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ABSTRACT |

Human exposure to lead has been shown to be cumulative in na-
ture. In order to assess the toxicological significance of environ~
mental lead exposures, it is necessary to define the contributions to
an individual's daily lead uptake from all possible exposure path~
ways. This paper defines and quantifies the major environmental
sources of lead exposure, describes the absorption characteristics of
lead compounds in man via each exposure route, determines the source
contribution factors for daily lead uptake by each exposure pathway,
and relates those contributions to an individual's blood-lead level.
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EXECUTIVE SUMMARY

The MITRE Corporation/Metrek Division has been assisting the
Criteria and Standards Division, Office of Drinking Water, in their
assessment of the adequacy of the current interim standard for lead
(Pb) in drinking water. = In this assessment, the biological effects
of lead exposure are reviewed, the major emnvironmental sources of
lead exposure (air, food, drinking water, soil/dust and paint) are
quantified, the sensitive populations are identified and a relation-
ship between exposure levels and blood-lead levels is developed.

The method employed in this study is to estimate the degree to
which each major envirommental source of lead exposure contributes to
an individual's total daily lead uptake, based on probable exposure
conditions (i.e., ambient lead levels) as well as individual biolog-’ ' i
ical absorption rates for each exposure route. These source contri- i
bution factors {percent contribution from each source to total dally
lead uptake) identify the relative significance of each source in
producing overall toxic consequences, and thus point out those areas

-where regulatory action will have the gteateat effect. : V |

Since the blood-lead level is the value most widely reported in 5y
the literature to represent the extent of lead absorption, it is
necessary to relate daily lead uptaKe to blood-lead values in order
to define the toxicological impact associated with different levels

 of lead uptake,

Environmental Lead Sources

Lead is a natural constituent of the earth's crust, but the
presence of lead in the remainder of the environment is the result of
extensive human use of lead. The chemical properties associated with
the more -common forms of lead result in low lead levels in natural
waters,

The majority of lead compounds found in the atmosphere result
from leaded gasoline combustion. In 1975, the most recent year for
which data are available, approximately 88.8 percent of the total
atmospheric lead arose from this emission source. The next largest.
contributors, primary. copper and lead smelting facilities, provided
2.5 and 1.7 percent of the total. Localized atmospheric lead
pollution resulting from industrial plants processing lead and its
products can be quite severe, but the contribution of these plants to
the pollution load across large areas is minimal.
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The ingestion of foodstuffs containing lead appears, on the
average, to be the largest contribution to an adult's total daily
lead intake. The source of lead in various foodstuffs may be natural
bioaccumulation, deposxt10n of azrborne lead particles, or food
proceasxng and serving.

- Lead concentrations in flnlshed drinking water collected at 969
public water supply systems in the United States ranged from an
undetectable amount to 640 m1crograms per liter (pg/1l). Of the
supply systems sampfed 37 sites (1.4 percent of the total) contained
lead in concentrations exceeding the current national interim primary
drinking water standard of 50 ug/l. Tap water tends to contain
higher lead concentrations than water in distribution systems due to
‘the use of lead pipe or lead-containing- solder in home plumbing .
systems.

Soil and dust contain a high concentration of deposited lead
particulates. Normal hand-to-mouth activity of children may lead to
ingestion of high concentrations of lead compounds, which are then
subject to absorption by the gastrointestional tract: Lead levels in
soil and dust in metropolitan areas have been reported as high as
12,000 pg/g. Leaded gasoline is the main contributor to these high
lead levels. '

Lead-containing materials (e.g., paint, plaster, newsprint) are
ingested by some children suffering from pica. Extremely high lead
concentrations dre found in the paint of some on older dwellings.

Toxicologic Prgperties

Environmental lead compounds can be absorbed into the blood-
stream from the lung after inhalation, from the gastrointestional
tract after 1ngest1on, or to a limited extent, from direct dermal
contact. The absorption kinetics for each of these pathways are
dependent upon a number of factors, including the physical and chemi-

cal nature of the lead compounds at the time of exposure and the pre-
sence of other modifying agents. Once inorganic lead is absorbed
into the bloodstream, it is readily transported throughout in the
body and does not normally retain any characteristics associated with
its exposure or absorption route.

Lead is present in vxrtually every organ of the human body.
Over 90 percent of the lead stored in the adult body is located in
the skeleton. Lead concentrations in the majority of soft tissues
apparently reach an equilibrium level during the second decade of
life and remain at this level indefinitely. Concentrations in the
bones, aorta, liver, lungs, kidneys, pancreas and spleen continue to
increase with age.

vi
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D T U U

Ia adulta, approximately 90 percent of ingested lead is elim-
inated in the feces without prior gastrointestinal absorptxon.
Abgorption of lead via the gastrointestinal tract is greater in
children, who therefore eliminate a substantlally smaller proport1on
of their total intake as unabsorbed lead in the feces. The pr1mary
elimination route for lead abgorbed by all routes is in the urine,
representing about 95 percent of the total output of absorbed lead,

The toxicological impact of lead is the cumulative result of
exposure from many sources. Adverse health effects may result from

" contipuous low-level exposure from the ambient enviromment. Toxic

effects are egsentially due to the mobile fraction of absorbed lead
within the body. This mobile fraction is composed of lead from any
recent exposure, as well as the background level of easily mobilized
lead previously deposited in the soft tissues and soft (trabecular)
bone, and to a lesser extent, to that portion mobilized from dense
bone.

Lead inhibits the synthesis of hemoglobin at several points
throughout the heme synthetic pathway. The inhibition of the enzyme
aminolevulinic acid dehydratase {ALAD) is believed to be the earliest
known biological effect of lead intoxication. Amnemia is often the
earliest clinical sign .of chromic and acute lead poisoning. This
anemia is balieved to be the result of decreased erythrocyte produc~
tion and increased destruction due to the interference of lead,

Accumulation of lead in the body can lead to severe effects on
the central nervous system. These central nervous system effects are
most responslble for the morbidity and mortality associated with lead
poisoning. Symptoms of neurological changes include ataxia (muscular
coordination fa11ure), clumsiness, weakneas, stupor, coma and convul~

‘gsions. There is a great deal of controversy concernlng the subtle

neurobehavioral effects of low-level lead exposure in asymptomatic
humans.

" In addition to the effects on the central nervous system, periph-
eral neuropathy due to lead poisoning has been reported. Peripheral
nervous system paralysis is characterized by selective involvement of
motor neurons and is manifested as weakness of the extensor muscles.

There appear to be two distinct renal effects from chronic lead
exposure, reversible proximal tubular damage and progressive, irre-
versible renal failure, Although dose-response relationships have
not been defined, it appears that the effects occur only at levels
above those which affect heme synthesxs.

vii
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' There are many tests which can be used for the detection of
increased lead absorption. Tests vwhich measure both tissue lead con-
tent and tissue metabolic effects are available, However, no single
_test can be used for the determination of total body burden or over-
all metabolic effects. At present, blood~lead concentration is the ‘ .
most widely used measure of tissue lead content. o . : ]

Two subgroups within the general population have been identi-
fied as being more sensitive and at greater risk to environmental
lead exposure. Due to many factors, children under the age of four
are especially susceptible to the toxic effects of lead. The fetus
has also been identified as a lead-sensitive individual, due to the
immature state of deveIOpment of certain organs, Because transpla- ;
cental absorption is the major source of prenatal lead exposure, the : i
pregnant female must be recognxzed as the exposure vehicle for the
fetus, The blood-lead level in the fetus is approximately the same ‘
as that in the mother. Separate lead-uptake—to-blood-lead relation~ E [
ships have been derived for children and pregnant women. ‘

The Center for Disease Control (CDC) set the blood~lead level of
significant danger to children at 30 pg/dl. The level of 30 ug/dl
set by the CDC is endorsed by the American Academy of Pediatrics and
is now the target level defined by EPA as the level of undue lead
'~ exposure.

Results

To evaluate the adeqnacy of the interim primary drxnkxng water
standard for lead, it is necessary to predict the blood-lead levels
associated with various concentrations of lead in drinking water for
identified sensitive populations, and to determine the extent to
which altering the maximum allowable concentration of lead in
drinking water may affect these populations.

. Through the combined use of the derived lead-uptake~to-blood~
lead relationship and percent contribution values from the source
contribution model, the relationship between various water—lead
exposures and resulting blood~lead values can be drawn., The source
contribution model represents any specific subunit of the total
population by incorporation of the assumed characteristic exposure
concentrations and physiologic factors associated with that subunit,

The model has been applied to four hypothetical populations:
adult males, pregnant females, nonplca children, and children with
pica for paint, Source contribution factors and blood-lead levels in
these populations have been calculated using the model. They are de~ . . -
scribed in the following paragraphs,

viii
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The range of source contribution factors can be quite large, if
one considers all the possible permutations of lead levels in the
various media. In pregnant females, the source contribution factor
for drxnkxng water varies from about 6 to 70 percent. 1In children
without pica, drinking water contributes between 2 and 74 percent of
the daily lead uptake., For the child with pica for paint, drinking
water contributes between 1 and 69 percent, depending on the concen—

tration of lead in soil/dust and paint.

Analysis of the effect of varied water-lead intakes in reference
to the critical threshold level of 30 pg/dl chosen by EPA and CDC
reveals that urban children are the seénsitive subgroup. Although
water may comprise as much as 42 percent of the source contribution
in rural children without pica who are exposed to lead in drinking
water at the current standard, their total blood-lead level (12.3
pg/dl) is well below the critical threshold level. Urban children
without p1ca, at the current drinking water standard and above all
display blood-lead values equal to or exceeding the critical thresh-
old level. Urban children with pica for paint (with lead-containing

_paint at the current standard) display blood-lead levels of 30 pg/dl

at water-lead levels below the standard, and blood-lead values well
above the critical threshold level at water-lead levels above the
standard. Urban children with pica (with lead-containing paint above

‘the standard) display blood-lead 1evels well above the critical level

at all water-lead levels.

At the current water standard, water lead represents 8.5 and 8.2
percent of the total source contribution for urban children without
pica and urban children with pica (léad-containing paiat at the stan=-
dard)}, respoct1ve1y. In children with pica for paint exposed to
lead~containing paint above the standard (8000 pg/g), water contrib- -
utes 5.8 percent of the total daily lead uptake., Lowering the water- -
lead concentration from 50 to 10 pg/l produces a decrease in the per-
cent contribution of water lead to total daily lead uptake from 5.8
to 1.2 percent, and a decrease in blood lead from an estimated 40.3
to 38.8 pg/dl.

The ' blood—lead values of urban pregnant women at an air standard
of 1.5 pg/m vary only by 2.7 pg/dl from blood-lead values of preg~
nant rural women. The blood-lead level of these urban women at the
current water standard is estimated to be 16.8 pg/dl, well below the
30 pg/dl level agreed on by EPA and CDC. The percent contribution of
water to total lead uptake in urban women ranges from 6.4 percent (at
10 pg/l) to 25.5 percent at the standard (50 pg/l). The blood-lead
level in those women varies by about 1,8 pg/dl (i.e., from an esti-

mated 15.0 to 16.8 pg/dl) over this same range of water-lead concen—
trations.

ix
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Blood-lead levels of U.S. children have been characterized as
“log-normally distributed, with a geometric standard deviation (GSD)
of between 1.3 and 1.5 (EPA, 1978). Given the 30 pg/dl threshold
level. One can identify the percent of the exposed population with
blood-lead levels below 30 pg/dl given a geometric mean blood-lead
level. Or, if a selected percentage of the population is to be pro-.
tected (as a safety marg:.n), one can determine the particular geo~
metric mean which will insure that that percentage will not exceed
- 30 pg/dl. This statistical treatment allows one to define the ex-
tent to which the "tails" of the frequency d13tr1but1on extend
beyond a particular blood-lead level.

More than 99 percent of rural children without pica or with pica
at low paint-lead levels, and all femgle adults are expected to fall
below the 30 pg/dl_blood—lead guideline, given drinking water lead at
the current interim standard of 50 pg/dl. Decreasing drxnklng
water-lead levels for these groups would have a negligible impact,
since most individuals within these groups are already below the
‘threshold.. A larger proportion of the urban child population exceeds
that 30 pg/dl blood-lead level, but the drinking water comtribution

.is only a small fraction of their total daily lead uptake. Assuming
drinking water lead at 50 pg/l, between 43.2 and 88.6 petcent of the
urban child population is expected to have blood lead in excess of 30
pg/dl (see Table 9-1). By reducing the lead level in drinking water
to 10 pg/1l, between 41.4 and 84.5 percent would exceed the 30 pg/dl
threshold.

The complete elimination of water lead from the uptake of the
urban child yields an estimated mean blood-lead level of 28.1, 28.9,
and 38.4 ug/dl for children without plca, with pica for paint at low
palnt—lead concentrations, and with pica at high pdint-lead coancen-
tratioms, respectively. The corresponding percentages of the popu-

* lation falling below 30 ug/dl are 64.1, 61.0, and 17.0, respectively.
Therefore, the total elimination of water lead in these groups adds
1.5 percent of the population to that portion already below the 30
pg/dl guideline. The effect upon the fetal population of reducing

the water-lead standard is not as clearly defined by these manipula-

tions, since the blood-lead levels of the vast majority of the female
‘population are already below 30 ug/dl.
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1.0 INTRODUCTION

The Office of Drinking Water (ODW) within the U.S. Environmental
Protection Agency (EPA) in accordénqe_with~the Safe Drinking Water
Act as amended has promulgated Natibéal Interim Primary Drinking
Water'Regulationa'for a number of physica1,<chemicai, biological and
radiological contaminants in potable wﬁtef systéﬁs. These inte;im
standards, which specify maximum contaminant levels (MCLs) for sub-
stances in drinking water, will be replaced by final Primary D:inking
Water Regulations as more definitive information describing the
health risks associated with each céntaminant is accumulated and
analyzed. ' . _

_ The MITRE Corporation, Metrek Division:has assisted the Criteria
and Standayds Division, Office of Drinking Water, in their‘asaessmeht
of the adequacy of the current standard for lead (Pb) in drinking
water (50 pg/l). As part of this effort, MITRE has defined and
quantified the major environmental sources of lead exposure,
devel—opéd estimates of total daily lead uptake in sensitive
subgroups of the general population, defined blood-lead levels
resulting from the major envirommental sources of exposure, and
assessed the public health significance of various le&gls of lead in

drinking water.

1.1 Background - |

Lead is ubiquitous in the environment and humans are exposed in
many ﬁaysi Lead in air can be traced to both stationary and mobile
(e.g., automobiles) emission sources: Lead occurs.naturally }n'water
systems, but a substantial portion of the lead present in dfiaking
water at the household tap is added in the water treatment and
distribution processes. Lead also occurs naturally in trace
quantities in various foods, but most of the lead in food is

attributable to processing and handling. Children are exposéd to

1
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additional sources of lead in spil/dust and other lead—confaining
nonfood materials. Both children and pregnant females have been
idehtified_as subgroups within the general population that are at
greéter risk from lead exposure than the remainder of the population.
Lead accumulates in the human bodj*—the majority in the bone, ’
kidney and liver. Lead that has been stored in body compartments can
be remobilized long after the initial absorption and produce adverse
health effects; Even though tﬁe,phyéiological effects of lead have
been weil-documented, there is still controversy surrounding toler—
able blood-lead levels and the significance of environmental sources
of lead exposure. Because of the multiple pathways for lead exposure
and the cumulative nature of lead exposure, it is necegs#ty to take
into account all tﬁe lead to which an individual is exposed when
consideringvthevimplicationé of a lead drinking water gtahdatd.

Oécupacional exposure, however, will not be discussed in this report.

1.2 Approach

In order to properly assess the health significance of lead-
contaminated drinking‘watei, it is necessary to define an individ-
ual's total daily lead uptake from all sources, to assess tke health
impacts associated with that total daily uptake and to identify that-
proportion of tﬁé‘totai daily uptake’atising from the ingestion of
drinking water. In this assessment the following steps were
followed: ‘

¢ Quantify the major environmental sources of lead exposure.

e Determine the absorption/retention/elimination character~
istics of those lead compounds commonly found in the
environment.

e Develop estimates of total daily lead uptake -in man based on
ambient exposure levels and absorption/retention character-
istics. . : -
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e Define the toxicological impacts associated with lead expo-
sure, especially the low level chronic effects for the
identified sensitive populationms,

® Assess the public health significance of various levels of
lead in drinking water, given ambient 1ead contamination in
other environmental media.

The degree of exposure to lead in the environment varies sub-
stantially, and is dependent not only upon envirdnmental factors
(e.g., lead concentrations in water) but also on individual host
qharaéteristicg (e.g., age, dietary status). An individual's body

lead burden reflects his or her own exposure situation, which often

cannot be approximated by “national average" lead concentrations in

gsome medium. Such inherent variability has led MITRE/Metrek to
develop a source cbntribution,model that identifies and quantifieé
the effects of various emnvironmental sources ofvlead exposure on an
individual's blood-lead level. This model permits one to examine all
significant sources of lead exposure, and to define the change in
blood lead as a result of any changes in exposure characteristics,

In this way, various regulatory scenarios can be applied to the
environmental lead problem, and thereby aid in the selection of the

most cost-effective control option, based on incremental reduction in

a population's blood-lead 1eve1 This document describes the
development of the source contr1but10n model, and applies specif-

ically to the health impacts of lead in drinking water.

DUPQ050033526
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2.0 ENVIRONMENTAL SOURCES OF LEAD EXPOSURE

Lead is a natural comstituent of the earth's crust, but the pres-
ence of lead in the remainder of the environment is mainly the result
of extensive use of lead and lead compounds by man. The chemical
properties of the more'commOn forms of lead result in low lead levels
in natural waters. ' '

Because the roxicglogical effects associated with lead exposure
can be considered cumulative, it is imperatxve to define and quantify

~all major sources of human lead exposure. Ambxent air, food, and
drinking water are the magot sources of exposure for aduits, wh11e'
soil and dust, via normal hand-to-mouth ;ct1v1ty, and various lead-
containing materials via pica* are significant additional sources
of exposure for children. Inhalation and ingestion of lead-contain-
ing substances by adults and children appear to be the predominant
routes of exposure, although dermalﬁabso:ptiOn may be significant in
certain instances, '

Humans are exposed to lead and lead—contalnlng compounds through
the various env1ronmental pathways illustrated in Fzgure 2-1. 1In the
following seétionﬂ, and in later chapters, the occurrence of lead in
the ma]or exposure pathways is exempllfled, and lead levels in the
sxgnlficant exposure medla that are tepresentattve of an average or
range of hypothe:xcalAexppsgrevcondxtxons.for selected populations

are-derived from the literature.

2.1 ‘Lead Concentrations in Ambient Air

The majority of lead compounds found in the atmosphere result
from leaded gasoline combustion. In 1975, the most recent year for
-which data are available, approximately 88,8 percent of the total

_ atmospheric lead srose from that emission source. The next largest

*The ingestion of nonfood material.

P

© e
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contributors, prlmary copper and lead smeltlng facilities, prov1ded )
2.5 and 1.7 percent, respectively, of the total (EPA, 19788) chal . o
. atmospheric lead pollution from 1ndustr1a1 p1ants processing lead and .
its products can be severe, but their overall cbnrribﬁtion to the
pollution load across large areas is minimal (Atklns and Krueger,
1968) . :

The National Air Sampllng Network (NASN) has rOut1ne1y col~-
: lected and analyzed airborme particulate samples for selected metals"
since the early 1960s. Their sampllng protocol (Hi-vol filter _
samples) defines the total suspended particulate (TSP) material in
ambient air. Récent studies have iﬁdicated,‘howgver, fhat the atmo~ - %
spheric 1éad constituent of TSP is comprised 6f particles whose mass
median diameter (MMD) is approximately 0.2 to 1.43 pe Up ko 74 )
percent of the particles are less thanm 1p in diameter (Lee and von S
' Lehmden, 1973; Harrisom, 1973). It is ﬁidely believed that particles
in this size range are easily tespirablé; and reach the innermost
parts of the lung, since pulmonary deposition of inhaled particulate
_matter is greatest in the 0.0l to 2 p range (Task Group on Lung
Dynamics, 1966). Virtually all lead deposlted in the lung is.
eventually absorbed into the blood (Kehoe, 1961; NAS, 1972).

In addition to inorganic lead particulate material, the atmo-

lgpherevhay~c0ntain organic lead vapd;q (é.g., lead alkyls) which are
not detected,by-NASN'samplihg protocols. Most of these organic lead
dompounds arise: from the production, handling, ‘and use of gasoline’
containing lead anti-knock additives. ‘Ihgy aré photoreactive and
their presence in local atmcspﬁerea is transitory. Studies’ha#e
indicated that lead alkyls represent less than 10 perceirit of the
total lead loading in the atmosphere (NAS, 1972); There fore, any‘
health hazard associated with 6rganic&1ead exposure is most likely
to occur in an occupat1ona1 setting (e.g., gasollne handling

operatlons).
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According to NASN data, the levels of lead compounds in the

use of leaded gasoline, Figure 2-2 illustrates this gradual
reduction in atmospheric lead. The data in Table 2~1 represent
cumulative frequency distributiona:ofvatmoapheric lead for all
quarterly results by year at both urban and nonurban locations. As
might be expected, urban atmospheres contain higher lead
concentrations than nonurban atmospﬁereﬁ. In 1974, the arithmetic
mean urban lead concentration was 0.89 pg/m3. as compared to the
nonurban mean of 0.11 pg/m3, When nonurban locations are classed

according to their proximity to large population cemters, the lead

‘ geen in Table 2-2. _
The data in Figure 2-2 and Table 2-1 are average atmospheric
lead concentrations reported by NASN. The data represent average
-quarterly composite samples taken at 300 urban and 35 nonurban

diurnal, and seasonal variations not readily evident in the yearly
gl ' v averages data. .

Although the NASN annual averages are useful in identifying
‘trends in air-lead levels, one should examine data from individual

sampling sites or regional areas to identify those locations that

i

! : i NASN data for the Burbank, California, sampling station indicate

: yeaily averages rangiﬁg-from 2.46 to 4,93 pg pb/m3 between 1970 and
-1974. 1n.the same period, sampling in Los Angeles indicated an am-
bient lead concentration (yearly average) ianging from 2.12 t& 4.63
pg/m3 (Akland, 1976).

QWQMTT?i*fj;;?—Mfiff“

sampling stations nationwide, There can be substantial geographical,

atmosphere are slowly decreasing, mainly as a result of the decreased .

concentrations decrease with distance from the urban enviromment, as

experience higher than average lead concentrarions. For example, the

DUPO050033530
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TABLE 2-2 = | L

ATMOSPHERIC LEAD GRADIENTS ASSOCIATED WITH URBANIZATION¥

_Urban _ — Nonurban ~ o

Proximate ~ Intermediate _ Remote 3

Number of -stations ' H
reporting 217 5. 15 10 !
Lead concentration 1.11 pg/m®  0.21 pg/m®  0.096 ug/m3  0.022 pg/m’’ :

‘* v . ) . N ." P
1966-1967 NASN data : _ . ) . . - _é

SOURCE: Adapted from McMullen et al., 1970
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In 1974 and 1975, there were fifty-six Air Quality Control,
Regions (AQCRs)* that reported .a lead concentration in excess of
1.5 pg/m3 in at least one quarterly composite sample (?teston,

.1977). The maximum quarterly lead concentration of 32,0 pg/m3 was

reported for the northern Idaho/eastern Washington AQCR. Over 50
percent of its samples indicated Ieed at concentrations equal to or
greater than 4'pg Pb/nm3. These atmosﬁheric lead measuremedts“were
substantiated by other unrelated monitoring surveys‘duiing the same
period, which reported annual average lead concentrations rangihg
from 0.5 to 23 pg/m3 in the same geographical area (Yankel et al.,
1977; Idaho Department of Health and Welfare, 1977). The higher
ambient lead levels were associated wieh a primary lead smelting
operation located in the region.

The particle size distribution of lead aerosols are dependent
upon the em1331on source. Urban aerosols collectedé;n several cities
whose air pollution problems stem mainly from vehiculer traffic
contain lead particles with a mass medlan equxvalent diameter of 0.25
1. (Robinson and Ludwig, 1967)- over 90 percent of the lead-
containing particles are less than 1 p in diameter (Jenkins, L9?6)g:

The particle-size distribution of atmospheric lead particles col-

. lected near a primary lead smelter is somewhat different (as seen in

Figure 2-3)., A larger portion of the lead—containingngarticles are
in the > 7.0 u size region. These larger pa:ticles are not as likely
to penetrate into the pulmonary regions of lungs. Rather, they'are
deposited in the nasopharyngeal regionm, removed via the mucoc111&ty

escalator, and either swallowed or expectorated. It

AQCRs were requlred under the 1967 amendments to the Clean Air Act
of 1963, and based on "jurisdictional boundaries, urban-industrial
concentrations and other factors necessary to provide ‘adequate
-implementation of air quality standards” (EPA, 1972b).

11
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has been estimated that approximately 75 percent of the lead-

containing particulate material of an atmosphere, such as illustrated

"in Figure 2-3, would be nonrespirable (EPA, 1972a). Larger particles

are also more apt to settle out of the atmosphere quickly. There-
fore, they contribute significantly to the lead levels in dust, soil,
water, and vegetation in the vicinity of the source. . .
In areas close to main transportation arteries, atmospheric lead
concentrations can vary substantially. The level of atmospheric lead
near a roadway has been shown to vary directly with the volume of
vehicular traffic and the size of the community traverséd (Hall,
1972; Johnson et al.; 1978; NAS, 1972). Mean atmosphetic}léad levels

in the Los Angeles area have been shown to vary from 9.4 to 38.0

;pg/m3 according to proximity to freeways, time of day, day of the

week, and sampling elevation® (NAS, 1972). Such sampling regimes
may include both respirable lead particles and coarser, nonres—

pirable lead particles, since many of the larger particles would not

necessarily have settled out of the atmosphere prior to sample

collection. Empifical measurements in the immediate vicinity of

freeways in Los Angeles have indicated that from 20 to 40 percent_df

" the lead particles collected were larger than 2.14 p in diameter

(Atkins and Krueger, 1968).

NASN quarterly composite samples of airborne lead concentrations

for a given state or metropolitanm area represént_average lead concen—
trations recorded.by a hi-vol sampling network. Thé sampling sites,
usually stationed on rooftops, do not accurately depict the situation

_at street level. Heavily trafficked urban areas yield high low~level

air-lead concentrations due to vehicular exhaust (Goldgraben, 1978).

" More than 50 percent of street level vehicular particulate air

 lead is deposited on nearby surfaces before transmission to higher

o altitudes can occur (this percentage is representative of highway

*Sampling times ranged from 2 to 9 hours, but this vari#tioﬁﬁﬂid

" ‘not appear largely responsible for the differences in reported

levels.
. 13
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sbgeds; slower city traffic would be expected to raise the percentage

of early lead deposition) (NAS, 1972; Huntzicker et al., 1975). '

Vertical gradient studies only exist for short-term analysis of lead

concentrations. Reliable analysis should be based on long~term

simultaneous measurement at low and high altitudes. Short—term low

 level urban vertical air analyses depict average lead concentrations

of 8 pg/m3, while NASN annual averages‘indicate much lower air-lead

values (<1 pg/m3) {Darrow and Schfbedgr, 1974 ; Edwards, 1975; EPA,V

1977). The exteat of this underestimation is not easily quantified,

due to action of confounding midrbclimaticlfactors‘(e.g., street

canyon effects, eddying, vehicle speed, and crosswind effects) (EPA,

1977). ‘ ’
Hbrizontalddispersion studies of vehicular particulate lead near

traffic arteries (vehicles at highway speeds) indicate deposition of

greater than 50 percent of emitted lead within 150 feet of a highway,

with concentrations decreasing'wiﬁh'inéreéging distance (Daines et _

al., 1970; Lagerwerff and Specht, 1970; NAS, 1972). Horizontal dis- i

placement of NASN sampling sites away from busy intersections would, ) ‘ S

again, underestimate particulate air lead concentrations character~

istic of exposure adjacent to street level sources in the urban

eénvironment. » ' o .

' Other factors impacting those individuals exposed to street

level vehicular lead particleS'include the resuspension of

particulate lead deposited oﬁ?ang near the road surface, and the

effect of airborne street level lead contaimment within the indoor

environment: Again, NASN samplers would bé insensitive to these

factors due to rooftop locations. The resuépensi;n of settled

vehicular lead on roadways by passing vehicles increases as a

function of vehicle speed (Setmel, 1976). .Resuﬁpension of 1 to 5

percent of lead deposited on roads by passing vehicles has been

estimated (Sehmel, 1976). Air-lead leVels in houses adjaceat to.

heavily traveled roads are almost identical with outside street

air-lead levels, and fluctuate with the same diurnal cycléé (Butler

and MacMurdo, 1974). 14 '
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2.2 Lead Concentratlons 1n the DLet
Although the ingestion of food containing lead appears, on the

average, to be a large contributor to an adult's total daily lead
intake, the exact quantity is a function of the type and size of the

diet. The occurrence of lead in various foodstuffs may be a result

" of natural bioaccumulation, deposition of airborne lead parti-

cles, and/or food processing and serving.
Since most foods have been found to contgin about 0.5 ppm of

blead or less, intake depends moreé upon the size and nature of the

diet thanm on a choice of particular foods {Schroeder and Balassa,
1961). However, some segments of the population with special
dietary requirements, such as infants, may consume selected foods
found high in lead content (e.g., capned milk). As a result, they

" ingest more lead than might be expected based on average adult

dietary constituyents, The lead content of major food classes is
presented in Table 2-3. ) “

To distinguish degrees of health risk associated with particular
dietary habits, estimates of total dietary lead exposure have to.
reflect freguency distribution data on lead levels in specific food
commodities inireiation to the quantities actually ingested by vafi—
ous sample populations. Several studies have estimated total daily
ingested lead for several typical adult populations based on total
food consumption, food class preference,.and lead levgls in the foodf
stuffs (see Table. 2-4). Each estimate of daily leéd iﬁtake is based
on various assumptions, as specified in the appropr1ate column of the -
table. In some 1nsnancés«two estimates of total dietary lead intake
are provided; one including the lead contribution frdm beverages (FDA
food category XII), in addi:ion'to all other. food categories, and one
excluding beverages. The revised estimate of daily lead intake
(i.e., excluding beverages) is provided, so that latet calculations:
conslderlng lead contributions from both food and dr1nk1ng water w111

not result in double-counting. Since normal beverage:consumption -

15 -
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TABLE 2-3
LEAD CONTENT IN SELECTED FOODS

1 - Dairy Products .
Raw cow's milk 0.02
" " . " 0,091
" 11} 1" 0 . 05
" ” 1" o . 04
Buman breast milk 0.0$12
” . ”n n 0 .05 N
u 11 ” 0.026
Evaporated milk, .canned 0.02
" ” " o . 11
L] " " 0 . 81
" ©w " 0. 05
Infant formula : 0.08
n " 0 . hz
11 ‘Meat, Fish and Poultry .
: ' 0.015
Cured meats . ’ ) 0.06
: 0.21
_ 0.013
111 Graid and-Cereal Products
' : : 0.012
0.37 (wet)
0.20 (dry)
~ 0.10
v Potatoes '
: 0.004 -
0.12
0.04
- 0.003
v Leaf vegetables
. 0.054
0.05
0,3 -
0108
16
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VI

Vil

VIII

1X

X1

XII-

TABLE 2-3 (CONCLUDED)

Foop cLass*

Legume vegetables

Root vegetables

Garden fruits

Canned
Fruits

Canned
Oils, Fats, and Shortening

Sugar and Adjuncts

Beverages -~

All Beveragesw'
Beer

Wine

‘O‘GOPOO
NEC OO

LEAD CONTENT (ppm)

0.265

0.02

0.26

0.11
0.131
0.04

VMaAaNNDE

oo
oo
g
W

0.04

ee
Ui
o

0.013

0.015

0.007 |
0.008
0.07

0.004
0.003

0.01
0.01-0.29

0.08-0.86
0.05~1.5

Food group category according to FDA, 1975

17
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appears to provide less lead uptake than equivalent amounts of water
(see Table 2-3), it would be conservative to assume that all beverage
lead intake was in the form of drinking water.

Table 2-5 provides similar estimates for daily lead intake by
children ranging in age from 6 months to several years. As noted in
the appropriate columns, infants' diets varied from special formula
to normal adult foods. In most instances, the drlnklng water

category is only included in the data for children 2 years and older.

2.3 _Légd_in Drihkiggjﬂﬁter

Lead is a natural, although often minor, constituent of surface

and groﬁnd waters. The amount of lead dissolved in water depends

' upon the equilibrium constants of the chemical form(s) of lead
present, These equilibrium constants depend, to some extent, upon
the chemical characteristics of the water system. Stpdigs of lead
equilibrium solubilities of a variety of inorganic lead compounds
show that water could contair from several micrograms to several
.hundred micrograms of lead per'iiter of water, depehding upon the pH,
temperature, and mineral content of the water (Durum, 1974; Hem ard
burum, 1973). Empirical evidence indicates that surface and ground
water used in domestic water supplies contains inorganic lead in
concentrations averaging less than 10 pg/l (Kopp and Kroner, 1967).

In a surve} encompassing over 700 surface water sites in the
United ‘States and Puerto Rico, less than 0.5 percent of the samples’
exceeded 50 pg lead per liter of water (Hem and Durum, 1973). A
larger proportion of the waters in the northeastern.and southeastern
states contained lead above the detection limit (1 pg/l), and the
northeastern and southeastern states had the largest share of those
samples reportlng lead > 10 pg/l.

Lead present in drinking water above that concentrat1on found in
the make-up water usually occurs as a result of the physical charac-

teristics of the water distribution system. The use of Iead-ﬁibes
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within the system (e.g., service line from water_main to individual
homes, home plumbing systems) provides an Oppo:tunity#for the lead in
contact with the water to’go into solution. The degree of plﬁmbosol—
vency of the water is a function of temperature, pH, and hardness
(Moore, 1975; Waldron and Stofen, 1974). In general, acidic, soft-
water areas are particularly prone go.high lead concentrations. In
such areas, the acidity of the water increases its ability to dis-
" solve the metal from lead pipes, and the low concentration of calcium
impairs the formation of a calcium carbonate layer which, in hard-
water districts, lines the pipes and lmpedes 'solution of the lead
(Waldron and Stofen, 1974). »
Studies have 1nd1cated that the lead concentration in tap water
from a house using lead pipe in the plumbing system is a function of
the total length of lead piping that the water traverses (Schroeder
and Balassa, 1961; Waldron and Stofem, 1974; Moore, 1975, 1977). 1Im
addition, the use of lead-containing éoldering alloys to join copper
pipes, the use of lead storage tanks, and the grounding of electric
wires to lead pipes (solution via electrdiysis) increase the lead
content in drinking water (Waldron and Stofen, 1974; Weng and
Bertang, 1976; Goldberg, 1974). The lead content in tap water from
homes wlth lead pipes in the plumblng system depends upon the length
of time the water sits in the pipes. Lead concentratlons-are much
higher in water that has re@ained in the pipeé overnight than in
samples taken 'after the s}stem has been thoroughly flushed (Schroe-
der and Balassa, 1961; Wong and Berrang, 1976). ‘

2.3.1 Lead in Potable Water,Dig;;ibu;io# Systemp

In a study by McCabe et al. (1970), lead concentrations in
finished drinking water collected at 969 public water suppiy systems
in the United States ranged from an undetectable amount to 640 pg/l.
Of the supply systems sampled, 37 sites (l.4 percent of the total)

contained lead in concentrations exceeding the current national -
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interim primary drinking water standard of 50 ug/l (McCabe et al.,
1970). In a similar survey that examined the water supplies of the
100 largest U,S. cities, Durfor and Becker (1964) found that 95 per-
cent contained lead at concentrations less than 10 pg/l, with a
median value of 3.7 pg/l. The maximum reﬁortgd lead concentration in
that study was 61 ug/l. In a more recent survey of 592 interstate
carrier water supplies (EPA, 1975), only two sites (0.3 percent of
the total) reported lead levels in excess of 50 pg/l. In a recon- :
naissance survey of 253 public water suppliés, 79 sites did not
detect lead concentrations greater than I'Lgll. Of those 174 sites
reporting measurable quantities of lead, the average was 6.2 pg/l,
‘with a maximum of 34 pg/l (Durham et al., 1971). '
Additional surveys of individual U.S. water supplies have indi-
cated the presence of lead in potable water supplies at concentra? '
tions exceeding 50 pg/l. 1In the nine—areaf Community Water Supply
Study (Bureau of Water Hygiene, 1970 a-d), several sites reported
lead concentrations in excess of 50 pg/l, with a maxigum value of 497
pg/l oceurring in one New York City suburban area. )
Studies at particular sites have indicated lead concentrations
. that eiceeded the current interin étandgrd.in séme water systems. In '
Colorado, for example, lead samples averaged 45 ng/l in‘thg systems
surveyed, with a maximum reported level of 100 ug/l (Roberts et al.,
1975). 1In eastern South Carolina (Georgetown County), 3 percent of
the water supplies contained lead levelévexceeding‘so pg/l (Sandhu et
al,, 1975). " 8ince these were not intended to be comprehensive

surveys of potable water supplies in the pa;ﬁiéulhr geographical

*Those sites included in the following Standard Statistical Metro- -
politan Areas (SMSAs):  San Bernardino-Riverside-~Ontario, :Califor- .
nia; Vermont; Kansas City, Missouri; Cincinnati, Ohio; New Orleans,
Louisiana; Charleston, West Virginia; Charleston, South . Carclina;
Pueblo, Colorado; and New York, New York.
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area, their frequency-of-occurrence data are not necessarily repre-
_ sentative of that area of the country., Lead levels in water supply

systems are presented in Table 2-6.

2.3.2 Lead in Tap'Wa;er
Tap water tends to contain higher lead concentrations than water

in distribution systems due to the use of lead pipe or lead-contain-
ing solder in the plumbing systems. Table 2-7 provides lead levels
in tap water collected from homes possessing a range of plumbing sys—
tems, The lead levels vary from several hundred to several thousand
micrqgfams of lead per liter of w#ter, .

It is wvery difficult to es;imate the average lead levels in
households sacross the c0unéry, because of variations in thevchémical
properties of local water and home plumbing systems. However, several
studies have attempted to gauge lead levels locally by collecting
water from representative homes within a community water supply
district (see Table 2-8)., The variation in lead concentrations over
time for a particular location can be partially explained by changes

in treatment technique.

244 A#ditional Sources of Childhood pegd’Exposgre

_ 'Lead-cpnﬁaining n§nfbod substances are deliberately or  inadver-
tently ingested by some_individuais. ‘This is especially prevalent
and frequent in young children (Lourie et al., 1963; Day et al.,
1975; Lepow et al., 1974), many of whom display patterns of repet-
itive hand-to-mouth acqivity; mouthing behavior, or pice. Haid-
to-mouth activity coupled with the presence of foreign substances
(particularly soil.and dust) on the hands and ingegtion of soil- and
dust-contaminated food may both result ia the ingesticn of appre-
ciable quantities of lead. Mouthing of substances-contéining~qr

contaminated with lead, or pica for such substances, may aiso be
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a mechanism of lead exposure. The list of substances commonly
mouthed or ingested by children displaying these behaviors has been
shown to include paper (mewspaper, wallpaper, toilet tissue, facial
tissue, cardboard), dirt (soil, dust, clay, sand, ashes), paint and
plaster, tobacco, and toilétries and cosmetics (Barltrop, 1966;
Millican et al., 1962). Some of these are knmown to contain lead.
Concentrations of lead that have been ﬁeasured in these substances

are reported in the following sectioné.

2.4.1 Soil/pust™®

Anthropogenic sources are responsible for the major portion of
lead found in soii and dust. Natural occurrence of lead in the
earth's crust accounts for an average of 15 pg/g (Durum et al.,
1971). Mean rural soil and dust lead levels of 60 and 275 pg/g have
‘been reported (Rolfe and Haney, 1975; Bethea and Bethea, 1975).
However, lead levels in scil and dust in metropolitan areas are said
to be as high as 20,000 pg/g (Jenkins, 1976). The mean interior
house dust-lead level for an urban area was reported as 11,000 pg/g
(Lepow et al., 1974). Metropolitan soil-lead levels as high as 3357
ug/g have been reported (NAS, 1972). ’ o

' ThelcombustiOn of leaded gasoline is a major contributor to the.

high lead ievels in urban soil and dust (NAS, 1972). Lead levels of
about 75 to 730 pg/g have been found in soil adjacent to low and
high traffic volume streets, respectively (Jchnson et al., 1978).
Additional data fromﬁthis'study suggest a correlation between uzban
air-lead concentrations and lead levels in hand-wipe samples from
children. Since urban atmospheric lead concentrations are related -to

‘traffic volume (Secticn 2.1), these indicate.a telationskip between

*Soil and dust will be treated as a single entity in later ‘
calculations and therefore will commonly be designatd "soil/dust".
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gasoline combustion and urban soil/dust-lead. 'Soil lead concen-

trations diminish with distance from roadways, but increase
significantly near dwellings (Rolfe and Haney, 1975). Increased
levels of soil lead near dwellings have been reportedly due to runoff
of lead particulates from vehicular aerosol deposition (Rolfe and
Haney, 1975), and from the weathering of paint on outer surfaces of
dwellings (Ter Haar and Aronow, 1974). High interior dust lead ‘
levels (11,000 pg/g) on unpainted surfaces were reported to be a
result of outdoor vehicular aerosol contamination (Lepow et al.,
1974). $oi1’concentrations near U.S. highways displayed detreased
concentrations with increased distance from roadways, as well as with
increased soil &epth. Lead concentration reduction of 65 to 75
percent occurred within a distance of 24 metgtsvfrom the road (from
32 to 8 ug/g) where traffic densities ranged from 7500 to 48,000 cars

pet day (Lagerwerff and Specht, 1970).

Industrial point sources (e.g. smelters and battery plants) are
a major local soﬁrce of soil/dustélead contagination. Air and soil
levels were shown to decrease with increased distance from a smelter
site in E1 Paso, Texas. S5oil lead concentrations within 1 mile bf '
the smelter averaged 36,853 pg/g, but decliped to 2726 pg/g at 1.1 to

.~ 2.0 miles and to 2151 ug/g at distances over 4 miles (Landrlgan et

al., 1975). A smelter study in Silver Valley, Idaho, dlsplayed
slgnlflcantly 1ncreased -air and soil~lead levels at d1stances of up
to 16 miles from the source (Idaho Department of Health and Welfare,
1977). 1t is apparent that industrial point sources of lead '

emissions can affect soil levels for much greater distances than

“those induced by low level vehicle emissions,

“Lead particles are -emitted from vehicles 1n1t1a11y as halogen-.
ated compounds, of which lead chlorobromide is the most abundant,
These lead particulates lose the halogens, shift bowntd;small pgrti-
cle sizes, and increase their water solubility during ;irborne trans-
port via chemical reactions which are enhanced by light and S0j. |
Lead oxide, lead carbonate, and lead sulfate are the major chemical
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forms prevalent after deposxtlon of lead particles (Ter Haar and
Bayard, 19715 EPA, 1977). These results are in agreement w1th Olson
and Skogerboe (1975), who found the major lead contaminant of soil
and dust to be lead sulfate. .

2.4.2 Paint ‘

Ingestion of paint by children suffering from pica has been
associated with numerous cages of childhood lead poisoning. Epide-
mzologxcal evidence indicates an assoclatlon between elevated blood-
lead levels and children with pica for paint (NAS, 1972).

Pica for paint is of major concern, Extremely high lead
concentrations are found in some older paxnt coatings and are still
-available as peeling and flaking paint (indoor and outdoor) om older
dwellings, A survey of over 2000 dwellings in Pittsburgh revealed
that at'least‘ZO percent of the residences built after 1960 had at
least one surface with an excess of 1.5 pg/em? lead (Shier and
Hall, 1977), Smaller surveys in El Paeo; Texas and Silver Valley,
Idaho,'found indoor piint*lead concentrations of >1 percent by weight
(10, 000 png/g) (Landrigan et al., 1975; Idaho Department of Health and
Welfare, 1977).-

~ Market surveys in 1971 showed 8 of 76 paints tested contained
2 6 to 10.8 percent lead. Thé Consumer-Product Safety Commission
found that only 2 percent of interior paints tested had lead levels
exeeeding 1 percent (NAS, 1976), The same survey found'that'70 8
percent of oil-based paxnts -and 96,1 percent of water—based paLnts
contalned lees than 0.06 percent lead (the current paint standard).

] Regulatxon of the use of lead in house paints did not exist
until: 1955 when a 1 percent voluntary standard was adopted. A
federal standard of 1 percent was meosed in the early 19703, lowered ‘
to 0 5 ‘percent in 1976, and further lowered to 0.06 percent (600
’-pg/g) in 1977, It is apparent that paint with lead levels in excess
-of 1 percent (by weight) is still readily accesslble to children:who
_'11ve in older. dwellings (NAS 1976).
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2.4.3 Newsprint
Newsprint can be comprised of up to 1 percent lead (by weight)

(Hankin et al., 1974). Colored newsprint contains the greatest
amounts of lead. Handling newsprint may result in appreciable dermal
exposure; and, coupled with immature dietary habits (e.g., the
licking and sucking of fingers), newsprint may represent a source of -
ingested lead as well. TIngestion of newspaper is common among
children with pica, Indirect newsprint-related exposure can result
from elevated air lead levels in homes where newspapers and magazines

are used as fireplace fuel (Perkins and Oski, 1976).

2.5 QOther Lead Sources

2.5.1 Lead-Glazed Utensils

A nunmber of berspns have been poisoned by lead that has leached
from glazed kitchen utensils. Studies have indicated that the amount
of lead leaching into a beverage from the glaze of a ceramic vessel
is a function of the temperature at which the glaze was f@red, how
long the drink has remained in the vessel, the pH of the drink, and
the number of times the vessel had been used previously. In one
study, lead concentrations in a cola (pH 2.7) stored in a glazed mug
increased by 2800.pg/l. after two m1nutes and by 6600 pg/l after two -

hours of containment (Harris and Elsea, 1967) .

2542 Occupat10na1 Exposures

Workers whose occupatlons entail chronic exposure to high lead *
levels (e.g., garage mechanics, police, smelter workers) have been
shown to. have higher mean blood-leadllévels than orher workers (EPA,:
1972a; Johnson et al.,, 1975b).. In some studies;'more’than‘50'§ercént
of such high risk populations have been shown to have blood-lead
levels >40 pg/dl, far higher than the 1 to 5 perceat repreaentafive
of the average adult population (EPA, 1972a).
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Prudent’ industrial hygiene prac:ibes can minimize excesgive
occupational lead exposure. Since this discussion is centered around
the possible enviroﬂmehtgl lead exPosufé sources; as opposed to sée-
cific occupational ¢ategorieé, occﬁbhtiongl lead‘exposhies will not
be discussed further. ‘

2 . 5 3 Smokiug

Tobacco smoke is an Addi;iongl source of réapiratoty lead expo~

sure. Reports indicate that inhaléd cigérétte smokeﬂmay provide from
20 to 66 ug of lead per pack (Schroeder and Balassa, 1961; Pattersonm,
1965). Contrasting information suggests that the high blood-lead
levels in some individuals who smoke can be attributed to the contam-
ination of fingers and cigarettes from nontébaceo sources and the
deleterious effects of smoking upon lung clearance mechanisms (Tola -
and Nordman, 1977). - ' -
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of lead-containing compounds are the predominant routes of intake,

3.0 ABSORPTION, RETENTION AND ELIMINATION OF LEAD IN HUMANS

Lead is absorbed into the body via inhalation, ingestion, or
dermal comtact, enters the bloodstream, and is transported throughout
the body., The concentration of lead in the body is a function of the

level and duration of exposure, the rate of absorption, and the rate

of elimination.

Once lead has entered the bloodstream, it can be trénsported to
most sites within the body. Lead is removed from the blood by excre;
tory mechanisms (e.g., kidney) or by gradual accumulation at various
storage éites (e.g., soft tissue, bone), Toxic symptoms result when
the lead concentration in a particular body compartment is suffi-
cient to cause damage.‘ When assessing the toxicological implications

of environmental lead exposure, it is important to consider the éxpo-

sure route because the kinetics of absorption vary between routes.

3.1 Absorption Characteristics

Environmental lead compounds can be absorbed into the blood-

gtfeam from the lung after inhalation, from the gastrointestinal

tract after ingestion, or to a limited extent, from direct dermal

contact. The absorption kinetics for each of these pathways‘gre'
dependent upon ,a number of'factogs, inclgding the physiéal and chem-
ical nature of the lead compounds at the time of exposure and the
presence of other modifying agents. Once inorganic lezd is absorbed
into the bloodstream (where it is mainly bound to erythrocytes [Butt
et al., 1964}), it is readily transported to other locations in the

body and does not normally retain any characteristics associated w1th

its exposure or absorption route. Although inhalation and ingestion

dermal absorption may be significant under certain circumstances -
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(e.g., occupational lead alkyl exposure). The three absorption

routes are discussed in detail in the following sections.

3.1.1 Pﬁlmonary_Abso;ption

To be absorbed into the bloodstream, inhaled lead material must
be retained in the lower regions of the lung (pulmonary region) long
enough to be solubilized. Lead vaﬁors freely penetrate deeply into
the lung, but the penetrability of lead~containing aerosols is
dependent on several variables, the predominant one being particle
vsize. éince mbst atmospheric lead compounds exist as a component of
particulate matter, the uptake of lead vapors can be ignored (Smith,
1971). ' '

. Physical retention of particulate matter in the lung is a func~
Ei6n of particle size and breathing kinetiés, while the chemical
properties of the particle determine its solubility in body fluids,
and hence its ultimate absorption. If particles are deposited in the
upper regions of the respiratory tract (i.e., nascpharyngeal and
tracheobronchial regions), they can be removed by the ciliated
epithelium (mucocilary escalator) relatively 4ﬁick1y and expectoratéd
or swallowed. Particles deposited in the pulmonary (i.é., alveolar)
region, which is devoid of cilia, can be absorbed into the blood~

stream or phagocytized by alveolar macrophages and removed via the

lymphatic system (Casarett and Doull, 1975). If a particle is iarger

than about 10 p in diaméter, it is deposited By inertial impaction in
the'nasopharyngéél région and removed. Particles between i and 5 p
often .gettle out in the tracheobronchial region and are similarly
'féﬁbved.- Various lung deposition models suggest that the greatest
retention in the pulmonary region of the lung occurs for particles
with an aerodynamic diameter in the 0.1 to 1 p range (Task Group on
Lung Dynamics, 1966; Nozaki, 1966). '

As indicated in Section 2.1, the particle size distribution of

ambient lead gerosols tends to be within the respirable range.
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However, one should not assume that all of the respirable lead mate-
rial inhaled is subsequently absorbed into the b_ioodstream because
the chemical form of the particle can affect the rate of absorptionm
(Smith, 1971; Kehoe, 1969). The major species of atmospheric lead

particles include various lead halide mixtures and lead oxide,

phosphate, or sulfate (NAS, 1972). Since some of these compounds

tend to be only slightly soluble in biological fluids, it is
difficult to predict the degree to which they are actually absorbed
within the lung.

Empirical evidence, from lead balance and lead tracer studies,
indicates rhat from about 20 to 50 percent of inhaled ‘lead pdrficles
(i.e., those particles representative of urban atmospheres) are

absorbed into the'blopdstxgamb(see Table 3-1). In some cases, both

“retention in the lung and absorption into the bloodstream were

monitored; while in other cases, only particle retention was deter-
mined with subsequent absorption assumed. Based on these studies, 40

percent is a reasonable value for lead absorption into the blcod-

- stream from ambient lead aerosols in an adult.

The absorption of lead from ambient aerosols by children is mnot
as well defined, Several problems, including differerices in respifa*
tory physiology,'métaboli@m,-and body compartment size, make aﬁsorp—
tion projections.in children, based on data from adult, tenuous
(Rnelson, 1974). . In addition, ambient monitoring data may mnot
necessarily reflect the actual atmospheric dose to which a child (or
an'aduit) is exposed, since there is often an increase in the
particulate concentration gradient as one approaches ground level
(see Section 2.1). Without definitive ¢linical studies of atmo-
spheric lead retention and absorption in children, one must make
projections based on adult data and modify them. by known differences
in ventilatory exchange. As a result, one must assume similar
absorption and retention charﬁcteristics in adults and children but

varying exposures.
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Inhaled lead-EOntaining-particles larger than one or two microns

in diameter are usually collected in the nasopharyngeal or tracheo- ‘

bronchial regions of the respiratory tract, removed via ciliary

action and expectorated or swallowed. That fraction which is swal-
lowed may be absorbed in the gastrointestinal tract, but its contri-
bution relative to other sources of ingested lead is unknown. Some
studies utilizing artificially generated aerosols have indicated that
up to 40 percent of inhaled lead pattlclea (mass median dxameter of
2.9 p) depoalted in the airways are transferred to the gastrointes-
tinal tract (Kehoe, 1961). However, gdstrointestinal absorption of
inhaled lead from ambient urban atmospheres is'exﬁeéted to be insig-

nificant given the particle-size distribution of such aerosols.

3.1.2 Gas::ointestinal_Absorption

The absorptibn of lead-containing compounds in the gastrointes-
tinal (GI) tract is dependent upon the_physicalfchemical form of the
material ingested, and can be affected'bj other facfors including the
compogition of the diet and the age add'physiblqéical‘atatus of the

: individual. Absorption of lead from the GI tract appears to be a
‘ passlve diffusion process, but may be- regulated to some extent by the

mechanisms controlling calcium and phosphorous abaorptlon (Casarett

, and Doull, 1975; Gruden and Stantic, 1975).

In the average“adult, approximately 10 percent of ingesfed iead
is acthally absorbed into the bloodstream;v Ag indicated in Table
3-2, howevez, empxr1ca1 ev;dence indicates large varlatloﬂs in the GI
absorptxon of lead in humans. In some studles, the lead absorptxon

infpérticular individuals approached 70 percent of the total amcunt

" ingested, but in most instances, a value of approximétely 10 percent

was reported. Such variations may be a result of individual GI tract

differences, discrepancies between experimental protocols (e.z.,
balance versus tracer studies), chemical dissimilarities befween the
form of lead administered, or analytical error (Blake, 1976;

Wetherill et al., 1974),
37
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In children, the GI absorption of lead can vary, due in part to

" the source of the lead ingested and its physical/chemical charac- .-

teristics. Based on data shown in Table 3-2, it is comservatively

. assumed that approximately 50 percent of the lead in food and water

is absorbed. This fivefold difference in the GI absorption rates of
children and adults has been related to the differences in the
metabolic behavior of lead at different ages (Kostial et al., 1971;
Momcilovic and Kostial; 1974). Experiments involving weanling rats
fed lead chloride confirm the finding of substantially increased GI
absorption in the young (Kostialvet al., 1971; Forbes aﬁd Reina,
1972).

Children with pica may ingest a substantial amount of lead~con- -

taining substances. Paint is a source of lead for some childrem with
pica. The lead in paint is believed to be absorbed at a different
rate than lead in food and water. Animal studies have shown that
lead in paint is not absorbed as well as the simple inorganic salts
present in other sources. The data indicate that the forms of lead
contained in paint are absorbed only one-fourth to one-half as well
as the lead salts. A 17-percent rate of absorption for lead in paint
has been estimated (NAS, 1976). It must be emphasizea that due to
high varxab111ty cf several factors, thls absorptxov rate is only
su1tab1e for use on a group basis.

No’ def1n1t1ve stud1es have been conducted on the absorptlon rate
for 1ngested lead from soil/dust. It appears that this is a major
source, of lead and that many children ingest substantlal amounts cf
so;l/dust from normal hand-to-mouth activity. Ic is generally
assumed that within the gastrointestinal tract lead is more easily
separated from the physically absorbed soil fraction than from the
chemically bound fraction in paint. ‘Analysis of lead in soil/ dust

and paint from an area impacted by a smelter showed that 20 to 69
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percent lead in surface soil was extractable in 0,IN HCl (rep-

" resentative of the human stomach) compared with less than 10 percent
extracted from paint samples (Roberts et al., 1974), A rate of 30
percent has therefore been selected as a representat1ve figure for
the absorption of lead from so11/dust, reflectlng an absorption rate
intermediate between dietary lead and paint lead uptake.

) ‘A number of factors affect ‘the degree of lead abgorpt1on in che
61 tract. . Variations in the chemical form of the ingested lead mate-
rial can alter the absorption rate. Lead tracer studies in fasting '
adults have indicated that léad nitrate is absorbed at about three
times the rate of lead snifide (i.e., 41 and 14 peréent;'réspective-
1y) (Wetherill et al., 1974). Nutritional factors may also affect GI
abaorptibn of lead (Barltrop and’Khoo J1975a, b; 1976); short-term
studies usxng 203pp tracer in rats detected a twentyfold increase

in absorpt;on for those animals fed diets deficient in minerals and -a
'agvenfold increase for those on h1gh—fat diets (Barltrop and Khoo, -
1975a)., There is also a pronounced tendency toward greater absorp-
tion when lead is ingested without food (Wetherill et ;1;, 1974;
Garber and Wei, 1974; 'Quarterﬁan et al., 1976). Although it has been
suggested that lead in drinking water is "abeorbed in the GI tract at
twice the rate of lead in food (Patterson, 1965), def1n1t1ve labora~
tory evxdence of such a preferentxal absorption is currently unavail-
able, In the absence of such data, equivalent GI absorption rates
for lead in food and water on the order of 10 percent . in adults, and

about 50 percent in children, have been assumed,

3. l 3 Dermal nal Absorption
In order to be absorbed through the skin, lead must either pass.

through the epidermal cell layer, the sweat or sebaceous glands, or
the hair follicles. Uptake via the .sweat glands or hair follicles is
not significant. The epidermal layers are not highly permeable and

restrict the absorleon of most inorganic lead compounds. However,
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since the skin is a lipid barrier, organic lead compounds are able to

pass through and be absorbed.

Clinical studies have indicated that organic lead compounds
(e.g., lead naphthenate, lead acetate) can cross the epidermal layers
to varying degrees and result in elevated blood-lead levels (Rastogi
and Clausen, 1976). Alkyl lead compounds are also readily absorbed

through the skin (Gething, 1975), and have caused episodes of acute

lead poisoning.

The dermal absorption of lead compounds, however, does not
appear to be a significant exposure route for the gemeral population.
Although organic lead compounds are quite capable of passing thé skin
barrier, the major source of exposure is occupational (e.g., garage

mechanics, gasoline distributors). As mentioned in Section 2.1,

“alkyl lead congcentrations in urban atmospheres are probébly congider-

ably less than 10 percent of the inorganic lead values (NAS, 1972),

3.2 Retentlon Characterlstics

~ Postmortem analyses of tissue samples from persons with no occu-
pational exposure to lead have demonstrated the presence of the metal
in virtually every organ of the human bdd}'(Barry, 1975; Gross et
al., 1975), o "
The body burden of lead is not dlstrlbuted unlformly, lead has

an extremely high affinity for;calcareous tissue (Table'3-3). Over

" 90 percent of the lead stored in the adult body is locatéd ‘in the

skeletons In one study (Barry, 1975), the average body burden‘of
lead in 50 male adults was 164.8 mg, of which 155.5 mg (94.4 percent)
was located in bone. Children were found to have both a substan- . -
tially lower body burden of lead and -a lower percentage df this. body
burden contained in their bones (Table 3-3). The average body burden
of lead in 23 children (mean body weight 23 kg) was 12.3 mg, 72.5

percent of which (8.9 mg) was located in bone. However, concentra-

tions of lead in the majority of soft tissues.of cﬁildren'wére either -
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Tissue
Tibia
Rib
Liver

Kidney
Cortex
‘Medulla

Prostate

- Spleen

Lung

Skin

Thyroid
Brain Cortex
Stomach

Heart

TABLE 3-3

LEAD CONCENTRATIONS IN VARIOUS TISSUES

OF CHILDREN AND MALE ADULTS
(ppm Wet Weight)

 Male Adults
23.4

- 8.85
1.03

0.78
10.50

0.27
0.23.
0.22
0.19
0.19
0.10
0.09
0.07

SOURCE: Adapted from Barry, 1975
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3.70
3.01
0.87
0.70
0.49
0.48
0.13"
0.19
0.63
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fhe same as or higher than those in the corresponding tissues of
adults (Table 3-3).

Lead concentrations in the majority of soft tissues apparently
reach an equilibrium level during the second decade of life and
remain at this level indefinitely (Barry,; 1975). Concentrations in
the bones, aorta, liver, lungs, kidneys, pancreas and spleen continue
to increase with age (Schroeder and Tipton, 1968). While some
studies have reported that this increase continues indefinitely
(Barry, 1975; Barry and Mossman, 1970), others have noted a decrease
in the lead burdens of many soft tissues beginning in about the
eighth decade (Gross et al., 1975; Schroeder and Tipton, 1968). This
decrease in soft tissue-lead levels may reflect an atrophy'of paren-
chymal cells and an increase in interstitial matter (e.g., fascia,
fat) in these tissues that has been'postulated'to be a part of the
aging process (Gross et al., 1975; Steiglitz, 1949). Decreases in
bone-lead levels may be due to osteoporosis and/or the reduced lead
exposure of clder persons (Gross et al., 1975).

The distribution and kinetics of lead in the body are approxi-
mated by a three-compartment model (Figure 3-1) (Rabinowitz et al,,
1973; 1975). The model is based upon isotopic tracer studies of ﬁhg
relationships between lead intake, concentration in blood, and
elimination in human subjects; consequently, the three compartments
of the model represent physiological entities rather than diatinct
anatoﬁiCal systems., Aside from blood, the majority of fluids and
tissues of the body cannot be uniquely asaigned to individual
compartments, _ : ‘ ‘

The blood and certain soft tissues which exchange lead rapidly
with the blood constitute'compartmeqt<1...Lead which is absorbed

through the pulmonary and gastrointestinal rputeg enters directly

“into this pool and is subsequently tramsported within compartment 1,

exchanged with either of the remaining two compartments, or elimj-

nated in the urine. Compartment 2 accounts for a delay iq the

labeling of bile and other secretions relative to the labeling of -
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DIET

ANCILLARY SOURCES

(FOOD, WATER) AIR (E.G., OCCUPATIONAL) -
40%
3 1 < 2
BONE BLOOD SOFT TISSUE

) ) [
‘ ‘1‘!2 ~ 10* Days

o <

T;! . 27-36 Days _

4% of Body Burden ’

'T.;5 - 30~40 Days.

2% of Body Burden |

i

| 94% of Body Burden

'

" URINE

v
BILE, HAIR, SWEAT,
‘NAILS, TEETH

SOURCE: Adapted from Rabinowitz et al., 1973, 1975; Barry, 1975.

*Figures based on adult male data. '

FIGURE 3-1

LEAD RETENTION: THREE- COMPARTMENT MODEL*




blood, This compartment, which contains less than half as much lead
as compartment 1, is thought to represent a portion of the soft

tissue not included in compartment 1 and perhaps the more actively

exchanging skeletal components. Compartment 3 includes the remaining

‘soft tissue and the majority of the skeletal material, Thus, this
compartment contains most of the body burden of lead.

Of the absorbed lead which reaches the blood, about 46 percent
is subsequently transferred to the other two compartments. A small
fraction of the lead transferred from the blood to soft tissue is
subsequently returned to the blood but the vast majority is elimin~-
ated by a variety of pathways. There appears to be mno direct
interchange of lead between goft tissue and bone (Rabinowitz et al.,
1973). : '

Varying estimates of the half-lives of lead in the first two
compartments have been reported in the literature: ' 27 and 30 days
for blood and soft tissue, respectively, in a 1973 study by
Rabinowitz et al.; and 36 and 40 days in a subsequent paper by the
same. authors (Rabinowitz et al., 1975). Regardless of this discrep-
ancy, it is clear that the lifetimes of lead in the two compartments
are qu1te s1m11ar. Furthermore, they are extremely short in
comparzson with the hdlf-life of lead in bone, wh1ch has been esti-
mated to be about 10%4 days (27.5 yearg).‘ Thus, the body burden of

‘lead consists of two small and highly transient pools contained in

the bloodlaud soft :tissues, and a long-lived, relatively immobile

ftactxon contained 1n the skeleton.

While the lead levels in the blood are qulte sen81t1ve to varia-

tions in uptake and therefore give a good indication of recent expo-.

sure, they provide little insight into a person's lifetime exposure

history. Bone or dentine lead levels are a poor indicator of recent

exposure but a fairly good indicator of lifetime exposure (Gross,

l976; Kehoe, 1969). An accurate chromology of lifetime'lead exposure

cannot be inferreéd from the distribution of lead in bone; however,
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the concentration and distribution of bone lead does provide a sub-
stantial amount of information. Because of the extremely slow turn~
over of compartment 3, the avefage concentration in thié compartment
more or less reflects a person's average lifetimevexpoaﬁre level
(Barry, 1975). Furthermore, the distribution of lead within the

skeleton is somewhat indicative of the nature of an individual's

exposure history; soft, vascular bones such as the ribs and vertebrae

contain a higher concentration of lead than densé bones such as the
femur, after an acute high~level exposure, and a relatively low lead
concentration following chronic low-level exposure (Kehoe, 1969).

In humans, the édverse toxicological eifects'of lead are associ-
ated with the mobile fraction (i.e., that which is contained in com-
partments 1 and 2) (NAS, 1972)., The lead outputs from compartment 3
norﬁally represent an insignificant contribution to this mobile lead
‘hovwever, under certain circumstances which are not clearly under-
stood, substantlally higher quantities of skeletal lead can be remo—
bilized, Large quantities of lead are released from bone during
chelation therapy and abnormal skeletal remodeling resulting from
.dietary deficiencies (calcium, phosphate, magnesium) and hbrmbnal
(phrgthyroid hoimone, ¢alcitonin) imbglance (Bethea and Bethea, 1975;
Rosen and Wexler, 1977).° Lead ia the soft bones is presumably réﬁo—'
biiizgd more readily than lead sequestered in the dense bones
(Rabinowitz et--al., 1974; Rosen and Wexler, 1977)..

In young.children the lxkellhood of one of the aforementxoned
nutritional deficiencies (e.g., calcxum deficiency) is very high.
This suggests that children face an 1ncreased risk of remob111zat10n
of skeletal lead (EPA, 1977).

3.3 Elimination_CharacteriStics

In adults, approximately 90 percent of ingested lead is elim~
1nated in the. feces without prior gastroimtestinal absotpt1on (Kehoe,
1961; Wetherxll et al., 1974). The rate of absorptxon of lead
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‘den (Friberg et al,, 1974). However, the healthueffects.of lead do

through the gastrointestinal tract is greater in children (Section

UL e el D

2.1.2), who therefore eliminate a substantially smaller proportion of
their total intake as unabsorbed lead in the feces.

The primary elimination route for lead absorbed by all routes is
in the urine, representing about 95 percent of the total output of
absorbed lead (Rabinowitz et al., 1973). Lead is excreted by the
kidney into the urine, both by glomerular filtration and transtubular o
floy (Goyer and Mahaffey, 1972). Renal effects of lead (discussed in 1 .
Section 4,.1,3) may compound lead toxicity by interfering with urinary
lead excretion. Direct transfer of lead to the urine takes place
solely from compartment 1 (blood),‘and is the only direct route of : : P
excretion from this compartment. '

The remaining 5 percent of the Output'of absorbed lead is from
!compértment.z (soft tissues) in alimentarj tract secretions, hair,
nails, and perspiration (Rabinowitz et al., 1973), The rates and
relative proportion of lead eliminated by all routes appear to be
sensitive both to the dose and the chemical form of ﬁhe lead,

although these relationships are currently unclear (EPA, 1977).

3.4 Body Burden _
, A éreat deal of emphasis has been flaced on &etérmining the ' B “ e
human body burden of,leﬁd, perhaps because the toxic. effects of other B :
metals, such as cadmiug, are directly related to the overall body bur- ;

not appear to be directly related Eb thé.whdie‘body content of lead;
on the.céntriry, the vast majority of ﬁhe'lead;in'tﬁe body {that
‘stored in bone) is believed to belésséﬁtiilly,inéctiie (EPA, 1977).
Furthermore, this inactive fraction is fairly insensitive to short-
term changes in lead uptake, which directly #ff9ct heqith, and thus -
the whole body burden can provide a misleading‘estimgte of the
lead-related health hazard. '
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Lead is distributed diffetenéially in the various tissues of the , §_

~ body. For analytical siﬁplicity, these tissues can be grouped to-
gether on the basis of lead distribution charactéristics and the body
burden of lead reprosented as a limited number of dzstlnct physlolog-
ical compartments (such as the three*compartment model described in
Section 3.2). The lead content of many or all of the tissues is in
constant flux, the magnitude of which can be radically different in
different tissues (Rabinoﬁitz et al., 1973, 1974, 1975; Wetherill et
al., 1974). 1In the compaftmental model, this flux is‘fepresented by
rates of input to, transfer between, and excretibn from the compart-
ment as & whole. _ » )
When the rate of lead intaké:is constant for extended periods

(~100 days) the concentration qf,léad in blood reaches an approximate
.steady state (Wetherill et al., 1974); presumably indicating an equi-
1ibrium in the overall body burden of lead.. Modifications in daily
" lead intake, if maiutaihgd for a sufficient length of time, will
result in chénges in the lead concentrations in the three compart- - :
ments and the aﬁt#inment of a new equiliﬁ;ium condition. The rates ;

and magnitudes of these changes are dependent'upon the rates of lead

flux in the tissues and can theoretxcally be calculated from the

three-compartment model by inclusxon of the appropriate parameters.

nfortunately, studLes that have experlmentally determ1ned these

parameters (Kopple et &l., 19763 Rabinowitz et al., 1973, 1974, 1975;
Wetherill et al., 1974) have used a very small number of subjects,
all of whom were adult'méleé, and a limitéd range of exposure '
conditions. Therefore, it is not certain whether these p@rameters
are applicable to the adult male population as a whole., Furthermore,
given the apparent differences in the behavior of lead in children -

and adults, it is almost certain that these parameters are not

>app1icab1e‘to the child population.
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4,0 TOXICITY OF LEAD

The toxicological impact of environmental lead is a cumulative
product of continuous low-level exposure. The possibility that
adverse health effects may result from chronic exposure from the
ambient environment is of maJor concern.f

Adverse toxicological effects are due essent1ally to the mobxle
fraction of absorbed lead within the body (EPA, 1977; Goyer and

‘Mushak, 1977)., Previously deposited fractions of lead are mobilized

as a result of chelation therapy, normal skeletal remodeling and

' metabolism, and periods of physiological stress (Betheavand Bethea,

1975). Normal skeletal remodeling and growth is dépendeht upon the

. levels of parathyroid hormone, calcitonin, cnlcium; inorganic

bhqephate and magnesium (Rosen and Wexler, 1977). By altering the
bodily concentrations of these metabolic factors, dietary metabolic
imbalances (periods of physiological stress) can cause variation in
the blood lead level through bone-lead mobilization, "

Two properties of lead are believed to be reéponsible fér wide-
spread adverse health effects, Lead has an aff1n1ty for amino acids
containing sulfur, tesultlng in deformat1on of protein structure.
Lead also has a tendency’ to bind to the mitochondria, leading to
‘interference in the regulation of oxygen transport and energy v
generatxon (Needleman and P1ome111, 1978).

‘Biochemical impairment -of many enzyme systems has been found at

very low lead exposure levels. In fact, recognition of low levels of
} exposure is generally a result of blochemxcal measurements of enzyme

activities (Needleman and Piomelli, 1978) Although ‘lead has been
shown to produce enzyme interference effects at low concentratlons,

espec¢ially in infants and children, the ‘amount of interference that

" can be tolerated by an individual withput subsequent harm is uncer-

tain. In vitro and in vivo studies have provided evidence of inhibi-

" tory effects at minute blood-lead levels (about 5 pg/dl). It is
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believed that a "no effect level" of enzywe inhibition by lead is
nonexistent, but the physiological significan#e of low-level enzyme
 inhibition is questionablé, Compensation for low lead level enzyme
inhibition is thought to be achieved through a "reserve enzyme capa-
city" but the extent of this low level reserve capacity is as yét
unclear, “

A total review of the literéture'has not been attempted for this
discussion of lead toxicity; rather, a brief synopsis is provided,
More in depth discussions of the health effects of lead can be‘found
in several publications (e.g., EPA, 1977; WHO, 1977; Kehoe, 1961;
NAS, 1972). B '

4,1 Biological Effects Associated with Lead Absorption

o Lead can affect a number of biological systems in man. The
hematopoietiec, nervous, and renal systems are the most sensitive to
chronic low-level exposure. A number of other‘sys;éms are also
affected; but to a lesser degree. These include the reproductive, ' i _ ;
~endocrine, hepétic, cardiovascular, immunologic and gastrointestinal
systems, The discussion of health effects in this report will be
limited to‘the three systeﬁs4most‘sensitive‘to lead exposure and will
foéus on children. The carcinogenicity of lead compounds is also
briefly discussed. ’ -

4.,1,1 Hematopoietic'ﬁffgqﬁs

Lead inhibits the synthesis of hemoglobin at sevéralxpoints
thfoughOut the heme synthetic pathway (Figure 4~1). Synthesis. of
hemoglobin is completed within a few days after the réd blood cellé
enter the bloodstream;'thetefore,.inhibition of heme synthesis must
take place before this poiﬁt (Guyton, 1971b). The inhibition of the
enzyme S-aminolevulinic acid dehydratase (ALAD) is believed to be the

earliest known biological effect of lead intoxication (Herqbefg,

50

DUP050033573




ixnns '
CYCLE

SUCCINYL COENZYME A

+ GLYCINE
MITOCEONDRION CJe
Tt Tama .
S~AMINOLEVULINIC ACID SYNTHETASE (ALAS)
$-AMINOLEVULINIC ACID (ALA)
S-AMINOLEVULINIG ACID DEHYDRATASE (ALAD)
PORPHOBILINOGEN
UROPORPHYRINOGEN III
UROGENASE
COPROPORPHYRINOGEN III
: ¥ COPROGENASE
CYTOPLASM .
MIIOCHONPRION morr?om’xﬁm X (FF)
+ ZIC
HEME SYNTHETASE ?- ‘
o I ZINC PROTOPORPHYRIN IX (ZPP)*
" crosIy 1
HEMOGLOBIN
», possible inhibition
¥ definite inhibition
FIGURE 4-1

SITES OF LEAD INHIBITION IN THE NORMAL PATHWAY

OF HEMOGLOBIN SYNTHESIS

aPrecise site and mechanism of ZPP formation is unknown.

SOURCE: Adapted from Baloh, 1974; NAS, 1972.
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1976). A result of this inhibition is a decline in heme synthesis
due to a block in the utilization of S—aminolevulinic acid (ALA),
H0we§er, a decrease in ALAD activity has also been reported for alco-
holids, dihbetibs, cancer patients and workers exposed to organic
sdlvents'(Yaméguchi et al., 1976) "so this cannot be used as a defini-
tive indicator of early lead toxicosis,

The degree. of inhibition of ALAD activity increases with
increasing blood-lead levels. Partial inhibition becomes mgasurable'
at blood-lead lé&els as low as 5 to 10 pg/dl (Goyer and Mushak, 1977;
Chisolm, 1971; Wessel and Dominski, 1977). There. is no indication
that this partial irhibition is harﬁful_since heme levelé‘are appar—
ently not affected. This suggests an enzymé reserve such as that
discussed in Section 4.0. Above a bloo&*léad level of approximately

40 ug/dl, the increase in ALA excretion is exponential. The inhibi-
~ tion of ALAD activity acceler@tés as blood-lead levels increase from
40 to 80 pg/dl and higher (NAS, 1972). At blood-lead levels between
70 and 90 pg/dl, ALAD activity is almost totally inhibited (Hermberg,
1976). The relationship between blood-lead levels and ALAD activity
remains constant under varying exposure conditions (i.é., new expo-
sure, steady state, after termination‘ofAeprsﬁre) (Tola et al.,
1973). ‘ e o

Lead also interferes with‘tﬁe‘fipal step in heme biosynthesis,
the chelation of iron by protoporphyrin IX (PP). It is not clear
whether this is due to the prevention'of_irbnApassage ;hf0ugh the
'mitocﬁbndriai membrane (Needleman and Piomelli, 1978), interference
with ferrochelatase activity (Lamola and Yamane, 1974), or a éombina*
tion of these effects (EPA, 1977). The surplus PP created by the
inhibition of iron chelation does not remain in the unchelated (free)
form, but is chelated with zinc (zn?*) to form zinc protoporphyrin
1x (2PP), and bound to globin (Lamola and Yamane, 1974).
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The elevated levels of PP measured in acidic solvent extracts

" of erythrocytes from patients with lead intoxication, led many

investi-gators to the erroneous conclusion that the porphyrin present

in the red blood cells of these patients was free erythrocyte

protoporphyrin (FEP). However, in vivo fluorometric measurements of
whole blood and isolated erythrocytes have demonstrated that the
omnipresent species in lead intoxication is actualiy ZPP (Lamola and
Yamane, 1974; Blumberg et al., 1977). - This view is further supported
by the fact that levels of ZPP measured in whole blood by a
fluorometric technique are very similar to "FEP" levels determined by

extraction methods and show an excellent linear correlatiom with

" these "FEP" values (the coefficients of correlation for linear
relationships between ZPP levels and the FEP levels determined by two
methods were 0.98 and 0.99) (Blumberg et al., 1977). Thus, it is

thought that acidic solvents break down the ZPP chelate cOmplex'gnd'

produce the PP found in erythrocyte extracts. FEP values found in

the literature have been reported as “FEP" in this study; however, it

is believed that these values represent an indirect measurement of
the levels of ZPP in the blood, rather than an indication of levels
of free protopotphyr1n IX in vivo.’ | :

Blood-lead 1evels in chxldren have been assoc1ated with speclflc
hematolog1c changes (Table 4-2), At 15 pg/dl there is a greater than
40 percent inhibition of ALAD activigy. At 20 to ZSng/dl, there is
greater than 70 percent inhibition in ALAD activity. At 30 to 40

pg/dl, urinary excretion of ALA increases above 5 mg/l. At 20 to 25
pg/dl, there 1s an increase in erythrocyte protoporphyrlns. At 40 to:
50 pg/dl, there is a decreased hemoglobln level (Zlelhu18, 1975)., An

increase in erythrocytlc protoporphyr1n is consxdered to be a sign of
increased physlolog1c impairment since it 1s 1nd1cat1ve of meaxred
mitochondrial function (WHO, 1977).
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In addition to the enzymatic effects, & shortening of the life
span of erythrocytes has been reported. The mechanisms responsible
for the shortemed life span are not clearly understood but may be the
result of several physical effects. Observed effects resulting from '
exposure to low levels of lead include an increase in the osmatic o E -
resistance of erythrocytes, an increase in mechanical fragility and
interference with a number ofrmembrﬁng functions, including functions
wﬁich are important for'maintaining‘cell inteﬁrity (Hernberg, 1976).

v The end result of the enzymatxc as well as the physical effects
on the hematological system is anemia, resultxng from decreased
erythrocyte productlon and increased cell destruct1on. This anemia

is often the earlzest manifestation of chronxc and acute lead poison-
ing and is characterized by increased numbers of tetlculoqytes and
basophilic stippled cells in the bloéd.b'The éymptoms of this anemia
are pallor, waxy sallow complexion, fatigue, irritability and head-
ache; irritabiility and decreased play activity may be signs in young -
children (NAS, 1972), It is believed that iron-deficient children

may be more susceptible to the toxic effects of lead (Nas, 1972).

In one study, the incidence of anemia rose sharply in children
as the blood~lead level 1ncreased from 37 to 100 pg/dl. At blood-
lead levels below 36 pg/dl, 14 percent of the children were anemic,
compared to 36 percent with levels between 37 and 60 pg/dl {(Betts et
al., 1973). However, the degree of anemia correlates poorly with
blood=lead levels snd does not become obvious until the level exceeds
80 pgldl (Hernberg, 1976). In children, a threshold blood-lead level
for anem1a is about 40 pg/dl while for adults 50 pg/dl 18 cons1dered
the threshold level (EPA, 1977),

4,1.2 Central and Peripheral Netvous System Effects

There is a great deal of concern over'the neurological effects
of lead. Some segments of the population, especially children, may ' L -

be exposed to lead in quantities sufficient to cause neurological
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and behavioral impairment, although the actual levels necessary. to

"prpduce such effects are in question (EPA, 1977). It is not known

‘whether ceéntral nervous system (CNS) impairment can occur at levels

below those which produce observable effects in the hematopoietic
system (Damstra, 1977), '

_CentrglANe;voqs System: Accumulation of lead in the body can

lead to severe effects on the central nervous system. These central
nervous system effects are most responsible for the morbidity and
mortality associated with lead poisoning. Symptoms of neurological

changes include ataxia (muscular coordination failure), clumsiness,

weakneés? stupor, coma and convulaions‘(MAhaffey, 1977).

The most severe effect of lead intoxication on the central ner-
vous system is acute encephalopathy (degenerative brain disease).
Blindness, mental retardation, behavior disorders and death can
result at this level of toxicity (NAS, 1976), The pathological

" changes may remain after therapy (Mahaffey, 1977) and can be con-

sidered irreversible, In an early, mild form, the subclxnxcal signs
of encephalopathy include psychomotor d1sturbances, 1mpalrment of
intelligence functions and personality changes. Masgsive doses of
lead corresponding to blood levels above lso'ﬁg/dl afe required for
the development of acute encephalopathy. As the disease worseans,

cerebral edema develops (Hernberg, 1976).

Chronic exposure to lead can produce a progresslve mental deter-

1oratlon in children, 'This is characterized by loss. of motorvskllls'

hyperkxnetlc and aggressive behavior, and convulsions, and has been

assoclated with blood~lead levels in excess of 60 pg/dl (EPA 1977).
There is a great deal of controveray concetning the subtle

neurobehavioral effects of low-level lead exposure in asymptomatxc

humans, It appears that medically significant effects can be
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ptoduced in adults from exposures yieldiﬁg blood lead levels below 80
pg/dl. In children, lower levels (i.e., sbout 40 pg/dl) are beligvéd
to produce neurological damage, possibly because of the
underdeveloped state of the central nervous system (EPA, 1977).

The frequency of neurologic effects appearg to increase in
children at blood-lead levels in the range of 50 to 60 pg/dl or above
(NAS, 1976). Although this produces no major clinical effects, it
has been argued that no damage to the central nervous system should
be accepted. Central neruous system damage is believed to be more
serious than the reversible effects on other systems since the
nervous system has a poor regenerative capaclty (Seppalaxnen et al., _ :
1975). _ : o '

: Subclinical effects on intelligence and behavioral activity have
" been reported in children with blood-lead levels below 40 pg/dl
(Goyer and Mushak, 1977). Exposure to concentratxons ‘below those
leyels which produce irreversible neurological dysfunctions has been
postulated to bé involved ih'the production of hyperactivity and fine
motor deficits in children (Mahaffey, 1977). However, the view that
these behavioral deficits are, or are related‘to, the csusé of ele-
‘vated blood-lead levels in these childrenﬂis also tenable. .In one
study, the mean blood-lead level in 54 hypéraetive.children was 26.2
pg/dl while the mean blood-lead level in 37 controls was 22.2 pg/dl
(David et al., 1972). Failure on fine motor tests occurred almost .
twice as fréquently and mean IQ scores were significantly lower in 4
children with blood-lead levels 40 pg/dl or those with blood lead
230 ug/dl having radiographically visible lead lines in the long. - '
’ bones than in controls (de la Burde and Choate, 1972; 1975).
Although many studies have been conducted to test low-level lead
effects on the CNS, no couclusive evidence has been presented. It
- remains unknown whether psychological, emotional and neurological -
sequelae occur in asymptomatic children with blood-lead levels below

thase associated with ¢linical lead poisoning.
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Peripheral Nervous System: In addition to the effects on the

central nervous system, peripheral neuropathy due to lead poisoning
has been reported. Peripheral nervous system paralysis is character-
ized by selective involvement of motor neurons and is'manifested as
weakness‘of the extensor muscles. At blood~lead levels of 80 to 120
pg/dl, a slowing of the conduction velocity of the nerves of the
uéper limbs and electromyographic abnormalities have been reported
(Hernberg, 1976}. ‘ '

Although peripheral neurqpathy'is considered rare in childhood
lead poisoning, it has been suggested that this is because the
effects are overshadowed by the clinical symptoms of encephalopathy.
Feldman et al, (1973) observed a statistically significant (p <
0.002) decrease in peripheral nerve conduction velocity in a group of
24 children with blood-lead levels of 40 pg/dl or greater. In
studies involving lead workers with mean Blood*lead levels of 40 + 9
pg/dl, a slowdown of nerve conduction velocity in the upper
extremities and electromyographic abnormaliries (i.e., fibrillations
and diminished number of motor nqitaboﬁ maximal contraction) were

reported (Seppalainen et al., 1975).

4.1.3 Renal Effects

There appear to be two distinct renal effects from chronic lead
exPosure; reversible proximal tubular damage and ptogtessive,‘irre-
versible renal failure. Although dose—résponse‘relationships have
not been defined, it appears that the;effepté occur only at 1évels

above those which affect heme synthesis (Hammond, 1977).

Renal tubular dysfunction is manifested in children as Fanconi's

syndrome, characterized by glycosuria (prgsenqe of abnormal amounts
of glucose in urine), hypophosphatemia (an abnormally decreased
amount of phosphate in the blood) and amincaciduria (presence of

amino acids in the urine). Aminoaciduria reportedly results from
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blood-lead levels above 80 pg/dl (Chisohm,;1962);Lhowever, the exact
level which ptoauééa this effecﬁ is unclear. The Fanconi syndrome
has been reported in ome~third of the children in one study with
acute encephalopathy and blood-leid-lévelb ébcve_lso ug/dl (NAS,
1972). o '

_ Studies indicate that chronic kidney damage is the result of
high renal lead content for long periods of time, There is no evi-
dence to suggest that kidney damage occurs in asymptomatic case§~
effects only occur in association with other symptoms of lead tox~
icity (Damstra, 1977).

‘ Prolonged and excessive exposure to lead can result in chrounic
lead nephropathy, although the level of exposure which causes this
effect is not known (Hammond 1977). Chronic lead nephropathy, a
progresslve and irreversible d1sease, is characterlzed by progress1ve

azotemia (presence of urea in the blood), interstitial fibrosis, tubu-

lar degeneration and giomerulat vascular changes in small arteries
and arterioles of the kidney (Morgan et al., 1%66). Renal insuffi~
ciency may be a sign of subclinical lead poisoning (Campbell et al.,
1977). Renal failure may result from more extensive exposure (EPA,
1977). ' |
The formation of inclusion bodies, composed of a lead-protein

complex containing approximately 50 pg lead/mg protein (Moore et al,,

1973), is one of -the earlxest effects of lead nephropathy (Hernberg,
1976). These inclusion bodxes appear in renal proximal tubular cells
as well as in other tissues (Hammond, 1977)., The lead in the inclu-
sion bodies is 60 to 100 times more concentrated than in the whole
kidney (Goyer and Mushak, 1977). These inclusion bodies may serve as
a defense mechanism by binding the lead and thus lowering the -
concentration of lead in the cytoplasm (Goyer and Chisolm, 1972).

. Chronic- repal injury from lead exposure cap also produce gout
(Emmerson, 1968). Although the mechanism of interference with uric
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acid excretion is not known, it has been hypothesized that the rise

in the serum urea level may result from a loss of glomeruli, leading
to a reduction in the glomerular filtration rate (Campbell et al.,
1977). '

High levels of lead in drinking wat;t (>100 pg/l) have reported-

ly been responsible for remal failure, hyperuricemia and gout in

individuals drinking the water for 15 to 30 years (Beattie et al.,

1972).

4.1,4 Carcinogenicity

A relationship between lead exposure and cancer in humans has
not been demonstrated. However, very high doses of lead salts have
been shown to be carcinogenic in laboratory animals by a number of

investigators: lead phosphate in rats (Zollinger, 1953; Roe et al.,

41@65; Sunderman, 1971) and mice (Sunderman, 1971); lead acetate in

rats (Boyland et al., 1962; Zawirska and Medras, 1968; Kanisawa and
Schroeder, 1969; Sunderman, 1971; Coogan, 1973; Stiller, 1973) and
mice (Van Esch and Kroes, 1969; Sunderman, 1971); and lead subacetate

 in rats (Van Esch et al., 1962; Mao and Molnar, 1967; Oyasu et al.,

1970; Sunderman, 1971) and mice (Van Esch and Kroes, 1969). Tumors
of the kidney, both benign and malignant, were produced in all of
these studies, regardless of the route of administration (orally in

food or water, or by intraperitoneal and/or subcutaneous injection).

‘High incidences of tumors of the testes, adremnal, thyroid, pituitary,

prostate and lung have also been seen in rats and mice tgceivihg
these. salts (Zawirska and Medras, 1968; Sunderman, 1971), and cere-
bral gliomas have been observed in 2 rats out of 17 receiving dietary
lead subacetate (Oyasu et agl., 1970). .

In contrast to the animal data, no significant relationship be-
tween exposure to lead and cancer in a human population has been
teported. Dingwall-Fordyce and Lane (1963) conducted a follow-up
study of 425 persons who had been exposed to lead in a storage bat-~

tery factory. WNo evidence was found to ‘suggest a correlation between
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lead absorption and malignant disease. In a more recent study
(Cooper and Gaffey, 1975; Cooper, 1978), the incidence of death from
malignant neoplasms among battery plant workers and from lung cancer
among smelter and battery plant workers waé‘slighily'highér than

- expected, although this increaae:was'not.statistically significant.

A consistent féature of the animal studies is that the animals
were subjected to very large quén;ities of the lead salts utilized.
The lowest dietary concentration of a lead salt which produced cancer
in the feeding studies was 0.1 percent. Iﬁ the injection studies,
the lowest lifetime dose received by rats that developgd‘fenal tumors
was 120 mg, TIARC (1972) noted that the level of human exposure
equivalent to the intake of lead acetate that has produced renal
tumors in rats is 810 mg/day (550 mg Pb/day). This level_gteétlj
exceeds that at which severe, debilitating effects and even death
will be produced. Thus, even if 1eéd'is a human carcinogen, the car~

cinogenic effects will presumably be greatly overshadowed by the sys— °

temic toxic effects at the exposure levels generally encountered,
Carcinogenicity canndt‘be considered .a singular risk gssociated with
lead exposure since the systemic effects constitute a major public
‘health problém.

4.2 ‘Indices of Exposure/Effect

‘There are many tests which can be used -for the detection of in-
creased lead absorption, Teétslﬁhich measure both tissue lead con—
tent and tissue metabolic effecfs are available. However, no single
test can be used fof the determination_of body burden or total meta-
bolic effects. At present, blood~lead concentration is considered
the best available measure of tissue lead content; -while free
erythrocyte proto?orphyrin (FEP) concentration is the best measure of
tissue metabolic effects (Baloh, 1974). '
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4.2.1 Lead Levels in Tissues _

The concentﬁ#tién of léad in several tissues has been used to
indicate an individual's past exposure history'to lead. Although
blood-lead content is the most widely used criterion, tissues, urine,
hair, teeth and bone have been sampled. '

Blood lead: The blood-lead level is used both as an index of
exposure and for the diagnosis of health effects. This value is the

most widely accepted measure of recent exposure, as well as repre-

sentative of the actual mobilized fraction of lead responsible for

" the toxic effects in the body (Goyer and Mushak, 1977). A blood-lead

level of 40 pg/dl is believed to be the maximum level at which no
adverse health effects are found, although changes in enzyme activity
have been observed below this value. Clinical manifestations of lead

" poisoning begin when blood-lead levels are copsistentiy above 80

pg/dl (Goyer and Mushak, 1977; NAS, 1976).

Five methods are commonly used for the determination of blood-
lead concentrations: spectrophotometry, flame atomic absorption,
Delves cup, furnace atomié abgorption, and anodic stripping voltam—
metry. These methods reportedly have the capability of producing

- Fesults which are valid and reproducible within 5 percent precision

or better. However, interlaboratory comparisons do not éppear’to
confirm this degree of reproducibility.' Discussions of the methods
(Pierce et al., 1976) and the variability of the results of the
methods (Lucas, 1977) have recently appeared in the literature. Thete
are many.sources of variability involved;jinciuding gsampling
technique, storage time, contamination, and analytical procedure
(Pierce et al., 1976). Studies indicate that up tq 80 percent of the
variability can be due to analytical method.erroi (Lucas, 1977).
Because of the wide variation in blood-lead measurements, i% is com~

mon practice to run at least two analyses of the same blood sample.
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Even with these limitations, blood-lead analysis is still the
most widely used test for the diagnosis of increased lead absorption.
Many of the other test methods are based on a relationship to blood
lead. ' - ?

Urine Lead: Both blood;lead and urine~lead levels are accurate

indicators of recent lead exposure. Urine-lead levels are considered
less.accufate in that they are susceptible to changing renal output
or to dilution due to variable water content. In a steady state,
urine lead is represent;tiée of blood lead.. -

A "normal® value for nrinafy lead in young children is usually
less than 55 ug/24 hours. However, this value should not be used as
an index of budy burden since there can be ccmplzcatxng factors that.
affect lead excretion and give a false impreassion of the amout of
lead in the body (Baloh, 1974).

Hair Lead: Hair lead analysis can be easily performed and can
indicate chronic lead exposure, Since lead reacts with the
sulfhydryl groups in hair protein as the hair emerges from the scalp,
the concentration of lead at different sectioms can be indicative of

episodic exposures to high lead levels (Goyer and Mushak, 1977).

Contamination of hair by exdgenous deposition poses a problem in

evaluatlng the measurement, Although mean levels in ch11dren and
adults are in the range of 20 to 30 pg/g hair (Baloh 1974), appro-
priate precautions (e.g., careful waahxng of the hair sample) must be
_takeh if the measurement is to be considered afreasonable indicator

of exposure.
Tooth Lead: Tooth lead analyses have been used to a limited

degree as indicators of past heavy lead exposure. It is belieéved

that the lead content of the tooth represents the total exposure up
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to the time of removal. The reliabili;y;of tooth lead concentrations
as an indicator of lead toxicity has not been evaluated (Baloh,
1974). |

Bone Lead: Bome is an ideal tissue to analyze for total body

burden measurement, -8ince more than 90 ﬁercgnt.of the body burden of

lead is deposited in the skeletal aygtem of adults, and 60 to 65 per~

cent is deposited in the bone tissue of children. However, the value
of such a determination is questionsble since this bound lead is very
slowly mobilized.and does not reptesént a great danger. Correlation
of bone-lead levels to the manifestations of toxic symptoms cannot be
made, although bone-lead levels may single out those individuals
highly susceptible to lead toxicity (goyer'andvﬂushak, 1977).
Multiple bands of increased demsity ih grbwing'long bones (as seen by

radiographic examination) indicate prolonged, increased absorption of
lead (NAS, 1972).

It appears from the literature that there is a trend tovard put<

ting more reliance on measurements of metabolic effects associated

with absorbed lead in tissues rather than on blood-lead values.

While the blood-~lead level is considered a reliable index of recent

lead exposure, it does not necessarily indicate the extent of lead-

induced toxic effects. For'thiﬁ reason, considerable attention has

;been focused on measurements of the levels of intermediates .and

enzymes of the heme-synthetic pathway in the blood. Variébility
associated with blood~lead measurements has provided additional
impetus for finding direct indices of lead toxicity. HOWevef, until v
these pew methods have been tested and approved, blood-lead values
will continue to be the most widely used measurement. Some of the
tissue metabolic effects measurements have been correlated with
blood-lead values. A table (Table 4-1) showing these reported asso-

ciations follows the discussion.
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Tissue effects measurements include free erythrocyte protopor-
phyrin (FEP) and zinc protopbrphyrin (ZPP) determinations, urine
coproporphyrin (COPRO) measurement, urine 6-aminolevulinic acid (ALA)
* determination, and b-aminolevulinic acid dehydratase (ALAD) activity
‘measurements. These determinations are useful in détecting the sub-
c11n1ca1 effects of lead on hemoslobln synthes1s. Since lead inhib~
its several enzymes essentxal to the synthesis of heme, measurement
of heme precursors in the blood and urine can be indicative of
metabolic effects associated with incieaaed lead abso:btion.,

Zinc P;o;oporphyriglrree Erythrocyte P;otppprphyrig: Zin¢ pro-

‘toporphyrin (ZPP) appears in the blood a8 a result of chronic lead
abéorption. Since ZPP fluoresces when excited with high energy blue
light, the compound can be fludrometricﬁlly assayed, A rapid and
‘reliable test for lead absgfption based on this assay has been
‘devised. This test can differentiate between leadvpoisbning, iron-
-déficiency anemia, and other disorders vwhich may cause a rise in ZPP
”.1evels (Lamola et al., 1975a,b).

Numerous 1nvest1gators have reported levels of "free erythrocyte
protoporphyrin (FEP) based upon measurements of free protoporphyrln
IX (PP) in acidic solvent extracts of whole blood and isolated
erythrocytes. ‘However, the presence of PP 1n these extracts 18 ap~
parently a secondary effect of the extraction procedure on the ZPP
present in the erythrocytes (Section 4.1.1), and therefore FEP is
thought to be .an 1nd1rect measurement of ZPP. (Lamola and Yamane,
1974), . ' .

‘A recent development hasvbeehﬂthe design of a portable hemato-
fiuorometer'which can; in about five seconds, méésﬁie ZPP concen~
trations under field or laboratory conditions from a single drop of
whole, unprepared blood. This appears to be a"highi§ effective and
efficient means of detecting the early signs of lead absorption and
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and could be useful as a mass screening technique. A discussion of
this instrument has recently appeared in the literature (Blumberg et

al., 1977).

Urine coprOpo;phy:in: Coproporphyrin (COPRO) measurements are

considered less specific than FEP measurements. Coproporphyrin

excretion begins to increase at approximately 35 to 40 pg/dl blood-

- lead levels, but can be affected by conditions other than lead expo-

sure. Hepatic disorders, rheumatic fever, poliomyelitis, infectious
mononucleosis, and alcoholism can all increase the COPRO level in
urine (Baloh, 1974).

Both sample collection and analysis of the COPRO test are sim—
ple. An approximate upper bound to the normal excretiom rate for
both adults and children is 0.2 pg/ml urine (Baloh, 1974).

d-Aminplevulinic Acid: Increased levels of 6-aminolevulinic

acid (ALA) in urine have been associated with blood-lead levels of 40
to 50 pg/dl in adults (Hernberg et al., 1970). Since levels of"
concern can be below this, the concentration of ALA in urine is of
limited utility. Anm qpper‘normal level of excretion is difficult to
define, Since the rate of both false negatives and false positives

is high, the ALA test is not recommended for mass screening programs.

6-Aminqleyu1ihic Acid_Dehydratase: A more Qensitive index of

- low level lead absorption is ALAD activity. This test can detect
‘changes in lead concentrations down to blood-lead levels of approxi~ .

mately 5 pg/dl (Hernberg et al., 1970). This test is believed to be

' the most sensitive indicator of biological effect. It has the advan-

tage of showing changes in lead absorption in asymptomatic humans
(Goyer and Mushak, 1977). Although partial irhibition of ALAD activ-
ity does not cause any adverse health effects, presumably due to a
large reserve capacity, it is reflective of éatly biochemical altera~

tions at low ambient environmental levels (Hernberg, 1976).
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~ The correlation of ALAD to blood~lead 'lev,e_l_.' is very good (Tola
et al., 1973), Because of this close agreement, ALAD can be used to

predict blood-lead values.

4,2.3 Other Indices

~ Although uoc.qséfnl for monitoring or screening purposes, other

indices can be used to assess lead sbsorption. Nerve-conduction
velocity measurement can be a useful neurological test to detect
early signé‘of lead exposure (Seppalsinen et al., 1975; Singerman,
1976), Repal~func;ioh tests and electron microscopic examination of
the characteristic inclusion bodies are other possible measures of

lead exposure (Task Group on Metal Toxicity, 1976). However, since

renal function and nervous system damage are not evident before clin=

ical symptoms appear, the determination of hématological changes
remains a more useful tool for early detection of exposure
‘ (singerman, 1976),

4.3 Effects levels ) '
Spécific toxic effects of recent lead exposure in humans are

characteristic of eprhure levels, These effects levels can be mea-
sured by many physiological indicators. Blood-lead levels are the
mOst'éommouly reported index of the extent of recent lead exposure
and of the active toxic fraction of lead in the body. A
There is a positive correlation betﬁéenfblood41ead levels of 2
80 pgfdl invadaits and gnemia,and,neurologiéal impairment. Similar
effects are seen in children with blood-lead levels of > SO to 60 .
ug/dl (NAS, 1976). The more bubt1e mani£es£ations of subclinical
behavioral dysfunction {e.g., hyperactivity, slowed learning ability)
are not directly measurable by neurochemical tests, but are estimated
with functional tests and correlated with hematopoietic chemical
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measurements of the hemoglobin enzyme system. Since blood oxygen-
carrying capacity is effectively lowered with the onset of the
inhibition of heme production, CRS degradaﬁipn is expected to paral-
lel heme iphibition, because of the ‘extreme sensitivity of the CNS to
hypoxia. | ’ ' o o ,

" In vivo and in vitro studies frpve;lf_inh_ibitibn of ALAD at levels
as low as 5 pg/dl (Hermberg et al., 1970; Chisolm et al., 1975), but
it is believed that there is no complete absence of the enzyme-~
inhibitory effect of lead at any level (Wessel and Dom1nsk1, 1977). -
This may be compensated for at low lead levels by a reserve enzyme
capacity, but the 1ndiv1dual effectlve range of th1s reserve is as
yet unclear. Despxte this poasxble reserve, plood-laad levels of 30

pg/dl in women have reaulted in definxte ALAD 1nh1bit10n (Hernberg et
al., 1970). ’

Table 4-2 presents a sample of the reported known low blood-leéd‘

level and acute high blood-lead level effects.
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Pb-Blood
Level

(ug/d1)
5-20

15

25-30

30-50

40~80 .

[ |

L]

o

TABLE 4-2

CLINICAL SIGNS OF LEAD INTOXICATION

Effect

Normal background levels

Partial inhibition of ALAD

activity but no measurable
increase in ALA excretion

Threshold level for in-
crease in EP.

Increase in protoporphyrin
concentration in women and
children

Deleterious effects on red

blood cells (change in osmotic
resistance and mechanical
fragility)

FEP elevation of diagnostic

importance
Potential danger to children

First detectable increase in
ALA excretion and FEP levels
in body fluids; anemia
Increase in protoporphyrin
conc¢entration in men
Decreased ALAD activity

Decreased ALAD activity
Increase in urinary ALA, CP
Increase in FEP
Reticulocytosis

Nerve conduction effects
Inclusion bodies

Adverse metabolic effects on
heme synthesis, early mild
symptoms of plumbism

Slight drop in hemoglobin level

Anemia -
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Rgfgren;e
King (1971); Jenkins

(1976) o
Jenkins (1976)

Piomelli (1978)

Hernberg (1976); NAS
(1976)

Hernberg (1976) .

" Piomelli et al. (1973)

Center for Disease Control

(1975)

Jenkins (1976)

Hernberg (1976)

Goyer and Mushak (1977)

" Goyer and Mushak (1977)

Goyer and Mushak (1977)
Goyer and Mushak (1977)
Goyer and Mushak (1977)

‘Goyer and Mushak (1977)

Goyer and Mushak (1977)

Jenkins (1976); NAS
(1976)

NAS (1976)
NAS (1976)
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Pb~Blood
Level’

(ug/dl)

>80

L ]

TABLE 4-2 (CONCLUDED)

Effect

Increased risk of acute and
chronic clinical effects
Obvious anemia ‘
Reticulocytosis becomes
measurable

Shortening of erythrogyte life

span

Decreased ALAD activity
Fivefold increase in urinary
ALA, CP '
Incregse in FEP

Anemig

Ataxia, coma, convulsions
Fanconi syndrome, chronic
nephropathy -
Acute neurological disorders
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NAS (1976)

NAS (1976)

‘Hernberg (1976)

Hernberg (1976)

Goyer and ﬁnshgk (1977)
Goyer and Mushak (1977)

Goyer and Mushak (1977)

Goyer and-Mushak (1977)°

Goyer and Mushak (1977)
Goyer and Mushak (1977)

Goyer and Mushak (1977)
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5.0 SENSITIVE POPULATIONS

Two subgroups within the general population have been identified
as more sensitive and at greater risk'to environmentai lead ex-
posure than the average adult, Children under the age of four are
especially susceptible to the texic effeéts of lead, Fetuses have
algo been identified as a semsitive population and the pregnant
female as their exposure vehicle based on the fact that the fetus is

exposed to lead via transplacental absorption.

5.1 Children
Children are known to be especially susceptzble to acute and : '
chronic lead poisoning, Empirical evidence indicates that children

tend to hecome exposed to and absorb greater qhantities of lead than

do adults, In addition, clinical studies demonstrate' that young

children are much more likely to suffer ill effects from lead expo~
sure than adults. The following paragréphs,suppo;t the contention _ _
that children (from 1 to about 4 yearé.of.agg) should be comsidered _ -
the critical receptor to environmental lead exposure and that ' '
regulatory actions should incorporate suitable safety factors durlng
standard-settlng procedures.

- 5.1.1 Inc?ea;ed Eotgqtiai for Exposute to Lead

There is an increased hazard to children from the ingestion of
lead-contaminated.materials. Normal hand-to#mouth actxvxty (i.e.,
thumb sucking and finger. 11ck1ng) in young chLIdren is a algnlflcantf
mechanism of lead exposure. Lead contaminated soil and dust is a
primary exposure source for children due to this activity (Lepow et
al.,'1974). Juvenile dietary habits are responsibie‘for additional
exposure to lead., These immature dietary habits include the
retrieval and ingestion of dirt~ or dust-contaminated foodstuffs (Day
et al., 1975). | '
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In addition, there is significant opportunity for increased lead
exposure among children with p1ca and among children who mouth
foreign objects. Pica, the repetltxve 1ngest1on of nonfood items, is
a fairly\commbn behavior pattern among young children. Two studies

"(Millican et al,, 1962; Barltrop, 1966) have déscribed the incidence

of pica and mouthing behavior in child populations. In both studies,

the incidence rates for picé and mouthing were highest in the youn-
gest children studied (1 to 2 yeara) and decreased fairly steadily
unt11 3 to 4 years of age. In addltxon, both studies reported that
the incidence of these behaviors (particularly pica) in black child-
ren was generally substantially higher than in white children of the
same age. Social, cultural, and economic differences between the
populations almost certainly contributed to this difference. Thug a
physiological etiology for the difference in incidence rates could

‘niot be inferred from these investigations. Among white children 1 to

2 years old, 28 percent had pica and about 82 percent displayed
wouthing behavior; among blacks the rates were 57 ﬁnd‘78 percent for '
pica and mouthing, respectively (Millican et al., 1962). - Aﬁong
children 2 to 3 years old the rates were 20 and 52 percent for white
- children and 40 and 62 percent for blacks. The prevdlence of pica
.among white children was low after age 3 (2 to &4 percent), but smong
black children it remained at about 20 percent up to age 6 (Millican
et al., 1962). , »
Estimates of lead intake by children with pica for pafnt range
as hxgh as 2.1 mg/day (NAS, 1976), abouk ten. times greater than what
one might expect from normal env1tonmenta1 sources (i.e., 100 to 200

pg/day from air, food, and water). Due to the varigbles 1nvolved

" (e.g., housing, socioeconomic conditibn) it is difficult to quantify .

the additional lead intake by children wxch pica, for the infant
population in general, or for specific subsets withxn that popula-

tion. It is obvious, however, that in qerta1n instances, children
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with pica for paint can absorb lead in amounts significantly greater
than normal.

Respiratory characteristics of the child impose a greéter_ppteu-
tial for inhalation of airborne lead than those of the adult. Chil-
dren take part in greater physical acti?ity than adults, thereby
increasing their air intake, and bfegthe'more through the mouth (due
to greater physical activity and more frequent respiratory infec~
tions) thus employing a less effective filtering mechanism (American

Lung Association, 1978).

The child has an enhanced risk of exposure to lead via inhala-

_tion since concentration gradients for airborne lesad increase as one

approaches ground level (Jenkins, 1976)., Vehicular exhaust, a low

altitude source of airborne particulate lead, is a major contributor

. to the inhaled component of lead uptaﬁe-in‘the c¢hild living in close

proximity to heavily trafficked areas (NAS, 1972; Angle and McIntire,
1975). The child is also exposed to lead from dust that is resuspen-
ded by vehicular traffic (Jemkins, 1976). Resuspension is.dependent

" upon vehicle speed, A range of 1 to 5 percent resuspension of depos~

ited particulates by passing vehicles has been estimated (Sehmel,
1976).

5.1.2 Metabolic Differenggg

Children appear to have a gastrointestinal lead absorption rate -

_that is four to five times higher than that of adults (Mahaffey,

1977; Alexander, 1974; NAS, 1976). This increased absorption rate,
coupled with the potentially higher exposure dose (as a result of

‘pica) can reéult in wuch higher blood-lead levels than expected in an.

‘adult. .
The daily uptake per unit body weight in children far exceeds.
that in adults., It should be noted that the studies showing roughly

equivalent blood-lead concentrations in children and adults do not

necessarily refute this point, since a child may be able to agsim-
ilate blood lead into the soft tissues and bone at a more rapid rate
than an adult (Jenkins, 1976), ’
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| The relative proportion of the lead body burden in the slow
exchange pool (i.e., in the dense bone matrix) is smaller in children
than in adults. Only 60 to 75 percent of the lead body burden is
located within a child's skeletﬁl system, compared to 90 percent or
more in the adult (Barry, 1975; EPA, 1977). This suggests that a
lafgervamodnt of the absorbed lead can be concentrated in the soft
tissues, where it.mhy'reach toxic concentrations, For égahpie, brain
tissue in neonatal rat tends to eoncenfrate lead to a greater degree
than in ﬁdults (NAS, 1976). |

Mechanisms for elimination 6f‘heavy metals are not well

deVelopéd in the young, and this may ultimately result in higher soft

tissue lead burdens in children than in adults at the same rate of
lead uptake (per unit body mass). Studies have indicated that
blood-lead levels in immature and adult rats were comparable after
acute lead exposure, but were sustained longer im the immature rat
(Bayley and Brown, 1974),

5.1.3 Inhg:ent_Physiolqgical:Sénsitiiity

Studies in both laboratory animals and children have shown that
_the brain is highiy wulnerable to iirgversible damage during infancy
and early childhood hecause of rapid growth rate of this organ (NAS,
1976). Due to this imhature developmental state, infant§ may be
especially sensitive to the de;rimental effects of lead exposure. .
' The infant's higher suseceptibility is due in part to the rapid
growth rate characteristic of organogenesis. Organ formation occurs
from the second trimesteéer of pregnancy through'tﬁe fourth yeét
postpartum, This period of rapid growth and increased stress
sensitivity is considered the "growth spurt" (NAS, 1976).
-In humans the growth spﬁrt‘ia defined in terms of three brain
éomponents. Glial replication and differentiation comtinue through

'the first eighteen months after birth. Myelination extends.through
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" the third and fourth years, Cerebellar growth extends through the

eighteenth month postpartum and is most rapid during this period
(NAS, 1976). This rapid growth rate increaées.susceptibility to a
variety of stresses such as nutritional deficiencies. Studies of
infants with pyloric stenosis have shown that the brief starvation
period encountered had permanent effects on their learning abilities -
and general adjustment ability 5 to 14 years later (Klein et al.,
1975). Reduced IQ levels have been dempnsttated in school age
children who had experienced malnourishment during the ihitial two
years postpartum (NAS, 1976).

Long-term behavioral deficits were demonstrated in neonatal rats
receiving oral administration of lead (Sabotka and Cook, 1974).
Study groups of asymptOmatic children with a history of pica for
paint displayed poor learning ability, seizures, and hyperactivity
(de la Burde and Choate, 1972). Similar findings are reported for
symptomatic children (Byers and Lord, 1943). |

5.2 The Fexus'and_Prggpant Wcman'

Pﬁysiological sensitivity to lead may be at é maximum during
fetal development. The pregnant female must be recognized as the
expogure vehicle for the fetus since the plécgntal transfer_of lead
is the main route of fetal lead uptake. 1In aﬁdition, the pregnant
female mﬁy herself be more sensitive to lead due to increased food
intake and changes in hormonal gtatﬁs. Hormonal imbalances which -
result from pregnaﬁcy (Guyton, 1971a) may influence the mobilization
of lead from bone. u .

5:2.1 81dcenta1 Transfer

Lead has been shown to'croag the placental barrier in laboratory
animals (Kostial and Momeilovic, 1974; McClain and Siekierka, 1975)
as well as in humans (Baglan et al,, 1974; Gershanik et al., 1974).
There does not appear to be any significant difference between

maternal and fetal blood-lead levels at any time during pregnancy
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" (Gershanik et al., 1974), although placental blood-lead levels may

be slightly (but not éignificantly) highet'thgp levels in maternal or -
fetal blood (Baglan et al., 1974; Harris and Holley, 1972). Lead has
been detected in the fetus as early as the twelfth week of intrauter— . .

ine life and has been shown to increase fh;bughout géstation, The
lead content of the fetus at birth has been’fegordéd as 300 pg; the:
_ equivalent of the daily intake for the normal adult (Barltrop, 1977).
" The transplacental passage of lead in blood is particularly

important for two reasons. The fetus is highly sensitive to the

neurological effects of lead expoeure (due to lack of blood-brain

barrier, éfficient,ébsorptibn, and rapid brain growth rates).
Aﬂditioually, the'neéborn is étarting life with a gignificant

"background” blood-lead level. The observed positive correlation of
ur;nary ALA levels with blood-lead levels in newborns indicates that
heme-bxosyuthet1c derangement must have begun in utero (EPA, 1977).
Exposure of pregnant women to high water—lead concentrations has been ‘
correlated with the higher blood-lead concentrations in their men- -
tally retarded offspring (Moore et al., 1977). This reinforces the
association between lead exposure during pregnancy and éubsequent
.néurological damage to the fetus, but the specific exposure, absorp-

~ tiom, and retention levels and their corresponding specific effects

are as yet unknown.

5.2.2 Inherent:Sensi;ivity; ‘Immature Otgénqggnegipb

‘The fetus displays an immature developmental state, as well as a
lack of development of a blood-brain barrier (Bridbord, 1978). The
uptake (absbrptibn) of lead has been shown to be six to eight timeé
gxeéter in the brain of suckling rats than in the brain of adult rats
(Momcilovic and Kostial, 1974). Krigman and Hogan (1974) observed a

fourfold increase of lead uptake in the brain of suckling rats as
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compared to adults., The immature state of the fetal brain, central
ﬁervous system, and elimination sjstema regults in increased
sensitivity to very low concentrations of lead. Iﬁ humans,
neurological development seems most pronounced from the second
trimester of pregnancy until several years after birth (NAS, 1976).
Permanent neurological damage may result if the individual is
. stressed during this sensitive span, The lack of development of the
blood-brain barrier, in combination with the increased permeability
of cerebral capiliaries in the fetus, amplifies the sensitive state
already created by immature brain-tissue development. Thus, while
the brain and central nervous system of the fetus are inherently
sensitive to concentrations which are nontoxic to mature systems,
they are also prone to increased depositipnzgfnlead. 4

Rapid brain growth rates of infanta cfeate a greater risk of
lead-induced neurologic damage., This rapid growth rate takes the
form of the growth spurt in humans, occurring during the secon&
trimester of pregnancy, through the initiél four years postpartum,
Permanent adverse effects on learningvaBiiity.can result from the
impact of lead on the brain during this growth spurt (NAS, 1976).
 Behavioral abnormalities (L.e., hyperact1v1ty, aggressiveness, trem~
ors and repetitive grooming behavzor) have been produced in rats
exposed to lead during the growth spurt perlod (Michaelson and Sauer-
hoff, 1974), Sucklxng rats fed maternal m11k dosed with lead during
postnatal days 1 thrOugh 10 showed szgn1f1cant1y slowet learnlng than '
those fed equal doses of lead durlng days 11 through 21 (Brown,
1975).

5.3 Threshold Levels

Threshold-lead levels &re.defined_assfhose minimum blood-lead

levels capable of inducing toxic response. In attempting-tb defire &
safe threshold level in terms of bloodnlead levels, the most phys—.
1olog1cally receptive (sensitive) pOpulat1on to augmentatxons in this
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level must be singled out and labeled as the highest risk group. The
maximum safe threshold level must also accommodate variations in
individual responsiveness to this lead level.

Due to higher lead absutptiqn raté3,5hniqug sources of exposure
and lack of mature development of gxcretdry systems (yielding higher
pooling in target tissues), fe;usés and young children are the most
physiologically receptive and sensitive individuals. Therefore, in

Vdefining a threshold level for lead, the lowest known toxic leveis‘
affecting this portion of the human population should be used. A
suitable'margin of safety must be incorporated into the determined
threshold toxic effects level when setting any eavironmental
standard. A conmservative margin of safeti should be employed in
defznxng the allowable 11m1ts of exposure for the developing fetal .
céntral nervous system due to the proven neurotox1c1ty of lead (EPA,
1972a). | : _

ZPP elevation and corrésponding iﬁpéirment of heme synthesis at

blood-lead levels above 30 pg/dl are regarded as-unsafe for children .

 and unacceptable by EPA (1978b). There are, however, contrasting
opinions as to the actual impact of & rise in ZPP levels, ZPP ele-
vation may not indicate insufficient heme or hémoglobin production,
.Aalthough it does indicate an interference in the heme synthetlc
pathway. The rise in ZPP may be caused by other factors such as iron
deficiency (EPA, 1978b). B
The Center for Disease Control (1975) set the level of slgn1f1—
cant danger to children at 30 pg/dl and consxdered FEP levels to be
of significant diagnostic 1mportance. The level of 30 pg/dl set: by
' the CDC is endorsed by the American Academy of Pedlatrxcs and is now
the target level set by EPA (1977) at which undue lead exposure
beginé. ' . i
Although the maximum safe lead level has been set at 30 pg/dl by
CDC, retrospective studies indicate that hyperactivity and a;tefed

motor activity may be correlated with blood-lead levels in children
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having blood-lead levels lower than 30 pg/dl. These atudies suggest
that blood-lead values in the 25 to 30 pg/dl range may initiate toxic

effects in children but this position is based on the tentative

hypothesis that lead is the cause of hyperactivity and altered motor

activity in these children; in fact, this behavior may be the cause

of or be correlated with the cause of the elevated blood~lead levels.
Increased FEP levels have been recorded in women and childieg at the
25 to 30 ug/dl level (NAS, 1976; Zeilhuis, 1975). | |
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6.0 SOURCE CONTRIBUTIONS TO DAILY LEAD UPTAKE IN HUMANS

The method employed in this study to estimate the degree to

which each major environmental source of lead exposure contributes to

an individual's total daily lead uptake is based on probable exposure

conditions (i.e., ambient lead levels) as well as individual biologi-

cal absorption rates for each expdsu:e route. The method consists of

a flve-step proceSS’

definition of amblent concentrations of lead for the maJor
expogsure sources (i.e., air, food, dr1nk1ng water, soil/
dust, paint)

' determ1natxon of daily 1ead 1ntake accordxng to the

relationship:
Ii =05 * .,[Pb]i -

where 1j is the daily lead intake from source i (e.g., air,
food, drinking water, paint, 5011/dust) Ci is the consump~
tion per day of each lead source i and [Pbi1 is the concen-
tration of Iead in each source i :

calculation of the amount of lead absorbed from each exposure
source i:. . v

Ui = I * A§

where U1 is lead uptake for each exposure source i, I1 is
the daily lead intake from each source i, and A; is the
percent absorption of lead, via the appropriate exposure
route, for the particular source.

calculation of the total lead uptake from all sources, Ug:
£ =Z(I; « Aj) =204
determination of the proportion (Pl) of total daily uptake
(Ug) provided by each of the five possible exposure sources
(i.e., source contribution factors):
U-

i
Pj = = + 100
.. Ue |
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Certain assumptions are required to define the amount of each
source material consumed per day. Where appropriate, Referencé Man*
values are utilized for daily air and food consumption rates (see
Table 6-1)., Daily consumption rates for drinking water are ﬁhoae
values suggested by NAS (1977) as comservative estimates.

Hand-to~mouth activity (e.g., thumb sucking and finger licking)
resulting in the ingestion of qoil/dust is a normal behavioral char-
acteristic of children through five years of age (Pibmelli, 1978).
Within a lead~contaminated environment, hand—£o~mouth activity and
immature dietary habits (i.e., the rgﬁrieval»of food from dusty
surfaces or aail, and subsequent consumption), make soil/dust a major
source of ingested lead for children. Under average urban conditions
iafter thirty minutes of normal playground activity) 5 to 50 mg of
dirt from a child's hand can be transferred to a typical "sticky.
sweet,” Ingestion of 2 to 20 sweets could result in an intake of 100
mg of soil/dust or more (Day et al., 1975), A small child playing in
dirt easily ingests 10 mg of soil/dust with each episode of
hand-to—QOuth activity, A conservative estimate of ten hand-to-mouth
activitites a day wou1d resu1t in the.ingeétioﬁ of 100 mg of
80il/dust a day (Lepow et al., 1974). Therefore, 100 mg per day
would seem to be a reasonably conservative assumption for the
ingested soil/dust of the two- to three-year-old:

Pica occurs to some degree in a substantial percentage of chii—
dren between 12 and 36 months of age (NAS, 1976). Children exhibi~.
ting pica for paint are of major concern, because 6f the high levels
of lead in some paints, with older painted surfaces containing lead

in concentrations greater than 1 percent, Pica for paint is believed

*From the ICRP Reference Man tables_(lnternationél.Committee on
Radiological Protection [ICRP], 1975).
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to occur in episodes, possibly 2 to 3 times per week (NAS, 1976). It
has been estimated that a child can consume\somewhatngeater than 1
gram within a 24-to 36~hour period, with cases reported of up to 20
grams within the same time period (Sachs, 1975) and that children
with pica for paint may consume 1 to 3 grams per week (NAS, 1976).
The low end of this range (1 g/wk) has been used in source contribu- -

 tiom calculations as an estimate of paint intake in children with

pica.

Pulmonary and gastrointestiﬁél absorption rates utilized in sub-
sequent calculations are also presented in Table 6-1. Most of these
figures represent average absorption values for inﬁaled or ingested
lead, as reported in the scientific literature. The absorption rate
estimated for lead in soil/dust was intermediate between the absorp-
tion rates for lead iﬁ food and paint, since no value was found in

the literature. Gastrointestinal absorption rates for children and

" adults are provided.

6.2 ‘Estimated Daily_Lead‘Uptake from All;Sourges

The relative contribution from each route of exposure (i.e.,

air, food, drinking water, soil/dust, paint) to an individual's total

;'Aaily uptake has been determined from the specified environmental

. lead obcuttén;e‘data (Table 6-2) in the calculation sequence de~

scribed previously. Several concentrations of lead in drinking water
have been utilized, along with represéntative rangés of lead in air,
food, paint gnd.soil/dust; Note that the values used repre;ent
AVerage levels‘resulting from continuous, chronic exposure‘and do not

reflect short term or episodic. patterns of exposure (such as pica)

~ which may be toxicologically significant. Tgbie 6~2 provides those

exposure values used in the calculations,

Dietary lead levels reflect daily-leéd intake excluding any con-
ﬁribution by beverages. In the studies cited (FDA,.1975),:beverage
intake for adults was less than half of the drinking water:intake
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e

assumed in our calculations (0.9 and 2.0 1/day, respectively). The
~ exclusion of beverage intake from the FDA estimates eliminated any

double counting, since drinking water was entered in the calculations
as a separate category. In addition, tﬁe lead concentrations in
those beverages surveyed by the FDA were somewhat lower than the
range of lead levels in water that were Subééquently utilized, so any
errors imparted by these manipulations would be toward conservatism.
Table 6-3 provides an example of the actual calculation éequence
employed. The source contribution factors calculated for air, food
and drinking water for the average adult mgie, based on thé asgumed

sets of exposure conditions; are presented in Table 64, The factors

for a pregnant female follow in Table 6-5.

Using the model for the 10west hypd£he;ica1 urhan'exposure con-
dition (lead in drinking water at 10 pg/l), representative intakes of
248 and 205 pg/day are indicated for the male and pregnant female,

_respectively. These values are in agreement with measured values

(NAS, 1972; Goyer and Mushak, 1977; Tepper and Levin, - 1975; Thompson,
1971; Goldberg, 1975). The source contribution factors for the aver-
age three-year-old child without pica and for the child_with pica are

given in Tables 6-6 and 6-7. The model indicates that urban exposure

levels are much higher than has been rebérted by most studies. Those

studies &escribing exposure conditions generally fail to include

soil/dust levels, or underestimate the high concentrations of lead

‘currently found in this exposure source (see Section 2.4). It should

bé;uoted that these tables represent presumed average values, and do

not account for instances in which a particularrenviropﬁehtal source

is high. For example, ambient air lead concentrations averaged 0.89
pg/m3 in 1974 (see Table 2-1), but the maximum reported quarterly
composite was 4.09 pg/m3. Obviously, in those instances the

‘percent contribution from each source will ghift to reflect these.

excursions.
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The range of calculated source contribution factors is quite
large, if one considers all the possible permutations of lead levels
specified for the vﬁrious media. Ia adults, the source comtribution
factor for drinking water varies from about 5 to 70 percemt, In
children without pica, drinking water contributes between 2 and 74
percent of the daily lead uptake, ‘For the child with pica for paint,
diinking'ﬁater contributes between 1 and 37 percent, depending om the
conceﬁt;ation of lead in soil/dust and paint. 1In a'child.with pica
for paiht, soil/dust.cén account for as much as 82 percent of the
daily lead uptake, while paint can contribute as much as 78 percent,
The contribution from air varies from about 2 to 41 percent for an
adult and is almost insignificant for a child. Ambient lead levels
in air can b§ significantly higher than the values presented in
Tables 6-4 through 6-7, so the assumed taﬁge in atmospheric concen~- |
trations is somewhat restricted. The contribution.of food to an’
individual's total daily lead uptake varies from 24 to 87 percent for
an adult, from 9 to 84 percent for a child without pica, and from 7
to 66 percent for a child with pica for paint. The total daily lead
uptake in children is always higher than th&t’prédicted fOr.adults.
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7.0 LEAD-UPTAKE/BLOOD-LEAD RELATIONSHIPS

_Blood lead is the most widely used indicator of recent lead

exposure. It is also regarded as a reasonable surrogate for the
' biologicalvreSpane associated with lead absorption. Since;ﬁhis is
the value most often reported in the literature to represent the
extent of lead absofptidn, it is hecessary to relatebdaily lead uptake
. to blpodjlead values in order to define the toxicological iﬁpacc "
" associated with the différent levels of lead uptake determined by the
source contribution model. Because children and fetuses have been
identified as sensitive populationms, it is necessary to déri§e this
1egd—uptake-to-blood-lead relationship for both children and'pregnant

women.

7,1 ¢Child Relationship

There are no comprehensive studies in the literature which re-

" port a.lead—nptéke-to—blood-leaq relationship for children. Although
there are studies for adults,‘these can not be used to define a ‘
relationship for children due to the differences in exposure
‘ conditions;and metabolic differénces. Therefore, it has been
necessary to derive a relatiqnéhip from the combined aata:of.a number
of studies,

‘Data from six epidemiologicai studies have been used to derive
a relationship between lead-uptake and blodd-lead-vﬁluesvfor children.
These studiés were selected because each specified an environmental
lead level for most of the major Qourcgs of eiposure, gave the levels’
" for different exbonure conditions (i.e., high and low exposure levels)
and reported corresponding blood-lead lévels for each.éXPOsure circum
stance. ‘ ' ' ' '

Table 7-1 provides the data from these six studies. Since mot’
all of the studies had values for every environmental sourcé, it was

necessary to assume values in such cases. TFootnotes in the table
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describe the values used. In determining the total lead absorbed, the
absorption factors agsociated with the thfeé—year~pld, 15-kg child
were used. These factors have been previously identified in Sectionms
3.0 and 6.0. Figure 7-1 shows the straight-line relationship (y =
0.80x + 7.85; r = 0.73) derived using data points based on these
-studies. _

The relationéhip based on total uptake (Figure 7-1) appears to
predict blood-lead values which agree with other reported walues. For
example, at the specified urban background levels for the child
without pica (385.2 pg uptake/day; see Table 6~6), this relatiomship
predicts a blood-lead level of 28,4 pg/dl. Other studies (Adebono-
jo, 1974; Joselow et al., 1975) place the estimate in the range of 28
to 30 pg/dl. ‘ '

7.1.1 Comparison with Otherxkelationships

Since data from other studies relating absorbed lead to blood

lead do so on the basis of ingestgd lead only, it was necessary to

derive another relationship based on that portion of the daily uptake

associated with ingested lead only. To do‘this; that portion of the
‘total daily uptake which was derived from the contribution by air was
" subtracted, and the remainder {total uptake via ingestion) was equated
with the reported blood-lead levels, The amount to be'subtracted was
determined by using the source contribution factors identified in
Tables 6-1 and 6-2. The valﬁea for lead uptake via ingeation‘only'.

were also provided in Table 7-1,

Several studies have described an ingested lead-to-blood-lead re-"

lationship for children. T%o relationships which will be considered
for comparison are those proposed by the Nationél Academy of Sciences
(1972) and by Moore et al. (1977).

Clinical studies involving adult volunteers have determined that
the supplemental ingestion of 1 mg/day of lead as lead acetate or
lead chloride produces a 17 pg/dl rise in blood-lead level over a
period of several months (Kehoe, 1961), 1If one assumes a gastroin-
testinal abSorﬁtion rate of 10 percent in adults, then the ! mg/day
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intake rate corresponds to an uptake rate of 100 ug of lead per da&.

For the average (70 kg) adult, the lead absorbed daily to produce the

17 pg/dl rise in blood-lead levels would be about 1.43 pg Pb/kg/day.

NAS (1976) assumed in developing their relationship that an increase

in lead uptake of 1.43 ug/kg/day in children will also produce a 17
pg/dl rise in blood lead. Barltrop and Killala (1967) found that a

group of two-to-three~year old children with a mean blood-lead level

of 20 pg/dl excreted an average of 67.8 ug Pb/day/ person in the

“fgcés, Assuming that this fecal lead was the 50 percent of ingested

lead that was not absorbed by the gastrointestinal trdct, the daily
uptake of ingested lead by the average (15 kg) child would be 4.5
pg/kg/day. The slope obtained from Kehoe (1961) data and these aver-
age lead uptake and blood-lead values were used by the NAS (1976) to
spécify a lead uptake-to-blood-lead relationship. 1t should be
pointed out that the relationship cpﬁsiders only ingested lead and
does not differentiate between lead in drinking water and lead in
food. ,

' The relationship proposed by Moore et al. (1977) is based on
a study involving meonates (10 days postpartum) to determine if any
association existed between blood-lea& levels and mental retardation.
?his study was carried out in"Scotland,.where drinkiﬁé water-lead
levels were in excess of 100 ug/l, 1In this study, blood-lead levels
vere compared tp'water—iead concentrations in the maternal home during
pregn&ncy (Moore et a1;, 1977): No aﬁtempt was made to account for

other sources of lead exposure (i.e., air, soil/dust, paint), or to

- determine the actual quanﬁities of lead in the drinking water inges-

- teds This study does, however, provide an indication of the long-term

impact of high lead levels in water on blood-lead levels of the indig-
enous population.
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Figure 7-2 illustrates how these relationships'coﬁpare with the
relationship developed from the six epidemiological studies on the ’
basis of ingested lead only. It was assumed tﬁat the blood-lead
. values reported in the NAS“(1976) and Moore et al. (1977) studies

were actual measured values} Since:thesc values represent the
contributions from both ingested and inhaled lead, the reported
_blood-lead values from the six epidemioclogical studies were uégd in
deriving MITRE's ingested lead-only line. As can be seen in the
figure, the slbpew of the lines are different and the choice of curve
will have a sukatantial effect on the value predicted for blood-lead .
concentration. ; ’ .

The relationship developed from the six studies (uptake via
ingestion only) appears to agree well with the réla:ionship derived
from the Moore et al. (1977) study. However, since the data of the
latter were obtained from ten-day-old infants, it is not certain how'
representative these datéﬂare, since the'mother?s'blood-lead concen-
tration (as previously described) will have a major influence on the
child's blood-lead concentration at this early stage of life.

The NAS relatiqnship predicts a much gréater,ihcregse in blood-
lead values than either of the other two relationships, with incre-
mental increases in the amount of lead absorbed. This-differenée
may be partially explained by the fact that the relationship was
developed by ext:apolating adult data to éonform with the intake
and absorption cﬁaracteristics‘of a three-year-old child, thereby
ignoring any other metabolic differences betvgeh adults and children.

7.1.2 Majbr_AasumPtions

Several assumptions are necessary when using this relationship,
It is assumed that the relationship is approximately linear over a
specific range of absorption.valueé (about 4 to 50 pg/kg/day) and
blood-lead values (i.e., 12 to 40 pg/dl), Other studies (Moore et
al., 1977; Berlin et al., 1977; Goldberg, 1974) have suggested that
the relationship may not be linear. It is further assumed that daily
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intake values, as well as absorption rates for several environmental
sources (i.e., food, soil/dust, paint) were fairly constant in the
populations studied and approximated those used here. There are
studies which indicate that these values are highly variable (King,
1971; Lin-Fu, 1972: Mahaffey, 1977; NAS, 1976; Roberts et al., 1974).
The relationship was developed using data from six different
~studies and applying the best available values concerning average
intake and absorption rates. In addition, the data used to derive
the relationship were specific to childrem. As has been pointed out
previously, it is necessary to use data obtained from children due to
exposure and metabolic differences. Extrapolation of adult data leads

to inaccurate predictions.

7.2 Adult Relatiomship

The fetus has been identified as semsitive to lead. There is a
close association between fetal and maternal blood-lead levels.
.Therefore, it is necessary to discuss the relationship between
absorbed lead and blood lead for women. Although no studies were
found which repbrted data relating absorbed lead to blood lead in
pregnant women, several general statements concerning this
relationship in adults can be found in the literature.

Clinical studies suggest a blood-lead rise of 1.7 pg/dl for ev~-
ery 100 pg of ingested lead (Kehoe, 1961). Data reviewed by Barltrop
(1977) lead to the conclusion that blood-lead levels are increased by
approximately 2 pg/dl for each 100 pg of ingested lead. Several
investigators have correlated increases in water-lead concentrations
with rises in blood-lead levels. These data have been compiled and
presented by Berlin et.al. (1977)., Table 7-2 summarizes these data.
These results were obtained for water concentrations around 100
pg/l. The mean from these values is a rise of approximately a 2.5
pg/dl in blood lead for every 100 pg/l increase in water-lead

_concentration.

102

DUP050033623




TABLE 7-2
' RISE IN BLOOD LEAD LEVEL ASSOCIATED WITH
INCREASE OF 100 pg/l IN WATER LEAD CONCENTRATION
RISE IN BLOOD LEAD WATER LEAD
| (ug/dl) ' SAMPLING PROTOCOL
1.3 Running Sample

: 1.2 First Flush
; 3.4 Running Sample-
I 3.3 First Flush
! 1.8 —
ﬁ! 2.0 Running Sample
: 6.0 Running Sample
3.9 First Flush
i 0.83 R
1.9 First Flush
i 5.3 Full Flush
i 0.72 First Flush
’ 1.3 First Flush
i

SOURCE: Adapted from Berlin et al., 1977.
;
: 103
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An additional study (EPA, 1977) suggested a range for the
absorbed-lead-to"blood-lead relationship. This range was based on
~data from studies 1nvolv1ng lead absorbed from food and water in adult
populations. From these stu41es,_1t was est;mated»that for every 100
pg of ingested lead, a 6_;9 18 pg/dl rise in blood lead would be
expectéd. However, it is apparent that a telaiionship which éasuﬁes,a

rise in blood lead of app:okimatelf 2 pg/dl for every 100 pg o£.inges_

ted lead more closely approximates the majority of values reported-in .

the literature. Therefore, this rela;ionship will be ¢ohsideted_
representative.

Mean blood-lead ;evelé and, corresponding estimated uptake values
(through the source contribution mﬁde[) were used as starting points
for deriving a line to depict‘the adult absorbed-lead-tq-blobd-lead‘
relationship. Reported values for average blood-lead levels in adults
vary according to sex: female levels are lower than those of males,
Three studies were used to define average blood-lead valués‘for urban
 women. The three reported values were 13.8 pg/di (based on 100 women
[Goldsmith, 19741), 13.8 npg/dl (based on 52 women [Johnson et al.,
1975]1), and 19.0 pg/dl {based on more than 400 women [Tepper and
Lev;n, 1975]1). An average of these values, about 15 pg/dl, was chosen
as the representative blood-lead level for an urban woman. '

"Representative urban environmental lead levels were used to
define the intake one would expect for an urban female. Using these
levels (i.e., air @ 1.5 pg/ﬁ3, food @ 1661ug/day, and watef @ 10
pg/1), an intake of 200 pg would be expected. This level is well

" within the range reported by a number of authors (NAS, 1972; Goyer and -

Mushak, 1977; Tepper and Levzn, 1975; Thompnon, 1971; Goldberg, 1975;
Mahaffey, 1977) and is considered representatxve.

Using the absorption values for adults, this intake would cor-
- respond to an uptake of 31,47 pg Pb/day. Thus, a blood-lead level of
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15 pg/dl would be expected to result from an uptake of 31.47 pg Pb/
day. Converting this to the pg/kg/day scale, assuming a body weight
of 60 kg, would produce an uptake value of 0.524 pg/kg/day. Figure
7-3 shows the relationship derived when using these values. The line
(y = l4,1x + 7,67) passes through the point defined as the mean urban
blood-lead level/mean urban absorption level, and has a slope based on
_ the relationship of a 2 pg/dl rise in blood lead for every 100 pg of
ingested lead.

The ratio of 2 pg/dl rise in blood lead for every 100 pg of
ingested lead was developed from data which reported a blood-lead
range of up to about 30 to 35 pg/dl. For this reason, the relation-
ship is believed to be approximately linear up to this level. 1In at
least one study of blood-lead levels associated with high drinking-

water-lead levels (Goldberg, 1975), it was suggested that a
curvilinear relationship may be more representative at even lower
blood-lead levels. However, until further data are produced, it will
be assumed that the linear relationship is adequate for the ranges
reportéd here. _ C

This relationship can be used to predict blood-lead levels for
the female, pregnant female, and adult male since the scale allows for
differing body weights. In addition, this relatibnship appears valid
for ‘the pulmonary intake route. EPA (1977) reports a ratio of rise in
blood-lead levels to increase in ambient air lead concentrations of 2

' pg/dl blood lead per 1 pg/m air lead, Assuming an increase in air
lead concentration of 1 pg/m3, an average adult male would xnhale
22.8 pg Pb/day, while an average adult female would inhale 21.1
pg/day. At a pulmonary absorption rate of 40 percent, the increase
in uptake for the male would be 9.12 pg/day and the for the femaie,
8.44 ug/day. These increases in uptake correspond to increases in
blood~lead levels of 1.8 pg/dl in the male and 1.7 pg/dl in the

female. This compares favorably with the EPA predictiom of a

2 pg/dl blood-lead increase for an increase of 1 pg/m3 in air lead.
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Thus, using this relatiounship, one can determine the estimated

rise in blood lead which would be expected in an adult following an

increase in the amount of lead absorbed from any envirommental source,

including drinking water.

7.3 Comparison of the Relationships

None of the epidemiological or clinical studies reﬁiewed by MITRE
has unerivpcélly characterized the physioldgical basis or
mathematical form of the lead-uptake-to~blood~lead relatiomship in
either children or adults. Although many bf these studies have con-
cluded that the relationships_are'adequatély represented by linear
functions, a number of authors have suggested that the relatiouships
are nonlinear, _ ' _ '

The straight—line, iead—uptake-to—blood-1ead relationships
utilized by Metrek are based on data reporting lead intake levels and
corresponding blood-lead levels and are ptesuﬁed to have no more phys-

iological significance than that which is evidenced by their confor-

mity to these data. Linear functions were selected because: (1) they

. appeared to adequately approximate experimental results (2) there was

no overwhelming evidence to suggest that the relationship is nonlinear
and no clearcut characterization of the form of such a relationship;
and (3) they were simple to derive and manipulate. Since the -
equations have limited physiological significance, there is little or
no justification for using them to extrﬁpolate'blood—lead values
associated with uptake levels that are very far beyond the range of
the available data or beyond the normal uptake ranges defined by the
source contribution model {approximately 3 to 50 pg/kg/day for
children and 0.3 to 1.2 pg/kg/day for adults).

The relationships developed by MITRE predict that an incremental

_ increase in lead uptake will produce a greater increase in blood lead

in a pregnant woman than in a young child. However, since the two
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relationships are presumed to be valid only within specific,
nonoverlapping uptake ranges this observation does mnot necessarily
signify physiological diffetenceb, other than in uptake rates, between
children and pregnant females. A single nonlinear functiom could
conceivably describe the actual lead-uptake-to-blood~lead relationship
for both populations and'ﬁouid‘pfodgce the obsérved résults. However,
it is likely that physiological differences are at least partially
responsible fbr the observed difference in the slope of the relation-
ships. Children may more readily accept lead into their relatively

empty dense bome pool than adults, and thus retain a smaller fraction

in the'blood and tissues which exchange rnpidly'with it. Even if
-there were actual physiological differences rééulting in two,
more-or-less similar curves, these differences would not be apparent
from the available data. The regions of the curves in closest
proximity to each other represent extremely high lead intake levels
for adults and extfemely low intake levels for children; thefefo:e,
corresponding portions of the two curves would never be manifested in

a single population.
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8.0 WATER-LEAD/BLOOD-LEAD SCENARIOS

To evaluate the adequacy of the interim primary drinking water
standard for lead, it is necessary to predict the blood-lead 1évels'
associated with various concentrations of lead in drinking water for
identified sensitive populations, and to determine the extent to which
altering the maximum allowable concentration of lead in drinking water
may affect these populations (via the toxicological consequences
associated with changes in blood-lead levels). ' ,

By combining the derived lead-uptake-to-blood-lead relatiomship
with the percent contribution v#lues from the source contribution
model, the relationship between varied water-lead exposure-aﬁd
resultant blood-lead values can be drawn. 1In the source contribution
model, any specific subunit of the total population is defined by
representing the characteristic exposﬁre concentrations and
physiologic parameters associated with that subumit. Furthermore, the
considerable variétion from predicted average exposure levels seen in
some subunits of the population, particularly children, and in certain
regional or local situations (e.gs, cldse,proximity to smelting
operations), can be accommodated by the model, since any set of

envirommental conditions can be utilized.

8.1 Water—Leadtco-Bloqdeead'Relati@nship in Child:en

Separate water—lead-to~blood-lead relationships have beeén defined
for the following spécific-subunits of the child popuia;ion: rural
children without pica, rural children with pica'for‘paint who are
exposed to paint containing lead at the current standard, rural
children withlpica exposed to paint contaipihg lead at levels above
the standard, and urban children in the same three categoriés (Figure
8-1), The assumed exposure conditions are given on the figure; the
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’K(/ 'ASSUMED EXPOSURE CONDITIONS
o e Rural Curves . Urban C\;ryes‘_ _
1 2 .3 1 g
Afr (g/m®) - 0.1 0.1 . 0.1t 1.5
Food (ug/day) 93 93 93 93
Dust/pirt {yglg) 60 60 . 60 11,000 11,000
Paint (ug/g) ' - 600 8000 ) -
Water . Given on Abscissa - . Given on Abscissa
ol 1. 1 . : .
o 10 25 50 » 100 150

LEAD CONCENTRATION IN DRINEING WATER (ugl1)

- 2p1% at smbient standard.
bB;le'od—l.e-d levels calculated from total ptal baged on sxposure conditions ahoup.

) . FIGURE -1
EFFECTS OF YARYING LEAD CONCENTRATIONS IN
DRINKING WATER ON THE BLOOD-LEAD LEVELS
OF AHYPOTHETICAL 2 YEAR OLD CHILD
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lead concentrations in drinking water is given on the abscissa., The

8ix resultant relationships allow comparison of the effect on blood
lead of increasing water-lead concentrations in urban and rural

uchxldten.

The relationships between water-lead exposure and blood-lead
levels (Figure 8-1) share a common slope since each reflects the same

rate of change in total uptake. Therefore, each shows the same

_ constant increase in blood lead over the'tange of water lead

considered. The total blood-lead increase over the range of 10 to 200 -

pg/l lead in water is 6.7 pg/dl, represented as a slope of 0.035 in
each of the lines in Figure 8~1, The y-intercept of each line has

 been determined by calculating the total lead uptake from all sources
 except water and then calculating the expected blood lead at this

uptake.,

Analysis of the effect of varied water-lead intakes in reference
to the critical ;hteshold level of 30 pg/dl, chosen by EPA and CDC,
reveals urban children as the sensitive subgroup. Although water may
couprise as much as 42 percent of the source contribution in rural
children exposed to lead in drinking water at the curreat standard,
their total blood lead (12.3 pg/dl) is well below the critical

threshold level (see Table 8-1), Urban éhildren[without pica, at the °

current drinking water standard and above, have blood-iead values near
the critical threshold level. Urban children with pica for paint

‘ (with lead-containing paint at the current standard) have blood-lead

1evéls of 30 pg/dl at water-lead levels below the current standard
(50 pg/1), and blood-lead values well zbove the critical threshold
level at water-lead levels above the standard. Urban children with
pica (with lead-containing paint above the standard) display
blood-lead levels well sbove the critical level at water—lead levels
below the current standard (Table 8-2).
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At the current water standard, water lead represents 8.5 and 8.2
percent of the total source contribution for urbam children without
pica and urban children with pica for paint (lead-containing paint at
~ the standard), respectively. In children with pica, with lead-
containing paint above the standard (8000 ng/g), water leéd provides
5.8 perceﬁf of the total daily lead uptake, Thus it is evident that
water contributes.bnly a small amount to the blood-lead level of
children compared to other environmental exposures (i.e., soil/dust
and paint). In pica children (ﬁaint lead at 8000 Hg/g) lowering the
water-lead concentration from 50 to 10 pg/l produces a decrease 'in the
percent contribution of water lead to total daily lead uptake from 5.8
to 1.2 percent.: - ' | o

The decrease of 1.4 pg/dl blood lead, due to the lowering of
water lead from 50 to 10 pg/l, is the same for each child subunit
relationship as it is determined solely by the slope of the lines. In
the rural low-intake situation (i.es, mo pica), the drop of 1.4 pg/dl
is a result of a decrease in percent contribution of water from 41.9

to 12.6.

8.2 Water-Lead-to-Blood-Lead Relationship in Pregnant Women

' The combined use of the derived lead-uptake-to-blood-lead
:relationahip.and the source contfibﬁtion model yield a water-lead-
to-blood-lead straight-line relationship. Variations of lead
concentrationsﬁin air are assumed to represent -the rural-to-urban
environmental gradient; while lead levelg in food are assumed to -
remain relatively constant. Three air-lead concentrations were used
to define the rural-to-urban gradient reflected in the total daily
uptake value (Table 8-3). Using the derived upﬁgke—to#bioodelead
~telationship, the blood~lead levels at these total daily uptake rates
determined and were plotted against the varied water-lead

- conceatrations (Figure 8-2).
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The three lines in Figure 8~2 illustrate the effect of increas~ .~

ing water-lead concentrations on three separate subgroups of the

pregnant female population. It is apparent, as in Section 8.1, that

the three lines share & common slope; thus they depict the same con-
stant increase in blood lead over the exposure range of water lead.
The total increase in blood lead over the range of 10 to 200 pg/l
lead in water is 8.9 pg/dl, represented as a slope of 0.047. The
y-intercepts are determined from the total uptake values computed by
the source contribution model with water at zero, by their subsequent
input into the derived-uptake-to-blood-lead relationship. - |
Although the fetus population has been identified as a sensitive
group, urban pregnant‘women have blood lead values which vary ounly by
2.7 pg/dl (at the ambient air standard) from blaod-lead_values of

ptegnanf rural women. The blood-lead level of these urban women at

- the curren: water standard is 16,8 pg/dl, well below the 30 pg/dl

level set on by EPA and CDC as the level of undue lead absorption.

As presented in Table 8~3, the percent contrlbutlon of water
to total lead uptake in pregnant urban women ranges. from 6 4 percent
(at 10 pg/l) to 25.5 percent at the standard (50 pg/l). Despite this
percent céntribution difference, the effect 6n blood lead of lowering
the water—lead level from 50 to 10 pg/l is a decrease of only 1.8
pg/dl, a amall fraction of the total blood lead. -

8.3 qudd_Lead an:ribntiﬁns'from.Individual Sources

The straight-line télationships defined in this report between
lead‘uptake.and.blood.lead do not predict the expected blood-leaa
value of zero at a lead uptake of zero for either of the two semsitive
populations considered. ferhaps this reflects significant deviations
from lineariiy at low uptake values and the inability to accurately
quantify all lead sources, especially at low levels. An implication

of the nonzero intercepts is that an increase in lead uptake does not
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produce a proportionate increase in blood lead; for example, in the

" case of the urban pregnant woman (Table 8-2), with an air-lead

concentration at the proPdsed standard, dn incréase in total daily'
uptake from 31. 3 to 49.3 pg (58 percent) produces an increase im blood
lead from 15 to 19.2 pug/dl (only 28 percent).

Assuming that subsequent to absorptxon lead taken up from the ‘ .
various envirommental sources is 1nd18t1ngu1snab1e to any physio-
logical process it is possible to determ1ne the blood~lead level

attributable to any one source, This assumption implies that the . . S i

vy

percent contribution of a source to total lead uptake is equivalent to
its percent contribution to blood lead. Source contribution factors
can then be used to determine blood-lead levels resulting from
~ individual sources. These source contribution factors are shown in
Tables 8-1 through 8-3. ; , -
From data presented in these tables, it can be inferred that a
constant uptake level from any one source does not contribute a
congstant amount of blood ‘lead. Rather, a constant uptake may be
;responsibie for different amounts of blood lead at different total
uptake levels (as well as differeat percentages of the total blood
lead). This effect is related to the monzero y-intercepts of the
lead-uptake-to-blood-lead relatiomships. In the pregnant female, with
air lead at the proposed standard, there is a 58 percent iﬁcrease in
total lead uptake as lead in drinking water rises from 10 to 100 pg/l.
A prbportional_inerease in blood lead would lead to a value of 23.7
pg/dl; however, the defined relationship predicts a blood-lead level
of 19.2 pg/dl, which is about 19 percent lower. Since uptake from the
individual sources is indistinguishable, the blood lead attribut~
able Lb each source will be 19 percent lower than that expected on the
basis of proportional increase in uptake. For‘éxamplé, the uptakes
from food and air remain constant (a proportional increase of 0

 percen¢); therefore, the blood lead associated with these sources will

118

DUPO050033639




decrease by about 19 percent., Uptake from drinking water increases
from 2 to 20 pg/dl (900 percent); a proportional increase in blood
lead due to drinking water would give a value of 9.6 pg/dl, and a 19
percent reduction in this v&lue would givé an actual blood-lead level

due to water of 7.8 ug/dl.
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9.0 CONCLUSION

The toxic effect of lead absorption is the cumulative result of

exposure from many different sources. In order to defime the toxico- -

logical impact assbcigted with‘SPecific environmental lead-source
concentrations, it is necessary tovjointly consider all of the major
exposure sources. “' .

There are appreciable differences in exposure conditions between
specific subsets of the population (e.g., adults vs. children, child-
ren with pica vs. children without pica, rural vs, urban populations)
and these can bé_characterized'by average exposure assumptions for. the
subpopulations in question. However, there is variability in the
specific exposure conditions of individuals within these
subpopulations which cannot be adequately quantifiéd. The lead
exposure of children with pica for paint is a striking example df this
problem. Because of the wide variation in theilead_concenttatiOns in
paint and existing painted surfaces, and the presumed wide range in
rates of paint ingestion byvchildren suffefing from pica, the use of
estimates of average paint—lead.concgntrations and consumptioﬁ rates
cannot reflect the diversity of blood-lead levels seen in these
children. ) ' »

This variability in exposure levels implies that there is con-
siderable variability in the source contribution factors for all of
the major environmental lead exposure sources. The significanée of
varying the maximum allowable concentration.of lead in any medium,
measured in terms of the ability to thereby modify the blood-lead
levels of the population (or one or more sensitive populations), is a
function of the total daily lead uptake and the source contribution
factor for that medium. Tﬁereforej the effect of a standard for that
 medium will not be uniform; rather, it will differ greatly between
individuals.
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9.1 Approach

If all sources of envirommemtal lead are considered, the most
effective means of reducing the overall blood-lead value of a given
population can be determined. Utilization of the source contribution
model provides the necessary data, since the percent contributions
from various emvironmental sources and the total lead uptake at
different environmental levels have been outliped; The model shows
which environmental sources are most :esponsibie for the_giveﬁ
blood-lead level and thus identifies those areas in which.regulatory

vaction will have the greatest impact on blood-lead levels.

Large subsets of the populatidn_have been identified as being at
a considerably higher risk from lead than the population as a whole.

. Therefore, it seems logical to approach tﬁe drinkinghwater_lead
standard from a sensitive poﬁulation perspective, The standard can
then be designed to directly bemefit either or both of the sensitive
populations, or a more sensitive subgroup (e.g., urban childten, urban
children with pica). Each of these options must be identified and

discussed in terms of its impact on the final standard,

9.2 Effects of the Standard

The intent of any reduction in a standard for lead should be to
lower the blood-lead levels of the exposed population, and in particu-
lar to reduce the blood-lead levels of those subgroups of the general
pOpﬁlatiom'vho have a greater risk of lead exposure (children) or who
are more sensitive to lead than the rest of che'population~(fetuses
dnd children). Since the American Pediatrics Association and the
Center for Disease Control (CDC) have suggested that 30 pg Pb/dl blood
is that threshold above which clinically significant adverse effects
are nbtéd in exposed children, it is prudent to assess the adequacy of
the current standard in terms of the number of individuals whose Blood
lead falls above 30 pg/dl. '

!
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Accordiﬁg to our resélts, lead-contaminated drinking water gene-
rally contributes a small fraction of the total daily lead uptake, and

therefore will have only 1imited impact on blood lead. For example, a‘

~ reduction of drinking water lead from 50 pg/l to 10 pg/l is expected
to lower the mean blood lead of the hypothetical child population by
about 1.5 pg/dl, or a pregnant fem&le population's mean blood lead by
- 1.8 pg/dl. For hlgh-r1sk youngstera (e.g., urban, inner city ch11dten
with pica) with blood-lead levels approaching 35 or 40 pg/dl the
utility of a regulatxon that reduces blood lead by 1.5 ug/dl might be
queat1oned. However, for the population as a whole, a reduct1on of
1.5 pg/dl in the mean blood-lead level can be substant1al.

Blood-lead levels of U.S. children have been characterized as
log-normally distributed, with a geometric standard deviation (GSD) of
between 1.3 and 1.5 (EPA, 1978b). Given the 30 pg/dl threshold level,
one can identify the'pefcent-of the exposed population with blood-lead
levels below 30 pg/dl given a geometric mean blood-lead level, Or, if
a selected percentage of the population is to be protected (as a
 safety margin), one can determine the particular geometric mean whlch
" will insure that that percentage will not exceed 30 pg/dl. In effect,
this statistical treatment allows one to define the extent to which
the "tail" of the frequency distribution exceeds a ﬁarciculﬁr blood=-
lead level, A reduction in mean blood-lead levels of the childhood
population, regardless of how small in relation to an individual's

blood lead, can affect a signifiéant portion of the total population

by displacing the £requency d1str1but1on. Thus fewer individuals will

exceed a defined threshold level (see Flgure 9-1).
Using standard statistical methods applicable to log-normal
distributions, one can calculate the mean (geometric) blood-~lead level

required if less than 99 percent of the observed population are to
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Hypothetical Frequency of Occurrence

Reduction in mean blood lead

Threshold level

t‘\“‘.\":ﬂ /", .

1n Blood lead (Hg/dl)

7 number of individuals with blood lead levelsg exceeding
4 the threshold, given geometric mean of x

number of individual with blood lead levels exceeding
the threshold, given geometric mean of x'

FIGURES-1
EFFECT OF A REDUCTION IN MEAN BLOOD LEAD LEVELS ON
THE NUMBER OF INDIVIDUALS EXCEEDING A THRESHOLD
BLOOD LEAD LEVEL: LOG NORMAL DISTRIBUTION
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have a blood~lead level iess than 30 pg/dl. Assuming a geometric
standard deviation of 1.4 (Angle and McIntire, 1978), and utilizing

the following relationships:

lny - lnmg (9-1)
In S‘g ' vz

© and’ . z .2 (9-2)

F(z) = j%: e M gy -

N2T o
V M = M v ) | L

: . 2 e 9=~

and g e().5 1nl 8 (9-3)

the €DC limit of 30 pg/dl

the geometric mean

the geometric standard deviation
a standardized random variable
fraction of the population with
blood lead less than 30 pg/dl

M = the arithmetic mean ‘

one can determine what fraction of the exposéd p0puiation_would have a
blood-lead level less than 30 pg/dl, given various population mean '
blood-lead levels (see Figure 9-2). .

Using the relationship in'Figure 9-2, and the source contribu-
tion model discussed previously, one can determine the proportion of
the sensitiveAsubpopulatiOns with blood-lead levels below 30_ug/d1
Tables 9-1 and 9-2 indicate those percentages (people with blood-lead
less than 30 pg/dl) for the varibus subgroups of both identified

sensitive groups.
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TABLE 9-2

BAFETY FACTORS ASSOCIATED WITH PROJECTED

BLOOD-LEAD LEVELS FOR VARIOUS PREGNANT FEMALE SUBPOPULATIONS®

, " Population Below
Mean Blood Lead® 30 pg/dl (%)
RURAL (Air @ 0.11 pg/m3) '
Water @ 50 pg/l 14.2 pg/dl - > 99
Water @ 10 pg/l ‘ 12,3 > 99
URBAN (Air @ 1.5 g/u3)
Water @ 50 ug/l 16.8 > 99
Water @ 10 pg/l ‘ 15.0 > 99
' a‘Sg = 1.3

bprithmetic means as predicted by the source contribution/uptake to

blood~lead model.
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More than 99 percent of rural children without pica, rural
 children with pica at low paint lead levels, and all female adults
are expected to fall below the 30 pg/dl blood-lead guideline, given
..drinking water lead at the current interim standard of 50 pg/dl.

: Decreasxng drinking water lead levels for these groups would have a
negl131b1e impact, since most individuals within those groups are
already below the threshold. A ‘larger proportion of the urban child
population exceeds that 30 pg/di blood-lead level; however, the drink-
-ing water conﬁribution is only a small fraction of their total daily
lead uptake. Assuming drinking water lead at 50 pg/l, between 43.2
‘and 88.6 percent of the urban child population is expected to have
blood lead in excess of 30 pg/dl (see Table 9-1). By reducing the
lead content of drinking water to 10 pg/l, between 37.4 and 84.5
percent would exceed the 30 pg/dl threshold, ’

The complete elimination of water lead from the uptake of the
urban child yields mean blood-lead levels of 28.1, 28.9 and 38.4
pe/dl for ch&ldren without pica, with pica at low paint-lead concen-
trations, and with pica at high paint-lead concentrations, respec-
tively. The corresponding PercentagesAof the population falling below

30 pg/dl are 64.1, 61.0 and 17.0, respectively, Thereforé the total

- elimination of water lead in these groups adds 1.5 percent of the

population to that portion already below the 30 pg/dl guideline.

The reduction of water-lead concentration does not appear to
greatly affect the blood-lead d1str1but10n of the chlld populat1on.
However, an additional 6 to 7 percent of the populatlon over the 30
pg/dl guideline will now fall within the “protected zone."

The effect of reducing the water—lead standard upon the fetus
' .populafion is not clearly defined by the 30 pg/dl threshold criterion.
It is apparernt upon viewing Table sz'that water-lead reduction,
although lowering the mean blood-lead level somewhat, has a negligible
effect on the proportion of the adult female population below the 30
pg/dl level. The majority of the female adult population is at no
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no apparent hazard at the environmental concentrations considered.
These blood-lead values (Table 9-2), although well below the threshold
level, result in similar blood-lead levels in thé newborn,

Since the fetus and the newborn are at gubétantial risk, it may
be prudeni to reduce the maternal blood-lead levels. For the adult
.female population, any change in lead levels in drinking water will
have a-prpportionaﬁely:large effect on blood-lead levels {(due to the
large source contribution factor), eveﬁ though thoae'ﬁlobd-lead levels -

are already substantially below the 30 pg/dl threshold level.
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keaearch Nggds

Additional research is needed in sevefal areas in order fo
properly evaluate the validity of the results obtained by us{ng the

source contribution model:

o Rates of intake of soilﬁdﬁst and paint by children and the
rates of absorption of the lead in these sources have not
‘been adequately characterized.

e There are only limited data regarding host and envirommental
factors that affect lead intake, uptake and toxicity (e.g.,
age, nutritional status, hormonal status, chemical form).

e The toxicological differences between chronic and episodic
exposures have not been properly evaluated.

e Comprehensive cost/risk/benefit analyses of all sources of
lead exposure must be undertaken in order to determine the
best overall regulatory approach.
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