence of the tap-water lead component, dietary habits, and individual
differences in lead toxicokinetics (see, e.g., EPA, 1986a).

Ryu et al. (1983, 1985) found that dietary lead affects blood lead in infants
in a simple linear fashion, at least in moderate exposures. Sherlock et al. (1982)
and the U.K. Central Directorate on Environmental Pollution (1982) examined
the relation in infants and mothers via a duplicate-diet survey. Blood lead in the
infants in the U.K. study was
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related to dietary lead by both linear and cube-root functions, whereas Sherlock
and co-workers found a cube-root relation for mothers and infants. The relation
becomes curvilinear when intake exceeds 100 µg/day. The slopes of the curves
(µg/dL of blood vs. µg/day), which can be estimated from the above studies for
an intake of 100–200 µg/day, are 0.034 for adults (Sherlock et al., 1982), 0.06
for infants (Sherlock et al., 1982), 0.053–0.056 for infants (U.K. Central
Directorate, 1982), and 0.16 for infants (Ryu et al., 1985). The relation of Ryu
and co-workers has the steepest slope and is based on the lowest average lead
intake; the slope might level at much higher lead intakes.

Dietary intakes of lead are being reduced in the United States (EPA,
1986a; ATSDR, 1988). For 2-year-olds, for example, there was a decline of
approximately 75%, from 52.9 to 13.1 µg/day, from 1978 to 1985. It should be
remembered that there is a distribution of lead content about the average and
that the diet-survey numbers are based on relatively small samples, compared
with the volume and diversity of the U.S. food supply. Several important factors
in the decline include the domestic phaseout of lead-seamed beverage and food
cans and the reduction in movement of lead to agronomic crops, as a result of a
lowering exposure of growing crops to air lead. The latter is associated with the
phaseout of leaded gasoline and tighter stationary-source regulations.

Table 3-10 shows U.S. production of lead-seamed cans in 1980 and 1988;
these are production figures supplied by a trade group and do not reflect
independent surveys of lead-seamed cans on grocery-store shelves. The latter
would include some carryover from past years' production, depending on
canned-food shelf life.

Scope of the Problem

As noted by Mushak and Crocetti (1989), virtually all sensitive
populations are exposed to some  lead in food, owing to the relatively
centralized food production and distribution system in the United States and
other developed nations. They also estimated on the basis of food-lead
concentration distribution profiles, adjustments for lead reduction in foods,
intakes from other lead sources—that approximately 5% of the 21 million U.S.
children less than 6 years old, or 1 million children,
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will have increases in blood lead concentrations because of intake of lead
in food.

Although the main theme of this report is ordinary environmental exposure
to lead, occupational settings present the highest, continuous lead exposures of
all. Furthermore, workers transport lead from work to their homes, where their
families, including children, are exposed to it (e.g., Baker et al., 1977; Milar and
Mushak, 1982).

Various traditional customs and medications can result in high lead
exposures. Reports of such exposures are numerous in the clinical literature
from various regions—Arab countries (Aslam et al., 1979), the Indian-Pakistani
subcontinent (Pontifex and Garg, 1985), China (CDC, 1983a), and Latin
America (Bose et al., 1983; CDC, 1983b; Trotter, 1985; Baer et al., 1987). The
preparations often include lead compounds as major or principal ingredients, so
the poisoning potential is high.

In the United States, the most familiar type of lead-containing preparation
is a Mexican-American folk preparation that contains lead oxides (Bose et al.,
1983; Trotter, 1985; Baer et al., 1987). Greta (lead (II) oxide) and azarcon
(mixed-valence lead tetroxide, PbO2.2PbO) are used to treat digestive disorders;
their use produces diarrhea or vomiting. Use of these medicines is widespread
and can result in serious lead poisoning in children.

SUMMARY

It is difficult to rank sources of lead exposure by their importance for
health by such simple criteria as numbers of affected persons. Simultaneous
exposure to multiple lead sources is inevitable; different sources of lead are
often associated with different degrees of lead poisoning, which would make it
necessary to rank by effect severity, as well as frequency; and sources differ in
distribution among sensitive populations. An alternative is to provide a ranking
by relative overall impact, which includes the potential of a source for the most
severe poisoning, its relative pervasiveness, estimates of numbers of persons
exposed to it, and the relative difficulty of abating it.

The sensitive populations within the general, nonoccupational sector are
preschool children, fetuses (via maternal exposure), and pregnant
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women (as surrogates for fetuses). On the basis of overall public-health impact
on those populations, sources can be combined into two groups. Lead in paint,
lead in dusts and soils, and lead in drinking water constitute the more important
group today. In that group, leaded paint ranks first in importance for young
children, followed closely by lead in dusts and soils, and then by tap-water lead.
For adults, tap-water lead is probably the exogenous source of most concern.
(Endogenous exposure to lead can occur when subjects mobilize lead and
calcium from bone; this typically occurs in adults or in children who break
bones.) In the United States, leaded gasoline at present concentrations and
dietary lead make up the second group, of somewhat less concern. These
statements of importance are relative; they do not imply that any specific source
is unimportant as a contributor to lead body burdens or to earlier effects in
populations as a whole. The body combines lead absorbed from all sources into
one dose.

The phasedown of leaded gasoline is greatly reducing the input of lead to
environmental compartments. However, the inventory of 4–5 million metric
tons of lead still in the environment because of past leaded-gasoline use will
continue to contribute to the risk of exposure of sensitive populations. Outside
the United States, various approaches to leaded-gasoline control are being
taken, from modest control actions to phaseout and phasedown regulations.

Leaded paint (and its transport to dusts and soils) is a major national
source of exposure of children. Dust and soil lead comes from leaded-paint
transfer and atmospheric fallout, and many studies have documented its
contribution to lead body burdens of young children. Quantitative assessments
of the relative contributions of dust and soil lead to total body lead, such as
blood lead concentration, have been the subject of diverse studies. In addition,
particle size, chemical species of lead, and soil and dust matrices are important
modifiers of the soil and dust lead hazard eventually reflected in lead intake and
absorption.

Pathways of exposure to tap-water lead are multiple: direct drinking,
beverages prepared with contaminated water, and foods cooked in lead-
contaminated water. Patterns of leaded-water use can amplify toxicity risk.
Ingestion on an empty stomach, a common occurrence, greatly increases the
rate of lead absorption. The use of water in elementary schools and other child
facilities is intermittent, with extended standing time over weekends and in
vacation periods. That allows buildup of lead in fountains and water lines.
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Most developed countries, including the United States, have complex food
production and food distribution systems that permit lead contamination.
Virtually everyone has some exposure to dietary lead, and lead concentrations
in food can be quite high. But lead in foods of older children and infants has
been reduced through phasing out of lead-soldered cans for milk and fruit juices
and reduced input into food crops.

There does appear to be a persisting problem with lead leaching mainly
from poorly made and lead-glazed food and beverage pottery. It could also be
that even well-made vessels with lead glazes will lose lead through extended
surface abrasion, as in scrubbing, washing, and rinsing.
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4

Biologic Markers of Lead Toxicity

In the last few years, considerable interest has developed in discovering
and validating new biologic markers for many toxic substances. Identifying new
biologic markers has helped scientists to understand much better the
mechanisms of toxicity. This has also been the focus for biologic studies of the
mechanisms of lead toxicity. Biologic markers are indicators of events in
biologic systems or samples. The National Research Council (NRC, 1989a,b)
has classified biologic markers into three types—markers of exposure, of effect,
and of susceptibility. A biologic marker of exposure is an exogenous substance
or its metabolite or the product of an interaction between a xenobiotic agent and
some target molecule or cell. A biologic marker of effect is a measurable
biochemical, physiologic, or other alteration within an organism that, depending
on magnitude, can be recognized as an established or potential health
impairment or disease. A biologic marker of susceptibility is an indicator of an
inherent or acquired limitation of an organism's ability to respond to the
challenge of exposure to a specific xenobiotic substance. This chapter describes
biologic markers of exposure, effect, and susceptibility for lead. It also
establishes the biologic basis for the assessment of analytic techniques to
monitor lead in sensitive populations, which will be described in Chapter 5.

BIOLOGIC MARKERS OF EXPOSURE

Any assessment of the toxicity associated with exposure to lead
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begins with measurement of the exposure. In practice, one assesses lead
exposure through environmental or biologic monitoring techniques to examine
markers of exposure. Lead exposure is the amount of lead (from whatever
source) that is presented to an organism; dose is the amount that is absorbed by
the organism (NRC, 1990). Various factors—such as blood flow, capillary
permeability, transport into an organ or tissue, and number of active binding
and receptor sites—determine the path of lead through the body and can
influence the biologically effective dose. For example, lead inhaled in dust
could be retained in the lungs, removed from the lungs by protective
mechanisms and ingested, stored in bone, or eliminated from the body via the
kidneys. Toxicity can be observed in the kidneys, blood, nervous system, or
other organs and tissues. At any step after exposure, biologic markers of
exposure to lead can be detected.

A key component of biologic monitoring of lead exposure is the
toxicokinetic and physiologic framework that underlies such monitoring.
Screening in the absence of knowledge about lead's in vivo behavior limits the
interpretation of monitoring data for public-health risk. For example, if clinical
management or regulatory actions are to be effective, the timing of lead
exposure that is reflected in a typical blood lead value should be known, as
should dose-response relations that link the body lead concentration with
adverse health effects.

Lead Absorption

Humans absorb lead predominantly through the gastrointestinal and
respiratory tracts. Little uptake occurs through skin, especially in
nonoccupational exposures. Lead deposition and absorption rates in the human
respiratory tract are complex functions of chemical and physical forms of the
element and of anatomic, respiratory, and metabolic characteristics.

Inhaled lead is deposited in the upper and lower reaches of the respiratory
tract. Deposition in the upper portion leads to ciliary clearance of lead,
swallowing, and absorption from the intestine. Smaller lead particles, especially
those less than 1 µm in statistically averaged diameter, penetrate the lower,
pulmonary portion of the respiratory tract and undergo absorption from it.
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Human studies (Chamberlain, 1983; EPA, 1986a) have shown that about
30–50% of inhaled lead is retained by the lungs (the range reflects mainly
particle size and individual breathing rate). These studies have used unlabeled
lead aerosol (Kehoe, 1961a,b,c), radiolabeled oxide aerosol (Chamberlain et al.,
1978), lead fumes inhaled by volunteers (Nozaki, 1966), ambient air lead
around motorways and encountered by the general population (Chamberlain et
al., 1978; Chamberlain, 1983), lead salt aerosols inhaled by volunteers (Morrow
et al., 1980), and lead in forms encountered in lead operations, fumes, dusts, etc.
(Mehani, 1966). Most (over 95%) of whatever lead is deposited in the human
pulmonary compartment is absorbed (Rabinowitz et al., 1977; Chamberlain et
al., 1978; Morrow et al., 1980). Thus, the overall rate of uptake is governed by
lung retention (i.e., 30–50%). Uptake occurs rapidly, generally in a matter of
hours.

Evidence of complete and rapid uptake can be gleaned from analysis of
autopsy lung tissue (Barry, 1975; Gross et al., 1975). The chemical form of
inhaled lead appears to have little effect on uptake rate (Chamberlain et al.,
1978; Morrow et al., 1980). Similarly, uptake is little affected by air lead
concentration, even when it is greatly in excess of that commonly encountered
in nonoccupational settings—up to 450 µg/day (Chamberlain et al., 1978).

The above data apply to adults and are relevant for the sensitive adult
population, i.e., pregnant women. In the case of children, no studies have
experimentally documented rates of direct uptake of lead from lungs. On
anatomic grounds (Hofmann et al., 1979; Hofmann, 1982; Phalen et al., 1985)
and metabolic grounds (Barltrop, 1972; James, 1978), however, uptake in adults
should be greater than uptake in children.

In nonoccupationally exposed populations, lead uptake from the
gastrointestinal tract is its main route of absorption. For adults, the lead content
of foods, tap water, and other beverages is of main concern for lead exposure.
For infants, toddlers, and older children, ingestion of lead-contaminated
nonfood materials—e.g., dust, soil, and leaded-paint chips—is of additional
concern. In some cases, such exposure can exceed that occurring through the
diet (NRC, 1976, 1980; EPA, 1986a; WHO, 1987).

Various studies of gastrointestinal absorption of lead in adults as derived
from measures of metabolic balance (Kehoe, 1961a,b,c) and
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isotope distribution (Hursh and Suomela, 1968; Harrison et al., 1969;
Rabinowitz et al., 1974, 1980; Chamberlain et al., 1978) have documented that
10–15% of dietary lead is absorbed. The rate rises considerably, to as high as
63%, under fasting conditions (Chamberlain et al., 1978; Rabinowitz et al.,
1980; Heard and Chamberlain, 1982). That suggests that lead in tap water and
other beverages, which are often imbibed on an empty stomach, undergo higher
uptake and pose proportionately greater exposure. Rate of lead uptake over the
range of exposures likely to be encountered by the general population, up to at
least 400 µg/day, seems similar (Flanagan et al., 1982; Heard et al., 1983).

Studies of lead bioavailability in the human intestine (Chamberlain et al.,
1978; Rabinowitz et al., 1980; Heard and Chamberlain, 1982) have indicated
that common dietary forms of lead are absorbed to about the same extent. Lead
sulfide in one study was absorbed to the same extent as other forms, and in
another study was absorbed to the same extent with meals, but during fasting
was absorbed less than the chloride. Particle size difference might account for
the absorption difference between fasting and meals.

Dietary lead absorption is considerably higher in children than in adults.
Results of studies of both Ziegler et al. (1978) with infants and Alexander and
colleagues (1973) with children indicate an absorption rate up to 50% from the
intestinal tract.

Young children ingest nonfood lead through normal mouthing behavior
and particularly through the abnormal, excessive behavior called pica.
Substantial uptake of lead and systemic exposure occur because of the high
concentrations of lead in such media as dust, soil and leaded paint (Duggan and
Inskip, 1985; EPA, 1986a; WHO, 1987); the ingestion of perhaps 100 mg, or
even more, of such media (Binder et al., 1986; Clausing et al., 1987; Calabrese
et al., 1989; Davis et al., 1990); and a bioavailability of up to 30% (Day et al.,
1979; Duggan and Inskip, 1985; EPA, 1986a). The higher intestinal absorption
of lead seen in developing versus adult humans is commonly observed in other
mammalian systems, including nonhuman primates (Pounds et al., 1978) and
rodents (e.g., Kostial et al., 1978).

Percutaneous absorption of inorganic lead in nonoccupational populations
is low. Moore et al. (1980) applied 203Pb-labeled lead acetate to intact skin of
adult volunteers and obtained an average absorption rate
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of only 0.06%. Lilley et al. (1988) applied lead as the metallic powder or nitrate
salt solution to one subject's skin; it failed to increase the lead content of either
whole blood or urine, but the lead content of sweat far from the area of
application increased.

Lead has long been known to cross the placental barrier in humans and
other species and become lodged in fetal tissues (Barltrop, 1969; Chaube et al.,
1972; Buchet et al., 1978; Alexander and Delves, 1981; Rabinowitz and
Needleman, 1982; Borella et al., 1986; Mayer-Popken et al., 1986). The
question of when lead begins to enter the fetus during maternal exposure is
important, but has not been fully answered. Data of Barltrop (1969) and Mayer-
Popken et al. (1986) suggest that lead entry occurs by the third or fourth month;
data of Borella et al. (1986) and Chaube et al. (1972) suggest that uptake occurs
later.

Lead Distribution

Absorbed lead enters plasma and undergoes rapid removal to various body
compartments: erythrocytes, soft tissue, and mineralizing tissue. Removal
occurs over a matter of minutes (Chamberlain et al., 1978; DeSilva, 1981). If
exposure is constant, a steady state eventually occurs.

Under steady-state conditions (i.e., stable exposure), plasma lead and
erythrocyte lead are in equilibrium. The equilibrium fraction of lead in plasma
is less than 1% and varies very little (Cavalleri et al., 1978; Everson and
Patterson, 1980; DeSilva, 1981; Manton and Cook, 1984), but rises at blood
lead concentrations of about 50 µg/dL or higher (DeSilva, 1981; Manton and
Cook, 1984).

Lead is removed from whole blood, under steady-state conditions, with a
half-life that depends on such factors as total body lead burden, age, magnitude
of external exposure, and the method of measuring half-life (according to total
circulating lead or absorbed exogenous fraction as measured by isotopic tracer).

Whole-blood lead measured with various protocols of experimental
exposure has been found to have a half-life of about 25 days (Griffin et al.,
1975; Rabinowitz et al., 1976; Chamberlain et al., 1978). That refers to the first,
or short-term, component of blood lead decay. Actual measurements of half-
life, commonly obtained through blood
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lead changes that occur with reduction in chronic exposure, yield various and
generally much higher values than those obtained experimentally; actual
measurements reflect a larger contribution of a long-term component, described
as many months in half-life.

Early studies by Barry (1975, 1981) and Gross et al. (1975) showed that
lead in most soft tissues is usually below 0.5 parts per million (ppm); age-
dependent accumulation in kidneys (Indraprasit et al., 1974) and aorta (Barry,
1975; Gross et al., 1975) in nonoccupational populations has been reported.

Available data are not sufficient to show whether soft tissue concentrations
have been declining in response to lower air and dietary lead uptake in recent
years. Such changes would be registered more readily in the youngest segments
of the population, where cumulative body burdens are smaller.

Studies that showed no lead accumulation with age in many soft tissues
have been cross-sectional and theoretically would disguise the moderate
accumulation that can occur with age but be offset by declining lead exposure
in recent years.

The human brain, the principal target organ of lead exposure, has low
concentrations of lead—less than 0.2 ppm (wet weight)—on a whole-organ
basis when there has been no occupational exposure. Lead content can rise by a
factor of several in people with high lead exposure (Barry, 1975). In subjects
with lethal poisoning, whole-brain concentrations are above 1 ppm (Okazaki et
al., 1963; Klein et al., 1970). Region-specific distribution of lead in the brain
has been documented. The highest concentrations are in the hippocampus and
frontal cortex (Okazaki et al., 1963; Niklowitz and Mandybur, 1975; Grandjean,
1978).

Barry (1975, 1981) showed that tissue lead concentrations were lower in
infants than in older children. Those in older children were not materially
different from those in adult women.

A large body of laboratory and clinical evidence shows that lead
accumulates with age in human mineralizing tissue, i.e., bones and teeth.
Accumulation appears to begin at birth (or even in utero) and continues until the
age of 50–60 years, when it starts to decrease through some combination of
dietary, metabolic, and hormonal changes (CDC, 1985; EPA, 1986a; Drasch et
al., 1987; Drasch and Ott, 1988;
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Wittmers et al., 1988). Total lead content in bone can reach 200 mg in
nonoccupationally exposed adults and much higher in those occupationally
exposed to large concentrations.

Drasch and Ott (1988) have confirmed that bone lead is cumulative at least
from birth. Autopsy samples from infants less than 1 year old had a bone lead
concentration half that of preschool children (0.33 vs. 0.62 ppm wet weight)
and one-fifth that of people 10–20 years old (1.76 ppm). All bone types—
cortical bone, such as midfemur, and trabecular bone, such as temporal bone
and pelvis—were shown to accumulate lead, but the denser cortical bone had
markedly higher concentrations in the two older groups. A sex-based difference
in bone lead accumulation was observed in the oldest group for trabecular bone,
males having statistically higher concentrations (p < 0.05). Recent
measurements of bone lead in adult autopsy samples also documented
continued accumulation in adulthood up to at least the age of 50 (Drasch et al.,
1987; Wittmers et al., 1988). In the work of Drasch et al. (1987), temporal bone
showed age-dependent accumulation throughout adulthood, including the 70s,
whereas midfemoral and pelvic samples showed a plateau in middle age and
then a decline. The latter decline was pronounced in females and was attributed
to osteoporotic changes. Those data support the finding in analysis of NHANES
II results that menopausal women have higher blood lead than younger women
(Silbergeld et al., 1988). Men were estimated to have a significantly higher total
skeletal lead burden than women—mean, 41.4 mg versus 24.1 mg. Comparison
of recent analyses with data gathered 10 years earlier in the same laboratory and
with identical methods indicated a marked decline of lead in femoral and pelvic
samples across adult age groups, amounting to 30–50%.

In similar investigations, Wittmers et al. (1988) examined tibia, skull, rib,
ilium, and vertebra from 134 hospital autopsies for lead content as a function of
age, lateral and cross-sectional analytic symmetry, and bone composition. Lead
content was symmetric in positional location, but not bone type. Lead
concentrations rose with age in all sample types, and there was some
longitudinal variation within a bone specimen, but not enough to preclude use
of single measurements in bone analysis.
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Lead Retention and Excretion

EPA (1986a) and ATSDR (1988) analyzed the retention and excretion of
lead in humans and animals. Ingested lead that is not absorbed is lost through
urinary and fecal excretion. Absorbed lead that is not sequestered in bone or
some soft tissues is eventually eliminated through the kidneys or through biliary
clearance into the intestine. Deposition in keratinizing tissues (nails and hair) is
a minor elimination pathway.

On the basis of various experimental measurements (Kehoe, 1961a,b,c;
Rabinowitz et al., 1976; Chamberlain et al., 1978), the following can be said:

•   Urinary loss of lead in adults makes up about two-thirds of total
elimination. Fecal lead loss (of lead arising from biliary elimination—
i.e., endogenous fecal lead) makes up about one-third. About 8% of the
total is eliminated through Hair and nails.

•   Whole-body lead elimination over the short term removes about 50–
60% of the newly absorbed lead, with a half-life in adult volunteers of
about 20 days (Rabinowitz et al., 1976; Chamberlain et al., 1978). Of
the deposited fraction, 50% (i.e., 25% of lead initially absorbed) is
eventually eliminated.

•   Infants and children retain 50% of ingested lead (Alexander et al.,
1973; Ziegler et al., 1978).

•   Infants (and perhaps preschool children) have slower elimination than
adults (Thompson, 1971; Alexander et al., 1973; Chamberlain et al.,
1978; Ziegler et al., 1978; EPA, 1986a).

•   Lead elimination through urine might depend on concentration, as
estimated by Chamberlain (1983) on the basis of results of studies that
reported blood and urine values in adults.

•   Whole-body lead retention in humans subjected to constant exposure is
accounted for largely by skeletal accumulation.

Interactions of Lead with Nutrients

The toxicokinetics of lead in humans are affected by the metabolic and
nutritional status of the exposed subjects. Nutrition and nutritional deficiencies
are of prime concern in very young children, in whom
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increased lead exposure is concurrent with deficiencies in many interactive
elements, especially calcium and iron (see Markers of Susceptibility).
Interactive relations for lead have been reviewed elsewhere (Mahaffey and
Michaelson, 1980; EPA, 1986a). Various child and infant nutritional-status
surveys have documented iron deficiency in children under 2 years old,
especially those in low socioeconomic classifications. They are also the
children with the highest prevalences of high body lead (Yip et al., 1981;
Mahaffey et al., 1982a; Mahaffey and Annest, 1986).

Similarly, various reports have shown a strong negative correlation
between calcium intake and blood lead in children (e.g., Sorrell et al., 1977;
Ziegler et al., 1978; Johnson and Tenuta, 1979) and adults (Heard and
Chamberlain, 1982). In the analyses of Ziegler et al. (1978), the inverse
association of blood lead concentration and calcium intake in infants was seen
to extend into the low part of the range of adequate intake.

Other nutrients that interact inversely with lead exposure are zinc
(Chisolm, 1981; Markowitz and Rosen, 1981) and phosphorus (Heard and
Chamberlain, 1982).

Mathematical Models

Over the years, a number of attempts have been put forth to provide a
quantitative, mathematical model of the relation of lead in exposure media to
total and toxicologically active lead in the body, the in vivo
compartmentalization of lead in the human body, the relation of lead in target
tissues and organs to likely biologic markers of exposure and toxicity, and even
the relation of direct dose biologic markers to markers of early effect. Modeling
approaches to metals in general are described by Clarkson et al. (1988), and
specific reviews of lead biokinetic modeling are provided by Mushak (1989)
and EPA (1986a).

Models of in vivo toxicokinetics of lead differ greatly, both in their use of
empirical data and in the types of lead exposure to which they are applicable.
One can broadly group toxicokinetic models of lead into linear and nonlinear
forms. We are interested here primarily in models that are applicable to low-
concentration lead exposure.

BIOLOGIC MARKERS OF LEAD TOXICITY 151

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


Linear Models

Rabinowitz and co-workers (1976, 1977) used stable isotopic-lead
distribution analyses in adult volunteers to develop a three-compartment model
of lead disposition. The kinetically discernible compartments were blood (the
most mobile, containing 2 mg of lead), soft tissue (of intermediate mobility,
containing 0.6 mg of lead), and bone (the largest, most stable, with a half-life of
a decade or more and sequestering most total body lead).

The modeling efforts of Kneip and co-workers (Kneip et al., 1983; Harley
and Kneip, 1984) expanded earlier approaches to a multiorgan model that can
be used to estimate deposition in children of different ages. Figure 4-1 shows
the major components of the Harley and Kneip (1984) approach that depicts six
tissue compartments.

Table 4-1 presents age-dependent estimates of lead half-lives for bone,
kidney, and liver reported by Harley and Kneip (1984) for the age range of 1–
20 years. Bone lead in children 1–6 years of age has a half-life that is only one-
third that in older children and only about half that in 8-year-olds. In contrast
(and as expected), soft-tissue lead half-lives are independent of age. Age
dependence (over ages 1–15 years) of tissue burdens of lead was also estimated
(see Table 4-2). Blood lead peaks at 2 years and then declines gradually. Bone
lead estimates show that lead concentration in 1-year-old infants is about 60%
of that in 7-year-olds—not greatly at odds with the laboratory ratio of 1:2 based
on autopsy samples for about the same age interval.

The models referred to are for essentially steady-state exposure with
associated complete mixing of the linked lead pools, and they use first-order
kinetics. They are chronic-exposure modeling approaches and are not to be
considered valid for acute lead poisoning.

Nonlinear Models

At low to moderate lead exposure, linear models of lead in humans appear
to be as good as any other form of mathematical depiction. However, any model
intended to be broadly applicable to higher exposures must account for the
known empirical curvilinearity of blood lead as a function of some external lead
concentration (e.g., in water or air) and multiple subpools of lead (e.g., in blood
and in bone).
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FIGURE 4-1 Linear toxicokinetic model of Harley and Kneip (1984). Model
has six components, including initial extracellular space-gut compartments. 
Coefficients (?) of compartment entry and exit are as indicated. Source: Kneip
et al., 1983.  Reprinted with permission from NeuroToxicology; copyright
1983, Intox Press.

The nonlinear model proposed by Marcus (1985) is an attempt to
accommodate data that show that plasma lead manifests a concentration-
dependent equilibrium with erythrocytes in humans and that blood lead
concentration is nonlinear over a broad range of exposure. Workplace
exposures represent the high end of the predictive range. The model provides a
rather good fit for data from studies by DeSilva (1981) and Manton and Cook
(1984) of subjects exposed over a broad range.
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TABLE 4-1 Lead Half-Life Estimates by Age in Humans, Based on Linear Modeling

Tissue Half-Life, days

Age, yr Bone Kidney Liver

1 1,135 10 23

3 1,135 10 23

6 1,135 10 23

8 2,560 10 23

15 3,421 10 23

20 3,421 10 23

Source: Adapted from Harley and Kneip, 1984, Table 4.

Chamberlain (1985) used a variant of nonlinear exposure models to
rationalize the nonlinear relations of blood lead to media lead for a variable
excretory function, dose-dependent urinary excretion, and thus incorporated
dose-dependent transfer coefficients.

Biologic Monitoring

In recent years, the amount of lead entering the environment has declined
because of regulatory or other risk-reduction actions and the body lead burden
considered to pose an unacceptable risk of toxicity has declined. Those
simultaneous decreases have shifted attention to small lead exposures and their
associated subtle adverse effects. Small exposures add considerably to the
complexity of interpreting lead pharmacokinetics. For example, the strong
propensity for lead to accumulate in skeletal tissue and then be resorbed into
blood with age increases the relative impact of endogenous input to blood at
low concentrations. As noted in a recent report to Congress on childhood lead
poisoning (ATSDR, 1988), high-dose exposure is not necessary for toxicity.

Despite increasing interest in low-concentration lead exposure, young
children still sustain acute and subacute overt poisoning in areas of
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heavy lead contamination. It is still necessary, therefore, to consider the
pharmacokinetics of lead at higher exposures.

TABLE 4-2 Estimates of Age-Dependent Lead Concentrations in Tissue, Based on
Linear Modelinga

Lead Concentration

Age, yr Blood, µg/dL Bone, µg/g  ash Kidney, µg/g (wet weight)

1 11.9 35.5 0.7

2 16.2 38.1 1.0

5 14.5 51.0 0.9

7 13.0 57.9 0.8

10 10.4 57.6 0.9

15 11.3 41.7 0.7

a Based on 40 µg of lead absorbed (males).
Source: Adapted from Harley and Kneip, 1984, Table 12.

Measurement of blood lead right after acute or subacute lead exposure is
probably the only means of unambiguously establishing such exposure
(Chisolm and Harrison, 1956; Chisolm, 1965; NRC, 1972, 1980; EPA, 1986a).
That is because lead is rapidly absorbed into plasma and distributed to
erythrocytes and vulnerable tissue sites while there is still a lag in response by
most early-effect indicators, such as erythrocyte protoporphyrin.

Carton et al. (1987) showed the relative reliability and suitability of blood
lead measures in an outbreak of acute lead poisoning caused by consumption of
lead-contaminated flour in a Spanish village. A group of 136 poisoning patients
whose blood lead concentrations were known at the outset were examined
longitudinally. Of various exposure measures—erythyrocyte protoporphyrin,
coproporphyrin, urinary delta-aminolevulinic (ALA), blood delta-ALA-D,
urinary lead, and blood lead—blood lead most closely corresponds to the
severity of acute or subacute poisoning and to the overall laboratory and clinical
pictures in the most severely affected people.
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Whole Blood

For epidemiologic and clinical acceptability and utility, lead in the whole
blood of chronically exposed populations remains the biologic marker of
choice. It has been the traditional view that blood lead generally reflects fairly
recent exposure, i.e., exposure 20–30 days before measurement. In cases of
relatively stable exposure, however, such a short-term index of lead uptake is
still of considerable utility.

The collection of blood lead in children in well-designed studies (either
cross-sectional or longitudinal) is subject to problems of interpretation. Child
blood lead is highly responsive to changes in exposure in the preceding 1 or 2
weeks. Most studies involve a recruitment phase that precedes blood lead
collection (or the first blood collection in a longitudinal study) by a few days to
a few months. The recruitment activity itself is an interaction with the child's
family or caretakers that might alter their behavior and increase their awareness
of potential lead exposure hazards. The primary exposure vector for young
children is household dust and surface soil (even if the source is deteriorating
lead-based paint), so changes in caretaker behavior that reduce dust exposure
might cause a reduction in a child's blood lead concentration between the time
of recruitment and the time of blood collection. Such changes include more
frequent dusting and handwashing and more effective control of child access to
dusty or dirty places. Changes in caretaker behavior are even more likely in
longitudinal studies with repeated contacts between investigators and subjects
or in cross-sectional studies in communities that have already had long-standing
media coverage or community controversy about removal of leaded paint or
lead-contaminated soil.

Blood lead concentration as a short-term measure of exposure is less
accurate with subjects whose skeletal lead contributes substantially to total
blood lead concentration. Estimating total body lead burden is complex and
requires that all sources of lead be considered. Consequently, it might be
expected that, in people (children and adults) with a high body lead burden
lodged in bone, more of the lead in bone would contribute to blood lead
concentration and be reflected in the long half-life of removal from blood. With
regard to fractional contributions of recent versus cumulative lead exposure to
blood lead, various and numerous studies have shown that the major component
of a given total blood lead concentration in a young child or adult is recent
input, and
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the influence of cumulative input increases as a function of age and exposure
history (Duggan, 1983; Christoffersson et al., 1984; Harley and Kneip, 1984;
Schwartz et al., 1985; Schütz et al., 1987a; Skerfving, 1988). One exception
would be retired or reassigned lead workers who received heavy lead exposure
in their working careers.

Table 4-3 summarizes data related to the toxicokinetic aspects of blood
lead in children. Corresponding data on diverse adult populations are set forth
in Table 4-4. The tables should be read for their implications for biologic
monitoring, especially for low-dose exposures.

A number of conclusions are to be drawn from Table 4-3, including:

•   Blood lead appears to stabilize in older children, at least enough to
preserve rank order, especially when exposure is reduced.

•   Rate of change of blood lead of infants and perhaps older children in
response to changes in exposure appears to be a function of current
exposure and accumulated body burden.

•   Older children appear to preserve an earlier exposure history (in bone
stores), as shown in rank ordering; there might be at least two lead
compartments that contribute to blood lead concentration, one of
which is large enough to preserve statistical association (consisting of
lead in bone), although continuing exposure cannot be ruled out when
blood lead concentrations are large.

Data in Table 4-4 can be summarized as follows:

•   Men and women usually exposed to lead in air and diet have a lower
rate of change in blood lead in response to exposure changes than
those with little or no exposure.

•   Bone lead can be an important source of steady-state blood lead
concentration, even under conditions of ordinary exposure. Similarly,
occupationally exposed people can accumulate a skeletal burden large
enough to become the dominant source of blood lead concentration
even after active exposure ceases.

•   Blood lead clearance in substantially exposed people can be described
by two components, one of which is rapid (1–2 months) and reflects
soft-tissue lead, and one a longer-term bone component that is
reflected in reduction of bone lead stores.
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•   Generally, blood lead half-life is highly variable because of such
factors as age, metabolic variability, total body burden, and 
concentration and duration of exposure.
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With careful attention to methodologic details, blood lead  concentration
analyses by competent laboratories can be used in general population surveys of
trends in lead exposure. That has proved especially useful in relating recent
declines in blood lead concentration and reductions in such sources as leaded
gasoline.

Plasma

Earlier data suggested that plasma lead does not vary across a broad range
of total blood lead, but it is now accepted that plasma and erythrocyte lead are
in equilibrium and that the plasma fraction of lead is stable up to a blood lead
concentration of 50–60 µg/dL,  at which the fraction increases (Cavalleri et al.,
1978; DeSilva, 1981; Manton and Malloy, 1983; Manton and Cook, 1984).

The existence of an equilibrium of lead between plasma and erythrocytes
indicates that some fraction of total erythrocyte lead can be shifted to plasma in
responses to downward shifts from steady-state exposure. That accounts for the
fast component of blood lead decay, which is commonly faster than that
expected from erythrocyte turnover rates.

Plasma lead concentrations at steady state are extremely small, often less
than 1% of blood lead concentration, and rarely above 1 µg/dL.  Even at blood
lead concentrations over 50–60 µg/dL, they go up to only a few micrograms per
deciliter. That makes it unlikely that a typical clinical laboratory will routinely
analyze plasma lead, owing to such complicating factors as ambient lead
contamination and ready hemolysis of high-lead erythrocytes.

Teeth

Human deciduous teeth accumulate lead in substantial quantities over their
embryonic and postnatal life, up to the time of shedding. Teeth are anatomically
and metabolically diverse, and this affects lead toxicokinetics in the
mineralizing matrix.

Like bone, teeth have long been recognized as relatively useful tissues for
assessing biologic markers of long-term lead accumulation. Unlike bone,
however, teeth irreversibly sequester lead (Cohen, 1970);
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and they are more accessible for study because they are shed (see, e.g.,
EPA, 1986a; Mushak, 1989).

Table 4-5 presents illustrative studies of lead distribution in human teeth
and the potential utility of teeth as biologic markers of childhood lead 
exposure. The data in the table make it clear that lead deposition in teeth is
complicated and is a function of age (Steenhout and Pourtois, 1981), region of
tooth (e.g., Needleman and Shapiro, 1974; Grandjean et al., 1986), type of tooth
(Mackie et al., 1977; Delves et al., 1982), and extent of exposure (EPA, 1986a;
Mushak, 1989).

Secondary (circumpulpal) dentin accumulates the largest concentrations of
lead and is most sensitive to the extent of lead uptake in other body
compartments (through contact with blood lead), so it is probably best suited for
examining even subtle exposure. It seems specially attractive to consider low-
lead epidemiologic studies in tissues that are major accumulators of lead, as
opposed to tissues that only accumulate lower concentrations. Teeth differ in
lead content as a function of tooth type, concentrations being higher in incisors
than in premolars; this kind of difference is related in part to the fractions of
actively accumulating regions in each tooth type (see, e.g., Mackie et al., 1977).

Lead in shed teeth of children, however useful for revealing accumulation,
reflects retrospective exposure over a fairly long period and one that
encompasses peak sensitivity and peak exposure periods, i.e., at the age of 2–3
years. Hence, this measure remains of less use than some others as a basis for
environmental intervention at specific times.

In vivo analysis of lead in teeth seems to have the virtue of providing
information on current lead accumulation when used in tandem with serial
measurements of blood lead. Shapiro and co-workers (1978) showed a
moderate correlation between lead in teeth and blood lead as single measures.
However, such an in vivo measure seems to offer little advantage over similar
measurements of tibial sites.

Bone

The skeletal system accumulates lead from before birth until at least the
sixth decade. As public-health concerns are increasingly shifted to smaller lead
exposures, two aspects of bone lead rise in importance. The first is the
increasing degree to which bone contributes lead to total blood lead
concentration, especially during pregnancy and at later stages
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of life—e.g., in osteoporosis in postmenopausal women. The second is
toxicokinetic and methodologic: the extent to which real-time monitoring of
bone lead can be used to determine unsafe rates of body lead accumulation.

It used to be widely held that the human skeletal system provides a
metabolically inert depository for lead and that the huge amounts of lead being
sequestered were inconsequential for health-risk assessment. That confidence
rested in part on the assumption that bone was kinetically homogeneous as a
lead compartment, with a half-life long enough to forestall risk of ready transfer
back to blood. Current evidence argues, however, that bone is both a set of
compartments for lead deposition and a target for lead toxicity. The dual
identity complicates bone lead kinetics when it is applied to long-term
modeling. The mobility of bone lead to blood is important. Table 4-6
summarizes studies that helped to characterize bone lead as a potentially toxic
fraction of whole-body lead in sensitive populations. (Some of the material
overlaps that presented earlier on blood lead.)

Human bone appears to have at least two, and possibly three, kinetically

TABLE 4-6 Studies of the Kinetic Behavior of Lead in Human Bone

Study Group and Exposure Comments (References)

Swedish retired lead workers; 3–45
years of lead exposure

Bone lead adds approximately 65% to
total blood lead in retirement; accounts for
half-life of 5.6 years (Schütz et al., 1987a)

Swedish lead workers; work expo-
sure variable; invivo analysis com-
pared with chelatable lead

Chelatable lead well correlated with
trabecular, but not cortical bone (Schütz et
al., 1987b)

Japanese lead workers at various ages Chelatable lead is age-dependent, showing
bone contribution (bone lead age-
dependent) (Araki and Ushio, 1982)

U.S. urban high-risk children meeting
test criteria for in vivo tibial lead vs.
chelation test

Tibial (cortical) lead correlated with, and
predictive (with blood lead) of chelatable
lead (Rosen et al., 1989)
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distinct lead compartments. Lead in trabecular (spongy) bone appears to be
more mobile than lead lodged in cortical (compact) bone, and there appears also
to be a fraction of bone lead in equilibrium with the lead in blood (see, e.g.,
Skerfving, 1988). Trabecular bone seems to be an important source of resorbed
lead when high exposure is reduced, e.g., through removal for medical reasons,
by retirement of lead workers, or in response to chelation in adults (Schütz et
al., 1987a). In young children, in whom only cortical bone has been examined,
lead appears to leave cortical bone (tibia) (Rosen et al., 1989).

In the aggregate, the information in Table 4-6 makes it clear that bone lead
readily returns to blood in substantial proportions. Although the mobilization is
most apparent in people with a history of occupational exposure, bone lead also
appears to be a major contributor in older people with ambient exposures to
lead. More important, it is clear that bone lead is constantly mobilized in young
children as part of physiologic remodeling of bone in the growth process. In
addition to having a smaller fraction of total body stores of lead in bone, young
children continuously recycle lead from bone to blood and other nonosseous
tissues in bone reformation that accompanies the growth process.

Milk

Milk is the primary dietary constituent for young infants. Although the
concentration of lead in human milk and infant formulas is relatively low (about
1.7 µg/dL), the volume consumed is large and thereby constitutes the primary
source of lead for young infants, amounting to a daily intake of up to 50 µg
(Ryu et al., 1985). Lead content of breastfed infants' milk correlates well with
their blood lead concentrations until 6 months of age (r = 0.42,p < 0.0003) (Ryu
et al., 1985), when infants begin to crawl and walk. At these times of infant and
child development, milk lead content accounts for less than 10% of blood lead
concentrations (Rabinowitz et al., 1985b).

Placenta

Some studies have found a close correlation between maternal and
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newborn blood lead concentrations (Rabinowitz and Needleman, 1982; Korpela
et al., 1986), but changes in compartmentalization of lead between blood, soft
tissues, and bone of both mother and fetus might well be nonlinear and affected
by nutritional status, as well as by marked differences in body composition
between the developing fetus and the pregnant woman. In fact, blood lead
concentrations during pregnancy have been seen to decline, rise, or evidence no
definite trend (Davis and Svendsgaard, 1987).

Birthweight, head circumference, and placental weight were reduced as a
function of placental lead content in a group of 100 obstetrically normal infants
(Ward et al., 1987). Moreover, in the Port Pirie study in Australia, preterm
delivery, defined as birth before the thirty-seventh week of pregnancy, was
significantly related to maternal blood lead concentrations at delivery in a dose-
response manner (McMichael et al., 1986). The latter study was carried out in
831 pregnant women, and the data were assessed by multivariate techniques. It
has also been reported that placental lead content increases with lead exposure
(Roels et al., 1978; Khera et al., 1980; Mayer-Popken et al., 1986); and in a
limited study of amniotic fluid lead concentrations, it was found that
concentrations of lead at term (59.6 ± 8.3 ng/ml) were significantly higher than
maternal blood lead (40.4 ± 18.2 ng/ml) and umbilical cord blood lead (37.1 ±
13.5 ng/ml) (Korpela et al., 1986). Moreover, amniotic fluid concentrations
failed to correlate with maternal or cord blood concentrations. Measurements of
bone lead and blood lead concentrations (in pregnant women throughout the
course of pregnancy), assessments of amniotic fluid concentrations, and
placental lead concentrations at term collectively hold promise for further
characterizing the dynamics of maternal-fetal lead transfer.

Chelatable and Urinary Lead

Spontaneous excretion of lead in nonoccupationally exposed humans is a
highly variable process that involves small concentrations of lead (EPA, 1986a).
In view of the difficulty of analyzing lead at low concentrations in a complex
matrix, urinary lead appears to have little utility for general screening.

In contrast, the plumburesis associated with lead mobilization provides
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what is considered the best measure of the potentially toxic fraction of the total
body lead burden (see CDC, 1985, 1991; EPA, 1986a). On the basis of various
in vitro experimental and epidemiologic studies (Chisolm and Barltrop, 1979;
Piomelli et al., 1984; CDC, 1985; EPA, 1986a; Mushak, 1989), chelatable lead
is assumed to be a chemical sample of both mobile body compartments—i.e.,
blood and soft tissues—as well as of subcompartments of bone.

BIOLOGIC MARKERS OF EFFECT

This section examines biologic markers of early subclinical effects of lead
that have potential value in the quantitative assessment of human health risk. It
serves as a bridge between human lead toxicology and the practice of laboratory
screening in analytic toxicology for the evaluation of lead intoxication.
Elucidation of biologic markers of effect also sheds light on mechanisms of
toxic action. Methodologically, markers of effect are any measurable
biochemical, physiologic, or other alteration from normal in humans that shows
potential health impairment.  The theoretical advantage of markers of effect
over markers of exposure is that markers of effect reflect actual biologic
responses of the body. A practical advantage in many instances is that markers
of effect are relatively independent of the vicissitudes of lead measurement,
particularly the contamination of samples with lead.

If a biologic marker is a robust early perturbation in response to low-dose
exposure, it might be found in most of the target population. It is important that
such an early perturbation not be likely itself to constitute a bona fide adverse
effect and that it be useful in avoiding exposure sufficient to produce adverse
effects in other organ systems. Given present knowledge, a biologic marker
should reliably operate at a blood lead concentration below the 10 µg/dL
associated with population IQ decrement, neurobehavioral changes, and deficits
in growth indexes in a discernible fraction of young children. Some (e.g.,
Friberg, 1985) have even argued that markers of effect themselves indicate that
it is already too late for monitoring to prevent any toxicologic perturbation at all.

Biologic markers of lead's effects are often confined in usefulness to a
range of body burden of lead. As acceptable magnitudes of lead exposure have
been reduced, it has been necessary to re-evaluate the
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relevance of biologic markers of effect, as is the case with biologic markers
based on lead's disturbances of heme synthesis.

This section deals with the epidemiologic utility of established markers of
effect, including brief statements on the underlying toxicology and pathology.
The markers are discussed in terms of their current usefulness and reliability as
the definition of ''safe'' lead exposure continues to change. The section also
discusses the use of markers for elucidating mechanisms of toxic action.

Markers Based on Disturbance of Heme Synthesis

Lead affects the biologic synthesis of heme at various steps in a number of
important organ systems (see Chapter 2, especially Fig. 2-5). Overall toxicity in
the synthetic pathway at moderate exposures is attributable to effects on three
enzymes, although others can be affected at larger exposures. The three effects
are stimulation of the activity of delta-ALA synthetase (delta-ALA-S), the
mitochondrial enzyme that mediates the rate-limiting step in heme formation;
inhibition of the activity of the cytosolic enzyme porphobilinogen synthetase
(PBG-S or delta-ALA-D); and inhibition of the activity of the mitochondrial
enzyme ferrochelatase or inhibition of intramitochondrial movement of iron to
the ferrochelatase site.

The steps in heme synthesis are not uniformly sensitive to lead, nor are
they all equally useful in development of biologic markers of effect; only some
steps are useful this way. Some of the relevant characteristics of biologic
markers based on disturbance of heme synthesis are presented in Table 4-7.

Inhibition of the activity of the enzyme delta-ALA-D occurs at a very low
body lead burden, indexed as blood lead; the threshold of this effect is 5 µg/dL
or even lower (Chisolm et al., 1985; EPA, 1986a). Hernberg and Nikkanen
(1970) produced data that allow an estimate of 50% inhibition at a blood lead
concentration of 16 µg/dL. Thus, at current exposures in the United States,
many people would be expected to have measurable inhibition of the enzyme.

The enzyme is retained in the mature erythrocyte with a function that is
vestigial compared with its role in blood-forming and other tissues.
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The erythrocyte enzyme's response to lead is similar to its response in other
tissues at high lead concentrations (Secchi et al., 1974; Dieter and Finley, 1979;
EPA, 1986a), but tissue activity at low concentrations is unknown.

Lead directly affects delta-ALA-D activity by active-site inhibition
through thiol-site binding (e.g., Finelli et al., 1975). That behavior produces two
problems: one is related to diagnostic utility, in that direct measurement of lead
is equivalent to measurement of delta-ALA-D enzyme activity, and vice versa;
the second is methodologic, in that measurement of delta-ALA-D activity is
affected by lead contamination of the sample just as direct blood lead
measurement is. In addition, enzyme activity is affected by zinc contamination:
zinc offsets lead inhibition and produces inaccurate results.

The distribution of delta-ALA-D in sensitive populations is genetically
polymorphic and occurs as three phenotypes (Doss et al., 1979; Battistuzzi et
al., 1981; Astrin et al., 1987). Consequently, delta-ALA-D-activity screening in
tandem with phenotype identification (Astrin et al., 1987) distinguishes subjects
who are genetically most susceptible at a given blood lead concentration and
those who merit maximal protection from exposure.

With increasing inhibition of delta-ALA-D activity, delta-ALA
accumulates in the body and eventually in urine. The threshold for urinary ALA
accumulation (as blood lead concentration) can be up to 40 µg/dL for workers
and children, depending on measurement method (NCR, 1972; Chisolm et al.,
1976; Meredith et al., 1978; EPA, 1986a; Okayama et al,. 1989).

Not only does urinary ALA accumulation have a high threshold in terms of
magnitude of lead exposure, but its utility in low-exposure screening is
generally assumed to be valid for groups, rather than for individuals, such as
lead workers (e.g., Roels et al., 1975; Alessio et al., 1979). Statistically, the
sensitivity and the specificity of the method are such that high predictability
(minimal false negatives or false positives) exists only at high blood lead
concentrations (e.g., Okayama et al., 1989); that rules out its use in young
children and pregnant women who receive low-dose lead exposures. Reports of
screening of high-risk children with colorimetric measurement of urinary ALA
indicate poor correlation with blood lead concentrations (Blanksma et al., 1970;
Specter et al., 1971; Chisolm et al., 1976).
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The aspect of heme-synthesis disturbances by lead that has been most
widely exploited as a biologic marker or early effect has been the accumulation
of the heme precursor erythrocyte protoporphyrin IX or zinc protoporphyrin
(EP or ZPP) in blood of children and in some adult populations. EP accumulates
in response to lead-related inhibition of the activity of the intramitochondrial
enzyme ferrochelatase or lead-related impairment of intramitochondrial iron
transport (Chisolm and Barltrop, 1979; CDC, 1985; EPA, 1986a; Moore et al.,
1987). EP increase therefore indicates a generalized mitochondrial toxic
response. It accumulates only in newly formed erythrocytes during the active
lead-exposure period, and it takes weeks after onset of exposure for it to show
up. It remains increased after lead exposure ceases, and it decreases in
proportion to the turnover rate of the human mature erythrocyte, i.e., about
0.8%/day in the absence of decreased cell survival.

EP accumulation is exponentially and directly correlated with blood lead in
children (Chisolm and Barltrop, 1979; Piomelli et al., 1982, 1984; Hammond et
al., 1985) and in adults (Grandjean and Lintrup, 1978; Lilis et al., 1978;
Valentine et al., 1982; Alessio, 1988). The population threshold of blood lead
concentration for a lead-associated EP response is 15–20 µg/dL in children
(Piomelli et al., 1982; Hammond et al., 1985) and 25–30 µg/dL in lead workers
(Grandjean and Lintrup, 1978).

The utility of EP accumulation in a rapid and cost-effective screening
procedure for high-risk children in the United States was recognized early; it
was so attractive for screening at the high blood lead concentrations common in
the early 1970s that it became part of the screening method advanced by the
U.S. Public Health Service in 1975 (CDC, 1975). In its 1975 statement, the
Centers for Disease Control and Prevention linked EP of 60 µg/dL of whole
blood to later measurement of lead in venous blood. A combination of a blood
lead of 30 µg/dL or higher and an EP of 60 µg/dL or higher was taken as
evidence of lead toxicity. In 1978, the combination was modified to lead of 30
µg/dL and EP of 50 µg/dL or higher (CDC, 1978). The new CDC statement
(CDC, 1991), however, makes it clear that use of EP is not practical or useful
for low blood lead concentration in portions of the multitiered approach now
being recommended.

Lead-associated EP increase is similar in hematologic result to iron
deficiency, so the use of blood EP as a lead-specific marker must take
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into account the relative risk of iron deficiency or the actual iron status of the
people being screened (CDC, 1985; Mahaffey and Annest, 1986; Marcus and
Schwartz, 1987; Piomelli et al., 1987). But it has to be kept in mind that the rare
genetic disorder erythropoietic protoporphyria produces high concentrations of
EP that are discordant with blood lead concentrations.

Increase in EP concentration, as a measure of lead exposure, differs from
increase in urinary coproporphyrin (CP), a heme precursor that was traditionally
used as a marker of childhood and worker exposure to lead before the heavy use
and popularity of EP measurement. Urinary CP responds only to active lead
exposure and intoxication and is a measure that reflects current exposures
(Piomelli and Graziano, 1980). The threshold for urinary CP increase appears to
parallel that of urinary ALA, being about 40 µg/dL in lead in blood.

The apparent interference of lead in the kidney 1-hydroxylase system,
which uses heme, is discussed with respect to vitamin D later in this chapter.

Markers of Other Biologic Systems

Biologic markers that are based on biologic systems other than heme
synthesis are presented in Table 4-8.

Lead intoxication produces impairments in blood-forming tissue other than
those directly involved in heme synthesis. Lead strongly inhibits an enzyme
central in erythropoietic pyrimidine metabolism, pyrimidine-5'-nucleotidase
(Py-5'-N). The enzyme catalyzes the hydrolysis of pyrimidine nucleotides from
the degradation of ribosomal RNA fragments in maturing erythrocytes.
Inhibition leads to accumulation of the nucleotides, and ribosomal catabolism is
retarded (Paglia and Valentine, 1975; Angle and McIntire, 1978; Buc and
Kaplan, 1978); at high lead exposures, inhibition is severe enough to produce
basophilic stippling from undergraded fragments.

The blood-lead threshold for this effect, based on lead-exposed children,
appears to be around 10 µg/dL (Angle et al., 1982; Cook et al., 1986, 1987).
Sensitivity for predicting a blood lead concentration equal to or greater than 40
µg/dL is 80% (using an enzyme activity mean below 2 standard deviations
(SDs)); specificity, as percentage of
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children with an adequate enzyme activity who had blood lead less than 40
µg/dL, was 96 (Cook et al.,1987). The status of this marker for its relevance to
lead toxicity is analogous to that of delta-ALA-D, noted above. Like delta-ALA-
D, it reflects the presence of biologically active lead at a site not readily probed
directly. At some point in increasing lead exposure, lead-related inhibition of
the enzyme will produce an accumulation of pyrimidine metabolites. Py-5'-N
activity is also quite low in a genetic disorder that produces a hemolytic anemia
due to such inhibition and ribosomal fragment buildup (Valentine and Paglia,
1980). Consequently, people with this phenotype, which is rare, are extremely
sensitive to lead exposure and merit both identification and added protection
from lead exposure.

Lead exposure results in inhibition of erythrocyte membrane Na+,K+-
ATPase, which mediates the control of intracellular movement of both these
physiologically crucial ions (Raghavan et al., 1981). Inhibition produces loss of
cellular K+, but not disturb input of Na+; it produces cell shrinkage, a net
increase in sodium concentration, and increased fragility and lysis.

This marker of membrane ATPase has been examined quantitatively only
in lead workers (Secchi et al., 1968; Raghavan et al., 1981) in whom it appears
that the inhibition correlates well with membrane lead concentrations, but
poorly with total blood lead. Its broad applicability to screening of lead workers
and other populations is problematic.

In young children, increases in blood lead are associated with disturbances
in vitamin D function, notably formation of the hormonal metabolite 1,25-(OH)

2-vitamin D, which is crucial for a wide variety of functions (see Chapter 2).
The threshold for reduction of concentrations of 1,25-(OH)2-vitamin D in terms
of blood lead appears to lie at blood lead concentrations of 10-15 µg/dL (Rosen
et al., 1980; Mahaffey et al., 1982b); the effect on vitamin D function is
uniformly distributed across the range of blood lead concentrations.

Reductions in plasma concentrations of the hormonal metabolite are not
suitable for use as biologic markers of effect. The reductions in this metabolite
and some other early effects are now known to occur in some people at quite
low concentrations of blood lead (including cognitive and other
neurobehavioral end points) and are, in fact, adverse effects, given the crucial
function of this hormone in the body, and one
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must therefore use other more sensitive effect markers before decrements in
circulating concentrations of 1,25-(OH)2-vitamin D would be detected.

Relevance of Current Markers of Effect for Low-Dose
Exposures

The utility of commonly used biologic markers of effect is related to the
range of body lead burden of concern. Summary comments regarding these are
provided in Table 4-9.

Use of increase in EP in lead screening of high-risk populations

TABLE 4-9 Markers of Effect Relative to Low-Dose Lead Exposure

Marker Threshold, µg/dL Effectiveness

Activity of ALA-D (PBG-
S) inhibition

5 Sensitivity at low exposure;
relevant to tissue effects
questionable; useful for
phenotype sensitivity to toxicity

EP increase 15–20 (children)
25–30 (adults)

Yields too many false-
negative  results at blood lead
around 25 µg/dL; no
correlation at blood lead of 15
µg/dL

Urinary ALA increase Up to 40 Not useful at blood lead of 10–
15 µg/dL

Urinary CP increase 40 Not useful at blood lead of 10–
15 µ/dL

Py-5'-N activity inhibition 5–10 Quite sensitive at blood lead of
10–15 µg/dL;  relevance to
toxic effects questionable
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appears to yield an increasingly unacceptable rate of false-negative results as
population blood concentrations decline and as the guideline concentrations for
what is acceptable exposure also fall (see Chapter 2). Mahaffey and Annest
(1986) showed that at the relatively high blood lead concentration of 30 µg/dL,
the false-negative rate for blood lead and EP in the NHANES II survey
population approached 50%. As seen in Chapter 5, such false-negative rates are
lower, but are still high in high-risk child populations like those in Chicago.
One would expect the rate to be even higher at lower blood lead concentrations,
as seen in analysis of the Chicago screening population cited.

Such measures as urinary ALA and CP apply mainly to relatively high lead
exposures, having thresholds of about 40 µg/dL. They would not be of much
use at current concentrations of concern, around 10 µg/dL.

Inhibition of activity of both delta-ALA-D and Py-5'-N is significant at
blood lead concentrations of 10 µg/dL and less. Consequently, they would
technically be useful markers; but they appear to offer little advantage over lead
measurement itself, because the presence of erythrocyte lead produces
continuing inhibition, and contaminating lead (and zinc in the case of delta-
ALA-D) would also affect the measurements of enzyme activities. In the case
of delta-ALA-D, and perhaps that of Py-5'-N, use of these markers in tandem
with assessment of genetic phenotype would identify subjects at great risk of
hematotoxicity even at low doses of exposure. That would be especially
important in children homozygous for the ALA-D-2 allele (Astrin et al., 1987),
but also important in heterozygous children. A significant number of such
phenotypes are seen in traditionally high-risk populations (e.g., Doss et al.,
1979; Rogan et al., 1986; Astrin et al., 1987).

Potential Markers of Effect

Despite the limited utility of many of the conventional biologic markers of
effect either at high exposures for such organs as the kidney or at increasingly
lower general exposures, it is still of interest to consider available information
on some candidates for biologic markers. These are classified as enzymes,
binding proteins, and metabolites. A summary of the potential markers of effect
is given in Table 4-10.
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Enzyme Systems

As noted in Chapter 2, lead is now widely known to induce both
glomerular and tubular injury, at least in adults occupationally exposed to lead.
In most instances, however, the thresholds for such injury appear to be high and
presumably of interest mainly in occupational screening at current OSHA
guidelines. Schaller et al. (1980) and Buchet et al. (1980) reported that no
discernible kidney dysfunction was observable below 60 µg/dL (Buchet et al.,
1980) or over the range 50–85 µg/dL (Schaller et al., 1980). In common with
the rest of the field of occupational or environmental metal nephrotoxicity,
however, the indicators of what constitutes early kidney injury due to lead have
been relatively insensitive until recently.

The lower range of lead-induced nephrotoxicity was examined by Meyer et
al. (1984) and Verschoor and co-workers (1987). Their main index for low-
concentration lead effect was urinary excretion of the tubule cell lysosomal
enzyme N-acetyl-beta-D-glucosaminidase (NAG). This enzyme in urine might
well be a promising general marker of early metal-induced kidney damage, in
that various workers found it to be more sensitive than beta-2-microglobulin in
assessing early cadmium-induced tubular dysfunction in workers (e.g., Chia et
al., 1989; Kawada et al., 1989; Mueller et al., 1989).

In their worker group, Verschoor et al. (1987) found that tubular, rather
than glomerular, indexes are affected earliest and that urinary NAG
concentrations were increased at blood lead below 60 µg/dL and showed a
significant correlation with EP.

Nicotinamide adenine dinucleotide (NAD) synthetase (NAD-S) catalyzes
the final step in the Preiss-Handler pathway for biologic synthesis of the
metabolically common coenzyme NAD (Preiss and Handler, 1958), and it is
associated with an end product whose synthesis is impaired in a number of
genetic disorders, including thalassemia (Zerez and Tanaka, 1989) and sickle-
cell disease (Zerez et al., 1988).

Zerez et al. (1990) found that, in erythrocytes from lead-exposed subjects
or treated with lead in vitro, NAD-S activity is obliterated at lead concentrations
at which Py-5'-N activity, itself a sensitive measure of lead exposure, still
retains 50–70% of activity. The small group of lead-exposed subjects ranged in
blood lead from 34 to 72 µg/dL.
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Lead-Binding Proteins

The presence of proteins with an avidity for lead in kidney and brain was
discussed in Chapter 2. In the erythrocytes of variably exposed lead workers,
there is a lead-binding protein that appears to be inversely linked to clinical
manifestations of occupational lead intoxication; i.e., the higher the erythrocyte
concentration, the more resistant the worker appears to be to overt poisoning
(Raghavan et al., 1980, 1981; Lolin and O'Gorman, 1986). The protein's
function is reminiscent of kidney cytosol lead-binding protein (e.g., Oskarsson
et al., 1982; Goering and Fowler, 1985).

Lolin and O'Gorman (1988) measured the protein in lead workers with
various degrees of lead exposure. The protein was quantitated as two peaks,
which suggested a heterogenous protein. It was present in erythrocytes from all
lead workers, but absent from controls. The threshold for induction of the
protein was about 38 µg/dL or less; that indicates some utility for monitoring in
occupational exposures. Equally important, concentrations of the protein are
significantly lower in people with clinical toxicity. Furthermore, those workers
found that the concentration of the erythrocyte lead-binding protein was related
to intensity of exposure (past and present), not its duration. That is also typical
of inducible proteins.

Lolin and O'Gorman have postulated that the protein is protective in its
function and would play a special role in subjects who are particularly
susceptible to lead's effect on, e.g., ALA-D activity. They had found earlier
(Lolin and O'Gorman, 1986) that there is a type of ALA-D activity inhibition
not seen in environmental or nonoccupational exposures. Such protection
targeted to preservation of ALA-D activity is consistent with the findings of
Oskarsson et al. (1982) and Goering and Fowler (1985) that rat kidney ALA-D
activity is notably resistant to lead and that this is due to the presence of a
kidney cytosolic lead-binding protein. The analytic data on both worker
erythrocyte and rat kidney cytosol protein structure suggest metallothionein, as
noted by Goering and Fowler (1985) and Lolin and O'Gorman (1988), but
further work is required to establish this fact.
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Metabolites

beta-Aminoisobutyric acid (beta-AIB) is a normal degradation product of
thymidine, a constituent of DNA. Unlike typical amino acids, it is actively
secreted as a catabolic metabolite via the tubule. It is normally excreted at low
rates in humans not exposed to lead (6 nmol/µmol of creatinine). Farkas and co-
workers (1987) examined the concentrations of this metabolite in urine of
workers occupationally exposed to lead and in marmoset monkeys
experimentally exposed via tap water. In workers with a mean blood lead
concentration of 64 µg/dL and a mean EP of 117 µg/dL, there was a tripling of
urinary output of beta-AIB. No threshold was determined for excretion beyond
the normal range. In monkeys, there was a dose-dependent increase in urinary
excretion. Given the fact of beta-AIB's handling by the kidney, the increase in
the metabolite is a marker more of DNA damage through increased degradation
of thymidine to beta-AIB.

Identification of Toxicity Mechanisms

Markers of effect not only are useful in the screening of high-risk
populations, but also help to establish the various molecular and cellular
mechanisms by which lead imparts multiorgan toxicity in those high-risk
populations.

Inhibition of 1,25-Dihydroxyvitamin D Formation

As noted elsewhere, lead exposure is associated with reduced blood
concentrations of the hormonal metabolite of vitamin D, 1,25-(OH)2-vitamin D.
Such reductions with blood lead concentrations of 33–55 µg/dL, furthermore,
rival those seen in several disease states (Rosen et al., 1980; Mahaffey et al.,
1982b; Rosen and Chesney, 1983). Consequently, reductions in this hormone at
lower lead exposures are signaling

BIOLOGIC MARKERS OF LEAD TOXICITY 181

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


early metabolic disturbance. Reduced concentrations of the hormone indicate
that lead has two mechanisms of adverse effect that potentially can operate in
high-risk populations. The first concerns the toxic consequences of disturbance
in the hormone-calcium relationship, and the second concerns the many roles
played by 1,25-(OH)2-vitamin D beyond regulatory control of calcium function.

A major mechanisms of cellular lead toxicity appears to be interference in
calcium homeostasis and function (Chapter 2). Such interference occurs either
directly, via lead-calcium interactions in the cell, or through impaired function
of calcium as a second messenger due to disturbed regulation by 1,25-(OH)2-
vitamin D (Rasmussen, 1986a,b; Pounds and Rosen, 1988). It implies a risk of
impaired handling of vesicular intestinal calcium and intracellular calcium in
bone cells. Calcium-based effects are broadly distributed as to tissue and system
sites, including the vascular system and developing neural and bone tissue.

As summarized in Table 2-3, other physiologic functions potentially can
be altered by reduced concentrations of 1,25-(OH)2-vitamin D. They include
parathyroid phospholipid metabolism, cyclic GMP production in skin
fibroblasts, rental phosphate reabsorption, and differentiation and proliferation
of diverse cell types. In addition, the division, communication, and
cytostructural organization of many cell types are affected.

Impairment of Heme Synthesis

Heme is a prosthetic group for many functional proteins involved in cell
function and survival, and its formation is obligatory for cellular functions in
many tissues, especially blood-forming tissue, muscle, kidney, liver, and brain
(EPA, 1986a). Evidence of an effect of lead on heme formation would
constitute a far-reaching mechanistic clue to lead toxicity.

Heme formation is an intramitochondrial process. Its inhibition, whether
by inhibition of the intramitochondrial enzyme ferrochelatase or by impairment
of intramitochondrial delivery of the iron atom to protoporphyrin, can be
considered a marker of generalized mitochondrial toxicity of lead in heme
formation for a large number of cell and tissue types.

BIOLOGIC MARKERS OF LEAD TOXICITY 182

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Measuring Lead Exposure in Infants, Children, and Other Sensitive Populations 
http://www.nap.edu/catalog/2232.html

http://www.nap.edu/catalog/2232.html


BIOLOGIC MARKERS OF SUSCEPTIBILITY

One factor that can enhance susceptibility to lead toxicity is nutritional
status. Various nutritional factors have been shown experimentally to influence
absorption and tissue concentrations of lead (Mahaffey, 1985). Although
experimental diets can be manipulated to create a wide range of nutritional
problems, factors of clinical importance are far more restricted. Those
considered of greatest importance to young children, as well as many adults, are
total food intake, frequency of food intake, and dietary intake of some trace
minerals, notably calcium and iron (Mahaffey, 1985).

Fasting adults have been reported to absorb a substantially greater fraction
of dietary lead than nonfasting adults (Rabinowitz et al., 1980; Heard and
Chamberlain, 1982). Comparable data on the effects of fasting on lead
absorption by children and young nonhuman primates are not available.

To assess the role of dietary calcium in absorption and retention of
environmental lead, it is essential to recognize that effects reflect both acute and
long-term variation in dietary calcium intake. Numerous studies with
experimental animals fed diets low in calcium have established that calcium
deficiency increases both tissue retention and toxicity of lead (Mahaffey et al.,
1981). Long-term calcium deficiency produces physiologic adaptive
mechanisms (Norman, 1990), including increased concentrations of various
binding proteins and stimulation of the endocrine and regulatory systems that
regulate the concentration of ionized calcium. Parathyroid hormone and 1,25-
(OH)2-vitamin D are critical to regulatory control of calcium.

Physiologic controls that react to changes in dietary calcium also affect the
biokinetics of lead. Generally, calcium deficiency increases lead toxicity
(Mahaffey et al., 1973), but it is not clear that the increase in toxicity occurs
predominantly because of physical competition between calcium and lead for
absorption. The mechanisms that produce changes in lead absorption as a
function of calcium status are not well documented.

Humans can adapt to a wide range of iron requirements and intakes (Cook,
1990). There are two basic principles of adaptation to differences in iron intake:
Regulation of iron absorption is achieved by the gastrointestinal mucosa, and
fractional absorption depends directly on the metabolic need for iron. How the
gastrointestinal tract achieves
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adaptation to change in dietary iron intake and change in iron requirement
remains an unanswered question in iron metabolism (Cook, 1990).

Iron deficiency increases tissue deposition and toxicity of lead (Mahaffey-
Six and Goyer, 1972). Ragan (1977) demonstrated sixfold increases in tissue
lead in rats when body iron stores were reduced, but before iron deficiency
developed. The influence of iron status on lead absorption has been investigated
in adult humans, but with different results (Watson et al., 1980, 1986; Flanagan
et al., 1982). It is not clear whether the difference reflects the severity of iron
deficiency, differences in analytic approach, or some other undefined factors. A
high prevalence of iron deficiency occurs in infants, children, and adolescents
because of the need to expand the body's iron pool for growth. Women have
higher iron requirements because of menstrual blood losses. The iron
requirement of a normal pregnancy is approximately 500 mg, which is
distributed to the fetus, placenta, and expanded maternal erythrocyte mass.

It is critical to recognize that the groups of people who have the highest
environmental lead exposures are also at greatest risk of iron deficiency
(Mahaffey and Annest, 1986). The greatest impact of iron deficiency is in
young children, who develop defects in attention span that lead to learning and
problem-solving difficulties (Lozoff et al., 1985, 1987; Pollitt et al., 1986,
1989). Data from a longitudinal prospective study in Yugoslavia (Graziano et
al., 1990) show the combined effects of lead exposure and iron deficiency
among pregnant women, infants, and children. Adverse effects of both
conditions on the neurobehavioral and hematopoietic systems were found.

The importance of iron status for low-income families has been recognized
for decades. In the early 1970s, a special program for low-income women,
infants, and children was begun in the United States. Extensive evaluation of
the impact of a program of nutritional supplementation for women, infants, and
young children has been reported by Rush et al. (1988a,b).

Children's blood lead concentrations tend to be associated with families'
provision of intellectual and sociologic support (Milar et al., 1980; Hunt et al.,
1982; Stark et al., 1982; Dietrich et al., 1985). In one study, the scores of
mothers on three Home Observation for Measurement of the Environment
scales were significantly associated with cumulative blood lead concentrations
in infants: maternal involvement
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with child, provision of appropriate play materials, and emotional and verbal
responsivity of the mother (Dietrich et al., 1985). Scores on such scales are
loosely associated with socioeconomic status, although the prevalence of these
risk factors varies substantially within all social strata (Pearson and Dietrich,
1985). The association between poor maternal support for the child and blood
lead remains after other factors are controlled for (Bornschein et al., 1985).

One intrinsic, biologic factor of growing interest, but that has received
little attention, is the distribution in sensitive populations of genetic
susceptibilities that potentiate health risk. Few specific biologic markers of
susceptibility for lead have been identified.

The nature of lead effects and their genetic potentiation (or attenuation)
must be understood both qualitatively and quantitatively. The relative
distribution of genetically susceptible segments of the population is of main
concern when these segments suffer substantial lead exposure. For example,
lead exposure and the hepatoporphyric genetic disorder acute intermittent
porphyria both produce accumulation of potentially neurotoxic ALA in plasma
and urine (e.g., EPA, 1986a) and show some neuropsychiatric responses. A
second genetic disorder, that associated with ALA-D deficiency, might well be
a special problem for children at high risk for lead exposure in urban areas of
the United States (Astrin et al., 1987). According to available data, any
increased, genetically based susceptibility to lead exposure or its adverse effects
is based mainly on lead's effects on heme biosynthesis and erythropoiesis.

There is genetic polymorphism for the heme-pathway enzyme ALA-D in
human populations. That has been recognized for some time (e.g., Granick et
al., 1973), but the molecular genetic basis of the phenomenon has now been
described (Battistuzzi et al., 1981). Potluri et al. (1987) identified the gene site
at chromosome 9q34. Two common alleles, ALAD-1 and the deficiency
ALAD-2, with frequencies of 0.9 and 0.1 in Europe-based populations, give rise
to three phenotypes: 1-1, 1-2, and 2-2. Heterozygotic (1-2) people have ALA-D
activity of approximately 50% of normal, and severely deficient homozygotic
(2-2) people have activity of approximately 2% of normal (Doss et al., 1979).
Doss et al. (1982) reported that workers with moderate workplace contact with
lead but manifest lead poisoning in the form of high erythrocyte protoporphyrin
concentrations were found to be heterozygotic for ALA-D deficiency, and Doss
and Muller (1982) described an acute
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lead-toxicity response in a person with ALA-D deficiency and moderate lead
exposure. Ziemsen et al. (1986) reported that the fraction of lead workers with
high blood lead increased as ALAD-2 phenotypy increased. Several recent
studies have documented that children apparently heterozygotic or homozygotic
for ALAD-2 can be susceptible to lead effects. Rogan et al. (1986) examined a
group of children in a large lead-screening  program and found that,
independently of blood lead, children with ALA-D deficiency also had
significantly high EP; results of further testing suggested a problem with the
amount of the enzyme, rather than a biochemically defective form. Astrin et al.
(1987) have, however, found that ALAD-2 in a large sample of lead-screened
children in New York City was correlated with the relative frequency of high
blood lead (over  30 µg/dL).

In acute intermittent porphyria, there is significant inhibition of the activity
of the enzyme porphobilinogen deaminase, which mediates the conversion of
porphobilinogen to uroporphyrinogen I. That leads to accumulation of high
concentrations of ALA in urine and other body fluids (Goldberg and Moore,
1980; Moore et al., 1987). In both overt lead poisoning and attacks of acute
intermittent porphyria, there are pronounced gastrointestinal, psychomotor, and
cardiovascular responses, which have led to suggestions that lead works its
adverse neurologic effects through direct action, as well as through the heme
pathway (Silbergeld et al., 1982; EPA, 1986a). Conclusive evidence that lead
significantly exerts neurotoxicity through the heme pathway, via excessive
production of neurotoxic ALA (EPA, 1986a), has not been forthcoming. Studies
directed to the hypothesis have entailed large exposures to lead, and it is not
clear that low-dose lead exposure would effectively synergize neurologic
manifestations of the attack stage of acute intermittent porphyria.

Increased lead exposure affects the liver in various ways (EPA, 1986a).
One site of toxicity involves impairment of hepatic biotransformations of
endogenous metabolites (e.g., Saenger et al., 1984) and impairment of the
detoxification and activation of drugs and other xenobiotic substances via
effects on P-450 mixed-function oxidase (Alvares et al., 1976; Meredith et al.,
1978) and perhaps the carcinogen-activating P-448 complex. Evidence of
genetically differentiated hepatic biotransformation and biodegradation capacity
in the P-450 and P-448 systems has been reviewed by Parke (1987). It is
already known
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that genetic diversity has an impact on biotransformation of various drugs
(Parke, 1987). Animal systems show genetic polymorphism in P-450—P-448
systems, but the requisite human studies of the underlying molecular genetics
remain to be done.

SUMMARY

The absorption, distribution, retention and excretion of lead in sensitive
populations from various sources affect both the biologic monitoring of lead
exposure and toxic outcomes. The literature dealing with the quantitative
aspects of lead toxicokinetics is extensive and supports a number of conclusions.

Inorganic lead is absorbed principally from the lungs and gastrointestinal
tract of humans. About 30–50% of inhaled lead is absorbed from the lower
respiratory tract in adults; the proportion is greater in children. Lead in water is
absorbed variably: in adults, 10–15% is absorbed after consumption of blood; in
children, approximately 50% is absorbed after consumption of food. Under
fasting or semifasting conditions, rates of absorption rise considerably for adults
and probably for children.

Lead is absorbed into plasma; with steady-state exposure, redistribution of
99% or even more to the erythrocytes occurs. Newly absorbed plasma lead is
distributed metabolically to blood, soft tissue, and various compartments of
bone, where longer-term storage occurs. It is critical to recognize that skeletal
lead stores are continuously remobilized as part of the physiologic remodeling
of bone that accompanies the growth process.

Skeletal accumulation of lead occurs through life until the sixth or seventh
decade, when lead loss from bone occurs. Among adults, lead is released from
bone in response to reductions in exposure or to metabolic stresses and
alterations in the skeletal system. In people not occupationally exposed, up to
approximately 200 mg of lead can accumulate. In lead workers, much more
accumulates. Reversal of accumulation is associated with either dietary changes
or, especially in postmenopausal women, bone-mineral homeostatic changes.
The latter contribute to the blood lead burden and complicate lead toxicokinetic
compartmental analysis.
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Lead is excreted by the kidneys and gastrointestinal tract (biliary clearance
occurs). Urine is the dominant route in adults. Spontaneous lead excretion is
variable and is affected by biologic processes that complicate analysis, but
plumburesis associated with chelation probing or chelation therapy is extensive
and diagnostically useful in lead poisoning.

Whole blood lead is the most popular and most useful indicator of lead
exposure in acute and subacute poisoning. Blood lead measurement is also the
most widely used measure of chronic lead exposure.

Blood lead reflects relatively recent exposure in young children who were
not excessively and not chronically exposed in their earliest years; but heavily
exposed children and adults have a blood lead concentration at any time that
integrates recent and older exposures. With respect to quantitative inputs to a
given blood lead content, recent contributions account for the major fraction in
both children and adults. Recent input is associated with a quick component,
and accumulated lead input is reflected in a much slower component, with a
longer half-life (e.g., Schütz et al., 1987a).

Older exposures come into play via lead release to blood. One result of this
phenomenon is a life-long legacy of earlier exposures. The policy and
biomedical consequences are obviously important. For example, one must take
account of the extent of such contributions to blood lead concentrations in
planning the extent of control actions and concomitant population responses to
lead regulatory actions.

At low-dose lead exposures, which induce effects that are of increasing
concern, blood lead concentrations around 10 µg/dL or less must be monitored
in various populations. About that concentration are distributions of blood lead
concentrations—an aggregate variance, which is a complex integral of
exposure, interindividual variance, and the scatter associated with laboratory
methods. Of those factors, the magnitude of exposure and the quality of method
refinements would be the most responsive to attempts at minimization.
Individual differences in lead toxicokinetics are intrinsic to populations and not
readily amenable to control.

Plasma lead, if it were amenable to clean collection and measurement,
would have considerable interpretive value for assessing population lead
exposures. Plasma, of course, transports lead to target tissues and major
repositories. Contamination and loss problems are formidable
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for ready analysis of plasma in the typical clinical or epidemiologic research
laboratory. Not only is contamination a problem for plasma analyses, but small
rates of erythrocyte hemolysis would increase error. A hemolysis rate of 1%
would double the plasma lead content, assuming a 1% equilibrium lead fraction
in plasma. Furthermore, we still need to understand the toxicokinetics of plasma
lead distribution for various exposure scenarios; that requires that acceptable
methods be developed.

Bone lead measurement is the best way to assess body lead accumulation
in such populations as high-risk urbanized young children, and it signals to the
analyst and the policy-maker how rapidly lead is accumulating in bone. The
role of this measure is enhanced considerably when techniques for integrating
lifetime exposure are used in tandem with serial measurement of blood lead
concentration in variably exposed young children or pregnant women.

Lead is released from bone in response to reductions in exposure or to
metabolic stresses and alterations in the skeletal system. Lead appears in several
compartments in bone, and these vary in their ability to release lead to the
bloodstream. Furthermore, the known distribution characteristics of lead in
bone compartments indicate that one can probe both long-term and shorter-term
lead storage rates in bone spectrometrically. Such probing can be used both
with populations in systematic development (children) and with populations in
senescence (post-menopausal women).

Some biologic markers of effects of large exposures to lead have been
characterized qualitatively and quantitatively and have been validated for
toxicity in human populations. The usefulness of sensitive indicators, such as
inhibition of particular enzymes, at very low lead concentrations has the added
advantage that genetic susceptibility in lead-exposed subjects can be monitored.
This would be the case for at least ALA-D activity distributions in sensitive
populations exposed to lead. The sensitivity of some potentially useful
biochemical markers has yet to be determined. Effect markers have been
extremely helpful in identifying mechanisms of toxic action and in developing a
better understanding of the biochemical interactions of lead in humans and
other living systems.

Finally, little attention has been given to the identification of biologic
markers of susceptibility. Current limited information does show that
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some children and other sensitive people could be predisposed to increased lead
intoxication because of genetic disorders and nutritional factors. This is a
subject of increasing importance to toxicologists and those responsible for
public health.
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5

Methods for Assessing Exposure to Lead

INTRODUCTION

The purpose of this chapter is to discuss analytic methods to assess
exposure to lead in sensitive populations. The toxic effects of lead are primarily
biochemical, but rapidly expanding chemical research databases indicate that
lead has adverse effects on multiple organ systems especially in infants and
children. The early evidence of exposure, expressed by the age of 6–12 months,
shows up in prenatal or postnatal blood as lead concentrations that are common
in the general population and that until recently were not considered detrimental
to human health (Bellinger et al., 1987,1991a; Dietrich et al., 1987a;
McMichael et al., 1988). As public-health concerns are expressed about low-
dose exposures (Bellinger et al., 1991a,1987; Dietrich et al., 1987a; McMichael
et al., 1988; Landrigan, 1989; Rosen et al., 1989; Mahaffey, 1992), the uses of
currently applicable methods of quantitative assessment and development of
newer methods will generate more precise dosimetric information on small
exposures of numbers of sensitive populations.

Ultraclean techniques have repeatedly shown that previously reported
concentrations of lead can be erroneously high by a factor of several hundred
(Patterson and Settle, 1976). The flawed nature of some reported lead data was
initially documented in oceanographic research: reported concentrations of lead
in seawater have decreased by a factor of 1,000 because of improvements in the
reduction and control of lead contamination during sampling, storage, and
analysis (Bruland, 1983). Parallel decreases have recently been noted in reports
on lead concentrations
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in fresh water (Sturgeon and Berman, 1987; Flegal and Coale, 1989).
Similar decreases in concentrations of lead in biologic materials have been

reported by laboratories that have adopted trace-metal clean techniques. The
decreases have been smaller, because lead concentrations in biologic matrixes
are substantially larger than concentrations in water, and the amounts of
contaminant lead introduced during sampling, storage, and analysis are similar.
Nevertheless, one study revealed that lead concentrations in some canned tuna
were 10,000 times those in fresh fish, and that the difference had been
overlooked for decades because all previous analyses of lead concentrations in
fish were erroneously high (Settle and Patterson, 1980). Another study
demonstrated that lead concentrations in human blood plasma were much lower
than reported (Everson and Patterson, 1980). A third demonstrated, with trace-
metal clean techniques, that natural lead concentrations in human calcareous
tissues of ancient Peruvians were approximately one five-hundredth those in
contemporary adults in North America (Ericson et al., 1991).

Problems of lead contamination are pronounced because of the ubiquity of
lead, but they are not limited to that one element. Iyengar (1989) recently
reported that it is not uncommon to come across order-of-magnitude errors in
scientific data on concentrations of various elements in biologic specimens. The
errors were attributed to failure to obtain valid samples for analysis and use of
inappropriate analytic methods. The former  includes presampling factors and
contamination during sampling, sample preservation and preparation, and
specimen storage. The latter includes errors in choice of methods and in the
establishment of limits of detection and quantitation, calibration, and
intercalibration (Taylor, 1987).

Decreases in blood lead concentrations reportedly are associated with the
decrease in atmospheric emissions of gasoline lead aerosols. The correlation
between the decreases in blood lead and gasoline lead emissions is consistent
with other recent observations of decreases in environmental lead
concentrations associated with decreases in atmospheric emissions of industrial
lead (Trefry et al., 1985; Boyle et al., 1986; Shen and Boyle, 1988). However,
the accuracy of the blood lead analyses has not been substantiated by rigorous,
concurrent intercalibration with definitive methods that incorporate trace-metal
clean techniques
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in ultraclean laboratories. Moreover, previous blood lead measurements cannot
be corroborated now, because no aliquots of samples have been properly
archived. Nonetheless, within the context of internally consistent and carefully
operated chemical research laboratories, valuable blood analyses have been
obtained.

Future decreases in blood lead concentrations will be even more difficult
to document, because the problems of lead contamination  will be greater.
Figure 5-1 depicts the relative amounts of blood lead and contaminant lead
measured in people with high (50 µg/dL) and low (1 µg/dL) blood lead
concentrations when amounts of contaminant lead introduced during sampling,
storage, and analysis were kept constant (1 µg/dL each). The blood lead
concentration measured in the person with a high blood lead concentration (53
µg/dL) will be relatively accurate to within 6%, because the sum of contaminant
lead is small relative to blood lead. The same amount of contaminant lead,
however, will erroneously increase the measured blood lead concentration of
the other person by a factor of 4 (i.e., to 400%). That would seriously bias
studies of lead metabolism and toxicity in the latter person. It would also lead to
the erroneous conclusion that there was only about a 12-fold difference, rather
than a 50-fold difference, in the blood lead concentrations of the two people.
Both problems will become more important as the average lead concentration in
the population decreases and as more studies focus on the threshold of lead
toxicity.

In general, techniques to measure internal doses of lead involve
measurement of lead in biologic fluids. Tissue concentrations of lead also
provide direct information on the degree of lead exposure after lead leaves the
circulation by traversing the plasma compartment and gaining access to soft and
hard tissues. Once lead leaves the circulation and enters critical organs, toxic
biochemical effects become expressed. It is of great importance for the
protection of public health from lead toxicity to be able to discern the quantities
of lead in target organs that are prerequisites for biochemically expressed toxic
effects to become evident. The latter has been difficult, if not impossible, in
humans, but lead measurement of the skeletons and placenta might make it
more approachable with respect to fetuses, infants, women of child-bearing age,
and pregnant women. Furthermore, measurements of lead in the skeleton of
workers in lead industries has substantial potential for revealing the body
burden of lead required for evidence of biochemical
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toxicity to become manifest. Hence, measurements of lead in bone and
placenta have the potential to couple quantitative analyses of lead at the tissue
level to biochemical expressions of toxicity at the cellular level.

Noninvasive x-ray fluorescence (XRF) methods of measuring lead in bone,
where most of the body burden of lead accumulates, have great promise for
relating dosimetric assessments of lead to early biochemical expressions of
toxicity in sensitive populations if their sensitivity can be improved by at least a
factor of 10. The L-line XRF technique (LXRF) appears to be of potential value
for epidemiologic and clinical research related to infants, children,  and women
of child-bearing age, including studies during pregnancy (Rosen et al., 1989,
1991; Wielopolski et al., 1989; Kalef-Ezra et al., 1990; Slatkin et al., 1992;
Rosen and Markowitz, 1993). The K-line XRF method (KXRF) appears to be
suited for studies in industrial workers and postmenopausal women, in addition
to probing epidemiologic links between skeletal lead stores and both renal
disease and hypertension (Somervaille et al., 1985, 1986, 1988;  Armstrong et
al., 1992).

Measurements of bone lead and blood lead in pregnant women throughout
the course of pregnancy and assessments of amniotic-fluid lead concentrations
and placental lead concentrations at term collectively hold promise for further
characterizing the dynamics of maternal-fetal lead transfer.

Clinical research studies are examining epidemiologic issues related to the
best measures of exposure and of the duration of exposure. Needleman et al.
(1990) have reported that tooth lead concentrations constitute the best short-
and long-term predictors of lead-induced perturbations in neurobehavioral
outcomes. Longitudinal studies are examining whether cumulative measures
(indexed by bone lead content based on LXRF), exposures during the preceding
30–45 days (indexed by blood lead concentrations), or exposures during critical
periods are most important in the CNS effects of lead and in the reversibility of
toxic effects on CNS function in children treated promptly with a chelating
agent.

Some health effects of lead most likely depend on recent exposure; but
knowledge of whether exposure was in the preceding few days, few months, or
few years is extremely relevant clinically and epidemiologically. Previous
reliance on blood lead concentrations alone has limited the use of time in
treatment and outcome protocols. The half-time of
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lead in blood is short and reflects primarily recent exposure and absorption
(Rabinowitz et al., 1976, 1977). Moreover, blood lead concentration does not
reflect lead concentrations in target tissues that have different lead uptake and
distribution or changes in tissue lead that occur when lead exposure is modified.
Even lead in trabecular bone has a shorter duration than does lead in cortical
bone. The most appropriate measure will likely vary with the end point in
question. It is apparent, however, that current methods can strengthen
epidemiologic and treatment efficacy studies by using multiple markers with
different averaging times. The recent development of the ability to measure lead
averaged over short periods (blood lead), intermediate periods (trabecular
bone), and long exposure intervals (cortical bone) promises new techniques for
measuring lead exposure in sensitive populations.

SAMPLING AND SAMPLE HANDLING

It is universally accepted that a crucial part of monitoring of lead in
biologic material is the quality of sample collection and sample handling. Lead
is pervasive and can contaminate samples randomly or systematically. In
addition, the lead content of substances can be reduced by inappropriate
collection, storage, or pretreatment. Protocols for acceptable sampling and
sample handling vary with the material being sampled and the analytic
technique being used, but most precautions apply across the board.

In all cases, sample containers, including their caps, must be either
scrupulously acid-washed or certified as lead-free. That is particularly important
for capillary- and venous-blood sampling as now incorporated into the
guidelines of the 1991 CDC statement (CDC, 1991). For example, as little as
0.01 µg (10 ng) of contaminant lead entering 100 µL of blood in a capillary
tube adds the equivalent of a concentration of 10 µg/dL, the CDC action level.
Reagents added to a biologic sample before, during, or after collection
especially must be lead-free. Lead concentrations in plasma or serum are
generally so low to begin with and relative environmental lead concentrations
so high that it is extremely difficult to collect and handle such samples without
contamination. Urine sampling, especially the 8-hour or 24-hour sampling
associated with chelator administration, requires collection in acidwashed
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containers. Although the amounts of lead being removed to urine with chelation
are relatively high, the large volumes of sample and correspondingly large
surface areas of collection bottles affect contamination potential.

A particularly important step in sample collection is the rigorous cleaning
of the puncture site for capillary- or venous-blood collecting. The cleaning
sequence of particular usefulness for finger puncture, the first step in blood lead
screening, is that recommended by the Work Group on Laboratory Methods for
Biological Samples of Association of State and Territorial Public Health
Laboratory Directors (ASTPHLD, 1991). Fingers are first cleaned with an
alcohol swab, then scrubbed with soap and water and swabbed with dilute nitric
acid; and a silicone or similar barrier is used.

Sample storage is very important. Whole blood can be stored frozen for
long periods. At -20°C in a freezer, blood samples can be stored for up to a year
and perhaps longer.

Sample handling within the laboratory entails as much risk of
contamination as sample collection in the field. Laboratories should be as nearly
lead-free as possible. Although it is probably impractical for most routine
laboratories to meet ultraclean-facility requirements (see, e.g., Patterson and
Settle, 1976; EPA, 1986a), minimal steps are required, including dust control
and use of high-efficiency particle-accumulator (HEPA) filters for incoming air
and ultrapure-reagent use.

Collection and analysis of shed children's teeth entail unavoidable surface
contamination, but this complication can be reduced by confining analysis to
the interior matrix of a tooth, preferably the secondary (circumpulpal) dentin
segment. The contaminated surface material is discarded. Isolation of the
secondary dentin requires use of lead-free surfaces of cutting tools, lead-
freework surfaces, and so forth.

MEASUREMENT OF LEAD IN SPECIFIC TISSUES

Whole Blood

The most commonly used technique to measure blood lead concentrations
involves analysis of venous blood after chemical degradation (for example, wet
ashing with nitric acid), electrothermal excitation (in a
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graphite furnace), and then measurement with atomic-absorption spectroscopy,
or AAS (EPA, 1986a). With AAS, ionic lead is first vaporized and converted to
the atomic state; that is followed by resonance absorption from a hollow
cathode lamp. After monochromatic separation and photomultiplier
enhancement of the signal, lead concentration is measured electronically
(Slavin, 1988). Because it is much more sensitive than flame methods, the
electrothermal or graphite-furnace technique permits use of small sample
volumes, 5–20 µL. Physicochemical and spectral interferences are severe with
flameless methods, so careful background correction is required (Stoeppler et
al., 1978). Diffusion of sample into the graphite furnace can be avoided by
using pyrolytically coated graphite tubes and a diluted sample applied in larger
volumes.

Electrochemical techniques are also widely used for measurement of lead.
Differential pulse polarography (DPP) and anodic stripping voltammetry (ASV)
offer measurement sensitivity sufficient for lead analyses at blood
concentrations characteristic of the average populace. The sensitivity of DPP is
close to borderline for this case, so ASV has become the method of choice. It
involves bulk consumption of the sample and thus has excellent sensitivity,
given a large sample volume (Jagner, 1982; Osteryoung, 1988). This property
is, however, of little practical significance, because, of course, sample size and
reagent blanks are finite.

That ASV is a two-step process is advantageous. In the first step, lead is
deposited on a mercury thin-film electrode simply by setting the electrode at a
potential sufficient to cause lead reduction. The lead is thus concentrated into
the mercury film for a specified period, which can be extended when higher
sensitivity is needed; few techniques offer such preconcentration as an integral
part of the process. After electro-deposition, the lead is reoxidized (stripped)
from the mercury film by anodically sweeping the potential. Typically, a pulsed
or stepping operation is used, so differential measurements of the peak current
for lead are possible (Osteryoung, 1988; Slavin, 1988).

The detection limit for lead in blood with ASV is approximately 1
picogram (pg) and is comparable with that attainable with graphite-furnace
AAS methods. The relative precision of both methods over a wide
concentration range is ±5% (95% confidence limits) (Osteryoung, 1988; Slavin,
1988). As noted, AAS requires attention to spectral
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interferences to achieve such performance. For ASV, the use of human blood
for standards, the presence of coreducible metals and their effects on the
measurement, the presence of reagents that complex lead and thereby alter its
reduction potential, quality control of electrodes, and reagent purity must all be
considered (Roda et al., 1988). It must be noted, however, that the
electrodeposition step of ASV is widely used and effective for reagent
purification. The practice of adding an excess of other high-purity metals to 
samples, thereby displacing lead from complexing agents and ameliorating their
concomitant interference effects, has demonstrated merit. Copper
concentrations, which might be increased during pregnancy or in other
physiologic states, and chelating agents can cause positive interferences in lead
measurements (Roda et al., 1988).

The general sensitivity of ASV for lead has led to its use in blood lead
analyses. The relative simplicity and low cost of the equipment has made ASV
one of the more effective approaches to lead analysis.

As described in Chapter 4, the measurement of erythrocyte protoporphyrin
(EP) in whole blood is not a sensitive screening method for identifying lead-
poisoned people at blood lead concentrations below 50 µg/dL, according to
analyses of results of the NHANES II general population survey (Mahaffey and
Annest, 1986). Data from Chicago's screening program for high-risk children
recently analyzed by CDC and the Chicago Department of Health indicated
further the current limitations of EP for screening. The data, presented in
Table 5-1, provide specificity and sensitivity values of EP screening at different
blood lead concentrations. The sensitivity of a test is defined as its ability to
detect a condition when it is present. The EP test has a sensitivity of 0.351, or
about 35%, in detecting blood lead concentrations of 15 µg/dL or greater. This
means that on average the EP test result will be high in about 35% of children
with blood lead concentrations of 15 µg/dL or greater. It will fail to detect about
65% of those children. As the blood lead concentration of concern increases, the
EP test becomes more sensitive. At blood lead concentrations of 30 µg/dL or
greater, the sensitivity of the EP test is approximately 0.87. However, if it is
used to detect blood lead concentration of 10 µg/dL or greater, the EP test has a
sensitivity of only about 0.25.

The specificity of a test is defined as its ability to detect the absence of a
condition when that condition is absent. As seen in Table 5-1,
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roughly 83% of children with blood lead below 15 µg/dL will have a low
EP result, and about 17% will have a high EP result. The test has a specificity of
0.83. The specificity of the test decreases as the cutoff increases. Because EP
also increases in iron deficiency, a condition not uncommon among young
children and occasional among pregnant women, the specificity of the EP test is
reduced.

Although the sensitivity and specificity values appear higher than those
obtained in the NHANES II population survey, in large part because of
concurrent iron deficiency, the data confirm that unacceptably high numbers of
children with increased blood lead concentrations will be missed by EP
screening, particularly at blood lead concentrations below 25 µg/dL.
Unfortunately, there is no feasible substitute for this heretofore convenient,
practical, and effective tool as a primary screen. Measurements of alternative
heme metabolites are available, but they require more extensive laboratory
analyses and are largely surrogates of measurements of blood lead concentration.

Marked advances in instrumentation for blood-lead analysis during the last
10 years have yielded excellent precision and accuracy. The final limiting
factors are now related specifically to technical expertise and cleanliness.

Plasma

Because of the high concentration of erythrocyte-bound lead, precautions
must be taken to obtain nonhemolyzed blood when blood  samples are collected
for measuring the low concentrations of lead in plasma. Furthermore, an
ultraclean laboratory setting and ultraclean doubly distilled column-prepared
reagents are absolutely necessary (Patterson and Settle, 1976). Everson and
Patterson (1980), using isotope-dilution mass spectrometry (IDMS) and strictly
controlled collection and preparation techniques in an ultraclean laboratory,
measured plasma lead concentration in a control subject and a lead-exposed
worker. The control    concentration of lead in plasma was 0.002 µg/dL, and
that in the exposed worker was 0.20 µg/dL.  Not surprisingly, these values were 
much lower than those obtained with graphite-furnace AAS; it can be
concluded that graphite-furnace AAS methods do not yield sufficiently precise
quantitative results for these measurements. Moreover, higher
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plasma lead concentrations have been reported even with IDMS (Rabinowitz et
al., 1976); these results can be ascribed to problems in laboratory
contamination. Collectively, therefore, it appears unlikely that measurement of
lead in plasma can be applied widely to delineating lead exposure in sensitive
populations.

Urine

The spontaneous excretion of lead in children and adults is not a reliable
marker of lead exposure, being affected by kidney function, circadian variation,
and high interindividual variation at low doses (Mushak, 1992). At relatively
high doses, there is a curvilinear upward relationship between urinary lead and
intake measures. Urinary lead is measured mainly in connection with the lead
excretion that follow provocative chelation, i.e., the lead-mobilization test or
chelation therapy in lead poisoning of children or workers. Such measurements
are described later in this chapter.

Teeth

As noted elsewhere, shed teeth of children reflect cumulative lead
exposure from around birth to the time of shedding. Various types of tooth
analysis can be done, including analysis of whole teeth, crowns, and specific
isolated regions.

Sampling and tooth-type selection criteria are particularly important. Teeth
with substantial caries—i.e., over about 20–30% of surface area—should be
discarded. Teeth of the same type should be selected, preferably from the same
jaw sites of subjects in an epidemiologic study, to control for intertype variation
(e.g., Needleman et al., 1979; Grandjean et al., 1984; Fergusson and Purchase,
1987; Delves et al., 1982). Replicate analyses are required, and concordance
criteria are useful as a quality-assurance quality-control measure for discarding
discordant values.

Preference in tooth analysis appears to lie with circumpulpal dentin, where
concentrations are high. The higher concentrations in circumpulpal dentin are of
added utility where effects are subtle. The use of
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whole teeth, crowns, or primary dentin is discouraged on two counts: random
contamination is a problem on the surface of the outer (primary) enamel, and
areas other than circumpulpal dentin are much lower in lead. Such problems
would tend to enhance the tendency toward a null result in dose-effect
relationships, i.e., Type II errors (Mushak, 1992).

In the laboratory, special care must be taken to avoid surface
contamination, once sagittal sections of circumpulpal dentin have been isolated.
A rinse with EDTA solution is helpful. For analysis, tooth segments are either
dry-ashed or wet-ashed with nitric acid, perchloric acid, or a mixture of the two
that is ultrapure as to lead contamination (e.g., Needleman et al., 1979). For
calibration data, one can use bone powders of certified lead content (Keating et
al., 1987).

Both AAS (Skerfving, 1988) and ASV (Fergusson and Purchase, 1987)
methods have been used for tooth analysis. With AAS, both flame and
flameless variations are often used. Lead concentrations are often high enough
to permit dilution or chelation-extraction, thereby also minimizing calcium-
phosphorus effects. Either method appears to be satisfactory (assuming that
ASV entails complete acid dissolution of the tooth sample).

Although the use of tooth or dentin lead to assess the cumulative body
burden of lead was an important discovery, it has practical limitations. It is
necessary to wait for teeth to be shed and to rely on children to save them.
Moreover, teeth are shed when children are 5-8 years old, so shed teeth cannot
be used to estimate the body burden of lead in younger children. Furthermore,
the newer capability to assess skeletal lead longitudinally with XRF improves
the utility of tooth lead measurements.

Milk

To monitor daily lead intake from milk for metabolic balance studies or to
estimate intake in areas where there is excessive external exposure to lead from
other sources, milk samples should be collected in acid-washed polyethylene
containers and frozen until analysis. After reaching room temperature, milk
samples are sonicated and acid digested in a microwave oven, the residue is
dissolved in perchloric acid, and the samples are subjected to AAS or ASV
(Rabinowitz et al., 1985b).
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Placenta

Placental lead measurements have been carried out after blotting of tissue
and later digestion in acid at 110°C overnight. The dry residue was then
dissolved in nitric acid, and lead is preferably measured with graphite-furnace
AAS (Korphela et al., 1986). For placental and amniotic fluid measurements,
standard reference materials are needed to ensure quality control in the
laboratory. Furthermore, to assess placental lead concentrations accurately, it
should be noted that region-specific concentrations of lead might exist in the
placenta, and care must be taken to remove trapped blood in the placenta before
analyses.

MASS SPECTROMETRY

The standard method by which all lead measurement techniques are
evaluated is isotope-dilution thermal-ionization mass spectrometry (TIMS).
Analyses of lead concentrations with this definitive method provide excellent
sensitivity and detection limits. Recent analyses with this technique, when
coupled with ultraclean procedures, have repeatedly demonstrated that many
previously reported lead concentrations in biologic materials are erroneously
high by orders of magnitude.

Mass spectrometers can also be used to measure stable lead isotopic
compositions; to identify different sources of contaminant lead, from cellular to
global; and to investigate lead metabolism without exposing people to
radioactivity or artificially increased lead concentrations.

Mass spectrometers have a special niche in lead analyses, even though the
measurements are relatively expensive, sophisticated, and time-consuming.
Applications of mass spectrometers in analyses of lead in the biosphere are on
the verge of being substantially broadened as a result of recent developments.
Conventional TIMS is becoming much more sensitive and efficient. At the
same time, inductively coupled plasma mass spectrometry (ICPMS) is
becoming a relatively inexpensive and efficient alternative to TIMS and other
established methods for elemental-lead analysis, and advances in secondary-ion
mass spectrometry (SIMS), glow-discharge mass spectrometry (GDMS), and
laser-microprobe mass analysis (LAMMA) have improved their capabilities for
surface analysis and microanalysis of lead concentrations.
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The primary differences among those techniques are the form of sample
analyzed and the mechanism of introducing sample ions to a flight tube, where
different isotopes are separated by magnetic and electric fields. In TIMS, a
sample extract is deposited on a filament and then thermal ions are released by
increasing the filament temperature with a vacuum. Sample solutions are
ionized at atmospheric pressure with a highly ionized gas in ICPMS. Atoms in a
solid source in an electric field are sputtered by an ionized gas and then
thermalized by atom collisions in GDMS. Gas ions are also used as primary
ions in SIMS, where they are focused on a solid surface to produce secondary
ions by bombardment. Similarly, lasers are focused on a solid surface to
vaporize, excite, and ionize atoms in microscopic areas of solid surfaces in
LAMMA.

This section addresses both existing and projected applications of mass
spectrometry in analysis of lead concentrations and isotopic compositions in
biologic and environmental matrices. Definitive measurement of lead
concentration with isotope-dilution TIMS is first reviewed. The use of stable
lead isotopes to identify sources of contaminant lead and as metabolic tracers
are then summarized. Finally, lead-related uses of four rapidly evolving types of
mass spectrometry (ICPMS, SIMS, GDMS, and LAMMA) are briefly described.

Isotope-Dilution Mass Spectrometry

Lead concentrations in biologic tissues can only be approximated with
analytic techniques, because no known analytic method can measure a true
elemental concentration in any matrix. The definitive methods, including
isotope-dilution mass spectrometry (IDMS), use TIMS. Relatively accurate
measurements are derived with reference methods, which are calibrated with
standard reference materials. Less-accurate measurements are acquired with
routine methods, which provide assigned relative values to judge the analyzed
results. The hierarchy in accuracy of these different analytic techniques is listed
in Table 5-2.

The most accurate method of analyzing lead concentrations in biologic
matrices is IDMS, which is independent of yield and extremely sensitive and
precise (Webster, 1960). Mass spectrometric analyses distinguish lead from
false signals by measuring the relative abundances
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of the four stable lead isotopes (204Pb, 206Pb, 207Pb, and 208Pb). False signals in
lead-isotope measurements are identified by simultaneous measurements of
fragment ions in the adjacent masses (203 and 205 amu). IDMS is superior to
any reference method that requires separate measurements of lead signal
intensities for sample and reference materials. The advantages and primary
analytic disadvantages of IDMS are summarized in Table 5-3. In IDMS, a
spiked sample enriched in one isotope (206Pb) is prepared. The 206Pb-to-208Pb
isotopic ratio of the spiked sample is then measured in a mass spectrometer. The
ratio of 206Pb to 208Pb is then used to determine the concentration of lead in the
original sample.

TABLE 5-2 Hierarchy of Analytic Methods with Respect to Accuracy

Analytic Data Analytic Method

True value No known method

Definitive value Definitive method, e.g., IDMS

Reference-method value Reference method

Assigned value Routine method

Source: Heumann, 1988. Reprinted with permission from Inorganic Mass Spectrometry; copyright
1988, John Wiley & Sons.

IDMS analyses, like all other elemental analyses, require a correction for
the contaminant-lead blank. This includes all contaminant lead added during
sampling, storage, and analyses (Patterson and Settle, 1976). The individual
contribution of each of those contaminant-lead additions to the total lead signals
for each analysis must be determined separately for highly accurate
measurements. Blank measurements are especially appropriate for IDMS,
because high concentrations of sensitivity and precision are required to measure
the lead concentrations of ''trace-metal-clean'' reagents and containers
accurately. That is illustrated in Table 5-4, a tabulation of lead blank
measurements for blood lead analyses in a trace-metal-clean laboratory.

Lead concentration measurements with IDMS must also correct for
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isotopic variations of lead, including natural variations among samples and
isotopic fractionation during the analyses. The latter correction, common to all
elemental analyses with IDMS, is addressed with standard IDMS techniques
(Heumann, 1988). The former, which is relatively unusual among the heavier
elements, requires separate isotopic analyses of unspiked samples. The
necessitates additional analyses for lead concentration measurements, but it also
provides unique applications of lead isotopic composition measurements that
are addressed in the following section.

TABLE 5-3 Advantages and Disadvantages of Lead Concentration Analyses with
IDMS

Advantages Disadvantages

Offers precise and accurate analysis Is destructive

Permits nonquantitative isolation of the
substance to be analyzed

Requires chemical preparation of sample

Offers ideal internal standardization Is time-consuming

Multielement, as well as oligoelement
and monoelement, analyses possible

Is relatively expensive

Offers high sensitivity with low
detection limits

 

Source: Heumann, 1988. Reprinted with permission from Inorganic Mass Spectrometry; copyright
1988, John Wiley & Sons.

Lead Isotopic Composition in the Identification of Lead
Sources

Measurable differences in stable lead isotopic compositions throughout the
environment are caused by the differential radioactive decay of 238U (t1/2 = 4.5 x
109 years), 235U (t1/2 = 0.70 x 109 years), and 232Th
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(t1/2 = 1.4 x 1010 years) to form 206Pb, 207Pb, and 208Pb, respectively (Faure,
1986). The fourth stable lead isotope, 204Pb, has no long-lived radioactive
parent. Stable lead isotopic compositions differ among geologic formations with
different ages, parent-daughter isotope ratios, and weathering processes.

There is no measurable biologic, chemical, or physical fractionation of
lead isotopes in the environment, and natural differences in lead isotopic
compositions in geological formations persist after the lead has been extracted
and processed (Russell and Farquhar, 1960; Barnes et al., 1978). Differences in
the lead isotopic composition of urban aerosols in the United States, for
example, are shown in Table 5-5. The differences reflect regional and temporal
variations in isotopic compositions of ores used for lead alkyl additives in the
United States, emissions of other industrial lead aerosols in the United States,
and the atmospheric transport of foreign industrial lead aerosols to the United
States (Patterson and Settle, 1987; Sturges and Barrie, 1987).

Because there is no measurable isotopic fractionation of lead in the
biosphere, sources of industrial lead can be identified by their isotopic
composition (Flegal and Stukas, 1987). For example, Yaffee et al. (1983) used
stable lead isotopic compositions to identify the primary source of lead (soils
contaminated with leaded paint) in a group of lead-poisoned children in
Oakland, California. Other investigators have also used the technique, which
was pioneered by C.C. Patterson, to identify sources of contaminant lead in
U.S. populations (Table 5-6).

Stable Lead Isotopic Tracers in Metabolic Studies

Most tracer studies of lead metabolism have used radioisotopes (203 Pb,
210Pb, and 212Pb) of lead (Table 5-7). Those studies have been few, because the
half-lives of radioisotopes of lead (e.g., 203Pb, 51.88 hours; 210Pb, 22.5 years;
and 212Pb, 10.64 hours) are not generally conducive to this type of research.
Moreover, applications of any radioisotopes in metabolic studies are now
severely limited: even minimal radiation exposure is avoided unless it is
clinically necessary.

The analytic and clinical limitations of using lead radioisotopes as
metabolic tracers, in conjunction with recent advances in the analytic
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capabilities of mass spectrometry, have given new impetus to the use of stable
lead isotopes in this type of analysis. The primary advantage of using stable
isotopes as tracers is that neither subjects nor researchers are exposed to
radiation. Different sources of exposure and metabolic processes can be
monitored simultaneously, because there are three independent isotopes of
stable lead for which ratios can be calculated. Because only very small amounts
of stable isotopic tracers are required for highly precise analyses, the potential
for metabolic perturbations due to large exposures to lead is minimized.

TABLE 5-5 206Pb:207Pb Ratios of Aerosols in the United States

Location Year 206Pb:207Pba Reference

Houston, Tex. 1970 1.220 Chow et al., 1975

St. Louis, Mo. (urban) 1970 1.230 Rabinowitz and Wetherill,
1972

St. Louis, Mo. 1970 1.220 Rabinowitz and Wetherill,
1972

Berkeley, Calif. 1970 1.199 Rabinowitz and Wetherill,
1972

Benecia, Calif. 1970 1.157 Rabinowitz and Wetherill,
1972

San Diego, Calif. 1974 1.211 Chow et al., 1975

Narragansett, R.I. 1986 1.196 Sturges and Barrie, 1987

Boston, Mass. Pre-1981 1.191 Rabinowitz, 1987

Boston, Mass. 1981 1.207 Rabinowitz, 1987

West Coast 1963 1.143 Shirahata et al., 1980

West Coast 1965 1.153 Chow and Johnstone, 1965

West Coast 1974 1.190 Patterson and Settle, 1987

West Coast 1978 1.222 Shirahata et al., 1980

Midwest 1982–1984 1.213 Sturges and Barrie, 1987

Midwest 1986 1.221 Sturges and Barrie, 1987

a95% confidence limit of 206Pb:207Pb measurements =0.005.

The high precision and precision and accuracy required for lead isotopic
tracer studies have made TIMS the method of choice. That has been recognized
in several recent reviews of the use of stable isotopes in metabolic
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studies, even though TIMS analyses are slower than most other methods and
require rigorous pretreatment to eliminate organic contaminants and interfering
elements (Janghorbani, 1984; Turnlund, 1984; Hachey et al., 1987; Janghorbani
and Ting, 1989a). Newer types of mass spectrometry (e.g., ICPMS) have not
yet achieved the sensitivity and precision of TIMS, which are required for most
analyses of lead isotopic compositions in biologic and environmental matrices.
Other types of mass spectrometry still in development (e.g., resonance-
ionization mass spectrometry) might become applicable to lead isotopic tracer
studies. Conversely, gas-chromatography mass spectrometry (GC-MS) does not
appear to be a likely option, because its maximal attainable precision is
insufficient for reliable isotope-ratio determinations.

TABLE 5-6 Studies Using Lead-Isotopic Compositions as Tracers of Environmental
and Biologically Accumulated Contaminant Lead in United States

Lead Sources and Organisms Reference

Industrial aerosols Chow and Johnstone, 1965

 Patterson and Settle, 1987

 Sturges and Barrie, 1987

Surface waters Flegal et al., 1989

Coastal sediments Ng and Patterson, 1981, 1982

Terrestrial ecosystems Shirahata et al., 1980

 Elias et al., 1982

Lead-smelter emissions and equines Rabinowitz and Wetherill, 1972

Seawater and marine organisms Smith et al., 1990

 Flegal et al., 1987

Paint lead and children Yaffee et al., 1983

 Rabinowitz, 1987

Aerosols and humans Manton, 1985, 1977
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TABLE 5-7 Lead-Metabolism Studies Using Radioisotopes

Radioisotope Study Subject Reference

203Pb Bone cell lead-calcium interactions Rosen and Pounds, 1989

203Pb Gastrointestinal lead absorption Watson et al., 1986
203Pb Lead retention Campbell et al., 1984

203Pb Gastrointestinal lead absorption Blake and Mann, 1983

203Pb Gastrointestinal lead absorption Blake et al., 1983

203Pb Lead absorption Flanagan et al., 1982

203Pb Gastrointestinal lead absorption Heard and Chamberlain, 1982
203Pb Oral lead absorption Watson et al., 1980

203Pb Gastrointestinal lead absorption Blake, 1976
210Pb Osteoblastic lead toxicity Long et al., 1990

212Pb Gastrointestinal lead absorption Hursh and Suomela, 1968

Inductively Coupled Plasma Mass Spectrometry

One of the major advances in analyses of both lead concentrations and
isotopic compositions has been the recent development of inductively coupled
plasma mass spectrometry (ICPMS). It has rapidly assumed a prominent
position in many research laboratories since the first commercial instrument
was introduced in 1983 (Houk and Thompson, 1988). There has been a nearly
exponential increase in ICPMS publications in the last two decades (Hieftje and
Vickers, 1989), and it has recently been identified as one of the "hottest areas"
in science (Koppenaal, 1990).

Although ICPMS is recognized as potentially the most sensitive
multielemental method, it is still not established. It has not yet permitted
widespread and inexpensive analyses of lead in laboratories with routine
procedures—especially in medical research, where applications of ICPMS are
still in their infancy—and it has yet to be used in any
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manner other than cursory and illustrative examples (Janghorbani and Ting,
1989a).

The advantages and limitations of ICPMS are discussed in several recent
reviews (e.g., Houk and Thompson, 1988; Kawaguchi, 1988; Koppenaal, 1988,
1990; Marshall, 1988). A typical multielement analysis with ICPMS takes only
a few minutes to conduct. In addition, the spectra are relatively simple, because
there are only a few different molecular ions and doubly-charged ions produced
in this technique, compared with other multielement techniques (Russ, 1989).
However, the precision and sensitivity of ICPMS are still poorer than those of
TIMS. ICPMS has not demonstrated the capacity to produce high-precision
(±1%) measurements of lead-isotope ratios in biologic matrices (Ward et al.,
1987; Russ, 1989). Other limitations include problems of internal and external
calibration, interference effects, deposition of solids during sample introduction,
requirements for microgram quantities of the element of interest, and loss in
electron multiplier amplification.

Calibration problems—which have been detailed by Puchelt and Noeltner
(1988), Vandecasteele et al. (1988), Doherty (1989), and Ketterer et al. (1989)—
are being resolved on several fronts (Koppenaal, 1988, 1990). Beauchemin et
al. (1988a,b,c) have demonstrated the applicability of external standards for
parts-per-billion analyses of biologic materials. Additionally, numerous
investigators are now addressing the need to compare ICPMS with other
analytic techniques (Hieftje and Vickers, 1989), including the first
intercalibrated measurements of lead isotopic compositions in blood (Delves
and Campbell, 1988; Campbell and Delves, 1989).

Other investigators are studying the fundamentals of ICPMS and the
applicability of different plasmas, nebulizers, and techniques to minimize
problems caused by dissolved solids in samples with inherently high solid
contents (Koppenaal, 1988, 1990). The latter techniques include flow-injection
(Dean et al., 1988; Hutton and Eaton, 1988), complexation-preconcentration
(Plantz et al., 1989), and ion-exchange (Lyons et al., 1988) techniques. They
could be adapted to investigate different isotopes of lead in biologic fluids (i.e.,
blood and urine).

The potential of ICPMS for research in medical research has been
recognized in recent reviews (e.g., Dalgarno et al., 1988; Delves, 1988). There
have already been several reports of relatively good
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agreement between intercalibrated measurements of blood lead concentrations
based on ICPMS and other established analytic techniques. For example,
Douglas et al. (1983), and Brown and Pickford (1985) found good agreement in
results of analyses with ICPMS and graphite-furnace AAS. Diver et al. (1988)
have investigated the applicability of albumin as a reference material in an
intercalibration of ICPMS, AES and AAS. There have also been numerous
intercalibrations of elemental concentrations in different biologic matrices
based on ICPMS and other techniques (e.g., Douglas and Houk, 1985; Munro et
al., 1986; Pickford and Brown, 1986; Ward et al., 1987; Beauchemin et al.,
1988a,b,c; Berman et al., 1989).

The most extensive study of ICPMS measurements of lead isotopic
compositions in medical research has investigated selenium metabolism
(Janghorbani et al., 1988; Janghorbani and Ting, 1989b). Dean et al. (1987)
measured lead isotopic compositions in milk and wine, and Caplun et al.
(1984), Date and Cheung (1987), Longerich et al. (1987), Sturgis and Barrie
(1987), and Delves and Campbell (1988) measured lead isotopic compositions
in other environmental matrices. However, most ICPMS measurements of lead
isotopic compositions have not included ratios for the least common lead
isotope, 204Pb (1.4% of the total mass), and that is required for definitive
isotopic composition analysis. It is also generally recognized that ICPMS
measurements are not precise enough to show significant variations in most
lead isotopic compositions (Ward et al., 1987; Russ, 1989).

In spite of the limitations just described, the phenomenal advances in
ICPMS instrumentation in the last 2 decades indicate that it has passed through
a remarkably short adolescence and is now in a mature stage with a prolific
record of instrument acquisition and application (Koppenaal, 1990).
Widespread application of ICPMS in medical research and public-health studies
of lead contamination and metabolism might still require improvement,
including the development of alternative sample introduction techniques, such
as vapor generation, recirculating nebulizers, ultrasonic nebulizers, and
electrochemical furnaces. The sensitivity of ICPMS analyses must also be
improved to the point where nanogram quantities of lead are sufficient to
determine isotopic ratios to the limits of the instrument's precision (0.1%), so
that counting statistics will not limit the precision of the analysis. That will
require faster and more linear ion detectors, such as the Daly detector (Huang et
al.,
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1987), and higher-resolution mass analyzers, such as more sophisticated
quadrupoles or magnetic sector instruments, to obtain the resolution needed to
separate polyatomic and oxide peaks from elemental isotopes (Gray, 1989).
Corresponding reductions in noise and turbulence in the plasma might also
involve the use of other gases for plasma support (Monstasser et al., 1987;
Satzger et al., 1987). Other improvement is needed in multiplier longevity and
analytic precision (Russ, 1989).

Secondary-Ion Mass Spectrometry

Secondary-ion mass spectrometry (SIMS) has recently been recognized as
a major technique for surface composition analyses and microstructural
characterization (Lodding, 1988), because of its high sensitivity and good
topographic resolution, both in depth and laterally. The applicability of SIMS
for analysis of lead in environmental and biologic matrices has not been fully
realized, because too few instruments are available for that type of analysis and
their accuracy is too low. This was discussed in a recent review of atomic mass
spectrometry by Koppenaal (1988), who noted that SIMS was popular in
electronics and the materials sciences, but not in environmental and biologic
fields. His comprehensive review of articles on SIMS analysis in those two
fields was limited to seven references, and only one of those involved lead
analysis in organisms (Chassard-Bouchaud, 1987). Koppenaal (1990) later
indicated that some analyses with SIMS might be replaced with glow-discharge
mass spectrometry (GDMS), because SIMS had a "notoriously dismal
reputation" for accuracy. The potential for  SIMS analysis of lead in biologic
and environmental samples remains in question.

Glow-Discharge Mass Spectrometry

Advances in glow-discharge mass spectrometry have indicated its potential
for elemental analyses in solid matrices. That potential has not been realized,
because of the high cost of GDMS instrumentation, difficulties of direct solids
analyses, and low accuracy of current GDMS measurements. However, those
obstacles have recently been reduced by
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the introduction of relatively inexpensive quadrupole-based GDMS and a
pronounced increase in the number of studies on the applicability of GDMS
analyses in a variety of matrices.

The evolving applicability of GDMS analysis is summarized in recent
reviews (Sanderson et al., 1987, 1988; Harrison, 1988; Harrison and Bentz,
1988; Koppenaal, 1988, 1990). GDMS might soon succeed spark-source mass
spectrometry and SIMS for bulk-solids analysis. GDMS analyses are highly
precise (SD ±5%) in the low parts-per-billion range. Although the accuracy of
GDMS (±10–300%) is still too variable for analysis of lead in environmental
samples (Huneke, 1988; Sanderson et al., 1988), quantitative results (±5%)
appear possible (Harrison, 1988). Therefore, GDMS might soon become a
valuable technique for monitoring elemental concentrations in geologic
matrices, including lead in contaminated soils.

Laser-Microprobe Mass Spectrometry

Applications of lasers in medical research continue to expand, as reported
in two reviews by Andersson-Engels et al. (1989, 1990). Others have provided
complementary reviews of advances in laser-microprobe mass spectrometry and
related laser-microprobe techniques (e.g., Koppenaal, 1988, 1990; Verbueken et
al., 1988). Those methods use lasers as an alternative to electron and ion beams
for localized chemical analysis. They have been incorporated in laser-
microprobe mass analysis (LAMMA), laser-induced mass analysis (LIMA),
laser-probe mass spectrography (LPMS), scanning-laser mass spectrometry
(SLMS), direct-imaging-laser mass analysis (DILMA), time-resolved laser-
induced breakdown spectroscopy (LIBS), laser-ablation and laser-selective
excitation spectroscopy (TABLASER) and laser-ablation and resonance-
ionization spectrometry (LARIS).

Laser techniques have several advantages for microprobe analyses of lead
concentrations in biologic matrices, including its high detection efficiency
(about 10-20 g), speed of operation, spatial resolution (1 µm), capabilities for
inorganic and organic mass spectrography, and potential for separate analysis of
the surface layer and core of particles. Disadvantages of the technique are that it
is destructive, the quality of the light-microscopic observation is poor, and
quantification of elemental
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concentrations is questionable. Some of those features are listed in Table 5-8 in
comparison with other microanalytic techniques, including electron-probe x-ray
microanalysis, secondary-ion mass spectrometry, and Raman microprobe
analysis.

Linton et al. (1985) have reviewed laser- and ion-microprobe sensitivities
for the detection of lead in biologic matrices. Their analyses indicate that the
relative detection limit of lead in biologic material with a lateral resolution of 1
µm with LAMMA (5 µg/g) is about 100 times better than that obtained with a
Cameca IMS-3F ion microscope and that the useful yield of lead ions was about
100 times better with LAMMA (10-3) than with the ion microscope (10-5). The
sensitivity for lead in LAMMA is also much better than in SIMS, when
normalized to potassium (Verbueken et al., 1988).

LAMMA was developed specifically to complement other microanalytic
techniques for determining intracellular distributions of physiologic cations and
toxic constituents in biologic tissues. It has already been used to investigate the
distribution of lead in various tissues while still in a development stage in
studies of the localization of lead in different cell types of bone marrow of a
lead-poisoned person (Schmidt and Ilsemann, 1984), of the topochemical
distribution of lead across human arterial walls in normal and sclerotic aortas
(Schmidt, 1984; Schmidt and Ilsemann, 1984; Linton et al., 1985), and of the
distribution of lead in placental tissue and fetal liver after acute maternal lead
intoxication. The potential of LAMMA in medical and environmental research
has been summarized by Verbueken et al. (1988), who concluded:We have
every reason to expect that routine quantitative LAMMA analysis will develop
reasonably successfully within the next few years. Important in the achievement
of quantitative accurate analysis will be necessary fundamental studies of the
processes involved in the measurement, including laser-matter interactions,
plasma chemistry, and physics.

We have every reason to expect that routine quantitative LAMMA analysis
will develop reasonably successfully within the next few years. Important in
the achievement of quantitative accurate analysis will be necessary
fundamental studies of the processes involved in the measurement, including
laser-matter interactions, plasma chemistry, and physics.

ATOMIC-ABSORPTION SPECTROMETRY

Atomic-absorption spectrometry (AAS) in routine use has been available
to laboratories for almost 30 years, and it has been established in its current
instrumented forms for about 20 years (Ottaway, 1983;
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Van Loon, 1985; EPA, 1986a; Shuttler and Delves, 1986; Miller et al., 1987;
Angerer and Schaller, 1988; Osteryoung, 1988; Slavin, 1988; Delves, 1991;
Jacobson et al., 1991; Mushak, 1992). In brief, AAS involves thermal
atomization of lead from some transformable sample matrix, absorption of
radiation by the sample's lead-atom population (at one of lead's discrete
wavelengths) from some element-specific source, and minimization or removal
of diverse spectral interferents to provide a clean, lead-derived detection signal.
The source has typically been a lead-specific hollow cathode or electrodeless
discharge lamp.

AAS methods that use commercially available equipment are generally
single-element methods. Simultaneous analyses of lead and other elements
usually require different analytic approaches and are beyond the scope of this
report. As is also the case with anodic-stripping voltammetry (described later),
lead is routinely measured in biologic media as a concentration of the total
element. Speciation methods have used AAS-based metal-specific detectors in
which AAS units are interfaced with additional instruments, e.g., gas-liquid and
liquid chromatographs (Van Loon, 1985; EPA, 1986a).

Much of the methodologic improvement in AAS in the last 30 years has
centered on the nature of the thermal excitation and the relative efficiency in
controlling spectral interference. The evolution of commercially available
atomic-absorption (AA) spectrometers over the last 30 years has concerned
principally improvements in atomization and detection. Originally, liquid
samples containing the lead analyte were aspirated into the flame of an AA
spectrometer. That approach was generally unsatisfactory for trace analysis
because a large sample was required and the detection limit was too high.
Often, preconcentration was required by such means as chelation and extraction
with an organic solvent.

In 1970, the Delves Cup microflame technique appeared on the scene; it
was a marked improvement with respect to detection-limit and sample-size
requirements (Delves, 1977, 1984, 1991). The Delves Cup approach also helps
to minimize the spectral interferents that result from an organic matrix if one
uses a preignition step (Ediger and Coleman, 1972). As noted by Delves (1991),
this approach does not lend itself to automation, but a high sample throughput is
nonetheless achievable. Accuracy and precision are quite satisfactory. Although
this technique
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is not as popular as flameless GF-AAS, it performs well in competent
hands.

Over the last 10–15 years, GF-AAS has become the most favored analytic
variant of AAS. Liquid-sample requirements are modest (10 µL routinely), and
sensitivity is 10 times that of the Delves Cup method or better and up to 1,000
times that of conventional aspiration-flame analysis. Across various sample
types, detection is readily achievable below the parts-per-billion level; in simple
matrices, the detection limit is around 0.05–0.5 ppb. High sensitivity permits
matrix modification with diluents. GF-AAS has the added advantage of
adaptability to automation, and the literature contains a number of examples of
such adaptation for analyzing large numbers of samples (e.g., Van Loon, 1985).

A potentially persistent problem with all micro-AAS methods is spectral
interference of diverse physicochemical and matrix types, and the phenomenon
might be most problematic with GF-AAS. Various means of interference
control, termed background correction, have been developed. The deuterium-
arc correction was first, and removal of spectrometric interference with a
Zeeman-effect spectrometer was second; other approaches are being developed
(Van Loon, 1985).

AAS has a number of general advantages for the clinical-chemistry and
analytic-toxicology laboratory with respect to quantitative measurements of
lead in biologic media. Equipment in various forms is generally available
commercially at moderate cost. Methods are relatively straightforward and
impose only moderate requirements for expert personnel. AAS, particularly in
the form of GF-AAS but also in the Delves Cup flame AAS (micro-FAAS)
variation, has the requisite analytic sensitivity and specificity for whole blood,
provided that overall laboratory proficiency is appropriate. Of particular
importance, AAS has a well-established track record of accuracy and precision
and has been adopted for reference-laboratory use in proficiency testing and
external quality-assurance programs. Therefore, likely sources of problems for
an analyst using AAS will probably have been identified and described
elsewhere. AAS has performed well in ordinary laboratories, according to
results of external proficiency-testing and quality-assurance programs.
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ANODIC-STRIPPING VOLTAMMETRY AND OTHER
ELECTROCHEMICAL METHODS

The electrochemical technique of anodic-stripping voltammetry (ASV) in
its trace analytic applications has been available for about 20 years and is based
on early studies of polarography by Heyrovsky and colleagues in the 1920s
(see, e.g., Nurnberg, 1983). Its current analytic characteristics for lead in
various media, developed from the studies of Matson (Matson et al., 1971;
Nurnberg, 1983; Stoeppler, 1983a; EPA, 1986a; Delves, 1991). Unlike AAS,
ASV can be used as a multielement quantitation technique, provided that
deposition and stripping characteristics are favorable.

ASV works on a two-step principle of lead analysis. First, lead ion
liberated from some matrix is deposited by a two-electron reduction on a
carbon-supported mercury film as a function of time and negative voltage. The
deposited lead is then reoxidized and electronically measured via anodic
sweeping. Those electrochemical processes generate current-potential curves
(voltammograms) that can be related to concentration of the metal, e.g., lead
ion. In common with all electrochemical techniques, ASV measures total
quantity. Given infinite time and sample volume, electrochemical methods
would theoretically have infinite sensitivity. In practice, both laboratory time
and available sample sizes are limited, and this results in finite sensitivity. The
ASV process collects all the metal of interest at the deposition step, which is the
principal factor in ASV's high operational sensitivity (low detection limit).

ASV, like most electrochemical techniques, is affected by the
thermodynamic and oxidation-reduction characteristics of the analytic matrix.
In practice, the lead ion must be liberated into a chemical matrix that permits
deposition and stripping without interference. Early methods used wet chemical
degradation of organic matrices, including biologic media, such as whole blood
(Matson et al., 1971; Nurnberg, 1983; EPA, 1986a). That approach, although it
ensured mineralization, introduced a high risk  of contamination by lead and
was time-consuming. More recently, decomplexation has involved use of a
mixture of competitive ions, including chromium and mercury, which liberate
lead
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from binding sites by competitive binding. This approach poses problems of
adequate liberation; it gives low readings at concentrations below 40 µg/dL and
high readings at high concentrations (Delves, 1991). In the case of blood
analyses, however, one can effectively overcome the problems by extending the
time of decomplexing and carefully resolving lead and interfering copper
signals (Roda et al., 1988).

Two methodologic advantages of ASV make it popular in laboratories that
measure lead in various media, including whole blood. The advantages parallel
those of GF-AAS and explain why ASV and GF-AAS are the two most widely
used techniques for measuring lead in biologic media in the United States and
elsewhere. First, the necessary accuracy and precision required for trace and
ultratrace analysis of heavy metals are achievable with ASV in competent
hands, according to many reports and a performance record. Second, the
sensitivity is such that it is appropriate for the low average lead concentrations
in media now being encountered. As in the case of AAS, detection limits are
medium-specific; in simple media, such as water, 10–100 pg can be measured.
Required analyst expertise is modest, and the equipment is commercially
available at costs lower than those of AAS.

ASV is not the only electrochemical method that can be used for
quantitative analysis of lead. Jagner et al. (1981) reported lead measurement in
blood with computerized potentiometric-stripping analysis (PSA); the reported
sensitivity with the plating time used was reported to be 0.5 µg/dL, and within-
run precision was reported to be 5% at a mean blood lead of 7 µg/dL.  Another
technique, differential-pulse polarography (DPP), has not found a wide
reception, although its analytic characteristics and advantages approach those of
ASV (Angerer and Schaller, 1988). New instrumentation uses this method, but
its long-term utility for routine analysis of biologic media needs to be
determined.

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Nuclear magnetic resonance spectroscopy (NMR) is finding increased
application in the study of lead, for three specific reasons. First, the
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development of high-magnetic field instruments has enhanced the sensitivity of
NMR measurement of lead in biologic systems. Second, the evolution of
specialized techniques for resolving complex spectra has made it possible to
obtain clear spectra on solid, as well as liquid, samples. Finally, the increasing
availability of NMR instruments for computed axial tomographic (CAT)
scanning has opened up new potential for diagnostic exploration involving lead
deposition.

The use of NMR for lead characterization has been aptly reviewed by
Wrackmeyer and Horchler (1989). The NMR properties of lead are determined
by the presence of 207Pb (abundance, 22.6%). Studies have indicated that
resonance frequencies of 207Pb are influenced by the molecular environment
around that isotope. Thus, the observed chemical shifts range over several
thousand parts per million, as opposed to the few parts per million observed for
1H or 13C. With this broad spectral range, identification of specific chemical
forms of lead is simplified because of the increased resolution. One can
anticipate increased application of NMR in the study of lead speciation in both
environmental and clinical settings. The ultimate potential of the technique in
these settings is yet to be defined; it will be limited by the expense of the
equipment and the high level of operating expertise required.

Some preliminary conclusions concerning the basic mechanisms of early
toxicity at the cellular level have been reached with 19F NMR. 19F NMR on
biologic samples containing the reagent 1,2-bis(2-amino-5-fluorophenoxy)
ethane-N,N,N', N'-tetraacetic acid, initially described by Smith et al. (1983), has
been developed to measure intracellular free calcium and free lead
simultaneously in the rat osteoblastic osteosarcoma cell line ROS 17/2.8
(Schanne et al., 1989, 1990a,b). Treatment of the cells with lead produced
marked increases in intracellular free calcium; and concurrent measurements of
intracellular free lead yielded a concentration of about 25 pM (Schanne et al.,
1989). This in vitro technique in clinical studies is useful in the measurement of
intracellular free calcium and lead in erythrocytes of exposed persons. It can
also help in characterizing the dose-response relationships in intracellular free
calcium transport.

In addition to its ability to characterize molecular mechanisms of lead
toxicity at the cellular level in humans, 19F NMR can also be used for
simultaneous measurement of free cytosolic lead, calcium, zinc, iron, and other
metals. Even if such a discrete and early marker of lead toxicity
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at the cellular concentration is uncovered, the high expense of instrumentation
and the technical expertise required for NMR will limit its application to
selective studies of women, children, and adult workers in lead industries.

THE CALCIUM-DISODIUM EDTA PROVOCATION TEST

The calcium-disodium EDTA (CaNa2EDTA) provocation test is a
diagnostic and therapeutic test to ascertain which children with blood lead
concentrations between 25 and 55 µg/dL will respond to the chelating agent
CaNa2EDTA with a brisk lead diuresis (Piomelli et al., 1984; CDC, 1985).
Children with a brisk response qualify for a 5-day hospital course of
CaNa2EDTA (Markowitz and Rosen, 1984; Piomelli et al., 1984; CDC, 1985).
The test constitutes a chemical biopsy of exchangeable lead, which is
considered to be the most toxic fraction of total body lead (Chisolm et al., 1975,
1976). CaNa2EDTA is confined to the extracellular fluid, and lead that is
excreted originated primarily in bone and, to a lesser extent, in soft tissues
(Osterloh and Becker, 1986).

An 8-hour provocation test in an outpatient department has been shown to
be as reliable as a 24-hour test (Markowitz and Rosen, 1984); and measurement
of urinary lead excretion with graphite-furnace AAS (for example) is
convenient and accurate, if urine is collected quantitatively in a lead-free
apparatus. However, the provocation test is impractical, cumbersome, and labor-
intensive in young children, from whom quantitative urine collection is very
difficult. EDTA chelation has potentially toxic side effects in children and the
lead redistribution caused by chelation might actually increase the toxicity of
lead in some target tissues, such as brain. Therefore, it is unlikely that the test
will ever find wide application in sensitive populations.

In a recent study that used blood lead concentration and net corrected
LXRF photon counts as predictors of CaNa2EDTA-test outcomes, 90% of lead-
poisoned children were correctly classified as CaNa2EDTA-positive or -
negative with a high degree of specificity and sensitivity (Rosen et al., 1989).
Therefore, LXRF with blood-lead concentration measurement might ultimately
replace the CaNa2EDTA test and prove suitable
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for assessing large numbers of individual subjects in sensitive populations to
select those at risk for toxic effects of lead. Furthermore, new effective oral
chelating agents might substantially advance the treatment of childhood lead
intoxication. However, it is likely to be difficult to use such agents for
outpatient treatment, unless lead-poisoned children are treated in a clean
environment (transition housing) without excessive lead ingestion, so that
increasing lead absorption by the use of an oral chelating agent will be precluded.

X-RAY FLUORESCENCE MEASUREMENT

During the last 2 decades, methods have been developed to measure lead
in bone noninvasively. The residence time of lead in bone is long, and these
methods could broaden the range of information available in biologic
monitoring of lead exposure to reflect long-term body stores associated with
chronic exposure and thereby complement plasma and whole-blood lead
measurements, which respond principally to acute exposure.

Bone lead measurements might or might not be related directly to adverse
biologic effects of lead exposure. As with any emergent technology, their utility
needs to be assessed both with respect to unanswered questions about lead
effects and with respect to other means of predicting them. The physiologic
availability of lead from different bone compartments has received little
investigation.

The relation between bone lead measurements and exposure or biologic
dose of lead is not clear. There is some evidence that cumulative exposure can
be estimated from bone lead measurements; but what this means, both for lead
monitoring and for research into health effects of lead exposure, has yet to be
explored in full detail.

The techniques for in vivo measurement of bone lead with XRF can be
divided into two groups, and there are variations within each group. The major
difference between the two groups is that one relies on detecting K-shell x rays
and the other on L-shell x rays for lead measurement. Radiation from an x-ray
machine or other radiation source penetrates to the innermost shells of lead
atoms, thereby ejecting either an L- or K-shell electron. As a result of the filling
of a vacancy left by an ejected electron, a K- or L-fluorescent x ray is emitted;
and the
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emitted energy is characteristic of the element that absorbed the original x ray,
in this case lead. A detection system that collects, counts, displays, and analyzes
emitted x rays according to their energy is thus able to determine how much
lead is present in the sample. The characteristics of L-line and K-line XRF
techniques are summarized in Table 5-9. Both techniques use ? rays or x rays of
low energy. Low energy is below about 150 keV. In this energy range, a photon
can undergo three types of interaction: photoelectric, Compton, and elastic (or
coherent).

In photoelectric interaction, the incoming photon gives up all its energy to
an inner-shell electron of an atom. The electron is ejected from the atom with a
kinetic energy equal to the energy of the incoming photon minus the electron
binding energy. The result is a vacancy in the inner electron shell of the atom.
The vacancy is filled by a less tightly bound electron, and energy is released
either as an x ray or by the ejection of valence electrons that have kinetic
energy. Detecting the energy of the x ray is the basis for the quantitative
measurement of lead in bone.

In Compton scattering, the incoming photon interacts with an electron
(usually a valence, loosely bound, electron), and the photon energy, minus a
small amount of electron binding energy, is then divided between the electron
in the atom (as kinetic energy) and the resulting emitted photons. The energy of
the electron and the scattered photon depends on the angle of scatter, and the
scattered photons are the most intense feature of XRF spectra. There are two
strategies for minimizing the extent to which Compton-scattered photons limit
the precision of XRF. One uses the angular dependence of Compton scattering
and a choice of energy of incoming photons to minimize the interference of this
scattering in the measurement of lead x rays (Ahlgren et al., 1976; Somervaille
et al., 1985). The other produces a polarized incoming x-ray beam (Wielopolski
et al., 1989). Such x rays have the property that they cannot be Compton-
scattered at right angles to their plane of polarization; thus their interference in
the measurement of lead x rays is minimized.

In elastic scattering, the incoming photon interacts with an atom as a
whole. There is a change in direction, which is usually slight, and there is
virtually no energy absorption, so the photon continues with, in effect, its full
energy. The probability of elastic scattering depends on
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photon energy, angle of scatter, and atomic number of the scattering atom. It is
more probable for low-energy photons, for small scattering angles, and for high
atomic numbers. In XRF spectra, it produces photons nearly equal in energy to
the incoming photons and interferences that are smaller than those produced by
Compton scattering but larger than those from lead x rays from samples with
lead concentrations in the range of biologic interest. The importance of elastic
scattering for XRF lies in the fact that its strong dependence on atomic number
means that it is provoked primarily by calcium and phosphorus, and not by lead,
in biologic tissue samples containing bone. This feature of elastic scattering can
be used to standardize lead concentration to bone in practical measurements
(Somervaille et al., 1985).

Dosimetry

Bone lead XRF measurements require irradiation with ionizing radiation,
so the radiation dose and associated risk are important. The dose depends on the
amount of energy absorbed and the mass of tissue in which it is absorbed. In
this case, photoelectric and Compton interactions contribute to dose. The dose
also depends on which tissues absorb the energy; different tissues have different
sensitivities to ionizing radiation. For fluorescence measurements, one could
consider the maximum skin dose, the total energy deposited in tissue, or the
effective dose (ICRP, 1991). In measuring effective dose, full account is taken
of the different radiosensitivities of tissues. Both LXRF and KXRF have
recently been subjected to detailed dosimetric analysis, and the results show that
the two techniques give comparable doses for measurements of young children,
but that adult doses are lower with both techniques (Kalef-Ezra et al., 1990;
Slatkin et al., 1991,1992; Todd et al., 1992). Effective doses in children and
adults reported for the KXRF method were less than those obtained with LXRF
(Todd et al., 1992; Slatkin et al., 1992). The equivalent dose to a conceptus
from one KRF measurement, 38–52 nSv, is about 20 times greater than that
from an LXRF measurement (Slatkin et al., 1992). These dosimetric
inconsistencies between pregnant women and children have not been addressed
for the KXRF method (Todd et al., 1992). Although dosimetric assessments of
KXRF and LXRF instruments followed ICRP 60
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TABLE 5-9 Characteristics of L-Line and K-Line XRF Instrumentsa

Characteristic L-Line K-Line

Fluorescing source Low-energy generator:
incident photons are
polarizedb

109Cdc

Energy of imparted x rays 20 keVb 88 keVc

Dosimetry, µSv

Infants 2.5d,e 1.1d,f

Children 1.0b,d 0.4d,f

Teenagers 0.5d,e 0.2d,f

Adults 0.3d,e 0.04d,f

Dosimetry during
pregnancy

-0.003% of natural
background radiation
during 9-mo pregnancyg

-0.002% of natural  
background radiation
during 9-mo pregnancyf

Minimal detection limit
with 3 mm of overlying skin

4 ppmh 6 ppmi

Validation with whole limbs Yes Yes

Type of bone sampled Cortexh Cortex and trabeculari

Counting time 16.5 minb 30 minc,j

Counts corrected for bone
mineral content

No Yes

Replicate reproducibility in
vivo after repositioning of
instrument

±2 ppmk (95%
confidence limits)

Not yet published
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guidelines (ICRP, 1991), they used some necessarily different
considerations and assumptions based on the particular instruments being
assessed. Those differences might be less important than the magnitude of the
doses, which are 1–5 µSv for children and as low as 50 nsv for adults measured
with the K x-ray system. Annual natural background

Characteristic L-Line K-Line

Anticipated improvements Modify polarizer and
detectorl to decrease
counting time to <5 min
and increase sensitivity

Use larger-volume
hyperpure germanium
detectors and faster
electronics to increase
count rate

Express data as Pb:Sr
ratios

Modify geometry to
narrow Compton peak,
reducing background

a Although dosimetric assessments of KXRF and LXRF instruments followed ICRP 60 guidelines
(ICRP, 1991), these estimates were obtained through different protocols, conditions and
assumptions. Accordingly, reported equivalentdoses for complementary techniques are not
absolutely comparable.
b Wielopolski et al., 1989; Rosen et al., 1989, 1991, 1993; Rosen and Markowitz, 1993.
c Somervaille et al., 1985, 1986.
d Dosimetry calculated according to ICRP guidelines (ICRP, 1991).
e Slatkin et al., 1992.
f Todd et al., 1992.
g Kalef-Ezra et al., 1990.
h Wielopolski et al., 1989.
i Somervaille et al., 1986.
j Somervaille et al., 1988.
k Slatkin et al., 1991.
lWielopolski et al., 1989; Rosen et al., 1989.
m Green et al., 1993.
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radiation doses are around 3 mSv, so at worst the dose of a small child is
equivalent to less than 1 day's natural background radiation. Alternatively, the
additional radiation can be equated to one-tenth that involved in a single
transcontinental air flight, which arises from the increase in the cosmic-ray
component of natural background with altitude. In terms of risk, the additional
chance of a cancer death, the most probable of the damaging effects of low to
moderate radiation exposure, is around 1 in 10 million, compared with a natural
rate of about 1 in 5. In this context, it seems clear that radiation exposure is not
a limiting hazard in the use of either of these measurement techniques.

Volume Sampled

KXRF and LXRF techniques differ in the volume of material sampled.
That is because attenuation of photons in tissue depends on the photon energy.
The higher energies used in KXRF mean that photons penetrate farther into
tissue. However, the greatest difference stems from the attenuation of the
characteristic x rays emerging from the tissue. LXRF quantitation is based on
the 10.55-keV La x rays; KXRF quantitation uses x rays of 72.8– 85 keV, with
the most prominent being the Ka1 at 75.0 KeV.

These photons do not have a definite range, so it is convenient to
characterize their ability to penetrate by the thickness of material required to
reduce their intensity by a given factor. If one uses a factor of 2 and compares
the attenuation of only the La x rays and the combined effect of attenuation of
incoming 88-keV photons and Ka1 x rays, the half-value thickness for L x rays
is 1.6 mm in soft tissue (muscle) and 0.35 mm in bone, and the half-value
thickness for K x rays is 19.0 mm in muscle and 9.0 mm in bone. That
comparison might markedly overestimate the difference between the two
techniques. Other physical factors are extremely important, such as the relative
''hardness of'' energy of the exciting radiation and especially the relative
magnitude of signal-to-noise ratios, as determined by the magnitude of
background counts under peaks. KXRF and LXRF systems have not been
compared experimentally in that respect.
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Precision

Quoted values for precision of the two techniques are similar and are in the
range ±2–10 µg/g. In making comparisons, it should be noted that L x-ray
precision and results are usually stated in terms of lead concentration in wet
bone, whereas K x-ray results are usually stated as lead concentration in bone
mineral. For adult tibia, that introduces a factor of about 1.8; that is 5 µg of lead
per gram of wet bone corresponds to 9 µg of lead per gram of bone mineral. For
other bones, the factor is greater. The precision varies with lead location, soft
tissue attenuation, count rates, and signal-to-noise ratios. Direct instrument
comparisons could further assess the relative importance of these variables for
the KXRF and LXRF techniques. Such comparisons between instruments of
both types are increasingly relevant as instrument geometry is modified (Green
et al., 1993). The quantitative limits of LXRF and KXRF instruments are
approximately 2–5 and 10 µg/g, respectively. These instruments assess lead
concentrations at different bone sites, inasmuch as they use different depths and
areas of bone. It is unclear whether the areas of bone differ in the extent to
which lead can be mobilized by physiologic processes, such as growth, or
pathologic processes, such as osteoporosis.

The adequacy of quantitation limits of existing methods can be judged, in
part, by comparison with bone lead concentrations of susceptible populations,
e.g., young children and women of child-bearing age. The most extensive such
data sets are those of Barry (1975), Drasch et al. (1987), and Drasch and Ott
(1988).

Bone samples obtained at autopsy were analyzed with atomic-absorption
spectrophotometry, in the case of the German data, and dithizone clorimetry, in
the case of the Barry (1975) analyses. Barry (1975) reported that children living
in the United Kingdom had mean lead concentrations of 4 µg/g wet weight (or
approximately 8 µg/g ash weight). Drasch et al. (1987) and Drasch and Ott
(1988) investigated bone lead concentrations in a nonoccupationally exposed
population of adults and children living near Munich, Germany. In infants, the
geometric mean lead concentration was less than 1 µg/g wet weight in temporal
bone, femur, and pelvic bone. Bone lead concentrations in
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people 10–20 years old had a geometric mean lead concentration under 2 µg/g
in temporal and pelvic bones and midfemur. In 240 nonoccupationally exposed
adults, the predominantly cortical femur and temporal bone had geometric mean
lead concentrations of about 3.9 and 5.6 µg/g, respectively. The predominantly
trabecular pelvic bone had a geometric mean lead concentration of less than 2
µg/g. Comparison of those data from persons who came to autopsy during
1983–1985 with data obtained in 1974 from subjects who lived in the same
geographic area showed that bone lead concentrations had decreased 3–5 times
for children and approximately 1.3 times for adults.

On the basis of those data from the United Kingdom and Germany,
nonoccupationally exposed subjects had bone lead concentrations under the
limits of XRF instruments in use in the early 1990s. Both LXRF and KXRF
might have little clinical applicability for children who have typical
environmental lead exposures. Currently, neither technique can provide
accurate data on groups other than highly exposed populations, e.g., workers in
lead industries and other adults with prolonged high exposures. However, some
investigators are using these techniques to examine those with relatively high
environmental exposures. To measure bone lead concentration in the general
population, XRF would need increased sensitivity, perhaps increased by a factor
of 5 to 10.

Nonetheless, XRF does provide information on past lead exposures of a
portion of the population. For example, XRF measurements would complement
screening programs aimed at high-risk urban children or workers in lead
industries. Such information would supplement identification of more highly
exposed persons through clinical history or demographic methods. In addition,
evidence of excessive exposure to source-specific lead in affected communities
could be produced by comparative XRF surveys of heavily exposed and well-
controlled, normally exposed cohorts. The question of the relationship of
endogenous release of lead from bone to future health risks is important in a
determination of where XRF methods are likely to be focused in the future. It is
known that release of lead from bone in occupationally exposed adults not only
increases blood lead, but increases markers of hematotoxicity caused by lead
(Alessio et al., 1976a; Alessio, 1988). Bone lead concentrations are strongly
linked to the diagnosis of lead poisoning and to the efficacy of treatment for
poisoning in lead workers (Christoffersson et al., 1986). Children with known
lead exposure who were immobilized during hospitalization showed a marked
increase in
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blood lead to concentrations associated with poisoning (Markowitz and
Weinberger, 1990).

Accuracy

The lead concentration will normally be measured by reference to
calibration standards. XRF sensitivity varies with position in the sample, so
assumptions have to be made about the spatial variation of lead concentration in
the sample being measured. Adequate calibration standards can be produced for
either XRF technique, and this should not be a major source of inaccuracy; but
it should be noted that it might be difficult and expensive to produce a single set
of artificial calibration standards that would serve for both LXRF and KXRF.

A typical assumption about lead distribution is that lead concentration in
soft tissue is zero and that lead is uniformly distributed in bone. The first part of
the assumption is probably reasonable, given the much higher concentration of
lead in bone than in soft tissue. Some consideration might be given to the fact
that soft tissue overlying tibia is more sensitively sampled than the bone itself;
data on this subject are currently lacking.

Some data show that bone lead concentration is relatively uniform along a
tibia (Wittmers et al., 1988), but other data suggest that some variations in
concentration may occur with depth in the tibia (Lindh et al., 1978; Schidlovsky
et al., 1990). Depth varies by around 0.1 mm or less, so the different spatial
responses of the two systems can be significant, in that the half-value thickness
for L x rays in bone is 0.35 mm, whereas that for K x rays is 9 mm. The K x-ray
system would integrate over the spatial variations in lead concentration, thus
rendering the measurement relatively unaffected by such discontinuities, but
also obscuring any information that might be conveyed by the variations.
Definitive studies concerning the possibility of differences in the
microlocalization of lead in bone have not yet been published.

Practical XRF Systems

The first bone lead XRF measurements used 122- and 136-keV ? rays from
57Co to excite the K x rays and measured lead in a finger
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bone (Ahlgren et al., 1976). A similar approach was taken, apparently
independently, in measuring tooth lead in vivo (Bloch et al., 1977), and the
finger-bone system was also adopted elsewhere (Price et al., 1984). The original
57Co system has now been in use since 1971, and longitudinal data on retired
lead workers cover most of that time (Nilsson et al., 1991).

A later development in KXRF was the use of ? rays from 109Cd to excite
the x rays. This had the advantage that the ?-ray energy, at 88 keV, was so close
to the minimum energy required to excite lead K x rays that the normalization
of lead to bone mineral with the elastically scattered photons was very accurate
(Somervaille et al., 1985). The 109Cd approach has now been adopted, with a
number of variations, by laboratories in Wales (Morgan et al., 1990), Finland
(Erkkilä et al., 1992), and the United States (Jones et al., 1987; Hu et al., 1990),
as well as the original laboratory in England (Chettle et al., 1991).

LXRF systems have emerged from the collaboration of two U.S.
laboratories. The original work used 109Cd (and silver x rays, rather than the 88-
keV ? ray) or 125I (Wielopolski et al., 1983), but the same researchers later
developed an improved version in which a better detection limit was achieved
with polarized x rays to reduce the extent of Compton scattering observed in the
region of the lead x rays (Wielopolski et al., 1989).

The polarized LXRF system and KXRF with 109Cd have the best published
performance, and they form the basis of most of the comments made here.
However, it must be noted that further work is in progress on both systems, and
improvements in both systems appear likely.

Validation

LXRF measurements have been validated with whole human limbs
obtained after amputation. Measurements were recorded with the overlying
tissue intact and then on the bare bone; samples of the bone were then sent for
independent chemical analysis (Wielopolski et al., 1989). Such a protocol is in
principle highly desirable because of its potential rigor. In this case, nine
surgically amputated limbs were used. Clearly, additional assessments of limbs
for measurements with KXRF
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and LXRF instruments would increase the systematic validation of both
techniques.

KXRF validation has thus far been largely indirect. Bare-bone samples
have been analyzed by subjecting small core samples to AAS and then sending
the residue of the bone for KXRF analysis (Somervaille et al., 1986). Paired
analyses have been performed in that way on 80 samples, incorporating
metatarsals, calcaneus, tibia sections, and tibia fragments. The two analyses
were independently calibrated. The mean difference between XRF and AAS
results on all 80 samples was less than 0.1 µg of lead per gram of bone mineral,
and the maximum difference observed in any subset of the data was about 5 µg/
g for a group of three tibia sections (Chettle et al., 1991). The only flaw in the
validation procedure was that it was indirect; extension to in vivo measurements
relied on other experiments, which showed that the accuracy of the K x-ray
normalization to elastic scatter was independent of overlying tissue thickness
(Somervaille et al., 1985). In some cases, whole limbs were measured with
KXRF and then analyzed with AAS; the whole-limb results (three samples)
tend to confirm the accuracy of the technique (Hu et al., 1990). A few direct
comparison data came from subjects who died within a few months of in vivo
measurement (Christoffersson et al., 1984; Nilsson et al., 1991). They show
good agreement between in vivo and autopsy data, but the data are few, time
necessarily passed between in vivo and autopsy measurements, and, because the
subjects were elderly, lead and calcium metabolism might have been changing
during the few months of life.

Proponents of both LXRF and KXRF systems are clearly satisfied with the
validation of their measurements, but there is room for rigorous validation
conducted under the auspices of an independent external laboratory, rather than
based on the internal procedures of a single laboratory. These systems should be
systematically assessed before their clinical utility for screening sensitive
populations is evaluated, as described below.

•   Photon spectra from XRF instruments should be carefully measured,
including entrance dose, imparted energy, and effective dose (ICRP,
1991).

•   Minimal detection limits (MDLs) should be established with standard
reference materials or amputated limbs whose lead content
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parallels that in a specific sensitive population that might be studied.
MDLs and calibration procedures should be developed under standard
instrument operating conditions to obtain clinically usable data.

•   The effective dose of x rays sieverts should be calculated by combining
absorbed-dose data with geometric measurements on subjects of
various age groups while they are being measured for bone lead under
standard instrument operating conditions. The calculations must be
expressed according to the most current National Council on Radiation
Protection and Measurements (NCRP) and International Commission
on Radiological Protection (ICRP) guidelines, with weighting factors
for all relevant radiosensitive tissues.

•   The precision of in vivo XRF measurements should be determined
from duplicate measurements in up to 50 subjects in a sensitive
population to determine the 95% confidence limits of each
measurement. For replicate measurements, the tibia should be
repositioned at a site distal or proximal to the original measurement
before obtaining the second measurement. The tibia has been used
most frequently in clinical measurements.

•   Standard values for effective dose (ICRP, 1991) should be recalculated
and compared by independent experts from data on LXRF and KXRF
instruments operating under conditions of comparable in vivo
precision and similar bone lead detection limits.

•   After those systematic procedures have been appropriately completed,
the clinical utility of XRF instrumentation should be carefully
evaluated to ascertain whether clinically relevant data are being
obtained.

•   In all the procedures noted above, the general radiation—exposure
principle of ALARA (as low as reasonably achievable) should be
strictly adhered to.

Clinical Uses of X-Ray Fluorescence

On the basis of published data (Somervaille et al., 1985; Rosen et al., 1989,
1991, 1993; Wielopolski et al., 1989; Kalef-Ezra et al., 1990; Slatkin et al.,
1991, 1992; Todd et al., 1992; Rosen and Markowitz, 1993), the committee
concludes that the utility and efficacy of the KXRF and LXRF measurement
techniques are similar and the radiation dose associated with both methods is
relatively small for all ages.
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As noted previously, lead has a residence time in blood of only 30–45 days
(Rabinowitz et al., 1976, 1977). Hence, measurements of lead in blood reflect
recent exposure. A blood lead concentration might be more useful when lead
exposure can be reliably assumed to have been at a given concentration, as in
occupationally exposed adults, than when intermittent exposure is occurring or
has occurred, as in children exposed to leaded paint. With the recent
development of complementary K-line and L-line XRF techniques to measure
bone lead stores noninvasively (Somervaille et al., 1985, 1986, 1988; Rosen et
al., 1989, 1991; Wielopolski et al., 1989; Rosen and Markowitz, 1993), it now
appears possible to assess directly a time-averaged compartment of lead in
bone, where its residence time is months to years; however, wide clinical
application of XRF still needs to be developed (Rabinowitz et al., 1976, 1977;
Chamberlain et al., 1978). XRF has the potential to relate bone lead stores (and
blood lead concentration), as predictive outcome measures, to the development
of early expressions of lead toxicity, such as biochemical, electrophysiologic,
and neurobehavioral indexes (Rosen et al., 1989, 1991; Rosen and Markowitz,
1993). In a pioneering study, Needleman et al., (1979) found that short-term and
long-term neurobehavioral deficits caused by lead were closely correlated to
lead concentrations in compact bone, as reflected in tooth lead concentrations
(Needleman et al., 1990). Moreover, because blood lead concentrations
decrease once excessive lead exposure ends and a course of chelation treatment
has been successfully completed, blood lead concentration is likely to
underestimate high bone concentrations (Christoffersson et al., 1986; Rosen et
al., 1991; Rosen and Markowitz, 1993).

KXRF methods developed in Sweden (Ahlgren et al., 1980) and England
(Somervaille et al., 1985, 1986, 1988; Chettle et al., 1989; Armstrong et al.,
1992) have demonstrated the clinical utility of bone lead measurements in
industrially exposed adults. The minimal detection limit for lead, with 3 mm of
overlying tissue, was about 10 µg/g of wet bone (Somervaille et al., 1988).
Specifically, studies by the English group showed that KXRF measurements are
a good indicator of long-term lead exposure, as assessed with the cumulative
blood lead concentration index in 20 control subjects and 190 workers in lead
industries (Somervaille et al., 1988). Moreover, Christoffersson et al. (1986),
using the KXRF technique, showed progressive decreases in tibial lead content
with a mean half-time (short-term and long-term) of
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about 7 years, once workers were removed from lead industries. Both skeletal
storage compartments contributed to lead in blood even many years after the
end of high occupational exposure (Christoffersson et al., 1986; Schütz et al.,
1987a). With the KXRF technique in male workers in lead industries, it is
possible to measure lead concurrently in cortical and trabecular bone (Chettle et
al., 1989). The two sites yield different residence times for lead.

The clinical utility of the LXRF technique was first demonstrated in 59
lead-poisoned children (blood lead concentrations of 23–53 µg/dL) (Rosen et
al., 1989, 1991). The minimal detection limit for lead, with 3 mm  of overlying
tissue, was about 4 µg/g of wet bone (Wielopolski et al., 1989). In the Rosen et
al. work, 90% of "lead-poisoned" children were correctly classified as being
CaNa2EDTA-positive or CaNa2EDTA-negative, and the majority of the
children had bone lead concentrations at least as high as those measured in
normal and industrially exposed adults. The data indicate that bone lead
concentrations in the study children were about 1,200–3,700 times greater than
those in ancient Peruvian bones (Ericson et al., 1979). Hence, by the age of 7
years, mildly exposed children have already achieved enormous skeletal
burdens of lead, which are likely to have profound effects on their health
(Emmerson and Lecky, 1963; Patterson, 1980; Pirkle et al., 1985; Thompson et
al., 1985; Bellinger et al., 1987,1988; Landis and Flegal, 1988; Silbergeld et al.,
1988; Rosen et al., 1989, 1991; Markowitz and Weinberger, 1990; Rosen and
Markowitz, 1993). The LXRF technique allowed decreases in bone lead content
to be followed sequentially during chelation therapy of children and after
correction of leaded-paint hazards.

Bone lead concentrations in the Rosen and Markowitz (in press)
prospective study of 162 untreated children, some of whom qualified for
CaNa2EDTA therapy (Piomelli et al., 1984; CDC, 1985), are being coupled to
several other outcome measures, including biochemical, electrophysiologic, and
neurobehavioral characteristics. Bone lead concentrations were measured with
LXRF in children whose homes had undergone lead abatement; some of them
had undergone successful chelation therapy, as judged by conventional criteria
(including return of blood lead and erythrocyte protoporphyrin concentrations
to acceptable concentrations). Their bone lead concentrations were 3–5 times
higher than concentrations measured in apparently normal European children
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(Rosen et al., 1991; Rosen and Markowitz, 1993). The clinical utility of
LXRF has been extended to estimate bone lead content in lead-exposed and non-
lead exposed suburban populations (Rosen et al., in press). The mean bone lead
value in 269 residents of the highly exposed suburb (15 ppm) was 3-fold greater
than that of the reference suburb (5 ppm). These differentially exposed
populations included measurements in children, teenagers, and adults.

During pregnancy of lead-exposed women, bone lead stores could have an
unfavorable effect on the neurologic maturation of fetuses or infants through
physiologic demineralization of maternal bone after 12 weeks of pregnancy or
during lactation. The potential intergenerational impact of lead might be present
in women exposed to high concentrations of lead early in life.

The in vivo precision of LXRF measurements was determined from
duplicate measurements in 37 randomly selected children who had tibial bone
lead concentrations of 8–47 µg/g (mean, 16 ±1 SEM). Each pair of
measurements was performed on the same day with the tibia repositioned 4 cm
distal to the site of the first measurement. The 95% confidence limits of
replicate measurements were ±2 µg/g (Slatkin et al., 1991). For use of the
LXRF technique in children 1 and 5 years old, the effective doses were
calculated to be 2.5 and 1.0 µSv, respectively—a radiation exposure much less
than that for one dental x-ray picture (Wielopolski et al., 1989; Slatkin et al.,
1991, 1992; Rosen and Markowitz, 1993). Similar or lower values have been
reported for the KXRF (Todd et al., 1992). Those effective doses were
calculated according to the current NCRP and ICRP recommendations (NCRP,
1989; Rosen et al., 1989 ; Wielopolski et al.., 1989; ICRP, 1991; Slatkin et al.,
1991, 1992; Todd et al., 1992). Moreover, dosimetry data concerning the use of
the L-line technique during pregnancy have shown that the radiation exposure
of the conceptus is negligible—no more than 0.003% of the natural background
ionizing radiation absorbed by the average American human conceptus during a
full-term pregnancy (Kalef-Ezra et al., 1990).

As further improvements in the detector and polarizer are made, the
minimal detection limit and photon counting time (less than 5 minutes) of the
LXRF technique are expected to decrease severalfold without an increase in
radiation exposure (Rosen et al., 1989). Until the decrease in counting time is
achieved, children less than 4 years old will continue to be mildly sedated with
orally administered chloral hydrate, so that
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they remain still during the 16.5-minute measurement. Chloral hydrate, which is
used extensively in pediatric practice for mild sedation before many
electrophysiologic procedures, is not known to have any substantial short-term
side effects when appropriately administered. However, more recent concerns
regarding its potential carcinogenicity have been raised by the findings of
laboratory animal studies. The potential long-term effects have yet to be
resolved. The usefulness of the LXRF technique can probably be expanded by
measuring the ratio of the L-line bone lead concentration to the K-line signal in
the 10- to 16-keV interval of the XRF spectrum (Rosen et al., 1989).

Standard reference materials are now needed for external and internal
instrument calibrations for both L-line and K-line techniques. The calibrations
should be carried out under strictly defined operating conditions that achieve
the minimal detection limit of each instrument with concurrent measurement of
radiation exposure, according to recommendations of the ICRP (1991). Internal
and external calibrations should be assessed directly by independent experts.
Calibration, with the dosimetry and systematic measurements noted earlier,
should provide confidence that risk assessments of both L-line and K-line
techniques have been thorough.

L-line and K-line XRF techniques are complementary and provide a new,
exciting, and needed capability to assess lead exposure that has accumulated
over time (many months to several years) in sensitive populations. Both
techniques are based on the general principles of x-ray fluorescence, but the
current characteristics of each technique indicate that each has specific
applications for developing needed information on different sensitive
populations.

Given the current state of development of both the L-line and K-line
methods, it is not currently recommended that either instrument be used as a
screening technique in general populations.

Research Needs

Although L-line and K-line XRF methods are becoming standard
techniques to assess previous lead exposure over a person's lifetime, they entail
critical research needs that must be addressed before they can be more generally
applied for screening of populations.
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•   Even though the radiation doses are low for both techniques, efforts
should be made to develop methods to reduce radiation exposures
further.

•   Measurements of randomly selected men, in the near future, with both
L-line and K-line instruments, will provide important information as to
whether the two techniques estimate the same or different
compartments of lead in bone. Men have been designated for initial
comparisons, because dosimetry data on men have been detailed and
published for the L-line technique, and estimates of dosimetry do not
appear to be widely dissimilar for the K-line method in the same
population.

•   It is possible that the two methods measure lead from metabolically
different skeletal compartments. Accordingly, experimental
microlocalization studies of human limbs would be relevant. Such
studies could be carried out with proton-induced x-ray emission
(PIXE) after careful sectioning of limbs and assessment of tissues that
are sectioned by experts and do not measure more than about 30–40 µm.

•   Before the K-line XRF method can be considered for use in children,
women of child-bearing age, and pregnant women, more detailed and
systematic studies are required to define dosimetry, precision, minimal
detection limits, and clinical utility in these populations. Dosimetry
calculations on all tissues considered to be radiosensitive should be
carried out according to NCRP and ICRP guidelines.

•   Calibration of both instruments with standard reference materials or
amputated limbs that parallel the mineral mass of the subjects to be
measured is clearly needed. For the use of the K-line XRF instrument
in postmenopausal osteoporotic women, the instrument should be
calibrated with relevant standard reference materials or limbs (to
reflect decreased mineral mass) obtained from postmenopausal
women. For the L-line XRF instrument, studies are in progress to
calibrate the instrument with the use of surgically amputated limbs
from children.

•   It is important to incorporate bone lead measurements in sensitive
populations coupled to multiple outcome measures, and such outcome
measures (biochemical, electrophysiologic, and neurobehavioral) can
now be incorporated into cohort studies of infants, children, women of
child-bearing age, pregnant women, and other adults with the L-line
XRF method. For the K-line XRF instrument, similar or other outcome
measures can be incorporated into cohort studies of occupationally
exposed workers and postmenopausal women.
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QUALITY ASSURANCE AND QUALITY CONTROL

Quality assurance includes all steps that are taken to ensure reliability of
data, including use of scientifically and technically sound practices for the
collection, transport, and storage of samples; laboratory analyses; and the
recording, reporting, and interpretation of results (Friberg, 1988). Quality
control focuses on the quality of laboratory results (Taylor, 1987) and consists
of external quality control, which includes systems for objective monitoring of
laboratory performance by an external laboratory, and internal quality control,
which encompasses a defined set of procedures used by laboratory personnel to
assess laboratory results as they are generated (Friberg, 1988). Those
procedures lead to decisions about whether laboratory results are sufficiently
reliable to be released. Auditing procedures are used to monitor sampling,
transport of samples, and recording and reporting of data (Friberg, 1988); these
procedures are intended to promote laboratory discipline and vigilance aimed at
preventing errors, both inside and outside the laboratory (Taylor, 1987).

Statistical evaluation of laboratory data is essential for quality assurance
and quality control; its primary objective is to assess analytic results for
accuracy and precision. In this context, ''precision'' refers to the reproducibility
of results, and "accuracy" specifies the validity of those results. Hence,
precision is a measure of random errors of a method, and accuracy assesses
systematic bias of the method. Random errors are always present and systematic
errors sometimes occur. In the absence of systematic errors, the reproducibility
of measurements places the ultimate limit on the confidence ranges that can be
assigned to a set of analytic results. Similarly, the ability to detect systematic
bias is limited by the analytic precision of the method: an inaccuracy of ±20% is
unlikely to be detected when the reproducibility of the measurement is 20% or
more.

Statistical evaluation of laboratory data is essential to detect systematic
bias (Taylor, 1987). Whether a laboratory participates in a round-robin
proficiency testing program or uses regression analyses, tests of homogeneity,
or other statistical methods, the acceptability of the laboratory results is based
on stringently defined methods for assessing potential error. A repeatedly
observed deviation from an assumed value, whether statistically significant or
not, should be a cause for concern
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and demand close scrutiny of laboratory results, even if no quality-control test
rejected the laboratory (Taylor, 1987).

Inside the laboratory, the validity of each procedure must be established
within a specific matrix, which replicates the matrix of biologic fluids or tissues
to be analyzed. Internal laboratory checks include measurement of the stability
of samples, extensive calibration and replication of samples measured in
duplicate, determination of precision and accuracy testing with matrix-matched
samples and standards, carrying through of blank solutions for analyses
sequentially in every phase of analysis, and useful characterization of the range
of linearity and variance of calibration curves over time (Vahter, 1982; Nieboer
and Jusys,  1983; Stoeppler, 1983b). External assessments of laboratory
performance are best carried out through a laboratory's participation in a well-
organized, formalized interlaboratory proficiency testing program. Such a
program should include the use of centrally prepared certified samples in which
a specific characteristic has been measured with a reference method (Friberg,
1988). For example, a suitable proficiency testing program for measurement of
lead in whole blood would involve the use of blood samples from cows fed an
inorganic lead salt; the samples would be certified as to lead content with
isotope-dilution mass spectroscopy at the National Institute of Standards and
Technology.

A definitive method is one in which various characteristics are clearly
defined and instrumental measurements can be performed with a high level of
confidence (Cali and Reed, 1976). For lead in biologic fluids, the definitive
method is isotope-dilution mass spectroscopy (IDMS). IDMS reaches a high
level of accuracy, because manipulations are carried out on a weight basis.
Measurement involves determinations of isotope ratios, not absolute
determinations of individual isotopes; analytic precision of one part in 104–105

can be routinely obtained. Atomic-absorption spectroscopy and anodic stripping
voltammetry both qualify as reference methods for measurement of lead in
whole blood, because results obtained with them can be assessed precisely by or
calibration against results of IDMS analyses (Stoeppler, 1983b). As acceptable
concentrations of lead in blood and other biologic media become lower, the
availability of standard reference materials and their wider distribution to
laboratories become increasingly important.

Rapid advances in development of sophisticated instrumentation,
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increased awareness of background contamination of lead analyses outside and
inside the laboratory, and the use of reference methods have contributed to
laboratories capability to measure lower concentrations of lead and to measure
lead with increased precision (Stoeppler, 1983b; Taylor, 1987; Friberg, 1988).
Because lead is widely distributed in air, in dust, and in routinely used
laboratory chemicals, the laboratory requirements for ultraclean or ultratrace
analyses of lead, such as for lead in plasma, are extremely demanding; very few
laboratories have ultraclean facilities and related instrumentation to permit
accurate measurements of trace amounts of lead in biologic fluids (Patterson
and Settle, 1976; Everson and Patterson, 1980). In an ideal world, ultraclean
laboratory techniques would be applied in all laboratory procedures. In the
practical world of clinical and epidemiologic studies, these exacting techniques
are unrealistic. For example, excellence in laboratory standards is essential, but
sampling conditions in the field, clinic, or hospital cannot be expected to be the
same as ambient conditions in an ultraclean laboratory. Sampling under
practical conditions is bound to involve some positive analytic error (Stoeppler,
1983b). However, the amount of lead introduced by ambient exposure of
biologic fluids and by routinely used laboratory reagents must be known and
assessed frequently to identify significant compromise within an analytic
procedure (Rabinowitz and Needleman, 1982; Friberg, 1988). Temporal
considerations are also important in the measurement of lead and biologic
indicators of lead toxicity, because these substances might circulate in biologic
fluids with specific and different patterns of ultradian (between an hour and a
day) and circadian rhythmicity (Rabinowitz and Needleman, 1982).

Sample collection has the potential to account for the greatest amount of
positive error during analyses of lead at low concentrations, in contrast with the
smaller errors that are inherent in instrumentation (Nieboer and Jusys, 1983). In
measurement of lead in whole blood, for example, blood for analysis is
preferably obtained with venipuncture and less preferably with fingerstick. The
choice of sampling technique is based on feasibility, setting (parent-child
acceptance), and extent of training of the persons who are collecting the
samples. Fingerstick or capillary sampling might be problematic because of
skin contamination, contamination within capillary tubing, and inadequate
heparinization of the sample (EPA, 1986a). Cleaning the skin thoroughly is
more important
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than the choice between alcohol and a phosphate-containing soap as the
cleanser. Overestimates of the concentration of lead in whole blood can occur
through contamination of the skin or capillary tubes, and underestimates can
occur through dilution of blood with tissue fluids caused by squeezing of the
finger too rigorously. For those reasons, during NHANES II, only venous blood
samples were obtained and included in the analysis of survey results (Annest et
al., 1982).

It should be noted that the erythrocyte protoporphyrin (EP) test is an
insensitive assay at blood lead concentrations below 50 µg/dL (Mahaffey and
Annest, 1986); widespread use of properly obtained fingerstick samples appears
to be necessary in screening large populations. The EP test has commonly been
used in the past to screen large populations of children. From a public-health
standpoint, it is desirable to obtain false-positive values with the new fingerstick
techniques and then perform definitive venous sampling. Public-health officials
should not rely on old EP methods, which have been shown to yield a false-
negative rate of about 50% at blood lead concentrations less than 50 µg/dL
(Mahaffey and Annest, 1986).

Plastic and glass laboratory equipment must be cleaned rigorously in an
acid bath and then washed thoroughly in high-purity (18-megohm) water. Only
laboratory reagents with known lead concentrations should be used, and these
contributors to positive laboratory errors should be measured individually
(Rabinowitz and Needleman, 1982). For ultratrace analyses, doubly distilled
reagents and highly purified materials are necessary (Everson and Patterson,
1980).

SUMMARY

Most clinical and epidemiologic research laboratories now involved in
measuring lead in biologic materials use only a few well-studied analytic
methods routinely. In coming years, most laboratories will probably retain these
methods for measuring lead at the ever-lower guideline concentrations that are
being promulgated, e.g., lead in whole blood at or below 10 µg/dL,  the new
CDC action level for childhood lead exposure. The routine methods used for
such typical analyses as lead in whole blood are principally electrothermal or
graphite-furnace atomic-absorption spectrometry (GF-AAS) and the
electrochemical technique of
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ASV. Other variations on AAS and electrochemistry are either passing out of
use or increasing in use; they are not as popular with laboratories as those two.
Both AAS and ASV are theoretically adequate for the new, more rigid
performance and proficiency demands being placed on laboratories in light of
lower body lead burdens and exposure and toxicity guidelines, provided that
attention to rigid protocols is scrupulous.

It appears that blood lead measurements will continue to have an important
place in the human toxicology of lead, primarily as an index of recent exposure.
L-line XRF measurements of lead in tibial cortical bone of children, women of
child-bearing age, pregnant women and other adults appear to have
considerable dosimetric relevance for assessing lead stores that have
accumulated over a lifetime. K-line XRF techniques appear to have substantial
biologic relevance for assessing cumulative lead exposure in workers in lead-
related industries and possibly for relating cumulative lead exposure to
epidemiologic study of renal disease, hypertension, and osteoporosis. Wider
application of both techniques, coupled to sensitive high-performance liquid
chromatographic methods for assessing lead's inhibition of the heme
biosynthetic pathway in worker populations, holds considerable promise for
further delineating toxic effects of lead in sensitive populations at relatively low
exposures.

The primary concern with current lead concentration measurements is over
analytic error, rather than instrumental limitations—specifically caused by the
introduction of lead into samples during collection, storage, treatment, and
analysis. Contaminant lead, which is commonly not accurately quantified,
increased measured lead concentrations. Consequently, reported lead
concentrations in both biologic and environmental samples are often
erroneously high, as demonstrated with intercalibrated studies that used trace-
metal-clean techniques and rigorous quality-control and quality-assurance
procedures.

Intercalibrations have demonstrated that many conventional instruments
are capable of accurately and precisely measuring lead concentrations in
biologic tissues and environmental samples. They include atomic-absorption
spectrometers and anodic-stripping voltammeters, which are commonly used to
measure lead concentrations in hospitals and commercial laboratories.
Moreover, recent advances in instrumentation
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and methods have demonstrated that parts-per-trillion lead concentrations can
be accurately and precisely measured with either of those instruments.

Noninvasive XRF methods are being used more for measuring lead in
bone, where most of the body burden of lead accumulates. They include
complementary methods: LXRF and KXRF. Developments in vivo XRF
analysis of human bone lead are occurring in parallel with increases in
knowledge of two closely related subjects: the quantitative relation of lead
exposure to bone lead concentrations and the quantitative relation of bone lead
concentration, either total or compartment-specific, to either the extent of
resorption into the circulation or the health risks associated with such
resorption. The direction of future XRF methodologic developments and the
ultimate potential of XRF methods for use in large-scale exposure screenings of
diverse populations will be influenced by the answers to these questions:

•   Are sensitivity limits of present XRF methods adequate for reliable
measurement of bone lead concentrations that reflect unacceptable
cumulative exposures and indicate some potential health risk
associated with resorption into blood?

•   Are thresholds of potential concern for adverse health effects of lead,
when indexed as bone lead concentration, around or below the current
measurement capability for in vivo lead quantitation?

•   Are XRF systems likely to be useful only for screening high-exposure
subjects, or can the potential for this in vivo determination extend to
low-exposure subjects if instruments are refined?

•   How reliably can the apparently distinct bone lead pools probed with
LXRF vs. KXRF methods be related to past lead exposures that could
lead to mobilization of lead from bone stores and increased future
toxicity? Is tandem use of LXRF and KXRF measurements required in
serial exposure screenings of sensitive populations for adequate risk
assessment?

•   Who are the most appropriate sensitive populations for XRF analysis?
Young children? If so, at what age range? Women of child-bearing age?

•   To what purpose should XRF data be put? To determine that
cumulative past exposure producing irreversible intoxication is a marker
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of current adverse health effects? To determine the extent of future risk
of endogenous toxicity associated with resorption of lead from bone
into blood?

Technical problems with XRF methods appear to fall into three general
categories, as follows:

•   Difficulty in separating instrument background from lead signal.
Research groups and instrument vendors use varied software to
separate the lead signal from the instrument background. Some
software is proprietary and has little publicly available documentation;
sharing of applicable software could help to advance the field. Even
some of the better methods for separating signal from background
cannot identify a signal that is less than 2 times greater than
background. Lead concentrations of 2–10 µg/g are the lowest that are
quantifiable with XRF methods. Those concentrations are higher than
bone lead concentrations of many adults and most children, but not
higher than those of occupationally exposed people or people with
atypically increased environmental lead exposures.

•   Variability between instruments. No appropriate certified standards are
available to provide a basis for obtaining consistent, accurate, and
quantitative data. The presence of standards would make it possible to
assess and improve the accuracy and precision of different instruments.
The availability of standards would also improve the validity of quality-
assurance and quality-control programs in use by various groups and
permit comparative measurements between instruments.

•   Physiologic aspects of bone turnover. Physiologic variability in lead
concentration between and within various bones has not been explored
with XRF methods. Bone turnover and remodeling are age-and sex-
dependent, and that complicates interpretation among groups
(especially young children) that have bone lead concentrations
substantially below the limit of in vivo XRF methods now available.

Reported LXRF and KXRF systems appear to measure bone lead pools
that differ in concentration, anatomic region, and toxicokinetic mobility. LXRF
data might reflect a bone lead pool more labile than the purely cortical mineral
lead fraction measured by the KXRF system. It would be premature to delineate
the age-developmental time boundaries
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over which these two systems can be viewed as operating optimally.
Consequently, it is appropriate to view the two approaches as providing
complementary information. All such information might, in fact, be required to
obtain a complete exposure profile and a comprehensive framework for
assessment of health risks.

The definitive method of measuring lead concentration is still isotope-
dilution thermal-ionization mass spectrometry (TIMS). Although TIMS is not
appropriate for routine analyses, because of cost and complexity, it is becoming
more useful for medical research as a result of continuing improvements in
sample processing and sensitivity. The applicability of TIMS in medical
research is also expanding with the development of stable-isotope tracer
methods, which eliminate the need for radioisotopes in studies of lead
metabolism.

Other types of inorganic mass spectrometers are becoming feasible. Major
developments in inductively coupled plasma mass spectrometry have indicated
that it will soon become common in hospitals and commercial laboratories,
where it might be used for both lead concentration and isotopic-composition
analyses of biologic tissues and environmental materials. Comparable advances
in other types of mass spectrometry indicate that they could also soon be used to
measure lead in solid materials; they include gas-discharge mass spectrometry,
secondary-ion mass spectrometry, and laser-microprobe mass analysis.

Nuclear magnetic resonance spectroscopy is also potentially valuable for
analysis of lead in biologic materials. Specifically, it might be used to measure
intracellular and cellular lead, as well as calcium, zinc, iron, and other trace
elements. However, applications of this technique will continue to be limited by
the expense of the instrument and the technical expertise required to operate it.

Lead concentrations and isotopic compositions in biologic and
environmental matrices can be accurately and precisely measured with existing
instrumentation, notably atomic-absorption spectrometry and anodic-stripping
voltammetry. The capabilities of those commonly used instruments now exceed
most analytic requirements and are still being improved. The applicability of
other instruments, which often provide complementary lead measurements, has
been demonstrated within the last decade. It is anticipated that newer techniques
(L-line and K-line XRF and inductively coupled plasma mass spectrometry)
will soon be common in clinical and epidemiologic studies. Other types of mass
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spectrometry and nuclear magnetic resonance spectroscopy are also expected to
be used in more specialized studies. The utility of all those types of analyses
will continue to be limited by the degree of quality control and quality
assurance used in sample collection, storage, and analysis.

As the focus of public-health officials has turned to lower exposures, the
errors-in-variables problem has become more severe, and the need for more
careful measurements has increased. For example, the standard error of the
blind quality-control data in NHANES II was approximately 10% of the mean
blood lead concentration. To achieve a similar signal-to-noise ratio in the data
(and hence a similar reliability coefficient in epidemiologic correlations),
NHANES III will need to reduce absolute measurement error by about a factor
of 3. Similarly, as screening programs focus on lower exposures, the probability
of misclassification increases, unless the measurement errors are reduced
proportionally. Analyses of data from NHANES II, which had much better
contamination control and laboratory technique than most screening programs,
showed a significant risk of misclassification of a child's blood lead
concentration as being above 30 µg/dL because of the analytic error (Annest et
al., 1982). Reliable detection of blood lead concentrations of 10 µg/dL will
require considerably more care and probably different methods from those now
used.
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6

Summary and Recommendations

Society and science are working hard to comprehend and respond to lead
as a major, persisting public-health issue that is of particular relevance to what
are termed sensitive populations (i.e., populations that are at special risk for the
subtle adverse health effects of chronic low-dose lead exposure): infants,
children, and pregnant women (as surrogates for fetuses). This chapter presents
recommendations on such matters as sources and pathways of lead exposure,
the environmental epidemiology of lead in sensitive populations, methods of
assessing exposure to lead with reference to markers of both exposure and
effect, and adverse health effects of lead.

SOURCES OF LEAD EXPOSURE

An understanding of lead exposure in sensitive populations requires
knowledge of the possible sources of exposure. This is especially important for
lead, because it is found widely throughout the environment. However, for
sensitive populations, there are some sources that are more important than
others. These include lead in paint, gasoline, drinking water, solder (used to
solder joints in water-distribution systems and used in imported food
packaging), and in imported pottery. As noted previously, there are some
continued uses of lead arsenate in agriculture, and it may be a contaminant in
some dietary supplements, such as calcium preparations. Finally, this report did
not address occupational exposure, but this may also be an important indirect
source
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of exposure for some children in families whose parents work in lead industries.

ADVERSE HEALTH EFFECTS OF LEAD

The committee has identified infants, children, and pregnant women (as
surrogates for fetuses) as sensitive populations at risk for the subtle adverse
health effects of chronic low-dose lead exposure. In addition, adults
occupationally exposed to lead and others having potentially large exposures
face the risk of various forms of lead toxicity, including risk of lead-induced
increases in blood pressure. However, the most sensitive populations at special
risk for lead toxicity are infants, children, and pregnant women (as surrogates
for fetuses).

There has been a substantial change in our understanding of the health
effects of lead since the mid-1970s. When the 1970s began, interest in lead was
focused on symptomatic lead-poisoned children.  Research beginning in the
1980's identified cognitive effects short of encephalopathy and numerous
noncognitive end points of smaller and smaller lead exposures. Those changes
have redefined the populations at risk and the risks themselves.

The 1980s also saw the advent of prospective studies examining the
cognitive effects of prenatal and postnatal exposure to lead. Such  studies have
been undertaken in populations with much smaller exposures than were
previously examined. Despite the lower power implied by the smaller exposure
range and exposures closer to the measurement error in the analytic techniques
used, studies by Bellinger, Dietrich, and Vimpani and their co-workers have all
found decrements in the Bayley Scales of Infant Development (used to judge
extent of growth and development)  and other developmental tests for infants
associated with prenatal, postnatal, or perinatal lead exposure. The blood lead
concentrations in these studies were usually 5–15 µg/dL.  Associations found in
a study group consisting mostly of people with a history of alcohol and drug
abuse were weaker or insignificant, possibly because of difficulties in detecting
the effects of lead in a population exposed to other toxic agents. Even in that
group, the trends generally suggested decreased performance with increased
lead exposure.

Another development has been the use of end points other than full-scale
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IQ to measure the effects of lead on the central nervous system (CNS), such as
teacher rating scales, reaction-time tests with an attention-span component,
brain stem auditory evoked potentials, hearing thresholds, and other
electroencephalographic measures. Some have found balance to be a sensitive
early indicator of lead toxicity. The findings have added strength to the
association with full-scale IQ, but it is noteworthy that the most consistent
finding across all the studies of the CNS effects of lead is the association of
increasing exposure with increasing reaction time, which apparently indicates
an attention deficit.  Similar effects have been noted in monkeys, again at lead
concentrations of 5–15 µg/dL.

One complex of recently identified end points involves disturbances in the
growth and development of the fetus and child. That identification has been
accompanied by increased evidence of metabolic disturbances on the
subcellular level that provide clues to the possible mechanisms of lead toxicity.

Recent studies indicate an inverse association of maternal lead exposure
with birthweight or duration of pregnancy. For example, one study indicated
that a change in maternal blood lead concentration from 4 to 8 µg/dL would be
associated with a 0.6-week reduction in duration of pregnancy and a consequent
46-g reduction in birthweight.  The joint teratogenic effects of alcohol, tobacco,
and lead appear to be less than additive, and that could account for the lack of
statistical significance in the finding of Ernhart and co-workers in a population
with a history of alcohol abuse.

Effects of lead on postnatal growth and development have been reported. 
Shortness of heavily exposed children (mean blood lead, 57 µg/dL) was noted
by Mooty in 1975. In 1986, Schwartz and co-workers reported an association
between lead and stature, with a 3-cm decline in height at age 5 as blood lead
concentrations increased from 5 to 25 µg/dL. Prospective studies have
confirmed an association of lead exposure with retarded postnatal growth in
infants and children. Lead has also been associated with a delay in the age at
which a child first sits up. Again, the findings suggest significant differences
between blood lead concentrations of 5 and 15 µg/dL.

Early epidemiologic assessments relied on traditional questionnaires (rote
counting). If the majority of studies found an association, the effect was likely.
The fact that the statistical analyses were highly
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sensitive to sample size was ignored, as were the sample sizes themselves.
However, recent epidemiologic assessments have paid more attention to general
trends and effect-size comparisons between studies and less attention to vote
counting. Intuitively, five studies showing the same effect size are fairly
convincing, whereas five studies with widely differing effect sizes are mostly
suggestive of uncontrolled confounding. Meta-analysis is the common term for
the more formal statistical methods for combining studies.  Although the
methods of meta-analysis must be applied cautiously, they promise an
important improvement in the interpretation of the literature.

MARKERS OF LEAD EXPOSURE AND EFFECT

Lead has been shown to be a potent disturber of cellular calcium
metabolism, preferentially binding to and activating or blocking calcium-
binding proteins, such as calmodulin and calcitonin. Lead appears to produce
increased intracellular calcium stores in every tissue studied, possibly with
consequences for second-messenger functions. Recently, lead has been shown
to activate protein kinase C at less than picomolar concentrations. No direct
connection between those metabolic changes and disturbances in growth or
cognitive functions has been established, but the existence of such changes adds
considerable plausibility to the epidemiologic findings, particularly in view of
the pervasive role of calcium in regulating cellular function.

Molecular biologic markers for assessing individual differences in
responsiveness to lead exposure are of increasing interest, because of the well-
known individual variations in susceptibility at a given blood lead
concentration. Radioimmunoassays for marker proteins, such as the renal and
brain lead-binding proteins that have been found in the blood and urine of
rodents, are of great potential value in elucidating the underlying causative
factors of susceptibility to lead toxicity at the molecular level.

The use of markers involves noninvasive or minimally invasive
procedures. That is particularly important for gaining acceptance by public-
health professionals and the public. It is clear that new marker techniques must
be rapid, relatively simple, economically feasible, and associated with minimal
health risks, if they are to gain widespread application.
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The committee concludes that a number of questions concerning the
systemic compartmental mobility of lead remain, especially those related to
methods of monitoring for lead exposure.

•   The committee recommends that further studies be done to determine
the factors that influence movement of lead into bone and from bone to
blood and other target tissues; the early-effect indicators in lead
exposure monitoring, including research on lead-binding proteins and
their use in monitoring for small exposures; and in vivo lead and
calcium interactions.

TECHNIQUES TO MEASURE LEAD EXPOSURE AND EARLY
TOXIC EFFECTS

Continuous measurement of exposure, allowing more detailed
investigation of potential dose-response relations, has been introduced.
Improved analytic techniques have reduced errors in the measurement of lead
exposure, as well as of some covariates.  Biologic markers of exposure—such
as blood lead, urinary lead, and bone lead—have always involved measurement
of total lead in epidemiologically and clinically relevant biologic media. The
existence of specific biochemical forms of lead in accessible physiologic media,
their role in lead toxicokinetics and toxicity, and their comparative diagnostic
value in in situ biochemical behavior are important and perhaps require more
attention in the future. In the near term, such questions would have to be
addressed through in vivo metal research.

The potentially useful form-specific analysis in the near term for some
segments of populations at risk has to do with speciation of  inorganic versus
biochemically stable organolead species in physiologic media with existing
trace and ultratrace analytic methods. This approach is important for specific
populations where environmental alkylation and accumulation occur or
existence of alkyl lead forms would be problematic and where evidence exists
of accumulation of different organolead species in tissues such as brain.

The current trend in measurements for lead dosimetry and effects is toward
noninvasive or minimally invasive procedures for blood, urine, or bone. For
bone, the anatomic location of the measurement is typically the finger, tibia, or
calcaneus, because the bone in those areas is
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close to the skin and x-ray absorption in soft tissue is minimized.  Those
anatomic locations might also be physiologically important because of apparent
differences between the residence time of lead in compact versus cancellous
bone, which could influence calculations of internal lead doses from bone lead
stores.

The regulatory and public-health implications of the advent of the
techniques noted above concern the new ability to detect low-dose lead effects
and to relate them more precisely to internal lead dosage. Further refinements
and validation of the methods should permit societal decisions about low-dose
lead in sensitive populations to be made on the basis of actual data, as opposed
to calculated extrapolations, which can be based on uncorroborated
assumptions. Clearly, the new methods have the potential to revolutionize
public-health strategies in dealing with lead.

The committee concludes that, at the current blood lead concentrations of
concern, accurate and precise blood lead values can be obtained with current
techniques, given strict attention to contamination control and other principles
of quality assurance and quality control (QA/QC). For the present and near
future, blood lead values, rather than those of erythrocyte protoporphyrin, will
be the primary screening tool to assess current lead exposure.

•   The committee recommends that the optimal screening method should
be venous sampling. However, the committee recognizes that initial
screening of small children will involve capillary blood sampling with
strict attention to principles of contamination control.  Under the latter
circumstances, a confirmatory followup measurement on children
whose measurements exceed the latest Centers for Disease Control and
Prevention guidelines should be carried out on a venous blood sample
obtained by venipuncture.

The primary concerns associated with current measurements of lead
concentrations in sensitive populations are unrecognized contamination and
insufficient QA/QC. Several analytic techniques (atomic-absorption
spectroscopy (AAS), anodic stripping voltammetry (ASV), and inductively
coupled plasma mass spectrometry (ICP-MS)) are available for routine
measurements of lead concentrations at parts-per-billion concentrations in
clinical laboratories experienced in conducting those measurements regularly.
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•   The committee recommends the establishment of rigorous tracemetal
cleanup techniques in sample collection, storage, and analysis in all
clinical laboratories. The quality of those measurements should be
documented with detailed QA/QC procedures, required participation in
blind interlaboratory proficiency testing programs, and analysis of lead
in blood with concurrent analyses of appropriate reference materials.

There is a need for stored samples and standard reference materials (bone,
water, blood, urine, dust, soil, and paint) to assess laboratory precision and
adherence to QA/QC principles. Aliquots of representative samples also need to
be stored for future intercalibrations.

As the focus of epidemiologic studies has turned to smaller lead exposure,
the problem of errors in the variables has become more severe, and the need for
more careful measurements has markedly increased. Errors in measurement of
variables other than lead similarly assume considerable importance. Before
epidemiologic studies are begun, errors in variables (e.g., the standard deviation
of the analytic measurement error in blood lead or IQ) must be systematically
quantified.

For L-line and K-line x-ray fluorescence (XRF) instruments, standard
reference materials are needed for intralaboratory and interlaboratory
measurements and QA/QC assessments. Standard reference materials should be
used to evaluate the counting time necessary to achieve a quantitative lead peak
of, e.g., 10 ppm, with 95% confidence limits, under the same operating
conditions used for patient measurements. If L-line or K-line instruments are
proposed for use in women of child-bearing age or pregnant women, the
radiation risk to the human conceptus must be carefully quantified, according to
NRC guidelines. Moreover, dosimetry measurements of both instruments
should be calculated with strict adherence to National Council on Radiation
Protection and Measurements procedures. The calculations should include
determinations of absorbed- and scattered-dose rates, with radiation quality and
tissue distribution weighting factors used for final calculations of the effective
dose equivalent. The procedures should then provide confidence that risks
associated with these techniques have been thoroughly examined.

•   The committee recommends that federal agencies consider the need for
further L-line and K-line XRF instrument development to decrease
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the counting time and enhance the detection limits without increasing
radiologic risks. Both techniques may have future clinical utility to
answer outstanding questions essential to protect the health of sensitive
populations.

Federal agencies, which are mandated to clear new medical devices for
clinical use, should be cognizant of the sequence of XRF instrument
assessments that are necessary to ensure radiologic safety and clinical utility of
these instruments in sensitive populations.

Recent advances in mass spectrometry have demonstrated the applicability
of stable lead isotopes for investigating sources of environmental lead.

•   The committee recommends that thermal-ionization mass spectrometry
(TIMS) and ICP-MS be used to identify and trace unique sources of
lead contamination that can be characterized by isotopic composition.

The same instrumentation could be used to investigate lead metabolism in
humans with relatively small (microgram) amounts of a stable lead isotope
tracer. The refinement of other analytic techniques that are still in development
should be promoted for surface-area analyses (e.g., secondary-ion mass
spectrometry, SIMS) and microanalyses (e.g., laser microprobe mass
spectrometry, LAMMA).

In cells and tissues, lead has been shown to perturb the calcium messenger
system. Although a direct connection between metabolic and dosimetric
changes to disturbances in growth, development, vascular peripheral resistance,
and cognitive function has yet to be fully established, the pervasive role of the
calcium messenger in regulating diverse cellular functions provides
considerable plausibility to epidemiologic findings. Given the inherent
plausibility of those mechanistic and dosimetric observations, new initiatives
and refinements in methods are needed to characterize further these and early
toxic effects of lead on cells and tissues.  Such new approaches and refinements
in current techniques might become relevant in assessing lead exposure and
toxic biochemical effects in sensitive populations.

The committee finds a need to measure the biologically active chemical
species of lead that produce toxic effects at low doses and their relationship to
lead binding in major intracellular compartments, such as
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lead-binding proteins, intranuclear inclusion bodies, mitochondria, and
lysosomes. In addition, there is a need to understand further the mechanisms of
low-level lead toxicity in target tissues, with particular emphasis on lead-
induced changes in gene expression, calcium, signaling, heme biosynthesis, and
cellular energy production.

Current tissue-culture studies involve a degree of lead contamination in
media and various reagents. As a result, even so-called untreated control cells
can be perturbed, to an extent, by ambient lead in tissue-culture media.

•   To understand further lead's mechanistic effects at the cellular level,
the committee recommends that studies be conducted to explore the
feasibility of applying ultraclean lead-free techniques to in vitro studies.
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