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1982b; Schlipkoter and Winneke, 1980; Fox et al., 1977, 1982;
with embryonic nutrition through competition with calcium, iron, and zinc
McCauley et al., 1982; Barrett and Livesy, 1985)
Pregnant women who lived in homes with excessive drinking water
lead concentrations (>800 ppm) bore a significantly higher proportion of
. retarded infants {Beattie et al., 1975). Children of women whg had worked
and lived near a smelter during pregnancy had Iower'birthweights and an
increased frequency of single and multiple malformations although the
cause 1s unclear given the possible ex#osures both of the mothers and
presumably, the fathers, to high concentrations of arsenic, mercury,
cadmium, sulfur dioxide, és well as 1ea& (Nordstrom et al., 1978; 1979a,b).

An increased incidence in the overall number of minor congenital
anomalies, such as benign tumors and cysts and minor skin defects, was reported
in newborn children with mildly elevated umbilical cord lead levels (> 6.3
pg/d1) after controlling for other covariates; although no single anatomic
defect was individually assaciated with lead (Needleman et al., 1984}. This
suggested to the authors that lead may interact with other teratogenic risk
factors to enhance the possibility of an abnormal outcome. Mo association was
found betweenlcord PbB levels and increases in major congenital anomalies.
Further investigation of lead's possible interactions with other teratogens
at low levels is needed before definitive conclusions can be made.

More subtle affects on the fetus and newborn, such as inhibited heme
synthesis, may also be important consequences of maternal lead exposure
below 30 ug/dl and transplacental transfer (Hubermont et al., 1976;

Hayashi, 1983a,b; Gerber and Maes, 1978).
Several mechanisms can explain lead's teratogenic activity: a) disturbance

of DNA synthesis and cell proliferation; (Choie and Richter, 1974a; Siraver
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and Loeb, 1976); b) chromosomal aberrations; (CD, Table 12-20); c) interference
{Mahaffey and Michaelson, 1980); and d) interference with embryonic energy
supply by depressing mitochondrial function and cytochrome synthesis
{Holtzman and Shen Hsu, 1976). | .

Lead also affects the male gamete. Industrial exposure of men resulting
in PbB levels possibly as low as 40-50 ug/dl resulted in abnormal sperm
number and vigor (Lancrajan et al., 1975; Hi?dt et al., 1983). Sperm
abnormalities, reduced fertility, and altered testicular funttionlhave
also been observed among male mice exposed to low doses of lead (Hilderbrand
et al,, 1973; Maker et al., 1975; Wryobeck and Bruce, 1978; Donovan et
al., 1980). Such changes may be related to observations of compromised
viability of progeny to mice exposed to lead before conception (Stowe and
Goyer, 1971). ,

Although the data base is limited, the available studies suggest that
Tow Tevel exposure of mothers and fathers to lead might induce past-natal
devé]opmenta] delays and increase the risk of reproductive abnormalities.
OSHA reviewed the available literature in 1978 and concluded that men and
women planning to have children should maintain PbB levels at or beldw 30
pg/d1 (OSHA, 1978). Defining a PbB at which effects on other aspacts of
reproductive function {e.g., loss of vigar, erectile dysfunction) would
begin to be of concern must await further research.

6. Possible Gengtoxicity/Carcincgenicity °

At high concentrations (>500 ppm)}, dietary lead acetate induced
renal tumors in experimental animals (Azar et al., 1973; see CD, Figure
12,5}, A dietary lead acetate level of 500 ppm produced a Pb8 of 80 pg/dl
in dogs within 2 years; defining a corresponding exposure level in humans

is difficult to determine, however.
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Since Tead is capable of transforming cells directly in culture
(Dipaolo et al,, 1978; Casto et al., 1979) and affecting DNA-to-DNA and
DNA-to-RNA transcription (Sirover and Loeb, 1976; Robinson et al., 1984),
lead may serve as an initiator of carcipogenic activity. Lead's ability to
induce chromosomal aberrations (CD, Table 12-20) is also indicative of
its ability to initiate carcinogenic activity. In addition, lead may be
a promoter of carcinogenesis, as indicated by its ability to increase :
DNA, RNA, and protein synthesis (Choje and Richier, 1874 a,b) and to
enhance the development of renal tumors in rats previously treafed with a
known carcinogenic initiator (Hiasu et al., 1983). Lead's sequestration
in the form of “inclusion bodies" in kidney cell nuclei may be linked to
its carcinogenic effects (CD, p. 12-225).

Epidemiological studies of lead-exposed workers and children suggest
" that lead may induce chromosomal aberrations that may be associated
with certain forms of cancer (Grandjean et al., 1983; Daipra et al.,

1983)., Little can be ;e1iab1y concluded from the conf?izting occupational
findings on kidnay tumor incidence and excess cancer mortality (Cooper

and Gaffey, 1975; Kang et al., 1980; Baker et al., 1980; Lilis, 1981;

Cooper, 1981,1984; McMichael and Johnson, 1982; Sheffet et al., 1982{ Selevan
et al., 1984), although the significant elevations in respiratory and
digestive tract cancer in workers exposed to lead and other agents Qarrant
concern {CD, p. 12-225). These latter findings should not be over-interpreted
given differences in age distributions among the populations studied and
inadequate controls for factors such as smoking, diet, ethnicity, and
geographical location. Furthermore, these studies provide no specific
information on the long-term lead exposure levels or the lead compounds to

which workers were exposed. Lead emissions from other smelters and refineries

include lead sulfate and oxides of lead while windblown dust from stored
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ore cbncentrate and contaminated soil is predominantly lead sulfide
{Jennett et al., 1977). Exposure to even relatively insoluble lead
compounds (e,g. lead sulfide} however, could account for the observed
gastrointestinal and respiratory cancers {CD, p. 12-206},
The criteria document concludes that:
“Since lead acetate can produce renal tumors in some experimental
animals, it seems reasonable to conclude that at least that
particular lead compound should be regarded and treated as a
human carcinogen (as per recommendations of the International
Agency for Research on Carcinogenicity). However, this statement
is qualified by noting that lead has been seen to increase tumori-
genesis rates in animals only at relatively high concentrations,
and therefore does not seem a potent carcinogen. In vitro studies
further support the genotoxi¢ and carcinogenic role of lead, but
also indicate that lead is not potent in these systems" (CD, p. ‘ ‘
12-268), ‘ i
It is important to note that the IARC recommendations were published
in 1980 and do not necessarily reflect findings from several recent
experimental and occupational studies cited in the criteria document that
continue to focus attention on lead acetate dnd other ihorganic lead
compounds as possible carcinogens. It appears, therefore, that there is
some need for caution and further research on the carcinogenicity of lead o
compounds that are present in the atmosphere and other exposure media.

7. Effects on the Immune System

Lead interferes with host immune defense mechanisms as indicated by
increased susceptibility to infectious agents (CD, Table 12-22), endotoxins
{Cook et al,, 1974), and increased incidence of tumors (CD, Section 12.8.2.2),
in lead-exposed animals. There is suggestive evidence that human resistance
to infection may be lowered by elevated lead exposure (Sachs, 1978; Ewers
et al., 1982), although no dose-response information is available. Lead-
induced immunosuppression, possibly through direct interference with macrophage

function {Lawrence, 1981) occurs at low-level exposures in animals (PbB levels of
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20-40 pg/dl) (CO. p. 12-268). Although these effects do not induce overt
toxicity, they, nevertheless, may be detrimental to health and lead's
immunosuppressive capabilty "should be carefully considered" (CD, p. 12-241).

8, Effects on the Hepatic System

The metabolic breakdown by the Tiver of some pharmacologically active
sybstances {e.g., drugs, hormones, envirbnmenta] toxins) depends on the
availability of the hemoprotein, cytochrome p-450 and consequently, the
synthasis of heme {Remmer et al., 1966). Lead exposure impairs the detoxification
capabilities of experimental animals, while drug metabolism and liver fdnctién
in children appear to be affected at fairly high exposures (>40 pg/dl)

{Alvares et al., 1975; Saenger et al., 1984). As discussed in Appendix D.1(b),
in the absence of conclusive data it must be assumed that any indication of
significantly altered heme biosynthesis (e.g., elevated EP) may also indicate

a possible inhibition of liver detcx;fication function.

Q. éffects on the Gastrointestinal System

Typical gastrointestinal signs and symptoms caused by lead intoxication
inc]ude constipation or diarrhea, abdominal pain, nausea, indigestion, and
anorexia. Mild symptoms have been associated with PbB levels in the 50
to 70 pg/dl range, and as low as 30 pg/dl (Haenninen et al., 1979;

Fischbein et al., 1980), There is insufficient information, however, to
gstablish a clear dose effect relationship for the general population at
ambient exposure levels (CD, p. 12-247).

10, Effects on the Endocrine System

Relatively high level Tead exposures affect various endocrine processes
(e.g., impaired thyroid function) (Sandstead and Galloway, 1967; Sandstead
et al., 1969, 1970). Apart from the previously discussed studies showing

alterations in vitamin D hormone metabolism that is secondary to interference
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with heme synthesis, there have been few neurocendocrine studies in humans ;

or animals at low levels of lead. A recent analysis of the NHANES 1l ;
data (Angle et al., 1985) shows a significant negative correlation of

stature with childhood blood lead. Sex, race, dietary protein and calories,

blood lead and hematocrit accounted for 91% of the variance in height of

2695 children 6 months thraugh 7 years. The correlation was not improved ;

by the inclusion of the variables of income; urbanization; dietary é,
carbohydrate, fat calcium, potassium, phSSphorus, Vitamin A, -Vitamin C, .

niacin, thiamine and riboflavin; serum albumin, copper iron and zinc.

B T g o

Although lead may be a surrogate for multiple environmental factors not defined
by the NHANES data, the authors propose consideration of endocrine toxicity i
such as that mediated by inhibition of calcium activated receptors for TRH

or of hypothalamic dopaminergic and « adrenergic receptors.
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APPENDIX E., THE LONG-TERM AGCUMULATION OF LEAD IN SOIL IN RURAL AREAS

This appendix presents a simple linear model to predict the long-
term accumulation of lead in soil in rural areas. This model was developed
as a tool to assess the potential long-term impaét of lead in rural
terrestrial ecosystems based on the predicted increases in soil lead
concentration, Dry deposition rates that are associated with various air
lead levels are the bases for estimating the long-term increase in soil
lead concentrations. The contribution of wet deposition is included to
approximate total lead deposition., Model predictions are based on a
fixed Tead particle size distribution and dry deposition velocity that
are representative of rural areas only. Model outputs apply to typical
rural terrestrial ecosystems with Tow natural soil lead levels, but do;
not represent rural areas that are impacted by point source emissions pf
lead or possibly certain rural areas that may experience undsuain high
deposition rates of lead, e.g., rural mountain areas at high elevations,
Model predictions do not apply to urban or roadway areas where soil lead
concentrations may already exceed levels of concern.

1. Model Structure/Inputs

A simple linear equation is used to estimate total soil lead concen-

tration:
Soil Lead Initial Soil Dry deposition
Concentration = Lead Concentration + | flux
{ug Pb/g soil) (16 ug Pb/g soil) (pg Pb/m2.day)
{Volume soil/surface area)~l Soi] density-! Days
(mz/cmg) X (em3/1,5 g soil) x  Vear | x Years.

This equation is based on the following assumptions:

1) leaching of lead is negligible (CD, p. 8-13; Tyler, 1978); 2) a steady
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state relationship exists between the resuspension and deposition of lead
particles so that there is no net loss due to resuspension; 3) mechanisms
that remove lead from vegetation before it reaches the soil are insignifi-
cant, e.g., no net loss due to grazing or harvesting; and 4) any lead
taken up by plant roots or accumulated on or in leaves is recycled to the
soil. Although these simplifying assumptions are reasonably appropriate
for long-term predictions concerning large-scale natural ecosystems, they
introduce uncertainty for model predictiong.

Dry deposition flux {pg Pb/m2.day) is a function of air lead concen-
tration (pg Pb/m3) x dry deposition velocity {cm/sec). A range of dry
deposition velocities tha;-are representative of lead particles‘are used
to compute the dry deposition flux under alternative air lead levels.

For one scenario, a particle size distributidn weighted dry éeposition
velocity {Vp) is used to compute the dry deposition flux of lead. This
Vp of 0.56 cm/sec is weighted by the mass of lead particles in each
particle size range based on an average particle size distribution of lead
in rural areas (Milford and Davidson, 1985), and predicted Vp from the
Davidson et al. (1982) model (Figure E-1). The lead particle size
distribution data are an average for € rural/remote sites for the time
period 1973-1980. The particle size aerodynamic diameter of this average
distribution ranged between 0.05-40 pm, with approximately 63% of the
mass of lead particles in the submicron fraction. Each fraction of
airborne lead mass in a size interval was assigned a dry deposition
velocity based aon the Davidson et al. model (Table E~1). In this way, a

particle size distribution weighted Vp was computed. The Davidson et al.
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dry deposition model predicts dry deposition velocity as a function of
particle size, windspeed and surface characteristics of wild grass canopies.
Because this model predicts Vp as a function of the effective depositional
-area, i.e., detailed measurements of vegetative structure and surface area
are input into the model to approximate the canopy collection efficiency
for particles, it is an appropriate model to estimate qry deposition flux
in rural areas. So0il lead concentrations predicted for the weighted Vp of
0.56 cm/sec are presented in Table E-2. The Vp of 0.2 cm/sec that is used
to compute the dry deposition flux of lead represents calculations of
particle dry deposition velocity based on field data of lead deposition
onto artificial surfaces (Davidson et al., 1985; Elias and Davidson, 1980;
Davidson, 1977}, Soil lead concentrations predicted for this Vp are presented
in Table E-3.

For both dry deposition velocities, the model predicts soil lead
concentrations for three scenarios of lead immobilization, i.e., within
the upper 2-5 c¢m of an undisturbed soil profile (€D, p..7-28), and for a
cultivated soil profile (lead uniformly mixed to a plow depth of 18 cm;
Ewing and Pearson, 1974). Soil lead concentrations are predicted for rural
areas for the 100 year period following the introduction of lead additives
to gasoline. .
2. Model Résu?ts

Tables E-2 and E-3 describe soil lead concentrations (pg Pb/g soil)
predicted for rural areas for the 100 year period following the introduction
of lead additives to gaseline. These predictions are made for two dry
deposition velocities {0.56 and 0.2 cm/sec}, and for a range of air Tead

levels {0.05-1.5 pg Pb/m3). The predicted total soil lead concentrations
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TABLE €-2. ESTIMATION OF LONG-TERM ACCUMULATION OF LEAD IN SQIL IN RURAL AREAS
BASED ON DRY QEPOSITION FLUX UMDER QIFFERENT AIR LEAD LEVELS

Ory Deposition Afr Lead Rry Depgsf:ton Safl Laaa Concentrationt
Veloeity, ¥gd Level ug Pb/g soil
em/sec ug Pb/m3 159 Fu/mz.day_ S years 10 vears 25 years 50 vears 75 years 100 vears
0.35¢ 25 20d 204 2s5d "30d 304 4gd
17e 17e ige 22¢ 285e 28e
16F 16f 177 18f 19f 19f
0.3 50 20d 20d Jad 45d snd 75d
17e 188 22e 2g¢ 3ae 402
167 17t 13f 19t 20f 25t
0.25 120 25d 04 50d 904 130d 1604
2qe 20e e ige 508 758
17f 13 207 25t 3of 3gf
8.5 240 30d 45d s0¢ 169¢ 2¢0d 3199
0.56 cm/sec : 2qe 308 458 7s% 105 1352
1af 13f 25t 30f 40f sof
0.7 %0 . 40d s0d 130d 240d 340d 450d
. 2@ 35 §0e 105€ 1508 190¢
18f 2of 30f sof 55f &5t
1.0 480 45d 75d 1604 10d aspd s00d
30e 4ge 75¢ 133e 1908 2508
20t 25t 0f sof 85f 30f
1.2% 600 504 90¢ 200d 3304 5604 7504
. 02 45 90e 160e 2358 Jioe
20f 2sf 38¢ s55f 75t 95t
1.5 730 §0d 1054 ° z40d 460d §804 9g0d
Ise 50 105@ 19s5e 2856 320e
20f 2sf 40f . 85 ggf 11sf

%article sfze distribution weighted Vp (weightad by mass in each particla size range), based on averaga particle
size distribution of lead in rural areas {Milford anda Davidsan, 1985) and prsdicted Vp from Bavidson et al. (1982).

BFYyx ug Pblmz.day = Vﬂ cmfsac x aie concentration g so/m3,

CSea taxt; years are the number of years following the introduction of lead additives to gasoline.
dLead Tmmobilized within upper 2 cm of undisturbed soil profile,

8lead immobilfzed within upper 5 cm of undisturbed soil prafile.

flLead immabilized within upper 18 cm of cultivated soil profile.

gRepresents lower bound of range of geometric mean quarterly lead concentrations at nonurban stations 1974-80
(C0, Table 7A-2).

hltegreﬁg;;: tﬁﬂ% bound of range of geomatric mean quarterly lead concentrations at ronurban stations 1973-80
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TABLE £-3. ESTIMATION OF LONG-TERM ACCUMULATION OF LEAD Y SOIL IN RURAL AREAS
SASED QN ORY OEPOSITION FLUX UNDER DIFFERENT AIR LEAQ LEVELS

Ory Daposition Afr Lead Ory Deposition Soil Lead Cancantrationc
Veiocity, ¥y Level Flux? By P5/g soi)
o/ sec _gger/nﬁ _ug b/l day 5 years 10 years 25 years 50 vears 75 years 100 vears
0,059 1a t7d 17d 194 22d 25d 284
15e 17e {7e 1ae 20@ 2le
167 157 167 17f 17f 17f
0.1h 20 17d 18d 22d 28d 3sd 30d
17e 17e 18e 21e 23¢ 26e
15t 1sf nf uf 1af 19f
0.25 45 20d 29d 30d 15d 50¢ 70d
i7e 138 22¢ 272 32¢ 3ge
16F 17f 18t 19f 21 22t
0.5 20 20¢ 254 154 70¢ 100d  12s¢
0.2 cm/sec 1ge 20e ise 4Qe 30e 508
17t Wt 19f 22f 2sf 28f
0.75 130 gg 21; 554 ggd 135¢ 1750
3ge e §52 8ae
. 17t . 18f 20f 25t 30f 357
1.0 170 30d 40d 704 1204 17qd 2254
208 259 358 604 ape 100
17t 18f 22f 30t st a0t
1.25 220 30d 4sd gsd 1504 2204 280d
208 308 452 708 100e 1252
1af 19¢ 23f 30f sof asf
1.5 260 30d s0d 95d 175d 250d 330d
20¢ 300 30 goe 110 1352
18f 20f 28! 35! sof 507

2Calculated dry deposition velocity from field studies that measured lead depositfon oato artificial surfaces.
OFlux ug Pb/n?.day = Vg cw/sec x air concentration ug Pb/w.

CSee text; years are the number of years following the iatraduction of lead additives to .gasoline.

dLaad imrabflized within upper 2 cm of undisturbed soil prafile. ’

%.ead immabilized within upper S§ cm of undisturded soil profila.

fLead immobilized within upper 18 cm of cuitivated soil profile.

9Rapresents lower bound of range of geometric mean quarterly lead cancentratfons at nonurban stations 1974~8Q
{C0, Table 7a«2).

HRepresants upper bound of range af geomatric mean gquarterly lead concentratians at nonurban stations 1974-30
{CD, Table 7A-2). ’
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E-7
in Tables E-2 and E-3 represent the contribution of dry deposit{on only.
Although the relative importance of dry and wet deposition varies both
spatially and temporally, on a global and long-term, e.g., annual as
contrasted with daily basis, dry deposition has been estfmated to account
for approximately 50% of total lead deposition (CD, p. 6-27). This
estimate is consistent with the limited data available of the relative contri-
bution of wet and dry deposition of lead in rural areas (NAS, 1980; Lindberg
and Harriss, 1981). For model predictions that are based solely on dry
deposjtion flux, the estimated net increase in soil Tead concentration
above'a ratural soil lead level of 16 pg Pb/g soil is, therefore, doubled
to approximate the contribution of wet deposition to the total atmospheric
deposition of lead. A doubling of the estimate of dry deposition flux to
accouét for total lead deposition requires the simplifying assumption
that a steady state exists between the addition and removal of particulate
lead from the atmospheres., It is also assumed that the atmospheric Eesidence
time of lead is long relative to the duration of rain events. These seem
to be reasonable assumptions given that a dynamic model best represents
reality and lead aerosols have atmospheric residence times of approximéte1y
1-2 weeks (NAS, 1980; Nriagu, 1978; Shirahata et al., 1980).

Although the sources of Tead in rural areas are not entirely certain,
the historical accumulation of anthropogenic lead in so0il in these areas,
remote from point sources, 1s attributed primarily to the long-range transgort
of fine lead particles that originate from mobile sources. Fine lead
particles (aerodynamic diameter < 2 um) have relatively long atmbspheric
residence times and have the potential for long-range transport

(€D, p. 5-10, 6-16). Point source emissions of lead tend to have a mare

e

s o
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Jocalized impact on air and soil lead concentrations with background levels
typically reached within 5«10 km {Landrigan and Baker, 1981; Jennett et
al., 1977; CD, p. 8-40; Battye et al., 1985)., Given that rural areas may
be impacted by Tocal sources of lead emissions, these model predictions of
the long~term accumulation of lead in soil best apply to rural areas not
within 10 km of point sources.

Lead-alkyls were first added to gasoline in the 1920's (CD, p. 5-1).
The plausibility of the estimates of the long-term accumulation of lead
(Tables E-2 and E-3) is, therefore, evaluated by comparing current field
measurements of soil lead concentrations in rural areas to model predictions
at 50-75 years into the simulation, i.e., time perfod following the introduc-
tion of lead additives to gasoline. Current soil lead concentrations in
rural .areas are estimated to range from 5-50 pg Pb/g soil (NAS, 1980; CD,
p. 7-31; Nriagu, 1978; Getz et al., 1977; Jackson and Watson, 1977; Palmer
and Kucera, 1980).

At air lead levels that are most representative of rural areas in
the U.S. {0.05-0.1 pg/m3; CD, Tab]eA7A-2, 7A-3), and with the immohilization
of lead in the upper 5 cm of the soil profile, model predictions of the
long~term accumulation of lead in rural areas (Tables E-2 and £-3) appear
plausible as order of magnitude estimates. For example, under an air
lead level of 0,05 pg/m3 and with a dry deposition velocity of 0.56 cm/sec,
the model predicts an increase in soil lead concentratipn (associated with
dry deposition flux) from a background level of 16 ug-Pb/g soil to 22-25 ug
Pb/g soil at 50-75 years into the simulation (Table E-2). For the same
scenario, under an air lead level of 0.1 pg/m3 the model predicts a sofil

tead concentration of 28-34 ug Pb/g soil (Table £~2). For these twoe air
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E-9
lead levels, a doubling of the dry deposition flux to account for the
contribution of wet deposition gives an estimated soil lead concentration
of 28-34 and 40-5Z pg Pb/g soil, Similarly, model predictions hased on a
Tower bound dry deposition velocity of 0.2 cm/sec (Table E-3) are plausible
order of magnitude estimates of soil Tead concentrations in rural areas.

As an alternative to doubling the estimate of the dry deposition flux
to account for total lead deposition, empirical data of Tead concentration
in precipitation and precipitation rates in rural areas are used to calculate
wet deposition rates of lead. These estimates are then added to the model's
predicted dry deposition rates to approximate total lead deposition.
Although concentrations of lead in precipitation are highly variable making
it difficult to assign a representative concentration value (Galloway st
al., 1982; CD, p. 6~25), wet deposition flux is estimated based on a median
concentration of lead 1n precipitation of 8 ug Pb/1 for rural areas in the
U.S. (Galloway et al., 1980; Galloway et al., 1982). For a lead concentration
of 8 ug/1 and precipitation rates of 20-140 cm/year that represent the
range observed in different geographic regions of the U.S. (Climatic Atlas
of the U.S., 1968), the wet deposition rate of lead is 4 and 31 pg/m2.day,
respectively. Estimated total soil lead concentrations that are associated
with the sum of these avérage wet deposition rates and the dry deposition
rates predicted by the model appear plausible, and the sofl lead concentra-
tions predicted by gither method are comparable as order of magnitude
estimates. For example, for dry deposition velocities of 0.2 and 0.56
cm/sec, air lead levels of 0.05 and 0.1 pg/m3, and with the immobilization

of lead in the upper 2-5 cm, predicted soil lead concentrations at 50-75
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E-10
years following the introduction of lead additives to gasoline range from
20-90 ug Pb/g soil {Table E-4).

Although concentrations of lead in precipitation are highly variable,
these calculations that are based on a median concentration of lead in
precipitation and a range of precipitation rates give some indication of
the appropriateness of doubling the dry deposition flux to account for
total lead deposition. As expected, the average wet deposition rates
suggest that a doubling of the dry deposition flux pred!cted by the model
to account for the total deposition of lead overestimates the contribution
of wet deposition in the more arid rural areas of the 4,S. In rural areas
that experience relatively high annual precipitation rates, a doubling of
the dry deposition flux based on a Vp of 0.56 em/sec is a reasonable approx-
imation to total lead deposition. A doubling of this estimate, however,
would tend to overestimate total deposition in areas with moderate precipi-
tation rates. A doubling of the dry deposftion flux that is associated
with a Vg of 0.2 cm/sec likely underestimates the contribution of wet
deposition in areas with moderate to high annual precipitation rates.

Although the model estimates under the above scenarios appear plausibla,
it should be noted that the plausibility check was based on model predictions
for air lead levels representative of rural areas between 1974-1980, i.e.,
0,05-0,1 pg/m3. 1In the absence of reliable data of air lead levels in
rural areas from 1920 through the mid 1960's, it is difficult to evaiuatg
the predictive power of the model with respect to the historical accumulation
of lead in soil., Air lead levels in rural areas can, however, he estimated

based on past emission data. Because anthropogenic lead in rural areas is
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TASLE £-4. ESTIMATED SOIL LEAD CONCENTRATION IN RURAL AREAS 3ASED ON “ODEL
PREDICTED JRY OEPOSITION ALUX FOR AIR LEAQ LEVELS REPRESENTATIVE OF
RURAL AREAS ANQ ESTIMATED AYERAGE WET DEPOSITION FLUX

Ory Dapasition Afr Laad Ory Depgsition ¥at Deposition Total Lasad Sail Lead Concentrationd
Velacity, Y Level Flux® Flux, Deposition ug Pd/g sofl
cm/sec e 6/ms ug Po/m.dav ug ob/md .dav u8 38/me day. 0 vears 75 vears
28 4 22 3sh agh
25t 301
0.95 204 20J
s 3 56 soh 707
301 301
0.56 cm/sacd . 203 203
L] 4d sa sqn 6357
201 3si
184 203 204
50 31e : 8 gsh gt
v 351 a5t
203 28
) L yes FE L
: 19f a1
2,05 3 173
10 s 41 4Qh ssh P
. 25t . 301
0.2 cajsacd 203 204
2 cm/sa
Fi] 4d 28 3gh 4gh
201 2851
203 20d
a.1
20 Je 51 soh &30
30t gt
203 204

3parcicle siza distribucion weighted Yy (weighted by mass in each particle size range), based on average particle
size distrtbution of leaa fn reral ardas (MiTford and Davidson, 1985) and pradicted Vo from Davidssn et al, (1982).

bgatculated dry deposition velocity from rielid studfes.that measursd lead depasition onto artificial surfaces.
SOry deposition flux sg Pb/nP-day = Vg em/sec x air Pb concantration ug Ph/a’.

dyet depositien flux ug ?hfmz-day = 8 ug Pb/Y x 20 cm/year precipitation,

et dapositian flux ug po/mleday = 8 ug PbsY x 180 cem/year pracipitation,

fToral laad deposttion yg Pb/md-day = Ory degosftian flux + wet daposition flux,

SY¥ears are the numbar of years following the introduction of lead additives to gasoline.

Mead tmmobfiized within upper 2 cm of undisturbed sofl profile.

{Lead {mmobtTized within upper 5 cm of undisturbed soil profile.

$tead immobilized within upper 18 em of cultivated soil profile.
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attributed to mobile source emissions, historical data of lead consumption
in gasoline {U.S. Bureau of Mines Minerals Yearbook, 1929-1983) can be used
to estimate past air Tead levels, This was done by comparing data of
yearly lead consumption in gasoline (Table E-5) to the level of consumption
during 1974-1980, ;

Based on the data of lead consumption in gasoline (Table E-5), air
lead Tevels in rural areas during the late 1920's through the early 1960's
are estimated to have been less than or approximately equal to air lead
concentrations that are representative of rural areas between 1974-80,
Air lead levels during 1966-73 may have averaged 30% higher than concen-
trations in 1974-80, Deposition rates that would be expected during
these time periods are directly propor?ional to air lead concentration.
As a result, model predictions of sail Jlead concentration that are based
on deposition fluxes associated with 1974-80 rural air lead. concentrations
may overpredict deposition flux for the time period since the introduction
of lead additives to gasoline through the early 1960's, but may underpredict
deposition flux for the 8 year period between 1966-73. The magnitude of
this underprediction appears small, however, as indicated by the dry deposi-
tion flux associated with & 30% increase in air lead concentration (above
the upper bound level of 0.1 ug/m3), and dry deposition velocities of 0,56
and 0.2 cm/se¢, i.e., 63 and 22 ug/hz-day, respectively. This small increase
in dry deposition flux {from 50 to 63 pg/m2.day and from 20 to 22 yg/mZ-day;
Tables E-2 and E-3) over a relatively short period of time would not signi-
ficantly chanée s0il tead concentrations predicted by the model. The net

effect of using a constant air lead level (0.05-0.1 pg/m3) as representative
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Metric Tons

TABLE E-5.
Year Consumption Year
1929 16,329 1948
1930 9,979 1949
1931 5,443 1950
1932 3,175 1951
1933 4,536 . 1952
1934 6,622 1953
1935 9,072 1954
1936 10,070 19585
1937 10,886 1956
1938 5,443 19587
1939 8,074 1957
1940 9,979 1959 .
1941 43,841 1960
1942 45,497 1961
1943 59,257 1962
1944 75,357 1963
1945 68,846 1964
1946 43,513 1965
1947 71,014
SOQURCE::

Consumption Year
76,030 1966
85,859 1967

103,279 1968
116,488 1969
133,104 1970
147,365 1971
145,544 1972
149,805 1973
174,169 1974
160,572 1975
144,615 1976
145,167 1977
148,620 1978
154,041 1979
153,246 1980
174,914 1981
202,724 1982
204,300 1983

U.S., Bureau of Mines Mineral Yearbook, 1929-1983,

ANNUAL CONSUMPTION OF LEAD IN GASQLINE ADDITIVIES
IN THE UNITED STATES FROM 1929-1983

Consumption
223,964

224,228
237,588
245,962
252,654
239,713
252,504
248,939
227,250
189,242
217,504
211,291
161,778
169,593
116,031
101,030
108,167

80,846

i
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of rural areas most likely is to overpredict soil lead concentration given
the relatively long time period during which rural air lead levals are
estimated to have been less than or equal to 1974-80 levels,

The alternative method to estimate total lead deposition relies on
dry deposition flux predicted by the model and average wet deposition
rates of lead. The concentration of 8 pg Pb/1 precipitation represents
a median value of lead concentration in precipitation for the time period
1975-1980. Applying the same .rationale stated above, it is likely that
soit lead concentrations predicted for an average wet deposition flux of
lead (associated with a concentration of 8 yg Pb/1) are overestimates,
given the re1ative1y long time periad during which lead concentrations in
precipitation are estimated to have been less than or equal to concen-
trations measured during 1975-1980,

Empirical data of soil samples collected from cultivated fields in
I1linois show an increase in soil lead concentration from 13 pg Pb/g soil

«in the 1920's to 26 ug Pb/g soil in the late 1960's {Ewing and Pearson,

1974). Model predictions of soil lead concentration for cuftivated soil
(Tables E-2 and E-3) underestimate soil Tead concentration using these field
data for empirical validation. Under air lead levels most representative
of rural areas and with dry deposition velocities of 0.2 and 0.56 cm/sec,
based on a doubling of the estimated dry depesition flux, the model predicts
an increase in soil lead concentration from a natural background level of
16 pg Pb/g soil to 18-22 pg Pb/g soil for the time period 1920-1970,
i.e., 50 years into the simulation. Alternatively, soil lead concentration
can be estimated based on the sum of the dry deposition flux predicted by
the model and the estimated average wet deposition flux for rural areas.

For this same scenario, this summation yields a similar soil lead concen-

TEH 0413739

DUP0D50454716

,,,\v.‘<.



E-15

tration of 17-20 pg Pb/g soil (Table E-4), Either method results in an
underprediction of soil lead concentration compared to empirical data
collected in 111inofs, The low levels predicted are, in part, due to the
dilution effect of uniformly distributing the lead concentration through
an 18 cm soil depth, It is possible that the higher soil lead concentrations
measured in I11inois may represent the continual addition of fertilizers
containing lead to these agricultural fields,

For the model scenarioc associated with maximum soil lead concentration
{Vp 0.56 cm/sec, lead immobilization within the upper 2 cm of an undisturbed
soil profile) and for the range of air lead concentration that is most
representative of rural areas {0.05-0.1 pg/m3), an increase in soil lead
concentration from a natural background level of 16 yg Pb/g soil in 1920 to
75-135 uyg Pb/g soil is predicted for rural areas for the 100 year periog
following the introduction of lead additives to gasoline (Table E-2). These
levels are well below total soil lead concentrations that are associated
with adverse effects in plants and soil microbes, i.e., 1000 pg Pb/g soil
and 750-1000 ug Pb/g soil, respectively, Although soil lead concentrations
predicted by the model for rural éreas are not anticipated to approach '
Tevels associated with adverse_effects in terrestrial biota, there is much
uncertainty in assessing potential envirenmental impact in terms of total
soil lead concentration., This is due to the varying capacity of dffferent
soil types to immobilize lead and the lack of a clear quantitative relation-
ship between total soil lead concentration and biologically available lead.

With the recently revised phasedown schedule for lead in gasoline, it

is estimated that by 1990 the annual average air lead level for neighborhood
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scale monitoring sites, due only to mobile source impacts, will be 0,02

ug/m3 (Battye et al,, 1985), Although impacts for remote and rural monitoring
sites were not projected, air lead levels in rural areas should be no |
higher than 0.02 pg/m3 and will likely be much lower. Assuming a similar
particle size distribution of lead in rural areas in the future, at such

Tow air lead levels the anticipated rate of increase in soil lead concentra-
tion in most rural areas, based on this linear model and dry deposition
velocities of 0.2 and Q.56 cm/sec, is quite small and it appears unlikely

that total soil lead concentrations will reach levels of concern within the
next several decades, Rural areas that have already experienced significant
increases in soil lead concentration er have elevated natural soil lead
concentration may be approaching levels of concern. These model predictions :
may not apply to rural areas at high elevations that appear to be more .

rapidly approaching soil lead concentrations of cencern {Johnson et al.,

1982). The more rapid accumulation of lead might be explained by increased

precipitation due to orographic effects, and by the nature of the soil in

certain high elevation forests., It appears that there may be an effect in

high elevation forests that requires further research.

3. Model Uncertainties

These model predictions must be considered, at best, as crude estimates
of the long-term accumulation of lead in soil. Predicted soil lead concen~
trations are dependent on both the dry deposition model selected and the
particle size distribution data that determine the dry deposition velocity }f
and the resulting deposition flux. As a result, predicted soil lead concen-
trations are highly uncertain due to the complex interaction of parameters
that influence particle deposition and that are not entirely well-defined,

the high degree of uncertainty associated with dry deposition velocities,
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the questionable accuracy of particle size distribution data, and the
reliance on model assumptions and predictions that are difficult to validate.
The dry deposition velocity curves of Figure E-1, for example, have not
been validated experimentally. The range of dry deposition velocities
predicted by models are comparable with dry deposition velocities that are
calculated from field measurements of deposition onto surrogate and natural
surfaces. Either method of estimating dry deposition velocity, however,
gives highly variable results with dry deposition velocities varying by -
several orders of magnitude., This reflects the actual variations and also
the uncertainties associated with these estimates (Davidsoﬁ et al., 19832;
Slinn, 1982; Sehmel, 1980).

Much uncertainty is associated with calculating or predicting particle
dry deposition velocity which is a function of many variables. The weighted
Vp (0.56 cm/sec) that is derived from the Davidson et al. model is considered
here to be an upper-bound that may overpredict the dry déposition flux and
accumylation of lead in soil due to the relatively greater surface roughness
heights (4-14 cm) and plant geometry that increase collection efficiency
and rasult in higher depdsition velocities for grass canopies compared'to
bare soil. This weighted V¥p may possibly underpredict dry deposition flux
for forest canopies that are characterized by higher deposition velocities
compared to grasslards {CD, p. 6-28), To the extent that a Vp of 0,56 cm/sec
is an upper-bound, a doubling of the estimate of dry deposition flux to ‘
account for the contribution of wet deposition may compound this overestimation,
especially in areas with low to moderate annual precipitation rates. In

addition, the Davidson et al, model predictions are specific for meteorological
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Thus, while any individual child's IQ score may fluctuate over time, the
implications of a 5 point average deficit among children are serious (see
Figure D-2}.

Considerable uncertainty exists regarding lead's impact on 1Q scores of
children with PbB levels below 40 pg/dl. This uncertainty largely stems from
the complex interaction hetween 1ead exposure over time, so¢ial factors, and
intelligence scores, and from the statistical and methodological limitations
of cross-sectional studies to untangle these variables, and the range of
interpretations that result from these studies. For example, Ernhart
(1983, 1984) reanalyzed previously-published data on a group of children
whose average PbB level dropped from 35.2_to 26.9 pg/dl over 5 years
(Perinoc and Ernhart, 1974; Ernhart et al., 1981) and found that after
partialling out the effeéts of sex, parental 1Q, and Parental education (but
not sBciofeconomic status), the proportion of variance explained by lead was
’ no greater than 5% an any one of the 1Q measures. With the exception of General
Cognitive Index and Verbal Scale scores, the effects of early lead exposure
on 1Q scores appeared to be neither statistically significant nor persistent
throughout chiidﬁood. It is possible, as with other studies, that by control-
1ing for one variable such as parental IQ, which may be affected by lead
exposure, the affects of lead on children's IQ is diminished. Ernhart (1983)
concluded that although these data do not support an inference for an
association between neuropsychologic deficits and lead exposures at the %
levels experienced by the children in this study, the rather low statistical :
power of the reanalyses does not allow for a definitive conclusion of "no-
effect", either. Nevertheless, the results from these amalyses are reasonably
consistent with those from other investigators; namely that PbB levels above
30 pg/dl, compared to lower levels, show a small, but significant, association

with some measures of 1Q after controlling for confounding variables.
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The criteria document conciuded from the Needleman et al. (1979) study
and subsequent re-analyses (Needleman, 1984) that, after controlling for
confounding variables including pica, average 1Q decrements of about 4
points and other neurobehavioral deficits appear to be associated with
lead exposures of U.,S. children resuiting in dentine lead values that exceed
20-30 ppm and Tikely average PbB levels in the 30-50 ug/dl1 range (CD, p.l2-
74 to 12-80). Needleman et al. (1982) calculated that a 4 poinf decrement in
the mean 1Q of a normal population distribution would be associated with a
three-fold increase in the number of children with severe‘deficits (1Q < 80)
along with a 5% reduction in the number of children who atté{n'superior

function (IQ > 125) (see Figure D-2).
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Figure D-2. Cumulative Frequency Distribution of Verbal IQ Scores
in Subjects with Low or High Levels of Lead
(Source: Needleman et al., 1982).

Bellinger et al. (1984) followed up on the academic performance of a

subsat of the children initially evaluated by Needleman et al. (1979) and
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found that only grade retention was clearly associated with past dentine lead
levels; other outcomes (e.g., remedial instruction, classroom behavior)
tended to be in the predicted direction of effect but generally at p values
between 0.5 and 0.15,

It is of interest to note that two pilot studies (Yule et al., 1981;
Winneke et al., 1982a) that included children with PbB levels below 30-35
pg/d1 (Rutter, 1983) 1iving near lead smelters in Europe found 1Q deficits
(4.5 to 7 points) similar to those observed by Needleman et al. (1979) be-
tween high and low exposure groups after correction for confounding variables.
However, the relatively crude coqtrols for social variables provided in these
latter two pilot studies preveﬁt conclusive interpretation of the observed
associations (CD, p. 12-86).

Initial asses§ment of 104 lower SES children, aged 10 months to 6.5
years showed an inverse linear relationship of PbB and IQ across concentrations
from 6 to 59 ug/dl after coutro]]ing'for SES, quality of the care-giving
environment, maternal 1Q, and other social factors (Schroeder et al., 1985).
In addition, a dissociation of maternal and child 1Q was found (r= 0.058; the
expected normal mother-child 1Q correlation is about 0.,50) in chiIdrén betow
30 months of age with PbB levels abave 30 ug/dl, consistent with other studies
{Perino and Ernhart, 1974; Bellinger and Needleman, 1983). Five years later,
the PbB levels of the 50 children retested had dropped to below 30 ug/dl and
the correlation between maternal and child 1Q returned to a nearly normal
value (r= 0.45). Furthermore, the effect of either contemporary or initial
PbB levels on S5-year follow-up IQ scores was not significant after
covariates were accounted for in the regression model (Schroeder et al.,

1985},
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A replication of the above study using 75 low SES children between
2 and 3 years of age showed the same continuous linear decrease in I1Q
with increasing PbB across a wide range (6-47 pg/d1) with 78% of subjects
having PbB levels below 30 ug/d1 (Schroeder and Hawk, 1986). The effect was
almost equally as strong regardless of whether contemporary, past maximum, or
mean PbB levels were used in the analysis. The potentially confounding
factor of SES was effectively controlled by selecting a very homogeneous
group of children. i

Studies of European children with lower lead exposures (mean PbB = 8-
15 ug/d1) have generally found only 1-2 point, and statistically non-signifi-
cant differences in Qarious IQ scores at PbB levels in the 15-30 pg/dl range
after controiling for confbunding variables (Smith et al., 1983; Harvey et
al., 198;, 1984; Yule et al,, 1983; Yule .and Landsdown, 1983; Winneke et al.,
1983, 1984). [The study by Silva et al.{1986) on 1ll-year old New Zealand
children with a mean PbB oé 11 pg/dl found no effects of lead on IQ but
significant associations baetween PbB and varijous behavioral measures. These
results on older children are difficult to relate to the other studies cited
here on young children]. Smith et al. {1983) commented that if differences
exist in neurcpsychoiogicél performance attributable tovlead at the levels
they studied (<25 pg/dl), then the sensitivity of psychological tests and
other currently available measures and statistical procedures do not allow
these differences to be detected with any degree of certainty.

An important finding from several of these studies that tested for
interactive effects (Yule and Landsdown, 1983; Winneke et al., 1983;
Harvey et al., 1983) was that neurobehavioral deficits associated with

lead were enhanced in, or even largely confined to, socially disadvantaged
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children or those of manual working class fathers compared to those from
more middle class backgrounds. These findings suggest that low level
lead exposure, in combination with other factors associated with Tow
socio-economic status (e.g., undernutrition) may predispose a child to
psychological impairment. The findings by Schroeder et al. {1985) and
Schroeder and Hawk (1986) of significant dose-response relationships down
to very low PbB levels after controlling for social factors may be attributable
to the uniformly low SES of the children studied. Although SES was not a
significant covariate in Schroeder and Hawk (1986), quality of the home
environment (which may be linked to IQ) was a significant predictor of
Tead exposure, consistent with other work (Milar et al., 1980; Dietrich
et al., 1985). This close relationship between SES, home environment,
_and lead exposure suggests that SES may not be the sole determinant of
increasesd risk for cognitive impairment. Further research is needed to
investigate the possibility that any effects of Tow levels of lead (PbB <
30 pg/dl) on IQ are due, not to some "pure" form of permanent damage to
the brain, as much as to the effects of lead as part of a wmore complex
sat of interacting influences including social and nutritional factoés.

5) Electrophysiological Effects

As discussed earlier, in addition to its varied effects on neurdnal
development and chemically-mediated synaptic transmission, lead impairs
peripheral nerve conduction velocities, at levels possibly as low-as 30
ug/dl (Appendix D.2.a). Similarly, lead exposure affects brain morphology
and metabolism, interferes with neurotransmission in central nervous
system tissue {e.g., cerebellum, retina) (Palmer et al., 1981; Fox and
Sillman, 1979; Sillman et al., 1982), and depresses conduction velocities

in the visual pathways of rats accompanied by persistent decreases in
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visual acuity and spatial resolution {Fox et al., 1977; Cooper et al,,
1980; Winneke, 1980; Impelman et al., 1982; Fox and Wright, 1982),
Consistent with these findings are those from neurological assessments
of children and adult workers which indicate that a wide range of lead
levels may be }ssociated with impaired function in the visual-motor and
auditory systems (Repko, 1979; Haenninen et al., 1978; Needleman et al,
1979; Winneke et al., 1983; see discussion below).

It has also been demonstrated that electrical activity in the brain
itself, determined by electroencephalograms (EEG)}, is disrupted in animals
and humans suffering from lead intoxication (Cooper et al., 1980). More
subtle abnormalities in EEG patterns (increased delta/decreased alpha
activity) were detectad in a subset of children from the Needleman et al.
(1979) study with high tooth lead levels (Burchfiel et al., 1980), The
lower amounts of alpha activity in the high lead children {PbB Tevels
= 30-50 pg/di; €D, p. 12-92) might signify that brain maturation was
somewhat delayed by lead since such activity tends to increase with age
in ¢hildren (Beningnus et al., 1981),

. The brain wave patterns (indexed by slow cortical potentials elicited

by classical conditioning) of 1-6 year old children varied as a linear function
of PbB {ranging from 6-59 pg/d1) with no evidence of a threshold, although

the slope changed systematically with age (Otto et al., 1981). Slow wave

voltage tended to be positive in children less than 5 years old and negative

in children over 5 years, [Psychowmetric avaluation revealed a significant
lead-related 1Q decrement at the time of initial testing (Schroeder et al.,
1985); no relation between blood lead and hyperactive behavior was noted in these
children (Milar et al,, 1981).] Neurophysiological evidence'suggests

that slow surgace-positive potentials in very young children may reflect
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axgdendritic inhibitbny processes (Otto and Reiter, 1984). The relative
amplitude of synchronized electrical activity between the laft and right
hemispheres of the brain varied as a cubic function of PbB levels in

these children, with inflection points at 15 pg/dl and 40 pg/d1 (Benignus
et al., 1981). Increased synchﬁony and relative amplitude of the EEG at
these PbB levels could indicate an increase in the amount of information
being proceSsed and, perhaps, that an increased effort is required to
assimilate this informafion (Rostron, 1982). The clinical nor the functional
significance of this measure has yet to be established, however.

In a subsample of these children assessed 2 years later, slow-wave
voltage during sensory condftioning 2gain varied linearly with PhB with no
apparent threshold over a range of 11-39 pg/dl (Otto et al., 1982). This
relationship was constant whether PbB levels from the initial or follow-up
study were analyzed, suggest;ng a change that persisted over time despite
a substantial decline in mean PbB from 32.5 to 21.1 pg/dl. 1In a five-year
follow-up on a subset of the same children, slow-wave voltage varied as a
function of current PbB level during active conditioning, but not during
the passive conditioning test used in earlier studies (Otto et al., 1985).
Measurements‘of pattern-reversal visual-evoked potential (PREP) revealed
increased amplitude and decreased latency of certain components as a linear
function of original PbB level, whiech is contrary to predictions but
consistent with results of Winneke et.al. (1984), Significant associations
were also found between PbB levels and increased Tatencies in brainstem auditory
evoked potentials (BAEP), indicative of auditory nerve conduction slowing
(Otto et al., 1985).

Results of a replication study in an independent group of children 3-7

years old indicate that contrary to earlier findings (Otto et al., 1981,1982),
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slow-wave voltage did not vary with PbB level. Although age differences between
the two groups studied (1-6 versus 3-7 years) and their different exposure
routes may account for these inconsistencies, earlier findings must be inter-
preted cautiously in the absence of further study. [Psychometric evaluation
of these children revealed a continucus linear decrease in IQ with increasing
PbB level across the range of 6-47 ug/dl (Schroeder and Hawk, 1986).] Only one
PREP amplitude measure varied systematically with PbB levels and this was in
the opposite direction of earlier findings. In contrast to the 5-year follow-up
study in which a simple linear relationship was observed, several BAEP latency
measures showed a curvilinear relationship to maximal PbB levels in the
replication such that latencies decreased as PbB levels rose from 6 to 25 pg/di,
but increased at higher PbB levels (Qtto, 1985; Robinson et al,, 1985). In
addition, latency of central transmission time in the auditory pathway increased
directly with PbB as did hearing threshold, a reflection of peripheral auditory
function. The latter finding is inconsistént with earlier findings (Otto et al.,
1985), although it warrants concern in view of other reports suggesting
impaired auditory processing (along with performance deficiencies) in Tead-
exposed school-age children (Perino and Ernhart, 1974; Needleman et al., 1979).
Given that the clinical and functional significance of many of the ‘
electrophysiological measures used are presently considered experimental and
given the inconsistent correlations between PbB and the various measures, the
current electrophysiclogical evidence concerning lead exposure and brain function
in children is too fragmentary to draw any firm conclusions. Nevertheless,
the criteria document concludes that these findings suggest the possibility of
altered CNS functioning associated with relatively low level lead expasure at

PbB levels in the 15-30 pg/dl range, and perhaps, below (CD, p. 12-157),
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3. Effects on the Cardiovascular System

Symptoms consistent with cardiac disease, such as degenerative changes
in heart muscle (Kline, 1960), abnormal electrocardiograms (ECG) (Silver
and Rodriquez-Torres, 1968) and increased cerebrovascular mortality
(Dingwall-Fordyce and Lane, 1963) have been associated with high human
lead exposures. Cardiotoxicity has been reproduced in experimental
animals acutely exposed to high concentrations of lead. Effects include
depression in contractility, increased susceptibility to norepinephrine-induced
arrhythmias (exaggerated in neonates), and decreased cardiac protein
phosphyriation {Kopp et al., 1980b; Williams et al., 1977 a,b). It
appears that effects may persist in immature rats even after cessation of
lead exposure (Williams et al., 1977b).

Chronic administration of lead rgsulting in PbB levels as low as
40 ug/dl caused structural changes in the myocardium of mice, and ECG
abnormalities that are likely due to nerve conduction disturbances (Khan
et al., 1977, Kopp et al., 1980 a,b). Besides affecting cardiac output,
Tow levels of lead exposure have produced increased vascular responsiveness
to contractile agents such as noradrenaline, and significant elevatiohs
in systolic blood pressure in rats with PbB levelg around 40 ug/&l (and
possibly lower) (Webb et al., 1981; Victery et al., 1982; Perry and
Erlanger, 1979; Kopp, 198Qa). These changes may be linked to reduced
energy availability due to heme synthesis inhibition (Kopp, 198Ca) or to
altered nerve transmission caused by changes in calcium avai]abi1i£y
{Webb et al., 1981), and suggest possible mechanisms by which lead may
contribute to hypertension in humans.

Excessive amounts of mobilizable lead have been measured in patients

with hypertension {and renal impairment of unknown cause) (Batuman et al.,
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1983) and evidence of increased hypertension has been found among men
occupationally exposed to high levels of lead (Inglis et al., 1978;
Lilis et al., 1977), although there have been contrasting findings in
similar populations (Richet et al., 1966; Cramer and Dahlberg, 1966;).
Lower levels of exposure as indexed by PbB or urinary Pb levels, have been
associated in some adult populations with hypertension prevalence (Beevers
et al., ]976{ Kromhout and Coulande, 1984) and blood pressure {Moreau
et al., 1982; Pocock et al., 1984), but not in others (Staessen et al., 1984).
Pocock et al. (1984) considered the weak (but statistically significant)
correlation between lead exposure and hypertension at levels above 37 pg/dl
to be of mian importance given the lower PbB levels typically found in
British men. However, an unpublished EPA reanalysis of the grouped dafa
reported by Pocock et al. (1984) indicates that blood lead is a significant
predictor of blood pressure’in their data, both before and after adjusting
for covariates, when a regression of blood pressure is performed versus
the log of b]éqd lead for their reported group averages (U.S. EPA, 1985¢).
Furthermore, the regression coefficient indicated that the size of the
effect was significant, suggesting a blood pressure increase of 3 mm Hg
as blood lead increases from 5 to 15 Qg/d]. |
Recent analyses of NHANES II data have demonstrated significant
associations between blood pressure (systolic and diastolic) and PbB levels
among males {not females) aged 12 to 74 years independent of other, potentially
confounding variables {e.g., nutrition) (Harlan et al., 1985). Further
analyses were conducted on white males aged 40 to 59 years to avoid the
collinearity between blood pressure and blood lead evident at lower ages
and because data relating cardiovascular disease to blood pressure are
less extensive for non-whites (Pirkle et al., 1985}, PbB levels were a

significant predictor of blood pressure in this subgroup after including
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in the multiple regression analyses all.known factors previously established
as correlated with blood préssure and also when the relationship was tested
against every dietary and serologic variable measured in the NHANES II
survey (Pirkle et al., 1985). Including both curvilinear transformations
and interaction terms had little effect on the blood lead coefficient. A
threshold below which blood lead was not significantly related to blood’
pressure could not be found across a range of adjusted PbB levels between

7 and 34 pg/dl, It is of interest to note that the dose-response relation-
ships found by Pirkle et al. (1985) suggest a large initial effect, leveling
off at higher PbB levels, which is consistent with the biphasic blood
pressure response to PbB levels found in rats (Victery et al., 1982) and
which may account for the inconsistent epidemiologic findings in persons
with mild to moderate elevations of blood lead.

Because of the complex inter-relationships among the multiple
environmental, dietary, medical, socio-economic, and genetic factors that
infiuence blood pressure, all of which may not be measurable, results
from even the recent studies that employed thorough and extensive analyses
and high quality data, must be interpreted cautiously. Nevertheless, the
suggested relationships between blood lead and blood pressure among adults,
even at PbB levels below 30 pg/dl, should continue to be carefully studied
-and be considered to have potentially important public health implications in
terms of increased incidence of hypertension and more serious cardiovascular
disease. Pending review of the most recent papers in the c¢criteria document,
their results are not reflected in the assessment of health risks associated

with different PbB levels in determining an acceptable PbB level,
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4., Effects on the Kidney

Lead at high concentrations is concentrated in the kidneys by high
affinity binding proteins (which form intranuclear inclusion bodies) and
causes numerous types of changes in a variety of physiological processes
associated with the kidney. At low dosages, lead affects renal mitochondrial
structure (e.g., swelling) and function (e.g., altered respiratory rates,
oxidative phosphorylation and synthesis of heme, proteins, nucleic acids
and vitamin D hormone) (Goyer, 1968; Fowler et al., 1980, 1981 a,b;
Silbergeld et al., 1982; Rosen and Chesney, 1983). Lead's interference
with these biochemical processes in the kidney, particularly energy
metabolism, might account for the transient decreases in renal tubular
reabsorptive processes, as indicated by hyperaminoaciduria, glycosuria,
and hyperphosphaturia, at PbB levels ranging ffom 40 to more than 100 ug/dl,
and possibly as Tow as 30 pg/dl (See CD; Sections 12.5.2 and 12.5.3;

p. 12-170). 1rreversible kidney damage {e.g., interstitial nephritis) °
appears to require prolonged high exposure, with PbB levels probably
exceeding 70-ug/dl in adults although lead chelation is necessary to
detect cumulative body stores that may contribute to the gradual develop-
ment of this disease {Lilis et al., 1968; Cramer et al., 1974; Wedeen et
al,, 1979). 1t should be noted that the effects of chronic, low-level
lead exposure on renal dysfunction in children have not been adequately
studied.

There is 1imited evidence that elevated lead absorption contributes
to renal disease in association with gout and ﬁypertension {Emmerson,
1973; Batuman et al., 1981; Wedeen, 1982). The mild hypertension observed
with chronic low-level lead exposure however, may be related to lead's

ability to directly alter vascular reactivity (Webb et al., 1981; see Appen-
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dix D.3) and any contribution of Tead-induced renal impairment to this
disorder, at low exposure levels, remains to be determined.

5. Effects on Reproduction and Development

Lead compounds have been used as an abortifacient and lead poisoning
has been shown to be accompanied by reduced fertility, miscarriages and
stillbirths (Oliver, 1911). Little research has been directed however,
at whether subtoxic levels affect fertility or cause fetal injuries in
humans. In female animals, relatively low-level lead exposure has been
shown to affect pubertal brogression and hypothalmic-pituitary~-ovarian-
uterine functions, as evfdencad by ovarian abnormalities (Hilderbrand et
al., 1973; Der et al., 1974), and delays in vaginé] opening (Grant et
al., 1980; Kimmel et al., 1980) and first conception (Maker et al.,

1978). 1In addition, the ability of the placenta to support fetuses is
compromised'in mice exposed to relatively low lead levels (Maisin et al.,
1975; Jacquet et al., 1976). '

It is of particular concern that placental transfer of lead begins
as early as the 12th week of gestation and continues to accumulate
in the fetus throughout pregnancy (Barltrop, 1969) resulting in compérable
PbB levels in the mothe; and newborn child (Alexander and Delves, 1981;
Rabinowitz and Needleman, 1982). MNewborn rodents and monkeys whose mothers
were exposed to lead during pregnancy showed compromised growth (Reiter et
al., 1975), congenital malformations in the spinal cord (Carpenter and Ferm,
1977; Jacquet and Gerber, 1979) and delayed development of the CNS (e.g.,
cortical connections) and its functions (e.g., motor function, social behavior)
{Klein et al., 1978; Bushnell and Bowman, 1979; Crofton 1977; et al.,

1980; Grant et al,, 1980; Overmann et al., 1981; Winneke et al., 1977;
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APPENDIX D. HEALTH EFFECTS OF LEAD

This appendix discusses and evaluates the information reviewed in detail
in Chapter 11 of the criteria document on the various human health effects
associated with lead exposure. The discussion is broken down into the
major health effects areas of primary concern and is intended to support
the assessment in Section VII.C(1) of health Eisks associated with various
blood lead (PbB) levels for purposes of determining an appropriate lead
NAAQGS. |

1. Heme Biosynthesis and Related Functions

Under normal circumstances, heme biosynthesis is a highly efficient
and coordinated pathway, which produces only sufficient amounts of inter-
mediates and, ultimately, heme to service requirements for hemoglobin --
the blood pigment responsible for transporting oxygen to the tissues -- as
well as a multitude of functions mediated in most cells by heme-containing
proteins. These hemoproteins include myoglobin, the hemoglobin of muscle,
and the mitochondrial respiratory pfgments, cytochromes, responsible for
cellular &nergetics. Moderately elevated lead exposure has been demonstrated
to disturb the biosynthetic sequence so as to produce large quantities‘of
redundant intermediates that must then be excreted; more severe lead '
intoxication may result in the development of anemia. Lead's interference
at susceptible stages of the biosynthetic pathway {illustrated in Figure D-1)
may have important implications for a multitude of organs and systems,
especially in the growing child, and is briefly reviewed below.

i. The initial step of the heme synthetic pathway, the formation
of delta-aminolevulinic acid (ALA) from succinyl-CoA and glycine
by the mitochondrial enzyme delta-aminolevulinic acid synthetase (ALA-S),
represents the control point of the pathway. During lead exposure, the

activity of this rate-limiting enzyme is increased through feedback
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Figure D -1. Lead effects on heme biosynthesis, from
CD, Figure 6-1.
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control apparently in an attempt to compensate for the diminished production
of heme due to Tead's interference (Maxwell and Meyer, 1976).

ti. In the second step of the pathway, the zinc-requiring enzyme delta-
aminolevulinic acid dehydrase (ALA-D), catalyzes the condensation of two
molecules of ALA to form porphobilinogen. ALA-D is inactivated by lead
without any apparent threshold, and in erythrocytes, its activity appears to
be markedly reduced at a PbB around 15 ug/d1 in both adults and children
(Hernberg and Nikkanen, 1970; Wada et al., 1976; Nieberg et al., 1974;
Secchi et al., 1974; Roels et al., 1975b). Based on several of these
studies, Zielhuis (1975) calculated that the fracfion of children with 40%
reduction of ALA-D activity increases from about 10 to about 90% as PbB
rises from 10 to 30 pg/dil. | '

The combination of increased ALA-S and decreésed ALA-D activity accounts
for the marked accumulation of ALA in the plasma and body fluids, and
excess excretion of ALA im urine, The rate of ALA excretion accelerates
above a PbB of 40 pg/dl in adu1ts‘and children (Cramer et al., 1974;
Moore et al., 1980; O'Flaherty et al., 1980), Several studies indicate a
continuous correlation between urinary ALA (ALA-U) and PbB down to levéls
around 20-25 pg/dl (Meredith et al,, 1978; Selander and Cramer, 1970;
Lauwerys et al., 1974; Chisolm et al., 1976). In light of conflicting
findings from studies using different measurement techniques, it remains to
be established whether increases in ALA-U are preceded by elavations in
l circulating levels of ALA in plasma at PbB levels below 40 pg/dil
(Meredith et al,, 1978; 0'Flaherty et al., 1980). The criteria document
concludes that despite a positive bias in absolute ALA values due to measure-
ment contamination by aminoketones not correlated with blood lead, the

relative changes in blood ALA detected by Meredith et al, (1978) "appear
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to provide the most plausible basis for the observed correlations with Pb3
tevels as low as 18 ug/d1" (CD, p. 12-19).

While blood indicators of erythropoietic effects of lead may be more
accessible, they are not the only, nor necessarily the most sensitive
indicators of heme biosynthesis derangement in other organs (CD, p. 12-26).
At roughly comparable lead levels associated with such changes in blood
ALA and ALA-D, inhibitions of ALA-D and elevations in ALA are observed in
the liver, kidneys, and spleen of adult rats and humans, and to a greater
degree in the developing brain of young, compareq to adult rodents (Millar
et al., 1970; Secchi et al., 1974; Gerber et al., 1978; Silbergeld et al.,
1982). The impact that elevated ALA may have on the neurclogical system is
discussed in Appendix D.i{d). .

1t is important to note that becausé lead is preferentially deposited
in bone (Appendix A}, the concentrations of lead in the marrow will be .

" significantly -greater than in the blood during red blood cell formation and
hemoglobin synthesis in the bone marrow (Albahary, 1972), and the developing
red blood cells in the marrow will be particularly affected.

111. Another effect of 1ead‘on heme biosynthesis is its interference
with the last step of this chain, i.e., insertion of iron into protoporphyrin.
This is mediated by the enzyme ferrochelatase, which is located in the
inner matrix of the mitochondria of most cells (Moore et al., 1980). Lead
impairs the transmitochondrial transport of iron and instead of producing
heme, the mitochondria accumulate its precursor, protoporphyrin, which
lacks iron and is incapable of performing its essential respiratory function.
As a result of lead intoxication in newly forming erythrocytes, protoporphyrin
(referred to as erythrocyte protoporphyrin or EP) takes the place of heme

in the specific pocket of the hemoglobin molecule. As the red blood cells
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remain in the circulation, zinc is rapidly chelated at the center of the
molecule in the site normally occupied by iron (Piomelli et al., 1982). The
resulting zinc protoporphyrin (ZPP) is tightly bound in the available heme
pocket for the 1ife of the erythrocyte, normally 120-130 days {Lamola et al.,
1975). Thus, the content of protoporphyrin in circulating red blood cells
represents what has accumulated during red blood cell maturation and consequently
describes an effect that took place in the bone marrow, with a time lag of
3-4 months {Sassa et .al., 1973),

With increasing blood lead, there is a rapid exponential iﬁcrease of
protoporphyrin, with significant accumulations over baseline at PbB levels
of approximately 15 ug/dl in infants and children (Roels et al., 1976;
Piomelli et al., 1977, 1982; Hammond et al., 1984; Rabinowitz et al.,, 1985)
and 25-30 pg/dl in adults {Roels et al., 1975b; Grandjean and Lintrup,
1978; Odone et al., 1979; Herber, 1980). The population dose-response
relationship between EP and blood lead in children aged 10-15 years indicated
that EP levels were significantly higher (> 2 standard deviations) than the
reference mean in 50% of the children at a PbB level of 25 pg/dl (Roels et al.,
1976). A study of 2004 children found that EP levels increasad exponentially
above a PbB of 18 pg/dl and that PbB lTevels of 2%9.9 and 35.2 ug/dl corresponded
to EP elevations of more than 1 and 2 standard deviations, respectively,
in 50% of the children studied (Piomelli et al., 1982).

The health significance of EP or ZPP accumulation js attributed to
the fact that it is evidence of impaired heme and hemoprotein formation in
many tissues that results from lead's entry into mitachondria (CD, p. 12-46).
Besides its role in the erythropoietic system in forming,hemoglobin, heme is
active in liver funétion, vitamin D metabolism, and the nervous system.
These interactions, and 1eadfs impact on them, are depicted back in Figure

7-1 and discussed below.
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a) Effects of Lead on Heme and Hemoglobin Synthesis and Erythrocytes

Anemia is often the earliest manifestation of chronic and acute lead
poisoning. 1t is defined as a hemoglobin conceﬁtration depressed below
some clinically acéepted level, usually about 9.5-11.0 grams of hemoglobin
per d1 blood. The symptoms of anemia in young children can include palior,
sallow complexion, fatigue, irritability, and decreased play activity.

The anemia of lead poisoning is related to some combination of decreased
heme and ﬁemoglobin production and increased rate of red blood cell destruc-
tion. In‘addition to its inhibitory effects on'heme synthesis, lead disturbs
the biosynthesis of globin, the protein component of hemoglobin, disrupts
enzymatic activities necessary for erythrocyte membrane stability and
ultimately, cellular survival (e.g., pyrimidine nucleotidase, ATPase), and
causes oxidative damage to the red blood cell membrane_(White and Harvey,
1972; Dresner et al., 1982; Gelman et al., 1978; Secchi et al., 1973;
Valentine and Paglia, 1980; Angle and Mcintire, 1978; Maore et al., 1980;
Levander et al., 1975). Although these effects on enzyme activity and
globin synthesis are detectabie at PbB levels as low as 10 and 20 pg/dl,
respectively, their role, if any, in reduced hemoglobin synthesis and
shortened arythrocyte survival at such levels is uncertain.

In determining a PbB level of concern for anemia, it is important to
distinguish the effects of lead from iron deficiency, which is prevalent in
young children and could increase an individual's sensitivity to lead
toxicity. Unfortunately, the available data do not provide sufficient
information to separate this potentially confounding factor. In children
with no obvious iron deficiencies, the incidence of anemia (defined as a
hemog1obiﬁ concentration below 11 g/dl) rose sharply as the PbB levels

increased from 37 to 100 yg/dl (Betts et al., 1973). At PbB levels below
36 pg/dl, 14% of the children were anemic, compared to 36% with levels
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between 37 and 60 pg/di. The criteria document cites a threshold PbB for
anemia in children of 40 pg/d1 (WHO, 1977) and 50 ug/dl in adults (CO,

p. 12-28). However, until additional dose-response information on large

groups of children is available, with appropriate controls for iron deficiency,
this "threshold" should not be considered definitive.

"b) Heme Synthesis and Liver Function

A major fraction of heme synthesized in the liver is used in the

hemdprotein, cytochrome P-450. This hemoprotein is the terminal oxidase
of the microsomal mixed fuq;tion oxidase system that is involved in the
metabolism of a variety of drugs and foreign toxins, as well as endogenous
substrates such as steroid hormones (Granick et al., 1978). Decreases in
lTiver cytochrome P-450 content and in drug detoxification rates have been
observed following acute and chronic lead administration in animals and in
lead-poisoned children and occupationally-exposed adults (Scoppa et al.,
1973; Alvares et al., 1975, 1976; Meredith et al., 1977; Chow and Cornish,
1978). Lead-induced alterations and diminished cytochrome P-<450 function
are. also believed responsible for the decreased excretion of 6 Beta-Hydroxy-
cortisol (6, 8-QHF), a metabolite of cortisol, in youny children with
moderate elevations of blood 1ead (46 ug/dil)(Saenger et al., 1984). '

Because of children's vuinerability and exposure to drugs and foreign
chemicals, and their high metabolic rates, these findings suggest that
in the absence of conclusive data it should be assumed that any indication of
significantly altered heme biosynthesis (e.g., elevated EP) may also indicate
a possible inhibition of liver detoxification function.

¢) Heme and Vitamin D Metabolism

Renal 1-hydroxylase, another heme-requiring cytochrome P-450 mediated
mitochondrial enzyme system, converts 25-hydroxyvitamin D (which is formed

in the liver from vitamin D) to the hormonal metabolite 1, 25-dihydroxy-
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vitamin D {1,25-(0H)2 D) in the kidney. 1,25-{0H)2 D is the major active
form of vitamin D in: 1) orchestrating the differentiation and turnover of
cells in bone mineralization (CD, p. 12-41); 2) stimulating intestinal
absorption of calcium and phosphorous (Sorell et al., 1977; Rosen et al,,
1980); 3) maintaining extra- and intra-cellular calcium homeostasis essential
for cellular integrity and function {including responses to hormenal and
electrical stimuli, modulation of cyclic nucleotide metabolism, and regulation
of several enzyme systems) (Cheung, 1980; Rasmussen and Waisman, 1983; Rosen
and Chesney, 1983; Rosen, 1983); 4) mediating the activation of various
immunoregulatory processes (Provvedini et al,, 1983; Bhalla et al., 1983;
Tsoukas et al., 1984); and 5) mediating pancreatic function and insulin
secretion (Clark et al., 1981; Kadowski and Norman, 1984a,b).

In addition to its reliance upon heme, the biosynthesis of qhe vitamiﬁ
D hormone is controlled largely by the functional integrity of the
renal mitochondria,‘by the ionic (calcium, phosphorus) environment of the
exracellular fluid, and by the active uptake of calcium by mitochondria
(CD, p.12-38). Given lead's toxic effects on mitochondria, cellular
energetics, and cytochrome P-450 function, and the fact that ferrochelatase
activity in kidneys is inhibited by lead just as it is in red blood celis
(Fowler et al., 1980), it is not surprising that lowered 1,25-(0H)p D
levels occur at PbB levels corresponding to those associated with the onset
of EP accumulation in erythropoietic tissue. For example, a strong hegat1ve
correlation between children 1,25-(0H)2D and PbB levels was found ovef.a‘
range of 12-120 pg/dl (Mahaffey et al., 1982). In children with PbB levels
over 33 ug/dl, the reductions in 1,25-(0OH)7 D were comparable to those abserved
in children with severe renal insufficiency (i.e., lacking two-thirds of
normal renal function), as well as in those children with a variety of in-borne

metabolic disorders such as vitamin D-dependent rickets, oxalosis, and
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hypoparathyroidism (Rosen and Chesney, 1953; Chesney et al., 1983),

Several other points should be made regarding the significance of lead-
induced reductions in blood serum levels of 1,25-(0H)2 D: (1) Mahaffey et
al. (1982) noted the possibility of a feedback mechanism in children by which
lead~induced reductions in 1,25-(0H)2 D interfered with intestinal lead ab-
sorption. Short-term experimental studies with rats (Smith et al., 1981), how-
ever, indicate that: (i) dietary intake of vitamin D does not affect blood lead
concentration; (ii1) lead 1ngestiqn totally blocked calcium transport thereby
enhancing lead absorption; and (iii) reduced 1,25-(0H)2 D levels do not protect
target organs (e.g., kidney) by sequestering Tead in bone. Furthermore,
experimental data (Smith et al., 1981; Edelstein et al., 1984) confirm the
inhibitory effects of lead on the conversion of 25 to 1,25~(0H)p D in the
kidney. {(2) Although chelation of children with e}evated PbB Tevels results
in a rapid (within 2 days) return to normal 1,25-{0H)2 D levels (Rosen et
al., 1980}, the vitamin D system's ability to recover only after lead
levels are reduced does not neceésari1y imply that the system is operating
as a normal biological feedback mechanism, (3) Decreased calcium levels
and increased parathyroid hormone (PTH), along with impaired bone minefa]ization
-- conditions that typically accompany severe vitamin D deficiency (as e.q.,
in rickets) -~are not evident in children with PbB levels below 62 pg/d]
(Rosen et al., 1980). However, PTH and serum calcium levels typically are
normal even in children with stage 1 rickets; these changes- are therefore
not meaningful indicators of the signifiance of reduced ’l,éS-(OH)Z D in
children (Rosen and Chesney, 1983). The fact that the mineralization of
bone matrix is impaired in vitamin D deficiency rickets but not in lead-induced
1,25-(0H)2 D deficiency is also not relevant since vitamin D deficient

children may have normal or even elevated 1,25-(QH)2 D levels.
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The varied biological roles of 1,25-(0H)2 D in the body, including
extra- and intracellular calcium hoheostasis, cell differentiation/
maturation, immunoregulatory function, and pancreatic function, e.g.,
insulin secretion (Kadowski and Norman, 1984a,b,; Clark et al., 1981) are
becoming increasingly evident. Impairment of these activities that results
from lead's depression of circulating 1,25-(0H)2 D levels may underlie many
of the diverse effects of lead. The criteria document concludes that "It
appears likely that lead-induced reductions in heme underlie the effects
seen in the vitamin D-endocrine system. This origin would account for the
similarities in "thresholds" for the effects of lead on both EP accumulation
and decreases in levels of 1,25-(0H)2 O, It also typifies a cascade of
biological effects among various argan and physiological systems of the
body, a cascade that can ultimtely encompass the entire organism" (CD, p.
12-37) and "that impaired production of 1,25-{0H) D can have profound and
pervasive effects on tissues and cells of diverse type and function throughout
the body" (CD, p. 12-49). "

d) Heme Synthesis and the Nervous System

The nervous system, both central and peripheral, is recognized as a
target of critical importance in the toxicity of lead. Benhavioral, electro-
physiological, morphological, and biochemical investigations have demonstrated
alterations in brain function at relatively low levels of exposure, particulariy
when exposure occurs during early development. Mechanisms that explain the
neurological effects of Tead include {but are not limited to) direct alteration
of sodium and calcium metabolism, inhibition of certain neuronal enzymes
(Na, K-ATPase and adenyl cyclase), and a decrease in mitochondrial oxidative
phosphorylation {Silbergeld et al., 1982). Other evidence suggests that

some aspects of lead neurotoxicity may be mediated through its inhibifion

-of heme synthesis by the following mechanisms:
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(i) Interference with neurotransmission by the heme precursor, ALA

The excessive accumulation of ALA is believed to be linked to the
clinical and biochemical similaritieg (e.g., paralysis, psychiatric disturb-
ances, nerve demyelination) of lead intoxication and “porphyria", conditions
in which elevated tissue concentrations of porphyrin precursors result from
genetic or acqufred deficiencies (Dagg et al., 1965; Moore et al,, 1980).
Excessive ALA levels in the brain may be responsible for some neurological
dysfunctions associated with more mild lead exposure as well, since low
fevels of ALA in vitro can interfere at the neuromuscular junction or spinal
cord with normal neurotransmission by Y -aminobutyric acid (GABA), which
ALA closely resembles (Nicoll, 1976; Brennan and Cantrill, 1979; Silbergeld
et al. 1980, 1982). Interference with GABA-ergic function by exposure to
lead is consistent with such clinical and e#perimenta1 signs of lead neuro-
toxicity as excitability, hyperactivity, hyperreactivity, and in severe
cases, convulsions {Silbergeld and Lamon, 1980).
(i) Heme deficiency and altered neurochemical synthesis

Litman and Correia (1983) have reported that treatment of rats with
a2 combination of phenobarbital and DDEP, to induce depletion of the hepatic
free "heme" pool, resulted in inhibition of the hepatic heme-requiring enzyme
system, tryptophan pyrrolase, and in significantly elevated brain levels of
tryptophan, 5-hydroxyindoleacetic acid, and the neurotransmitter, serotonin,
With infusion of heme, these increases were reversed. Elevated levels of
tryptophan and its metabolites have been associated witﬁ human hepatic
encephalopathy and with neurohistological and symptomatic changes seen in
victims of acute porphyria attacks (e.g., alteration of brain neurons,
axonal wasting, psychomotor disturbances) (Litman and Correia, 1983), It
remains to be resolved, however, whether changes in this heme-dependent

enzyme system alone can account for observed low-level lead neurotoxicity.
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(i11) Impairment of heme availability in neural tissue

Heme biosynthesis appears to be inhibited in nervous system tissues at
dose ranges comparable to those which are toxic in erythroid and liver
cells (Whetsell et al., 1978; Sassa et al., 1979). Co-administration of
heme and lead prevented most of the neuro-morphological effects caused by lead
alone, namely destruction of myelin and Schwann cells and structural alterations
of neurons (Wheﬁse11 and Kappas, 1981; Whetse51 et al., 1984), These
results are suggestive of heme's possible role in neurotoxicity, but agaiq,
firm conclusions must await further research.

{(iv) Impairment aof cytochrome function in brain energy metabolism

Another possible heme-mediated mechanism of lead neurotoxicity is
suggested by findings that production and operation of the electron transport
cytochrome C respiratory chain in the developihg cerebral qoftex are impaired
when neonatal rats are chronically exposed to low levels of lead (Holtzman .
and Shen Hsu, 1976; Bull et al., 1979). Disruption of energy metabolism
has been implicated in developmental delays in the metabolically active
nervous system of young animals exposed to relatively low levels of lead
(McCauley et al., 1979; Crofton et al., 1980).

These linkages between the biochemical effects of lead on hemé éynthesis
and neurological function are primarily based on animal or in vitro
experimental data. As such, it is difficult at this time to determine a
lead exposure level of concern for heme-related neurological impairments in
humans. Nevertheless, the common biochemical processes operating across
neurological and hematological systems in mammalian species suggest that
the abnormalities in heme synthesis caused by low level lead exposure in

humans may also indicate some risk of neurobehavioral impairments.
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2. Neurological Effects of Lead

a) Acute Effects and Peripheral Nerve Damage

The effects of lead on the nervous system are both structural and
functional, invelving various regions of the brain and spinal cord (i.e., the
central nervous system) as well as the motor and sensory nerves leading to
specific areas of thé body (i.e., the peripheral nervous system). These
effects can result in deterioration of intellectual, sensory, neuromuscular,
and/or psychological functions.

Acute encephalopathy (degenerative brain disease) is the most severe
consequence of lead intoxication. Early features of the syndrome inciude
lethargy, sporadic vomiting, irritability, loss of appetite, dizziness,
poar attention span, muscuiar treﬁsr, and memory loss. These signs can
abruptly progress to delirium, convulsions, coma, and ultimately death
{Cumings et al., 1959), Acute encephalopathy in adults usually is manifested
at PbB levels of approximately 100-120 pg/dl (Chisolm and Harrison, 1956;
Chisolm, 1965); scattered evidence {(Gant et al., 1938; Smith et al;

1938; Bradley et al., 1956; Bradley and Baumgartner, 1958; Cumings, 1959;
Rummo et al., 1979) suggests that this syndrome may be associated with PbB
levels between 80 and 100 pg/dl in the most susceptible children {CD, p.
12-62).

Severe lead poisoning with or without encephalopathy has permanent
effects on the behavior and intellectual functioning of children, even if
subsequent 1eadiexpasure is minimized. Such seque]aé range from mental
retardation and cerebral palsy to sensorimotor deficits, short attention
span, and optic atrophy (Byers and Lord, 1943; Chisolm and Harrison, 1956;
Perlstein and Attala, 1966; Chisolm and Barltrop, 1979).
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While encephalopathy occurs primarily in chfldreh, peripheral nerve
damage (neuropathy) due to high lead exposure is more commonly found in
adults occupationally exposed to lead., Overt symptoms such as muscle
tremor, palsy (e.g., "wrist drop") or weakness, muscle and joint pain, and
gastrointestina1 complaints have been observed in workers with PbB Tevels
exceeding 40 pg/d1 (Lilis et al., 1977; Spivey et al., 1979; Baker et
51., 1979; Haenninen et al., 1979; Zimmerman-Tansella et al., 1983).
The conduction velocity of electrically stimulated nerves in the arm or leg
provides a readily accessible indication of neurophysiological function in
seﬁsory as well as motor nerves. Small reductions in nerve conduction
velocities (NCVs) have been observed in some apparently asymptomatic workers
‘with PbB levels as Tow as 30-50 pg/dl (Seppalainen et al., 1975, 1979,
1983; Araki and Honma, 1976; Melgaard et al., 1976; Bordo et:all, 1982;
Johnson et al.,, 1980; Seppalainen and Hernberg, 1980, 1982; éinger et al.,
1983; Triebig and Nottbohm, 1983; Rosen et al., 1983). It is difficult to
draw conclusions from these observ;tions without further prospective studies
and in light of contrasting, negative findings (Spivey et al., 1980; Triebig
et al., 1984), a§ well as a lack of consistency in the nerves examined and in
the significance of the results. Neverhtheless, the preponderence of results
have been positive, and of the various nerves examined, the most consistently
decreased NCVs appear to involve the median motor nerve in the arm, Although
lead-induced impairment of nerve conduction may be reversible, at least in
part by a reduction in PbB levels through chelation therapy (Feldman et al.,
1977; Araki et al., 1980), it is not clear whether such effects reflect mild,
fully reversible impacts of lead (Buchtal and Behse, 1981) or are early
warning signals of progressively more serious neuropathy in otherwise
undiagnosed lead intoxication (Feldman et al., 1977; Seppalainen and

Hernberg, 1980).
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Overt, lead-induced peripheral neuropathy has been documented in children
with PbB levels above 60 pg/d1 (Erenberg et al., 1974), and in some cases
possibly as low as 40 pg/dl (CD, p. 12-95), Although more subtle signs
of possible advancing neuropathy {i.e., slowed nerve conduction velocities)
have been observed in children across a wide range of increasing PbB levels,
(Landrigan et al., 1976), no clear threshold for abnormal function can be
determined from the available data.
In interpreting the effects of lead on the peripheral nervous system,
it is important to note that: 1) Because these are chronic effects and
PbB levels dg not accurately reflect the long-term accumulation of body
lead, it has not been determined if peak exposures priaor to the tiwe of
study are responsible for the dysfunction, or the length of time that PbR
mugt remain above a certain level to cause\impairhent; 2) The range of
nerve conduction velocities in’humaqs is great, even when measured by a
single investigator and, in almost all studies, most velocities among
individuals are well within the range of normal values (although a statistical
reduction in & population does indicate the need for réducing tead exposure;
Seppalainen et al., 1975); and 3) Because }eripheral nerves are able to.
regenerate, there is some dispute as to whether the observations of slowed
nerve conduction velocities reflect mild, reversible impacts of lead {Buchtal
and Behse, 1981) or are early warning signals of progressively more serious
peripheral neuropathies that are important in the diagnosis of otherwise
unrecognized tﬁxic lead effects (Feldman et al., 1977; Seppalainen and
Hernberg, 1980).
The criteria document concludes "nevertheless it is clear that these
effects represent departures from normal neurologic functioning and their
potential relationship to other more serious effects argues for prudence in

interpreting their potential health significance." (CD, p.12-61)
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b) Effects Associated with Chronic Low~-Level Exposures

Besides the severe pathophysiological changes observed in the central
nervous system (CNS) associated with childhood lead intoxication, various
maladaptive behaviors, neuropsychological deficits, and neuro-anatomical
changes may be associated with chronic exposures to relatively low concentrations
of lead. Below is a summary of the numerous biochemical, morphological, .
and fuﬁctiona] effects of lead at low dosages and exposures that have been
found in developing nervous systems. Although effects in édu]ts are not the
focus in this paper, the lead-induced CNS effects reported in non-overtly
lead intoxicated adults are important to note. Disturbances in oculomotor
function, reaction time, visual-motor performance, hand dexterity, 10 scores,
memory, learning ability, meod, nervousness, and "coping” have been observed in
lead workers with PbB levels of 50-80 pg/dl, and in some cases, at time-weighted
average levels as low as 27-52 ug/dl (éaloh et al., 1979; Spivey et al., 1980;
Arnvig et al., 1980; Grandjean et al., 1978; Haenninen et al., 1978; Hogstedt et
al., 1983; Mantere et.al., 1982; Baker et al., 1983; Valciukas et al, 1978).

No single mechanism appears sufficient to account for the diverse effects

of lead on neurological function, and it is more likely that lead acts at
several cellular and sub-cellular sites. Although neurochemical changes

may preceed observable effects on electrophysiology, morphology, and behavior
in terms of dose, they are not separate from functional changes at higher
levels. In those systems that have been examined pharmacologically in

vitro (e.g., inhibition of adenyl cyclase, acetylcholine release, and
Na,K-ATPase), a continuous dose-response relationship is suggested, best
fitted by smooth curves with either no threshold or threshalds in the
nanomolar range (Silbergeld, 1983),

1t should be noted that the finding§ from in vitro or animal studies
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cannot be directly extrapolated to estimate PbB levels associated with
changes in pediatric neurological functions because: a) the relatively
short lifespans of experimental animals alters the relationship between
dose and duration from that which may exist for humans; b) significant
species differences exist for absorption, retention, and internal compart-
mentaiization of lead; and ¢} with some exceptions, the measurements of
animal neurotoxicity are not comparable to those possible in studies of children
(Silbergeld and Goldberg, 1980; Winneke et al., 1982b}. Although in vitro or
animal results should not be quantitatively applied to lead-induced effects in
humans,the continuum of lead neurotoxic effects starting with biochemical
changes at the lowest observed dose levels provides an important foundation
in assessing the more overt effects rev%ewed in this section.

1) Brain Develobment

°

Lead readily enters the brain and appears to be selectively deposited
in the hippocampus and cortex as well as in non-neuronal elements (e.g.,
glial cells, endothelial cells of brain capillaries) that are important in
the maintenance of "blood-brain barrier" functions (Fjerdingstad et al.,
1974; Grandjean, 1978; Stumpf et al., 1980). Once deposited, lead is
retained in the brain for long periods of time even after external exposure
ceases’and PbB levels decline (Mykkanen et al., 1979; Goldstein et al,,
1974), These spatial and temporal patterns of brain lead accumulation
correspond to the following neurobehavioral and morphologic abnorfmalities
associated with lead exposure: 1) pathologic studies of exposed animals
and encephalopathic humans that indicate changes of a primarily vascular
(e.g., endothelial and glial cell) nature (Michaelson and Sauerhoff, 1974);
2) animal studies that show effects on neuronal populations in the hippocampus

and cortex and behavioral changes indicative of hippocampal and cersbellar
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dysfunction {Campbell et al., 1982; Petit and Alfano, 1979; Bushnell and
Bowman, 1979); and most importantly 3) electro-physiclogical and behavioral
changes associated wifh lead exposure measured in young animals and children
that persist long after exposure is reduced or ceases (Brown, 1975; Otto et
al., 1982).

The sensitivity of the brain during the period of maximal brain growth
and differentiation in the first 2 years of life ténds to magnify the
severity of the long-term consequences of any toxin encountered during that
period (Dobbing, 1974). The immaturity of specific brain tissues (i.e.,
hippoéampus, cerebellum and neocortex) at birth and their relatively late
development suggests that post-natal lead exposure could interfere with
mitosis, cellular migration, differentiation of dendritic and axonal
processes, synaptogenesis, and myelin productfon; as well as exerting

biochemical and cytotoxic effects (Campbell et al., 1982)., While the

‘developing nervous system may possess- considerable reserve for functional

compensation (involving plasticity, hegeneration, and redundancy of neural
pathways), specific processes affected by lead apparently may not be
reversed, either because lead is not removed from brain cells (Silbergeld,
1983) or because of interruption or damage to neurostructural elements
undergoing rapid development at the time of the lead insult.

Rat pups exposed to low levels of Tead during the pre-natal or neonatal
period show retarded development in cerebral energy metabolic pathways,
delayed cerebral cortex synaptogenesis, and reductions in hippocampal
morphometric, dendritic, and axonal development (Bull et al., 1979, 1983;
McCauley et al., 1979, 1982; Petit and Alfano, 1979; Alfano and Petit,
1982; Petit and LeBoutillier, 1979; Averill and Needleman, 1980; Campbell

et al,, 1982). These biochemical and morphological disruptions are paralleled
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by delays in the development of exploratory and locomotor activity, and by
learning and behavioral deficits in young, lead-exposed animals (See CD,
Tables 12-4 and 12-5).

The effects of in utero or post-natal lead exposures on human infant
neurological development have begun to be investigated. Mentally retarded
children in Scotland were more likely by a factor of 1,7 to come from homes
in which high Tevels of Tead in drinking water (> 800 ppm) were present
during pregnancy compared to controls (Beattie et al., 1975)., PbB levels
in a sample of these children at 2 weeks of age Qere 25.8 + 8.9 pg/dl
compared to 20.9 + 7.9 ug/dl in normal children (Moore et al., 1977).
Although these are progocative findings, their quantitative value is uncertain
given that the children were limited to those known to health care services
(and hence not necessarily representative), the matching was imperfect, and
the PbB Tevels were available for only about 50% of the children.

Preliminary results from'recgntIy initiated prospective studies suggest
that low to moderate lead exposure {mean PbB = 15 pg/dl1) during théAfirst
two years of life may have a small impact on early and mental development
(Bellinger et al., 1985; Dietrich et al., 1985). Assessment of the medical
significance and persistence of thesa effects, if any, must await follow-up
testing and repiications from other longitudinal studies.

2) Motor Coordination and Reflexes

Pre- and post-natally lead-exposed rats tend to show developmental
delays in their ability to orient properly and respond to selected stimuli
(Overmann, 1977; Overmann et al., 1979, 1981; Grant et al., 1980). Impaired
performance was observed in rats with PbB levels as low as 35 pg/dl at 11
days of age although no significant effects have been found at higher
exposures in some studies using somewhat different measures of motor coordi-

nation and reflexes {Overmann et al., 1979; Zenick et al., 1979; Grant et
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al., 1980). These contrasting results can probably be attributed to differences
in body weight, age at testing, and in‘the test apparatus and procedures
(Zenick et al., 1979).

Lead-inducaed abnormalities in motor ability may be linked to preferential
concentration of lead in the cerebellum where posture and movement is
regulated, or to lead's damaging effects on peripheral nerves and at the
neuromuscular junction (Cooper and Manalis, 1974; Silbergeld et al., 1974).

Small deficits in perceptual motor integration and fine motor
coordination have been reported in children with PbB 1éve1s of 50-60 pg/dl,
and possibly as Tow as 30-40 ug/d1 (de 1a Burde and Choate, 1972, 1975;
Landrigan et "al., 1975; McBride et al., 1982; Needleman et al., 1979;
Winneke et al., 1982a), or lower (Winneke et al., 1983). No significant
lead-related deficits in performance have been found at comparable PbB
Tevels {i.e., 35-60 yg/d1) (Rummo, 1974; Rummo et al., 1979; Perino and
Ernhart, 1974) and at Pb8 levels below 25 ug/dl (Winneke et al., 1984).
No differences in fine motor scores were found in another study, although
the mean PbB levels for the control group (26 ug/dl) may have been too
high to detect any effect in the exposed group (Pb8 = 38 pg/dl) (Kotok,
1972; Kotok et al., 1977). These conflicting results are analogous to
those found in animal experiments in which somewhat different measures of
motor coordination and reflexes were also used. Nevertheless, any deficits
in perceptual motor and fine motor coordination that are, in fact, related to
lead may be functional evidence of lead-induced decrements in motor nerve
function. This has been noted in children and in adults who exhibit conduction
deficits in distal-extremity nerves at PbB levels above 30 ug/dl (See
Appendix D.2.a). Similarly, the findings of perceptual inaccuracies associated

with lead exposures have been 1nterp§eted in terms of lead-induced attentional
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deficits which are discussed below (Winneke et al., 1983).

3) Hyperactivity and Other Behavioral Disorders

Since Byers and Lord (1943) reported hyperactivity as a possible
sequel for children who had recovered from lead poisoning, there has
emerged a large and controversial data base concerning possible associations
between 1Fad and hyperactivity and other‘behaviora1 disturbances. Hyper-
activity is a complex syndrome with respect to both cause and manifesta- -
tion., Attention deficit disorder is generally thought to be the most
salient manifestation of the condition (Américan Psychiatric Association,
1980). 'Thfs disorder occurs with and without hyperkinesis, which refers
more to inappropriate and/or random activity than it does to an increase in
activity, although the latter is sometimes seen {David et al., 1983).

Other symptoms frequently present are impulsivity, low frusﬁration tolerance,
hyperexcitability, and disturbances in conduct (Wender, 1971; David et al.,
1983).

Inconclysive findings of hyperkinesis have begn reported in neonatally
lead-exposed rodents (CD, Table 12-4). Attempts to collate these data are
hampered by variability in the species, dose of lead, length and route of
-exposure, age, the methodology for activity testing and the presence of
growth retardation. It has been proposed that a) the apparently discrepant
findings on hyperkinesis are consistent with an explanation in terms of
lead-{induced, situatioanpecific, emotional or behavioral over-reactivity
rather than hyperactivity per se (Hastings et al., 1977; Winneke et a].;
1982b; Kishi et al., 1983); b) these behavioral disturbances are consistent
with previously described disruptions in hippocampdl morpholegy and function
(Petit et al., 1983); and‘c) these behavioral effects may contribute to
learning deficits observed in Tead-exposed animals (see Appendix D.2(b)5).

Despite these interesting analogies between some of the changes in
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developmental animal behavior and hyperactive abnormalities, it would be
premature to extrapolate from simple animal models to this complex clinical
syndrome in children., Multiple etiologic factors including genetic influences,
perinatal complications, covert cerebral insult, irregular brain maturation, |
maldevelopment and perhaps, most importantly, psychosocial factors can play

a role in hyperactivity (David et al., 1983): Some studies that have
attempted to control for these etiological factors and pica (whicﬁ may be a
consequence rather than a cause of hyperactivity) have found consistently
higher lead levels in hyperactive chinrenA(Baloh et al., 1975; David et

al., 1976; 1977; 1985; Gittleman and Eskenazi, 1983) and mentally retarded
children (Youroukas et al., 1978), while other studies have not (Rummo,

1974; Milar et al., 1981). Because of methodological limitations, conclusions
from these studies are also limited.

) * In an experimental intrevention study designed to avoid some of these
problems, David et al. (1983) found that reductions in hyperactive children's

PbB levels (from 29.3 to 19.5 pg/d1) as a result of chelation therapy with
penicillamine were associated with marked symptomatic and behavigral improvements,
as assessed by teachers, parents, and treating physicians. Hyperactive

children given a therapeutic drug to treat the syndrome, but whose PbB

levels remained approximately the same, showed some similar improvements

while children given a placebo exhibited no significant changes in hehavior
ratings or PbB levels,

Several methodological problems have been noted in this study as well
(Needleman and Bellinger, 1984; Rutter, 1983), The criterfa document concludes
that the above data are at best qualitatively suggestive and that if lead
is indeed causally involved in the etiology or exacerbation of the behavioral

abnormalities associated with hyperactivity, it is currently impossible to
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state with confidence the levels, durations or critical periods of lead
exposure that may have been important (CD, p. 12-89),

There is somewhat more convincing evidence that low PbB levels may
contribute to some other behavioral disorders such as attentfonai deficlts
and distractibility in essentially normal children not diagnosed as hyper-
active. Several analyses of classroom behavior have failed to adequately
account for the influence of social class although they have produced
consistent dose-reSponse.re1ationships in which teachers' ratings on
several behavioral measures {e.g., “distractability”, "not persistent”,

Tow overall functioning) increase parallel with tooth and PbB levels

{de 1a Burde and Choate, 1972; Needleman et al., 1979; Yule et al., 1984).

A fo1loﬁ—up of the children studied by Needleman .et al. (1979) suggests that
other measures of classroom performance may show 1ong-term effects of early
lead exposure more effectively than IQ measures (Bellinger et al., 1984).
Silva et al. (1986) found similar resuylts on ll-year old children, As is
the case for several other general population studies (Landrigan et al.,
1975; Winneke et al., 1983), hyperactivity was noted in very few children
and was generally not associated with lead levels. After adjusting for
socio~economic and other potentially confounding factors, behavioral and
attentional deficits as rated by teachers (e.g., disordered classroom
activity, restless, easily distracted, not persistent, does not follow
directions, low overall functioning) were significantly associated with
children's tooth and PbB levels (Winneke et al., 1983}, The criteria document
has interpreted this study, which also assessed lead-induced deficits in I0
and other psychometric tests, as showing overall neurobehavioral deficits

at PbB Tevels passibly below 30 pg/dl (Winneke et al,, 1983).

In addition, Tead levels in young children have been consistently
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associated, following app;opriate adjustments, with deficits in reaction time
under varying intervals, which is an index of attentiveness (Needleman et
al., 1979; Gillberg et al,, 1982; Winneke et al., 1983; Yule and Landsdown,
1983; Hunter et al., 1983), and with reactfon behavior (Winneke et al.,
1984). The criteria document concludes that these findings appear to argue
for probable effects of lead on attention and vigilance functions at PbB
levels extending below 30 ug/dl, and possibly, down to as low as 15-20
pg/d1 {CD, p. 12-84),
4) Auditory and Language Processing

Central nervous system damage caused by severe childhood lead
poisoning is often associated with motor-speech and language disorders (Byers
and Lord, 1943; Mellins and Jenkins, 1955), There is conflicting evidence on
whether subtle cerebral injury associated with chronic low-Tevel lead absorption
is manifested in impaired verbal behavior and audito;y processing. Several
studies have found no statistically significant lead-related differences on
verbal subtests of standardized inie11fgence tests in children with PbR lavels
across a range from below 10 to above 60 pg/dl (de la Rurde and Choate,
1975; Landrigan et al., 1975; Kotok et al., 1977; Yule and Landsdown, 1983;
Yule et al., 1984; Smith et al., 1983; Winneke et al., 1982a, 1983, 1984),
while other studies have (Kotok, 1972; Rummo et al., 1979; Needleman et
al., 1979; Yule et al., 1981). Significant associations, however, have been
detected between children's lead levels (possibly as low as 30-50 pg/di
PbB) and a more extensive battery of measures, including motor-speech
behaviors, language comprehension, formulation behaviors {Needleman et
al., 1979; 1984) and auditory processing tasks {de la Burde and Choate,
1975; Needleman et al., 1979). In addftion to more specific measures of

language and auditory function, these findings of lead-associated decrements
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may be attributable to samples drawn from among children with relatively
early exposures to lead.

Although no conclusions can be drawn from these findings, it is clear
that further research on low level lead effects in children should include
sensitive measures of motor-speech behaviors and communication impairments.
Because maturation of the auditory cortex, which plays a vital role in
language processing, and the onset Qf competence in speech and language occurs
within the second year of 1ife (Shaheen, 1984), such research should include
assessments of the effects of lead absorption in children prior to their
second birthdays.

5) Cognitive Function

In addition to deficits in behavioral functions, fine motor control,
and auditory, language and speech development, there is evidence that Tow
levels of lead may be associated with effects on some complex cogniiive
functions including learning, visual-perception skills, and 1Q scores, In
studies not confounded by nutritional or litter effects (a common problem
in behavioral assays), rats exposed to lead in utero and/or through early
development, resulting in PbB levels below 30 pg/dl and as low as 20 pg/d1,
display alterations in learning task performances (visual discrimination,
shock avoidance, operant conditioning) (e.g., Winneke et al., 1977, 1982b;
Cory-Slechta and Thompson, 1979; Gross-Selbeck and Gross-Selbeck, 1981;
Bushnell .and Levin, 1983; Cory-Stechta et al., 1983, 1985; Alfano and Petit,
1985}, Monkeys éxposed f&r one year after birth to achieve PbB levels
between 30 and 50 pg/dl were significantly retarded in their ability to
learn spatial and discrimination tasks (Bushnell and Bowman, 1979) and in
their ability to alter their behavior under changed learning conditions

(Rice and Willes, 1979). After lead dosing ceased, the lead treated honkeys
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at 2-3 years of age {PbB = 20 pg/d1) had higher response rates than controls.
to reinforced stimuli (Rice et al., 1979), and deficits in spatial memory
persisted in these monkeys at 4-5 years of age when PbB levels had stabilized
at 5 pg/dl (Levin and Bowman, 1983). Another series of studies on monkeys using
conditioning tasks demonstrated consistently impaired learning ability, even
in some cases where the peak PbB levels reached only 15 ug/dl and steady state
levels were only 11 ug)d] (Rice, 1985). Pb8 levels are presented for comparative
purposes only and should not be extrapolated to human dose-response relationships.

In considering these effects, it should be noted that performance in a
learning task is based on a number of functional processes, such as motor
functions, emotiona!«motivationaI conditions, sensory functions, and cognitive
functions (namely memory aqd/or learning processes, i.e., the formation and
retention of stimulus-response assogiations) (Barnschein et al., 1980; Winneke
et al., 1982b). ' ‘

1t has been suggested that the above findings, which include “improved”
performance in lead-treated animals on some learned tasks where success
was measured by rapid response, indicate an underlying tendency to respond
excessively or a behavioral “over-reactivity," whether or not such response
ts appropriate (Winneke et al., 1982b), This interpretation corresponds to
some extent to lead-induced increases in locomotor activity and response-
disinhibition (Overmann, 1977; Winneke et al., 1977; Rice and Willes, 1979;
Schlipkoter and Winneke, 1980; Rice, 1985; Alfano and Petit, 1985). Taken
together, these data indicate that lead exposure during early development
is disruptive in attention-demanding, difficult discrimination learning and
complex neuropsychological perfarmance and reduces responsiveness to contingencies
in the environment, but this exposure facilitates active avoidance and

other simple learning tasks (Overmann, 1977; Winneke et al., 1982b). Although
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these results cannot be quantitatively extrapolated to children, they are in
agreement with findings from recent studies that lead at low doses may be
associated with a spectrum of alterations in children's behavioral, academic,
and possibly intellectual development (see below).

These studies on children have attracted controversy because of difficulties
associated with attributing subtle deficits in child development to lead ex-
posure rather than to effects due to genetics, nutrition, medical history,
access to education, and parental and social influences, all of which interact
in potentially complex ways to mold an individual (Pearson and Dietrich,
1985), Untangling these different sources of behavioral variance is complicated
by the necessary focus on children from lower socioeconomic areas where ieaﬁ
exposure is elevated and learning and caregiving conditions often are not
ideal. ,

Other difficulties encountered in the conduct and interpretation of
childhood lead studies include: 1) accurately classifying exposure since PbB
is an index of recent, but not necessarily historical, lead exposure, and
because the relationship between tooth and PbB Iévels is uncertain; 2) in=-
appropriate measurement covariates (e.g., social class as an index of
parental care and 1nte11ectda1 stimulation) that can bias regression analyses;
3) incomplete assessment of complex behavioral and intellectual processes;
and 4) possible non-representativeness of study samples since most studies
relied on information from either pre-selected clinic groups along with a
selected "match" sample, or volunteers from the general population who may be
more altruistic, interested, or better informed (Smith et al., 1983).

Based on five methcdological criteria (adequate markers of lead exposure,
sensitive measures of -neurobehavioral function, appropriate subject selection,

control of confounding covariates, and appropriate statistical analysis), the
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criteria document has fdentified a group of neurobehavioral studies that
"were conducted rigorously encugh to warrant at least some consideration
here" (CD, p. 12-65),

As with other parameters of neuropsychological performance, there
have been mixed findings regarding lead's association with chiIdren's
scores on standardized IQ tests, which measure some combination of literacy,
information, academic capacity, and intelligence {Flynn, 1984), Several
well-controlled studies have found effects that are clearly statistically
significant whereas others have found “non-significant® but borderline
effects. It is important to note that: 1) the definition of "statistical
significance" (p < 0.05) is somewhat arbitrary and should not be.used to
totally exclude results that may have important public health implications;
and 2} given the likely subtle nature of the behavioral or neural effects
probable at’ Tow levels of lead exposure, the differential maturation patterns
and sensitivities aﬁong different brain processes, and the many othe; Factors
that play a larger role in an individual's developmental trajectory, one
would not expect to find strikiﬁg differences in every study, especially in
those that use standardized but non-specific measures of intelligence or
academic capacity.

The general indication from the better investigations is that PbB levels
persistently elevated in the range of 50-70 pg/d1 tend to be associated, on
average, with about a § pbint reduction in IQ, even among asymptomatic children
and after controlling for 50tent1a11y confounding variables (de l1a Burde and
Choate, 1972, 1975; Rummo, 1974; Rummo et al., 1979). A 5 point decrease in
children's average IQ score, given the normal curve of distribution of
intelligence, would be associated with a doubling in the number of children
with I1Q's below 70 (the level used to define mental retardation), as well as

a reduction in the number of children with IQ's above 125 (Rutter, 1980).
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Several of the studies for which data are not used to develop relationships
require comment: a) Barltrop et al. (1975) surveyed a rural district in
England with minimal air pollution, but with high natural soil lead levels as
well as being contaminated by nearly 1900 years of mining activity. Thus,
lead deposition on seil surfaces had probably been low for some time, in
contrast to the other studies in which surface contamination was ongoing or
had been recently reduced; b) Eight of the ten homes sampled by Lepow et al.
(1975) were built prior to 1940 and apparently had significant sources of
leaded paint that had been "corrected" for previous to the study. In addition,
some of the homes were located close to heavily trafficked roadways, where
street level air concentrations ranged between 2.2 and 7.7 pg/mS, thus
lending uncertainty te a dust/air relationship from this study based on
anqua1 average air lead levels measured at centrally located monitors
distant from the dust sampling sites; c) The smelter studied by Yankel et al,
(1977) operated for several years with severely limited air pollutfon control
capacity dug to a baghouse fire in 1973, The very high soil and dust lead
concentrations measured near the smelter would not be expected today with
normally controlled emissions; d) The high indoor dust lead levels measured
by Brunekreef et al, (1981) and Diemel et al. (1981) near the Belgian smelter
were praobably due, in part, to extremely high lead contentv(up to 40% by
weight) in peeling paint in old houses (built around 1900; the children in
these houses were excluded from analysis of blood lead levels); a) The
relatively high soil and dust lead levels in relation to concurrent air lead
concentration measured near the Bartlesville smelter by Hartwell et al, {1983}
was probably due to a drastic reduction of total suspended particulate emissions,

from 1600 tons/year to 15 tons/year, just prior to the onset of the study,
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With these exceptions, the studies listed in Table B-1 appear to
have sampled a broad spectrum of homes (e.g., both low and middle class,
old and modern, with and without leaded paint -- those with high paint lead
levels were excluded) and neighborhoods that can be considered fairly
representative of current U.S. conditions in urban and point source areas.
Although far from conclusive, the available data suggest the generalized
relationships between air lead and soil/dust lead concentrations presented
in Table B-2. The ranges represent boundaries that encompass the majority
of observed and interpolated values and are used to estimate street dust/soil
lead and indoor dust lead concentrations under alternative air lead levels,
Interpplat1cns were necessary because of the Timited amount of data.
For instance, Angle and McIntire (1979) and DOE (1983) report outdoor soil/
dust lead concentrations in urban areas with an average air lead level
of approximately 0.4 pg/m3 to be 81 and 260 ppm {pg Pb/g soil or dust),
respectively. One of the rural control areas studied by Roels et.al. (1978)
had an outdoor soil/ dust lead concentration of 114 ppm corresponding to an
air lead level of 0.45 ug/m3. The range of 80-350 ppm is thus estimated based
on these data., For indoor dust, the former two studies report concentrations
of 190 and 211 ppm; these were chosen as an upper bound estimate for
0.4 pg/m3 while the lower bound of 140 ppm was derived by mu1tiﬁ]y1ng by
two the lower bound estimate for an urban/rural area with an air lead level
of 0.2 pg/m3 (70 ppm from DOE, 1982). Outdoor soi?/dqst lead concentrations
near point sources that can reasonably bg associated with 0.4 yg/m3 were
derived from Brunekreef/Diemel et al., 1981 (690 ppm) and by interpolating
the levels measured by Hartwell et al. (1983) concurrently with average air
Tead levels of around 0.25 - 0.28 pg/m3. The resulting estimate is 624 to

630 ppm and, when combined with the Brunekreef value, results in an upper
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Table B-2. Generalized Relationships Between Lead Concentrations
in Air and in Dusts and Soiil

Qutdoor Soil/Dust Lead Indoor Dust Lead
(ng/q) (ng/g)

Air Lead Near Point Near Point
{pg/m3) ‘ General Source General Source
0o 5-30 20-100 5-30 20-100
0.1 20-90 - 50-300 40-100 40-200
0.2 52-150' 80-450 70-200 70-400
0.3 70-250 125-600 100-250 250-600
0.4 100-350 200-700 200-300 300-650
0,5 150-500 350-800 250-400 350-700
0.6 200-650 450-1000 300-5Q0 400-750
0.7 250-800 550-1150 350~-600 500-800
0.8 300-950 650-1300 450-700 600-5900
1.0 500-1150 750-1450 525-875 800-1150
'1.25 600-1250 850-1600 ~ 625-1000 1000-1400
1.5 | 700-1400 1000~1750 750-1150 1200-1700
1.75 775-1450 1075-1950 800~1200 1350-1900

iDerived from environmental surveys in Table B-l. The ranges of dust and

sofl concentrations for each air lead level reflect differences in emission
sources, distance of measurement sites from these sources (within 5 km for

point sources) and characteristics of the homes (e.g., permeability, paint
condition, etc.), and other variables assumed to be representative of real

world conditions. Values that are underlined represent actual data (rounded

off where necessary) listed in Table B-1, while the remainder are interpolations
using the most representative and plausible data in Table B-1 and an assumption
that there is a directly proportional relationship between air lead and

lead in dusts (both indoors and outdoors) and in the top layers of soil.

| TEH 0413661

DUP050454763




B-14

bound estimate of 700 ppm. The lower bound estimate of 250 ppm is assumed
based on the levels of 80 ppm observed by Hartwell et al. at 0.2 ug/m3, 466
ppm measured at 0.8 pg/m3 by Roels et al., and 337 ppm at 0.5 ug/m3 by
Yankel et al. This brief example at 0.4 pg/m3 only superficially illustrates
the Timitations of the available data and the judgments necessary to fill

in gaps using various assumptions, such as ihe assumption of a direct and
roughly linear relationship between air lead and surface concentrations. It
must be emphasized that there is a great deal of uncertainty in these
estimates. For instance, assuming that a decrease in air lead from 1.0 to
0.8 ug/m3 would result in reduced soil and dust lead concentrations may
overestimate the impact that such a decrease in lead emissions would have

on children's exposure, particularly because outdoor soil tends to retain
tead for long periods of time, Dust lead Tevels would likely respond
relatively more contemporaneous1y to re&uced air emissions, but the necessary
length of time is difficult to estimate.

14, 1t is estimated that a young child typically sleeps about }2 hours
a day (Pope, 1986¢), leaving approximately 12 waking hours in which he or she
is capable of ingesting dirt. The time weighted concentration of lead in
dust and soil that a child is exposed to is thus computed by: [(outdoor
soi1/dust lead concentration x time spent outdoors) + {indoor dust lead
concentration x time spent indoors)] <= 12 hours.

15, Amount of dirt ingested: Hand to mouth activity {e.g., thumb
sucking and finger licking) and immature dietary habits (i.e., the retrieval
and subsequent consumption of food from dusty surfaces or soil), which are
normal behavorial characteristics of children up to five years of age
{Lin-Fu, 1972), make soil and dust major sources of ingested Tead for

children (Charney et al., 1983). There is little information on the amount

i
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of dirt a child eats in the normal course of a day. Lepow et al., (1974)
measured a mean of 10 pg of dirt on the hands of 22 young children which would
be ingested with each episode of hand to mouth activity. Based on a small
number of direct measurements, Day et al. (1975) estimated that under
average urban conditions (and after 30 minutes of normal playground activity),
5 to 50 mg of dirt transferred from a child's hands to a typical "sticky
sweet", and estimated that a daily intake of 2-20 sweets would Tead to a
dirt intake of 10-1000 mg. These authors estimated that a child puts
its hand into its mouth ten times per day which would result fn the ingestion
of 100 mg (0.1 g) of dust and soil per day. An average estimate of 100 mg
of dirt ingested daily by young children has been used in several documents
{Dri11 et al., 1979; NAS, 1980; CD, Table 7-23} and will be used here as
well %o }epresent a probable value for a "typical® child,

1t should be nated that this value probably underestimates the dirt
ingestion rate for many children in certain circumstances. For example,
among young children hospitalized for asymptomatic lead poisoning and
exposed to three play environments which differed in their stimulus complexity
{e.g., number and type of toys, availability of playmate), significantly
more mouthing behavior qccurred in the impoverished play setting (Madden et
al., 1980). 1In particular, children with pica who display patterns of
repetitive hand=-to-mouth activity or deliberately ingest paint, plaster,
paper and other non-food items including dirt may be exposed to considerable
amounts of lead compared to children who only inadvertantly ingest foreign
substances. Pica occurs to some degree in a substantial percentage of
young children, Data from NHANES 1@ indicate that the percent of children
with a history of pica is significantly higher for those 6 months through
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3 years old (11.0%) than for those 4 through 5 years old (3.2%) and for
children living in households with annual family incomes < $10,000 (11,9%)
than for those in households with incomes > $10,000 (6.0%) (Mahaffey and
Annest, 1985). Estimates for pfca prevalence rates, based on more limited
samples, range as high as approximately 10 to 30% in children 1 to 6
years old to 35-50% in those 1 to 3 years old (Millican et al.,
1962; Barltrop, 1966), Children exhibiﬁing pica for paint are of major
concern because of the high levels of lead in some paints, with older
painted surfaces containing lead in concentrations greater than 1 percent
(10,000 ppm). [The allowable lead content of paint was set in 1978 by the
Consumer Product Safety Commission at 0,06 percent iead (600 ppm)]. Pica
for paint is believed to occur in episodes, possibly 2 to 3 times per week
(NAS, 1972). It has been estimated that a child can consume somewhat
greater than 1 gram within a 24 to 36 hour period, with cases ‘reported of
up to 20 grams within the same time period (Séchs, 1975) and that children
with pica for paint may consume 1 to 3 grams per week (NAS, 1972). Estimates
of daily lead uptake under alternative air lead levels are presented in
Table 5-1 only for children without pica. In order to calculate the contribution
of lead in pajnt to the total lead exposure of children with pica, the
above range of 1 to 3 grams of paint chips consumeq per week (i.e., approximately
140 to 430 mg/day) could be used. As discussed in Section VII, future
reductions in airborne Tead emissions are not likely to significantly alter
pica exposure to lead over the next few years and other regulatory a1ternat1ves‘
‘to protect these children must be considered.

16. Lead intake from dust and soil is computed by multiplying the
time weighted concentration of indoor and outdoor soil/dust concentrations

by 100 mg.
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17. Gut absorption of dirt: As discussed in Appendix &, an absorption
rate of 30% is assumed for ingested lead in dust and soil.

18. Total lead uptake from dust and soil is obtained by multiplying
rows 16 and 17,

19, Total lead uptake is the sum of rows 8, 11, and 18,
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APPENDIX C, UPTAKE AND BLOOD LEAD CONCENTRATION

Several studies are available that provide the necessary linkages to relate
the exposure/uptake estimates calculated under different air lead levels in the
integrated uptake model (See Section V.A.1) to children's PbB levels. The re-
sults of these studies are summarized in Section V.A.2 and are discussed
below.

a) Dietary Lead Ingestion Studies in Infants

Studies that have measured dietary lead intake concurrently with
PbB levels among infants and toddlers are compared in the c¢riteria document
(CO, Table 11-49). Although precise estimates of dietary lead consumption
can not be assumed, these studies (U.K. Central Directorate, 1982; Sherlock
et al., 1982; Ryu et al., 1983) have several advantages: .1) careful control
and analysis of dietary intake; 2) minimal Jead éxposure to sources other
than the diet as the study population (infants) is relatively immobite; and
3) the impact of total lead exposure (i.e., from all sources) on blood lead
can be estimated by applying intake/blood lead relationships because tracer
studies (Chamberlain et al., 1978; Rabinowitz et al,, 1976) show no differences
in the distribution of lead to tissues whether taken up from lung or gut.

Both the UK, Central Directorate and the Sherlock et al. studies
involved infants with relatively high PbB levels and high intakes. Because
the PbB levels (< 20 pg/d1) and lead intakes of the Ryu infants are more
relevant, the criteria document concludes that the slaope from this study is
the best available estimate (CD, p. 11-126). Tﬂe relationship between lead
intake and infants' blood lead, derived by EPA's analysis of Ryu et al.

(1983) is: PbB = A + 0,16 PbD, where "PbD" represents dietary lead intake
and “A" represents non-dietary lead. Applying the gastrointestinal absorption

rates (42-53%) used in Section V.A.l to convert dietary intake levels
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into uptake and assuming a background PbB of 4 pg/dl, based on a study of
blood lead and lead intake in Baston infants (Rabinowitz et al., 19%4b),
yields two possible lead uptake/PbB relationships depending an the absorption
rate. These relationships are illustrated in Figure 5-1 in the summary of
uptake/PbB relationships. ‘

b) Application of Chamberlain and Heard Analysis

An attempt to relate blood lead and absorbed lead was made by Chamberlain
and Heard (1981) using epidemiological and ciinical data on adult men
(Williams et al., 1969; Kehoe, 1961; Nordman, 1975; Zurlo and Griffini,

1973; Fugas and Saric, 1979). Total‘dietary and airborne lead uptake was
estimated using calculations similar to those presented in the integrated

lead uptake model in Section V.A. The resulting eye-fitted curve is shown in
Figure C-1, The dgshed curve is thaf previously derived in a NAS (1972) report.
The straight line is the increase in blood lead to be egﬁected from an
increase in lead uptake based on the assumptions given in Chamberlain et

ai., (1978): a) a fraction, 0.55, of the uptake becomes attached to red blood
cells; b) the biological half-life of lead in blood is 18 days; c) a factor,
1.3, is to be allowed for long-term resorption and re-entry into blood of

some of the lead which is stored in bone; and d) the mass of blood is 5400
grams With these assumptions:

A PbB = 0,55 x 18 x 1.3 = 0.34 ug/dl per pg/day
A Uptake 54 x 0.693

In order to apply this equation to children, several adjustments are
required. For example, the mass of blood in young children is estimated
to fall between 800 and 1500 grams (Wintrobe, 1979). It has been sugyesteed
that the half-life of lead in children's blood is shorter than in adults

(Duggan, 1983) although no direct measurements have been taken to allow a

reliable estimate.
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TEH 0413668

e

DUP050454770




c-4
Because there is no information available on appropriate factors to
adjust this specific equation to children, the derived relationship from
adult data illustrated in Figure C-1 is illustrated in Figura 5-1 only
for comparative purposes.

¢) Lead Balance Studies: Compartmental Models

To demonstrate a causal relationship between lead in the body and a
biological change, it would be ideal to know the amount ofilead present at
the site anﬁ time of the effect. For instance, if lead is suspected to
induce neuropsychological changes, a measure of the lead level present in
nerve cells when the change occurred would be desirable. Living tissues
can rarely be sampled, and data obtained at necropsy cannot reveal the
variations in exposure throughout the individual's tife. For analytical
simplicity, these tissues can be grouped together on the basis of lead
distribution characteristics and body burdens of lead represented as a
Timited number of distinct, homogenous, and well-mixed pools or physiological
compartments with similar kinetic properties. Mathematical biokinetic
models have been fitted to data obtained in long-term balance studies and to
lead isotope tracer experiments that estimate the rates of input to,
transfer between, and excretion from the differant compartments (Rabinowitz
et al,, 1976, 1977; Batschelet et al., 1979; Bernard, 1977; Mallon 1983;
Harley and Kneip, 1985). Differences in the predictive lead models have
bean discussed by Bernard (1977) and Batschelet et al. (1979).

Two models are shown schematically in Figure C-2. Compartments as
defined kinetically are not necessarily congruent with specific tissues or
organ systems; the three pool model of Rabinawitz et al. (1976) considers
blood, the most labile soft tissues, and bone marrow (M. Rabinowitz,

personal communication) as part of the central compartment where exchange

takes place continuously with the second (soft tissues and labile bone) and
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third (immobile bone lead) poois. The five-compartment model proposed by
Bernard (1977) consists of pools that are mainly blood, liver, kidney, and
soft and hard bone.

The choice of pools or level of aggregation in a model depends on the
available experimental data, the appropriate time scale, and the pre-
dictive usaes of the analysis, and is a compromise between accuracy and
complexity. For example, blood can be broken down into plasma and erythrocytes
and then further into plasma protein-bound lead, diffusible lead, extracellular
fluid lead, and erythrocyte proteins. Soft tissues can be broken down into
brain {(hippocampus, medulla, etc.), kidneys, liver, hair, and so on. The
hard tissue pools can be separated'into compact {cortical) and cancellous
(trabecular) bones, and teeth; within each of these, separate compernts
may be needed to model distinct diffusion time scales (Marcus, 1985).
Because the skeletal system in young children is rapidly developing and is
both large and kinetically active, it is especially important to model bone
lead in children. Until such refinements are further tested, a relatively
simple 3 - 5 pool model should provide a framework for predicting lead
distributions in children,

These models are helpful in predicting total body burden or equilibrium
levels of lead over time in any of the presumed kinetic compartments under
different exposurse conditions. The basic assumption of the models is that
the mass of lead in each of the compartments changes according to a system
of coupled first-order linear differential equations with constant fractional
transfer rates. Such models predict that when the lead intake changes from
one constant level to another, tﬁere is a directly proportional change in

the mass of lead in each compartment and the attainment of a new equilibrium.
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The rates aéd magnitudes of these changes are dependent upon the rates of
lead flux in the tissues and can theoretically be calculated from a compartmental
wodel of the appropriate parameters. Support for a first order kinetic model
for lead metabolism is demonstrated by calculations, using first order models
of soft tissue and bone concentrations of lead, and other elements (calcium
strontium, radium}, that fit human measurements as well as by using more
complex ones (Johnson and Myers, 1981; Malion, 1983).

PbB levels -in adults after exposure for 5 and 1% years have been
computer simulated by Hammond et al. (1981) based on predictions of the
Rabinowitz and the Bernard models. The amount of lead abgorbed each day
into the systemic circulation was entered intoc the computer program as a
single unit. This daily increment was allowed to be distributed and excreted
in accordance with the magnitudes of the model rate constants. Table C-1
gives the predicted PbB levels at the end of the specified exposure periods
expressed as functions of the total amount of lead absorbed each day from
all sources.

It is assumed that these linear mathematical models with distinct rate
constants for each lead compartment are, in general, valid for re]atiQely
low to moderate lead exposures (CD, p. 11.A-2). The studies that have
experimentally determined compartmental models in humans have used a
very small number of subjects, however, all of whom were adult males, with a
Timited range of exposure conditions. Given the physiolagical and metabolic
differences between children and adults, the prdjected PbB levels calculated
in Table C-1 have limited épp]icabi]ity and are used for comparative purposes
only,

A four-compartment biokinetic model of lead metabolism has been developed

from data obtained in controlled single dose and chronic lead expasures of
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Table C-1. IMPACT OF DIFFERENT LEVELS OF LEAD UPTAKE ON
BLOOD LEAD AS PREDICTED BY 2 COMPARTMENTAL MODELS

AND COMPUTED BY HAMMOND ET AL. (1981, 1982)

PbB Predicted by PbB Predicted by

Total Pb Bernard Model Rabinowitz Model

Absorbed { ug/d1) { ug/dl)

{ ug/day) After 5 yr. After 19 yr, After 5 yr. After 1Y yr,
35.2 13.5 6.5 13 14
70.4 30.5 34.2 26 36

105.6 48.4 52.4 39 45
140 .8 66.7 70.9 52 60
176.0 85.2 89.6 65 76
211.2 103.9 108.3 78 ' 91

{
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infant (9 months) and juvenile (22 months) baboons (Mallon, 1983; Kneip et
al., 1983). Dynamic blood measurements and steady state blood and organ
lead measurements were accurately fitted to predict concentrations of lead
in blood, liver, and kidney, and bone (the four compartments in which 95%
of total body lead is contained) (Heard and Chamberlain, 1984)., Human
metabolism and growth patterns were applied in a computer simulation of the
model that was then successfully validated using human autopsy data.

The model parameters were revised using measured metabolic data for
each organ {e.g., bone turnover rates) faor children and were used to
simulate lead organ burdens and concentrations in children with constant
lead exposures from birth (Harley and Kneip, 1985). Although complete
model validation is not passible, the revised model is consisteni with experi-
mental data on bicod lead accumulation following dietary lead uptake among
infants (Ziegler et al., 1978), and skeletal lead accumulation following
controlled exposures in adults (Heard and Chamberlain, 1984), and, given
the available data it appears to provide the best estimates of PbB levels °
in children with continuous lead uptake.

Table C-2 presents PbB levels predicted by the model fbr male chiidren
under different exposures, or lead uptake levels, No differences were found
between the sexes except at older ages, and predicted PbB levels were
highest among 2-3 year olds, consistent with results of NHANES II and the
New York City screening program {Billick et a1.,»1979). These results are
applied to estimates of the integrated lead uptake model in Section VII.C.Z(a)
to estimate children’s PbB levels under alternative air lead levels.

d} -Empirical Relatijonships Between Blood Lead and Lead in Individual
Exposure Media

One of the modeling approaches presented in Section V, and applied in
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Tab]e C-Zv

Predicted Equilibrated Blood Lead Levels (ug/d1) Over Time Among Children
with Constant Lead Uptakes?

Lead Uptake {ug/day)
40 50

Age 10 20. 30 60 70 80

1ﬁ‘ 3.0 5.9 8.9 7.9 4.8 17.8 20.8 23.8
2 4,0 8.1 12.1 16.2 20,2 24,2 28.3 32.3
3 3.7 7.3 11.0 14.6 18.3 22.0 25.6 29.3
3 3.5 7.0 10.5 14,0 17.5 21.0 24.5 28.0
5 3.6 7.3 10.9 14.5 18.1 21.8 25.4 29.0
6 3.5 6.9 10.4 13.8 17.3 20.7 24,2 27.6
7 3.3 6.5 9,8 13.0 16.3 19.5 22.8 26.0
8 2.5 5.0 7.4 3.9 12.4 14.9 17.4 19.9
9 2.3 4.6 6.9 9.3 1.6 13.9 16.2 18.5
10 2.6 5.2 7.8 10.4 13.0 15.6 18.2 20.8

3From Harlay and Kneip (1985).
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Section VII.C.2, to estimate PbB levels in children exposed to various air
Tead levels is referred to as the "disaggregate" model. In this model, for
each exposure medium to which children are exposed to airborne lead (i.e.,
air, dust, soil, diet) separate empirical relationships derived from controlled
experimenta],AobservationaT of community studies, are applied so that a
combined exposure function can be estimated under various air lead levels,
The disaggregate model developed in the CD (Table 13-6) and presented here
in Table 7-10 relies on the most relevant and reliable of the available
mathematical relationships. The relationship (=1.97 uy/dl per pg/m3)
between children's blood lead and inhaled air lead (derived from Angle and
McIntire, 1979; Roels et al., 1980; and Yankel et al., 1977) has already
been discussed in Section V. The studies used to derive the remaining
re!a;ionships in the disaggregate model, between children's blood and lead

in diet, soil, and dust, are summarized in Tables C-3, C-4, and C-5,
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Table C-~4. ESTIMATES OF THE CONTRIBUTION OF SOIL LEAD TO BLOOD LEAD

Range of soil

lead values Depth of Estimated Sample /
Study {pg/g) sample slope (X10%) size R
Angle and Mclntire 16-4792 2 6.8 1075 .198
(1982) study of
children in
Omaha, NE
Stark et al. 30 - 7000 N 2.2 153 .289
{1982) study (age 0-1) ’
of children
New Haven, CT 30 -~ 7600 2.0 334 .300
(age 2-3)
Yankel et al. 50 - 24,600 374" 1.1 860 .662
(1977) study
of children
in Kellogg, ID
Galke ot al. 9 - 7890 . 2" 1.5 194 . 386
(1975) ‘
study of e
chilren in
Charleston, SC
Baritrop et 4206 ~ 13,969 24 0.8 82 NA®
al. (1975) (group means) -
study of
children in
England
Nert et atl. 225-1800 NA 7.6 87 NA
(1878) study (group means,
of chtldren age 1-3)
in British
Coiumbia
225-1800 NA 4.6 103 NA
{group means,
age 2-3)

“NA means Not Available. Source: CD, Table 11-63.

Table C-5. ESTIMATES OF THE CONTRIBUTION OF HOUSEDUST TO BLOOD LEAD IN EHILDREN

Range of dust Age range Estimated Sample
Study Lead values (ug/q) in years siope (X16%) Size R®

Angle and Mcintire 18-5571 1-18 7.18 1074 .198
(1979) study in 6-18 3.3 832 .262
Omaha, NE

Stark et al. (1982) 70-7800 a-1 4,62 153 . 2838
study in New Haven, 40-7600 2-3 1.82 334 . 3006
et 9-49€0 4-7 6.02 439 . 143
Yankel et al. (1977) 50-35,600 0-4 6.18 18% .721
study in Kellogg, 5-98 8.20 246 .623

b

Source: CD, Table 11-64.
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remedies specific to lead-based paint, as well as sustained funding, political
support from the public and health and housing authorities, and financial
incentives for "deleading” and maintaining old housing in good condition by
property owners (Farfel, 1985). Research on effective lead hazard abatement
measures (in 1981 HUD's prevention research was terminated), including

their cost-effectiveness, as well as continued screening programs and
large-scale, population-based surveys are needed to support these efforts.

Several studies have shown that in addition to eavironmental factors,
sociodemograpﬁic factors are associated with increased lead exposure (Stark
et al., 1982; Urban, 1976; Gilsinn, 1972; O'Hara, 1982), These include
income, marital status of parents, disturbed mother-child relationships,
frequent moves, education of parents, inadequate parental supervision and
large fami]y size. Although some or all of these variables may be confounded
by lead expaosure, it is necessary to advance educational programs on lead
toxicity and sources of lead in homes, and sustain social-welfare programs
as wg]] as regulating environmental sources of lead,

In addition to abatement of lead paint hazards, further efforts and
source-specific control measures are also required for other high intensity
exposure situations involving heavily-contaminated soils due to historical
accumulations of deposited lead from smelters, roadways, and other sources,
as well as homes with unusually high tap water concentrations due to the
combination of soft, acidic (corrosive) water and lead plumbing. It is
clear that Federal agencies regulating various sources of lead (EPA,

FDA, HUD, HHS) need to better integrate their activities and address total

lead exposure from multiple sources.
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D. Summary of Staff Conclusions and Recommendations on the Primary Standard

The major staff conclusions and recommendations made in Section VII,
A-C are briefly summarized below:

1) Based on available infqrmation, a monthly average appears to be
the most appropriate health target;

2) The standard itself could be expressed as either a monthly average
or as an appropriately adjusted quarterly average that would assure that
the monthly average health target is achieved during periods and in areas
of maximum concentration;

3} The standard, either as a monthly or quarterly average should be
expressed in a statisticai form; |

4) Sampling frequency using the high volume sampler could vary depending
on the averaging period and form of the standard, and the site type;

5) The use of “low-volume" samplers in lieu of the high-volume
sampler as a modification to the Federal Reference Method for lead may be
appropriate, but site-specific testing would be needed;

6) Lead affects many different organ systems and biochemical/physio-
logical processes across a wide range of exposure levels. These effects
range from biochemical changes in energy metabolism, neurotransmission,
and blood enzyme activity detectable at very low dosages with no apparent‘
threshold on a subcellular-molecular level, to severe, irreversible central
nervous system damage manifested by mental retardation, encephalopathy and
possibly death at PbB levels above 80-100 ug/dl;

7) Based on recent studies, the PbB level of 30 pg/dl used as the

maximum safe level for an individual child in setting the 1978 lead NAAQS
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contains little or no margin of safety for children from several adverse
health effects. Based on an assessment of the available health effects
data, the staff concludes that a child with a PbB of 25-30 pg/dl is at risk
of significant alterations in heme synthesis (as indicated by elevated EP),
depression in Qitamin D metabolism, and possibly neurobehavioral distur-
bances, which collectively may represent impaired functioning and depleted
reserve capacities of many different tissues and organs. Below 25-30 ug/di,
the risk associated with observed reductions in heme and vitamin D hormone
synthesis, as well as altered brain wave activity and small decrements in
cognitive function and behavior have not been fully determined. The CDC
has revised the PbB level used ta identify children with excessive lead
exposure in the lead paisoning prevenfion screening program from 30 to
25 pg/dl, a medical "intervention" level that represents a compromise
between the amount of tolerable risk and the practical Timits of effectively
implementing the existing screening prodram. The staff concludes that
a PbB for an individual child 6f 25 yg/d1 appears to contain little or no
margin of safety from significant risks of muiti-organ impairments and
possible neurological and behavioral functions. Conversely, it is felt
that the risks of adverse effects are minimal for an individual child
at a PbB level below 15 pg/di. In order to avoid potentially significant
risks among young children and to protect as many children as possibla
who can be protected by a lead NAAQS with an adequate margin of safaty,
the staff concludes that the maximum acceptéble individual PbB level
should be chosen from the range between 15 and 20 pg/di;

8) Fairly consistent results were provided by the three modeling
approaches used to estimate PbB levels among children under alternative

air lead concentrations, assumed to be maintalned at constant levels: the
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blood lead/air lead slope approach, and the disaggregate epidemiological
approach presented in the criteria document. Conclusions discussed below
pertain to estimates derived from applying a geometric standard deviation
(GSD) for the child population of 1.42 to calculate blood lead distributions
around mean PbB levels predicted by the models. In addition, these
calculations pertain to children not excessively exposed to lead in paint
or with a high degree of pica:

a) At constant air lead concentrations at and above 1.0 yg/m3, 99.5%
of young children would not be protected from reaching PHB levels of
20 pg/dl, unless only children living away from lead point sources are
considered in the integrated uptake/biokinetic model, or lawer bound
estimates only are considered‘in the aggregate model;

b} If 20 yg/dl is chosen as the maximum acceptable PbB for an indi-
vidual child and assuming a goal of 99.5% protection for the population,
the highest air lead conceﬁtration that should be permitted under a revised
lead NAAQS is 0.75 ug/m3, according to the integrated uptake/biokinetic
model and the lower to middle estimates of the aggregate model. If only fhe
upper bound estimates of the aggregate model, or the criteria document
disaggregate model is considered, an average air. lead lavel between 0.25
and 0.5 pg/m3 would be required to protect 99.5% of young children from
PbB levels of 20 ug/dl;

c) If 15 yg/dl is chosen as thé maximum acceptable PbB for an
individual child, an average air lead concentration of 0.5 ug/m3 would
provide protection for 99.5% of young children according to the integrated
uptake/biokinetic model. According to the other models, an average air
lead level below 0.5 pg/m3 (0.25 pg/m3 and possibly lower) would be
required to prevent PbB levels above 15 pg/dl, dependiﬁg on which assumptions

are relied upon,
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In order to model children with excessive exposures to non-air sources
" of lead, it would be necessary to account fdr a high degree of pica
(i.e., repeated ingestion of non-food items) and/or to account for the impact
of flaking and peeling lead-based paint, commonly found in homes built
before 1960, or severely contaminated soils/dusts due to historical
accumulations of point source emissions.

Because of the large stock in the U.5. of old, occupied housing con-

- taining lead pigment paints which have deteriarated and will in the future
continue to deteriorate, it seems likely that exposure to lead in old
housing, in combination with poverty, sub-optimal nutrition, and parental
stresses and limitations will constitute the major issue in childhood lead
toxicity during the coming decades. It is important to recognize that any
lead NAAQS would not suffice in reducing heglth risks posed to children
from lead-based paints and further coordipateﬁ, preventive measures by
apprﬁpriate governmental activities to eliminate the hazards associated
with lead-based paint (e.g., removal of ;everely contaminated soil, sealing
or repainting surfaces) are needed.

In addition to abatement of lead paint hazards, further efforts and
source-specific control measures are also required for other high intens?ty
exposure situations involving heavily-contaminated soils due to historical
accumulations of deposited lead from smelters, roadways, and other sources,
as well as homes with unusually high tap water concentrations due to the
combination of soft, acidic (corrosive) water and lead plumbfng. 1t is clear
that Federal agencies regulating various sources of lead (EPA, FDA, HUD,
and HHS) need to better integrate their activities and address total lead -

exposure from multiple sources.
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VIII. CRITICAL ELEMENTS IN THE REVIEW OF THE SECONDARY STANDARD

This section includes a discussion of information drawn from the
criteria document that appears most relevant to the review and possible
revision of the current secondary NAAQS for lead., It focuses on field
and laboratory studies that identify potential effects of lead in biota
of terrestrial and aquatic ecosystems at levels of exposure relevant to
natural habifats. Within each category, the section presents 1) a
brief summary of the relevant scientific informationg'Z) an evaluation of
the potential quantitative relationships. between lead and its effects;
and 3) an evaluation of the quantitative relationships between levels of
lead in the na;ura1 habitat and biolagically available lead. A staff
recommendation, which recognizes the“&ajor uncertainties in the available
data, is also presented that 1f it is judged that regention of a secondary
. standard is appropriate consideration should be given to making it

equivalent to the primary standard in all respects.

A. Terrestrial Ecosystems

Anthropogenic emissions of lead deposit on terrestrial ecosystems via
wet and dry deposition. After initial deposition on vegetation and other
surfaces, the migration and distribution of lead in the soil reservoir
depend on a number of environmental factors that tnfluence the immobilization
of lead via precipitation, surface adsorption and ion exchange reactions
(Zimdahl and Skogerboe, 1977; Miller & McFee, 1983; Camerlynck & Xiekens,
1982)., Once in the soll reservoir, lead is relatively insoluble and
immobile (NAS, 1980; Nriagﬁ, 1978) and is not readily removed by such
mechanisms as leaching and stream run-off (CD, p. 8-7, 8-13). As a result,
tead accumulates in the soil reservoir even when the deposition rate is

relatively low.
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1. Mobility and Bioavailability of Lead

Zimdahl and Skogerboe (1977} identified soil pH and cation exchange
capacity (CEC) as primary determinants of a soil's capacity to bind Tead.
Based on their empirically derived equation, the binding capacity for
lead for various soil types was estimated. Although the reliability of
this equation to predict soil binding capacity is questionable (due to its
linear form which may not be appropriate for high CEC's), this analysis
suggests that while the capacity of certain soils to immobilize lead is
large, it is finite,

When examining the potential impact of lead on terrestrial ecosystems,
a distinction must be made between total soil lead content and the available
or potentially available fractions. The fraction of soil lead that may be
biologically available includes the potentially available lead {exchangeable
forms determined by chemical extraction) and the actually available water
soluble forms {lead in soil moisture) (CD, p. 6-29). The generally low
solubility of lead and the apparently sha1l percentage (1-12%) of total
;ofl lead that is exchangeable (Camerlynck and Kiekens, 1982; Miller and
McFee, 1983; Hughes, 1981; Atkins et al., 1982) suggest that the bioavail-
ability of this pollutant is quite Timited. The potential effect of acid
precipitation to increase the relative mobility of lead in soil {Tyler,
1978; Hutchinson, 1980) is of clear concern as a mechanism that may increase
the biocavailability of this heavy metal.

Given the varying capacity of different soil types to immobilize lead
under different environmental conditions and the limited usefulness of chemical
extraction studies to provide reliable estimates of exchangeable soil lead
fractions, it is difficult to predict the percentage of totai soil lead that
is biologically available {actual or potential). As a result, it is difficult

to predict the magnitude of increase in total soil lead concentration that
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results in a soil moisture lead concentration associated with levels of
biologically available lead that may cause adverse effects,

2. Effects in Terrestrial Biota

This section, based on the scientific literature summarized in
the criteria document, fncludes a review of the effect of Tead in
components of the terrestrial ecosystem, i.e., flora, microbes and fauna.
The lowest levels of exposure at which effects have been observed in
field and laboratory studies are emphasized. The biological or ecological
sfgnificance of certain lead-induced effects is unclear. This is primarily
due to the difficulty in determining the long-term significance of subtle
changes in ecosystem structure and function., Given the availahle data, it
is difficult to assess the extent to which lead-induced effects constitute
short or long-term, adverse environmental jmpacts.

. a. Flora '

i) Exposure, Uptake and Translocation

Plant exposure to lead occurs via root uptake from the nutrient
medium (soil moisture) (CD, p. 8-14). Although 90% or more of lead taken
up via the roots may remain tightly bound in the roots (Koeppe, 1981),
field and laboratory studies provide evidence that some lead is translocated
to physiologically active tissues in vascular plants (CD, p. 8-15 to 8-17),

Recent isotopic and mass balance studies suggest the mechanism of
foliar uptake as another route of exposure of plants to lead (Facchetti
and feiss, 1982; Lindberg and Harriss, 1981). While the relative signifi-
cance of foliar uptake has not been clearly determined, it is potentfally
guite high since surface deposition of lead is estimated to account for
90% of total plant lead (CD, p. 8-38). Elevated lead burdens in plants

near smelters and along roadsides, for example, have been attributed

| TEH 0413618

DUP050454788




VII1:4

primarily to surface deposition (Getz et al., 1977; Nriagu, 1978; Smith,
1976). Taken together, these studies suggest that the foliar uptake of
tead deposited on vegetative surfaces may be of greater importance than
previously thought.

ii) Experimental Data from Hydroponically Grown Plants

Experimental data on lead-induced effects in plants are available

. primarily from laboratory studies of agricultural plants grown in artificial
nutrient media (i.e., hydroponic solution). These studies (Table 8-1)

' report that at relatively lTow concentrations, ranging from 2-10 pg Pb/g
solution, inhibition of photosynthesis, alteration in enzyme activity,

and reduction in growth can occur. While the physiological and biochemical
changes observed in these studies are';iologicaTIy significant, the

results cannot be readily extrapolated to the varied conditions present

in natural habitats. Such factors as length of treatment {exposure),
chemical form of ‘lead, level of nutrients in solution, and age and species

of plant can fnffuence the experimenta{ results (Koeppe, 1981; Paivoke,
1979)'and Timit the extrapolation of controlled experimental results to

the natural habitat. The absence of data to clearly define the quantitative
relationship between soil moisture lead and total soil lTead further ?imfts
the usefulness of laboratory studies of hydroponically grown plants for
environmental impact prediction, Due to the absence of data, it is difficult
to accurately assess the potential effect of lead in terrestrial flora. Lead-
induced effects have been evaluated for a limited number of plant processes
(CD, p. 8=17) and the data base on effects in non-agricultural plants and
trees {Smith, 1981) is inadequate.

$4i) Experimental Data of Plants Grown in Lead-Amended Soils

Studies involving the artificial addition of lead salts to soil have

evaluated lead-induced changes in plants at specified soil lead concentrations,
© -TEH 0413619
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In general, high concentrations of total soil lead are necessary before
physic1ogica1 effects in plants are observed. Khan and Frankland (1983)
report significant growth reduction in radish plants with exposure to
1000 pg Pb/g soil and complete growth inhibition at 5000 ug Pb/g soil,
These total soil lead concentrations are found in certain high lead
environments, i.e., near roadsides and smelters (Wheeler and Ro1fe; 1979;
€D, p. 7-30; Atkins et al., 1982), It is unclear, however, whether
lead-induced effects would occur under natural soil conditions where the
availability of lead is influenced b& nutrient levels, organic matter
content, CEC, and pH of the soil (Koeppe, 1981),

iv) Field Evidence of Lead-Tolerance

Further indication of the effect of lead is provided by the
identification of lead tolerant plant communities near roadsides and point
source emissions (CD, p. 8-38; Antonovics et al., 1971; Atkins et al.,
1982). Potential changes in species composition in these areas have
implications for the long-term effect of lead on ecosystem function and
stability. At relatively low total soil lead concentrations (112 pg Pb/g
soil), Atkins et al. (1982) suggest that selection pressure due to soil
lead resulted in the evolution of lead tolerance in a roadside grass.

b. Microbes |

Available data suggest that the impact of lead in terrestrial eco-
systems may be,evident first in the components of the soil and litter
microcosm {e.g., fungi, bacteria and algae) (Tyler, 1972) that play a
critical role in the decomposition of organic matter and in nutrient
cycling (Doelman and Haanstra, 197%a; Doelman, 1978).

i) Experimental Studies of Lead-Induced Effects

Experimental studies provide evidence of lead-induced effects in
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soil microbes at sof1 lead concentrétions as low as 750-5000 yg Pb/g

soil (Table 8-2). In the presence of lead (1500 yg Pb/g soil), the
composition of microbe communities may shift to more lead-tolerant
populations (Doelman and Haanstra, 1979b) and, at soil lead concentrations
found near roadways and point sources (750-2000 pg Pb/g soil), soil
microbial activity may'be sufficiently reduced to inhibit the decomposition
and nitrification processes (Smith, 1981; Doelman and Haanstra, 1979a;
Liang and Tabatabai, 1978). Inhibition of growth and activity in soil
microbes has occurred at lead concentrations in solution of 10-50 ug Pb/mi
(Table 8-2).

While these data suggest that certain soil microbes can be affected by
lead at soil lead concentrations found near roadsides and point sources,
the data are inadequate to draw any general conclusions about the tolerance
of soil microbes to lead {Doelman, 1978) and lead's effect on-this
ecosystem component as a whole. The nhibitory effect of lead appears "to
vary with different types of microbes (Johnson et al., 1982; Martin and
Coughtrey, 1981), In addition, because microbes exhibit a diversity of
functions that interact in ways that are not well defined (Swift et a1.;
1979; ¢D, p. 8-22, 8-23), a broader data base, encompassing various taxonomic
groups, is required for environmental iﬁﬁact prediction. Environmental
impact prediction of the effect of lead on soil microbes based on the
findings of these experiments is constrained by experimental conditions
that influence the bicavailability of lead and result in uncertainties
associated with extrapolating laboratory results to the natural habitat,
The long-term significance of lead-induced changes in soil microbial
populations is unclear and depends on whether the ecosystem has the

ability to compensate for such perturbations. The critical role of soi]

-~ adang
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microbes in terrestrial ecosystem processes (decomposition and nutrient
cycling) suggests, however, the serious nature of the potential inhibition
of microbial activity by lead and indicates the need for additional
research to more clearly define the effect of Tead in this ecosystem
component,

$i) Field Evidence of Altered Microbial Activity

Reduced abundance and altered composition of microflora populations
have been observed in the vicinity of point source emissions of lead and in
an area contaminated with metal mine waste, Corresponding to these changes,
the accumulation of litter and alterations in soil parameters have been
reported. Lead was the predominant heavy metal contaminant in these areas
(Jackson and Watson, 1977; Bisessar, 1982; Williams et al., 1977c).

Although these field cbservations suggest the inhibitory effect of
lead on microbial activity in certain heavily contaminated areas, their
usefulness in assessing the environmental impact of lead is limited
for the following reasons: , R

a) the inability to isolate the effect of lead from the confounding

effects associated with other components of point source emissions
and other heavy metals; and
b) the lack of quantitative information concerning the effect of other
environmental factors that influence the decomposition rate, e.g.,
temperature and moisture conditions (Smith, 1981).

c. Fauna
i) Exposure

The principal pathway of exposure for fauna is through dietary intake
(CD, p. 8-26). Animals of the grazing food-chain are affected most directly
by deposition of lead on vegetation. Others, such as predators, are

affected more indirectly by lead moving through the food-chain, thus
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raising concerns about the potential accumulation and biomagnification
of lead at higher trophic levels, While biomagnification (biological
concentration of lead from one trbphic level to the next) has not been
observed in vertebrate food-chains (NAS, 1980; Williamson and Evans,
1972), available data suggest that the biomagnification of lead does
occur in invertebrate food-chains (NAS, 1980; Getz et al., 1977;

Wade et al., 1980; Watson et al., 1976). Thus, non-toxic levels of lead
taken up and accumulated by invertebratés may produce toxic effects in
their predators. Although support for this potential route of exposure
is provided (Bull et al., 1983a; Getz et al., 1977; Gish and Christensen,
1973), the occurrence of lead burdens in prey high enough to cause toxic

effects in predators is variable {Wade et al,, 1980).

ii) Field and Laboraﬁory Evidence of Lead-Induced Effects

The available data on lead-induced effects in invertebrates are very
limited and are not sufficient to establish quantitative re]ationships;
Decreased soil invertebrate abundance, that may result in potentially
significant alterations in soil decomposition ﬁrocesses, has been observed,
however, in the vicinity of point source emissions of lead and in the
area of a metal mine waste site (Watson et al., 1976; Williams et al.,
1977¢; Bisessar, 1982), Due to the presence of other pallutants and
heavy metals in these areas, it is not possible to attribute the observed
reductions to lead alone.

Very few field studies reporting lead exposures, body burdens and
associated effects in wildlife are available. Unusually high lead exposures
resulting iﬁ toxic effects have occurred primarily in waterfowl and livestock,
Sources of these exposures have typically 1n&1uded.1ead wastes, paint and

spent lead shot (unrelated to airborne lead emissiqns), and contaminated
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forage near lead smelters (NAS, 1980; Forbes and Sanderson, 1978). With
the exception of cattle and waterfowl, incidence rates of lead poisoning
in terrestrial fauna are generally unavailable (Forbes and Sanderson,
1978; Botts, 1977) and difficult to verify,

Although lead burdens in mammals are elevated relative to natural
background levels (CD, p. 8-29, 8-30), with burdens positively caorrelated
with proximity to roadways (Williamson and Evans, 1972; Quarles et al.,
1974), it is uncertain whether exposures are resulting in animal burdens
high enough to be of concern. This uncertainty results from a limited
data base of field observations that report conflicting findings., Body
burdens of lead that have been identified to cause effects in animals
have not been observed in certain high lead environments, i.e., roadsides
and smelter areas {Forbes and Sanderson, 1978; Getz et al., 1977). Other .
studies, however, indicate that elevated lead burdens associated with
effects may occur in 1ivestock grazing near smelters and in small mammals
in areas adjacent td highways, mining sites and smelters (NAS, T1980;
Clark, 1979; Quarles et al., 1974).

When assessing the effects of Tead on domestic animals and wi]dlifé,
it is important to consider the more subtle effects that are not readily
discernible in field ohservational studies, Orawing on animal toxicological
studies discussed in the CD and referred to in Appendix D, it is clear
that lead can affect a wide range of ¢ritical functions such as heme
synthesis, neurobehavioral function, and reproduction and development.
Investigation of these effects has been limited, however, primarily to
laboratory animals. In part because of species differences in suscepti-
bility (Forbes and Sanderson, 1978) and a lack of sufficient quantitative

exposure/uptake/response data in natural habitats, results from controlled
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animal studies have not been extrapolated to animals in natural environments.
While current analyses and understanding of the potential effects of

lead in domestic animals and wildlife species are considerably less definitive

than for humans, the available data strongly suggest that animals may be at

risk. When assessing much of the same data in 1980, the Committee on

Lead in the Human Environment of the National Academy of Sciences concluded

that animal sensitivity to lead might equal or exceed that of man (NAS,

1980),

3. Long-term Impact of Lead in Terrestrial Ecosystems

The persistence and continued accumulation of anthropogenic sources
of lead in the soil reservoir raise concern about the long-term environ--
mental impact of this poliutant in terrestria1 ecosystems. With a net
increase in soil lead concentration over the long~term, even under relatively
low deposition rates, it is anticipated that at some unknown guture time
concentrations that exceed a soil's capacity to bind lead may be reached.
In some geographica] areas this binding capacity may already be exceeded,
Model predictions of the long-term accumulation of lead in soil in
rural areas suggest that it is unlikely that soil lead concentrations
will reach levels of concern in the immediate future in most rural areas
(Append%x E). This ié indicated by the small rate of increase in soil
lead concentration prgdfcted for air lead levels that are representative
of rural areas. Model predictions apply to typical rural terrestrial .
ecosystems with low natural soil lead levels, but do not represent rural
areas that are impacted by point source emissions of lead or possibly
rural/remote areas that are impacted by unusually high deposition rates,
e.g., high elevation forests (Johnson et al., 1982)., Although model

predictions give some indication of the potential long-term impact of
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lead in rural terrestrial ecosystems, predictions are highly uncertain
given the many assumptions and Timitations of the model. The structure
and results of the model, in addition to its many uncertainties, are

discussed in Appendix E.

B. Aquatic Ecosystems

1. Behavior of Lead in Water and in Sediments

The capacity of surface waters to retain lead in solution at equilibrium
is dependent upon the physical and chemical water quality parameters of the
particular aquatic environment (NAS, 1980). In addition to physical and
~ chemical parameters that determine lead's solubility, biological conditions
can influence the behavior'of lead in aquatic systems (Rickard and Nriagu,
1978), and, hence, its availability and potential impact in aquatic
biota., Although lead is readily complexed in natural water systems (CD,

p. 6-33), concentrations exceeding 100 pg Pb/1 (lead in solution) have
been reported for surface waters receiving urban runoff and sewage and
industrial effluents (NAS, 1980},

Due to the lack of major éxports of lead from freshwater ecosystems,
these systems function as potential sinks for lead loading (McNurney et‘
al., 1977; Getz et al., 1977), with the sediment as the primary sink for
lead similar to soil in terrestrial ecosystems {Rickard and Nriagu,

1978). The sedimentation of lead depends on a number of environmental
factors (CD, p. 8-13), and the retention of this heavy metal within the
sediment is influenced by the substrate type (McNurney et al., 1977;
Wershaw, 1976; Newman and McIntosh, 1982). Over the past century, a
trend of increasing deposition of lead in the sediments of freshwater

systems has been observed (CD, p. 5-1, Figure 5-1), with elevated lead
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concentrations observed in sediments draining urban areas relative to
rural areas (McNurney et al., 1977; Getz et al., 1977).

As a result of the accumulation of lead in the sediments of fresh-
water systems, the soluble fraction comprises only a2 small percentage of
the total lead burden (Rickard and Nriagu, 1978; Wershaw, 1976). Because
of potential regeneration, however, the reservoir of lead in the sadiment
can become a source of soluble Tead even after the discontinuation of
lead inputs {Wershaw, 1976). The significance of this mechanism to
increase the availability of waterborne lead to aquatic biota may be most
pronounced in water bodies in which complexed Tead in the sediment remains
at the water-sediment interface, -Field observations indicate that this
situation does occur (Getz et al., 1977).

2. Effects in Aquatic Biota

This discussion of the effects of lead in aquatic biota focuses on
vertebrates (fish) because this compdnent of aquatic ecosystems appears
most sensitive to this heavy metal and, relative to other taxonomic groups,

a more extensive data basé is available. There is some evidence, however,

of effects of lTead in other aquatic biota at low concentrations of waterborne
lead. Although the data are limited, lead-induced effects (e.g., increased
mortality, impaired reproduction) in certain aquatic invertebrates have

been reported at concentrations.as low as 19-30 pg Pb/1 (CD, p. 8-33,

8-34; Borgmann et al., 1978; Biesinger and Christensen, 1972).

Hematological and neurological changes have been observed in fish
exposed under labaratory conditions to waterborne lead concentrations between
8-120 pg Pb/1 (Table 8-3). While the hematological system of fish may
be capable of compensating for lead-induced changes, the neurological

effects, black tails {an early indicator of spinal deformity) and spinal
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curvature (which increases mor&a]ity and prevents successful reproduction)
. are of clear concern (Hodson et al,, 19782). These findings are conserQative
because sensitivity to lead is species-specific and trout exhibit increased
susceptibility to lead relative to other fish (Wong et al., 1978), and
the effects observed at the lTower limits of the concentration range may
have been enhanced by the relatively soft water conditions used in the
experiments (Davies et al., 1976).

Extrapolating these results to natural systems is constrained by the
many factors that influence the toxicity and bioavailability of lead,

i.e,, form of lead, route and length of exposure, pH, ﬁardness and temperature
of water, and life stage of organism (Hodson, 1979; Hodson et al., 1978b,
1979; Wong et al., 1978). Decreased pH Tevel appears to increase the

uptake of waterborne Tead by fish although the predise mechanism of

action is unciear (Hodson et al., 1978b). These daté suggest that lead

has its greatest effect on fish in soft water, ltow pH aquatié systems

because these systems havé a greéter capacity to retain lead in solution

at equilibrium before reaching chemical saturation {Hem, 1976), and the
adverse effects of lead in fish are closely related to dissolved lead

content {Hodson et al., 1978b; Wong et al., 1978).

The U.S. EPA Office of Water Regulations and Standards has published
new ambient water quality criteria for lead to protect aquatic Tife, These
criteria concentrations are expressed as a function of water hardness and
indicate the need to consider the influence of this chemical water quality
parameter on the biocavailability and toxicity of lead. For example, at
hardnesses of 50, 100, and 200 mg/1 as CaCO3 the 4-day average criteria
concentrations of lead for freshwater systems-are 1.3, 3.2, and 7.7 ug/1,
respectively, and the one-hour average concentrations are 34, 83, and

200 pg/1 (50 FR 30791).
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C. Staff Conclusions and Recommendations

The available laboratory and field data indicate that at concentra-
tions at or below those found in certain high lead environments, lead
can: 1) affect certain plants (e.g., inhibition of photosynthesis, reducad
growth, changes in composition), microbes (e.g., reduced abundance), and
fish (e.g., neurological changes); and 2} alter the composition of
microbial communities and inhibit invertebrate activity resulting in
delayed decomposition, reduced nutrient supply, and altered soil properties
(e.g., lower organic content). With respect to domestic animals and
wildlife, a qualitative assessment of the available field studies and
animal toxicological data suggests that animals may be as susceptible
to the effects of lead as humans. |

The available data also:raise concern about the continuing accumulation
of lead in the soil reservq{r that functions as a finite sink of undefined
capacity. Due to the persistence of lead in the environment, such accumula-
tions are expected to continue as long as inputs exceed outputs. Thus,
even at relatively low deposition rates Tead could affect the ecosystem
o?er the 16ng?tefm.ﬁ Thisyéoncern is primarily directed to urban and point
souyrce areas that may already be approaching or have exceeded their soil
capacity to bind lead. Rural or remote areas that may experience un-
usually high deposition rates {e.g., high elevation forests) are areas
of special concern for the continued accumulation of lead.

The available data are 1imited, however, and do not permit any
definitive findings with respect to concentration-response functions

" associated with the observed effects or provide clear quantitative relationships

between concentrations of lead in the natural habitat and biologically
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available 1ead. Data are not available to determine quantitative relationships
between ambient concentrations of lead and effects in the biota of terrestrial
and aquatic ecosystems. These limited data do suggest, however, that
effects of lead on these ecosystems can be significant, although poorly
‘ defined, particularly with respect to their long-term implications.

The effects of lead on ecosystems are probably more closely related
to the deposition and long-term accumulation of Tead than to current
ambient air quality levels. This suggests that a secondary standard for
lead in the form of a deposition rate may be more appropriate than one
expressed as an airborne concentration level, Such a deposition standard
is conceptuaily appealing because it could be a more effective method to
provide protection against the welfare impacts of lead. [Its application
at this time is constrained, however, by practical considerations such as
the absence of sufficient data to develop appropriate deposition targets
and the lack of reliable methods for measuring both wet and dry deposition.
The Timited data base of the ecosystem effects of lead and the lack of a
clear quantitative relationship between total soil lead concentration
and biologically available lead prevent the identification of an appropriate
deposition target. This results from the inability to identify the effécts
on terrestrial biota that would be associated with incremental additions of
Tead to total soil lead concentration‘for different soil types., If the
data were available to develop such a target, its implementation would be
constrained by the Tack of reliable methods for measuring deposition,
The model discussed above and in Appendix E that predicts the Tong-temm
accumulation of lead in rural areas relies on current methods to measure
dry deposition, The questionable reliability of dry deposition measurements
and the resulting highly variable calculations of dry deposition velocity

are identified as sources of uncertainty in these model predictions.
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In summary, the available data clearly indicate that the potential
ecosystem effects are of real concern. The data are limited, however,
and do not permit any definitive finding as to the level of a secondary
standard in either the form of an ambient concentration or as a deposition
rate. A key question in determining the need for a separate secondary
standard is whether the levels considered for the primary lead NAAQS
discussed 1n Section VII would provide adequate welfare protection,
While this question cannot be answered definitively, the levels considered
for the primary standard would reduce current ambient lead loading. These
, reductiﬁns, particularly when coupled with reductions achieved by the
continued phase~down of lead in gasoline (gasoline combustion through
the early 1980's has accounted for 85-90% of total airborne lead emissions),
would likely mitigate or delay the potential risks of lead-induced ecosystem
effects occurring in most areas of the country. In urban centers, along
roadsides, and in the immediate vicinity of major point sources that have
experienced a long-term, historical accumulation of lead, and where the
natural soil sinks for lTead may be approaching or have exceeded their
capacity to bind lead, the more sensitive components of the ecosystem
(e.g., soil microbes) may remain at some risk that is difficult to quantify
at present.

Although the available data are quite limited and do not provide
a clear basis for specifying the level and form of a secondary standard,
they do suggest that the levels considered for the pfimary standard,
coup}ed with the ambient lead reductions associated with the continued
phasedown of lead in gasoline, should minimize the incremental risk of
lead-induced ecosystem effects in the short-term. Therefore, until a

stronger data base is developed that more accurately assesses the
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In summary, the available data clearly indicate that the potential
ecosystem effects are of real concern. The data are limited, however,
and do not permit any definitive finding as to the level of a secondary
standard in either the form of an ambient concentration or as a deposition
rate. A key question in determining the need for a separate secondary
standard is whether the levels considered for the primary Tead NAAQS
discussed in Section VII would provide adequate welfare protection.
While this question cannot be answered definitively, the levels considered
for the primary standard would reduce currént ambient lead loading. These
A reductibns, particularly when coupled with reductions achieved by the
cantinued phase-down of lead in gasoline (gasoline combustion through
the early 1980's has accounted for 85-90% of total airborne lead emissions),
would likely mitigate or delay the potential risks of lead-induced ecosystem
effects occurring in most areas of the country. In urban centers, along
roadsides, and in the immediate vicinity of major point sources that have
experienced a long-term, historical accumulation of lead, and where the
natural soil sinks for lead may be approaching or have exceeded their
capacity to bind lead, the more sensitive components of the ecosystem
(e.g., soil microbes) may remain at soma risk that i{s difficult to quantify
at present.

Although the availahle data are quite limited and do not provide
a clear basis for specifying the level and form of a secondary standard,
they do suggest that the levels considered for the pfimary standard,
coupled with the ambient lead reductions associated with the continued
phasedown of lead in gasoline, should minimize the incremental risk of
lead-induced ecosystem effects in the short-term, Therefore, until a

stronger data base is developed that more accurately assesses the
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environmental impact of lead, it is largely a matter of judgment as to
whether a separate secondary standard should be retained. If it is
Jjudged thht retention of the secondary standard is appropriate, the
staff recommends that consideration be given to making it equivalent to

the primary standard in all respects.
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APPENDIX A. LEAD METABOLISM AND PHYSIOLOGICAL MEASUREMENT

1. Lead Absorption

Environmental lead compounds can be absorbed into the bloodstream from
the lung after inhalation, from the gastrointestinal tract after ingestion,
or to a limited extent from direct dermal contact. In addition, fetuses
absorb lead through the placenta. Some lead that is inhaled or ingested
passes out of the body before being absorbed, and some lead that is absorbed
from the lungs or the gut is removed from the blood and excreted.

The absorption kinetics for each pathway are dependent upon a number of
factors, including the physica1 and chemical nature of the lead compounds
at the time of exposure and the presence of other modifying agents (e.g.,
dietary constitients, other pollutants). Once inorganic lead is abogrbed -
into the bloodstream it is readily transported to other locations in the
body and does not normally retain any characteristics associated with its
exposure or absorption.route. Dermal absorption is potentially significant
only for high organic. lead exposure in occupational settings or other
special circumstances. This route, therefore, will not be addressed
further,

a) Reséiratory Absorption

Although lead aerosols in ambient air encompass a broad size range
depending on proximity to sources and meteorological conditions, most urban
and rural airborne lead mass is associated with submicron particles, yith a
distinct peak of large particles in the upper end of many of the size distri-
butions (Davidson and Osborn, 1984). Particle size distributions of
airborne lead mass, collected from various urban, rural and industrial
areas (MMAD = U.53 um) were combined with recent lung deposition data

(Chan and Lippmann, 1980) to estimate the mass fraction deposited in each
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compartment of a mouth?breathing adult's respiratory tract (Davidson and
Osborn, 1984). Based on these calculations, it is estimated that on
average, about 26 to 42% of inhaled airborne lead particles in these
different locations are capable of deposition into the respiratory tract
of adults. This is’genera11y consistent with deposition data on lead
particles generated-in laboratory chambers (Kehoe, 1961; Gross, 1981;
MNozaki, 1966; Chamber]aih et al., 1978) and near a highway (Chamberlain
et al., 1978) in resting adults breéthing through mouthpieces. It is
estimated that 10-26% of these submicron particles deposit in the alveolar
region (Davidson and Osborn, 1984) where absorption into the bloodstream
appears to be rapid and nearly complete, regardless of the chemical form
of the inhaled lead particies (Chamberlain et al., 1978; Rabinowitz et
al., 1977; Morrow et al., 1980; Barry, 1975), The femaining 16% of the
lead particies, mainly in the coarse mode (>2.5 ym) are estimated to
d;posit in the nasopharyngeal and tracﬁeobronchfal compartments of the
respiratory tract. Clearance of most of this material to the esophagous
may be rapid, excepf for non-hygroscopic particles lodged in the tracheo-
bronchial region. From the esophagous, the lead particles are ejther
expectorated or swallowed. Lead absorption into the blood through the
gut is about 40% by mass of coarse-mode inhaled particles (MMED~.- 2.9 um)
(Kehoe, 1961).

Total respiratory absorption of inhaled lead particles for adults
can be calculated by adding the products of deposition and absorption
rates for each region of the respiratory tract. Thus, (10 to 26% x 100%)
far the alveolar region is added to (16% x 40%) for the combination of
nasopharyngeal and tracheobronchial regions, yielding an estimate of

16-32% for total respiratory absorption of inhaled lead particles among
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adults in various U.Sl atmospheres. For present purposes, this range
will be rounded off to 15-30%.

Given that lead particles larger than 1 um which are prevalent
near lead smelters (within 2-5 km) and other stationary sources (Landrigan
et al., 1975; Dorn et al., 1976;'Davfdson and Oshorn, 1984) are Tikely to
deposit in the respiratory tract with increasing efficiency as particle
size increases up to about 8 um (Chan and Lippmann, 1980), the ahove
estimates may underestimate respiratory deposition and absorption of lead
particles in these areas. For example, it s estimated that 15-55% of 5
pm particles by mass deposit in the alveolar region and 8-45% deposit in
the tracheobronchial region of mouth-breathing adults (Chan and Lippman,
1980). The upper bounds of these ranges are 2 - 3 times higher than
those estimated for airborne lead particles in various urban, rural, and
industrial atmospheres, previously dis§u55ed. In the absence of extensive
lead particle size data around lead point sources that would allow a
separate analysis to calculate respiratory deposition and absorption for
these areas specifically, it is assumed that for adults, total respiratory
absorption of inhaled Tead particles is more efficient {i.e., 20-40%)
around point sources compared to the general case representing typical
urban, rural, and urban industrial areas (15-30%).

Because atmospheric particle size distributions and individual deposition
characteristics (e.g., mouth versus oronasal breathers) as well as other
factors (e.g., ventilation rates) vary widely, the above discussion may
not address potentially important exposure/deposition cases. This is
especially true for children, whose respiratory deposition and absorption
characteristics have not been studied experimentally. Age-dependent differences

in respiratory geometry, air flow conditions, lung clearance mechanisms,
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and body compartment weight must be applied to make projections from .
adult data.

Mathematical predictions of particle deposition in tracheobronchial
airways of children have been developed based on morphological measurements
on airway casts of people aged 11 days to 21 years (Phalen et al., 1985).
Airflow rates for different physical activity states and different particle
sizes (0.05, 0.5 and 5.0 pm) were used for modeling purposes. The computed
particle depositfon efficiencies indicate that under most circumstances
smaller (younger) people will have greater tracheobronchial deposition
efficiencies than larger {older) people., For example, Phalen et al.

(1985) predicted that in 2 year old thildren at light exertion levels
(20 L/min) about 50% of 5.0 ym particles deposit in the tracheobronchial
Jegion as compared to about 40% in 18 year olds. For 0.5 pm particles,
2 year old childreh at light activity Tevels are estimated to have 5%
tracheobroncial deposition in contrast to about 2% in 18 year olds.

In general, the age-related differences in tracheobronchial deposition
efficiencies estimated by Phalen et al. (1985) are not large except for
5.0 pm particles at light activity levels and it will be assumed that
these patteras hold for alveolar and nasopharyngeal deposition as well.
Therefore, the previously derived range for total respiratory absorption
rates in adults living in typical urban/rural atmospheres (15-30%) will
be applied to young children in those areas. HNear point sources, there
is in general a greater fraction of large particles in the ambient air that
appear to deposit with greater efficiency in young children. Based on the
model of Phalen et al. for 5.0 pm particles, it is estimated that these
larger particles deposit in 2 year old children 25% more efficiently than

in adults. Furthermore, it appears that lead particies greater than 1 pm
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comprise between 50-70% of the total airborne lead mass near point
sources (Landrigan et al., 1975; Dorn et al,, 1976). By incorporating
these factors, the range of respirgtory deposition rates of airborne lead
particles estimated for adults 1iving near point sources (20-40%) 1s
adjusted upwards to 35 to 60% for 2 year old children,

b) Gastrointestinal Absarption

The absorption in the gastrointestinal (GI) tract of lead-containing
compounds present in food, water, soil, dust, paint chips, or other materials
that a child may ingest is dependent upon the physical/chemical form of the
material, the composition of the diet, and the age and physiological status
of the individual. -

Young children have a higher intake of lead on a body weight basis
because of higher requirements for calories, fluid, and air (Mahaffey and
Michaelson, 1980). In addition to ingesting more lead, young children
absorb between 42 and 53% of ingested dieéary lead compared with 7 to 15%
in adults (Alexander et al,, 1973; Ziegler et al., 1978; Kehoe, 1961;
Chamberlain et al., 1978; Rabinowitz et al., 1980).

These rates do not reflect the wide degree of inter-subject variability
observed in the studies nor other factors that influence absorption in
children. For example, absorption rates 2 to 4 times higher were obsarved
in adults following fasting periods of 4 to 16 hours (Blake, 1976; Chamberlain
et al., 1978; Heard and Chamberlain, 1982; Rabinowitz et al., 1980),

Such increéses can be expected among children who skip meals, a particular
problem among lower income groups (Koh and Caples, 1977}, Regular eating

patterns do not insure minimized dietary lead absorption, however. Based

on several animal studies, clinical investigations, and epidemiological

surveys, children with diets deficient in calcium, iron, phosphate, zinc,
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copper, vitamin D, protein, 1lipids, or lactose can be expected to absorb
and retain lead to a greater degree (Mahaffey and Michaelson, 1980; Rosen
et al., 1981; Chilsolm, 1981; Heard and Chamberlain, 1982; CD, Table 10-4).

This phenomenon may partially explain the enhanced neurotoxicity of
lead in animals with nutritional deficits (Mahaffey and Michaélson, 1980},
The importance of nutrifional interactions with lead absorption and possibly
toxicity is particularly significant for young children because of their
large fluxes in relative nutrient status. These interactions can only be
estimated qualitatively with present information, however. Although
nutritional deficiencies are more pronounced among lower income children
(Mahaffey and Michae]son,.1980; Owen and Lippmann, 1977; Hambidge, 1977),
they exist in children of all sacio-economic strata (CD, p. 10-41).

The ingestion of non-food items such as dust; soil and dirt through
normal hand-to-mouth activities in children constitutes the greatest
contribution of atmospheric 1ea& to a typical child's total lead exposure
{CD, Table 7-25). Animal expe}iments indicate that lead of variable chemical
form in soil or dust is as available for absorption as food lead (Dacre and
Ter Haar, 1977) and in vitro studies demonstrate that the acidity of the
human stomach is adequate to extensively solubilize lead assimilated from
soil and dust (Day et al., 1979; Harrison, 1979; Ouggan and Williams, 1977).
Based on these data and the fact that ingestion of such materials occurs
othér than at mealtimes, allowing for potentially enhanced absorption due
to the previously discussed fasting factor, the CD estimates that 30%
of the lead ingested in dust and soil is_absorbed in a child (CD, p. 10-10).

An inverse relationship was found between particle size and gastrointestinal
absofption of lead, especially in the range of 1-100 pm, such that a 6 um

dietary lead particle was absorbed five times as efficiently as a 197 um
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particte (Barltrop and Meek, 1975). "There is little information to assess
whether the conversion in the physical form of atmospheric lead-containing
particles once inside the complex geochemical matrix of soil or as dust
would affect their bioavailability and, consequently, toxicity. Thus,
all atmospheric lead particles that have deposited are considered to have
the same absorption rate (30%) if ingested,

2. Transplacental Transfer

Lead uptake via this pathway occurs rapidly beginaing in the twelfth
week of gestation and increases throughout development (Barltrop, 1969).
Cord PbB levels are'slightly Tower than maternal levels and are significantly
correlated with maternal exposure (Alexander and Delves, 1981; Rabinowitz
and leealeman, -1982; Ryu et al., 1978).

3. Physiological Retention, Distribution, and Excretion

"The initial uptake of Tead from the }ungs or gut is‘to plasma, where
it is rapidly distributed to red blood cells, bone, and virtually all of
the organs and tissues of the body (Chamberlain et al., 1978). The level
of lead at any one site and time is determined by complex, dynamic interchanges
amony the various tissues and fluids that affect their respective affinities
for lead. With consistent exposure for an extended period, a near steady-state
distribution within the body is achieved (CD, p. 10-13). A primary goal of
more refined lead uptake estimates to be used in conjunction with the biokinetic
model discussed in Section V.A.2 will be to assess how short-term exposures
superimposed on a long-term uptake pattern affect this steady-~-state
distribution in children,

a) Retention and Excretion

In children, 47 to 58% of ingested lead on average is eliminated in

the feces without prior gastrointestinal absorption (Alexander et al.,

1973; Ziegler et al., 1978), while at least as great a percentage of inhaled
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lead particles fail to deposit in a child's respiratory tract, In adults,
40-60% of the lead absorbed from the gut or lungs into the blood is excreted
in urine with a half-1ife between 18 and 37 days depending on initial blood
lead or dosage (Chamberlain et al., 1978; Rabinowitz et al., 1976; Griffin
et al., 1975). This rapidly ekcreted fraction is estimated to be only 16%
of the absorbed lead in infants (CD, Table 10-3, based on Ziegler et al., 1978).

Lead is excreted into the urine by the kidneys, both by glomerular
filtration and transtubular flow (Goyer, 1968). Lead-induced renal effects
(Appendix D.4; CD, Section 12-5) may compound toxicit} by interfering with
urinary lead excretion.

Absorbed lead can also pass from the blaood through the intestinal
wall into the gut and be eliminated with the feces, as is the ingested and
inhaled lead that is swallowed and not absorbed (Chamberlain et al., 1978).
The excretion rate of this "endogenous" fecal lead appears to be roughly
equal in children and in adults (CD, Table 10-3). A small portion of
“absorbed lead is excreted in sweat and milk, or is stored in tissues that are
later shed (e.g., hair: nails, deciduous teeth) (Rabinowitz et al., 1973).

The balance of the absorbed lead is transported to soft tissues and
bones where it may be stored for months to years or reabsorbed into the‘
blood. In adults, between 1 and 4% of daily lead intake is retained
in the body (Chamberlain et al,, 1978; Rabinowitz et al., 1977; CD, Table
10-3) while children (2 months to 8 years of age) are estimated to retain
"between 18 and 33% {(Alexander et al., 1873; Ziegler et al., 1978; CD,
Table 10-3).

b) Distribution

Lead that remains in the body can be divided conceptually into separate
physiological pools. The largest pool is skeletal (i.e., bones and teeth)

which accounts for about 94% of total body lead in adults and about
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73% in children under 16 years of age (Rabinowitz et al., 1974; Barry,
1975). The remaining body burden of lead resides in soft tissue and
blood. Under typical conditions, more than 99% of blood Tead is bound
within red blood cells, primarily to hemogiobin (DeSilva, 1981}, although
it is the very small fraction transported in plasma and extracellular
fluid that carries lead to the varicus body organs (Bdloh, 1974).

The selective accumulation of lead in the heart (aorta), kidney cortex,
and liver (Barry, 1975, 1981; Gross et al., 1975) may be associated with
the sensitivity of these organs to elevated Tead exposure. The greater
capacity of young animals to retain lead in their tissues, particularly
in the brain, may help to account for the persistence of neuratoxic
effects of various types in young animals (CD, 12.4,3.1.5) and children
(cn, 12.4.,2.2.2) long after external lead exposure has ceased and PbB levels
have declined to “normal®. Furthermore, relative uptake characteristics
'and distribution patterns of lead among the regions of the brain may be
factors in lead neuropathology (Grandjean, 1978; Klein and Koch, 1981).

Within the cell, there is selective uptake of lead into nuclear
inclusion bodies and mitochondria (Barltrop, et al., 1971; Castellino A
and Aloj, 1969), which is consistent with lead-induced interference of
normal processes in these organelles such as disrupted energy metabolism
and ion transport, and possible genotoxicity (€D, 12.2.1 and 12.7).

4, Kinetics and Physiological Indices of Lead Exposure

Skeletal lead is relatively inactive physiologically, with an approximate
biological half-time in normally exposed humans of 17-28 years (Rabinowitz
et al., 1976). When lead exposure is reduced or terminated, lead is

released from the skeleton so that the declines in blood lead levels and
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excretion rates are less than would be predicted for the amount absorbed.
This is especially evident in occupationally exposed adults (D'Flaherty
et al., 1982). Lead turnover rates in dense cortical bones (e.g., teeth,
tibia, femur) are substanﬁially slower than in spongy trabecular bones
{e.g. rib, vertebrae) (Steenhout, 1982). Long-term resorption rates of
lead stored in the skeleton, though difficult to measure, have been derived
from isotopic ratio and radiolabel tracer studies (Chamberlain et al., '
1978; Manton, 1977). About 25% of an adult's PbB is estimated to result
from eventual re-entéy of skeletal lead (Chamberlain et al., 1978).
Chamberlain (1983) proposes that the blood lead/air lead ratios discussed
in Section V.B. be multiplied by a factor of 1.3 to allow foc possibie
re-entry into-the blood of lead transferred to bone or other long-term
storage.

The release of lead from the skeleton may be accelerated under some
sFressful conditions, such as chelation therapy, nutritional deficienciés,
hormonal imbalances, bacterial fnfectiéhs, and possibly lacté%ion with
subsequent transfer of both lead and calcium from mother to fetus or newborn
{Bethea and Bethea, 1975; Rosen and Wexler, 1977; Keller and Doherty, 1980;
Gross and Pfitzer, 1974). As a result, children, whose skeletal systems
are more prone to some of these demineralizing conditions, are at increased
risk of remobilization of skeletal lead. )

The lead content of deciduous teeth provides an index of historical
exposure over several years since teeth accumulate lead up to the time of
shedding or extraction. Tooth lead levels appear to be proportional to
exposure (Meedleman and Shapiro, 1974; Steenhout and Pourtois, 1981) and
to blodd Tead levels (Shapiro et al., 1978), and are becoming more commanly
used as ah exposure index in population studies of lead health effects in

children (e.g., Needleman et al., 1979; Winneke et al., 1982a, 1983;
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Ernhart et al., 1981; Smith et at., 1983). Uniform measurement techniques
are required to insure comparability in future studies since the absorption
of lead varies depending on the type of tooth (e.g., incisor versus molar)
and the constituent matrix within the tooth (e.g., primary and secondary
dentine, enamel), Although tooth lead levels are not useful in appraiﬁing
current exposure, reliable techniques of in situ tooth analysis are being -
developed such as X-ray fluorescence (Shapiro et al., 1978) which, when
combined with serial blood measurements, could provide indices of ongoing
uptake of Tead in target organs.

While most of the body burden of lead appears to be toxicologically
inactive due to its storage in bone and other possibly “protective" pools
in soft tissue such as nuclear inclusions and atherosclerotic plague deposits
(Cramer et al., 1974; Barrg, 1975), the fqaction of mobile lead in soft
tissue and blood available to biological sites of action determinas the
degree of potential toxicity to the organism. The most useful index of
this active fraction and of imminent toxicity may be the amount that is
excreted in response to administration of a chelating agent, such as EDTA
or penicillamine (CDC, 1985; Chilsom et al., 1976; Chilsom and Barlitrop,
1979; Saenger et al., 1982; Piomelli et al., 1984); Chelatable lead
apparently comprises a fairly large Jabile body pool made up of soft
tissue lead and a mobile compartment within bone (CD, p. 10-25).

In contrast to skeletal Tead, turnover fn soft tissues and blood
is rapid, with a residence time of four to six weeks in adults (Rabinoﬁitz
et al., 1976; Griffin et al., 1975), and possibly much shorter in children
{Duggan, 1983). Despite this transience, lead added to and removed from
these pools reaches equilibrium with relatively constant exposure. A

change in lead exposure and absorption shifts the balance to a new
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steady state of dynamic equilibrium within about 60 days although changes
in PbB tevels may be noted immediately (Tola et al., 1973; Rabinowitz et al.,
1973; Griffin et al., 1975). The equilibration period in children
may be quite different given their accelerated skeletal metabolism and
apparently increased lead resorption rates from bone, as well as the
shorter half-life of lead in their blood (Duggan, 1983). It does not
appear that with continuous dosing lead accumulates in the blood, although
it may do so in other tissues (Kehoe, 1961; Purser et al., 1983).

In contrast to tooth lead measurements which reflect iead exposures
integrated over years, a single blood lead measurement is limited to
reflecting primarily steady state exposures over recent months, although
a3 PbB level may respond to short-term changes in exposure in proportion
to the initial PbB content. Under conditions of intermittent exposures
and rapid growth, ;s is the case with children, blood lead provides only
a static picture of a dynamic process that inciudes intake, excretion,
storage, and mobilization. A high degree of variability in PbB levels
was frequently observed in children sampled semi-annually from birth
through two years of age (Rabinowitz et al., 1984a), while older children
(4-12 years) display greater stability (David et al., 1982). 1In addition,
blood Tead is only an indirect indicator of lead levels at critical sites
in the various organs and tissues (Azar et al., 1973; Grant et al.,

1980). For instance, levels of mobitizable tead (CaNap - EDTA) in 26% of
"asymptomatic" children with moderate elevations in blood 1ead'(30-49 ug/dl)
were similar to chelatable lead values obtained in children with overt

Tead toxicity (Piomelli et al., 1984). Again, this limitation of blood

lead as an index is especially evident with abrupt changes in expasure

because of lead's shorter retention time in blood compared with other
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parts of the body, particularly in the brain.of the developing organism
(Bjorklund et al.,, 1981; Momcliovic and Kostial, 1974).

Despite the limitations, blood lead has been the most widely used
index of exposure because of the ease and relative safety of its collection
and measurement. In future research there should be increased use of serial
blood measurements in combination with tooth lead analysis, or other indices

that reflect changes in tissue Tead burdens with changes in exposure.
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APPENDIX B8, ESTIMATES OF LEAD UPTAKE

For each of the numbered linesiin Table 5-1 in the integrated lead uptake/
biokinetic model, the assumptions and estimates used in calculating average
lead uptake for children from the various exposure pathways are discussed
in the correspondingly numbered paragraphis below.

1. OQutdoor air lead: Far purposes of this analysis, it is assumed
that each air lead concentration analyzed is maintained at a constant
level and thérefore represents the maximum average (e.g., either guarterly
or monthly) allowable under any given concentration, The possible impact
of daily variations in air concentrations on uptake is assumed to be small
given the equilibration period for lead in.blood (2 months in adults), the
relatively small contribution direct inhalation of 1eadhhas on total exposure,
and the modulation of lead levels after deposition and inteyration of lead
pérticles in the environment. It is also necessary to address potential
differences between lead levels monitored by stationary samplers and actual
exposures of children to airborne lead. Such differences arige from various
vertical and horizontal dispersion patterns of lead over complex micrometeorological
conditions (e.g., urban street canyons). For instance, lead levels decrease |
significantly with distance and with height near roadways and point sources
(Huntzicker et al., 1975; Landrigan et al., 1975; PEDCo, 1977, 1981).
Short- and long-term roof-top lead levels in New York City were about
60-80% of street level readings (Lioy et al., 1980; Bauman et al., 1982).
Despite such spatial gradients and inter-site variability, it is assumed
that the currently designed lead monitorihg network will adequately differentiate
poilutant variability and instances of significant excursions, and that
given the relatively small contribution of inhaled outdoor airborne lead
to total exposure to atmospheric lead, the level monitored by a fixed

sampler is a reasonable representation of outdoor, inhalable lead exposure.
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2. Indoorvair lead: The penetration of atmospheric lead ipto residential
structures depends on the size of the lead particles, meteorological conditions,
and the permeability of the windows, doors, and walls of the home. A range
of indoor/outdoor ratios has been found (0.3-0.8) for different cities and
structures (Yocom et al., 1971; Yocom, 1982; General Electric Company,
1972; Moscheandras et al., 1981; Halpern, 1978; Berk et al., 1981; Tasteson
et al., 1982) and is applied to the urban situation. Near point sources
where large airborne particles are more prevalent and infiltration into
homes is.1ow, the ratio appears to be closer to 0.3 (Cohep and Cohen, 1980),

3. Time spent outdoors: The amount of time spent between indoor and
outdoor environments varies among young chf?dreé depending on their stage
of dévelopment (i.e., infant, toddler, pre-school), season, geographical
location, and family behavior. For present pu;poées a range of 2-4 hours
per day spent outdoors (and therefore 20-22 hours spent indoors) is considered
a reasonable average (CD, p. 7-42). .

4, Time weighted afr Tlead concentrations for each level is estimated
by: [(outdoor concentration x time spent outdoors) + {indoor concentration
x time spent indoors)] + 24 hours.

5., The volume of air breathed each day is dependent on age, body
size, lung capacity, altitude, and activity of the child. For instance,
ventilatory volume can increase three-fald during strenuous exercise
(Cotes, 1979). Phalen et al. {1985) determined average ventilation rates
for males and females from birth through age 18 from graphical fits of
published tabulated data (Altman and Dittmer, 1971, 1972)., For example,
a two-year old at "low activity" is estimated to have a minute ventilation
rate of 2.75 liters/minute, which corresponds to an average daily rate ﬁf

approximately 4 m3/day while a three-year old is estimated to have a daily
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rate of 4.3 m3/day. Other estimates that appear in the }lterature are
4.7 m3/day (ICRP, 1975) and 4 to 6 m3/day (Nutrition Foundatlon, 1932) for
active one-year glds, and 4.7 m3/day for a three-year ald (Nutrition
Foundation, 1982). These véluesvcombined with those determined by Phaien
et al. are used to construct a range for the average daily ventilation
rate for a typical 2 year old child of 4 to 5 w3/day.

6. The range of total lead intake hy inhalation far each air lead
1evg1 is computed by multiplying both the estimated upper and lower bound
time-weighted average concentrations of air lead by upper and lower bHound
estimates of the volume of air respired per day. '

7. Respiratory deposition and asorption: Only a portion of inhaled
lead is deposited in the lungs and subsequently absorbed into the bloodstream.
The deposition efficiency of lead particles depends primarily on their size
and the physiology and rate 6f breathing of the individual. In Appendix A
(Section la), a respiratory deposition/absorption rate of 15 to 30% is
calculated for young children living in typical urban/rural areas, while
a rate of 35 to 60% is calculated for those living near point sources,

8. Total lead uptake from the air is the product of total intake
and the lung depositlon/absorption factor,

9, Average dietary lead consumption: Given the wide spatial and
temporal distribution of atmospheric lead to different populations
via the food pathway, it is difficult to reliably estimate current and
future contributions of Tead to the diet under alternative air lead levels.
Estimates of current (1982-1984) mean dietary lead intake are, however,
provided in the criteria document {(CD, Tahle 7-25). Rased on FDA
data on the lead content of various foods and beverages both before and

after processing, packaging, and preparation, and on food consumption
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patterns {(Beloian and McDowell, 1981; Jelinek, 1982; National Food Processors
Association, 1982, Pennington, 1983; Wolnik et al., 1983; U.S. FDA, 1984),
the CD estimates that, on the average, 25.1 pg of dietary lead are ingested
dafly by a 2-year old child through food, water 'and beverage consumption,
The direct atmospheric deposition of lead accounts for 10.3 pg of this
daily intake. The remaining 14.8 pg/day is attributed to natural lead (0.7
pg/day), indirect atmospheric lead, i.e., lead previously incorporated into
soil (1.7 pg/day), lead solder (11.2 pg/day), and undetermined sources (1.2
pg/day)., It is 1ikely that further research will show that the lead estimated
to be from undetermined sources is part atmospheric in origin and part from
industrial metals (CD, p. 7-51).

The 11.2 pg/day of dietary lead intake attributed to lead in solder
includes that contained in food, beverages and watér. Based on the percentage
of lead in water that is solder lead (CD, Table 7-23) and on the average
water consumption in a 2 year old (CD, Table 7-22), it is estimated that
water distribution systems (solder lead) currently contribute an average of
1.2 pg/day to the typical dietary intake of 1eaqfw In order to estfmate,the
future conffibut{on of’the water dfstribution system to dietary lead intake,
the impact of a revised lead drinking water standard that is expected to be
promulgated in the near future must be projébted. The U,5, EPA Office of
Orinking Water currently anticipates that this standard will be revised to
a level of approximately 20 pug Pb/1, which represents a 60% reduction in
the lead content of drinking water relative to the current standard of 50
ug Pb/1 (M, Coﬁig1io, personal communication, November 14, 1985). Assuming
that there will be a 5 year period before the impact of this standard is
observed (W. Coniglio, personal communication, November 14, 1985), it is

estimated that the dietary intake of lead from water will be 0.48 pg/day in
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1990. This projection assumes that the revised drinking water standard,
which applies to a lead concentration at the tap, is attainable, although
water treatment will be required in many areas nationwide to achieve
the level of the new standard (P. Lassovszky, personal communication,
November 14, 1985).

The remaining 10 pg/day of the current dietary intake of lead attributed
to solder is associated with food and beverage consumption. Because the
U.S. FDA, in conjunction with the National Food Processors Association, is
actively pursuing programs to further reduce lead in foods, it is estimated
that lead in adult canned foods should eventually decline by 70% from pre-1978
TeveTs as a resu1£ of the efforts of the two major U.S. can manufacturers
(CD, p. 7-48). With the combined effo}ts of the leading and smaller can
manufacturers, the removal of 90% of solder lead from the diet is expected
over the next decade (CD, p. 7-51). Based on this projection and the 50%
~reduction in the usage Af lead soldered cans that has already occurred
between 1979-1983 (Jelinek, 1984), it is estimated that the contribution of
solder lead to the dietary intake of food lead in a 2 year old child will
decline to 3.3 ug/day in 1990. |

The remaining source of lead in the diet that requires a projection to
account for future trends is direct atmospheric lead. In estimating
the direct atmospheric lead contribution to dietary lead intake, it appears
reasonable to make several assumptions that do not account for spatial and
temporal variations in the contamination of foods by atmospheric sources of
Tead. For example, with the exception of self-sufficient households, most
food is raised, packaged, and consumed in different locations, thereby blending
the effects of different atmospheric lead levels from around the country.

Furthermore, there may be a time lag between lead's introduction into the
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atmosphere and its incorporation into, and ingestion via the diet. Neverthe-
less, it is clear from the most recent data that the surface deposition of
Tead and its uptake into foliage and crops is a significant source of animal
and human exposure to atmospheric lead throughout the country (CD, Table
7-18).

The average lead éoutribution to a 2-year old's diet from direct atmospheric
deposition is estimated in the criteria document to be 10.3 pg/day and is
derived from data on the lead content of foods consumed in the U.S. during
1982-84 (CD, Table 7-25). A portion of the food consumed during this period
represents crops that were grown and animals that were raised prior to 1982.
The annJa] average lead concentration in non-urban areas in the late 1970's
was as high as 0.2 ug/m3 (CD, Table 7A-3). Most crops are grown, and most
animals are raised in rural areas where atmospher{c lead has been primarily
attributed to mobile source emissions of lead. The recent EPA revisions to
the gasoline {ead phasedown schedule (EPA, 1985b) that Tower the allowable
Tead content from 1.10 grams per g;]?on of leaded gasoline (gplg) teo 0.10
gplg, effective January 1, 1986, are expected t& reduce dietary lead
consumption in relation to reduced atmospheric lead deposition nationwide.

It is necessary, therefore, to estimate the impact of the recent revisions to
the lead-in-gasoline phasedown schedule so that future trends in dietary lead
consumption can be estimated.

By 1990, the average annual lead concentration due only ta mobile source
impacts for neighborhood scale monitoring sites is estimated under the revised
phasedown program to be approximately 0.02 ug/m3 (Battye et al., 1985). Mobile
source impacts for remote or rural areas were not projected. Based on the

projections for neighborhood scale monitors, it is clear that independent of

the level of the lead NAAQS, the average air lead levels in areas away from
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point sources (where food is generally grown and réised) will be below current
rural air lead levels. Battye (1985d) has made year-specific estimates of the
future mobile source contribution to ambient lead concentration in urban
areas. Although these estimates were made for urban areas, the same relative
reduction in the mobile source contribution is expected in rural areas. Based
on this relative reduction, the dietary lead intake due to direct atmospheric
lead was estimated to be 0.36 pg/day in 1990. This estimate is rounded off
to 0.4 pg/day and represents the direct atmospheric lead contribution to
calculate exposures under each of the air lead Tevels presented in Table 5-1,
The total average dietary lead intake under alternative air lead Tevels
can then be calculated by adding the atmospheric contribution to the estimated
lead intake from solder, natural soil lead, indirect atmospheric lead, and
undetermined sources,
10, Gut absorption: Only a portion of ingested lead is absorbed into
the bloodstream. As discussed in Appendix A, the percentage of absorption
of Tead Qarfes greatly depending on the contents of the gut and the nutritional
status of the child, A range of absorption rates betweeh 42 and 53%
(Ziegler et al., 1978; Alexander et al., 1973) is assumed for children.
11. Daily dietary lead uptake is obtained by multipiying rows 10 and 9.
12, and 13, Dust/soil concentrations: As discussed in Section IV, the
accumulation of lead in street and household dusts and soils éppears to be
directly related to the volume of traffic, and inversely related to distance
from neighborhood streets and roads, distanée from lead~based painted and brick
houses and buildings, and distance from lead point sources., Despite these
observations, there is little information on the relationship between different
air lead levels and dust levels over time. Predicting such 2 relationship

would require the inclusion of many complex variables such as deposition
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rates, chemical and physical characteristics of the lead particles and

soils, topographic and meteorological conditions, frequency of street
washings and precipitation, background dust concentrations, and information

on transport of dust and soil into homes and buf]dings. Given current data,
there would be an extremely large amount of uncertainty surrounding any one
of these variables for different locations. In order to predict outdoor and
indoor dust concentrations under alternative air lead concentrations, reljance
is placed on available studies that include measurements of both air levels
and dust and/or surface soil concentrations (see Table B-1). These data

are limited in that samples were collected from a small number of locations.
It is assumed, however, that both ﬁhe air and dust measurements were reprasentative
of lead levels in those areas and that the studies employed comparable
sampling and analytical techniques.

Because of historicai accunulations of relatively large lead particles
near primary and secondary lead smelters and other point sources, outdoor
soil and dust lead concentrations, and consequently potential exposures,
are signif1caﬁt1y greater in these areas, regardless of ongoing emission
controls. Therefore, separate exposure estimates for individuals living
near point sources under alternative air lead levels are required, Data
collected near lead point sources where emissions were comparable to current
situations will be used to develop outdoor soil/dust lead levels for point

sources meeting different air lead concentrations.
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Table B-1. Summary of Environmental Ledd Measurements from Various Locations

Average
Average Qutdoor Soil/ Average Indoor
Air Lead Qust Lead Dust Lead
(ug/m) {ua/g) {va/g) Location/Reference
0.20 43 70 Various Sites in UK.
0.40 . 336 190 (DOE, 1983)
0,28 518 565 Derbyshire, U.K. (lead mining
0.34 4,881 1,803 area) {Barltrop et al., 1975)
"Post-control®@ (1973-1976)
measurements in Omaha
neighborhoods:
Q.22 . 80 215 suburban
0.04 91 162
0.32 591 280 mixed {battery plant in resi-
: dential neighborhood)
0.46 260 470 commercial
{Angle and Mclntire, 1979;
Angle, 1985) .
1.6 - 2.0 1,200 11,000 Hartford {Lepow et al., 1975)
Distance range (km) from
zinc or copper smelters in:
0,13 35 241 (3.5 - 24,0)
0.20 243 409 {1.3 - 3,7) BRartlesville, 0K;
0.30 829 386 (0.8 - 4.3)
0.31 821 _ 44] (0.8 - 1.5)

0,14 75 235 (10.0 - 26.0) |
0.18 115 164 ( 3.5 - 21.0) Anaconda, MT;
0.09 294 210 {( 2.0 -« 11,0)

0.26 424 398 ( 2.0 = 3.5)
0.09 58 7% { 3.4 - 68.0)
0.1 65 60 { 1.0 = 6.4) Ajo, AZ;
0.19 77 65 (0.5 - 2.3)
0.36 532 263 (11.0 - 26.0)
.56 117 201 ( 5.4 - 14.5) Palmerton, PA
0.13 326 188 { 3.3 - 9.9)
0.28 33 438 (0.3 - 2.,8)
{Hartwell et al., 1983}
0.30 114 - “Post~control*d measurements (1976)
0.45 112 - in rural area, Brussels, and near
0.8 466 - lead smelter, Belgium {Roels et
3.67 2.560 - a]c, 1980)
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Table B-1. Summary of Environméiital Lead Measurements from Various Locations

(Continued)
Average
Average Qutdoor Se¢il/ Average Indoor
Air ;Sad Dust Lead Dust Lead
{ug/m°) {ug/g) (ug/g) Location/Reference
0.41 690 (street dust) 1,239 Near Arnheim secondary lead
240 (soil) smetter, Holland {Brunkreef et
al., 1981; Diemel et al., 1981}
0.82 924 713 Near Toronto secondary lead smelters
3.01 2,416 1,550 and in city (Roberts et al., 1974)
Near EY Paso primary lead smelter
1.3 427 1,479 "Post-control’d
2.7b 948¢ 8,623¢ "Pre~control®
(Morse et al., 1979)
0.5 337 1,800 Mear Silver Valley, ldaho, primary lead
0.5 700 3,900 smelter; Pre-control?@ (Yankel et al.,
0.7 2,300 3,400 1977; ldaho Dept. Health and Welfare,
3.0 1,400 . 3,300 1977)
6.6 1,250 .. 2,400
14,2 3,300 10,300
16.8 7,470 11,700

a"post-control” refers to the period of time following the application or increase
in emission controls at the lead point source(s) involved-in the particular study.
Conversely, "pre-control® refers to the period of time before the application

or increase in emission controls,
bGepmetric annual mean of air lead levels measured within 5 km of smelter

CGeometric mean of dust and soil lead levels within 6.4 km of smelter
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level under alternative lead NAAQS. For comparative purﬁoses, the calculations

of blood lead distributions under variocus air lead levels using the three

models presented below will use the GSD of 1.42 as well as values of 1.34

and 1.39 that are derived for homogeneous sub-populations of children.
AnaTyt{cal variation which exists in any measurement has an impact

on the bfas and bretision of statistical estimates such as the GSDs derived

from NHANES 11. For this reason, it is important to recognize the magnitude

of analytical variation in blood lead measurements due to measurement

variation (i.e., between measurements run at the same time) and variation

created by analyzing blood samples at different times (CD, p. 11-26)., For

example, correcting the GSDs for homogeneous subpapulations of children

(1.34 - 1.39) for the overall estimate of analytical variation for the

NHANES 11 study (0.02083) yields estimated GSOs in the range of 1,29 to

1.34, Using GSDs corrected in such a way, although providing ; moqe'accurate

characterization of a given blood lead distribution, may not be appropriate

for this assessment because the health effects studies used to define a

maximum acceptable Pb8 did not correct their PbB measurements for analytical

variance. These studies, 1ike NHANES II, generally employed the best .

available measurement techniques and quality control. Using "correcied“

GSOs on one hand to predict the distribution of children's PbB levels

around & mean population PbB, and then matching those predicted PbB 1eve1s.

with "“uncorrected” PbB ieve]s derived from health studies in order to

assess the risks associaféd with that population mean PbB, would result in

a somewhat biased assessment. Thérefore, ﬁhe range of GSDs presented in

the CO from NHANES II that are not corrected for analytical variance will

be used in further calculations.

' In setting the current Yead NAAQS in 1978, EPA estimated that in

order to protect 99.5% of U.S. children from attaining a PbB of 30 upg/dl,
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a target population mean PbB would be approximately 15 pg/dl assuming a
GSD of 1.3. Similar calculations can be made for other percentages of
the population if different protection “goals" are chosen, e.g., 99.9 or
99.0%. Given a population mean PbB level the relationship between different
percentiles in the corresponding blood lead distribution is illustrated
in Figure 7-6. The population mean PbB levels used in this example are
the lower bound estimates from the integrated lead uptake/biokinetic
model for children 1iving near lead point sources under specified constant
air lead levels. The GSD used to calculate the different percentiles
is 1.42, It is clear that for a given population mean PbB as one moves
higher in the Tognormal blood lead distribution, a progressively greater
change in predicted blood lead levels is observed. For example, at an
average air lead of 0.75 pg/mS, the integrated uptake/bickinetic model
predicts a population mean of approximately 8.2 pg/di. Given that population
mean and assuming a GSD of 1.42, 99.0% of the population would be below
18.5 pg/dl, 99.5% would be below 20,2 pg/dl, and 99.9% would be below
24,2 yg/dl. So, if a protécticn target of 99.9% is chosen, and given-a
maximum acceptable PbB level of 20 pg/dl, inadequate protection would be
provided at this air lgad level. If a protection target of 99.0 or 99.5%
is chosen, then acceptable protection would be assumed. [t is important
to recognize how sensitive the decision on a 1eaq NAAQS is to the choice
of an appropriate protection target.

Table 7-9 presents the population mean PbB levels that would be
required to protect 99.5% of U.S. children from reaching various PbB levels
given the range of uncorrected GSDs derived from NHANES II for homoyeneous
subpopulations (1,34 - 1,39) and for the entire mix of children excluding

those with PbB levels above 40 pg/dl (1.42). (Mean PbB levels necessary
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Average Air Lead (ugll:3)

Distribution of children's blood Tead levels as a function

of nonulation mean blood lead level under different air jead
concentrations. 1llustrative nonulation rean blood Tead ievels
are lower bound estimates of integrated untake/biokinetic model
for 2-year old children Tiving near a lead noint source. Per-
centiles in blood lead distribution for each nopulation rean
blood lead are calculated assuming lognormality and a GSD of
1.22. (Lines drawn through the datanoints were fitted by eve
and not throunh regression techniques.) Range of maximun
acceptable blood Tead levels was derived by staff based on
healt? effects information in criteria document (see Section
7.C.1).
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to provide 99.9% protection would be somewhat lower; canversely, they
would be higher for 99.0% protection).
These values were caléu]ated using the formula given to describe a

lognormal distribution (Yankel et al,, 1977): Mg * GSD® = Dn

where:
Mg = geometric mean PbB
GSD = geometric standard deviation
n = the number of standard deviations
= yalue of PbB at a standard deviation.

Dn

Table 7-9. POPULATION MEAN BLOOD LEAD LEVELS (ug/dt) REQUIRED TO
PREVENT 99.5% OF l.S. CHILDREN FROM £XCEEDING SPECIFIED BLOOD LEAD LEVELS
(Assuming GSDs of 1.34, 1.39, 1.42)

Maximum Acceptable Individual Blood Lead Level (ug/dl),
GSD 25 20 15 10
1.42 10,1 8.1 6.1 4.1
1.39 10.7 8.6 6.4 4.3
1,34 11.8 9.4 7.1 4,7

a2} Integrated Lead Uptake/Biokinetic Model

Table 7-10 presents the upper and lower bound estimates of average
daily lead uptake derived in the Integrated Lead Uptake Model in Section
V.A.l for point sources and general urban/rural areas under different
average air lead concentrations, along with the correspanding PbB levels
predicted for 2 year old children by the biokinetic model presented in

Section V.A.2 (Harley and Kneip, 1983).

i
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Table 7-100, AVERAGE BLNOD LEAD LEVELS FOR CHILDREN UNDER CONSTANT AIR LEAD LEVELS
{ESTIMATED USING INTEGRATED LEAD UPTAKE/BIOKINETIC MODEL)
Average Average Average
Air Lead Lead Uptgke Bload Lgad
(ug/m3)  Type of Area (ug/day) (pg/d1)
General 5.9 - 11.0 2.4 - 4.4
0.25
Pt. Sourca 7.9 - 19,6 3.2 ~7.9
General 10.4 - 17.2 4.2 - 7.0
0.50 .
Pt. Source 14,1 - 26.8 5,6 - 10.8
General 14,9 - 25.6 6.0 - 10.3
0.75 ~
Pt. Source . 20,3 - 34.4 8,2 - 13,9
General 19.1 - 34,4 7.7 - 13,9
1.0
Pt. Source 27.6 - 42.9 11.1 - 17,4
General 22.2 - 38,1 9.0 - 15,4
1.25
Pt. Source 33.% - 49,7 13,56 - 20,1
General 25.9 - 43.0 10.4 - 17.4
1.5 ‘ . .
‘Pt. Source 39.4 -~ 57.5 16.0 - 23.2

lair lead levels that were used to calculate daily uptake levels were assumed
to be constant and therefore can represeat either monthly or calendar quarterly

averages.

2Uptake estimates derived in Table 5~1. Range under each air lead level and
location reflects upper and lower bounds of estimates used to calculate
uptake levels.

3pbB levels for 2 year old children derived from lead biokinetic model

(Harley and Kneip, 1985) discussed in Section V.A.2.

Range under each air

Jead level and location reflects uncertainties in uptake astimates,
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Several uncertainties assoctated with these estimates are discussed
in Section V.,A.l and Appendix B. It is important to emphasize that because
air lead (and associated dietary, soil, and dust lead) levels were assumed
to be constant at whatever air level was analyzed, the upper ends of
these ranges in particular may represent "worst case" pqpulatidn mean
uptake and PbB estimates for each air lead concentration. The staff believes,
therefore, that given the available data and necessary assumptions used in
this model, the lower ends of the ranges of Pb8 levels for the different
air lead levels reflect the best estimates of lead exposure, uptake, and
metabolism among children in different 10£ations within the population.
Furthermore, estimated PbB Tevels at 2 years of age were selected in order
to predict the maximum impacts on young children. At this age, PbB levels
would be highest, assuming constant exposure, according to the biokinetic
- model (consistent with the NHANES I data). The lower bound estimates for
Z-year old children will thus be used as the predicted mean PbB lavels under
each air level in later calculations. Finally, assuming lognormality with
a geometric mean and GSD, it is possible to calculate for any mean PbB, the
individual PbB‘exceeded by a specified percentage of the population.‘ This
calculation is illustrated below for the other two modeling approaches and
the results are later summarized in Table 7-14,

b) Application of "Aggregate" Bload Lead/Air Lead Relationships
from Epidemiological Studies

i) Blood/Air Lead Slope

The epidemiological studies discussed in Section V.B., provide
quantitative estimates of the relationship between air lead exposures
and PbB levels in various populations of children. In assessing the

total impact that atmospheric lead makes on total exposure, the aggregate

modeling approach discussed in Section V.B,2 attempts to recognize the
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simultaneous presence of lead in multiple environmental media. Thus, the
median blood/air lead inhalation (i.e., disaggregate) slope for

children ( 8 ) is estimated in the CD to be 1.92 from three major studies
(Yankel et al., 1977; Roels et al., 1980; Angle and McIntire, 1979), and
éggregate slopes that include both direct (inhalation) and indirect {via
soil, dust, etc.) air lead contributions typically yield values in the
range 3-5 (CD, p. 11-108),

To account for possible re-entry of lead inta the blood transferred
from bone or other long-term storage, Chamberlain (1983) estimates
that blood/air lead relationships for adults must be multiplied by a
factor of 1.3, yielding a range of aggregate slopes betﬁeen 4 and 6 for
total air lead exposure. It is possible that the rapid growth and high
rate of turnovef in children's skeletal systems would require-an even
higher adjustment. '

Assuming that these slopes are reasonably accurate, and that at lower
levels of exposure (< 30 yg/dl) a linear relationship applies (Chamberlain,
1983; CD, p. 11-64), a 1 ug/m3 change in the average air lead concentration
would produce a corresponding increase of between 4 and & pg/dl in the
average equilibrated blood lead level of young children.

ii) Contributions from Non-Air Sources of Lead

To predict PbB levels associated with alternative air lead levels using
these aggregate slopes, it is necessary to estimate the contribution to
total lead exposure from emission sources not subject to control by imple-
menting an air quality standard. These sources may include lead-soldered
food cans, lead plumbing, lead-based paint, and indirect occupational

exposures (i.e., from clothing and shoes of parents who work in lead-related
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industries). It should be noted that by using measured lead concentrations
in dust from a wide range of locations and conditions, the integrated
uptake model discussed in the previous section implicitly includes

average contributions to total exposure from lead-based paint, but
excludes from the analysis high level exposures associated with
deteriorated lead-based painted housing, In addition, based on recent FDA
data the criteria document directly provides estimates of the dietary
contribution of non-air sources of lead which were used in the model,

In attempting to explicitly estimate exposures from non-air sources
of lead, which is necessary in applying the aggregate blood/air lead
slopes to determine an appropriate lead NAAQS, severai difficulties arise:

1) With the exception of non-air lead in diet, few";tudies provide
detailed information on the relative contribution of various sources to
children's PbB levels in the U,S. Estimates must be made by inference
from earlier survey data and theoretical calculations; and’

2) Because non-air contributions to PbB levels probably vary widely
in space and time among children, a single estimate for the average case
may result in a lead NAAQS that is not protective for all children. [This
can be expected, for example, for children who regularly ingest lead-based
paint.] Conversely, the air standard will be aoverprotective in areas
where lead from non-air sources is below the ‘average.

In setting the 1978 lead NAAQS, the Agency estimated that non-air
sources of lead contributed on average, 12 yg/dl to children's PbB levels.
Since then, significant reductions in PbB levels have occurred, attributable

not only to declines in atmospheric lead emissions but to the gradual
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conversion by manufacturers to non-lead solderad cans, the reduction in

the number of old, lead-painted homes, cleaner working conditions, as well

as efforts by parents and public health agencies to minimize children's

lead exposure, It is not surprising, therefore, that the non-air lead
contributiog to average PbB levels appears to be lower today. In children
sampled in NHANES 11 between 1976 and 1980 living in rural areas where air
emissions can be expected ta be minimﬁI, the measured geometric mean PbB
was 13.9 ug/dl (Annest et al., 1982)." After three adjustments are made to
the NHANES Il data, a true "non-air" PbB of 6.6 ug/dl is estimated for
children that are living in the U.5. by the time a revised lead NAAQS can
be expected to be implemented (i.e., 1990). The rationale for the adjusted
value is described below. '
1) Although automobile and industrial emissions may be low,
rural populations in the U.S. are still exposed to atmuséheric
lead through long-range transport from mobile sources and more
localized impacts from paint sources and indirectly from atmospheric
deposition of lead on crops grown around the country that enters their
diet, No data are available on U.S. children, although preliminary
analyses of the Isotopic Lead Experiment, which manipulated the isotopic
composition of gasoline sold in and around Turin, Italy, found
that apprdximate?y 11.4% of the blood lead in adult men living in the
countryside within 25 km of Turin can be directly and indirectly
traced to gasoline lead locally consumed over 7 years (Facchetti and
Geiss, 1982; Colombo and Fantechi; 1983), It can be reasonably assumed
that the contribution of total atmospheric (not only gasoline) lead to
active children who are regularly exposed to dirt and dust is likely
to be significantly higher compared to adults. 1In the absence of

direct data, the estimated average of 11.4% for rural Turin men is
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multiplied by‘two, yielding an estimate of 23% for PbB related to
gasoline lead and industrial sources in rural U.S. children. Thus,
the remaining 77% of children's blood lead is assumed to be attributable
to non-atmospheric sources,
2} .The NHANES Il data are based on blood lead measurements made
between 1976 and 1980. Since then, in addition to the phasedown of
gasoline lead, efforts by the food industry to remove sources of
lead consumed by young children have continued. The use of lead-solderad
cans has decreased from 90% in 1979 to 50% in 1983 and as the switchover
continues, lead in canned foods for children should decrease by as
much as 70% of pre-1978 levels (CD, p. 7-48; Jelinek, 1984). Since
Tead from solder and other metals is estimated to account for approxi-
mately 24% of a typical child's background lead exposure (CD, Table
7-25), ‘it is estimated that the average child's total PbB levels will
decline by (0.24 x 0.7) or 17%.
3) The staff estimates that ongoing efforts to reduce occupational
exposures (and thereby reduce children's indirect exposures) and to
prevent childhood lead poisoning, and the gradual reducticon of Tead
exposure to lead-based paint in old homes will have resulted in a 25%
reduction in the average PbB level in U.S. children from the 1976-1980
time period by 1990.
Based on these three considerations, the NHANES Il mean value of

13.9 ug/d1 for rural children sampled between 1976 and 1980 is adjusted

in the following ca1¢u1ation:

13.9 pg/dl x (0.77) x (0.83) x (0.75) = 6.6 pg/dl
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This estimate‘represents the mean PbB levels that would be expected in
1990 in U.S. children not exposed to atmospheric lead directly or indirectly,
based on the data and assumptions presented above.

Another method to estimate children's mean "non-air" PbB 1is to use
available data on typfcal background levels of lead in food, water, dust,
and soil ingested by U.S. children and the relationship between lead
taken up through these media and children's PbB levels. Table 13-6 of
the criteria document uses such data in calculating a mean PbB of 4.42 ug/di
to be expected at an air lead level of zero, Because this estimate is
based on observations limited to a few studies not necessarily representativé
of all U.S. children, it will be used with and added to the estimates
derived from the NHANES 11 survey to construct a range of PbB levels (4.4
to 6.6 pg/dl) predicted for U.S. children not exposed to atmospheric
lead emissions, either directly or indirectly.

It must be emphasized that these estimates for non-air contributions to
average PbB levels represent average values, Many children may be at risk
for significantly higher lead exposures that cannot be prevented by atmospheric
emission controls. In particular, these include children who ingest paint
chips and other non-food items containing leaded paint, children exposed to
high drinking water lead levels from eroding lead pipes or solders in
distribution systems, those living in deteriorated or recently resurfaced
lead~painted housing who inadvertently ingest paint dust t?rough normal
mouthing activities, children of parents who wohk in !ead-#e1ated industries
and are exposed to lead dust that is subsequently carried home on clothing,
or children living near lead smelters and other point sources where
historical accumulations of lead are excessive. The staff urges that other

regulatory agencies and public health programs, including other EPA
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components, responsible for minimizing children's lead exposures from
non-air sources, or from historical accumulations of atmospheric Yead
deposition, maintain or increase, where necessary, their efforts,

$i1) Calculation of Alternative Lead NAAQS

Based on the conclusions reached in the preceeding sections, alternative
target air lead levels can be derived using the "aggregate" modeling
approach by:

1) determining a maximum acceptable PbB level for individual children

(between 15-20 pg/dl) to protect against effects discussed in

Sections VII,C.1 and Appendix D with an adequate margin of safety;

2) catculating a target geometric mean PbB level for U.S. children

based on placing a specified percentage below the maximum acceptable

PbB: for purposes of the present discussion the goal is assumed to be

99,5% (Table 7-9); . °

3) estimating the PbB level attributed to non-air sources such as

leaded paint and cannéd food (4.4-6.6 pg/dl).

4) subtracting the non-air contributions from the target geometric

mean PbB level; and

5) dividing the remaining allowable contribution to blood lead from

air sources by the aggregate blood lead/air lead slopes (4-6 pg/dl

per pg/m3) discussed in Section V.B.

Tables 7-11, a-c present the alternative air lead levels derived from
these calculations assuming a goal of protecting 99.5% of the population
and GSOs of 1.42, 1.39 and 1.34, respectively. For purposes of this analysis, no
distinction 1s made between monthly or quarterly averaging times because
each air lead level is aésumed to be constant. Faor each possible PbB

that could be accepted as the level of concern, different target air lead

values acise depending on which blood/air lead slope, which non-air bload
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© Taole 7-11. Air Lead Levels (ug/m3, monthly or quarterly average) Requirad to Protact 99.5% of
Children from Exceeding Alternative Maximum Acceptable Blood Lead Levels According to Aggregate
Epidemiological Model for Different Non-Air Lead Contributions and Blood/Air Lead Slopes.

a} GSD for Population Assumed to be 1.42

Maximum Individual PbB

10 pg/dl 15 pg/di 20 ug/dl 25 pg/di
Blood/Air Lead Non-Air PbB Non-Air PDB ‘ NonéAir PbB Non-Air PbB
Slope 4.4 6.6 4.4 6.6 4.4 6.6 4.4 6.6
4 - - 0.4 - 0.9 0.4 1.4 0.9
5 - - 0.3 - 0.7 2.3 1.1 0.7
8 ' - - 0.3 - 0.5 0.3 1.0 0.6
b) GSD for Population Assumed to be 1.39
Maximum Individual PbB .
10 pg/d1 15 pg/dl i 20 pg/di 25 ypg/dl .
Blood/Air Lead Ron-Air b8 Non-ATr P58 Non-ATr PoB NGR=ATF P53
Slope 4.4 6.6 4,4 5,6 4.4 6.6 4.4 6,6
4 - - 0.5 - 1.1 0.5 1.8 1.0
5 - - 0.4 - 0.8 0.4 1.3 0.8
6 - . - 0.3 - 0.7 0.3 1.1 0.7
¢) GSD for Population Assumed to be 1.34
Maximum Individual PbB
10 pg/dl 15 pg/dl 20 pg/dl 25 pg/dil
Blood/Air Lead Non-ATr PGB Non-ATr PbB Non-ATr PGB Nor-Air PHE
Slope 4.4 6.6 4.4 6.8 4.4 6.6 4.4 6.6
4 , 0.08 - Q.7 0.1 1.25 0.7 1.85 1.3
5 0.06 - 0.5 0,1 1.0 - 0.6 1.5 1.0
6 0.05 - 1.2 0.9

0.5 0.08 0.8 0.5
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lead contribution, and which GSD is ultimately taken. For example, in
order to protect 99.5% qf the population of children from exceeding a PbB
Tevel of 20 ug/dl, and assuming a GSD of 1.42, a non-air blood contribution
of 4.4 pg/dl, dnd a blood lead/air lead slope of 4, an.air lead level of
0.9 ug/m3 would be adequate. At this time, the staff does not attempt to
Jjudge which of the values in the ranges presented are most valid for these
parameters {(i.e., GSD, blood/air lead slope, non-air PbB) and awaits comment
on these issues before discussing the margins of safety associated with
a]ternativé lead NAAQS. It is clear, however, that given a maximum acceptable
PbB no higher than 20 pg/dl for an individual child, all of the air lead
alternatives predictgd as necessary for adequate protection (99.5%) by the
aggregate epidemiological model are below the current standard level of 1.5
pg/m3. 1t is also clear that according to this model, even an air lead
Tevel close to zerd would not fully protect 99.5% of children from exceeding
PbB levels of 10 pg/dl, and assuming a non-air contriﬁhtidn of 6.6 pg/dl,
from exceeding 15 pg/dl. These results are compared in Table 7-14 with PbB
levels predicted under various air lead levels by the other two models.

In addition, it once again should be noted that none of these airllead
Tevels can fully protect children who are excessively exposed to non-air
sources of lead such as paint chips, and heavily contaminated soils and dusts.

¢) Predicting Blood Lead Levels Using "Disagqregated” Slopes for Individual
MedTa

Just as mathematical relationships have been derived between blood lead
and air lead levels among different populations, various studies have
fnvestigated the relationship between blood lead levels in children and
concentrations of lead in food, water, soil, and dust to which they are
exposed. The CD has applied the most reliable and relevant of these

relationships to currently representative concentrations of lead in these
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individual media in order to estimate proportional inputs to total PbB
levels in U.S5. children {CD, Section 13.4.3). :

Table 7-12 (CD, Table 13-6) presents estimates for the direct and
indjrect contributions of air Iéad to childrén's {intended to represent
2-year olds) blood lead at different air lead levels and typical background
levels of lead in food, water and dust. Calculations and assumptions used
%n deriving the estimates are summarized in footnotes to the table and are
referenced to specific sections of the criterialdocument.

This disaggregated analysis shares similarities to both approaches '
presented earlier in this paper that were used to estimate PbB levels under
alternative air lead levels. For example, the integrated lead uptake/bio-
kinetic model estimated the range of contributions that both atmospheric
and non-atmospheric sources of lead make to total exposure, directly and
indirectly, via the individual media pathways; The second "aggregate"
blood lead/air Tead approach relied on mathematical relationships derived
from some of the same epidemiological studies relating blood lead and lead
in the environment. )

It is of interest to note that after adjusting the estimated PbB in
Table 7-12 for children exposed to 1.25 ug}m3 air lead to a level thaﬁ
would be expected given the dietary and background 1ead conditions during
1976-1980 when NHANES II was conducted, the result is roughly comparable to
the mean’PbB measured by the NHANES I survey for children living in U.S.
urban areas which then had an average air level of approximately 1.20 ug/m3
(15.6 vs. 16.8 pg/d1) (CD, p. 13-26 to 13-28).

The PbB levels listed under each air lead level in Table 7-12 represent
the predicted population mean PbB levels for 2-year olds. Using the
equation presented previously in this section, it is possible to estimate,

given a geometric mean PbB Tevel and known blood lead distribution
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TABLE 7-12. CONTRIBUTIONS FROM VARIOUS MEDIA TO BLOOD LEAD LEVELS (,.g/dl) OF
U.S. CHILDREN (AGE‘= 2 YEARS): BACKGROUND LEVELS AND INCREMENTAL CONTRIBUTIONS FROM AIR
Air Lead {ug/m®)
Source 0 .25 .50 .75 1.0 1.25 1.5
Background-non air
food! 1.55 1.55 1.55 1.55 1.55% 1.55 1.55
Water? .94 .94 .94 .94 .94 .94 .94
Dust? .30 .30 .30 . .30 .30 .30 .30
Subtotal 2.7 2.79 2.79 2.79 2.79 2.79 2.79
Background-air :
Food? 1.47 1.47 1.47 1.47 1.47 1.47 1.47
Waters .16 .16 .16 .16 .16 .16 .16
Subtotal 1.63 1.63 1.63 1.63 1.63 1.63 1.63
Ingested Oust (with Pb
deposited from ajr)® 0.00 1.57 3.09 4.70 6.27 7.84 9.40
Inhaled air? 0.00 .50 1.00 1.50 2.00 2,50 3.00

Total 4.42 5.49 8.51 10.62 12.69 14.76 16.82

From Table 7-25, (18.9 ~ 9.2) pg/day x (0.16 from Ryu et al., 1983) = 1.55 ug/dl.

2From Table 7-25, (6.9 = 1.0) pg/day x (0.16 from Ryu et al., 1983) = 0.94 ug/dl.
Alternatively, Tables 7-20, 7~21 give a weighted mean concentration of liquids as
0.012 pg/g. 1/7 is atmospheric, leaving 0.01 pg/g (10 pg/1) non-atmospheric. 10 x
(0.06 from Pocock et al., 1983) = 0.5 pg/dl.

3From Chapter 7, 1/10 dust not atmospheric. Using Angle et al. (1984) low area (Area S)
for soil and house dust and their regression equation, we have: (1/10) x (97 ug/g x
0.00681 + 324 pg/g x 0.00718) = 0.30 pg/dl. Alternatively, the consumption fram von aie
would be (1/10) x (97 pg/g soil dust + 324 ug/g house dust) x 0.05 grams ingested of
each = 2.1 ug ingested. Using Ryu et al. (1983), 2.1 x 0.16 = 0.34 pg/dl added to blocd.

4As in 1 above, but using 9.2 instead of (18.9 ~ 9.2) yields 1.47 nug/dl. Values are derived
for component of background Pb in food from past depssition from air onto soil and into other
media leading into human food chain (not expected to change much except over lang-tarm).

5As in 2 above, but using 1.0 instead of (6.9 - 1.0) yields 0.16 pg/dl. Values ara derived
for- component of background Pb in food from past deposition from air onto soil and into other
media leading into human foad chain {not expected to change much except over long-term).

SThe regression equations of Angle et al. (1984) are used, as well as levels of scil dust
and house dust in the low area (S) and high area (C) of that study. For example, the
increase at 1.0 pg/m? in air would result in increases in soil as follows:

1.00 - 0.29 i _
586 =025 X {519 - 97) = 526 ug/g
Similarly the increase in house dust would be:
1.00 - 0.29 §25 - 324) = 374 pg/
. 086 -0.29 * ¢ 24) = 374 ug/g
The effect on blood lead would be (526 x 0.00681) + (374 x 0.00718) = 6.27 ug/dl.

TUsing the 2.0 slope from Angle et al. (1984), f.e., 1.93 rounded up.

Source: CD, Table 13-6.
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characteristics of the population, the individual PbB at a specified standard
deviation, Table 7-9 for example, indicates that giveﬁ a gebmetric mean
PbB level between 8.1 and 9.4 pg/dl, 99.5% of the population of individual
children would have PbB levels below 20 pg/dl (depending on which geometric
standard deviation is chosen). Similarly, a population mean PbB of 8.51
for example (predicted under an air lead level of 0.50 ug/m3 in Table
7-12), wauld prevent 99.5% of the population from exceeding a PbB of either
18,1, 19.9 or 21.0 ug/dl {for GSD's of 1.34, 1.39, and 1.42, respectively).
Table 7-13 Tists the maximum individual PbB predicted in 99.5% of the
population for each estimate of mean PbB predicted by the criteria document
in Table 7-12. These results are presented in Table 7-14 for comparison
with those of the other two modeling approaches.

Table 7-13, Maximum Individual Blood Lead Levels for 99,5% of

Children Under Different Air Lead Levels, Based on Mean PbB

Predictions from CD Disaggregate Model (see Table 7-10) and Assuming
Different Geometric Standard Deviations -

“Predicted Geometric

Air Lead Mean PbB Maximum Individual PbB {pg/dl)
(ng/m3) (ug/d1) GSD
1.34 _1.39 1.42
0 4.42 9.4 10.3 10.9
0.25 6.49 13.8 15.1 16.0
0.50 8.8 18.1 19.9 21.0
0.75 10.62 22.5 2.8 26.2
1.0 12.69 26.9 29.6 31.3
1.25 14.76 31.3 34.4 36.4
1.50 16.82 35.7 39.2 41.5

d) Summary of Predicted PbB Levels under Alternative Air Lead Levels

Table 7-1l4a presents the various estimates of PbB levels for children

(both means and individual maxima for 99.5% of the population) under different
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average {(monthly or quarterly) air lead levels based on the three modeling
approaches discussed in this section and using a population GSU value of
1.42. As discussed previously, the staff concludes that a GSD of 1.42
derived from NHANES II data is the most appropriate value to use in predict-
ing'how the distribution of blood lead levels among U.S. children would be
affected by incremental changes in air lead levels. For comparative purposes,
Table 7-14b presents the same estimates using the three modeling approaches
assuming that the GSD is between 1.34 and 1,39, the rénge calculated from
NHANES 11 for homogeneous subpopulations of U.S. children.

It must be emphasized that for present purposes, each of the air
lead levels are considered constant. As discussed in the criteria document
(Chapter 6} and in Section 1V, airborne lead concentrations are highest
nearksources of lead emissions and decrease rapidly by dispersion or deposition.
As a result, sharp downward gradients.in air lead levels are seen with
. increased distances from the immediate vicinities of highways and stationary
tead sources {Roberts et al., 1974; EPA, 1984b). 1In reality, in an area
that is in attainment with a standard, air lead levels at some points close
to the source or directly downwind may be at the standard level, but the
remaining locations will have concentrations below the standard. Consequently,
assuming constant air lead quality at the level of a specified lead NAAQS
in all locations would tend to over-predict the impacts expected for a wide
area. Therefofe these results from the models should be interpreted as
conservative in the context of projections for large poﬁulations of
children in point source (and non-paint source) “areas”. Analyses will be
presented in a separate report to better represent actual exposures
surrounding lead point sources in the future under alternative lead NAAQS.

It should also be noted that the three exposure modeling approaches

presented in Section V all employ data on indoor and outdoor dust and soil
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lead concentrafions measured in various IQcatiohé where children were
exposed. As Eest that can be determined from the studies, these data do

not include measurements from in and around homes whare peeling pgint, holes
in the walls, or other unsound conditions were reported. [Those data

from homes with identified lead paint hazards are excluded from analysis;
see Appendix B.] To the extent that the studies appeared to have.samp1ed
populations and dwellings representative of the study areas, a heterogeneous
mix of homes are likely included and it is reasonable to assume that the data
do include older homes with lead-based paint (but no overt hazards) and
therefore may be suitable to represeat average or “"typical” lead exposures
excluding those due to excessively high paint lead levels. 1In addition,
where applicable, available information was used on the average rate of

dirt ingestion through inadvertent hand-to-mouth activity in children.

No attempt 1sfmade here ;o distinguish exposures to lead in children with

a high degree of pica {i.e., abnormal tendency to repeatedly ingest non-food
items) or who are excessively exposed to -‘lead in paint from deteriorating
housing conditions. Such children cannot be effectively protected from the
hazards of lead in their environment by a Tead NAAQS. Further discussion

on this issue is provided at the end of this section,

The ranges of PbB estimates under each air lead level reflect the
differences among the available modeling approaches. For gach air lead
level and each GSD, the protection predicted for young children not :
excessively exposed to non-air sources of lead {e.g., paint lead) by the
three models can be compared. For example, based on the criteria document's
disaggregate model, at an average air lead level of 1.5 ug/m3 and a GSD of

1.42, 99.5% of exposed children (2 year olds) would have PbB levels below
41.5 pg/dl. The integrated uptake/biokinetic model predicts that the

TEH 0413604

o o ~  DUP050454849

,,,..,ﬁ..ﬂ.;.«




VII-77

corresponding 99.5% cutoff would be 39.5 pg/d1 among 2-year old children
living near lead point-source and 25.7 pg/d1 among those in generalized
urban/rural (i.e., non-point source) areas. (As discussed previously, ail
PbB estimates presented in this section for the integrated uptake/biokinetic
model are those from the lower end of the calculated range since the assumption
of constant air lead levels used in this model would tend to over-predict
exposures.} The range of PbB levels calculated using the aggregate medel

at 1.5 ug/m3 encompasses that predicted-by the other two models at this air
lead concentration. Relatively comparable results are also found among

the three models at air lead levels of 1.0 and 1,25 ug/m3. It is clear that
each model estimates that, given the range of PbB levels of concern

(15-20 pg/d1), 99.5% of young children would not be adequately protected at
an air lead level above 1.0 ug/m3. In fact, given a maximum acceptable PbB
Tevel for an indivjdua] child of 20 pg/dl, and a GSD of 1.42, the models
predict that 99.5% of children would not be adequately protected at an
average 4ir lead level of 1.0 pg/m3, unless the least conservative parameter
values of the aggregate model are accepted (i.e., blood/air lead sTopé (8)
of 4, non-air background PbB of 4.4 pg/dl), or only children living away
from lead point sources in the uptake/biokinetic model are considered.

At 0.75 ug/m3, however, 99.5% of 2-year old children not excessively
exposed to paint lead would have PbB levels below 20.2 pg/dl according to the
integrated uptake/biokinetic model (including point source areas) as well
as the aggregate mode1, using Tow and mid-range parameter values [ 8 of 4
or 5, non-air background PbB of 4.4; a 8 of 5 and non-air PHB of 4.4,a£ an
air lead level of 0.75 ug/m3 yields a mean PbB of 8.2 ug/dl, identical to that
predicted by the integrated uptake model for point source areas and which

would be associated with a 99.5 percentile PbB of 20.2 pg/dl.] Given that
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20 yg/d1 is the upper bound for a maximum acceptable PbB level for an
individual child, the staff recommends based on this analysis that the upper
bound of the range of air lead levels that should be permitted under a revised
lead NAAQS should be no higher than 0.75 ug/m3. It must be noted that even
at this air lead level, the criteria document's disaggregate model and the
upper bound parameter values of the aggregate model do not predict adequate
protection (99.5%) against individual blood lead levels of 20 ug/di.

At the>16wer air lead levels apalyzed (0.25 and 0.5 ng/m3), the
integrated uptake/biokinetic model predicts greatér protection (i.e., lower
PbB levels) than the other two models, especially at 0.25 ug/m3. This
divergence may be related to the wider array of data sources employed in
the integrated model. §Eecif1ca}1y, the dafly lead uptake estimates which
determine the PbB estimates in the integrated uptake/biokinetic model are
calculated at each air lead level in part from dust and soil lead concentrations
that were measured cdncurrently with air lead, eve} at Tow levels,
at various locations. The epidemfological studies that were used in the
aggregate and disaggregate models to derive relationships between air lead
and blood lead and soil/dust lead and blood lead, on the other hand, were
generally conducted during times and in areas where atmospheric air Tead _
levels were relatively high compared to levels that would be predicted
under a 0.25 or 0.5 ug/m3 Tead NAAQS. As a result, relationships from these
epidemiological models to predict PbB levels under low air lead levels are
for the most part, extrapo]aﬁions from higher pollution conditions, The
dust and soil lead concentrations estimated at low air lead levels and thus
the PbB levels predicted in the integrated uptake/biokinetic model are more
directly derived from actual measurements closer to the scenario modeled
and may therefore be more reliable than the PbB levels estimated by the

aggregate or disaggregate models at these lower air lead levels.,

“ TEH 0413606
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At 0.5 pg/m3 and with a GSD of 1.42, the integrated uptake/biokinetic
model estimates that 99.5% of 2-year old children 1iving near point sources
and not excessively exposed to paint lead would have PbB levels below
15 pg/dl, which is the lower bound EbB Tevel of concern. In contrast,
the other two models predict that a smaller fraction of children would
‘be below 15 ypg/d1 at 0.5 ug/m3, but that 99.5% could be expected to have PbB
levels below approximately 20 ug/dl, the upper bound PbB level of concern,
under certain assumptions. For example, calculations using the aggregate
model at 0.5 ug/m3 and a 8 of 5 and non-air background PbB of 4.4 yields a
mean PbB of 6.9 pg/dl, which corresponds to a 99.5 percentile of 17.0 pg/dl
given a GSD of 1.42. The disaggregate model estimates that at 0.5 u9/m3,
99.5% of 2-year old children would have PbB levels below 21 ug/dl, given a
GSD of 1.42. Only at air lead levels below 0.5 yg/m3 (e.g., 0.25 pg/m3) do
all three models predict adequate protection (99.5%) from 20 ug/dl regardless
of the assumptions employed. Even at 0.25 ug/m3, however, inadequate
protection from PbB levels of 15 pg/d1 among young children is predicted by
the middle to upper bound estimates in the aggregate model and by ﬁhe
disaggregate model, given a GSD of 1.42, In fact, given the mean non-air
background PbB estimate used as an upper bound in the aggregate model (6.6
ug/dl), no air lead level considered would be calculated as providing adequate
protection from PbB 1eve!s.of 15 ug/d1 among 99.5% of the population if the
upper bound of the aggregate model is relied upon.

e) Staff Conclusions

With regard to Table 7-14a and 7-14b, the following conclusions can be
made, all of which pertain to children not excessively exposed to lead in

paint or with a high degree of pica:
1. At air lead concentrations at and above 1.0 pg/m3, 99.5%

of young children would not be protected from reaching PbB levels of 20 ug/dl,
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unless only children living away from lead point sources are considered in
the integrated uptake/biokinetic model, or lower bound estimates only are
considered in the aggregate model.

2. 1If 20 pyg/dl is chosén as the maximum acceptable PbB for an individual
child and 99.5% chosen as -the protection target for the population, the
highest air lead concentration that should be permitted under a
revised lead NAAQS is 0.75 ug/m3, according to the integrated uptake/biokinetic
model and the lower td middie estimates of the aggreéate model, If only the
upper bound estimates of the aggregate model, or the criteria document
disaggregate model is considered, an average air lead Tevel between 0,25 and
0.5 ug/m3 would be required to protect 99.5% of young children from PbB
levels of 20 ug/dl.

3, If 15 pg/dl is chosen as the maximum acceptable PbB for an individual
child, an average air lead concentration of 0.5 pg/m3 would provide protection
for 99.5% of_young children according to the integrated uptake/biokinetic
model. According to.the other models, an average air lead level below 0.5
ug/m3 (0.25 pg/m3 and possibly lower) would be required to prevent Pbg
Tevels above 15 pg/dl, depending on whicﬁ assumptions are relied upon.

4, The above conclusions pertain to estimates derived from applying a
GSD of 1.42 to calculate blood lead distributions around mean PbB levels
predicted by the models. The staff concluded previously that this 6SD appears
to be the most appropriate GSD in determining a lead NAAQS that would protect
the entire mix of U.S. children. If it is determined, however, that a GSD in
the range of 1.34 to 1.39 is more appropriate, the results presented in Table
7-14b could be used to compare the relative protection provided under different
air lead levels according to the three exposure models.

5. The above calculatfons all were presented in the context of

keeping a constant fraction (99.5%) of the sensitive population below
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some critical PbB level. By estimating different parts of the tail end of
the PbB distribution that corresponds to a given mean PbB, it is possible
to predict the impacts of different air lead levels if different protection
"goals" (e.g., 99.0 or 99.9%) are chosen. For example, given a mean PbB of
8.2 pg/dl (predicted by the integrated uptake/bickinetic model for children
living near a lead point source under an average air lead level of 0.75
ug/m3) and a GSD of 1.42, the 99.9 percentile would be 24,2 ug/dl, compared
to the 99.5 percentile of 20.2 pg/di. The 99.0 percentile given.a mean PbB
of 8.2 pg/dl is 18,5 pg/di. It is clear that the percentage of children in
the tail end of the PbB distribution is sensitive to small changes in the
mean, and conversely, if a different protection goal besides 99.5% is
chosen, a sign%ficant\y different air lead level would be required to
achieve that target.

6. Finally, it must be emphasized that the potential health risks
posed to children with very high levels of exposure to lead contaminated
dusts, soil, and paint are not accounted for in these analyses. Average
blood lead estimates are calculated for the population of "typical® children
and subsequently, blood lead levels of individuals are presented who are in
the upper end of the “normal® distribution. " In order to model children
with excessive exposures to non-air sources of lead, it would be necessary,
for example, to: a) assume a higher daily ingestion rate of dirt than 100
mg so as to account for a high degree of pica (i.e., repeated ingestion of
non-food items); and/or b) assume a significantly higher concentration of
lead in indoor dust and outdoo; soil and dust in order to account for the
impact of flaking and peeling lead-based paint commonly found in homes built
before 1960, or severely contaminated soils/dusts due to historical

accumulations of point source emissions,
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Because of the large stock in the U.S. of old, occupied housing containing
lead pigment paints which have deteriorated and will in the future continue
to deteriorate, it seems likely that exposure to lead in old housing, in
combination with poverty, sub-optimal nutrition, and parental stresses
and limitations will constitute the major issue in childhood lead toxicity
during the coming decades (Chisholm 1984; ﬁahaffey, 1980). It is important
to recognize that any lead NAAQS would not suffice in reducing health risks
posed to children from lead-based paints and further coordinated, preventive
measures by appropriate governmental activities to eliminate the hazards
associated with lead-based paint (e.g., removal of severely contaminated
soil, sealing or repainting surfaces) are needed.

Regulatory action directed at the large reservoir of existing lead in
dust and paint in and about the older homes of urban children has had only
limited impact because it pertains onli to federally-assisted housing and
the dwellings of children identified as lead-poisoned (Farfel, 1985; see
Section IV,F). Together, these categories of housing constitute a §ma11
proportion of all housing. Only a few cities and states have enacted
legislation requiring prophylatic removal of lead-based paint from dwellings,
and the few abatement programs have had little impact due to a lack of
commitment and capability for inséections and enforcement (Farfel, 1985).
Although screening programs have been generally effective in the management
of affected children at highest risk for symptomatic lead poisoning (COC,
1985), primary rather than secondary preventive measures are required to
address the vast majority of affected children with undue lead absorption
who are at moderate risk.

The e]iminatipn of lead hazards from all housing {(not just the houses of

jdentified, affected children) will require strong housing codes and legal
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In summary, the staff's assessment of the available information on the
averaging period, form, and sampling frequency suggests the following:

1) Based on available information, a monthly average appears to be
the most appropriate health target;

2) The standard itself could be expressed as either a monthly average
or as an appropriately adjusted quarterly -average that would assure the
moenthly average health target is achievgd duéing periods and in areas of
maximum concentration;

3) The standard, either as a monthly or quarterly average should be
expressed in a statistical form. Of those examined, the expected highest 3
ménths (quarters) approach appears most appropriate;

4) Sampling frequency using the high volume sampler could vary depending
on the averaging period and form of the standard, and the site type, from
one:in~three days to everyday sampling (assuming a precision of + 10%); and

5) The use of “low-volume“'samplers in 1ieu of the high-voTumé sampler as
a modification to the Federal Reference Method for lead may be appropriate,
but site-specific testing would be needed.

C. Level of the Standard

To assess the degree of health_protection that would be afforded by
alternative lead NAAQS, it is necessary to predict the blood lead (PbB)
Tevels associated with various concentrations of air lead for the
‘sensitive populations and to determine the toxicological consequences
associated with different PbB levels among young children,

1, Summary of Health Risks Associated with Different PbB Levels

Table 7-5 summarizes the lowest observed effect levels (in terms of
PbB levels) that the CD concludes to be thus far credibly associated with
“"unacceptable risk" for particular health effects of concern occurring

among at least some children (CD, p. 13-32). Many individuals may
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Table 7-5. sumMARY OF LOWEST OBSERVED EFFECT LEVELS FOR KEY LEAD~INDUCED HEALTH EFFECTS IN CHILOREN

Gastrointestinal

Lowest Observed Heme Synthesis and Neurological Renal System
Effect Level (PbB) Hematological Effects Effacts Effects Effects
80~100 pg/dl Encephalopathic Chronic nephropathy Colic, other overt

signs and symptoms

(aminoaciduria, etc.) gastrointestinal symptoms

70 pg/dl Frank anemia
60 pg/di Peripheral neuropathies -t
50 pg/dl ° ¥
40 pg/dl Reduced hemoglobin CNS cognitive effects
synthesis €1Q deficits, ate.)
Elevated coproporphyrin Peripheral nerve dysfunction
(slowed NCV's)
Increased urinary ALA
30 pg/dl L3 o Yitamin O metabolism
interference
15 pg/dl Erythrocyte protoporphyin Altered CNS electrophysiolegical
elevation ) rasponses
10 pg/al ALA-0 inhibition l
Py-5-N activity ?
inhibition
?
Abbreviations: Pbl = blood lead concentrations; Py-5-N = pyrimidine-5'-nucleotidase.
Source: CD, Table 13-8. .

/
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not experience the statea effect until distinctly higher PbB levels are -
reached (CD, p. 13-32), or conversely may respond to even lower PbB levels
due to wide ranges of individual biological susceptibility, variations

in nutritional status, and other factors.

It is clear, as discussed in Section VI and in Appendix D, that lead
affects many different organ systems and biochemical/physiological processes
across a wide range of exposure levels. These effects range from biochemical
changes in energy metabolism and synaptic neurotransmission, with no apparent
thresho!d on a subcellular molecular level, as well as alterations in blood
enzyme‘activity detectable at PbB levels at or below 10-15 pg/d1 (e.g.;

ALA-D, pyrimidine-5-nucleotidase) (CD, Table 12-9; Angle et al., 1982) .to
sevete, irreversible central nervous system damage manifested by mental
retardation, encephalopathy (degenerative brain disease), and possibly, death
at PbB levels starting between 80 and 100 pg/d1 (CD, p. 12-62). Other

overt neurological damage such as peripheral neuropathies have been observed
at PbB levels as low as 40-60 pg/dl (CD, p. 12-95). Clearly adverse

effects occur in other organ systems at these elevated levels (60-100 pg/dl)
including chronic nephropathy, gastrointestinal symptoms, and frank anemia,
which represents an extreme manifestation of reduced hemoglobin synthesis and
which has been observed at PbB levels as Tow as 40 ug/dl (CD, p. 12-47),

Less severe but important signs of impairment in normal physiological
function are evident at similar and lower exposure levels than those associated
with overt intoxication. The nervous system is a critical target for low-level
Tead effects, which are summarized in Table 7-6., Alterations in neurochemistry
(e.g., neurotransmission, brain mitochondrial function) are evident within
minutes of exposure to submicromolar concentrations of lead in vitro aﬁd in

vivo. Although the functional significance is difficult to assess and
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estimates of PbB levels at which such effects occur in humans, cannot be made,
these neurochemical changes (e.g., inhibition of acetylcholine release and
Na,K-ATPase activity) exhibit continuous dose-respanse relationsinips which
may form the bases of delayed brain development and disrupted neurobehavioral
function (Silbergeld, 1983). Indications of sensory and peripheral motor
nerve dysfunction, such as slowed nerve conduction velocities (NCV), have
been observed in adults with PbB levels as Tow aé 30-50 ug/d1 (CD, p. 12-61}).
Significant delays in neuroclogical development and persistent alterations
in neurobehavior have been found in young animals exposed to relatively low
levels of lead (See Appendix D.2). Determining the subtle interactive
effects of low level lead exposure on children's neuropsychological development
in relation to social (especially caregiving), genetic, nutritional, and
other influential variables over time, and controlling for experimental
and analytical biases have proved to be difficult, however, and have generated
contrasting interpretations. Problems encountered in the conduct and
interpretation of childhood lead studies are discussed in the criteria
document and in Appendix D.2.
The criteria document 6onc1udes that:
"none of the available studies on the subject, individually, can be
said to prove conclusively that significant cognitive (IQ) or behavioral
effects occur in children at PbB levels < 30 pg/di. Rather, the
collective neurobehavioral studies can probably now be most reasonably
interpreted as being clearly indicative of likely associations between
neuropsychologic deficits and low level lead exposures in young children
resulting in PbB levels ranging to as low as 30-50 ug/di. The
magnitude of average observed IQ deficits appears to be approximately
5 points at mean PbB levels of 50-70 pg/dl1 and about 4 points at
mean Pb8 levels of 30-50 pg/d1 {CD, p. 13-35). Although such 1Q
deficits are relatively small on average, such shifts in the mean can
make a substantial difference in the percentage of children with 1Q's
in the extremes of the population distribution (i.e., below 80 and
above 125) and may impact the intellectual development, school achievement,
and social development of the affected children sufficiently so as to
be regarded as adverse” (CD, p. 13-36),
Figure D-2 in Appendix D illustrates how an apparently small shift (4 points)
in 1Q in the mean of a normal distribution may result in important differences
in the tails of the distributien.

| TEH 0413551

DUP050454861

e




iiti54

A recent study and follow-up of U.S. children from families of low socio-
economic status appear to confirm previous conclusions that PbB levels above
30 pg/dl may be associated with 1Q decrements (Schroeder et al., 1985). An
initial assessment at 1-6 years of age showed a significant effect of blood
lead in the range 6-59 pg/d1 on IQ after controlling for social covariates,
such as SES, home environment, and maternal [Q. Five years later, when all
PbB levels dropped below 30 ug/di, lead effects on 1Q were no longer signi-
ficant. Furthermore, the correlation between maternal and child 1Q, which
had been suppressed initially in children with PbB levels above 30 pg/dl,
returned to expected levels when decreases in PbB levels occurred, while
concomitant variables remained stable over the 5-year period.

In European children estimated to have PbB levels between 15 and 30 ug/di,
small deficits in 1Q and attentiveness have been observed, although no
consistent statistically significant associations have been found (Smith et
al., 1983; Harvey et al., 1983, 1984; Yule et al., 1988; Hunter et al.,

1984; Winneke et al., 1983, 1984), The criteria document concluded from
these studies that "the possibility of small neuropsychologic deficits

being associated with lead exposure in apparently asymptomatic children

at the exposube levels studied {i.e., 15-30 pg/d1) cannot be completeiy

ruled out, given the overall pattern of results obtained with the cross-
sectional study designs employed by Winneke and the British investigators.
Small, 1-2 point differenhes in IQ seen in some of their studies between
control and lead exposure éroups might in fact be due to lead effects masked
by much larger effects of socioceconomic factors, home environment, or parental
19" (cD, p. 12-98).

In replicating their previous study, Schroeder and Hawk (1986) found a
highly significant linear decrease in 1Q with increasing blood lead lavel

across the range of 6 to 47 pg/dl in low SES black children, 1-6 years of
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age. This confirmatory finding is particularly compelling because the
potentially confounding factor of socioeconomic status was effectively
controlled by selecting a very homogeneous group of children, and the
resu}ts indicate that 1Q effects may be detected without evident threshold
even at these low PbB leveis, at least in this population of children. The
recent study by Silva (1986) reported no Eignificant effects on 1Q among
higher SES children in New Zealand, whose mean PbB level at age 11 years was 11
ug/dl. Although various behavioral measures were significantly related to
PbB, these findings on older children are difficult to relate to the other
childhood studies cited here.

[Results of encoding experts' probability judgments on lead-
induced [Q decrements are summarized in Section 7.€.2. In general, the
results indicate that accoéding to most of the experts encoded, risks of
small but measurable 1Q deficits exist at PbB leveTs as low as 15 or 25 ug/dl.
Some experts felt there were risks of small 1Q decrements at a PbB level
of 5 pg/dl.]

In addition to 1Q decrements, PbB levels in the 30-50 ug/dl range
may be associated with deficits in auditory and language processing, motor
coordination, appropriate social behavior, and the ability to focus attention
{de Ta Burde and Choate, 1972, 1975; Needleman et al., 1979; Winneke ot
al., 1983). The degree to which lead's effects on neuropsychological performance
at these levels persist into later 1ife remains to be established. One study
followed the academic performaace of a subset of the children initially
evaluated by Needleman et al. {1979) and found that grade retention was
clearly associated with past dentine lead levels, while the relationship
between other outcomes and past dentine levels were either ﬁargina?i} -
{e.g., IQ scores,'classroom behavior) or statistically non-significant

(e.g., teacher ratings) (Bellinger et al., 1984).
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Altered electrical activity in the brain has also been associated with
PbB levels in children (along with 1Q decrements; Burchfiel et al., 1980)
in the range of 30-50 pg/dl, with no evident threshold down to 15 ug/dl
or somewhat lower (Benignus et al., 1981; Otto et al., 1981, 1982, 1985).
The functional significance of many of the ele¢trophysiological changes
observed below 30 ug/dl1 (i.e., slow wave potentials, synchronized EEG
amplitudes, visual evoked potentials) has not been established, although
some changes persisted for at least two years (Otto et al., 1982), but
inconsistent or unexpected findings across studies require clarification,
(Winneke et al., 1984; Otto, 1985; Robinson et al., 1985).

The effects on hearing ar nerve conduction in the auditory pathway
that have been ré]ated to'1ead eXbosQre in children may be indicative
of subtle, but potentially imhortant neurg!ogica] impairment, Slowed
nerve conduction in the auditory pathway (i.e., increased latencies of
‘ brainstem auditory evoked potentials [BAEP]) were directly related to
increased PbB levels in children (6-12 years old across the range of 6 to
59 ug/d1} (Otto et al., 1985). 'Attempts'to replicate these findings 1nkan
independent group of children 3 to 7 years old found that the latency of one BAEP
wave, as well as hearing thresho]d, increased ]inearly with‘the maximal PbB
levels found in the children's medical recofds, from 6 to 56 pg/d1 {Otto,
1985; Robinson et al., 1985). Latencies of three other BAEP waves, however,
exhibited a curvilinear relationship to lead exposure histery, suggesting a
possible biphasic effect of lead on nerve conduction velocity in the auditory
pathway with facilitation at PbB levels below 25 pg/dl and slowing at
PbB levels above 25 pg/d1 (Otto, 1985; Rabinson et al., 1985). 1In contrast,
Otto et al. {1985) observed a linear relationship between PbB levels and

BAEP across the entire range of exposure. Also, in contrast to their earlier

TEH 0413554

DUP050454864




Vii-27
findings a significant increase was found in hearing threshold with

increasing lead exposure history, suggesting that lead exposure may impair
hearing énd the peripheral segment of the auditory pathway (Otto, 1985;
Robinson et al., 1985), Given that a hearing loss occurring in early.
childhood that remains undetected may result in speech and learning
impairments as the child develops, the implications of this finding as well as
the findings of altered nerve conduction in the auditory pathway should be
pursued as part of understanding lead's putative role in subtle performance
deficiencies among pre-échoo] and school-age children. The preliminary
nature of these auditory function results must be emphasized, however, and
until comprehensive longitudinal, audiometric, electrophysiological, and
speech measurements in children are done, it will be difficult to resolive
this issue.

In summary, there have been inconclusive findings and contrasting
interpretations regarding lead's effects on specific neurobehavioral indicators
and functions (e.g., verbal performance, emotional reactivity, percebtua1-motor
integration, short-term memory, attention, electrical activity in the brain)
and the mechanisms involved. The overall evidence, however, indicates that
lead is associated with neurclogical impairment in some children with PbB
Tevels between 30 and 50 pg/dl and that effects on certain behavioral and
electrophysiological measures which may have some small, but potentially
important and persistent effects on neurological function, support a
continuous dose-effect gradient down to exposure levels as low as
15-30 pg/d1 PbB, or perhaps, somewhat lower (CD, p. 12-37).

The impacts of lead on heme synthesis and related systems are summarized
in Table 7-7. Because heme synthesis is a continuous process, most of these

effects are reversible upoh removal or reduction of lead from the organism or

cetlular systems involved. Haowever, given: a) that there may be long-term
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functional consequences of even transitory changeé in developing tissues in
children; b) heme's pervasive role in many organ systems and physiological
processes; and c) the sensitivity of heme production to lead, lead's inter-
ference in the heme synthetic pathway must be carefully considered.

As discussed in Appendix D, lead interferes with heme synthesis at
several points in its metabolic pathway:

1) Activity of the enzyme ALA-D, which catalyzes the conversion of ALA
to porphobilinogen, is inhibited in red blood cells at PbB levels below
10-15 pg/dl with no clear threshold. ALA-D activity in soft tissues such
as liver, brain, and kidney, appears to be inhibited to the same degree at
similar PbB levels;

2) Accumulations of ALA, which result from inhibite& ALA-D activity, have
been noted jn plasma and urine at PbB levels of 40 pg/d1, and possibiy as Tow as
18 ug/dl. Increases in non-utilized ALA likely occur in brain, kidney, and other
tissues at roughly the same PbB levels associated with ALA accumulations in plasma;

(3) Lead impairs the transmitochondrial transport of iron and instead
of producing heme, the mitochondria accumulate its precursor, protoporphyrin
which, lacking iron, is incapable of performing its essential respiraﬁory
function., As a result of lead intoxication in newly forming erythrocytes,
protoporphyrin (referred to as erythrocyte protoporphyrin or EP) takes the
place of heme in the specific pocket of the hemoglobin molecule. As the
red blood cells remain in the circulation, zinc is rapidly chelated at the center
of the molecule in the site normally occupied by iron (Piomelli et al., 1982).
The resulting zinc protoporphyrin (ZPP) is tightly bound in the available
heme pocket for the life of the erythrocyte, normally 120-130 days (Lamola
et al., 1975). The PbB threshold for elevated EP in children is approximately

15 ug/dl in children with significant ‘elevations greater than one and two
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standard deviations above normal EP mean levels occurring in 50% of
children studied at PbB levels of between 25-30 and 35 pg/dl, respectively
(Roels et al., 1976; Piomelli et al., 1982).

The health significance of EP or ZPP accﬁmu]ation is that it indicates
that heme or hemoprotein synthesis in many tissues has been impaired as a
result of lead's entry into mitochondria (CD, p. 12-46). Previously, EP
elevations at PbB levels around 30 pg/dl were considered to be of concern
based on functional disruptions in hemoglobin synthesis at 40 pg/dl and
neurobehavioral effects above 50 pg/d1 (EPA, 1977). In setting the
current lead NAAQS in 1978, 30 ug/dl was adopted as a maximum safe PbB
for an individual child, allowing some margin of safety relative to
levels associated with inhibition of hemoglobin synthesis or neuro-
psychological deficits. This PbB level was eqqivalent to the Centers
fpr Disease Control's {CDC) previous criteria level for undue lead exposure
for young children, , .

Recent data, however, have provided more information on the extensive
impact of lead on the body heme pool and associated disruptions of many
physiological processes (see Figure 7-1). MWith increasing lead exposure,
impairment of heme and hemoprotein synthesis intensifies in different organ
systems resulting in reductions in oxygen transport, changes in cellular
energetics, neurotransmitter function, and in biotransformation of drugs
and other foreign agents, and impairments in the biosynthesis of important
substances such as 1,25-dihydroxyvitamin D (1,25-0Hs-D). Inspection of
Figure 7-1 reveals effects that can be viewed as intrinsically adverse as
well as those that reduce the body's ability to cope with other forms of
toxic stress, e.g., reduced hepatic detoxification of certain drugs and
other xenobiotics {as a result of lead-induced impairment of hepatic enzyme

systems), and possibly impairment of the immune system (€D, p. 13-30).
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Figure 7-1. Multi-organ impact of reductions of heme body 9001 ]

by lead. Impairment of heme synthesis by lead results in disruption
of wide variety of important physiological processes in many
organs and tissues. Particularly well documented are erythropoietic,
neural, renal-endocrine, and hepatic effects indicated above by
solid arrows (—). Plausible further consequences of heme
synthesis interference by lead which remain to be more conclu-
sively established are indicated by dashed arrows (--).

Source: Criteria Document (Figure 13-4).
i
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0f the functional consequences associated with heme reductions and
lead's interaction with those processes, perhaps the best quantitative data
are available on the negative correlation between PbB levels (beginning at
12 ug/d1) and circulating levels of the vitamin D hormone, 1,25(0H)2 D
(Rosen et al,, 1980). Highly significant and profound depressions in
circulating 1,25(0H)2 D Tevels were found in children whose PbB levels
ranged from 33 to 120 pg/dl, with the most striking decreases above
62 yg/dl. The criteria document concludes that it appears likely that
lead~induced reductions in heme underlie this assgciation, and that impaired
production of 1,25(0H)2 D can have profound and pervasive effects on tissues
and cells of ¢iverse type and func;ion throughout the body (CD, p. 12-49):

(1) Altered levels of 1,25(0H)2 D may affect calcium homeostasis and
thus calcium~dependent processes essential tp séveral enzyme systems, the
transport of and response to various hormonal and electrical séimuii, and
cyclic nucleotide metabolism. 1In addition, lead may directly affect the role
of 1,25(0H)2 D in cell differentiation/maturation, immunoregulation, pancreatic
function {(e.g., insulin secretion), and mediation of tumorigenesis (See Appendix
D.1(c); CD, pp. 12-40 to 12-42);

(2) The effect of lead on 1,25(0H)2 D is a particul;rTy robust
one, with PbB levels of 30-50 pug/dl resulting in decreases in the hormone
that are comparable to decreases observed in children with severe kidney
injury lacking two-thirds of- normal, renal function, as well as in those
with various genetic disorders such as vitamin D-dependent rickets and
hypoparathyroidism (Rosen et al., 1980; Rosen and Chesney, 1983; Chesney
et al,, 1983).

At higher levels, lead's interference with heme synthesis and other red

blood cell functions {e.g., inhibition of Py-5-N activity which Sffects
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membrane stability) may result in anemia based on available literature.
[Section 7-C.2 summarizes results of the encoding of experts for their
probability judgments Qith reépect to lead-induced hemoglobin reductions.
These results according to several experts suggest risks of hemoglobin
deficits at a lower PbB le;e1 than is generally accepted as being associated
with anehia, i.e., 40 pg/dl). Although anemia is a serious clinical
manifestation, the inhibition of heme synthesis at lower blood lead
levels has much wider implications for a multitude of organs and systems,
as described above, especially in the developing child.

The CD concludes that:

"Given the available evidence indicative of significant effects on
neurological functioning and other important physiological processes as
PbB levels increase above 15-20 pg/d1 and approach or exceed 30-40 pg/dl,
the rationale for continuing to view 30 ug/dl as a "maximum safe" PbB
level is called into guestion and substantial impetus is provided for
revising the criteria level downward, i.e., to some PbB below 30 pg/dl.
At this time, it is difficult to identify specifically what blood-Pb
criteria level would be appropriate in view of the existing medical
information. Clearly, 30 pg/dl can no longer be seen as affording
any margin of safety before PbB levels are reached that are associated
with unacceptable risk of notable adverse health effects occurring in
some children, This is based on at least two grounds: (1) PbB levels
in the 30-40 ug/dl1 range are now known to "mask" for some children
markedly elevated chelatable body lead burdens that are comparable td
~.Yead burdens seen in other children displaying overt signs and symptoms
of lead intoxication; and (2) PbB levels in the 30-40 ug/dl range
are also associated with the onset of deleterious effects in several
organ systems which are either individually or collectively seen as
being adverse.

“At levels below 30 pg/dl, many of the different smaller effects
reported as being associated with lead exposure might be argued as
separately not being of clear medical significance, although each is
indicative of interference by lead with normal physiological processes.
On the other hand, the collective impact of all of the observed effects
(representing potentially impaired functioning and depleted reserve
capacities of many different tissues and organs) may, at some point
distinctly below 30 pg/dl, be saen as representing an adverse pattern
of effects worthy of avoidance with some added margin of safety. The
onset of signs of detectable heme synthesis impairment in many different
_organ systems at PbB levels starting around 10-15 uyg/dl, along with
indications of increasing degrees of pyrimidine metabolism interference

and signs of altered nervous s%stem activity, could be viewed as such
a point. Or, alternatively, the collective impact of such effects
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might be argued as becoming sufficiently adverse to warrant avoidance
(with a margin of safety) only when the various effects come to represent
- marked deviations from normal as PbB levels exceed 20-25 ug/dl and

begin to approach the more clearly adverse 30 ug/di level., Lastly,

other arguments have been advanced to the effect that any deviation

from normal biochemical levels or physiolegical functioning in any

organ system should be viewed as adverse health effects to be avoided,

even at PbB levels below 10 pg/d1." (CD, p. 13-40)

Table 7-8 presents the staff's assessment of the data in the
CD that are most useful in determining a safe PbB for protection of the
sensitive populations. The table focuses on those effects associated
with PbB levels at and below 40 ug/dl. The clearly adverse effects at
higher exposures are listed in Table 7-5.

Based on the above discussion, thé staff concludes that: 1) multi-organ
effects resulting from impairments in heme synthesis and vitamin D metabolism
are likely between 25-30 ug/d1, and potentially significant effects
on these processes may be possible at the lower PbB Tlevels indicated, but
the evidence and risks are difficult to determine at present; 2) the
risks associated with altered brainwave activity and possibly reduced
auditory function at PbB levels < 30 ug/dl are also difficult to determine
with available information; 3) similarly, there is incomplete information
on the medical significance of elevations in EP that are first detected
above 15 pg/di, and the dose-response relationship between lead and
hemoglobin decrements; and 4) there is considerable uncertainty and
controversy regarding the nature and degree of lead's impact on neuropsycho-
logical function although the weight of the evidence suggests a small but
significant association between lead, IQ, and disturbances in sensory/
attention processes at levels between 30 and 50 ug/dl and possibly lower.

1t is expected that more conclusive information will result from ongoing

research,
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Taole 7-3, STAFF ASSESSMENT OF XKEY HEALTH ZFFECTS OF LEAD

Ph3 QJbsarveq Sf¥scis Imolicacians

40 ug/dl Reauced nemoglobin synthesis; anemia in some childrengt Strong avidence Far significant
Passible L1Q {l-3 point avg.) and denavioral deficitse ana persistant affects oan nema-
Significant reductions in vitamin 3 hormone synthesfs tological, neursalogical,
Passible slowed narve conduction velocities jmmunological and detoxifica-
Suptla alterations in brain electropnysioiogy tion systems.

30 ug/dl Significantly elavated 79 Likely multi-organ effacss
Passible 1Q {1-4 point avg.) and attentional deficits’ resulting from heme and vitamin
Significant reductiogs in vitamin D hormone synthesis3 D impairment, Some risk of
Possible slowed NCVs? : benavioral/sansary distyrsance and
Subtle altarations in drain elec:roghygfology5 effect on cognitive function or
Significant Py-3-% activity inhibitionm academic capacity.

25 ug/dl Significantly elevatad gF° Likely mylti-argan afvacss
Possible 10 (1-2 peine avg.) and atgantional deficits? resulting from hemas and vitamin
Reducad vitamin 0 harmone synthasis? D tmpairmenz, ‘Some risx of
Sudtle altaracions_in brain aleccrophysiology, benavioral/sensory disturbance
auditory funcsion« and effect on cognitive function

. or academi¢ capacity.

20 ug/di Elevated TP Some risk of muiti-organ effacts
Possinle tq (1-2 point avg) and attsntional deficits? resulting from heme ina vitamin O
Regucad vitamin J hormome synthesis impgirment., Same risx of benavio-
Suyotle altaraciang in 2rain elecsropnysiclogy, ral/sensory disturdance ang affacs
auditary fuacIione an cognitive function or acacemic

capacity.

18 ug/dl Lowast level of elevataa EP° Small risk of mulsi-organ impair-
Possidle IQ and atsanttonal defictts? ments resulting from heme ana vita-
Reauced vitamin I hormone synchasis min 3 impairmant. Soma risx of
Sustle altarations in 3rain electraphysiclegy, behavioral/sensory disturbance ang
auaitory functionsl effect an cognitive function or
Reduced ALA-D activityll academic capacity.

5-18 ug/d1 Reduced ALA-D activity,ll Py-5-¥ synthesisd - Stgnificant functional effects

unlikely.

Experimental altsrations in neurochemistry and cellular
energy mecanolismsd

Effects detectable at Jow in vitro
levels or experimental dosages;
corresponding human PbB8 levels and
functional significanca difficult to
determine

lgatss et al,, 1973; Rosen et al., 1974; Adenbojo, 197%; Pueschel et al., 1972

20e 1a 3urde and~Chocate, 1972, 1975; Perino and Ernhart, 1974; Ernnart et al,, 1981; Ernhart, 1983; Needleman et al., 1979;
Neealeman, 1984; Schroeder et 2., 1985; Schroeder and Hawk, 1386

3Rosen et al., 1980; Manaffey et al., 1982; Rosen and Chesney, 1983

4seppalainen et al., 1979, 1983; Seppalainen and Heraberg 1980, 1982; Feldman et al., 1977

. Sgtto et al., 1981, 1982, 1985; Otto, 1985; Robinson et al., 1985; Beningnus et al., 1981; Burchfiel et at,, 1980

6piomelli et al., 1977; 1982; Roels et al., 1976; Hammond et al., 1984; Rabinewitz et al., 1985

"Needleman et al., 1979, 1982; Needleman, 1982; Schroeder et al., 1985; Schroeder and Hawk, 1986

8yalentine and Paglia, 1980; Angle and McIntfre, 1978; Angle et al., 1982

Harvey et al., 1983, 1984; Yule et al., 1984; Hunter et al., 1983; Winneke et al., 1983, 1984; Schroeder and Hawk, 1986

100tto ot al., 1982, 1985; Otto, 1985; Robinson et al., 1985; Winneke et al., 1984

1lHernberg and Nikkanes, 1970; Granfck et al., 1973; Roels at al., 1975b; Wada et al., 1976

123411 et al., 19f5. 1979; Holtzman and Shen Hsu, 1976; McCauley at al,, 1979; Holtzman et al., 1978; Silbergeld and
Adler, 1978; Silbergeld et al., 1979, 1982; Purdy et al., 1981; Litman and Correia, 1983
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The staff believes that the collective impact of all of these changes
along with other lead-induced effects at low PbB levels should be
considered sufficiently important to warrant avoidance. In evaluating
the above health effects 1nformation in the context of deciding on an
appropriate maximum acceptable PbB level, it is important to note that
as part of its lead poisoning screening program, the CDC have revised
its definftion of lead toxicity for individual children from 30 ug/dl
to 25 pg/dl PbB, accompanied by an elevated EP level (> 35 ug/di) (cDC,
1985), Detecting these levels identifies a child as requiring immediate
medical and environmental intervention. The revisions were based on the
recent evidence ofvneurobehaviora1, hematological, and vitamin D metabolism
effects of lead cited above, and on evidence that a blood lead concentration
between 30 and 50 pg/d1 may underestimate the bbdy burden of lead in a
child. CDC argued that 30 pg/dl provides littie or no margih of safety,
and that the biologic threshold for lead toxicity as indicated by increasing
EP levels, is below 20 pg/dl {CDC, 1985). However, CDC acknowledges that
practical considerations must be taken into account in setting this
level. An intervention level of 25 pg/d1 therefore represents an accommodation
based on a pragmatic decision on the limits of effectively implementing
the existing screening program and on the level of risk that is tolerable
in that context.

The Clean Air Act requires that the air standard be precautionary
in nature and that the level should not be based on economic or technological
considerations. While the lead NAAQS and CDC's program share the common
goal of reducing children's lead exposure, there is an important distinction.
The screening program is a form of secondary prevention and is necessary

to prevent lead toxicity among susceptible children, but is based in
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part, on practical, technological, and cost considerations. In contrast,
the lead NAAQS is a form of primary prevention to control lead emissions
at the source, before opportunities for human uptake and undue risks:
arise, and is not to be based on cost.

The staff concludes on the basis of the above considerations that the
COC intervention level is not'directly‘an appropriate surrogate for the
Tead NAAQS and that a PbB Tevel of 25 ug/dl contains Tittle or no
margin of safety from potentially adverse effects on heme synthesis,
vitamin D metabolism, and possibly neurological and behavioral functions.
Conversely, it is felt that the risks of adverse effects are minimal
for an individual child at a PbB level below 15 ug/dl. In order ta avoid
potentially significant risks among young children and to protect as many
children as possible who can be protected by a lead NAAQS with an adequate
margin of safety, the staff concludes thét the maximum acceptable individual
' PbB level should be chosen from the range between 15 and 20 yg/dl.

2. Summary of Probability Encodihg on Lead~Induced Health Effects

The scientific information describing dose-response relationships for
lead, as with most environmental pollutants, is generally limited and
incomplete. There is a large variation in people’s susceptibility to air
pollution-induced health effects, and scientific evidence is rarely
conclusive in establishing a causal relationship for health effects resuiting
from pollutant exposure, especially if these effects involve a latency
period or other contributing factors. Given the precautionary nature of
the Clean Air Act and the need to protect pubiic health with an adequate
margin of safety, it is important to characterize, as explicitly as possible,
the range and implications of uncertainties in the data base as part of the

ambient standard review. One way to address uncertainties in the scientific
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knowledge about a particular health effect is to obtain prdbabi]ity
distributions based on expert judgments. Obtaining, or ebcoding thesé
Jjudgments involves interviewing experts to aséess their judgments concerning
the probability that a certain fraction of the sensitive population would
suffer a particqlar adverse health effect at a given exposure level,
' Probability judgments can be used to describe an individual's assessment
of the likelihood of an event based on the current state of information,
which includes both his or her judgments or interpretations of existing
studies and theories and the quéntitative data available, Because different
_experts will have different judgmgnts, it is alsoc important not to merge
these judgments into a single average, but rather to present to the
decision makers the range of risks based on the range of judgments, and
thereby also, identify the range and form of disagreement among experts.

Probability distributions'representing the judgments of experts on
two health effects were formally assessed directly using the technique of
probability encoding. Detailed results of the encoded judgments and
their application to compute health risks in children living near
representative lead point sources are provided in Wallsten and Whitfield
{1986). The report also describes the methods used in eliciting the
judgments. The methodology employed to calculate population exposures
associated with different air lead scenarios used in the health risk
assessment is summarized elsewhere (Johnson and Paul, 1986), It is
important to note that the population exposure results are preliminary
and are undergoing further evaluation.

0f the numerous health effects of lead, reductions in hemoglobin
Tevels and 1Q decrements were chosen far probability encoding. It must

be emphasized that although there is considerable uncertainty regarding '
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the dose-response %unctions for these two effects, particularly at Tow
lead levels, these endpoints are not tﬁe most sensitive indicators of

lead toxicity, nor are they necessarily the most c¢ritical in terms of
public health. Because this exercise was EPA's first application of
formal risk assessment procedures in reviewing a NAAQS, it was important
to select health endpoints: a) that could be readily quantifiable in
common measurement units (in contrast to classroom behavior, for example);
b) that could be readily understood in terms of their medical significance
{in contrast to changes in ALA or nerve conduction velocity, for example);
and c¢) for which exist a sufficient number of qualified experts who

span the range of respected opinion and interpretation (unlike for example,
lead-induced changes in vitamin D metabolism for which few experts cah
be identified). .

Since only a finite number of PbB levels can be presented for encoding, )
it is necessary to interpolate between levels in order to use the judgments
in risk assessments. Such interpolations were made by fitting suitable
probability distributions to the encoded values for both hemoglobin and 1Q
effects (see Wallsten and Whitfield, 1986, for a detailed description). The
present discussion utilizes the functions fit to each individual's
probabilistic judgments to present a summary of the quantitative results
for both hemoglobin and 1Q. The functions provide an accurate represen-
tation of the underlying encoded values, both because goodness of fit was
excellent and because each expert endorsed the output of the respective
functions as representing his or her judgments.

2. Encoding Judgments on Lead-Induced Hemoglobin Decrements

0f five experts selected, probability judgments of four were encoded

with respect to the frequency of lead-induced hemoglobin levels below
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either 9.5 or 11.0 grams per deciliter (g/d1) in homogeneously exposed
populations of young children. The fifth expert (Expert B) felt un-
comfortable with the notion of judgmental probability encoding and
declined to have his judgments encoded. The experts were given the
option of considering separately the population of children in the
age groups 0-3 and 4-6 years, because of the age-related differences
in iron deficiency.

It is generally agreed that for children a hemoglobin level of
about 12 g/d1 is normal and about 9 g/d1 is anemic. Thus, of the two levels
specified, a hemoglobin concentration of 9.5 g/dl would be much more
Tikely to be considered as an adverse health effect. Although both
hemoglobin levels are Sufficient1y Tow to warrant concern, there would
likely be extensive debate over whether a hemoglobin level of 11 g/dl
would necessitate preventative measures in terms of a lead air quality
standard. In the interests of brevity and of focusing in on the more critical
effects, results are summarized here only for the judgments regarding 0-3
year olds {the more sensitive age group), and for the dose-response
function for hemoglobin levels less than or equal to 9.5 g/dl (See
Figure 7-2). [Expert C, believes that a single dose-response function:
applies to children in the 0-6 year age range; with his concurrence, his
judgments were rebroduced}in bath the 0-3 and 4-6 year age groups.]

The following discussion regarding Figure 7-2 is extracted directly
from Wallsten and Whitfield (1986): |

The graphs are analogous to the usual dose-response functions found in
the literature, except, of course, they are based on probabilistic
Jjudgments rather than on direct data. The dark, central curve in each
panel shows the median judged dose-response curve for each expert., 1In
other words, for a given panel, according to that expert, at each blood
lead level there is a 0.50 probability that the true response rate is above

the indicated value and a 0.50 probability that the true response rate is
below it.
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Probabilistic judgments of Experts C, D, and £ regarding the
dose-response function for hemoglobin levels < 9.5 g/dl in
children ages 0-3 years (from Wallsten and Whitfield).
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The two Tighter lines on either side of the median curve contain the
central 50% credible interval. Thus, according to the expert in a particular
panel, at each blood lead level there is a 0.25 probability that the true
response rate is below the lower light curve, a 0,50 probability that it is
between the two light curves, and a 0.25 probability that it is above the upper
one. In a similar manner, the dashed curve contains the 90% credible
interval.

The more tightly packed are a family of functions in a panel, the less
uncertainty does an expert indicate in his judgments. Thus, Figure 7-2
. gives a rather complete representation of each expert's probabilistic judgments.

Figure 7-3 is less complete, but provides a convenient means of comparing
Jjudgments across experts. The axes are the same as in Figure 7-2. The
vertical bars at each lead level represent each expert's central 90% credible
interval for response rate, and the symbol within each bar indicates the median
Jjudgment at that Tead level.

It must be borne in mind that these judgments are with{respect to lead-
induced fesponse rates over and above any base response rate due to iron
deficiency and other factors. Thus, levels of uncertainty,_as.wel] as
differences or similarities of opinion reflected here, are focused solely
on the effects of lead on hemoglobin.

Note first that expert A did not feel that there was a measurable
lead-induced hemoglobin effect at PbB levels below 4555 ug/dl, and
therefore judgments at 9.5 g/dl are not shown for him; indeed, his median
Judgment for the percentage of children age 0-3 years with hemoglobin levels
below 11 g/dl at PbB = 45 pg/dl is 3%, and this rises to a most likely
rate of 17% at PbB = 75 pg/dl.

There is overlap in the judgments of experts C, D, and E, although
not to the degree as for their judgménts regarding hemoglobin levels
below 11.0 g/d1 which are not displayed here. For example, these experts
judged with a probability of 0.9 that the following fraction of children
0-3 years old which would have hemogliobin levels below 9.5 g/dl with PbB
of 35 pg/dl were within the following ranges: 3-8% {(Expert C); 4-13%

(Expert D); 3-41% (Expert E). At a PbB of 25 ug/d1, the corresponding
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range of the fraction of children affected with a probability of 0.9 are:
3-6% (Expert C); 1-4% (Expert D); 2-29% (Expert E). For a PbB of 15
pg/dl, these 0.9 credible intervals are: 2-5% (Expert C); 1-2% (Expert D);
1-23% (Expert E). For a PbB of 5 pg/dl, the following range of fractions
of children 0-3 years would have hemoglobin levels below 9.5 g/dl with 0.9
probability: 1-3% (Expert C); O (Expert D); 0-10% (Expert E).

Considering the median judgments (i.e., the response rate for which there
is a 0.5 probability that the actual rate is either abave or below the
indicated value), C énd E agree in estimating the ﬁbst 1ikely response rate
at 5 pg/dl to be 2%, while D is most certain that the response rate is 0.
Expert C's median response rate judgment increases relatively slowly
with increased PbB, while that of expert D increases relatively quickly.

As a result, at PbB = 55 pg/dl, D and E agree ﬁhat the most Tikely
response rate is 20%, while C considers it to be 7%.

0f these 3 experts, expert E expresses considerable uncertainty in his
judgment about the dose-response function, while experts C and D express
much less. Note alg; that the judgment of expert D suggests a slight
threshold between PbB levels 25 and 35 ug/dl, but that the judgments of
the other two do not suggest a threshold for hemoglobin levels below §.5
g/dl in 0-3 year olds.

The corresponding judgments for lead-induced hemoglobin levels at
or below 11.0 g/dl, and for children 4-6 years old, are not displayed here.
Expert A judged that blood lead below 45 pg/dl would not c;use hemoglobin
Tevels to drop as Tow as 11.0 g/di. As with 9,5 g/dl, the judgments
of experts C, D, and E for 11.0 g/dl tend to overlap, but the degree
of similarity displayed is greater than at the Tow hemoglobin level,

None of these 3 experts' judgments suggest a threshold above which

blood 1ead would result in a hemoglobin level below 11.0 g/d1. According
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to their median judgments, the best estimate of response rate for 0-3 year
olds, hemoglobin < 11.0 g/d1, is between 4% and 9% at PbB = 5 ug/dl, rising
to between 26% and 33% at PbB = 55 pg/dl. The judgments for children 4-6
years of age followed the same patterns as for children 0-3 years, with all
the experts‘judging smaller probabilities of effects in the older group.
Detailed results can be found in Wallsten and Wh1tfie1g (1986).

b) Encoding Judgments About Lead-Induced IQ Decrements

’It should be noted again that 1Q was chosen not because it is the only,
nor necessarily the best, measure of cognitive ability, nor is it being
considered as a surrogate for other suspected lead-related central nervous
system and behavioral effects that have been explored (e.g., brain wave
activity, sensory wmotor, perceptual and attentional deficits, negative
classroom behaviors}. Rather, IQ decrement emerged as most appropriate
to consider because of its acknowledged functional significance, its
easy specification, and the amount of data (albeit controversia1)'on
its relationship to lead exposure.

The probability judghents of six experts were encoded with respect
to the outcomes of a hypothetical, ideal experiment in which a very large
number of subjects were randomly assigned at conception to various expasure
groups and were exposed to {or sheltered from) lead until their seventh
birthdays. Although each child's lead uptake would not be constant due to
changes with age, physiology and behavior, the hypothetical experimental
conditions were specified such that at their third birthdays, all children
in each group have the same measured PbB level. Environmental lead levels
necessary to yield a given PbB level at age 3 in a particular child were
specified as remaining constant through the seventh birthday, at which

time the WISC-R [Q test was administered, The very large numbers of
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subjects per group eliminated any concern about sampling error, and the
random assignment of subjects to conditions eliminated any concern

about complex analyses of covariance. Each group was assumed to differ only
in terms of exposure to lead.

Probabilistic judgments were encoded regarding: (a) the mean 1Q
decrement for each exposure group (5, 15, 25, 35, 45, and 55 pg/dl on
their 3rd birthday) relative to a lead-free control group; (b) the mean IQ
of the control group; and (c) the within-group IQ standard deviation.
Judgments about cbntrol group mean IQ values and within-group standard
deviations were necessary to derive probabilistic estimates about the
lead-induced inc¢rease in percent of children at each leaq level whose 1Q
scores are below a specified IQ value of interest. Detailed results,
including the encoded judgments, mathematical functions fit to those
Judgments, goodness of fit measures, and derived subjective probabilities
about dose-responsa functions, are given in Wallsten and wh1tf1e1d (1986).
For brevity, summaries of results for 1Q decrements only are presented
here,

The experts were given the option of considering possible interactive
effects of socio-economic status and lead on 1Q (based on findings frém
several studies discussed in the CD and this staff paper) by considering
low SES children living in households with incomes in the lowest 15 percentiIe.
separate from the remainder of the population. Al1 the experts, except F,
believe that at the doses under consideration, lead interacts with variables
that contribute to SES level. Therefore, all except Expert F provided
separate judgments for the two SES levels.

" Figure 7-4 summarizes the judgments of all six experts regarding mean

1Q decrements for the low SES group. The following discussion regarding

the figure is extracted directly from Wallsten and Whitfield (1986).
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Figure 7-4, Probabilistic judgments of experts regarding mean 1Q decrements for
low SES group. Blood lead is on the abscessa and mean 1Q decrement
(mean control group IQ minus mean exposed group 1Q) is on the
ordinate of each panel (from Wallsten and Wnitfield; 1986).
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Each person's judgments are shown in a separate panel. Blood lead is
on the abscissa and mean 1Q decrement (mean control group IQ minus
mean exposed group 1Q) is on the ordinate.

The dark, central curve in each panel shows the median judged 1Q
decrement for each lead level. In other words, for a given panel,
according to that expert there is a 0.50 probability that the actual
mean 1Q decrement would be greater than the indicated value, and a
0.50 probability that it would be less. The successively lighter pairs
of curves that bracket the median curve represent central 50%, 90%, and
95% credible intervals.

Figure 7-5 allows a comparison of judyments across the experts. The
axes are the same as in Figure 7-4 . The vertical bars at each lead
level represent each expert's central 90% credibie interval, and the
symbols are his or her median judgments.

Expert F consistently judged the 1Q effects of lead to be less than did
the other experts, and evidenced considerably less uncertainty about.
the magnitude of these effects than did the others. F was certain that
there is no 1Q effect of lead up to at least 15 pg/dl. At 25 pg/dl, the
median judged 1Q decrement is about a 0.5 point, and this increasés to a
median judged 1Q decrement of just under 2 points at 65 pg/dl. Adcord-
ing to F, at 25 pg/dl, the 1Q decrement” exceeds approximately 1 point
with probability 0.05, while at 65 ug/dl, it exceeds 5 points with

the same probab111ty. .
There are overr1ding similarities in the judgments of the other experts,
although there are also small, consistent differences among them. Thus,
only G, H, and J give any credibi1ity to there being I( effects as low
as 5 pg/d1, while 1 does so at 15 pg/dl, and K does at 25 pg/dl. The
Jjudgments of H and J are consistently very close, as are those of G, 1,
and K, which as a group are somewhat lower than those of and H and J.
Considering the five sets of judgments, the median judged IQ decrement
at 5 pg/dl ranges from 0 to 2.5 points. The median judged 1Q decrement
at 55 pg/dl is from about 7 to 11 points. According to the judgments
of G, H, and J, with probability 0.05, the 1Q decrement exceeds 3 to

5.5 points at 5 ug/dl, while according to all 5 experts, it exceeds

11 to 17 points at 55 pg/dl with the same probability.

Consider1ng intermediate PbB levels, Expert F judged a probability
of 0.5 that the mean IQ decrement at a PbB lavel of 35 ug/dl in Tow
SES children wou]d be 0.5 po1nts. Corresponding median judged IQ decrements
at 35 pg/dl for the other experts are: 1.5 (Expert G); 8.4 (Expert H);
3.6 (Expert 1); 7.0 (Expert J); 4.0 (Expert K). The median judged 1Q
decrements at 25 ug/d] for low SES children are: 0.25 (Expert F);
2.7 (Expert 6); 4.9 (Expert H); 2.3 (Expert 1); 4.8 (Expert J); 2.9
(Expert K). At a PbB level of 15 pg/dl, the median judged 1Q decrements
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for low SES children are according to these experts: O {Expert F);
1.4 (Expert G); 3.5 (Expert H); 0.7 (Expert 1); 3.5 {Expert J); 1.3
(Expert K).

As with hemoglobin, credible intervals were calculated for each
expert's judgments. For example, the 0.9 credible interval is a set of
mean IQ decrement values such that there is a 0.9 probability of the true
valué falling within it. The 0.9 credible {ntervals concerning mean IQ
decrements for the low SES children for different PbB levels are as follows:

45 ugg/d1: 0.45-2.07 (Expert F); 3.5-9.3 (Expert G); 6.4-13,9 (Expert H);
3.3-9.1 (Expert 1); 6.3-11.4 (Expert J); 4.4-8.4 (Expert K).

35 pg/dl: 0.23-1.05 (Expert F); 2.1-7.3 (Expert G); 4.6-12,7 (Expert H);
2.2-6.5 (Expert 1); 4.4-9.3 (Expert J); 2-5.5 (Expert K).

25 pg/dl: 0.11-0.52 (Expert F); 1.1-6.3 {(Expert G); 2.6-9.0 (Expert H);
1.2-4.6 (Expert 1); 2.3-7.2 (Expert J); 1.1-4.7 {Expert K).

' 15 ug/d1: 0 {Expert F); 0.6-3.5 (Expert G); 1.8-6.7 (Expert H);
0.3-1.7 (Expert 1); 1.5-5.4 (Expert J); 0.5-1.8 (Expert K).

5 pg/d1: 0 (Expert F); 0.2-1.8 (Expert G); 1.2-4,5 (Expert H);
0 (Expert I); 0.9-3.9 (Expert J}; 0 (Expert K).

Judgments about mean 1Q decrement for the high SES gréup are not dis-
played here, although all the experts, except F, felt that the risks of lead
effects on IQ would be smaller in the high SES children. Also, as with
the low SES population, F consistently judged the IQ effect to be less
than did the other experts. From 25 ug/dl on, the judgments of the others
overlap, with, as before, those of H and J being very similar and somewhét
greater than those of G, K, and I, which themselves are similar. Only H
gave any credibility to the existence of an IQ effect at 5 pg/dl, G, I,
and J did so at 15 pg/dil, and F and K concur at 25 pg/dl {Wallsten and
Whitfield, 1986).
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Considering all the experts simultaneously, thevmedian judged 1Q
decrement at 15 ug/dl in the high SES group ranges from 0 to 2.4 points;
at 55 pg/dl, it ranges from 1.4 to 7.9 points. According to G, H, [, and
J, with probability 0.05 it exceeds 1 to 7 points at 15 ug/dl, while
according to all the experts it exceeds 4 to 11.5 points at 55 pg/dl with
probability 0.05. -

c¢) Discussion

Considering the scientific debate that has prevailed about the
I1Q effects of lead, the degree of consensus reflected in the present results
is notablie. This is particularly so, since the eéperts were selected so as
to span the credible range of opinion. As occurred with the hemoglobin
results, encoding subjective probabilities from the scientif%c experts about
specific, well-defined scientific outcomes eliminated or minimized dis-
agreements about defin%tions, policy, and other matters. The remaining
differences, evidenced in the preceding results, are mainly due to differing
interpretations of, and extrapolations from, the scientific evidence.

As discussad previously, the health endpoints that were assessed using
probabi]%ty encoding should not be considered the individual effects most
crucial to a determinétion of the appropriate maximum acceptable PbB level.
Judgments of some of the4experts suggest that effects on IQ and hemo-
glebin could occur at and below 15 pg/dl. It should'be noted, however,
that in general the judgments tend to support that the range of 15-20 ug/di,
discussed previously, is appropriate for a decision on the maximum acceptable
individual PbB level. 1In fact, several of the experts assigned fairly high
probabilities that potentially important hemoglobin and IQ decrements

could occur in children with PbB levels starting at 25 pg/dl.
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3. Predicting Blood Léad Levels under.Alternative Air Lead Levels

Three approaches are examined here that can be used to estimate the
impact of alternative air lead levels on PbB levels among children., The
first is to combine the estimates of daily lead uptake from all routes of
exposure under specified air lead concentrations with the derived lead
uptake-to-blood lead relationships, as presented in Section V.A. The
second approach is to directly apply mathematical relationships between
air lead and blood lead derived from population studies and appropriate
stati§tica1 analyses that account for children's exposure to atmospheric
lead through pathWays other than inhalation such as ingestion of dust and
soil (Section V.B.2). Finally, a hybrid of the first two approaches is
provided in the criteria document in which mathematical relationships
derived from population studies are applied to estimates of lead concentration
in 1ndividuai media (Section V.B.1). These three modeling approaches are
discussed below and the results are presented {(in Table 7-14) for consideration
in the possible use of one, two, or all three approaches {with any necessary
modificatiohs‘using improved data) in assessing the protection provided
| by alternative lead NAAQS.

A1l three models estimate PbB levels in terms of population mean
levels. For purposes of setting a lead NAAQS, it is necessary to determine
the blood lead distribution corresponding to a given mean PbB for the
population of children such that a specified percentage of children are
protected from exceeding a maximum acceptable PbB level. In determining
such a distribution, it is important to recognize that there is significant
behavioral and biological variability within any population, and it is
those individuals with the potentially greatest adverse response to any

given lead exposure that are of greatest concern in establishing a primary
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lead NAAQS. A method to consider the most susceptible segment of the
population of children is discussed here.

As noted for other metals in tissues of human populations, the
distribution of PbB levels for any relatively homogeneous population closely
follows a 1;gnorma1 distribution (€D, Section 11.3.4). A lognormal distribution
is completely specified by its geometric mean and geometric standard deviation.
It is possible, therefore, to use a geometric standard deviation of a
population's blood lead distribution to calculate the mean population
blood lead ]evei that would place a given percentage of the population
below an acceptable maximum PbB for an individual child. Several epidemi-
ological studies have indicated that the log values of measured individual
PbB levels in a uniformly exposed population are normally distributed ‘
with a varfation, including analytical variatibn, ranging between 1.3£and
1.4, when expressed as a geometric standard deviation (GSD) (fepper and
Levin, 1975; Azar et al., 1975; Billick et al,, 1979)., The NHANES II
study, which provides the best available data in terms of quality control
and sample size, yields estimates of GSOs in the range of 1.34 to 1,39,
uncorrected for analytical variation, for various homogeneous subgroups
of young children with comparable race, sex, age, income, and place of
residence (i.e., degree of urbanization) (CD, p. 11-29 to 11-30).

The distribution of PbB levels in U.S. children is a broad one
because there is a distribution of exposures those children face, a
distribution of behavior patterns that affect the uptake of that exposure,
and a distribqtion of biological absorption and excretion rates. The
GSDs for separate homogeneous populations identified in the NHANES
I1 survey may not therefore be appropriate to use in targeting a

protection level for a certain percentage of the non-homogeneous population

of U.S. children {Schwartz, 1985b). This is indicated by the fact that
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the GSD for all black children living in central cities was 1.46 and for
all children sampled in NHANES 11, the GSD waé 1.47, not adjusted for age,
income, or degree of urbanization (DHHS, 1984). Furthermore, in calculatfng
a GSD that would be used to predict the effect of changes in exposure under
alternative lead NAAQS on the percent of children exceeding some cutoff PbB
level, the appropriate GSD removes a portion of the total variation in
blood lead due to differences in air lead exposure without removing the
variance due to other factors such as baseline exposure and biological
differences (CD, p. 11-7) so that the distribution of PbB levels at an air
lead zero can be estimated. With regard to the above GSDs cited in the CD,
by adjusting the PbB.distribution for demographic variables, much of the
variance in baseline éxposute, behavior patterns, or biological factors,
and not solely the variation due to air lead levels may be removed. For
example, NHANES I1 blacks haveicon§1stent1y higher PbB levels regardliess of
income, residence 1ocation; parent's educational level, or dietary consumption,
and this difference should remain as a real factor that contributes to the
GSD (Schwartz, 1985¢). Similarly, location is another factor that represents
more than just differences in air lead exposure given that food lead levels,
baseline soil and dust lead levels, water lead levels, and other factors
can vary from city to city. In fact, reéression analyses of NHANES [1 data
indicate that there is a variation in mean PbB levels among cities, and
that correcting for demographic proxies (e.g., income, race, degree of
urbanization) for air lead exposure leaves a residual variation in site
means due to variations in non-air exposure (Schwartz, 1985¢c).

In regression analyses, Schwartz (1985¢c) attempted to directly remove
the variance in NHANES 11 PbB levels due to air lead exposure by adjusting

every individual's PbB level to what it would be at zero air lead, while
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allowing for variations in background non-air lead exposure, The estimated
GSD from this analysis, 1.428, is shown to be higher than those calculated for
the homogeneous sub-groups primarily because of the natural variation
in baseline exposure among sites with similar demographic characteristics,
rather than the variation in demographic charactebistics/between sites.

Schwartz (1985d) reappiied the same technidues to calculate the GSD
for children's PbB levels measured in NHANES II after excluding from the
analysis those individuals that would not be expected to be substantially
affected by changes in the lead NAAQS. Such children would be those likely
to have highér than average.pica activity and those exposed to excessively
Righ concentrations of lead in dusts, particularly from lead in paint. A
blood 1ead cutoff of 40 pg/dl was cﬁosen as the 1owe$t reasonable number
.above which air lead changes would not be important. [Logistic regressions of.
NHANES 11 data indicated that gasoline lead was a statistically significant
"prédictor of PbB levels above 35 ug/dl.] After excluding all children with
PbB levels over 40 yg/dl and adjusting the diétribution to zero atmospheric
lead, Schwartz (1985d) calculated a GSD of 1.419. [These results are consistent
with a study, conducted by Shier and Hall (1977) and analy;ed by Urban {1976},
of children 6 years old and and younger randomly selected in Pittsburgh during
1974 and 1975; as in the Schwartz analysis of NHANES data, the GSD (1.37)
for the general population in Pittsburgh did not change after excluding
children from homes with lead-based paint (Pope, 1986b).] Thus, for the
NHANES 11 population of children a GSD without attribution of any source of
lead exposure except gasoline lead and industrial air lead emissions may be
taken as a rounded-off value of approximately 1.42 (CD, p. 11-31). The
staff recommends that a value of 1.42 be considered the most appropriate

GSD for purposes of ca1cﬁ1ating the percent of children above a cutoff PbB
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the epidemiological studies should be noted.

a) Measurements of lead in the environment were generally limited
and taken from samples separated in time and space from actual population
exposures (as indexed by blood lead). Consequently, reported air lead
concentrations in outdoor air (measured at ceﬁtraTized, stationary monitors),
for example, have differant ré]ationships to the true personal airborne
Tead exposure of the target population in different studies;

b} In order for the relationships between blood lead and environmental
lead to have general predictive value for other populations, steady state
or near steady state conditions must have prevailed wherein the amount of
lead inhaled and ingested per unit time was reasonably constant Tong enough
for virtual equilibration to occur between lead in air, food, dust, stc.,
and blood lead (Hammond et al., 1981). As discussed below, in situations
where lead concentrations in different media are only moderately correlated,
environmental exposure cannot simply be characterized by the lead concentration
in one medium, like air or dust. (Brunekreef, 1984);

¢) The blood/air lead relationships generally are limited in that
at most two or three, but frequently, only one environmental source of lead
is measured in each study. Because of the simultaneous presence of lead in
multiple media, such relationships underestimate or otherwise confound air
lead's effect on total exposure unléss lead intake from the other sources
remains approximately constant and lead concentrations in different media
are well correlated. In situations where the latter condition does not
hold, environmental exposure cannot be simply characterized by the lead
levels in air (for example, near point sources where the accumulation of
lead in soil 1s related more to historical, rather than present, emissions,
especially when control measures are being or have been taken). These

difficulties can be partly overcome but unfortunately, longitudinal assessments
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of simultaneous exposure to all media have not been made and only limited
information exists from studies measuring lead isotope ratios in blood and

in the environment, a method which has emerged as a valuable tool to apportion
Tead exposure among different sources (Facchettirand Geiss, '1982; Yaffe et
al., 1983; Tera et al., 1985).

d) As with the uptake/bickinetic approach, the importance of specific
sources of exposure varies widely from one individual to the next, and
reliance on a blood/air relationship from an “average" case may be inap-
propriate to predict different individual risks but can provide reasonable
estimates of possible population-wide impacts.

e) Again, similar to the uptake/biokinetic approach, environmental
and blood lead sampling, analytical techniques, and quality control (if
any) differ among studies and may explain part of the variability of the
results; and

f) Possible confounding variables that influence PbB levels but
which are not related to air lead measurements (e.g., lead in paint, canned
food and plumbing, socioeconomic status, parental care, housing and play
conditions, calcium intake) cannot always be disentangled, Control for
confounders can be achiaved by comparing populations that differ only in
their exposure to airborne-derived lead. However, identifying such groups
has been difficult. Another possibility is to perform a multivariate
statistical anéIysis in which adjustments are ﬁade for some or all of the
confounders before caICU1éting the blood 1ead/aiF lead relationship. This
requires information on the value of each confounder for each individual,
which is also very difficult to estimate. In the case of lead, several
confounders tend to work in the same direction as air lead. For example,
elevated exposure and unfavorab]e social conditions often are both concentrated

in central cities. Consequently, when statistical adjustment is incomplete,
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the relationship between air lead and blood lead will likely be inflated.

The situation is complicated when more than one exposure variable besides

air lead is entered into the analysis. Adjustment for a confounding variable
may result in all of the shared variance between confounder and exposure
variable attributed to the confounder; this can inevitably lead to
underestimation of the "true" impact of the exposure variable {Rutter,

1983), Thus, adjusting for environmental exposures such as soil or

dust lead, which are determined to a large extent by air lead levels, can
result in an underestimation of the total impact of ajrborne-darived lead

on blood lead (Brunekreef, 1984),

1. Blood/Air Lead Relationship Using Disaggregate Model

The CD concludes that experimental inhalation studies (see Table 5-2)
and eéidemiologica] studies on adults (Azar et al., 1975) exposed to relatively

Tow air Tead levels (<3.D‘pg/m3f produce linear inhalation blood lead/air

© lead slopes of 1.64 and in the range of 1.08-2.57 respectively (CD, Tables

11-38, 11-40), Inhalation slopes for children were estimated in the CD

from the population studies of Angle and McIntire (1.92 + ,60), Roels et

al, (2.46 + 0.,58), and Yankel et al. (1.53 + 0.064), yielding an unweighted
median slope of 1.92 (CO, p. 11-105). These studies were chosen for
analysis and emphasis in the CD because they were judged to address several
key factors sufficiently well to establish meaningful relationships. These
factors include a well-defined study population, a good measure of individual
exposure, measurement of blood Tead with adequate quality coatrol, a statistica]h
analysis model that is biologically plausible and consistent with the data,
and control or measurement of fmportant covariates (CD, p. 11-63). In
addition, they were selected so that, with the exception of some children

in the Yankel et al. study, attention can be restricted "to those individuals

without known excessive occupational or personal exposures™ (CD, p. 11-65},
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1t should be emphasized, however, that most of the children in these
studies 1ived in the vicinity of lead point sources (i.e., smelters),

The relationship between blood lead and direct inhalation of airborne
lead pravides information useful for changes in air lead on a time scale of
only several months (CD, p. 11-186). Over time, suspended lead is deposited
and incorporated into soil, dust, and water, and enters the food chain,
Since prior and current atmospheric fallout directly modify the daily
burden of ingested lead, larger changes in b1ood lead would be predicted if
the associated changes in the surface deposition of lead were accounted for,
rather than simply inhaled air lead {Angle et al,, 1984). To account for
the simultaneous presence of lead in multiple environmental media, the CD
has analyzed the separate relationships between children's blood lead and
dietary, soil, and dust lead., These analyses are summarized in the tables
iﬁc1uded in Appendix C and are described in detail in Chapter 11.4 of the
CD. A set of the most reliable relationships derived from these analyses
are applied in a further analysis presented in the CD {€D, Table 13-6) and
reproduced in this paper (Table 7-12) as a.way to characterize average
total lead exposure among U.S. children under alternative air lead
levels. A similar disaggregate model was developed hy Angle and Mclntire
(1979) and Angle et al. (1984) in forming an integrated lead exposure
function from measurements of lead in air, soil, and house dust and relating
that to PbB levels of children living in various areas of Omaha,

2. Blood/Air Lead Relationship Using Aggregate Model

In the disaggregate modeling approach, “"inhalation" lead sltopes are
derived by statistically adjusting blood lead/air lead slopes by whatever
indirect air exposure variables (e.g., house dust lead) that were measured

in the individual epidemiological studies, and then combining separate
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slopes available for other exposure media (e.g., dust, food, water) to
arrive at an integrated lead exposure function. With the exception of
Angle and McIntire (1979), the community studies from which inhalation
slopes have been deriVed have not simultaneously measured lead in more than
twq‘orwthree media and consequenth, the integrated lead exposure function
is necessarily based on data from multiple studies involving different
populations, exposure conditions, measurement techniques, etc. An alternative
method of calculating the effect of changes in air lead on children’s blood
lead is to analyze 1n&ividual community studies in which reliable “"unadjusted®
blood lead/air lead relationships can be derived such that the impact of
both direct {inhaled) and indirect {via dust, soil, etc.) contributions of
air lead are combined, or aggregated, in one variable (i.e., air lead).
To only use an “adjusted” blood lead/air lead slope (i.e., inhalatien
stope) would result in an underestimation of the impact of atmospheric
lead on children's total exposure since air lead levels, in general, are
significantly correlated with other important exposure variables such as
hand and household dust Tead (Brunekreef, 1984). '

The popuTation studies with identifiable air monitoring methods and
reliable blood lead data are summarized in Table 5-3. As is the case for
the data in each of the experimental studies, different statistical analyses
of these studies have resulted in a range aof possible values for the hlood
lead/air lead relationship {B8). Unadjusted (i.e., aggregate) relationships
are presented in addition to adjusted {i.e., disaggregate) relationships
derived from regression analyses, the latter which refer to the blood
lead/air lead relationships due to direct inhalation exposure.

In Table 5-4, the calculated B values listed in Table 5-3 for each study
are presented according to the blood lead levels, ages, and type of location

of the investigated children. Relatively wide ranges of 8 values are
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observed for industrial and urban areas at low and high Pb8 levels and for
all ages of children. The apparent trend towards smaller sTopas with increasing
PbB levels is consistent with findings within some studies (Angle and
Mcintire, 1979; Roels et al,, 1980) and other observations of curvilinear
blood lead/exposure relationships (Azar et al,, 1975; Moore et al., 1977;
Gross, 19§1; DeSilva, 1981; Sherlock et al., 1982; Hammond et al., 1981).

As discussed, the CD determined that the disaggregate inhalation
slopes derived from the studies by Angle and McInt{re, Roels et al., and
Yankel et al. are the most reliable given their aoverall quality. It is
important to note several additional studies and analyses that may provide
equally relevant and useful information for purposes of estimating an
aggregate blood lead/air lead slope. Tables 5-3 and 5-4 identify surveys
besides those of Angle and McIntire and Roels et al. which studied children
(0-10 yrs) whose blood lead levels were below 25 pg/dl, These studies
(BruneLreéf et al., 1983; Zielhuis et al. 1979; Brunekreef et al,, 1981)

* reported well-defined study populations, employed available quality control
procedures for blood lead analysis, and measured or controlled for important
covariates {see Table 5-3). Several specific comments should be made
regarding these studies:

1. The series of studies reported by Zielhuis et al. (1979) and
Brunekreef et al. {1981) included many environmental measurements (lead in
ambient and indoor air, lead in dustfall indoors and outdoors, soil,
streetdust, floordust, tapwater, and dustiness of homes) and regression
analyses to determine the impact of different variables on PbB levels
(i.e., the above environmental indices as well as distance from the smelter,
parenta1 education, age of the child, mouthing activity, cleanliness of the
child). Venods blood lead samplas were analyzed by standard techniques and

although information on interlaboratory comparisons is not given in the
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original study, quality control participation is reported by one of the
investigators in a subsequent review (Brunekreef, 1984). Air lead was
measured at two sites in 1976, and presumably in 1977, 0.2 and 0.4 km from
the smelter. The levels in Table 5-3 were taken from Brunekreef (1984) and
represent those measured at 0.4 km from the smelter. Air lead was measured
at 6 sites continuously for 2 months in 1978. Brunekreef (1984)
estimates 8 (4.0) for 1976 by assuming a difference of 2.0 ﬁg/m3 in average
air.1ead exposure levals between the 2-3 year old children with the highest
and lowest PbB levels. After adjustment for parental education, the blood
lead difference of about 8 ug/dl decreased to 7.2 ug/dl, resulting in
a slightly lower 8 estimate (3.6). For 1977, a difference of 1.0 pg/m3
was assumed for air Tead exposure levels between expaosed and control children
aged 2-3 years who had PbB levels of 18.2 and 14.6 ug/dl, respectively, again
resulting in a 8 of 3.6. In 1978, only children 1iving between 0.4 and 1.0
km of the smelter were sampled and air levels did not correlate with blood
lead within this population. Thus, no direct estimate of g can be derived,
'although s0il lead and indoor and outdoor dust lead, and therefore, accumulated
lead deposition, accounted for a significant fraction of the variance in.
PbB levels (Brunekreef et al., 1981). Basad on the above criteria uséd to
determine key studies in the CD (p. 11-63), it appears that these series of
studies near Arnheim and the subsequent analyses in Brunekresef {1984) are of
sufficient quality to provide reliable aggregate slopes between blood lead
and air lead.

2. The more recent study by Brunekreef et al, (1983) on Outch city and
suburban children measured venous blood (which was analyzed as part of
the European Community laboratory quality control program) and many

environmental and social variables and potential confounders {lead in

drinking water, soil, street and playground dust, hand dust, indoor dust,

TEH 0413516

DUPD50454903




v-23

mouthing behavior, dietary intakes, parental education and occupation, age
of home, etc). The very high B value (8.5) derived by Brunekreef (1984)
even after adjustment in a multiple regression analysis for six of the
confounders, may be related to an underestimation of ambient air lead
levels due to the fact that low volume British Smoke air monitors were
employed, in contrast to the hi-vol samplers used in most other studies.
The extent of inflation in the estimated slope as a result of any underestimated
air lead level is uncertain. Brunekreef (1984) notes however that even if
this bias is accounted for, the difference in urban and suburban air lead
levels was probably not larger than 0.2 ug/m3. The contrast in lead
deposition between the areas was significant {i.e., 643 vs. 220 ug/mzlday),
indicating that ongoing lead pollution accounted for a good deal of the
differences in PbB levels, although variations in historical emissions can
not be entirely ruled out. The relatively Tow PbB levels in this study

{» 8-13 ug/d1) could be another partial explanation of the high 8 estimates,
given that other studies used to derive B included children with PbB levels
on averayge closer to, and above, 30 ug/dl, at which point the blood
lead/lead intake relationship is estimated to be nan-linear and levefs of f;
below 30 ug/dl, this relationship appears to be approximately linear (CD,

p. 11-104),

Despite the uncertainties in the air monitoring data, this study
éppears to have been carefully designed and conducted and though the precise
value of the blood lead/air lead relationship is not certain, the estimated
8 value appears to be significantly higher than the mean inhalation slope
derived from other studies of comparable quality and relevance.

In addition to these studies, the available statistical aggregate

analyses on the criteria document's three "key inhalation slope" studies
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on children require brief discussion.

3. The three inhalation g values (0.6, 1.92, and 4.40) attributed to
regrassion analyse; performed by Angle and McIntire (1979) (CD, Table
11-39) all included adjustments for soil and house dust lead. An unadjusted
regression analysis found a 8 of ‘1.4 for 6-18 year olds (Angle and McIntire,
1979). Unadjusted coefficients of 0.66 (all children), -2.63 (1-5 yr olds)
and 2,10 (6-18 year olds) were obtained by Brunekreef (1984). The surprising 8
for the 1-5 year olds could be due to the fact that this age group was only
sampled during one year, whereas sampling of older children was performed
over 6 years. Brunekreef's reanalysis illustrates two points: 1) any slope
derived for all children in the study (1~18 yrs) Tikely is defiated by
including the discrepant results of the 1-5 year olds; and 2) by adjusting
for factors that covary with air lead (soil and house dust lead) in thé
analysis, the slope for air lead decreased three-fold from 2.10 to 0.69 in
the 6-18 year olds.

4, The infialation 8 value of 2.46 from Roels et al. (1975),;35 estimated
in the €D by adjusting for dust lead levels measured on the children's
hands. An unadjusted regression analysis by the authors of the combined
data {1976 through 1980) yielded a 8 value of 5.3 (Roels et al., 1980).
Brunekreef (1984) segregated the data and compared groups with large differences
in exposure (i.e., <1 km from smelter vs, urban/rural; 8 = 5.9) groups with
small differences in exposure at high exposure levels {i.e., <l km vs. 2.5
km from smelter; 8 = 4.6) and groups with small differences in exposures
at Tow levels (i.e., 2.5 km from smelter/urban vs. urban/rural; g = 13.7).
The high estimate at the lower exposure level i§ influenced by two extreme
valuas; removing them leaves a slope of approximately 9.8. As in the
Brunekreef et al. (1983) study, the use of Tow-volume samplers may have

underestimated air lead exposures, and overestimated the g value, especially
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for those children near the smelter where large particles predominate. The
slope may be underestimated for young children, however, since this study
only sampled children oldar than 10 years of age. Given these different
factars and analyses, it is difficult to estimate a "true" aggregate slope
from Roels et al. (1976, 1980), It is clear that a range of possible
slopes for this study has been calculated that are dependent on exposure
lavels and adjustments for dust lead, and which are all greater than the
slope for inhaled air lead alone (2.46) cited in the criteria document. _

5. Similarly, analyses of the Yankel et al. (1977) data adjusted for
soil lead, cleanliness, dust, education, and/or pica have yielded inhalation
B estimates ranging between 1.01 and 1.53 at an air lead level of 1,0 pg/m3
(Yankel et al., 1977; Snee, 1982; Walter et al., 1980; CD, Table 11-39),
Brunekreef (1984) estimated 3 va1ges between 2.4 and 3.3 depending on age after
comparing the highest and lowest exposed children's unadjusted PbB levels
based on the 1974 data, . .

The remaining slopes listed in Table 5-4 are basad on data from children
whose PbB levels, as some in Yankel et al., {1977), exceeded 25 pg/dl. As
discussed in the CD, the relationship between lead uptake and PbB levels
above about 30 ug/d1 appears to be non-1inear (CD, p. 10-31; Marcus, 1985).
Because PbB levels above 25-30 yg/dl are above the maximum PbB level of
health-related concern (see Sectian VII.C}, however, these slopes are less
relevant to the present review.

In summary, the above analyses using the aggregate approach assume the
same source for most lead in air, soil, and housedust, and that adjustment of
PbB Tevels for sail or dust lead that yields an inhalation slope that under-
estimates the "true" impact of atmospheric lead on PbB levels. A range of l

values can be estimated from a) additional, and apparently relevant, studies
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not used to derive 1nhalat1on‘slopas in the CD (i.e., Zielhuis et ai.,
1979; Brunekreef et al., 1981, 1983) and b) aggregate analyses that include
both direct (inhalation) and indirect (via soil, dust, etc.) air lead
contributions in the key “inhalation slope" studies cited in the criteria
document. Although far from cénc]usive, these studies and analyses suggest
a range of possible blood lead/air lead aggregate slopes in the range of 2
to 10 for young, moderately exposed children with the most reliable slopes
falling between 3 and 5 {CD, p. 11-104).

Because the blood/air lead refationships‘were derived from studies
which measurad air lead concentrations avaraged over periods ranging between
one month and one year (See Table 5-3), and because long-term averagesA
(e.g., annual) may not reflect short-term (e.g., monthly) peaks, it
is possible that applying these slopes to estimate the impacts of different
air Tead levels would yield overestimates of PbB levels if the air lead
" standard considered is a one-month average {See Section VII.A). Any
overestimation, however, is likely to be small given the long-term pattern
of lead accumulation in the environmental media to which children are
predominantly exposed (i.e., soil, dust, food) and the resulting modulation
by the environment of potential short-term peak exposure levels. Therefora,
it can be assumed that these slopes are applicable in estimating PbB levels
associated with different monthly, as well as calendar quarterly, average
air Tead levels.

It is important to add, as discussed in Appendix A, that some of the
absorbed léad that accumulates in the skeleton deposits in the spongy
trabecular bones (e.g., rib, vertebrae) where it may be resorbed into the
blood stream. Because blood/air lead slopes are derived from epidemiological

studies in which exposure to air lead was assessed over days, weeks, or
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months, an additional factor must be allowed for possible re-entry of lead
into the blood transferred from bone or other long~term storage (Chamberlain,
1983). Based on isotopic ratio and radiolabel tracer studies on adults,
Chamberlain et al, (1978) estimated this factor to be 1.3, although it is
1ikely to be higher in children because of the rapid growth and high rate

of turnover in their skeletal systems. Applying this factor to the blood
Tead/air Tead aggregate slope range discussed above (3-5) yields a

range of about 4 to 6. Use of these slopes to predict blood levels
associated with alternative air lead levels is discussed in Section VII.C.3

along with the two other modeling approaches introduced in this section.
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¥I. CRITICAL ELEMENTS IN THE REVIEW OF THE PRIMARY STANDARD
A. Mechanisms of Toxicity

The toxicological impact of environmental lead can’either be the
cumulative product of continuous low-level exposure, or of single or repeated
acute exposures. Adverse effects are due essentially to the mobile fraction
of absorbed Tead within the body. Thus, a major determinant of toxicity
is the distribution of lead among binding proteins and compartments that
contain susceptible enzyme systems or other target sites (Raghavan et al.,
1981; Silbergeld, 1983). The effects. of lead on subcellular structures and
processes result in biochemical derangements common to and affecting,
many tissues and organ systems. These biochemical alterations can be
linked to the diverse types of lead-based functional disruptions of organ
system§ that operate in a coordinated, interdependent way.

The major molecular basis underlying lead’'s toxicity in various
human tissues is believed to be its ability as a metallic cation to bind
with specific biochemical ligands, such as sulfhydryl, amino, and carboxyl
groups, present in biomolecular substances crucial to normal physiological
functions (Moore et al,, 1980)., This binding interferes with physfo]dgical
processes through the following mechanisms:

1. Inhibition of enzyme activity

Lead inhibits at least twa enzymes in the heme biosynthetic pathway,
delta-aminolevulinate defiydrase (ALA-D) and ferrochelatase (Chisolm, 1981),
as well as enzymes and cofactors invoived in maintaining the structural
integrity of red blood cells and protecting them against oxidation --

Na*, K*-activated adenosine triphosphatase (Na*, K* - ATPase), pyrimidine-
5'-nucleotidase (Py-5-N), superoxide dismutase, and glutathione (Hasan et

al., 1967; Secchi et al., 1973; Raghavan et al., 1981; Angle et al., 1975;
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Paé]ia et al., 1975; Valentine et al., 1976; Levander’et al., 1980; Gelman
et al., 1978). The synthesis of tetrahydrobiopterin {(a cofactor in brain
neurochemistry; see below) and the activity of brain adenyl cyclase (associated
with neurochemical receptors) are also inhibited by lead in vitro and in
vivo at Yow concentrations (Purdy et al., 1981; Sauerhoff and Michaelson,
1973; Nathanson and Bloom, 1975). It is important to note that although
catalytic activity of these susceptible enzymes may be diminished across a
wide range of lead exposure down to very low levels, sometimes without an
"observable threshold, the physiological or functional consequences of such
inhibitions depend on the reserve capacity of thé enzymes, the health and
nutritional status of the individual, and subsequent exposures to lead and
other environmental stress factors. These issues as well as dose-response
relationships are addressed in Section VII.C. and Appendix D.

2. Altered cellular energy metabolism and ion transport

Energy metabolism occupies a centrfal position in all biologic
processes and substantial interference with one or more steps in cellular
energetics can have immediate and severe effects on the usual functioning
of a cell, tissue, or organ. Mitochondrial structure and a variety of its
functions in energy metabalism are very sensitive to lead, particularly
in rapidly developing tissues in the young (Holtzman and Shen Hsu, 1976;

Bull et al,, 1979; Holtzman et al,, 1978). Effects including uncoupled

oxidative phosphorylation (Goyer and Moore, 1974), inhibited substrate

oxidation (Bull et al., 1975), and changes in mitochondrial membrane permeability
and transport of ions, especially calcium (Ca**), sodium (Na+), and potassium
{K+) (Holtzman et al. 1977; Bull, 1980; Van Rossum et al., 1985) occur at

levels of lead as low as 15 micromolar in intact cellular systems,

Because of the pervasive role calcium plays in regulating cellular
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function, a wide range of finkages between lead's impact on Catt and
energy metabolism, and altered functional activity and developmental delays
in the kidney, liver, brain and smooth muscle have been proposed (Bull et
al., 1975, 1979; Bull, 1980; McCauley et al., 1979; Silbergeld, 1983;
Pounds et al., 1982) and are discussed below.

3. Competition with ions for essential binding sites and altered

neurochemistry

Lead absorption, distribution, and retention is known to vary
depend%ng on dietary intake of calcium, iron, copper, and zinc, as well as
other nutrients (e.g., protein, fat, vitamin D) (Mahaffey and Michaelson,
1980). 1In addition, increased susceptibility Lo the toxic effects of lead
on heme synthesis and on neurological function has been associated with
deficiencies in calcium, iron, copper, and zinﬁ {Mahaffey-Six and Goyer,
1970, 1972; Klauder and Petering, 1977; Cerklewski and Forbes, 1976).

These metabolic interactions can be expected among elements that share
common chemical properties and compete for common metabolic binding sites,
such as the mucosal proteins responsible for absorption and transport
across the intestinal wall, and on specific intracellular enzymes.
Lead~induced alteration of cellular calcium homeostasis, at lead con-
centrations as low as 50 micromolar, efther by direct competition at
receptor binding sites {Barton et al., 1978; Ong and Lee, 1980; Habermann
et al., 1983) or indirectly by reducing energy production and impairing
mitochondrial and cell membrane transport “pumps” {Pounds et al., 1982a)
could disturb multiple cell functions of different tissues that depend upon
calcium as a messenger of hormonal and electrical stimuli or as a modulatbr
of cyclic nucleotide metabolism (Rasmussen and Waisman, 1983; Rosen, 1983).

For example, low levels of lead inhibit the calcium-mediated regulation of

pyruvate kinase activity essential to hepatic glycolysis (Pounds et al.,
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1982b), and some calcium-dependent neurotransmission that regulates the
propagation of nerve impulses in the brain {Silbergeld et al., 1977; Silber-
geld and Adler, 1978}, as well as peripheral neuromuscular junctions

(Cooper et al., 1984).

Besides competition with calcium at synaptic binding sites, other
mechanisms by which lead at Tow doses may alter the functioning of neurotrans-
mitter pathways {see CD, Table 12-7) include: 1) inhibition in the brain
of the enzymés (Na,K)-ATPase which helps maintain the ion distribution about
the cellular membrane required for neuronal activity {Vallee and Ulmer,
1972), and adenyl cyclase, which regulates cyclic AMP metabolism and synaptic
transmission (Nathanson and Bloom, 1975); 2) inhibition of sodium-dependent
neurotransmitter uptake (Silbergeld and Goldberg, 1975); 3) impairment of
cerebellar and cerebral energy metabolism (Holtzman et al., 1978; Bull et
al., 1979); 4) inhibition of tetrahydrobiopterin, which helps, control the
synthesis of the neurotransmittérs dopamine and norepinephrine (Purdy et al.,
1981); and 5) inhibition of heme synthesis resulting in a) an accumulation of
ALA in the brain that disrupts the synthesis and function of the neurotransmitter
GABA (Sassa et al., 1979; Silbergeld and Lamon, 1980), and b) reduced heme
levels in the liver that appear to indirectly alter associated activity in
 the brain of the amino acid, tryptophan, and the transmitter to which it
contributes, serotonin (Litman and Correia, 1983).

In addition to the above mechanisms, lead may exert its toxicity by its
ability to rapidly cleave messenger RNA (at cancentrations in solution as
low as 0,001 miTlimoles) and disrupt protein synthesis {Farkas, 1975; Brown
et al., 1983},

It is uncertain whether a common underlying mechanism is involved in
the diverse functional impairments produced by lead. It does appear however,

that lead affects biological systems directly rather than through metabolic
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transformation, and that there may be no biological threshold for its
effects at subcellular or cellular sites of action. External exposure levels
or internal circulating levels (blood lead concentrations) of lead sufficient
to achieve subcellular or cellular concentrations associated with the bio-
chemical changes described above remain to be defined.
B. Effects of Concern

Lead may produce physiological, and ultimately, pathological effects
in a variety of tissues and organ systems across a broad range of exposure
levels., Evidence for such effects is drawn from in vitro, animal toxicological,
and human clinical and epidemiological studies., Based on these data,
summarized in the CD (Chapter 12), effects in the following areas are of
primary interest:

1) heme biosynthesis and related functions

'2) neurobehavioral function ’

3) cardiovascular function

4) kidney function

5) reproduction and development

6) possible carcinogenesis/mutagenesis

7) immunological function

8) liver, gastrointestinal, and endocrine function
The major implications of the available Titerature related to each of these
'effect areas are discussed in Appendix D and summarized in Section VII.C.
as they relate to assessing the risks associated with alternative lead MAAQS.
€. Sensitive Population Groups

Two populations, pre-school age children (f_ﬁ‘years old) and pregnant
women, are defined in the CD as particularly sensitive to 1eéd. Several

factors predispose young children to lead-related risks: 1) nermal mouthing

/
¢
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behavior (e.g., finger licking and immature dietary habits) which can
transfer lead-contaminated soil and dust from their hands into the gastro-
intestinal (GI) tract; 2) greater lead intake into the respiratory and G1I
tracts on a body weight basis; 3) greater lead absorption and retention
rates; 4) greater prevalence of nutritional deficiencies which enhance lead
Gi absorption rates and toxicological effects; 5) relatively greater proportion
of their lead body burden in soft tissues and other labile pools rather
than in slow exchange pools (e.g., dense bane matrix) as compared to adults;
6) a less developed blood-brain barrier that can allow greater entry of
lead into the brain; and 7) an inherently greater physiological sensitivity
of developing tissues and organs, as indicated by lower thresholds, and’
greater severity of lead-induced effects in the hematolegical and neurological
systems, .
In addition, dietary and metabolic imbalances, and periods of physiological
stress, not unusual in young children, can cause variations in the level of
toxicologically active 1eaq through bone-lead mobilization and changes in
lead absorption rates (Chisoim and Harrison, 1956; Rosen and Markowitz,
1980; Araki and Ushio, 1982).
Physiological sensitivity to lead may be at a maximum during fetal
~development when the central nervous system is undergoing its most pronounced
growth, Persistent effects on neurological function have been observed
following in utero lead exposure in experimental animals and have been
suggested by some preliminary results from human longitudinal studies. The
pregnant woman is considered sensitive insofar as she is the exposure
vehicle for her unborn child, since Tead is transferred across the placenta.

However, there is some evidence that indicates a greater risk of maternal
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delivery complications at relatively Tow PbB levels as well (Appendix D.5).

There were about 23.3 million pre-schoolage children in the U.5. in
1982 (U.S. Bureau of the Census, 1982); some 14.2 million Tived in urban
areas and based on avaiiable estimates, approximately 240,000 live near point
sources where lead exposure is generally higher (the latter figure may be
an overestimate due to recent plant closures) (CD, Table 13-10; Battye,
1985¢). The CD estimates that about 4.4 million children between ageé 3
and 5 years are particularly sensitive to lead because of iron deficiency
(CD, p. 13-47). The total number of women of child-bearing age (between
15 and 44 years) is estimated to be about 54 miliion, with about 33 million
1iving in urban areas (CD, Table 13-10); of these, approximately 7 percent
are pregnant at any given time (CB, p. 13-47).. Levels of risk are not
uniform throughout these populations but are 1iké1y to be distributed
according to individual exposure conditions, behavioral patterns, and
physiological sensitivity to lead. |

As discussed in Section IV.F., for present purposes, exposures to and
blood lead levels of children exposed to high levels of lead in paint will
not be estimated in this assessment. Pope (1986a) estimates that in 1980,
between approximately 6.2 and 13,6 million U.,5. children undar the age of 7
Yived in homes contéining > 0.7 mg/cm2 lead in painted surfaces, a level
considered by the Centers for Disease Control to be hazardous to young
children. Lead-based painted housing with peeling paint, holes in walls, or
broken or cracked plaster are considered to be particularly hazardous to
children because of the relatively sasy accessibility of paint chips or
lTead-contaminated dust., The estimated number of U,S. children residing in
' Tead-based painted homes in 1980 with such deteriorating conditions ranges

from 235,000 to 842,000 {Pope, 1986a}.
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VII. FACTORS TO BE CONSIDERED IN SELECTING A PRIMARY STANDARD FOR LEAD

This section, drawing upon the previous evaluation of scientific
information from the criteria document, outlines the key factors that
should be considered by the Administrator in designating appropriate criteria
for averaging time and sampling frequency and in éstablishid@ the level of
the lead primary standard. Preliminary staff conclusions and recommendations
regarding the most appropriate policy options in each of these areas are
presented,

A. Averaging Time

To be protective of human health, the averaging period for the lead

standard should be chosen such that variations of exposure that could
result in adverse effects do not occur unless the standard is exceeded.
Stated another way, its purpose is to prevent extremely high peak concen-
“trations from being averaged out by extended periods of low concentrations
if those high peaks represent a health hazard. The current averaging time
for the lead primary MAAQS is a calendar quarter (3 months), When the lead
standard was proposed in 1977, the averaging time for the primary lead
MAAQS was specified as a calendar month which is somewhat shorter than the
approximately 60 days before steady state PbB levels in adults adjust to
changes in air lead concentration (Rabinowitz et al., 1973; Griffin et al.,
1975). A month averaging time was considered appropriate because of the
greater risk of exposure of young children (42 FR 63076). Subsequently,
EPA promulgated the current NAAQS with a calendar quarter averaging time
based on the conclusion that an air lead Tevel of 1.5 ug/m3 as a cejling would
be safe for indefinite exposure of young children and that the slightly
‘greater possibi]ify of elevated air lTead levels within the quarterly period
was not significant for health (43 FR 46246). The risk of shorter term

exposures to air lead concentrations elevated above a duarter1y—averaged
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standard that might go undetected were considered in the 1978 standard
decision to be minimized because 1) based on the ambient air quality data
available at that time, the possibilities for significant, sustained excursions
were considered small, and 2) it was determined that direct inhalation of
air lead is a relatively small component of total airborne lead exposure
(43 FR 46246). More recent data on short-term air lead levels are considered
below. The following assessment of additional health and exposure information
available since 1978 and other evidence suggests that a monthly averaging
time may be more appropriate than a calendar quarter, Whether a quarterly
average standard can provide adequate protection at a level that minimizes
the risks associated with even short-term exposures is also discussed.

1. Eguilibration Period for Blcod Lead in Children

Duggan (1983), based on 1imited lead balance data in infants,
has preliminarily estimated a considerably shorter half-life of blood lead
in children {< 1 week) than in adults (18-28 days; Griffin et al., 1975;
Rabinowitz et al., 1976; Chamberlain et al., 1978), Few direct measurements
have been made on the equilibrafion period for blood lead in children,
although the higher metabolic rates in children would be expected to produce
a more rapid turnover rate of red blood cells, along with lead, in théir
blood compared to adults (Chamberlain et al., 1978).

A population of poor, urban children with pretreatment PbB concentrations
greater than 50 ug/d1 received chelation therapy and were then followed
prospectively for the next 2 to 2 1/2 years (Chisolm et al., 1985), Following
therapy, blood lead levels increased within one month to varying degrees,
depending on the housing conditions the c¢hildren returned to, and
stabi]izéd after three months. Individual records showed that PbB
levels increased usually in 3 months by approximately 10 pg/dl in children

who moved from lead-free or renovated housing to old housing with some
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Tead-paint hazards and that PbB levels decreased in a similar fashion in
those who moved in the opposite way. The authors conclude that such
observations suggest that PbB is "quite sensitive to changes in exposures
to lead" (Chisolm, 1985), although these results may not be directly
applicable to the substantially different exposure conditions associated
with lead in ambient air.

A more rapid equilibration rate for blood lead in children is indicated
by regression analyses of NHANES 11 data in which individual children's PbB
Tevels were most closely correlated with the previous month's gasoline lead
consumption compared to the current month and second pravious month's
gasoline lead use (the third previous month's gasoline lead coefficients
were not significant) (Schwartz, 1985a). A one month lagged gasoline lead
also best fit bfood lead in regression analyses of New York and Chicago
screening data (Schwartz, 1985a) and of cord blood lead in Boston (Rabinowitz
et al,, 1984b). In addition, for the prevalence of children then reported
(1976-1980) to have lead toxicity (PbB > 30 pg/dl) in CDC quarterly screening
reports and in NHANES I1, a greater portion of the variance was explained
by one month lagged gasoline lead, compared to concurrént or previous
gasoline lead use (Schwartz 1985a).

Perhaps a more important consideration is the time it takes for the very
small fraction of "active" lead to be transported in plasma and extracellular
fluid to the various target body organs and tissues. It appears that lead
levels in plasma rise with.leve1s in whole blood in adults (Everson and
Patterson, 1980; DeSilva, 1981; Cavalleri et al,, 1978) and that lead is
removed from plasma with a half-1ife of less than one hour; indeed, ingested
lead appears within urine in less than an hour {Chamberlain et al., 1978).
These findings suggest that the rate by which lead is transferred to soft

tissues via the plasma is fast enough that excess lead entering the bloodstream
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would be rapidly transported via plasma to tissues. 'In addition, as illustrated
in Figure 10-2 of the CD (p. 10-18; Manton and Cook, 1984), the relationship
between plasma lead and blood lead is curvilinear upwards suggesting that
transient shifts in blood lead would result in plasma values greater than
that predicted on the basis of equilibrated percentages at Tower PbB values.
This curvilinearity becomes manifest in adult subjects at 50-60 ﬁg/dl
(DeSilva, 1981; Manton and Cook, 1984), but may well apply at relatively
Tower PbB levels in childreﬁ.

Further support comes from data on experimental animals whose levels
of lead in brain, kidney, and femur followed more of a direct proportionality
with the level of dosing than with blood lead, which may relate to the fact that
plasma lead rises proportionally faster than whole blood lead (Azar et al,,
1973; Grant et al., 1980). .

Based on the above data, it appears that increésed lead éxposure may
produce increases in steady state PbB levels in children sooner than the 60
days observed in adults, and that such changes may not reflect those occurring
in the levels of toxicologically active, or mobile, lead throughout the
body, particularly if exposure is in the form of intermittent pulses,.
Based on the analyses of NHANES II and gasoline lead data, children's PbB
levels and the number of children with elevated lead levels appear to be
responsive to monthly changes in air lead emissions. ,

2., Héalth Impacts Associated with Short~term Peaks in Lead Concentrations

Most animal and human studies of lead toxicity use measures of
lead exposure which reflect accumulations over time (such as blood and
tooth lead), and thus do not readily allow effects of different exposure
patterns to be distinguished, It is generally accepted, however, that

acute exposures to very high lead levels can result iﬁ immediate changes in
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blood lead and overt toxicity. PbB levels and ALA-D activity in workers
experiencing occupational lead exposure for the first time were significantly
altered after only a few days of exposure, and concentrations of urinary lead
and urinary ALA changed significantly after about two weeks {Tola et al.,
1973). Hemoglobin and hematocrit levels were significantly lower in the
workers at the end of the observation period (about 3 months). Similar
results were seen under controlled conditions in which single experimental
lead exposures ware followed by a rapid (<2 weeks} alteration in the heme
production cycle, as indicated by significantly elevated EP in adult men
and women (Stuik, 1974; Cools et al., 1976).

The sensitivity of these bjochemical parameters to short-term changes
in lead exposure is consistent with the fact that lead is rapidly transported
via blood plasma into tafget tissues such as bone marrow, However, in light
of the extremely high exposure levels in these studies (e.g,, air lead in the
work areas studied by Tola et al. were up to 2-4 mg/m3 and the average PbB
level rose from approximately 12 pg/dl to 40 ug/dl in 3 weeks), it is difficult
to relate these findings directly to children exposed to ambient concentrations
of lead, primarily through indirect pathways such as soil and dust.

Althodgh the health significance of short-term exposures to lower levels
of lead that are relevant to ambient air conditions is difficult to determine
for children at present, there does appear to be some cause for concern. This
concern is based on the following findings: 1) based on limited occupational
and experimental studies, short-term exposures (< 2 weeks)hto high levels of
Tead result in significant changes in heme biosynthesis; effects on other
physiological processes associated with similar short-term exposures and
effects of short-term exposures more typical of ambient conditions remain to

be studied; 2) lead accumulates in the body and is only'slow1y removed,

therefore repeated exposures to small amounts over many months may produce

C R
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elevated PbB levels (CDC, 1985); 3) the mean-life of lead in blood is approxi-
mately 30 days and the toxicologically active fraction of blood lead appears
to respond quickly to changes in exposure; and 4) limited epidemiological
evidence indicates that children's blood lead levels respond to month to
month variations in air lead emissions,

In summary, it appears that a monthly standard would be more protective
of children's hea{th than the current quarterly standard, especially around
point sources where emissions may be more sporadic. Not only would a monthly
standard when compared to a quarterly standard set at the same level reduce
short-term increases in children's lead exposure, it would also reduce average
tong-term air lead Tevels and deposition, since controls would be necessary
to meet the standard in months with increased emissions, and would thereby
reduce the number of children with Tong-term elevated blood lead levels. Although
a monthly lead standard appears to be the most appropriate averaging time, if
the implementation of a monthly standard is impractical due to monftorfng
limitations (see Section 7.B), a quarterly averaged standard could provide
equivalent health protection by adjusting the level to reduce the probability
of short-term (e.g., monthly) air lead concentrations above whatever target
level is considered adequate. '

In evaluating the adequacy of the current quarterly average standard, it is
necessary to consider the extent of short-term peaks in air lead levels that
can be anticipated as a result of the implementation of such a standard,
Recent data on monthly and quarterly air lead averaged concentrations are
considered below. Air quality analyses were performed on all available
SAROAD data (10,711 monitor-quarters) collected from stapiunary source,
microscale {for mobile source emissions}, and neighbarhood scale monitors
between 1980 and 1984 (Battye, 1984). Table 7-1 presents the results of

comparing maximum monthly average lead concentrations to quarterly average lead

TEH 0413534

DUP050454921




i

GEeSELY0 HAL
(v861) 24A313eg :@d4nog
60°2 002 98" 2 287 e juadJad g6
6871 081 £ e _ ve e juaoaad gg
L9°1 . L1 60°¢ 6871 juaazgad gg
’ 061 99" | FAT | 89° 1 juazsad gg
6E71 ae’l 09°1, 0g*t juaddad pg
[ o .
o .o (potey auo) sywwiy Jaddy
=
{{FA | 021 62" 1 nz2t jyead uoLInqralsiq
62° 1 g2l el 7 ueLpay
L2°1 XA op°l GE* 1 otjed ueap
407 Luow $407 Luow SJojLuow SJ07 LUow K1a9doad
apispeod . apLsSpeod 934n0s Lty uoLINQLJISLQ
ajeos _ 9|edsoudly JULO¢
pooyuoqub Lan

S3LIS IN3UIIIQ 0 SOLIVY NOTIVYINIINGD FOVHIAY AWMIALUYND-0L-ATHINOW *T-7 314Vl

DUP050454922




vI1-8

concentrations at different types of monitoring sites. These ratias are
largely independent of average Tead concentration (Battye, 1984) and suggest,
for exampie, that in order to protect against a maximum monthly average
cancentration of 1.5 ug/m3 around point sources, a quarterly average concentration
of approximately 1.1 pg/md (using a mean ratio of 1.4) would be required, If
the more conservative 90 percentile value of 1.82 is used, a quarterly average
concentration would have to be adjusted to approximately 0.82 ug/m3. Without
such adjustments, a quarterly average of 1.5 pg/m3 around point sources would
allow monthly maximum averages as high as 2.1 ug/m3 using the mean ratio, and
2.7 ug/m3 assuming the 90 percentile ratio.

The magnitude and potential health significance of such excursions in
air lead levels over a given quarterly average standard, especially if repeated,
suggests that in addition to the reasons previously outlined, a monthly
standard would be more protective. If a quarterly standard is retained, it
would have to be adjusted so as to preclude excessive excursions above the
monthly target level. A quarterly standard adjusted in an appropriate manner
could provide health protection roughly equivalent to that of a monthly
standard around point sources. At non-point source sites where lead concentrations
are less variable, an adjusted quarterly standard would be somewhat ovér
protective,
B. Form of the Standard and Sampling Frequency

1. Alternative Forms of the Standard

Any ambient standard is defined not only by its averaging time and
tevel, but by the characteristic way attainment with that standard is
determined, i.e., its form. Compliance with the current lead NAAQS is
deterministic--the maximum arithmetic mean average over a calendar quarter

is not to exceed 1.5 ug/m3. The staff recommends that the'primary lead NAAQS
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be stated in a statistical form rather than the current 'deterministic form.

A statistical form can offer a more stable target for control
programs and, with reasonably complete data, is less sensitive to
meteorological conditions than is the deterministic form. 1In
general, montbly or quarterly mean éoncentrations of lead will vary from
one month or quarter to the next, even if emissions remain constant, due
to the random nature of meteorological conditions that affect the dispersion
of lead particléé in the atmosphere, Under a deterministic form, compliance
with the standard, and consequently emission control. requirements, can
theoretically be determined on the basis of a single “"atypical" month or
quarter. The general limitations of the deterministic form are discussed
more fully elsewhere (Bf11er and Feagans, 1981)., Recognition of these
Timitations has most recently led EPA to propose statistical forms for the
particulate matter standards. ‘

Conceptually, a statistical standard could be expressed in many different
forms. There are several approaches in determining the form of the
standard that would directly recognize the statistical variability
associated with the estimated maximuh monthly or quarterly average
concentrations, 1In general, two different types of standards have been
forwarded., The first is the “"parametric" approach, in which the underliying
distribution of air quality data would be expliicitly taken into account in
determiping compliance with the standard or in setting targets for control
programs. Hypothetically, if correct assumptions regarding these
distributions could be made, potential errors in the classification of areas as
either attaining or not attaining the standard could be reduced.

An alternative method that has been cited as a way of accounting for

the variability in air quality estimates involves the development of a

tolerance interval so that a site would not be.classified as attain-
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ment unless the measured concentration is below the standard Tevel by more
than this tolerance interval. Conversely, non-attainment would not be
considered unless the maximum monthly or quarterly average concentration
was .above the standard by an amount greater than the tolerance interval.
Within this tolerance interval, attainment status would be dtoo close to
call" -- additional data would be needed before a definite attainment
determination could be made.

Although standard forms that explicitly account for the vari-
ability in air quality measurements by way of tolerance intervals
have certain advantages, only preliminary analyses have been undertaken
to date (Hayes et al., 1985), This initial work clearly indicates that
considerably more analyses of the statistical properties of air quality
' data, the implications of these standard forms on attainment policy, and the
difficulties in implementation must be undertaken before the Agency can
move ahead and specify an appropriate tolerance interval. While EPA
plans to further consider this approach and its associated issues in future
NAAQS revisions, further consideration of a standard using a tolerance interval
would be premature at this time.

For this review three different statistical approaches have been
examined. [Each one is gqual]y appropriate for both monthly and quarterly
averaging periods.] The alternatives include an expected maximum calendar
month (quarter), expected maximum month (quarter), and expected highest 3
months (quarters) standard. The computational scheme for an expected maximum
calendar month {quarter) standard is to compute the average over the past 3
years for each calendar month (quarter) (i.e., average all the Januarys,
Februarys, etc. or all first quarters, all second quarters, etc.). For an

expected maximum month (quarter) standard, the maximum monthly (quarterly)
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average would be identified for each calendar year within the 3-year period
and the average of these maximum months or quarters would be computed.
Computationally, the expected highest 3 months {quarters) average is equivalent
to the expected maximum month {quarter) average, unless a single year contains
two or more of the highest 3 months (quarters). In essence, each of the
alternatives involve a different averaging convention using three years
of data. Other forms, such as an expected exceedance rate {requiring
that the expected number of monthly averages yreater than x ug/m3 should be
less than 1 in three years, for example, were discounted in part because
limited data points would be available upon which to base the computations
{36 in three years for a monthly average).

The following hypothetical data set will be used in Table 7-2
as_an illustrative comparison of each of the alternative forms of a quarterly
average standard. In this instance, the critical value would be used to
determine attainment or non-attainment, by comparing it against a given
standard level.
Hypothetical Data Set For Example Calculations in Table 7-2

Quarterly Lead Average {(ug/m3)

Year 1 2 3 4
1981 1.18 2.55 3.34 2.77
1982 2.98 3.21 1.94 2.68
1983 Q.76 5.44 1.29 3.67

As expected, Table 7-2 indicates that the deterministic approach of
using the maximum quarterly average in a single year results in the highest
critical value because it is determined by a single high guarter. The three
alternative forms produce somewhat lower values as a result of averaging

over a three year period. The difference between the expected maximum quarter
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and the expected highest 3 quarters results from the first and second highest

quarters falling in the same year. The expected maximum calendar quarter
produces the lowest value.

As a further comparison of the alternative forms, modelled data for a
secondary lead smelter were examined for each of the 3-year periods of
meteorological data ending in the years 1975, 1976, 1977, and 1978
(See Table 7-3). Similarly, Table 7-4 compares the modelled data for a
lead battery plant for éach of the 3-year periods of meteorological data
ending in the years 1967, 1968, 1969, 1970 and 1971. 1In both cases,
emissions were assumed to be constant, '

As in the above example, the rank order of the alternative forms in terms of
steringency is the maximum quarterly {monthly) average; expected highest 3
quarters (months); expected maximum quarter (months), and; expected maximum
calendar quarter {months), but the difference in’ the average critical values
is small. This comparison illustrates how the maximum quarterly {monthly)
average, the deterministic approach, can vary sharply from one year to the next.
The alternative forms tend to smooth these fluctuations out.

In selecting the most appropriate form for the standard, the focus
should be on identifying the form that best reflects the overall health
objective and produces a reasonably stable target for control strategy
development. Based on these initial analyses of the three alternatives forms
considered, the expected highest 3 months (quarters) appears to best satisfy
these objectives. This form permits averaging to smooth out year to year
fluctuations due to meteorological conditions and to ensure that an “atypical"
value does not dominate, yet provides some control over the second and/or
third high months (quarters) should they occur within the same calendar year.

2. Sampling Freguency

In reaching a decision on the standard,the averaging period (monthly
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Table 7-3, Comparison of Crit¥é§71$aluesa of Modelled Quarterly and Monthly
Averages Around a Secondary Lead Smelter

Predicted Critical Value in

Avarage Critical

i

Relative Reduction
in Average Critical

Quarterly 1975 1976 1977 1978 Value Value
Max. Quarterly Avg.®  4.42 3.72 3.62 3.64 3.85 0
Exp. Max. Cal. Qtr. 3.49 4.04 3.88 3.50 3.73 -3%
Exp. Max. Qtr. 3.49 4,04 3.92 3.54 3.75 -3%
Exp. Highest 3 Qtrs. 3.80 4,04 3,92 3.61 3.84 0
Monthly
Max. Manthly Avg.D 5.07 4,62 4.86 4.36 4,72 0
Exp. Max. Cal. Month 3.95. 4,55 4,50 4.12 4.28 ~10%
Exp. Max, Month 4.38 4,82 4,73 4,55 4,55 - 4%
Exp. Highest 3 Months 4.66  4.82 4.81 4,71 4.71 0
Source: Hunt, 1985.
Table 7-4. Comparison of Critical Values?® of Modelled Quarterly and Monthly
Averages Around a Lead Battery Plant
Predicted Critical Value in  Average Critical Value ?ﬁ‘iﬁlﬁgggegﬁgﬁzggx
Quarterly 1967 1968 1969 1970 1871 : Value
Max. Quarterly Avg.D 0.64 0.64 0.85 0.84 0.61 0,72 0
Exp. Max. Cal. Qtr. 0.63 0.64 0,71 0,72 0.70 0.68 -6%
Exp. Max. Qtr. 0.67 0,64 Q.71 0.72 9.70 0.569 -4%
Exp. Highest 3 Qtrs, 0.70 0.64 Q.71 0.72 0.71 0.70 —3%
Monthly
Max. Monthly Avg.D?  0.89 0.85 1.08 1.05 0.96 0.97 0
Exp. Max. Cal. Month 0,91 0,90 0.85 0.90 0.81 0.87 -11%
Exp. Max. Month 0.91 0.9¢ 0.,92 0,90 0.96 0,92 -5%
Exp. Highest 3 Months 0.94 0,93 0,95 0.93 0.97 .94 ~3%

Source: Hunt, 1985.

3) The critical value would be used to determine attainment/non-attainment by comparing against
For max. quarterly avg. it is the highest quarter in the specified

a given standard level.

calendar year.

3-year period ending in_the specified calendar year. .
b) Max. quarterly or monthly average is comparable to a deterministic form of the standard.

For the alternative statistical forms, it is the computed value for each
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vs. adjusted quarterly), form (deterministic vs, statistical}), and frequency
with which ambient air lead samples are collected should be considered,
Given the normal operation of the current one-in-six day lead sampling schedule,
with normal 75% data capture, it is clear that the number of samples collected .
in the course of a moath (3) would not provide a statistically valid estimate
of the actual air quality for the period (Thrall et al., 1984). Consequently,
it is recognized as will be discussed below that should a monthly average
Tead NAAQS be chosen, it would be necessary to increase ambient air lead
sampling to more frequently than onefin-six days, especially during periods
and in areas of relatively high air lead concentrations. Recent analyses
also suggest that the precision associated with one-in-six day sampling for a
quarterly average (deterministic form) lead standard may be unacceptable
(Hunt, 1986).

Hunt examined the precision associated with alternative sampling
frequencies (every sixth day, éverj third day, every other day, and avery
day) with 75% and 100% data capture for monthly and quarterly averaging
periods and for both deterministic {using one year of information) and
statistical (using three years of information) forms of the lead standard.
Precision estimates were calculated for 95% confidence intervals for
the following categories of monitoring sites: 1) source-coriented sites with
maximum annual quarterly averages less than the current standard of 1.5 ug/m3,
2) source-oriented sites with maximum annual quarterly averages greater than
the current standard, and 3) National Air Monitoring Stations (NAMS) urban
maximum concentration sites.

Using the criterion that the true monthly or quarterly arithmetic mean
for a specific time period {e.g., a given month (quarter) or the average of 3

highest months (quarters) in a specific three year period) should lie within
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+ 10% of the sample arithmetic mean, the initial results from this analysis
suggest the following:
1) The standard with the best precision and requiring the least
frequent sampling would be a statistical quarterly average;

2) The required sampling fbequency with data capture ranging from
75 to 100% could vary according to site type. For NAMS maximum
urban concentration sites, the required sampling frequenéy would
be one-in-three days. For source-oriented sites with maximum quarterly
averages less than the current standard, every other day sampling
would be needed. For source oriented sites with maximum quérterly
averages greater than the éurrent standard, the sampling frequency
would have to increase to every day.

If a monthly average is selected, the statistical form again would be
more desirab}e than the deterministic in terms of precision and sampling
frequency. The sampling frequency for a monthly statistical standard would
have to increase compared to a statistical quarterly average. For NAMS .
maximum urban concentration sites, the sampling frequency would have to
increase to once every other day with 100% data capture. For source-oriented
sites with maximum quarterly averages less than the current standard, avery
day sampling would be needed with approximately 75% data capture. Sampling
frequency would have to be increased to every day with 75-100% data capture
for source-oriented sites with maximum quarterly averages greater than the
current standard. .

The analysis also suggests that if the data collected are to be used to
predict future events (i.e., a given month or a 3-year average is considered
typical of all future months or 3-year periods), then the sampling frequencies

presented above would have to be increased and in some instances a precision

of + 10% could not be achieved even with every-day sampling with 100% data
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capture. While this analysis clearly suggests that more frequent sampling
may be required, it is premised on the assumption that the coefficients of
variation estimated from past data will resemble future conditions when
ambient lead Tevels are lower and the variability in lead data may
decrease. Thus, these results should be viewed as conservative and
future sampling requirements <ould probably be less intensive,

As an alternative to increased sampling frequency using the hi-volume
sampler, the States could seek approval for a modification to the Federal
Reference Methoed for lead and replace the specified high-volume air sampler
with & similar, "Tow-volume" sampier that operates with a sample flow rate
approximately 1/10th that of the high-volume samplter. The low volume sampler
is operated continuously for a period of one month to yield monthly integrated
ambient lead samples, which are analyzed conventionally. In approving such a
modification for the State of Connecticut, the Agency noted that while there.
was acceptable agreement between lead samples collected by the low~-volume and
high-volume samplers at a colocated urban site in Cohnecticut, it was not

clear that such agreement would necessarily be found in all areas of the

country. Therefore, additional testing would be necessary before the low-volume

sampler could be approved for use in other areas, especially in areas of
relatively high lead concentrations and/or where coarse mode particles are
predominant, or for universal use as an equivalent method. It was also noted
that the level and degree of documentation of the design, construction,
operation, and quality assurance procedures of the modified sampler, while
adequate for use of the samp]ef within Connecticut, are not sufficient to
readily allow use or adoption of the sampler by other States (Purdue, 1984;

McElroy, 1984},
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REVIEW OF THE NATIONAL AMBIENT AIR QUALITY STANDARDS FOR LEAD:
ASSESSMENT OF SCIENTIFIC AND TECHNICAL INFORMATION

0AQPS STAFF PAPER

1. PURPOSE

This paper evaluates and interprets the most relevant scientific
and technical information reviewad in the draft EPA document “Air Quality
Criteria for Lead" (EPA, 1984) in order to better specify the critical
elements that EPA staff believes should be considered in the possible
revision of the primary and secondary National Ambient Air Quality Standards
(NAAQS) for lead. This assessment is intended to help bridge the gap
between the scientific review contained in the criteria document and the
judgments required of the Administrator in setting ambient standards for
" lead. As such, particular emphasis is placed on identifying those conclusions
. and uncertainties in'the available scientific literature that the staff’
believes should be considered in selecting the averaging times, forms, and
levels far the primary and secondary standards. While the paper should be
of use to all parties interested in the standards review, 1f is writtenr
for those decision makers, scientists, and staff who have some familiarity
with the technical discussions contained in the criteria document (hereafter
referenced as "CD").
I1. BACKGROUND

Since 1970 the Clean Air Act, as amended, has provided authority
and guidance for the listing of certain ambient air pollutants that may
endanger public health or welfare and the setting and revising of NAAQS

for those pollutants. Primary standards must be based on health effects
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criteria and provide an adequate margin of safety to ensure protection
of public health. As several recent judicial decisions have made clear,
the economic and technological feasibility of attaining primary standards
are not to be considered in setting them, although such factors may be
considered to a degree in the development of state plans to implement the
standards (D.C. Cir., 1980, 1981). Further guidance provided in.the
legislative history of the Act indicates that the standards should be set
at "the maximum permissible ambient air level . . . which will protect

the health of any [sensitive] group of the population.” Alss, margins of

safety are to be provided such that the standards will afford "a reasonable

deéree of protection . . . against hazards which research has not yet
identified" (Committee on Public Works, 1974). In the final analysis,
the EPA Administrator must make a policy decision in setting the primary
standard, based Jn his judgment regarding the implications of all the
health effects evidence and on the requirement that an adequate margin of
safety be provided.

Secondary ambient air quality standards must be adequate to protect
the public welfare from any known or anticipated adverse effects
associated with the presence of a listed ambient air pollutant. Welfare
effects, which are defined in section 302(h) of the Act, include effects
on vegetation, visibility, water, crops, man-made materials, animals,
economic values and personal comfort and well-being. In specifying a
Tlevel or levels for secondary standards the Administrator must determine
at which point the effects become "adverse" and base his judgment on the
welfare effects criteria.

The current primary standard for Tead (to protect public health) is

1.5 micrograms per cubic meter (ug/m3), maximum arithmetic mean
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averaged over a calendar quarter. The current secondary standard for
lead (to protect public welfare) is identical to the primary standard.
For both primary and secondary standards, lead and its compounds are
measured as elemental lead and currently are collected using a high
volume air sampler,

In add?tion to the lTead NAAQS, several other federal regulations have
been adopted in order to control human exposures to lead. These include
EPA's schedule for the phased reduction of the allowable 1ead content in
gasoline and the national drinking water standard for lead, as well as
the Department of Housing and Urban Development's goals to eliminate
" lead-based paint hazards in federally-funded hou§ing, the Food and Drug
Administration's regulations on the lead content of foods and ceramic
products, the Consumer Product Safety Commission’s 1imit on lead content
in paints, goys, and furniture, and the Occupational Safety and Health
Administration’s standards far occupational exposure to lead. In addition,
the Centers for Disease Control have established crigeria for health
classification of children screened by lead poisoning prevention programs.
T1I. APPROACH )

The approach used in this paper is to assess and integrate information
derived from the criteria review in the context of those critical ele-
ments that the staff believes should be considered in the review of the
primary and secondary standards. Particular attention is drawn to those
Judgments that must be based on the careful interpretation of incomplete
or uncertain evidence. 1In such instances, the paper states the staff's
evaluation of the evidence as it relates to a specific judgment, sets
forth appropriate alternatives that should be considered, and recommends

a course of action.
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The principal focus of this paper is on the effects of inorganic
lead either airborne or deposited from the air onto dusts, soils, vegetation,
food, and water. The impact that lead from non-atmospheric sources, §uch
as paint and solder, has on human exposure is also considered., The
effects of organic lead vapors which are not commonly found in the atmosphere
{see Section IV.A) will not be addressed.

Section IV presents relevant features of human exposure to atmospheric
and non-atmospheric sources of lead through various pathways. Section ¥
presents different approaches to estimate the impact of alternative air lead
levels on lead body burdens as indicated bj blood lead levels. Section
VI addresses other essential elements with regard to the primary standards;
these include the following:

1) identification of possible mechanisms of toxicity;

.

- 2) description of health effects and their relation to exposure levels;
and

3) identification of the most sensitive population groups;

Orawing from the analyses of the criteria document information contained
in Sections 16, V, and VI, and the associated appendices, Section VII
identifies and assesses the factors the staff be1ieves should be considered
in selecting an averaging time, form, and level of the primary standard,
Selecting an appropriate standard Tevel includes a determination of an
acceptable blcod Tead Tevel and the impact a given air standard would have
on the distribution of blood lead levels in the population of concern,
Staff conclusions regarding alternative policy options in each of these
areas are also presented.

Section VIII contains an examination of information in the criteria
document the staff believes is most relevant with respect to the secandary

standard, This discussion includes:
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1} identification of the levels at which lead-inducad changes in
terrestrial and aquatic ecosystems have been demonstrated:
2) assessment of the available data base (laboratory and field studies)
to identify quantitative relationships necessary for the prediction of
environmental impact; and

3) staff recommendations concerning a secondary standard.
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and major roadways {i.e., microscale) reported the majority of concentrations
over 1.5 pg/m3, Only one population-oriented or neighborhood site had a
quarterly average greater than 1.5 ug/m3 between 1980 and 1983, whereas
14% and 16% of quarterly averages in source-oriented and microscale site-years,
respectively, exceeded this value.

Trends in maximum quarterly averages between 1980 and 1983 are illustrated
in Figure 4-2. Because of recent changes in lead monitor siting guidelines,
the lead monitor network currently is being expanded and changed. In order
to avoid biases relating to changes in the monitoring network, the trends
analysis included only sites where valid data were available for three of fhe
four years studied {Battye, 1985a). 1t should be noted, therefore, that these
trends data, with the exception of those for "all" monitoring sites which
include currently unclassified site-types, are based on a Iimited number of
available monitoring sites that remained in service since 1980 (e.g., 27
stationary source sites, 9 neighborhood scale sites). Despite the new
siting guidelines implemented in 1982 that added sites closer to traffic
emissions, microscale readings have been declining, corresponding to the
phasedown of the lead content in gasoline and reductions in leaded gasoline
usage due to the gradual phase-out of older cars burning leaded gasoline.
Similarly, annual and maximum quarterly average lead levels near point sources
have also decreased since 1980, partly due to increased controls by lead~emitting
sources in compliance with state implementation plans as weil as to decreased
industrial production at lead-emitting facilities (Silvasi, 1985).

B. Lead in Soil

The natural occurrence of lead in the earth's crust averages
5-50 pg lead/g soil {one pg/g is equivalent to one part per million or
1 ppm] lead in various scils (Shacklette et al., 1971; McKeague and Wolynetz,

1980). Much of the lead in the atmosphere deposits on terrestrial surfaces

i
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Table 4-2.

V-5
FREQUENCY DISTRIBUTIONS OF MAXIMUM QUARTERLY LEAD CONCENTRATIONS BY TYPE OF SITEd

Percent of site years fn concentration rangesd Tatal Total
' site~ number
Site type/time frame £0.5  g8.5-1.0 1.0-1.5 1.5-2.8  >2.0 Mean  years  of sites
1980 through 1983
A1l monitors® 69 22 5 2 2 0.53 1isg 414
Stationary source §2 16 8 3 11 0.95 159 56
Microscale roadsided 17 a0 27 13 3 0.99 30 18
Middie scale _ 39 42 18 0 0  0.688 33 15
Nefghborhood scale 61 32 ] 0 2 g.51 62 29
1983 only
A1l monitorst 7 19 5 1 3 0.5 360 360
Stationary source 53 24 9 2 n 0.88 45 45
Microscale roadsided 16 47 32 5 ¢ 0.83 19 19
Middle scale 53 33 13 0 ¢ 0.60 15 15
Neighborhood scale 72 28 g 0 0 0.40 29 29

pata are from the SARQAD system and represent the
fall within the designated concentration ranges.

BConcentration ranges are in uaits of ug/m3,

numbers of site-years for which the maximum quarteri{y concentrations
Te be included, a site-year must have four valid quarters of data.

CIacludes sites previously classified into categories {e.g., urban) that do not meet any of the current definitions.

dMicroscale sites are within 5-15 meters from a major roadway and 2-7 meters above the ground,

Source:Battya, 1984
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photoreaction (Huntzicker et al,, 1975) and are readily adsorbed onto
atmospheric parﬁicles (Edwards et al., 1975), their presence in the
atmosphere is transitory. Therefore, any health hazards associated with
organic lead exposure are most likely to occur in an occupational ;etting
and will not be assessed here.

In contrast to automobile exhaust, atmospheric lead emissions from
industrial plants processing lead and its products contribute 1ittle to the
overall pollution load across large, regional areas although fallout from
these sources can be severe on a local scale. The high concentration lavels
which are found around lead smelters in particular result mainly from
fugitive emissions predominately made up of large (>7 um) lead particles
resulting from materials handling, furnace upsets, and furnace charging V
and tapping operations (Landrigan et al., 1975; Jennett et al., 1977;
GCA, 1984). Beyond.the immediate area (0.25-1 km) of lead stationary
sources, pioceés emissfon§ from stacks, predominately as lead su?fates.
and oxides with a size rangé between 1 and 10 pm, become the major
source of lead in soils and air (Dorn et al,, 1976; Roels et al., 1980;
Davidson and Osborn, 1984},

2. Ambient Concentrations

As indicated in the CD (Section 7.2.1), lead levels in urban areas
and near point sources have been markedly reduced since 1977 by the use
of unleaded gasoline in new cars equipped with catalytic converters, the
lead~in-gasoline phasedown pFogram, and steady reductions in emissions
from all types of industrial and commercial sources in compliance with the
1978 lead NAAQS. Recent (1980-1983) air quality data for 414 stationary source
sites, micro~scale roadside sites, middle scale roadside sites, neighbarhood
scale roadside sites, and other non-classified sites are summarized in Table

4-2 (Battyes, 1985a)., The monitoring sites located near stationary sources
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A. Airborne Lead

1. Physical, Chemicél and Spatial Characteristics

In general, about 50% of automotive lead emissions deposits within a
few hundred meters of major roadways (Daines et al., 1970; Huntzicker et
al,, 1975; Ingalls and Garbe, 1982) while the remaining particles are small
enough to remain airborne and travel hundreds or th@usands of kilometers.
This 1ikely accounts for the surface contamination of polar glaciers,
oceans, and other remote locations around the g1obe.(Murozomi et al., 1969;
Duce et al., 1975; Da;idson et al., 1981b,c, 1982; Settle and Patterson,
1982). In general, U.S. urban and rural airborne lead particles have a
mass median aerodynamic diameter* (MMAD) consistently between 0.3 and 0.7
micrometers {ym) with most of the mass associated with submicron particles,
although a distinct peak is seen in the upper end of many of the particle
size distributions between 5 and 10 pym {Davidson and Osborn, 1984).

Inorganic lead is emftted from automobiles as lead halides, hydroxides,
and oxides and reacts with atmospheric ammonia and acid sulfates to form
principally lead sulfate (e.g., [NHqly SO4°PbSO;) with minor amounts of tead
carbonates and halides remaining (Habibi, 1970; Ter Haar and Bayard, 19715
Dzubay and Stevens, 1973; Biggins and Harrison, 1978, 1979). Small amounts
of lead additives used in gasoline {tetraethyl- and tetramethyl-lead) may.
escape to the atmosphere by evaporation from fuel systems or storagé facilities.
Relatively low concentrations of these organic lead compounds have been
typically found in atmospheric samples (1 - 6% of total lead) except in
special situations such as gasoline stations or garages {Skogerboe, 1975;

Harrison et al., 1979). Because these organic lead compounds decompose by

*MMAD 1s used as an indicator of particle size of a lognormally distributed
aerosol such that half the mass lies on either side of the MMAD.
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Figure 4-1, Principal pathways of human exposure to lead. Heavy arrows are those
pathways discussed in greatest detail., From CD, Figure 7-1.

Table 4«1, Typical Lead Concentrations in Various Exposure Media

Medium Rural Area Urban Area Rear Point Source(s}®  References
pmbient Alr (ug/md)b 8.01 ~ 0.3 0.03 - 4,8 0.2 - 10.2 Tyler, 19845 Yarn,
. 1984
Indoor Air {ug/m3)c 0,003 « 0.2 0.01 -~ 0.4 0.07 ~ 3.1 Yocum, 1982; Cohen and

. Cohen, 1980; Rabinowitz
et _al., 1984b

Soil {ppm) § - 30 30 - 4500 150 - 15,000 €0, Tab?el 7-11; Mielke
et al.; 1983; See Tables
B-1 and B2
Street Dust {ppm)d a0 - 130 100 - 5,000 : (25,000) Nriagu, 19783 CO,
{90) {1500) Table 7-26
House Dust {ppm)d 50 - 500 ¢ - 3,000 70 - 100,000 U.5. EFA, 1977;
{300) {1000) {10,000} Landrigan et al., 1975;

Morse at al,, 1979;
Angle and Mcintire (1979)

Typical Foeds (ppm) §.002 ~ 0,98 Same Same C0, Table 70-1
Water (ug/1} <} - 180 ug/) Sama Same Sharrett et al,, 1982;
° EPA, 19853

Painte <1 ~ >5 mg/em? Same Same Billick and Gray, 1978

aithin 2-5 km of sources including primary and secondary lead smeiters, battery plants.
bReprasents quarterly averages monitored between July 1982 and July 1984,

CRange of indgar/outdeor ratias used {0.3 - 0.8) from Yocum, 1982 except near point sourcas where large particles pre-
dominate and infiltration into homes is low, ratio appears to be claser to 0.3 {Cohen and Cohen, 1980).

dyalyes in parentheses represant estimates provided in CD (Tables 7-24 and 7-26) as typical averages.
@Since there may be several layers of lead-based paint on 2 given surface, absolute concentration of lead is less

useful than mg/cm®., Surveys by HUD in Pittsburgh showed that more than 70% of pre-1940 dwelling units and 20% of post~
1960 units had at least ane surface with more than 1.5 mg/cm® lead paint (NAS, 1980). . ) o
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IV, LEAD EXPOSURE: MULTIMEDIA CONSIDERATIONS

In order to assess the risks associated with alternate lead NAAQS,
it is necessary to understand the influence exerted by atmospheric lead on
the total lead exposure of the population{s) of concern through the various
exposure pathways. Relevant data on these pathways and the relationships
between air lead and lead in other media are summarized in this section.
Section V presents methodologies to astimate blood Tead levels associated
with alternative air lead levels,

The sources and pathways of human lead exposure are diagrammed in
Figure 4-1 and typical levels of lead in different media to which U.S.
populations are exposed are presented in Table 4-1., Up to the current time,
batween 85-90% of airborne lead in the U.S. originated froﬁ gasoline
combustion, with the remainder from stationary industrial processes such as
..primary and secondary lead smelting, battery plants, lead alkyl production,
iror and steel p}oduction,'ore pulvarizing, copper smelting, and combustion
of oil, coal, and waste oil. Atmospheric emissions can influence human
exposure through direct inhalation of lead-containing particles and through
ingéstion of Tead which depoasits onto soil, dusts, vegetation, and other
environmental surfaces, This depasition can occur by either or both of two
mechanisms: 1) continucus dry deposition due to various mechanisms which
may fnclude gravitational settling or wind-related deposition; and 2)
episodic wet depostion due to either washout of coarse mode particles (>2.5
micrometers in diameter) which are found mainly near emission sources, or
the “rainout" (incloud precipitation scavenging) of smaller particles which
are more widely dispersed. Human expaosure to lead can also be traced to

Tead in paint pigments and solder in canned foods and plumbing.
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.

where it is retained in organic complexes near the soil surface (CD, p.
7-28). The ability of soil to immobilize lead largely depends on soil pH
and organic content (i.e., fulvic and humic substances). Many U,S, soils
appear to have a large capacity to bind lead with only a small fraction
dissolved in soil moisture where it is available for plant uptake (see
Section VIIl), The environmental impact of lead on the biota of terrestrial
and aquatic ecosystems is discussed in Section VIII.

The upper layer of roadside soils may contain atmaospheric lead from
30 to 2000 ppm in excess of natural levels within 25 meters of the roadbed
beyond which concentrations decline abruptly in relation to traffic density
and vehicle speed (Page and Ganje, 1970; Quarles et al, 1974; Wheeler énd
Rolfe, 1979; Pierson and Brachaczek, 1976). In contrast, soil lead concentrations
around various lead point sources generally decrease exponentially within
a 3-10 km radius from 100-60,000 ppm down to background levels (CD, Appendix
7-C). However, elevated soil lead levels have even been found at distances
excaeding 20-25 km from some smelters (Wixson, 1978). Limited data indicate
that lead in soil near primary and secondary lead smelters occurs as lead
oxides, sulfide, sulfate, and e1ement§1 Tead {0lson and Skogerboe, 3§75;
Corrin and Natusch, 1977).

Urban soils are contaminated by lead from a combination of automotive
and point source deposition as well as from paint chips from indoor and
outdoor surfaces. Elevated soil lead concentrations (as high as 2000 ppm)
have been found within 10 feet of wood frame houses painted with lead-based
paint (Ter Haar and Aronow, 1974}, Accumulations of lead in soils (and
dusts) around brick or stone structures have also been found, and can be
partially attributed to washoff lead collected on roofs, ledges, and exterior
walls {Wheeler and Rolfe, 1979), and possibly to an aerodynamic effect of
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the structures on deposition of Pb from nearby sources. Vegetable garden

soil samples collected in a 30-mile radius of downtown Baltimore had lead
levels up to 10,900 ppm with a median value of 100 ppm (Mielke et al.,

1983). Much of this lead was attributed to automotive exhaust and industrial
emissions because of the near absence of lead painted houses and thé clustared
pattern of lead levels around downtown. Soil lead concentrations in a sample
of city parks have also been reported to be quite high, ranging from 200 to
3300 ppm {Chow et al., 1975; Zimdahl and Hassett, 1977).

The contribution that lead in soil can make to total lead exposure
under alternative air lead levels is addressed in the modeling approaches
presented in Section V.

C. Lead in Dust

Dust is a normal component of the home (i.e., "house dust") as well as
the outdoor environment where it can be found on sidewalks, playgrounds,
driveways, and other hard surfaces. Anthropogenic materials deposited on
these outdoor surfaces will be referred to as "street dusts”. In addition,
the very top layer of soils (including leaf litter) to wﬁich people, particlarly
children, come in direct contact, are considered in the criteria document
to be “sofl dusts”.

Both house dust and street/soil dust contain lead from atmospheric
deposition, "natural® soil, and paint chips. As with roadside soil, significant
correlations between lead concentrations in street dust and the proximity
and density of traffic have been found (Rolfe et al., 1977; Lau and Wong,
1982). As summarized by Nriagu (1978), street dusts from different U.S.
cities contained between 300 and 18,000 ppm lead. A survey of street dusts
in 77 midwestern cities showed an average lead content of 1,636 ppm in
residential neighborhoods and 2,413 ppm in commercial and industrial areas

(NAS, 1980). Limited chemical analyses of roadside soils and dusts from
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U.S. cities found lead predominately as sulfate, along with minor amounts
of oxide and halide salts {Olson and Skogerboe, 1975; Corrin and Natusch,
1977). Gutter debris in Dearborn, Michigan contained mostly large lead
particles ranging between 40 and 1000 um (Pierson and Brachaczek, 1976).

Airborne lead deposited on streets, sidewalks and driveways is subject
to further distribution by wind and water. Windblown particles associated
with dust are apt to be redeposited within the urban environment because of
the complex wind currents caused by buildings and street canyons. There is ;
somewhat conflicting evidence on the persistence of lead in street dust.
Laxen and Harrison (1977} found that only a light rainfall (2 to 3 mm) is
sufficient te remove 90% of the lead from the road surface, %ain1y to
surrounding soil and to waterways. A survey of rainwashed areas in the
U.K. and New Zealand concluded, however, that the acidity of rain (pH between
. 4 and 5) was insufficient to completely dissolve and transport lead particles,
and that residue near streets pose a health hazard to chderen'who'are
prone to ingest street dusts (Day et al., 1979). The rate of removal of
tead from dusts is also dependent on the frequency and efficiency of street
cleaning operations., In the absence of empirical data regarding this
mechanism, it is reasonable to assume that lead concentrations in urban
street, curb, and sidewalk dust will rise between precipitation and street
cleaning episodes, and drop thereafter,

Lead Tevels in house dust can be expected to vary considerably depending
on house cleaning practices, the présence and condition of lead-based painted
surfaces, the presence of cigarette smoke, the amount of dust and soil
blown into or carried into the house on clothing and shoes, {especially on
those occupationally exposed to lead), indoor sources of lead other than

paint (e.g., soldering), the permeability of the home to outdoor air {which can
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vary with season}, and the outdoor concentrations of air lead. Surveys of

a diverse set of homes indicate a wide range of house dust lead Tevels

between 18 and 16,000 ppm (EPA, 1977; Harrison, 1979; Angle and McIntire, 1979)
and as high as IOO,QOO ppm within 2 km of smelter (Landrigan et al., 1975).

It is well established that children who play in dust and soil, especially
in urban areas and on sites polluted by long-term fallout from industrial %
emissions, ingest lead in these media through normal mouthing behavior, '
Significant correlations have been found between blood lead levels and lead
in soil, household and street dusts, and on children's hands (Lepow et al.,

1975; Sayre et al., 1974; Angle and McIntire, 1982; Quah et al., 1982;
Brunekreef et al., 1983).

In order to assess the impact of atmospheric lead on children's total .
exposure, it is necéssary to estimate the contributions of different air lead
ievels to butdoor and indoor soil/dust lead levels as well as the amount
of dirt a child may ingest, both inadvertantly and deTiber;£e1y. These
issues are addressed in the modeling approaches presented in Section V.

B. Lead in the Diet

The ingestion of food appears to be a major component of most individuals' ;
total lead uptake, a]thoﬁgh the exact amount is a function of the size and
type of diet. The occurrence of lead in the diet may be a result of a) natural
sources of lead; b) déposition of airborne lead particles onto vegetation,
soils, and water; and c) the harvesting, processing, transportation, packaging,
preparation, and storage of food during which lead can be introduced at every
stage either by atmospheric deposition or through metallic contamination,
particularly from solder.

As would be expected from the differences in the handling of various
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foods, Tead contenté vary considerably, ranging from 0.002 to 1.65 ppm
{average is 0.65 ppm) (CD, Table 7D-1). Lead in unprocessed foods such as
fresh fruits and vegetables comes from atmospheric deposition on vegetation
surfaces and uptake from soil moisture through raots {Schuck and Locke,
1970; Motto et al., 1970). The potential for lead uptake through the roots
is determined primarily by the soil's organic content and pH; at normal
soil pH levels (4.5 to 8) and with sufficient organic content, lead is
bound to arganic complexes in preference to other metals that are plant
nutrients, e.g., zinc, calcium, manganese, magnesium (CD, p. 6-32). With.
changes in soil properties such as reduced organic content and lower pH, a
greater fraction of total soil lead may become mobilized and its potential
for uptake by plant roots enhanced (CD, p. 6-38).

Several studies have shown that lead on the surface of leaves (and
bark) is closely related to traffic density and distance from the highway,
{or more specifically to air lead concentration and particle size distribu-
tion), and that not all of the lead particles deposited on plant surfaces
can be washed off (Motto et al., 1970; Schuck and Locke, 1970; Lagerwerff
et al., 1973; Pilegaard, 1978; Garty and Fuchs, 1982; Tanaka and Ichikuni, |
1982}, Leafy aboveground vegetables whose edible portions are exposed to
atmospheric lead {e.g., spinach, lettuce) tend to have the highest lead
levels (Spittler and Feder, 1978) while for many crops, the edible internal
portions {e.g., corn and wheat kernels} may have considerably less lead than
the outer expased parts such as stems, leaves, and husks {Ter Haar, 1970), -
depending on food processing methods. Belowground crops such as potatoes |
and onions are only partially protected from atmospheric deposition since
their roots accumulate lead from the soil as well as indirectly via

translocation from the Teaves (CD, p. 7-34). Meat products that enter our
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food chain may also be affected by atmospheric as well as from lead via the
deposition and accumulation of lead on forage subsequently eaten by Tivestock
{(Graham and Kalman, 1974; Crump and Barlow, 1982).

Recent studies on lead content of various foods, both before and after
processing, packaging, aﬁd preparation, and on food consumption patterns
in the U.5., provide information on dietary lead intakes for different
populations {Beloian and McDowell, 1981; Wolnik et al., 1983; National Food
Processérs Associations, 1982; Pennington, 1983; U.S. FDA, 1983, 1984).
Based on these data, the CD has apportioned lead in “typical™ child and
adult diets to the following sources: natural soil lead, atmospheric lead,
lead in solder, and lead whose origin cannot be determined at present.
These estimates and their associated uncertainties are discussed in terms
of their application to estimating lead exposure in Secticon V.
E. Lead in Mater

Lead is a natural, usually minor, constituent of surface and ground
waters, Atmospheric lead can enter the aquatic system through direct
fallout or in surface runoff as suspended particles or adsorbed to soil
particles. Under most conditions {pH, temperature, alkalinity), lead forms
insoluble salts and precipitates to sediments, which probably accounts for
the Tow lead content of U.5. source water supplies; the average concentration
ranging between 3 and 4 micrograms Pb per liter water (ug/1) (NAS, 1980).

In contrast, lead levels in household drinking water can be much
higher due to plumbing corrosion and subsequent leaching of lead, ranging §
between 10 and 30 pg/1 on average., The combination of corrosive (i.e., |
soft or acidic) water and lead pipes or lead soldered joints in distribution
systems create localized zones of high lead concentrations (Worth et al.,
1981) as high as 380 ug/i. In general, levels are highest in samples of

hot and/or stagnant “first draw" water.
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Drinking water is a major source of lead exposure among many infants
while they are dependent on baby formulas during their first year. EPA's
Office of Drinking Water is currently reviewing the degree of protection
afforded by the existing lead standard of 50 ug/1 against health risks
in this sensitive population.

The €D's astimates of the contributions that natural, atmospheric and
solder lead make to young children's total.Iead exposure via drinking water
and total diet are addressed in the modeling approaches presented in Section V.
F. Lead in Paint

Ingestion of lead-containing paint is considered to be the most
frequent cause of severe lead intoxication among children {(Chisolm, 1971;
CDC, 1985), Significant correlations have been found between the quantity
and condition of lead painted surfaces {n homes and blood and fecal lead
levels in inner city children (Urbgn, 1976; Hammond et al., 1982). Signifi-
" cant differencas in blood lead levels have been found in relation to housing
condition among children as young as nine months with highest levels in
children living in deteriorating pre-World War 11 housing, intermediate
tevels in well-maintained and rehabilitated older housing, and lowest. levels
in children in public housing and newer units free of lead paint {Clark et
al., 1984), Other recent investigations indicate that in addition to
peeling lead-based paints, intact lead-based paint contributes to elevated
blood lead levels in children (Gilbert et al., 1979; Galke et al., 1975).

Despite numerous reports extending back to the turn of the century
1inking childhood lead poisoning and ingestion of paint dust and flakes, it
was not until 1971 fhat the Lead-Based Paint Poisoning Prevention Act was
passed., Under the Act, which has since been amended, the Department

of Housing and Urban Development has regulatory and research responsibilities
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for eliminating the hazards of lead-based paint poisoning in federally
funded housing. In 1977, the Consumer Product Safety Commission banned
as hazardous, household paint (including toy and furniture paint) containing
more than 0,06% lead., Prior to 1940, some interior paints contained
more than 50% (500,000 ppm) lead. Use of lead pigment paints declined
slowly between 1940 and the late 1960's after which it declined at a rapid
rate (NAS, 1972). Pope (1986a) estimates that in 1980, the interior and/or
exterior surfaces of between 21.5 and 47.3 million households in the U,S.,
mostly built before 1960, contained greater than 0.7 mg/cm? lead in painted
surfaces, a level considered hazardous to young children by the Centers for
Disease Coétro1~(CDC}. Between 6.2 and 13,6 million children under the age
of 7 are estimated to have resided in lead-based painted housing in 1980
(Pope, 1986a). Even if coated with low level-leaded paint, the underlying
Tayers of lead-based paint in older homes represent a large reservoir of
lead exposure in'children, particularly if there is pesling paint, broken
or cracked plaster, or holes in the walls. The number of lead-based painted
homes with these deteriorating conditions (i.e., "unsound”) in 1980 is
estimated to have been between 800,000 to 2.9 million with approximately
235,000 to 842,000 children under age 7 living in such homes (Pope, 1986a).
Lead-based paint continues to be the major source of high-dose lead
exposura and symptomatic lead poisoning for children in the U.S. (Chisolm,
1971; CDC, 1985}, and it appears that'exposure to lead-based paint will
continue to be a problem for decades to come, Between 1973 and 1980, only ;
10% of remaining pre-1940 housing units and 5% of remaining housing units :
built in the 1940's had been removed from our nation's housing stock by
demolition, disaster, or by other means such as conversion to commercial

space (Bureau of the Census, 1983)., Less than half of these units were
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Tocated in central city areas where lead poisoning is most prevalent, 1In
addition, poor urban families.often have no choice but to live in poorly
maintained older housing because the vast majority of new housing units
created from 1973 to 1980 is located outside of central city areas, and ?
acute shortages of modern and lead-free, low income rental units exist in
many cities (Farfel, 1985},
Although exposure to peeling and intact ‘lead-based paints are implicated
as major sources of elevated blood lead levels in children, it is ifmportant
to note that no single source o% Tead in the environment accounts for
elevated blood lead levels in all children. For example, in fiscal year
1981, the U.S. Centers for Disease Coatrol screened 535,730 children and
found 21,897 ;;th Tead toxicity. Among the children identified, 15,472
dwellings were inspected and 10,666 or approximately 67 percent were found
to have lead paint hazards (CD, Table 11-65). Conversely, approximately
one third of the homes of affected children inspected did not have identified ’

Tead paint hazards, [however, failure to demonstrate a linkage between lead

e

paint and elevated blood lead does not mean that no exposure to lead paint
exists.] Even for those children for whom a potential lead hazard haé been
identified, contributions from other lead sources are difficult to determine.
Furthermore, it is apparent that the precise contribution that paint makes
to total exposure to lead is 1ikely to be highly variable., For example,
fecal Tead excretions of 1,000 pyg/day were independently found in children
exposed to filaking paint in old housing at times when they had blood Tead
concentrations between 60 and 80 pg/dl (Chisolm and Barltrop, 1979), In
children with lead encephalopathy and average blood lead concentrations

of 333 ug/dl, fecal lead excrations ranging from 5,000 to 104,000 ug Pb/day

were reported (Chisolm and Harrison, 1956).
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Most importantly, high exposures to lead in those children living
in older housing with flaking or intact paint will not be significantly
influenced by any changes in atmospheric lead emissions. Children with
pica for paint chips or others Tiving in lead-based painted homes who are
excessivaly exposed to lead contaminated dust through normal hand to mouth
activity cannot be expected to be protected by any lead NAAQS no matter how
stringent. For this reason and because exposure to paint lead is so highly
variable, the staff will make no attempt here to quantitatively estimate
exposures of children who are excessively exposed to lead-hased paint under
various alr jead levels in Section V, as is done for other exposure media,
It is clear that any exposures and blood lead levels predicted for children
under various air lead levels using the approaches in Section V will be
significantly higher for children with high paint.lead exposure, As will
be discussed further in Section VII, preventing excessive exposure tgo
existing sources of lead in and around housing is a problem that must be
specifically addressed by an appropriate combination of legislation, housing
code inspection and enforcement, financial incentives, parental education,

and other social welfare programs.
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¥, ESTIMATING LEAD EXPOSURES AND BLOOD LEAD LEVELS

In order to assess the health risks associated with alternative air
lead levels, it is necessary to estimate the blood lead {PbB) levels that
would be distributed in the population{s) of concern under various air lead
concentrations. [The amount of lead measurad in whole blood is an index of
the rapidly diffusible fraction of the total body burden of absorbed lead
and is generally used as the dosage, or index of exposure, in investigating
the various human health effects associated with lead.] Three approaches
are examined that can be used to estimate or predict the impact of inhaled
and ingested lead aerosols and compounds on the body burden of lead as indexed
by blood lead. These approaches are presented for consideration for possibly
using one, two, or all three (with any necessary modifications using improved
data) in assessing the protection afforded b& alternative lead NAAQS.

The first approach is to use measured rates of “uptake" of lead through
different pathways {e.g., inhalation, ingestion) from experimental studies
together with -available mathematical models from lead balance studies to
project either total body burden or the amount of lead in any of the presumed
"physioclogical" kinetic compartments {e.g., blood, soft tissue, bone) at
any time (Hammond et al., 1981l). This "uptake/biokinetic" modeling approach
attempts to account for the following: a) the amount of lead in the body at
any one time is the product of dynamic interactions of partially offsetting
processes of absorption, distribution, storage, mobilization, and excretion;
b} these processes vary with the route and rate of exposure, a person's
age, nutritional and health status, and baseline exposure; and c) uptake
from all sources by all absorption routes can be modeled, thus providing an
estimate of the relative importance of atmospheric lead exposure, either

directly or indirectly, to total body burden.
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The Tevel of lead in one tissue (e.g., blood) and its relationship to
Tevels of lead in other tissues responds to many external and internal
factors. A discussion of lead's absorption, excretion, retention, and
distribution within a child's body under different exposure and physiological
conditions is provided in Appendix A. Any application of this model's outputs,
should haowever, recognize the limitations of the data and the significant
variability among populations in their behavioral, exposure, and physiological
characteristics,

The second modeling approach is to estimate separate empirical relationships
'between average levels of lead in air, food, water, dust, soil and in blood,
which are available from experimental exposure and observational, or epidemio-
logical, studies of different populations (i.e., “disaggregate" approach)

(CD, Section 11.4). The third is referred to as the "aggregate" approach
whereby a relationship between blood lead and air lead is derived that
reflects both direct inhalation exposure and indirect exposures via secondary
deposition processes, The validity of these latter two approaches, which
rely primarily on epidemiclogical data, requires that the input of lead

from all sources must have been reasonably constant long enough for virtual
equilibration to occur between blood lead and environmental lead levels
(Hammond et al., 1981). The nature of the relationships detected between
lead concentrations in blood and various environmental media, and the merits
and limitations in using empirical relationships to represent lead exposure
through multiple pathways, will be discussed in Section V.B.

A. Integrated Lead Uptake/Biokinetic Model

There have been several studies measuring the intake, uptake, and
metabolism of lead in volunteers, from which balance schemes have been

constructed (Kehoe, 1961; Chamberlain et al., 1978, Rabinowitz et al.,
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1976, 1977). These balance schemes are derived from limited data obtained
under experimental conditions and their application thus far has been
restricted to adult males. It is also possible to construct balance schemes
by making estimates about lead intakes and various metabolic factors. This
approach suffers from the fact that the data and assumptions employed

are based on the results of many separate pieces of research, and therefore
important variables may be omitted. However, provided the data exist,
balance schemes can be constructed for different groups with different
exposures to lead to assess the importance of specific exposure factors
under variable conditions {e.g., alternative lead NAAQS, phaseout of lead
in soldered cans and in gasoline).

The staff has attempted to devise model balance schemes for U.S. children,
aged 2 years, under alternative air lead levels. Because this analysis assumes
that the various air lead levels are maintained constantly, averaging time
(considered in Section VII) will not affect the uptake estimates. As
discussed in Section VI.C, pre-school age children (< & years old) and
pregnant women (as exposure vehicles for the fetus) are specified in the CD
as particularly sensitive to lead. Of this group, children between 2 and 3
years old experience, fn general, the highest blood lead levels (Mahaffey et
al., 1982; Billick et al., 1979), most likely due to their greater hand-to-mouth
activity as well as to various metabolic processes (Harley and Kneip, 1985),

In order to predict the maximum impacts on young children, uptake estimates
are calculated for 2 year olds and PbHB levels will be estimated for those
children and presented in Section VII. The results summarized in Table 5-1
give a broad outline of the actual and relative magnitudes of average

intakes and uptakes of lead by different pathways and from different sources.

It is important to recognize the limitations of this exercise, which involves
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many uncertainties and assumptions due to a lack of sufficient data. These
Timitations along with details of the available data and calculations are
provided in Appendix B, The children considered in the model do not include
the whole U.S. population; they comprise groups with different exposures to
lead, some of them extreme, in order to illustrate the variations in lead
exposure and absorption in different situations. Section V.A.2 presents
methodologies to relate estimates of average lead uptake under alternative
air lead levels to blood lead levels, Although this approach predicts
hypothetical outcomes and the absolute numbers should not be used uncritically,
the model does strive to use the available data, with all its limitations,
to the fullest extent possible and to provide a useful tool in eventually
distinguishing the health impacts of alternative lead NAAQS.

1. Estimates of Lead Uptake

The method employed to esfimate the degree to which each environmental
source of lead contributes to a child's total daily lead uptake is based
on the maximum ambient air lead level allowable for each level considered,
probable exposure conditions with respect to other éxposure media such as
food and dust, and average biological absorption rates for each exposure
route., The method consists of a four-step process:

1) definition of ambient concentrations of lead for majoriexpoéure
sources (f.e., air, food, soil, dust);

2) determination of daily lead intake according to, the relationship:

I; =¢Cy ¢ [Pbly
where I is the daily lead intake from source i, Cy 1is the ingestion or
inhalation (i.e., consumption) per day of each lead source i and [Pb}; is

the concentration of lead in each source ij;
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3) calculation of the amount of lead absorbed from each exposure

source i:

where U; is lead uptake for each exposure source i, Ij is the daily lead
intake from each source 1, and Ay is the percent absorption of lead, via
the apprepriate exposure route for the particular source; and

4) calculation of the total lead uptake from all sources, Uy:

Certain assumptions are required go ca]cu}ate the average daily intake and

uptake of lead for children living in the two general areas specified --
urban/rural and near {within 2-5 km) one or more point sources. The assumptions
and estimates used in the calculations presented in Table 5-1 are discussed

in Appendix B.

2. Uptake and Blood lead Concentration

To estimate children's blood Tead (PbB) levels under different exposure
scenarios, several different kinds of studies can be used'to derive a
relationship between absorbed 1gad {or lead uptake) and blood lead. Available
studies include population surveys in which the blood Tead concentration of
individuals or groups is correlated with measured lead concentrations. in
air, food, water, soil, or dust; experiments in which volunteers are exposed
to controlled air lead concentrations and their PbB levels measured; and
lead balance studies of individuals with measured lead intakes. The most
relevant of these studies are discussed in Appendix C along with descriptions
of the analyses used to derive uptake/PbB relationships. Data on children
from population surveys are discussed in Section V.B. Because of significant
metabolic differences, experimental data on adults are used for comparative
purposes only.

Figure 5-1 compares the relationships derived from the Ryu et al.

(1983) dietary intake study on infants, the Chamberlain and Heard (1981)
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analysis of the adult epidemiological data, and the metabolic lead balance/
compartmental models of Rabinowitz et al, (1976} and Harley and Kneip (1985).
Despite the diverse nature of the populations, study designs, and methodolcgies,
there is a fair degree of consistency in the relationships. Each study
found that a 1inear function provided as good a fit, if not better, than
other noni1inear forms at the relatively Tow exposure levels investigated.
Some experimental and epidemiological evidence suggests however, that the
relationship between lead concentrations in tissue and cumulative lead
intake is only approximately linear at low levels of intake, and that
successive increments in intake or exposure result in progressively smaller
contpributions to bloéd lead concentrations {Azar et al., 1975; Moore, 1977;
Gross, 1981; DaSilva 1981; Sherlock et al., 1982). This curvilinear re!apionship
may be due to increased renal clearance with higher blood lead (Gross;
1981), distributional non-linearities due to differences in lead binding
sites in different tissues {Hammond et al., 1981), and/or to a sizeable
pool of mobile lead in bone maintained more or less independently of uptake
(Rabinowitz et al., 1977; Chamberlain, 1983). It appears however, that
nona of the mechanisms introduce significant non-linearities at blood lead
levels below 30 pg/dl {Marcus, 1984, 1985; Chamberlain, 1983) and that a
1inear mathematical model is valid for relatively low to moderate lead
exposures (CD, p. 10-31, Appdx. 11A-2). As discussed in Appendix A, above
30-40 ug/dl, blood lead may be an inadequate index for tissue lead burdens
in many children (Piomelli et al., 1984) and linear models are likely to
losa their predictive power. For this reason, the relationships depicted
in Figure 5-1 are truncated at 30 ug/di. To estimate PbB levels above
30 ug/dl, which is now above the PbB level of hezlth-related concern

for children (see Section VII.C), would require use of non-linear

models which are discussed in the criteria document (CD, Appendix I1.B).
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The compartmental biokinetic model of lead metabolism developed by Matllon
{1983) and Kneip et al, (1983) and revised for children by Harley and Xneip
(1985) relied on a broad array of experimental and observational measurements
of mammalian metabolism and growth patterns, and has been successfully
validated using available human experimental and autopsy data. As is the
case for any mathematical model, there are inherent limitations and un-
certainties associated with it, Because this model is based on the
most comprehensive data available and has been developed specifically to
predict organ lead concentrations over time in young children with continuous
lead uptake, it appears that thé outputs of the Harley and Kneip (1985)
biokinetic model may be the most appropriate to predict PbB Tevels in
children using the integrated lead uptake estimates presented in Table 5-1
and Appendix B, PbB levels calculated from the conjunction of the 1nﬁegrated
lead uptake and biokinetic models are presented in Section VII,.C.3
(along with estimates using other modeling approaches that are discussed
later) in order to estimate potential health impacts among children under
alternative air lead levels.

B. Statistical Relationships between Blood Lead and Airborne Lead

This section addresses two other methods of determining the
contribution of air lead to total exposure and the potential health impacts
associated with alternative air tead Tevels. The previcus section examined
the relationships between blood lead in children and estimated levels of
lead uptake from the air, housedust, outdoor soil and dust, and diet., The
approaches presented here will be to develop a direct relationship between
air lead and blood lead in children and to 1) consider how air lead alone
can serve as an index for lead exposure through other media affected by

atmospheric Tead deposition as well (i.e., "aggregate" modeling approach),
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and to 2) evaluate how these other environmental media can be taken into
account separately (i.e., "disaggregate" modeling approach).

Various experimental and community studies provide quantitative relation-
ships between air lead and blood lead, Experimental studies, summarized in
Table 5-2, inciude those in which adult volunteers have been exposed to con-
trolled lavels of laboratory generated Tead aerosols, in some cases with
isotopic lead tracer. Data from the most relevant studies have been re-analyzed
in the CD to yield blood lead-air lead "slopes" (8), where 8 measures
thé change in blood lead that is expected Fof a unit change in air lead.
Because intake of air lead through the diet and dust was probably minimal
for’ the adult subjects in these experiments, these studies may underestimate
the dose response that would be seen'among children to environmental changes
in air lead (Angle et al., 1985). )

Epidemiological {i.e., community) studies provide correlations between air
lead and blood lead in different populations of children and adults under
varying conditions of lead, from current or previous atmospheric fall out
and othef sources, and may yield estimates of dose response that are biological-
ly more relevant., Two modeling approaches using the best available épidemio~
logical data can be applied to estimate quantitatively the relationship between
air lead and blood lead in children: 1) a disaggregate model in which total
exposure to air lead is assessed by separately analyzing the relationship
between blood lead and inhaled air Tead versus the associated changes in
blood lead as a result of exposure to lead that has deposited onto soil,
dust, food, and water; and 2) an aggregate model in which blood lead/air
lead relationships are analyzed such that integrated environmental lead
exposure is represented by a single variable, i.e., air lead. Before

discussing these approaches, several impartant factors in interpreting
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