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PREFACE 

The U . S .  EPA I s  developlng health-related guldance for lead that can be 
applled to a wlde range of dlfferent medla (soll/dust, alr, dlet). Thls 
report sufmrlZeS relevant lnformatlon on health effects of lead and on lead 
exposure and presents a descrlptlon of a proposed modellng approach for 
derlvlng medla-speclflc crlterla that can be tallored to speclflc exposure 
scenarios or cases. The ratlonale for uslng a modellng approach In place o f  
more tradltlonal rlsk assessment strategles such as Reference Dose I s  
dlscussed. Much o f  the lnformatlon presented In thls report Is  taken from 
recent and more comprehenslve Agency revlews, lncludtng the Al r  Quallty 
,Crlterla Document ( U . S .  EPA, 1986a) and Revlew of the Natlonal Amblent A l r  
Quallty Standards for Lead (U .S .  €PA, 1989a). The flrst draft of thls 
report was prepared by Syracuse Research Corporatlon under Contract No.  
68-C8-0004. The llterature search I s  current as o f  March, 1990. Thls 
Technlcal Support Document (TSD) describes an Uptake/Bloklnetlc model of 
lead that provldes a method to predlct blood lead levels I n  populatlons 
exposed to lead In alr, dlet, drlnklng water, Indoor dust, sol1 and palnt, 
thus maklng I t  posslble to evaluate the effects of regulatory declslons 
concernlng each medium on blood lead levels and potential health effects. 
Thls model represents generallzatlon of a model developed by OAQPS 
(lntegratlon o f  Harley and Knelp's Bioklnetlc model wlth OAQPS uptake model) 
that has been used to predlct slte-speclflc dlstrlbutlon of blood lead 
levels In populatlons In the vlclnlty of lead polnt sources. 



EXECUTIVE SUMMARY 

Thls technlcal support document presents the ratlonale for an uptake/ 

bloklnetlc modellng approach to developlng health crlterla for lead. 

Because of the lack of emplrlcal evidence for a threshold for many of the 

noncancer effects of lead In Infants and young chlldren, coupled wlth multl- 

medla exposure scenarios, meanlngful oral and Inhalation reference doses 

cannot be developed for lead. Blood lead levels, however, provlde an 

Important and useful Index of rlsk because most toxlclty endpoints asso- 

clated wlth exposure to lead can be correlated wlth blood lead levels. The 

Uptake/Bloklnetlc Model descrlbed In thls document, and descrlbed In greater 

detall In U.S. EPA (1989a), provldes a method for predlctlng blood lead 

levels In populations exposed to lead I n  the alr, dlet, drlnklng water, 

Indoor dust, s o l l  and palnt, thus maklng I t  posslble to evaluate the effects 

of regulatory declslons concernlng each medlum on blood lead levels and 

potentlal health effects. Thls model was developed by the Offlce of A l r  

Quality Plannlng and Standards (OAQPS). The model Integrated wltt! the 

Industrlal Source Complex Dlsperslon Model (U .S .  EPA, 1986c) has been used 

to predlct slte-speciflc dlstrlbutlons of blood lead levels In populatlons 

In the vlclnlty of lead point sources. 

.. 

Infants and young chlldren are the most vulnerable populatlons exposed 

to lead and are the focus of the U.S. EPA's rlsk assessment efforts. The 

relatlvely hlgh vulnerabillty of Infants and chlldren results from a combl- 

natlon of several factors: 1 )  an apparent lntrlnslc sensltlvlty of develop- 

Ing organ systems to lead; 2) behavloral characterlstlcs that lncrease- 

contact wlth lead from dust and soll (e.g., mouthlng behavlor and plca); 

I V  



3) .vatlous physlologlc factors resulting In greater -deposl tIon of alrborne 

lead In the resplratory tract and greater absorptlon efflclency from the 

gastrolntestlnal tract In chlldren than In adults; and 4) transplacental 

transfer of lead that establlshes a lead burden In the fetus, thus 

lncreaslng the rlsk assoclated wlth addltlonal exposure durlng Infancy and 

chlldhood. 

- A dlverse set of undeslrable effects has been correlated wlth blood lead 

levels In Infants and chlldren. Impalred or delayed mental and physlcal 

development, Impaired heme blosynthesls and decreased Serum vltamln 0 levels 

are correlated wlth blood lead levels across a range extending below 10 

rg/dt. Although conslderable controversy remains regardlng the blo- 

logical slgnlflcance of some of the effects attrlbuted to low lead exposure 

(e.g., blood lead levels below 10 rg/dt), the uelght of evldence Is 

convlnclng that In Infants and chlldren, exposure-effect relationshlps 

extend to blood lead levels of 10-15 rg/dP and posslbly lower. 

The Uptake/Bloklnetlc Model provldes a means for evaluatlng the relatlve 

contrlbutlon o f  varlous medla to establlshlng blood lead levels (U.S. EPA, 

7989a). The Uptake/Bloklnetlc Model provldes a useful and versatile method 

for explorlng the potentlal Impact of future regulatory declslons regardlng 

lead levels In alr, diet and soll. 
- 
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1: INTRODUCTION 

1.1. RfD METHODOLOGY AND RATIONALE FOR RfD DEPARTURE 

The Agency has establlshed the RfD for the purpose of quantltatlve rlsk 

assessment of noncarclnogenlc chemlcals. The RfD Is an estlmate (wlth 

uncertalnty spannlng perhaps an order of magnltude) of the dally exposure to 

the human population (lncludlng SenSltlve subgroups) that I s  llkely to be 

wlthout appreclable rlsk of deleterlous effects durlng a llfetlme (.U.S. EPA, 

1987, 1988a). In developlng an RfD for a speclflc chemlcal, the.best avall- 

able sclentlflc data on the health effects of the chemical are revlewed to 

Identlfy the hlghest levels of exposure that are clearly not assoclated wlth 

adverse health effects ln humans. Typlcally, the hlghest NOAEL 1 s  adjusted 

by an uncertalnty factor to derlve the RfD. The uncertalnty factor reflects 

the degree of uncertalnty assoclated wlth extrapolatlng the NOAEL identlfled 

from analysls of  relevant human toxlcologlcal' studies to the most sensltlve 

fractlon of the "healthy" human populatlon. 

When human toxlcologlcal data are Inadequate to base conclusions regard- 

lng human NOAELs, NOAELs or LOAELs for-the most sensltlve anlmal specles, as 

deflned by well-deslgned anlmal studles, are used to derlve the RfD. Doses 

or exposure levels are adjusted by converslon factors to account for allo- 

metric (e.g., body uelght) and physlologlc (e.g., breathing rates) dlffer- 

ences between anlmals and humans. The adjusted NOAELs or LOAELs are then 

adjusted by an uncertalnty factor to derlve the RfD. Uncertalnty factors 

for NOAELs derlved from anlmal studles are larger than that for human 

NOAELs, reflecttng the greater uncertalnty assoclated wlth extrapolatlng 

dose-effect relatlonshlps from anlmals to humans. Conslderatlon Is glven to 

uncertainties assoclated wlth extrapolatlons made from less-than-llfetlme 

- 

exposures to llfetlme exposures, from LOAELs to NOAELs .and for dlfferences 

In sensltlvlty between anlmals and humans. 

21 63A 1-1 



The R f D  spproach has ylelded useful quantltatlve estlmates o f  toxlc 

threshold for many chemlcals, and thus, has been used as a *benchmarkm on 

whlch to conslder regulatory declslons In relatlon to potentlal Impacts on 

human health; however, for reasons that are enumerated below I t  1s Inappro- 

prlate to derlve an RfD for rlsk assessments related to envlronmental lead. 

1.1.1. Absence of a Dlscernlble Threshold for Health Effects of Lead. A 

crltlcal assumptlon Impllclt to the RfD Is the concept of threshold (l.e., a 

dose level exlsts below whlch adverse-health effects wlll not occur). This 

assumptlon precludes developlng RfDs based on effects for whlch thresholds 

- 

have not been establlshed from experlmental or epldemlologlcal data or for 

chemlcals for whlch theoretlcal conslderattons suggest the absence of a 

threshold. Carclnogens fall Into the latter category; for example, theoret- 

lcal conslderatlons suggest a flnlte probablllty that cancer could arIse 

from the Interactlons of a slngle molecule of a mutagen wlth DNA (U.S.  EPA, 

1986a ) . 
Unllke the case for carclnogens, there Is no wldely accepted theoretlcal 

basls for the absence of a threshold for many of the health effects 2 5 5 0 -  

clated wlth lead exposure. However, analyses of correlatlons between blood 

lead levels and ALA-0 actlvlty, vltamln D and pyrlmldlne metabollsm, neuro- 

behavloral Indlces, growth and blood pressure Indlcate that assoclatlons may 

perslst through the lowest blood lead levels In the populatlons tested 

L 4 0 - 1 5  rg/di). Thus, It I s  posslble that If a threshold for the toxlc 

effects of lead exlsts, I t  may lle wlthln a range of blood lead levels 

4 0 - 1 5  rg/di; however , the data currently aval lable are not suff Iclent 

to adequately deflne the dose-response relatlonship for many of the toxlc - 
effects of lead In populations havlng blood lead levels 4 0  rg/dk. 

Hence, It !s not possible to confldently Identlfy a blood lead level below 

whlch no undesirable health effects would occur. 
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The range 10-15 vg/dn for blood lead levels represents a "level o f  

concern.. A level o f  concern 1 s  the same as a threshold. In thls case, 

a level o f  concern represents a blood lead level assoclated wlth health 

effects that warrant attentlon from a medlcal or governmental regulatory 

standpolnt, and does not lmply that a blologlcal or toxlcologlcal effect may 

not occur at lower levels o f  exposure (Davls, 1990). 

-1.1.2. Hultlmedla Exposure Scenarlos. Humans are exposed to lead from a 

varlety o f  medla; the relatlve contrlbutlon o f  each medlum to total lead 

uptake changes wlth age and can vary In magnltude on a slte-speclflc basls. 

Infants are born wlth a lead burden that prlmarlly reflects the mother's 

past exposure and rnetabollc status durlng pregnancy. Infants and chlldren 

are exposed to lead prlmarlly from lngestlon o f  food and beverages and from 

lngestlon o f  nonfood sources by normal early mouthlng behavlor and plca. 

The Impact o f  normal early mouthlng behavlor and plca wlll vary dependlng on 

the levels o f  lead In house dust, soll and palnt, whlch In many but not all 

cases wlll be prlmarlly related to hlstorlcal alr lead levels In the 

vlclnlty. Examples o f  exposure scenarlos I n  whlch levels In soll and dust 

might not be related to hlstorlcal d l r  lead are sltuatlons lnvolvlng 

contamlnatlon o f  soll and dust wlth ledded palnt dusts or mlne wastes. Host 

adults are exposed prlmarlly from dletary (food and water) sources. Occupa- 

'tlonal exposures also may result l n  d slgnlflcant contrlbutlon from the 

lnhalatlon, dermal or lngestlon route. 

A vlable rlsk assessment methodology for  lead that l s  to be of  any use 

In maklng regulatory declslons or  f o r  dcvelop\ng slte-speclflc abatement 

strategles must be flexible enough to lncorpordte slte-speclflc lnformatlon - 

on exposure sources and demographlc d a t d .  I n  terms o f  predicted population 
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dlstrlbutlons of blood lead levels, an Ideal methodology would Incorporate 

such lnformatlon or would accept default values where data are not avallable 

and yleld quantltatlve estlmates of rlsk. 

R f D  methodologles do not accomodate such conslderatlons because they 

are baslcally route-speclflc rlsk assessments. For example, an qnhalatlon 

R f D  Is an estlmate of  the alr concentratlon to whlch the most sensltlve 

human populatlons can be exposed for a llfetlme wlthout appreciable rlsks o f  

advirse effects and In the absence of 

the oral route). The latter assumptlon 
- 

relatlvely lnslgnlflcant slnce Inhaled 

exposures from other sources (e.g., 

renders the Inhalatlon RfD for lead 

lead contrlbutes only a fractlon of 

total lead uptake. 

1.1.3. Blood Lead as the Prlmary Index of Exposure'. The complex nature 

of lead exposure has not prevented advances In our understandlng of dose- 

response relatlonshlps for lead In humans because many of the health effects 

of lead In humans are correlated wlth blood lead levels. Thus, blood lead 

(pg/dn) Is a more approprlate benchmark for exposure than a level In a l r  

(mg/mr) or an oral exposure level (mg/kg/day). 

Although I t  Is unclear If health thresholds exlst for many lead exposure 

scenarlos, slgnlflcant concern 1 s  assoclated wlth blood lead levels. By 

estlmatlng changes In blood lead level, one may estlmate change In rlsk o f  

experlenctng health effects assoclated wlth the blood lead level. By 

examlnlng changes ln. blood lead dlstrlbutlon, estlmates of populatlon rlsk 

may be derlved. It I s  pos'slble to deflne crltlcal ranges of blood lead 

levels and assoclated effects. In t h l s  way, blood lead levels can be used 

- 

to deflne rlsk In a relative sense. - 
The nature of the effects assoclated wlth low level lead exposure are 

such that a sclentlflc consensus regardlng blologlcal slgnlflcance of many 

- . .  
I 

I 
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of the effects, such as neurobehav!sral deflclts ajsoclated wlth prenatal 

exposure, needs further valldatlon. Therefore, I t  Is not antlclpated that 

crltlcal ranges of blood lead as currently deflned wlll have unlversal 

acceptance. Nor Is  i t  reasonable that such deflnltlons should be unlver- 

sally applled to all exposure sltuatlons for rlsk assessment purposes. A 

glven range of blood lead levels Is  llkely to be assoclated wlth a glven 

-level ,of rlsk dependlng on other factors affectlng the exposed populatlon. 

For example, a glven blood lead level-may be undeslrable ln Infants but o f  

less slgnlflcance to adults. 

A useful rlsk assessment methodology for lead should provlde a popula- 

tlon dlstrlbutlon of blood lead levels and rlsk. The rlsk assessor can then 

evaluate the risks assoclated wlth such dlstrlbutlons and the potentlal 

beneflts of preventlon and abatement strategles glven the deflnltlons of 

crltlcal blood lead levels for speclflc effects of lead, as well as the 

demographlcs and exposure sources for the populatlon. 

1.1.4. Predlctlve Bloklnetlc Models for Lead. It I s  currently feaslble 

to utlllze bloklnetlc models to provlde predlctlons of blood lead levels 

that wlll result from any glven range of route-Independent lead uptake rates 

and vlce versa (U.S. EPA, 1989a). These models allow benchmark blood lead 

levels to be related quantltatlvely to route-Independent uptake rates and 

t a n  provlde estlmates of frequency dlstrlbutlons of blood lead levels 

assoclated with any glven uptake rate. 

1.1.5.  Multlmedla Exposure Analysls. Slte-speclflc data or lnternatlon- 

ally conslstent default assumptlons regardlng exposure scenarlos and absorp- 

tlon efflclency for lead Intake from varlous medla have been Incorporated 

Into exlstlng multlmedla exposure analysls methods to yield estlmates of the 

relatlve contrlbutlons of alr, dletary and sol1 lead to any glven estlmated 
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lead uptake ( U . S .  E P A ,  1989a). Output from a mu1t:medla analysls could be 

used to explore the posslble outcomes of regulatory declslons and abatement 

strategles .on the dlstrlbutlon of blood lead levels In relevant human 

populatlons. For example, a rlsk assessor could use these predlctlve models 

to estimate the effects o f  havlng sol1 lead at a speclflc exposure slte on 

blood lead levels In 2-year-old chlldren llvlng In the vlclnlty of the slte. 

Thts - would be a far more useful rlsk management tool than a route-speclflc 

RfD. - 
In sumnary, the RfD approach t s  Inappropriate for lead based on our 

current understandlng of the dose-response relatlonshlp for the varlous 

effects o f  lead and multlmedla nature of lead exposure. flultlmedla exposure 

analysls coupled wlth predlctlve bloklnetlc models, however, provlde a 

powerful tool for developlng an alternatlve and more useful alternatlve rlsk 

assessment strategy for lead. 

1-6 01 /03/9 1 

! 



*E 1 3 4 9  

. .  
I 

4 3  ._ 

_. 
! 

2. HEALTH EFFECTS SUMMARY 

2.1. OVERVIEY 

A slgnlflcant amount of Informatlon regarding the toxlclty o f  lead In 

humans has been gathered over the past 60 years. The symptoms of overt 

toxlclty have been descrlbed and, for the most part, levels of lead In blood 

assoclated wlth frank toxlclty have been establlshed. There Is lIttle or no 

argument that excesslve exposure resultlng In blood lead levels extendlng 

upwards from 30-100 pg/dn Is assoclated with a varlety of overtly toxic 

effects on. the perlpheral and central nervous systems, kldneys and cardlo- 

- 

vascular system. 

In the most recent decade a shift has been seen In the emphasls of 

research objectlves from a focus on overt toxlclty to exploratlon of the 

more subtle physlologlc, blochemlcal and neurobehavloral effects that may be 

assoclated wlth blood lead levels <30 rg/dP -- levels that can be 

antlclpated to occur In a. slgnlflcant fraction of the general populatlon. 

In partlcular, several factors have stlmulated a renewed Interest In 

explorlng exposure-effect relatlonshlps In Infants and children. These 

Include 1 )  an appretlatlon that potenttally slgnlflcant lead burdens can be 

established In the fetus & utero; 2) that speclflc behavloral patterns of 

Infants (12 weeks to 1 year) and chtldren (1-5 years) facllltate Intake of 

envlronmental lead; and 3) evldence t h a t  Infants and chlldren may be more 

sensltlve and thus more vulnerable t o  some o f  the toxlc effects assoclated 

wlth lead. 

Research efforts durlng the l a s t  s e v e r a l  years have greatly Improved our 

understandlng of the effects of lou-level lead exposure. The advent of - 

prospectlve epldemlologlcal study deslgnr that Incorporate sensltlve and 

reproduclble measures of physlcal and mental development have been a 
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partlcularly Important advancement In thls area. While conslderable 

concerns remaln regardlng the blologlcal slgnlflcance of some of the effects 

attrlbuted to ,low lead exposure, the welght of evidence l s  convlnclng that 

In Infants and chlldren, exposure-effect relatlonshlps extend to blood lead 

levels of 10-15 rg/dP and posslbly lower. Evaluatlons of the most 

recent data on blood pressure In adults suggest that exposure to lead may 

. Increase blood pressure. When vlewed In relatlon to the number of chlldren 

potentlally exposed to environmental l'ead levels assoclated wlth blood lead 

levels of 10-15 pg/dP, even small Increases In blood pressure are of 

conslderable publlc health slgnlflcance. 

The review that follows sumnarlzes key Issues relatlng to the toxlco- 

klnetlcs and health effects of lead In humans that will have to be consld- 

ered In developlng a responslble regulatory pollcy for lead. ThIs revlew I s  

not Intended to be comprehensive but rather an overview of the varlous 

crltlcal aspects of lead toxlclty In humans, wlth more extenslve dlscusslons 

of recent Informatlon regardlng effects assoclated wlth low levels (e.g., 

blood lead levels (10-15 rg/dk). Issues relatlng to the toxlcoklnttlcs 

of lead that are relevant to the valldlty of predlctlve models are also dls- 

cussed. Discusslons of overt toxlclty have been abbrevlated Intentlonally, 

and no attempt has been made to sumnarlze the volumlnous llterature on 

laboratory anlmalr. 

An enormous amount of sclentlflc llterature regardlng the health effects 

of lead In humans and animals has been publlshed. Nuch of thls Informatlon 

I s  contalned In the Air Quality Crlterla Document on Lead (U.S. EPA, 1986b1, 

In subsequent addenda and related U.S. EPA documents (U.S. EPA, 1988a,b; - 

ATSDR/U.S. EPA, 1988) and In the recent ATSDR report to the U.S. Congress 

(ATSDR, 1988). The reader Is referred to these documents for a more compre- 

henslve treatment of the subjects and llterature contalned in thls chapter. 
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2.2. TOXICOKINETICS: ABSORPTION, DISTRIBUTION/BOOY BURDEN, METABOLISM AND 

,. - EXCRETION 

I .  

I-.: 

Anthropogenlc lead emlSSlOnS to alr conslst prlmarlly of lead ln the 

lnorganlc form; therefore, the prlmary focus of thls chapter Is on the 

toxlcoklnetlcs of lnotganlc lead. Organlc lead compounds, notably 

tetraethyl, tetramethyl, trlethyl and trlmethyl lead, are also released Into 

the air durlng the combustlon of leaded gasollne. Lead alkyl compounds will 

generally be a mlnor component of lead released to alr, but the toxlco- 

ioglcal slgnlflcance can be appreclable under certaln clrcumstances (e.g. * 

children who "snlff" leaded gasollne). For this reason, .the toxlcoklnetlcs 

of lead alkyls I s  also discussed ln thls chapter; emphasls, however, Is 

placed on ldentlfylng Important dlfferences between the toxlcoklnetlcs of 

Inorganic lead and lead alkyls. 

2.2.1. Absorptlon. Absorptlon of Ingested lead I s  quantltatlvely the 

most slgnlflcant route of uptake of lnorganlc lead In most h u m n  popula- 

tlons; the exceptlon I s  occupatlonal exposures In whlch lnhalatlon of 

airborne lead results In slgnlflcant uptake. Gastrolntestlnal absorptlon 

can result from lngestlon of food, water and beverages as well as nonfood 

sources, such as sol1 and dust. Percutaneous absorptlon Is not consldered a 

slgnlflcant route of absorptlon of lnorganlc lead. The rate and extent of 

absorptlon of lnorganlc lead Is Influenced by the physlcal and chemlcal 

propertles of envlronmental lead. Factors such as particle s l z e  and 

solublllty determine deposltlon patterns and dlssolutlon rates wlthln the 

entry portals o f  the body, and may vary wlth speclflc exposure scenarlos. 

Blologlcal varlatlon related .to age and nutrltlonal status wlll also 

Influence absorptlon. 

- 
- 

- 

Alkyl lead compounds (e.g. trlethyl. trlmethyl, tetraethyl and tetra- 

methyl lead) are more hlghly llpophlllc than lnorganlc lead and are readlly 
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absorbed from.the lung and skln. Extenslve absorptlon from the gastrolntes- 

tlnal tract Is predlcted based on structural slmllarltles between alkyl 

leads and alkyl tlns. 

2.2.1.1. ABSORPTION FROM THE RESPIRATORY TRACT -- Inorganic lead tn 

amblent alr conslsts prlmarlly of partlculate aerosols, having a slze dls- 

trlbutlon that Is related to the characterlstlcs and proxlmlty to emlsslon 

sources. Lead partlcles In most urban and rural alr are In the submlcron 

range. Partlcle sizes In the vlclnlty of polnt sources can vary conslder- 

ably wlth dlstance from the source and meteorologlcal patterns (Davldson and 

Osborne, 1984; Sledge, 1987). Particles >lo rm make up a substantlal 

proportlon of the air lead near polnt sources. The number of Inhaled .lead 

particles of a given slre range wlll vary wlth amblent alr concentratlon and 

breathlng rates, whlch vary wlth age and physlcal actlvlty. 

The entry o f  Inhaled lead Into the sysfemlc clrculatlon Involves the 

processes of deposltlon and absorptlon. Amounts and 'patterns of deposltlon 

of partlculate aerosols In the respl.ratory tract are affected by the slze of 

the Inhaled particles, age-related factors that determine breathlng patterns 

(e.g., nose breathlng vs. mouth breathlng). alrway geometry and alrstream 

veloclty wlthln the resplratory tract. In general, large particles (>2 .5  

pm) deposlt In the nasopharyngeal reglons of the human resplratory tract 

wheie hlgh alrstrearn velocltles and alruay geometry facllltate lnertlal 

Impactlon (Chamberlain et ai., 1978; Chdn and Llppmann, 1980). In the 

tracheobranchlal and alveolar reglons. where alrstream velocltles are lower, 

processes such as sedlmentatlon ana Interceptlon become important for 

deposltlon of smaller particles ( < 2 . 5  " m ) .  Dlffuslon and electrostatlc - 

preclpltatlon become Important for submlcron partlcles reachlng the alveolar 

reglon. Mouth breathlng can be .expected to lncrease aerosol deposltlon In 
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the tracheobronchlal and alveolar 

mouth bypasses the nasal reglon 

lnterceptlon occur (Mlller et al., 
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reglons because alr Inhaled through the 

where lnertlal impactlon and mucoclllary 

1986). 

Absorptlon of lead from the resplratory tract 1s Influenced by partlcle 

slze and solublllty as well as the pattern of reglonal deposltlon. 

Partlcles >2.5  pm In slze that are deposlted prlmarlly In the clllated 

alrways of the nasopharyngeal and tracheobronchlal reglons of the resplra- 

tory tract can be transferred by mucoclllary transport Into the esophagus 

and swallowed; only a fractlon of what Is swallowed I s  absorbed In the 

- 

gastrolntestlnal tract. Sneetlng and coughlng wlll clear a fractlon of t h i s  

lead from the nasopharyngeal reglon. Therefore, absorptlon o f  lead 

lnltlally deposlted In the upper resplratory tract wlll not be complete. 

Estimates for fractlonal absorptlon of large partlcles (>2.5 pm) deposlted 

In the upper resplratory tract range from 4040% (Kehoe, 196la.b.c; 

Chamberlain and Heard, 1981). 

Partlcles deposlted In the alveolar reglon can enter the systemlc 

clrculatlon after dlssolutlon In the resplratory tract or after lngestlcn by 

phagocytlc cells (e.g., macrophages). Avallable evldence Indlcates that 

lead partlcles deposlted In the alveolar reglon of the resplratory tract are 

absorbed completely. Human autopsy results have shown that lead does not 

accumulate In the lung after repeated lnhalatlon. Thls suggests complete 

absorptlon from the alveolar reglon (Barry, 1975; Gross et al., 1975). 

Chamberlaln et al. (1978) exposed adult human subjects to zorPb In englne 

exhaust, lead oxlde or lead nltrate (4 vm particle sire) and observed 

that 90% of the deposlted lead was cleared from the lung wlthln 14 days. - 

Horrow et al. (1960) reported 50% absorptlon of deposlted lead Inhaled as 

lead chlorlde or lead hydroxlde (0.2520.01 ug HHAD) wlthln 14 hours. An 
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analysls of thc radlolsotope dllutlon studles of Rablnowltz et al. (1977) In 

whlch adult human subjects were exposed dally to amblent alr lead Indlcated 

that -90% of the deposlted lead was absorbed dally (U.S. EPA, 1986b). 

guantltatlve analyses of the relatlonshlp between aerosol partlcle slze 

and deposltlon In the human resplratory tract have been comblned wlth 

Informatton on slze dlstrlbutlons of amblent alr lead aerosols to estlmate 

depbsltlon and absorption efflclencles for Inhaled lead In adults and 

chlldren ( U . S  EPA, 1986b; Cohen, 1987i. An example of estimates of average 

deposltlon and absorptlon for adults 1lv:ng In the vlclnlty of a stationary 

Industrlal source are provlded In Table 2-1. Sumnlng the fractlonal 

absorption values for each reglon of lung ylelds an estlmate of 38% for the 

fractlonal absorption of inhaled lead In adults llving In the vlclnlty o f  an 

lndustrlal source. For some urban and rural atmospheres, where submicron 

partlcles domlnate the alrborne lead m a s s ,  the estlmated fractlonal absorp- 

tlon I s  15-30% (Cohen, 1987). 

Breathlng patterns, alrflow veloclty and alrway geometry change wlth 

age, glvlng rise to age-related dlfferences In partlcle deposltlon 

(Barlttop, 1972; James, 1978; Phalen et al., 7985). Deposltlons In varlous 

regions of the resplratory tract In chlldren may be hlgher or lower than In 

adults, dependlng on partlcle slze ( X u  and Vu, 1986). For submlcron 

particles, fractlonal deposltlon In 2-year-old chlldren has been estlmated 

as -1.5 tlmes hlgher than that In adults (Xu and Yu, 1986). Estlmates of 

reglonal and total fractlonal absorptlon In chlldren can be calculated by 

maklng age-speclflc adjustments In reglonal fractlonal absorption for adults 

(Table 2-1). Adjustment factors for 2-year-old chlldren, derlved from the 

- 

- 

analysls of Xu and V u  (1986), are shown In Table 2-2. Sumnlng the reglonal 

values ylelds an estlmate of 42% for fractlonal absorptlon of Inhaled lead 
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TABLE 2-2 

Age Factor Adjustments for Calculatlng Deposltlon and Absorptlon 

In the Respiratory Tract o f  2-Year-Old Chlldrena 
of Amblent Alr Lead Partlcles (Found Near Polnt Sources) 

Age Factor Adjustment X Absorptlon o f  
Pattlcle Deposltlon Efflclency Inhaled Leadb 

Slte Range 
(vm) AL vc T-Bd N-Pe A L V ~  T-B N-P 

<1 .o 
1-2.5 

2.5-15 

15-30 

>30 

~~ ~ ~ _ _  

1.5 1.5 1.5 2.9 0.4 

1.3 1.7 1.5 4.0 0.9 

0.5 1.4 2.0 2.0 2.8 

ID 0.5 1 .o NC 0.4 

ID ID 1 .o  NC NC 

0.02 

1.5 

6.4 

15.2 

5.7 

_ _  aSource: Xu and Yu. 1986 

bSumnlng the reglonal values ylelds an estlmate o f  42% for fractlonal 

CAlveolar 

dTratheobr onch 1 a 1 

absorption of Inhaled lead. - 

eNasopharyngcal 

ffor 4 . 0  E J ~  In alveolar reglon: 1.9% (from Table 5-1) x 1.5 - 2.9% 
ID = Inslgnlflcant deposltlon; NC = not calculated 
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In 2-year-old chlldren llvlng near a statlonary lndustrlal ’source. For 

general atmospheres In  whlch submlcron particles domlnate the lead mass 

dlstrlbutlon, an adjustment factor of 1.5 can be applled to the estlmated 

range of 15-30% for adults (Cohen, 1987). 

Alkyl lead can occur In the atmosphere as a vapor or assoclated with 

atmospherlc partlculates (Harrlson and Laxen, 1978). The retentlon and 

absorptlon of gaseous tetraethyl and tetramethyl lead has been examlned In 

iolunteers who Inhaled ZoaPb-labeled tetraalkyl lead (Heard et al., 1979). 

Initial lung retentlon uas 37 and 51% for tetraethyl and tetramethyl lead. 

respectlvely. Of these amounts, 40% of tetraethyl lead and 20% of tetra- 

methyl lead uas exhaled ulthln 48 hours; the remalnlng fractlon (tetraethyl, 

60%; tetramethyl, 80%) uas absorbed. Respiratory absorptlon of partlculate 

alkyl lead has not been studled. 

2.2.1.2. 6ASTROINTESTINAL ABSORPTION -- The gastrolntestlnal tract I s  

the prlmary slte of absorptlon of lead In chlldren and most adult popula- 

tlons, ulth the exception of those subject to occupatlonal exposure ( U . S .  

EPA, 1986b). Sources of Input to the gastrolntestlnal tract Include lead 

Ingested In food and beverages and lead lngested ln nonfood material such as 

dust, sol1 and lead-based palnt. Nonfood materlals are partlcularly lmpor- 

tant sources o f  lead tntake In chlldren because o f  normal mouthlng behavlor 

and plca. Inhaled lead that Is deposlted In the upper resplratory tract and 

subsequently wallowed also contrlbutes to gastrolntestlnal input (U.S. €PA, 
- 

1986b. 1989a). 

Gastrolntestlnal absorptlon of lead varles ulth age, dlet and nutrl- 

tlonal status as vel1 as the chemlcal specles and partlcle slze of the - 

Ingested lead. Dietary balance s tudles have ylelded ‘esthates ranglng from 

7-15% for gastrolntestlnal absorptlon In adults (Kehoe, 196la.b.c; 
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Chamberlain et al., 1978; Rablno\iltz et al., 1980). Absorptlon may be 3-5 

tlmes greater If oral Intake occurs durlng a period of fastlng (Blake, 1976; 

Charnberlaln et al., 1978; Heard and Chamberlaln, 1982). 

Gastrolntestlnal absorptlon of dletary lead l s  greater In Infants and 

chlldren than In adults. A balance study ln Infants of ages 2 weeks to 2 

years ylelded estlmates of 42% for chlldren wlth dletary Intakes of 25 pg 

P b A g  bw. Lower dletary Intakes were assoclated wlth hlghly varlable 

absorptlon (Zlegler et al., 1978). A study conducted wlth Infants and chll- 

dren of ages 2 months to 8 years (dally Intake, 10 pg Pb/kg bw) ylelded 

estlmates of 53% for gastrolntestlnal absorptlon (Alexander et al., 1973). 
a 

Gastrolntestlnal absorptlon of lead Is affected by a varlety of dletary 

and nutritlonal factors. The results of numerous studles of the effects of 

dlet on lead absorptlon and retentlon In humans and anlmals are sumnarlzed 

In the Alr Quallty Crlterla Document for Lead (U .S .  EPA, 1986b). Based on 

the results of these studles, It can be predlcted that increased gastro- 

lntestlnal absorptlon of lead may occur In populatlons consumlng dlets low 

or deflclent In calclum, Iron, phosphate, copper, vltamln 0, protela or 

flber, or dlets havlng a hlgh llpld content. This suggests that lndlvlduals 

wlth poor nutrltlonal status may absorb more lead from envlronmental sources. 

Gastrolntestlnal absorptlon of lead alkyls I s  not llkely to be an 

Important route of uptake o f  envlronnntrl lead because o f  the relatlvely 

hlgh volatlllty of lead alkyls. The crccptlon would be In situations where 

people are lngestlng groundwater contdalndted wIth tetraethyl lead. The 

acldlc envlronment of the stomach wIll promote the converslon o f  tetraethyl 

and tetramethyl lead to the correspondlng trlalkyl derlvatlves (U .S .  €PA, - 

1986b). Although the absorptlon o f  trlalkyl leads has not been studled, 
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extenslve absorptlon I s  predlcted based on lnformatlon regardlng the gastro- 

lntestlnal absorptlon of the structurally slmllar Group IV analogs, trlethyl 

and trlmethyl tlns (Barnes and Stoner, 1958). 

2.2.1.3. PERCUTANEOUS ABSORPTION -- Inorganlc lead 1 s  not read1 ly 

absorbed through the skln. Values of 0-0.3% o f  admlnlstered dose were 

reported for humans exposed to dermal appllcatlons of cosmetlc preparations 

contalnlng lead acetate. The hlghest absorptlon was observed when the skin 

was scratched (Moore et al., 1980). Thus, percutaneous absorptlon I s  not 
- 

- 
considered to be a slgnlflcant route of uptake of lnorganlc lead In humans, 

relatlve to gastrolntestlnal and respiratory tract absorption. Thls 

contrasts wlth lead alkyls that are absorbed through the skln to a greater 

extent than lnorganlc lead. 

Tetraethyl and tetramethyl lead are rapldly absorbed through the skln In 

rabblts and rats (Kehoe and Thamann, 1931; Laug and Kunze, 1948). Evapora- 

tlon can be expected to compete wlth absoiptlon for removal from skln; 

however, even under condltlons In whlch evaporatlon was allowed to occur, 

percutaneous absorptlon of tetraethyl lead was 6.5% (Laug and Kunre, 1948). 

2.2.2. Tissue Dlstrlbutlon of Lead. Hlnerallzed tlssues (e.g., bone and 

teeth) are the slngle largest pool for absorbed lead, accounting for -95% o f  

total lead burden In adults and sllghtly less In chlldren (Barry, 1975, 

1981). Lead not contained In mlnerallzed tlssue I s  dlstrlbuted In soft 

tissues, prlmarlly blood, llver and kldneys. Small amounts accumulated In 

other soft tissues such as braln, although not quantltatlvely slgnlflcant to 

the overall dlstrlbutlon of the body burden, are of conslderable toxlcologl- 

cal Importance. Lead readily transfers across the placenta and dlrtributes - 

to fetal tlssues (Horluchl et al.. 1959; Barltrop, 1959; Lauwerys et al., 

1978; Kovat et al., 1984; Tsuchlya et al.. 1984; Korpela et al., 1986). 
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Ellmlnat!on half-tlmes for lead In soft tlssues are relatively short 

(weeks). Estlmates of ellmlnatlon half-tlmes for lead In blood in adults 

range from 15-35 days (Chamberlaln et al., 1975, 1978; Rablnowltz et al., 

1973, 1976). Studles o f  adult and juvenlle baboons Indlcate that ellmlna- 

tlon half-tlmes for kldney and llver, and probably other soft tlssues, are 

slmllar to that for blood (Harley and Knelp, 1985). Because of the rela- 

tlvely short half-llfe, accumulatlon In soft tlssue does not contlnue over 

the llfetlme exposure (Schroeder and Tlpton, 1968; Barry and 

Barry, 1975, 1981). The exceptlons ire the kldney cortex, 

accumulates In nuclear lncluslon bodles (Indrapraslt et al., 

Increases In blood lead levels can be expected to result 

Mossman, 1970; 

In wnlch lead 

1974). Abrupt 

In new higher 

steady-state levels In blood and other soft tlssues wlthln 60-120 days (Tola 

et al., 1973; Grlffin et al., 1975); however, following a decrease In 

uptake, lead In bone and other tlssue stores slowly tedlstributes to blood. 

Thus, more tlme may be requlred t o  achleve a new steady-state blood level 

after uptake decreases, dependlng on the level and duratlon of prlor 

exposure (Rablnowltz et al., 1977; O'Flaherty et al., 1982; Gross, 1981). 

Ellmlnatlon half-tlmes In chlldren and adults for mlnerallzed tlssue, 

such as bone, are conslderably longer than for soft tlssues (years). A s  a 

result, a decade or more of constant exposure Is requlred to achleve a 

steady state In bone (Rablnowltz et al., 1976; Holtrman, 1978). Bone lead 

can provlde a store for contlnuous release of lead to soft tissues in the 

event that uptake decreases (O'Flaherty et al., 1982). Hetabollc stress 

resultlng In Increased bone turnover or demlnerallzatlon, such as that whlch 

normally occurs durlng pregnancy or aglng, may accelerate release of lead 

from bone (Hanton, 1985; Drasch et al., 1987; Zarlc et al., 1987; Sllbergeld 

et al., 1988). Therefore, the potentlal exlsts for a portlon of the bone 

lead burden of the parent to be transferred to the fetus during pregnancy. 
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Llmlted studles on the subcellular dlstrlbutlon of lc& In humans and 

more extenslve studies In anlmals have shown that lead accumulates In the 

nucleus and mltochondrla (Goyer et al., 1970; Cramer et al., 1974; Flood et 

al., 1988). Approxlmately 75% of lead In erythrocytes Is bound to hemo- 

globln and other Intracellular protelns; most of the remalnlng 25% I s  

thought to be assoclated wlth low molecular welght llgands such as amlno 

_acids and nonproteln thlols (Bruenger et al., 1973; Raghaven and Gonlck, 

1977; Everson and Patterson, 1980; Ong'and Lee, 1980; DeSllva, 1981). Fetal 

hemoglobln has a greater afflnlty for lead than adult hemoglobln (Ong and 

Lee, 1980). The fractlon of blood lead In serum Increases wlth lncreaslng 

blood lead levels >40-50 pg/dP, and may approach 2% of whole blood lead 

at blood lead levels >lo0 pg/dn (Hanton and Cook, 1984). 

Tlssue dlstrlbutlon of lead after exposure to tetraethyl or tetramethyl 

lead prlmarlly reflects the dlstrlbutlon of the dealkylatlon products, 

trlalkyl, dlalkyl and lnorganlc lead (Cremer, 7959; Cremer and Calloway, 

1961; Stevens et al., 1960). In blood, partltlonlng of lead between the 

plasma and erythrocyte fractlons varles wlth anlmal specles and metabo?lsm. 

Trlethyl and trlmethyl lead blnd tightly to rat hemoglobln and concentrates 

In erythrocytes I n  thls species. Human erythrocytes have a relatively low 

afflnlty for trlethyl and trlmethyl lead (Bylngton et al., 7980). After 

exposure to tetraalkyl leads, trlalkyl leads are found'ln the plasma (Boeckx 

et al., 1977; Goldlngs and Stewart, 1982). After humans Inhale 2osPb- 

labeled tetraethyl and tetramethyl lead, lead dlstrlbutes In whole blood 

prlmarlly In the plasma fractlon (Heard et al., 1979). Clearance from whole 

blood Is nearly complete wlthtn 10 hours and Is followed by the reappearance - 

of lead ln erythrocytes. The shlft In dlstrlbutlon of lead from the plasma 

to the erythrocyte fractlon of. whole blood may reflect dealkylatlon I n .  
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tlssues and the appearance o f  dlalkyl or Inorganic lead In the blood, .dhIch 

has a hlgher afflnlty for erythrocytes than do tetraalkyl and trlalkyl leads. 

Lead dlstrlbutes to a varlety o f  tlssues after exposure to lead alkyls. 

Levels o f  lead are hlghest In llver followed by kldney and braln In humans 

that have been exposed to tetraethyl and tetramethyl lead (Bolanowska et 

al., 1967; Grandjean and Nlelsen, 1979). The klnetlcs o f  ellmlnatlon o f  

trlethyl lead In humans has been descrlbed by a two-compartment model havlng 

halfzllves o f  35 and 100 days (Yamamura et al., 1975). 

2.2.2.1. HETABOLISfl OF LEAD -- M’etabollsm of Inorganic lead conslsts 

prlmarlly of reverslble llgand reactlons lncludlng the formatlon of 

complexes wlth amlno aclds and nonproteln thlols and blndlng to varlous 

cellular protelns (Bruenger et al., 1973; Raghaven and Gonlck, 1977; Everson 

and Patterson, 7980; Ong and Lee, 1980; DeSllva, 1981). 

Tetraethyl and tetramethyl lead undergo oxldatlve dealkylatlon to the 

correspondlng trlalkyl derlvatlves, whlch are thought to be the neurotoxlc 

forms o f  these compounds. Dealkylatlon o f  tetraalkyl lead occurs in a 

varlety o f  species, lncludlng humans ( U . S .  €PA, 1986b). The converslon from 

tetraalkyl to trlalkyl lead Is catalyzed by a cytochrome P-450 dependent 

monooxygenase system ln llver mlcrosomes (Klmnel et al., 1977) and occurs 

rapldly. The maxlmum rate of converslon of tetraethyl lead to trlethyl lead .- 

was estlmated to be 200 rg/hour/g llver In rats (Cremer, 1959). Complete 

dealkylatlon to Inorganic lead has been shown to occur In a varlety o f  

specles, lncludlng humans. The format ton of lnorganlc lead from tetraalkyl _ _  

leads may account for the hematologlcdl effects assoclated wlth chronlt 
.. . exposure to alkyl leads, Includlng erporure of chlldren who Inhale leaded - 

gas0 1 1 ne. 
- 
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2.2.2.2. EXCRETION OF LEAD -- Lead that I s  absorbed from all routes 

1s excreted ln the feces by blllary secretlon, and In the urlne, In -1:2 

proportlons (Chamberlaln et al. , 1978). Approxlmately 50-60% of absorbed 

lead I s  excreted wlth a half-tlme of 30-50 days. The remalnlng fractlon I s  

dlstrlbuted to tlssues, prlmarlly bone, and Is excreted wlth a half-tlme o f  

several years (Kehoe, 961a,b,c; Rablnowltz et al., 1976; Chamberlaln et 

-al., 1978). 

Lead Is excreted prlmarlly In thg urlne as dealkylated products after 

exposure to lead alkyls. The chemical form that appears In urlne may vary 

wlth anlmal specles. In humans exposed to tetraethyl lead, -10% of urlnary 

'lead l s  In the form of trlethyl lead (U.S. EPA, 1986b). 

2.2.2.3. BIOKINETIC NOOELS -- Several mathematlcal models have been 

developed to describe uptake, dlstrlbutlon and excretlon of lead (Rablnowltz 

et at., 1976; Knelp et al., 1983; Marcus, .1985a,b,c). These models are 

Important for rlsk assessment because they provlde a basls for maklng 

predlctlons about levels of lead In varlous physlologlcal compartments that 

would be assoclated wlth a given rate of uptake or exposure level. The 

varlous models that have been suggested dlffer In complexity wlth respect to 

the number of physlologlcal compartments described, and assumptlons 

regardlng klnetlcs of exchange between compartments. 

- The model proposed by Rablnowltz et al. (1976) was based on the results 

of radlolsotope tracer studles uslng volunteers. The model speclfled three 

physlologlcal compartments for lead dlstrlbutlon: blood, soft tlssue (other 

than blood) and bone. 

The model proposed by Knelp et al. (1983) was based on klnetlc constants - 

derlved from slngle Injection studles and chronlc oral exposures In adult 

and juvenlle baboons (Knelp et al., 1983). The model was subsequently 
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modlfled to Incorporate age-related changes In metabollsm and physlology I n  

humans (Harley and Knelp, 1985). Flgure 2-1 Illustrates the model for 

2-year-old chlldren. Three major tlssue compartments that exchange wlth the 

blood compartment are deflned In the model: bone, llver, kldney and gastro- 

lntestlnal tract. Flrst-order rate constants for exchanges between blood 

and tlssues are deflned along wlth rate constants for transfers of lead from 

llver to the gastrolntestlnal tract (e .g . ,  blllary secretlon) and from blood 

Into the urlne. 
b 

narcus (1985a.b.c) proposed a more elaborate model based on measurements 

obtained from a volunteer subject who Ingested lead (DeSllva, 1981). In 

addltton to soft and hard tlssue compartments, the model Includes an 

expanded blood compartment contalnlng four subcompartments: "deep" and 

"shallown pools In the erythrocyte, and a dlffuslble and prote1.n bound pool 

In plasma. A unlque feature of thls model I s  that It addresses nonllnearl- 

tles ln.the telationshlp between lead I n  blood and lead In plasma. 

Of the varlous models that have been proposed, the Harley and Knelp 

(1985) model I s  unlque In that I t  ylelds age-speclflc predlctlons for lead I 

. .  
levels In the major tissues glven speclfled rates of lead uptake Into blood. 

Thls makes It particularly suitable for appllcatlons to rlsk assessments In 

whlch predlctlons concernlng the dlstrlbutlons of blood lead levels among 

I 

varlous age groups ulthln exposed populatlons are essentlal. Furthermore, -- 

because lead uptake 1 s  a prlmary Input to the model, the model can be used 

In conjunctlon ulth multlmedla uptake models to predlct blood lead levels 

assoclated wlth exposure levels In varlous envlronmental medla. The Harley 

and Knelp model has been successfully valldated uslng available human - 
experlmental and autopsy data (Harley and Knelp, 1985). Because thls model 

was developed speclflcally to predlct tlssue lead concentrations over tlme I 

d 

.C 

_ I  
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In young chlldren wlth contlnuous lead uptake, the model was selected by the 

Offlce of Alr Quallty Plannlng and Standards (U.S. EPA, 1989a) for predlct- 

lng blood lead levels that would be assoclated with lead uptakes derlved 

f rom the Integrated lead uptake methodologles descrlbed In Chapter 4 of thls 

document. A more complete dlscusslon of the lntegratlon of the Harley and 

Knelp (1985) model wlth lead uptake models I s  presented In Chapter 4. 

2.3. SYSTEMIC AND TARG€T ORGAN TOXICITY 

2.3.1. Neurobehavloral Toxleity. 
- 

- 
2.3.1.1. LEAD NEUROTOXICITY IN ADULTS -- Severe lead neurotoxlclty Is 

characterlred by overt symptoms of Irrltablllty, shortenlng of attentlon 

span, headache, muscular tremor, perlpheral neuropathy, abdominal paln, loss 

of memory and hallucinations. Oellrlum, convulslons, paralysls and death 

can also occur. 

at blood lead levels ln.the range o f  40-60 vg/dt (U.S. EPA, 1986b). 

In adults, some of these overt symptoms may become apparent 

Nonovert symptoms of neurotoxlclty that have been assoclated wlth lead 

exposure In adults Include lmpalred performance on psychomotor tests, 

decreased nerve conductlon veloclty and lmpalred cognltlve functlon (?.g., 

IO). Blood lead levels assoclated wlth these effects range upwards from 30 

&dt (U.S. EPA, 1986b). 

2.3.1.2. LEAD NEUROTOXICITY IN CHILDREN -- Symptoms of overt neuro- 

toxlclty In chlldren are slmllar to those observed In adults. Nonovert 

symptoms of neurotoxicity that have been reported In chlldren Include 

lmpalrments 'or abnormalltles In psychomotor and cognltlve functlon. 

Numerous studles have examined psychomotor and cognltlve functlon of 

'hlgh-rlsk' populatlons o f  chlldren. Such populatlons are those typlcally 

ldentlfled from cllnlcal lead screenlng programs as havlng elevated blood 

lead levels, chlldren wlth prevlous hlstorles of lead encephalopathy or 
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. .  
&&tat plca and chlldren wlth possible occupatlonal exposur; (e.g., lead 

pottery manufacture). Based on an extenslve revlew of these data, the 

Agency concluded that, although the evldence Is not conclusive, severe 

psychomotor and cognltlve deflcl t s  appear to be assoclated wI t h  blood lead 

levels at the range of 240-60 pg/dP (U.S. EPA, 1986b). 

Studles of general pedlatrlc populatlons (e.g., Infants and chlldren 

-wlth no known hlstory of excessive exposure or toxlclty) provlde Informt Ion 

i 

f ’  - 
I 

about subtle neurologlcal effects ln-chlldren wlth lower blood lead levels 

and body burdens than the studles of hlgh-rlsk populatlons. A n  extenslve 

Agency revlew of these studles concluded the followlng ( U . S .  EPA, 1986b): 

1 )  they are suggestlve of relatively mlnlmal (If any) effects on IQ 
In general populatlons, especlally In comparlson wlth the much 
larger effects of other factors (e.g., soclal variables), at the 
exposure levels evaluated In these studles (blood lead levels 
mainly In the 15-30 pg/dr range); and 2) they are not Incompat- 
Ible wlth flndlngs of slgnlflcant lead effects on IO at average 
blood lead levels (230 rg/dr). 

Several large-scale studles have been reported slnce completlon of the 

above analysls ( U . S .  EPA, 1986b) that indicate effects on mental development 

and cognltlve ablllty assoclated wlth blood lead levels 510-15 vg/dP. A 

brief dlscusslon of the key prospectlve studles of mental development In 

Infants and young chlldren 1 s  presented In Sectlon 2.4.1. of thls document. 

- Two recent cross-sectional studles on cognltlve ablllty In school-aged 

chlldren have been reported. A s  shown In Flgure 2-2, an Inverse llnear 

assoclatlon between Stanford-Blnet IO scores and contemporary blood lead 

levels was seen over the entlre range o f  6-47 rg/dr In a study o f  

unlformly low socloeconomlc status black chlldren, 3-7 years old (Hawk et 

al., 1986; Schroeder and Hawk, 1987). A study of 6- to 9-year-old chlldren 

In Edlnburgh, Scotland, also Indlcated a negatlve llnear correlation between 

blood lead and scores on tests of cognltlve ablllty (Fulton et al., 1987). 
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The correlatlon extonded across a range of 5-22 

levels (Flgure 2-3). 

A more recent study examlned data on nerve 

vg/dQ mean blood lead 

conductlon veloclty In 

chlldren llvlng In the vlclnlty of a lead smelter (Schwartz et al., 1988). 

Based on "hockey stlck," quadratic and loglstlc regresslon analyses of'  the 

maxlmal nerve conductlon veloclty and blood lead level data In 202 chlldren 

-(ages 5-9 years), a threshold for decreased maxlmal nerve conductlon was 

estlmated to be wlthln the range of 20-30 vg/do (flgure 2-4). 

Anlmal studles provlde the opportunlty to examlnc neurobehavloral 

effects of lead under controlled condltlons, whlch are not posslble In human 

studles. Recent data wlth nonhuman prlmates provlde strong support for .hlgh 

sensltlvlty to lead In newborns (Levln et al., 7988; Bushnell and Bowman, 

1979a.b; Gllbert and Rlce, 1987). Exposure to low levels of lead appears to 

dlsrupt the normal maturation of the nervous system, whlch may cause 

subsequent functlonal defeclts (Cookman et al., 1987, 1988). 

2.3.2. Effects of Lead on Heme Blosynthesls and Erythropolesls. The 

process of heme blosynthesls Is outllned In flgure 2-5. Lead Interferes 

wlth heme blosynthesls by decreaslng the actlvlty of the enzymes amlnolevu- 

llnlc acld dehydrase (ALA-D) and ferrochelatase. Increased actlvlty of the 

enzyme amlnolevullnlc acld synthetase ( A L A - S )  may also occur as a secondary 

-effect of feedback regulatlon. Whlle these effects can be most readlly 

demonstrated In erythroblasts, there Is evldence that lndlcates lead may 

derange heme blosynthesls In other tlrruer, lncludlng the central nervous 

system (Hoore and Goldberg 1985; Sflbcrgeld. 1987). Thus, altered heme 

metabolism In erythroblasts may be Ind!cdtlve of slmllar dlsruptlons In 

other erythropoletlc tissues that may contrlbute to more severe systemlc or 

neurologlcal effects. 

- 
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FIGURE 2-3 

Brltlsh Ablllty Scales Corrblned Score (BASC, ))cans and 
95% Confldence Intervals) as a Functlon o f  Blood Lead Level 

In Chtldren 6-9 Years Old 

Source: Fulton et al., 1987 
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FIGURE 2-5  

Effects o f  Lead on H e a t  Blosynthcsls 

Source: U . S .  €PA,  1986b 
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Slgnlflcant lmpalrment o f  hemoglobln 

tlvely high blood levels. The threshold 

In adults and chlldren I s  achleved at 

. -7349 
synthesls occurs tn adults at rela- 

for a decrease In blood hemoglobln 

a blood lead level of 50 ug/dn 

(Heredlth et al., 1977; Flschbeln, 1977; Alvares et al., 1975). Frank 

anemla In adults has been assoclated wlth levels >80 ug/dP (Tola et al., 

1973; Grandjean, 1979; Lllls et al., 1978; Wada et al., 1973; Baker et al., 

1979). The relatlonshlp between blood lead levels and heme blosynthesls In 

other sensltlve tlssues, such as central nervous or cardlovascular tlssues, 

has not been characterized. 

The effects o f  lead on erythroblast heme blosynthesls can be detected 

from measurements of the actlvlty of erythrocyte A L A 4  or levels o f  erythro- 

cyte protoporphyrln (EP), a substrate for ferrochelatase. Erythroblast 

A L A 4  actlvlty I s  Inversely correlated wlth blood lead level In Infants, 

chlldren and adults (Flgure 2-6); the correlation perslsts when examlned 

across a range of blood iead levels 53-4 pg/dn, suggestlng that lnhlbl- 

tlon of ALA-D may occur at these low blood lead levels (Hernberg and 

Nlkkanen, 1970; Hernberg et al., 1970; Roels et al., 1975, 1976; Lauwerys et 

al., 1978; Chlsolm et al., 1985). The dose-response relatlonshlp for ALA-D 

lnhlbltlon at levels c20 pg/dP has not been completely characterized; 

therefore, the exlstence of a threshold has not been verlfled. 

- The extenslve lnformatlon regarding the effects of lead on EP levels In 

humans I s  crltlcally revlewed In several Agency documents (U.S. EPA, 1986a; 

ATSDR/U.S. €PA, 1988). The threshold for elevated 

ug/dr (Roels et al., 1976; Plomelll et al., 1982; 

Rablnoultz et al., 1986). A dose-response analysis 

Plomelll et al. (1982) 1s  shown In Flgure 2-7. The 

EP In chlldren I s  -15 

Hamnond et al., 1985; 

based on the data from- 

dose-response relation- 

ships for elevated EP I n  chlldren and adults when examlned across a range of 
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FIGURE 2-6 

Blood ALA-0 Actlvlty As a Functlon o f  Blood Lead Level in 1S8 Adults.- 
Soltd Circles, Cledlcal Students; Open Circles, Workers' In Prlnt Shop; Solld 
Squares, Automoblle Repalr Yorkers; Open Squares, Lead Smelters and 
Shipscrapers 

Source: NAS, 1972 
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FIGURt 2-7 

Problt Dose-Response Functlonr for  Elevated Erythrocyte 
Protoporphyrin as Functlon o f  llood Lead Level In Chlldren. - 

Gcomctrlc &an + 1 SO - 33 ~ g / d t ;  Geoetrlc Hean + 2 SO - 53 rg/da 

Source: Placwlll e t  al., 1982 
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blood lead levels extendlng from 10-40 rg/dP. lndlcate that chlldren are 

more sensltlve than adults and that adult females may be more sensltlve than 

males (Roels et al., 1976). The lower range of blood lead levels at which 

EP levels become elevated Is  below that assoclated wlth decrement In blood 

hemoglobln levels and anemla (Hamnond et al., 1985) .  Elevated protopor- 

phyrln levels, although not necessarlly an adverse effect per se, are 

- lndleatlve of dlsturbances ln heme metabollsm that may extend to other heme 

protelns other than hemoglobln. - 
The enzyme PSN I s  also lntilblted by lead (Paglla and Valentlne, 1975). 

Thls enzyme catalyzes the dephosphorylatlon of pyrlmldlne nucleotlde mono- 

phosphates and plays an Important role In the regulatlon of the levels of 

pyrlmldlne nucleotldes wlthln the erythroblast. The pathologlcal slgnlfl- 

cance of lnhlbltlon of PSN by lead Is unknown; however, congenital defl- 

clency of thls enzyme,, In whlch 40% of normal actlvlty I s  present In the 

erythroblast, Is assoclated wlth a syndrome of  hemolytlc anemia (Valentlne 

et al., 1974). Thus, lnhlbltlon of erythroblast PSN may contrlbute to the 

anemla associated wlth relatively hlgh blood lead levels (280 &dP) 

(Tola et al., 1973; Grandjean, 1979; Lllls et al., 1978; Wada et al., 1973; 

Baker et al., 1979). The lnhlbltlon of PSN may also contrlbute to a 

dlsruptlon of mRNA and proteln blosynthesls In the erythroblast. 

Inhlbltlon of P5N In human erythrocytes can be detected from measure- 

ments of the levels of pyrlmldlne nucleotlde monophosphate substrates for 

thls enzyme or from measurements of catalytic actlvlty of erythrocyte 

preparatlons. Levels of erythrocyte pyrlmldlne nucleotlde monophosphate are 

elevated ln chlldren that have blood lead levels exceedlng 30 pg/dP. - 

Thls suggests that slgnlflcant lnhlbltlon of PSN occurs at blood lead levels 

>30 rg/dr (Angle et al., 1982). Catalytlc actlvlty of. erythrocyte PSN 

d 

, 

- .  
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l s  Inversely correlated wlth blood lead In chlldren (Angle and McIntlre, 

1978; Angle et al., 1982). The correlation perslsts when examlned across a 

range of blood lead levels extendlng from 7-80 ug/dn, suggesting that 

lnhlbltlon of P5N may occur at levels posslbly 4 0  ug/dP (Flgure 2-8). 

In concluslon, the avallable lnformatlon lndlcates the potentlal for 

undeslrable effects on heme blosynthesls and erythroblast pyrlmldlne metabo- 

,llsm In chlldren wlth blood lead levels >10-15 ug/dn, and posslbly at 

lower levels. . -  

2 . 3 . 3 .  Effects of Lead on the Kldney. Acute lead-Induced nephrotoxlcl ty 

I s  characterized by proxlmal tubular nephropathy. Characterlstlc leslons 

descrlbed In both humans and anlmals Include nuclear lncluslon bodles and 

mltochondrlal changes In the eplthellal cells of the pars recta of the 

proxlmal tubule and lmpalred solute reabsorption (e.g., glucose, amlno 

aclds, phosphate). Chronlc toxlclty Is characterized by lnterstltlal 

flbrosls and decreased glomerular flltratlon rate (Goyer, 1982; U.S.  EPA, 

1986b; ATSDR/U.S. EPA, 1968). 

Acute nephrotoxlclty has been observed In chlldren wlth lead encepnalo- 

pathy and Is assoclated wlth relatlvely high blood lead levels (1.e.. >BO 

ug/dP) (Chlsolm et al., 1955; Chlsolm 1962, 1968; Pueschel et al,, 1972; 

U . S .  €PA, 1966b). Chronlc nephropathy, Indlcated by nuclear lncluslon 

-bodies, mltochondrlal changes, lnterstltlal flbrosls and glomerular changes, 

has been assoclated wlth prolonged (I10 years) occupatlonal exposures and 

blood lead levels >40-60 pg/dk ( L l l l s  et al., 1968; Cramer et al., 1974; 

Blaglni et al., 

et al., 1980). 

2.3.4. Effects 

concurrent blood 

1977; Wedeen et al., 1975, 1979; Buchet et al., 7980; Hong 

of Lead on Blood Pressure. The relatlonshlp between 

lead levels and blood pressure ln adults has been examlned 
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I n  several ep::emlologlcal studles. Partlcularly notable are four large 

epldemlology studles: the Brltlsh Reglonal Heart Study (BRHS), the analysls 

of the second Natlonal Health and Nutrltlon Evaluatlon Survey (NHANES 1 1 )  

and two studles conducted In Wales. The estlmated change In mean systollc 

. blood pressure for a doubllng of  blood lead, as assessed from analyses of  

these four large-scale studles (Pocock et al., 1988) Is shown In flgure 2-9. 

- The BRHS study analyzed data on blood lead levels and blood pressure In 

7735 mlddle-aged men (aged 40-49) from 24 Brltlsh towns (Pocock et al., 

1984, 1985, 1988). Systollc and dlastollc blood pressure were posltlvely 

correlated wlth blood lead levels across a range o f  blood lead levels 

extendlng from -10-40 rg/dP. Based on a llnear regresston analysls of 

the data, I t  was predlcted that doubllng o f  blood lead levels was assoclated 

wlth an Increase o f  1.45 mn Hg systollc pressure and 1.25 nm Hg dlastollc 

pres sur e. 

Several analyses o f  data on blood pressure and blood lead levels from 

NHANES I 1  have been reported (Harlan et al., 1985; Plrkle et al., 1985; 

Landls and Flegal, 1987). Systollc and dlastollc blood pressure was p o s l -  

tlvely correlated wlth blood lead levels over a range of blood lead levels 

that extended from 7-34 pg/dL. Based on a llnear regresslon analysls o f  

data from -20,000 subjects, I t  was predlcted that a doubllng o f  blood lead 

-levels (e.g., from 8-16 pg/dP) was asroclated wlth an Increase of  2-3 mn 

Hg systollc blood pressure. 
'~ 

Two surveys conducted In Wales cxanlned the relatlonshlp between blood 

lead and blood pressure (Elwood et al., 1988a.b). The Welsh Heart Programne 

analyzed data from 865 men and 856 women. Hean blood lead levels were 1 2 -  

,,g/dr for men and 10 pg/dn for womcn. A regresslon analysls was 

applled to the data. No statlstlcally s!gnIflcant relatlonshlp between 
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fI6URE 2-9 --. 
3 

Conparjron o f  Study Results from Four Larger-Scale Epldcnlology Studies 
o f  Lead-Blood Pressure Relatlonshlps I n  Adult Hen. BRHS, Brltlsh Regional 
Heart Study (Pocock et al., 1988); NHANES 11, National Health and Nutrltlon 
Evaluatlon Survey (Schwrtt, 1988); Caerphilly and Ualcs. Welsh Studies 
(Elwood et al., 1988a,b) 

Source: Pocock et al., 1988 
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blood pressure and blood lead level was establlshed. The Caerphllly 

Collaboratlve Heart disease study analyzed data from 865 adult males llvlng 

In Caerphllly, Wales (Elwood et al., 1988b). Regresslon analysls dld not 

reveal a statlstlcally slgnlflcant relatlonshlp between blood pressure and 

blood lead. 

In addltlon to the four large-scale studles descrlbed above, prel Imlnary 

analysls of a cross-sectlonal study from Canada was recently reported (Nerl 

et at., 1988). Thls study analyzed data from 2193 subjects. A statlstlc- 

ally slgnlflcant (pe0.01) relatlonshlp between blood lead levels and 

dlastollc blood pressure was reported. Several small-scale studles have 

been reported that show slgnlflcant relatlonshlps between occupatlonal 

exposure to lead and blood pressure (Sharp et al., 1988; Welss et al., 1988; 

Horeau et al., 1988). 

Although the results o f  lndlvldual studles vary wlth respect to the 

quantltatlve relatlonshlp between blood lead and blood pressure, the welght 

o f  evldence provlded by the several large scale epldemlology studles and 

numerous small scale epldemlology studles supports the exlstence o f  a 

posltlve correlatlon between blood lead level and blood pressure. In 

addltlon, the results of numerous anlmal studles support a dose-response 

relatlonshlp between lead exposure and elevated blood pressure. Chronic 

exposure to lnorganlc lead Increases blood pressure In laboratory antmals 

(Vlctery, 1388). lncreases plasma renln actlvlty (Vander, 1988) and appears 

to sensltlte the vascular endothellum to pressor agents (Chal and Webb, 

1988). The correlatlon between blood lead levels and blood pressure In 

humans appears to extend to blood lead levels <20 rg/dl, and possibly to - 
as low as 7 ug/dr. Thls suggests that a s  blood lead level Increases >7 

rg/di to levels 220 ug/dt, .the rlsk for lncreased blood pressure 
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Increases. The preclse functlor: that descrtbes the dose-effect relatlonshlp 

over a range o f  blood lead levels <40 rg/dk has not been characterlred. 

Thls may reflect (In part) the relatlvely small quantltatlve effect o f  blood 

lead on blood pressure. Assumlng a llnear relatlonshlp between blood lead 

level and blood pressure, the BRHS and NHANES I1 analyses predlct an 

Increase o f  1-3 mn Hg systollc blood pressure for a doubllng o f  blood lead 

level (e.g., from 8-16 pg/dt). Wlth such a low magnltude effect, 

detection of effects 4 0  rg/dk may not be posslble even with large-scale 

epldemlology studles, such as the NHANES I1 analysls. Nevertheless, a 

sustalned Increase In blood pressure o f  only a few mn Hg may have a slgnlfl- 

cant publlc health Impact In terms of cardlovascular and related diseases 

(Plrkle et al., 1985). 

2.3.5. Effects of  Lead on Serum Vltamln D Levels. 1,2S-Dlhydroxychole- 

calclferol, the actlvc form o f  vltamln 0 .  Is a hormone that plays an 

Important role In the regulatlon o f  gastrolntestlnal absorptlon and renal 

excretlon of calclum and phosphorus and In the mlnerallzatlon of bone. 

- 

DeflcIenclcs In 1,25-dlhydroxycholecalclferol are associated wlth decreased . I  

- 
bone mlnerallzatlon and cllnlcal syndrome o f  rickets In chlldren. 1.25-01- 

hydroxycholccalclferol may also stlmulate gastrolntestlnal absorptlon of 

lead (Smtth et al., 1978). Serum levels of 1,25-dlhydtoxycholccalclferol 

,. - 
2 

are Inversely correlated ulth blood lead I n  chlldren (Rosen et al., 1980; d 

_ -  Hahaffey et  al., 1982). The correlatton perslsts when examlned across a 
- 

range o f  blood lead levels extending from 12-60 pg/dr; houever, the 

dose-effect relatlonshlp has not been chdrdc terlred (Flgure 2-10). Based on 

a llnear regresston analysls o f  data on serum 1,25-dIhydroxycholecalctferol - 
and blood lead levels In chlldren as  vel1 d s  data on 1,25-dlhydroxychole- 

calclferol levels I n  other vltamln 0 related cllnlcal dlsorders In chllaren, 

d 
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FIGURE 2-10 

Serum 1,2S-Dthydroxycholecalclferol (1.25-CC) Levels as a Functlon - 
o f  Blood Lead Levels In 50 Chlldren, 2-3 Years Old 

Source: Hahaffey et al., 1982 
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I t  has been predicted that lncreaslng the blood lead levels from 12-60 

rg/dr wlll lower serum 1,25-dlh~droxycholecalclferol to cllnlcally 

adverse levels (Mahaffey et al., 1982). Chronlc depression of serum 

1,25-dlhydroxycholecalclferol levels of a much smaller magnltude than that 

assoclated wlth frank cllnlcal dlsorders of calclum and phosphate metabollsm 

have the potential to alter bone development and growth ln children; 

therefore, blood lead levels >12 rg/dL should be consldered potentlally 

undeslrable wlth respect to changes la 1,25-dlhydroxycholecalclferol levels 

In chlldren. 

2.4. DEVELOPHENTAL/REPRODUCTIVE TOXICITY AND GENOTOXICITY 

2.4.1. Hental Development In Infants and Chlldren. The effects of 

prenatal and neonatal lead exposure on perlnatal status and postnatal mental 

and motor development have been examlned In several epldemlologlc studles. 

Four prospectlve studles lnltlated In the cltles of Boston, Clnclnnatl, 

Cleveland and Port Plrle, Australla are partlcularly notable. Based on an 

extenslve evaluatlon of these studles, the U.S. EPA concluded that 'All of 

these studles taken together suggest that neurobehavloral deflclts, 
'7 
.! )I.  

- 
lncludlng declines ln Bayley Hental Development Index ( M I )  scores and other 

I 

assessments of neurobehavloral functlon, are assoclated ulth prenatal blood 

lead exposure levels on the order of 10-15 rg/di, and posslbly even 

lower, as. Indexed by maternal or cord blood lead concentratlons' (U.S. EPA, 

1986b). Evaluatlons of more recent follow-ups relnforce thls concluston. 

Boston DrosDectlve study. The Boston study conslsted of a longltud- 

M a l  analysls of mental development In Infants (Belllnger et al., 1987a,b, 

1989a). Infants were classlfled according to 'mid' or 'htgh' expo- - 
sure groups, based on cord blood lead levels at blrth: low, <3 pg/dL; 

mld, 6-7 rg/dr; hlgh, 10-25 rg/dL. The Bayley HDI was admlnlstered 

! 
.. . 
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to each chlld at ages 6, 12, 18 and 24 months. Data were collected on a 

large number of soclal and medlcal covarlates, lncludlng care taklng and 

parental lntelllgence. A deflclt of 4.8 polnts on the IlDI was detected I n  

chlldren whose blood lead levels were 10-25 rg/dP at blrth, as compared 

wlth chlldren whose blood lead levels were <3 pg/dP at blrth (Belltnger 

et al., 1987a). A plot of covartated-adjusted MDI scores vs. age at testtng 

for each group In the Belllnger et al. (1987a) study Is shown In flgure 2-11. 

Prellmlnary results of an analysts of data collected ln a follow-up 

study has been reported (Belllnger et al., 1987b. 1989b). At age 57 months, 

scores on the HcCarthy Scales General Cognlttve Index (GCI) were lnversely 

assoclated wlth blood lead level at age 24 months (3-25 rg/dP), but were 

not correlated wlth cord blood lead levels at blrth. Improvement of 

cognltlve performance, as assessed from the GCI, appeared to be related to 

concurrent blood lead as well as prenatal blood lead and socloeconomlc 

factors. For example, the Inverse assoclatton between 57-month GCI and 

blood lead level was conslderably larger among chlldren wlth cord blood lead 

levels of 10 pg/dP or sllghtly above. Thus, I t  appeared to be more 

llkely that cognltlve deflclts persisted t o  age 57 months In chlldren wlth 

hlgher postnatal blood lead levels or less favorable socloeconomlc factors 

or both. 

The data reported thus far from the Boston study Indlcate that lead 

levels wlthln or ewceedlng the range 10-25 rg/dL are assoclated wlth 

decrements or delays In mental development. T h i s  1s conslstent wlth a 10-15 

pg/dr rahge o f  concern for undeslrable effects In chlldren. 

Clncinnatl Prospective study. The study lnltlated In Clnclnnatl - 

conslsted o f  a longltudlnal analysis o f  mental and physlcal development In 

Infants (Dletrlch et at., 1987, 1989). MOI was measured at 3, 6, 12 and 24 
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FIGURE 2-11 

Mental Development Index (Covarlate adjusted, Mean and SO) as a Functton 
of  Age for Chlldren Grouped In to  Three Ranges o f  Cord Blood Lead Level; 

- 

. LOU, <3 vg/dr; MdlIJIB, 6-7 rg/dt; High, 10-25 #d& 

Source: Belllnger e t  a l . ,  1987a 
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months. Structural equatlon modellng, a form of regresslon analysls, was 

used to examlne statlstlcal lnteractlons between HDI scores and both 

prenatal blood lead levels (range 1-27 vg/dP), cord blood lead levels 

(1-27 vg/dP) and neonatal (70-day) blood levels (1-22 vg/dP), as 

well as several other posslble covarlables, lncludlng medlcal and soclo- 

economlc parameters. The analysls revealed a slgnlflcant relatlonshlp 

between elevated prenatal and cord blood lead and lower HDI scores at 3 or 6 

months of age. At 12 months of age, however, nelther prenatal nor cord 

blood levels were slgnlflcantly related to MDI scores although the relatlon- 

shlp between neonatal (10-day) blood lead and M D I  scores remalned statlstlc- 

ally slgnlflcant. An Inverse relatlonshlp between prenatal blood lead 

levels and HDI scores through blrth welght perslsted out to 12 months 

(Dletrlch et al., 1989). At 24 months, nelther prenatal, cord blood nor 

neonatal (10-day) blood lead levels were slgnlflcantly related to MDI 

scores. Thus, the effects on mental development detected In the Clnclnnatl 

study appeared to be translent. The lnvestlgators hypothestzed that the 

translency o f  the decrements In HDI scores mlght reflect a "catch up" 

response of Infants related to lower blrth welghts or gestatlonal age In the 

Infants wlth hlgher prenatal blood lead levels (Section 2.4.2.). 

- 

Postural sway was measured In a small group of 6-year-old children from 

the Clnclnnatl cohort (Bhattacharya et al., 1988). Peak blood 

years (9-50 pg/dr) was slgnlflcantly related to postural 

years. Thls suggests the posslblllty of perslstent deflclts 

related to chlldhood lead exposure. 

level at 2 

sway at 6 

In balance 

The subjects I n  the Clnclnnatl study were not grouped by blood lead as - 

In the Boston study; therefore, I t  ls more dlfflcult to categorlze effects 

associated wlth a speclflc range of blood lead levels between 1 and 28 
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rg/dn. Nevertheless, the study corroborates some of  the Important flnd- 

lngs of the Boston study because both studles detected an apparent effect of  

lead on mental development (MDI scores) durlng the flrst 12 months ln 

Infants exposed to prenatal blood lead levels or neonatal blood lead levels 

<25 rg/dL. Thus, the study supports 10-15 rg/dP as a range of 

concern for undeslrable effects ln chlldren. 

Cleveland vospectlve study. The longltudlnal study lnltlated ln 

Cleveland Is unlque because I t  examlned a serles o f  neurobehavloral measures 

of neonatal sensorlmotor functlon. The tests included the Brarelton 

Neonatal Behavloral Assessment Scale (NBAS) for Habltuatlon, Orlentatlon, 

Hotor Performance, Range of State, Autonomic Regulatlon and Abnormal 

Reflexes, and the Graham-Rosenbleth Behavloral Examlnatlon for Newborns 

(G-R) for General Haturatlon, Soft Slgns and Muscle Tonus (Ernhart et al., 

1986). The results of a multlple regression analysis lndlcated that 

decreased. scores for 6-R Soft Slgns and NBAS were slgnlflcantly related to 

cord lead levels (2-15 pg/dl) but not maternal blood lead (3-12 

pg/d$). The results of .follow-up studles at 6, 12, 24 and 36 months 

were somewhat equlvocal wlth respect to the effects of lead on mental 

development (Ernhart et al., 1987). lover scores on the PDI and MDI of the 

Bayley Scales, and the KID at 6 months were slgnlflcantly related to hlgher 

maternal blood lead (3-12 rg/dL) But not to cord blood lead (3-15 

rg/d%). Concurrent 6-raonth blood leab was posl tlvely assoclated wl th 

KID score (e.g., hlgher blood lead levels were assoclated ulth hlgher KID 

scores). A portion of the Cleveland cohort w a s  tested at 4 years, 10 months 

on the WPPSI. After accountjng for covdrtates, slgnlflcant effects of lead 

were not detected (Ernhart and Morrou-Tlucrk, 1987). 

. *  

-1 

-. 

d 

2 -40 01/03/91 



I 

The Cleveland study examlned a cohort having a range o f  r e l a t l v e l y  l o w  

blood lead leve ls  ( 4 5  rg/dP). Thls may expla ln  why r e l a t l v e l y  f e w  o f  

the I n f a n t  development Indices were found t o  be re la ted  t o  blood lead, even 

though some of the tests  were redundant. I t  Is l l k e l y  that  >50% o f  women I n  

t h l s  cohort consumed conslderable amounts o f  a lcohol  dur lng thelr pregnancy; 

the alcohol-Induced e f fec ts  on phys lca l  and mental development o f  newborns 

may have masked any subt le  e f f e c t s  o f  lead. 

A b r l e f  repor t  on outcomes l n  t h l s  - cohort noted a s l g n l f l c a n t  assocla- 

t l o n  between performance on the G-R Neurologlcal Soft  Slgns scale and 

12-month HDI scores (Wolf e t  a l . ,  1985). Thus, I t  Is posslb le  t o  In fe r  a 

re la t l onsh lp  between cord blood lead leve ls  and 12-month HOI performance I n  

the Cleveland study, although Ernhart e t  a l .  (1986, 1987) d l d  not conclude 

tha t  such an assoclat lon e x l s t s .  Slnce the mean cord blood lead was 6 

ug/d& .and the maxlmum 15 rg/d&, any e f f e c t  o f  prenatal  lead exposure 

necessar l ly  occurred a t  blood lead leve ls  4 5  rg/d&. From t h l s  perspec- 

t l v e ,  the Cleveland study corroborates the major f l n d l n g  of the Boston and 

C lnc lnnat l  studies: a p o s l t l v e  re la t tonsh lp  between HDI scores dur ing the 

f l rs t  year o f  postnata l  l l f e  and blood lead levels .  

Por t  P l r l e  Drospectlve study. The P o r t  P l r l e  study examlned cohorts 

o f  I n fan ts  born t o  mothers l l v l n g  I n  the v l c l n l t y  o f  a lead smelt lng opera- 

t l o n  I n  Por t  Plrle, Austral la,  and ln fan ts  from outslde the Por t  P l r l e  area. 

Haternal blood and cord lead leve ls  were s l t g h t l y  but s l g n l f t c a n t l y  hlgher 

I n  the Por t  P l r l e  cohort than I n  the cohor t  f rom outslde Por t  P l r l e ;  mean 

cord blood lead was 10 vs. 6 pg/d l .  Reduced HDI scores were s l g n l f l -  

c a n t l y  assoclated u l t h  higher In tegrated postnatal  blood lead leve ls  and - 

u l t h  6-month blood lead levels ,  but  not u t t h  prenatal  or de l l ve ry  blood lead 

levels .  Uean blood lead leve ls  I n  the ch l ld ren  were 14 ug/d& a t  6 
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months of age and 21 rg/dL at 15 and 24 months of age (HcHlchael et al., 

1986; Vlmpanl et al., 1985; Baghurst et al., 1987). The results of a llnear 

regresslon analysls o f  the data lndlcated an apparent 4-polnt deflclt In HDI 

for every 10 rg/d& Increase In blood lead. After maklng adjustments for 

maternal IQ and care-taklng envlronment, thls deflclt decreased to 2 polnts 

for every 10 rg/dP lncrease ln blood lead. Follow-up study o f  these 

chlldren at 4 years of age Included the HcCarthy Scales of Chlldren's 

Abllltles. Deflclts In GCI scores were assoclated wlth Increased Integrated 

postnatal blood lead levels (HcHlchael et a). , 1988). Llnear regresslon 

analysls o f  data on blood lead and GCI scores lndlcated that an lncrease In 

Integrated postnatal blood lead level from 10-30 rg/dP was assoclated 

wlth a 7-point decrease ln GCI score. 

Mexlco City Drospective study. Premlllnary results o f  a pllot study 

In Mexlco Clty for a longltudlnal lnvestlgatlon of developmental outcomes 

related to lead exposure and other factors have been reported by Rothenberg 

et al. (1989). Approxlmately 50 mothers were sampled for blood lead levels 

at 36 weeks (H36) o f  pregnancy and dellvery (HD); umblllcal cord blood lead 

(UC) was also sampled at dellvery. Mean maternal blood lead levels uere 

15.0 rg/dr at 36 weeks o f  pregnancy and 15.4. rg/d& at dellvery. 

Mean cord-blood lead levels at dellvery were 13.8 rg/dL. The Brarelton 

NBAS was admlnlstered to the infants at 48 hours and 15 and 30 days after 

blrth. 

The data were analyzed by calculatlng the trend of the NBAS subscale 

scores over the flrst 30 days by llnear regresslon analysls and by computlng 

the dlfference In M36 and MO values or M36 and UC values. The relatlonshlps - 

among the varlous prlmary and secondary measures were then examlned through 

blvarlate correlations and multlvarlate repression analyses. Slgnlflcant 

J 

2 

--\ 
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blvarlate correlatlons were found between UC blood lead and the 30-day trend 

ln NBAS Abnormal Reflexes (r=0.299, p<O.O5), between the 1336-140 blood lead 

dlfference and Regulation of States (k0.378, pc0.05) , and between the HD-UC 

blood lead dlfference and Abnormal Reflexes (r= -0.451, ~~0.01). The signs 

of all the correlatlons reflected impairment of functlons. Stepwlse 

multlple regresslon modellng wlth all covarlates entered before the lead 

varlable revealed that the blood lead dlfferentlals for H36-HD and for HD-UC 

accounted for a slgnlflcant amount of the varlance In the Abnormal Reflexes 

trend (p-0.03 for each). Slmllarly, H36-MD dccounted for a slgnlflcant 
- 

amount of the varlance (p=0.025). However, UC alone was no longer slgnlfl- 

cantly associated wlth Abnormal Reflexes. A major llmltatlon of thls study 

was Its relatively small sample slre (n=44). 

The results of the most recent studles of lead and mental development 

are summarized In Flgure 2-12. The four prospectlvc studles dlffercd 

greatly In deslgn and scope, and dlscrepancles In the results are to be 

antlclpated glven the complex nature of the endpolnts evaluated. Neverthe- 

less, when taken together wlth the results of cross-sectlonal studles !Hawk 

et al., 1986; Ferguson et al., 1988a,b,c; Hatzakls et al., 1987; Lyngbye et 

al., 1989; Fulton et al., 1987). corroboratlve evldence for effects on 

physical and mental development In Infants and children exposed to lead Is 

provlded. All four studIes detected a relatlonshlp between elevated blood 

lead levels and lower mental development (HDI scores) durlng the flrst 12 

months In Infants exposed to prenatal or postnatal (or both) blood lead 

levels <30 rg/dt. Thus, It 1 s  probable that as blood lead levels 

approach >30 vg/dt, the rlsks for undes\'rable effects Increase. It Is  - 
more dlfflcult to draw conclusions regardlng the exact dose-effect relatlon- 

shtp over the range of blood lead levels ertendlng <30 ug/dL. The 
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F I G u R l  2-12 

Coaparlson of Results Froa Prospcct lvc and Cross-Sectlonal Studles o f  - 
Mental Development. [Shown Is the range of blood lead levels (solld llne) 
for vhlch slgnlflcant statlstleal assoctrtfons for varlous lndlces o f  mental 
development and blood lead level were Octcctcd. Studies are organized 
vcrtlcally accordlng to the age at uhtch the dcftclt or delay was observed.] 
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Boston 

mental 

rg/dP. 

study (Belllnger et al., 1987a) indlcates 

development related to blood lead levels 

The Clnclnnatl (Dletrlch et al., 1987). 

al., 1986, 1987) and Port Plrle (Baghurst et al., 

1988) studles lndlcate effects wlthln the ranges 

rg/dP, respectlvely. Glven the results of the 

slgnlficant effects on 

wlthln the range 10-25 

Cleveland (Ernhart et 

1987; McMlchael et al., 

of 1-26, 3-15 and 8-32 

these studles. I t  I s  

reasonable to conclude that any threshold that mlght exlst Is In the range 

o f  10-15 rg/dk blood lead, and posslbly lower. 

2.4.2. Growth Deflclts. The structural analysls used In the Clnclnnatl 

prospectlve study indlcated the posslblllty that the decrement in MDI scores 

mlght have been secondary to $ad-related effects on elther gestatlonal age 

at blrth or blrth welght (Dletrlch et al., 1987). A separate regresslon 

analysls of the Clnclnnatl data examlned the relatlonshlp between prenatal 

blood lead levels (1-26 rg/dr) and blrth welght (Bornscheln et al., 

1989). A dose-response analysis Indicated that decreased bIrth welght was 

related to Increased maternal blood lead levels. The percentages o f  women 

dellverlng Infants o f  low blrth weight (<2750 g) were 19, 21 and 33%, corre- 

spondIng to maternal blood lead Intervals of 1-6, 7-12 and 13-18 rg/dn, 

respectlvely. This analysls Indicated that concern for maternal blood lead 

levels Is wlthln the range o f  10-15 rg/dn. Maternal age was ldentlfled 

as a major covartate; thus, It appeared as I f  a given blood lead level was 

assoclated ulth a larger decrement In blrth welght In older women (e.g., 30 

years) than In younger women (e.g., 18 years). In a subsequent analysls o f  

- 

the Clnclnnatl data, growth rate (helght) In Infants, 3-15 months of age, 

was Inversely correlated to postnatal blood lead Increases. Mean blood lead - 
levels Increased from 5.3 rg/dr at 3 months to 14.6 rg/dL at 15 

months (Shukla et al., 1987, 1989). 
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Effects of lead on pre- ani postnatal growth ar- supported by several 

other studles lncludlng Lauwers et al. (1986). Schwartr et al. (1986), Ward 

et al. (1987), Fahlm et al. (1976) and Hue1 and Boudene (1981). 
2.4.3. Effects on Fertlllty and Pregnancy Outcome. Severe occupatlonal 

exposure to lead has been associated wlth Increased lncldence of spontaneous 

abortlon (U .S .  EPA, 1986b). However, early studles do not provlde rellable 

descrlptlons of dose-effect relatlonshlps. The Port Plrle cohort study 

descrlbed In Sectlon 2.4.1. examined -pregnancy outcome In populatlons near 

and dlstant from a lead smelter. The rlsk for pre-term dellvery was 

posltlvely related to maternal blood lead, over a range of 8-32 rg/de 
4% (HcHlchael et al., 1986). The relatlve rlsk for pre-term dellvery was 4.4 

for maternal lead levels >14 rg/dL (range 14-32 ~g/dr, man 17 rg/dt). 

Depressed sperm productlon and development has been assoclated wlth 

occupatlonal exposure to lead. Based on studles by Lancranjan et al. (1975) 

and Wlldt et al. (1983), the Agency concluded that undesirable effects on 

sperm or testes may occur l n  men as a result of chronlc exposures leadlng to 

blood lead levels of 40-50 rg/dL (U.S. €PA, 1986b). 

2.4.4. Genotoxlclty. Studles relatlng to genotoxlclty of lead are 

revlewed In the Aqr Quallty Crlterla Document for Lead (U.S. EPA, 1986b). 

S t r uc tura 1 chrorrrosomal aber ra t l ons and 1 ncr eased s l s ter chroma t l d exchanges 

In perlpheral lymphocytes have been associated wlth chronic exposure to lead 

resultlng In blood lead levels In the range of 24-89 rg/dr, although 

effects uere not observed over thls range of blood levels ln numerous 

studies (U.S. EPA, 1986b). Thls may reflect the differences In exposure 

duratlon In relatton to lymphocyte prollferatlon and turnover. In one - 
study, Increased slster chromatid exchange was posltlvely correlated wl th 

exposure duration and rlnc protoporphyrln levels, but correlated poorly wlth 

blood lead level (Grandjean et al., 1983). 

- 
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Bac te r la l  systems general ly are  r?garded as lnappropr late for assaylng 

metal tons. The U.S. EPA (1989b) revlewed the data on chromosome aberra- 

t lons i n  hlgher organlsms; a l t e r a t i o n s  l n  chromosome s t ruc tu re  appeared t o  

depend on factors such as harvest tlme fo l lowlng exposure, durat ton and 

route of exposure, and t e s t  system. Furthermore, d l e t  Influenced the 

chromosome breakage Induced by lead & u. Lead-exposed antmals on 

calc lum-def lc lent  d l e t s  have exhlb l ted a hlgher lncldence o f  chromosomal 

aberrat lons than lead-exposed anlmals on standard d le t s .  Other studles 

revlewed by the U.S. EPA (1989b) demonstrated that  lead compounds Induce 

c e l l  transformatlon i n  Balb/3T3 mouse c e l l s  and Flsher 344 r a t  embryo c e l l s  

In fected wlth 

studles suggest 

2.5. SUUMRY 

Cor re la t l on  

varlous hea l th  

become apparent 

the Rauscher murlne leukemla vlrus.  Co l l ec t l ve l y ,  these 

that  lead produces undeslrable e f fec ts  on chromosomes. 

and regression analyses of data on blood lead leve ls  and 

e f f e c t s  po ln t  t o  a spectrum of undeslrable e f f e c t s  that  

I n  populat lons havlng a range of blood lead leve ls  extendlng 

upward from 10-15 rg/dP. These Include ef fects  on heme metaboltsrr, and 

ery throcyte pyr lmldlne nucleot lde metabollsm, serum vl tamln D levels,  mental 

and phys lca l  development o f  I n fan ts  and ch l l d ren  and blood pressure I n  

adul ts.  Although corre la t lons between blood lead levels  and c e r t a l n  e f f e c t s  

p e r s l s t  when examlned across a rangt o f  blood lead leve ls  extendlng <lo 

pg/dl, the t l s k s  assoclated ulth blood lead leve ls  4 0  pg/dL are 

less cer ta tn.  Although l t  Is not poss tb l t  t o  def lne w l t h  c e r t a l n t y  the 

r l s k s  assoclated wlth any glven l c d a - r t l d t t d  e f fec t  (e.g., neurobehavloral 

d e f l c l t s  and jncreased blood pressure),  the wt lght  o f  evldence suggests t h a t -  

blood l e v e l s  I n  the range of 10-15 ug/dt  or  posslbly lower are l l k e l y  t o  

be assoclated w l t h  one or more undeslrable ef fects .  Therefore, regulatory  
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declslons regardlng envlronmental lead should take Into account the evfdnnce 

for potentlally adverse health effects at relatlvely low blood lead levels. 

The results of studles on the effects of lead In chlldren are s u m r l z e d  

In Flgure 2-13. Evldence from several studies supports a relatlonshlp 

between prenatal and postnatal lead exposure In lnfants and young chlldren, 

as Indexed by blood lead levels, and a varlety of dlverse effects. These 

Include lmpalred or delayed mental and physlcal development, decreased heme 

blosynthesls and other blochemlcal ef-fects on erythrocytes, and decreased 

levels of serum vltamln 0 levels. Although a threshold for these effects 

has not been established, the evldence suggests that I t  may lle wlthln 10-15 

rg/dL or posslbly lower. As blood lead levels Increase, above the range 

of 10-15 rg/di, the risk for more pronounced effects on all of the above 

* 

endpoints increases. At levels >30 vg/d0, the rlsk for nephrotoxlclty 

and overt neurologlcal. effects (e.9.. encephalopathy) becomed substantial. 

Thus, lnfants and chlldren appear to be at least as sensltlve to lead than 

adults If the dose-effect relatlonshlp for these effects In chlldren Is 
-. . ,  

compared ulth that for effects on blood pressure In adults. 1 
-_ 

Effects of lead on development are partlcularly dlsturblng In that the 

consequences of early delays or deflclts In physlcal or mental development 

may have long-term consequences over the llfetlme of affected lndlvlduals. 

Furthermore, mouthing behavlor 1s a slgnqflcant mechanlsm for lead uptake In 

Infants. Thus, lnfants and young chlldren can be expected to be partlcu- 

larly susctptlble to changes In lead levels ln dust and dlrt (see Chapter 4 

for further dlscusslon). For these reasons, lnfants and chlldren (up to 2 

years) can be considered to be the crltlcal sensltlve populatlon on whlch to - 
focus regulatory declslons regardlng envlronmental lead. 

2 -40 01 /03/91 



I) 
I 

m U  DEVELOPMEN7 
(< 2VEIASt 

- - I-  

I I 1 I 
0 20 40 60 80 

Blood Lead (ugh? ) 

FIGURE 2-13 

Sumnary of Studles Relatlng Blood Lead Levels and Effects on Varlous 
loxlclty Endpolnts In Infants and Chlldren. Llnes represent range of blood 
leads for W l c h  slgnlf lcnat statlstlcal assoclatlons were detected for each 
effect. Solld squares lndlcate mean blood levels for the populatlon studled. 
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Currently avallable lnformatlon on the bloklnetlcs o f  InorganI: lead 

lndlcate that Oral exposure to lead In food and beverages and nonfood 

sources such dS dust and sol1 will be the most quantltatlvely slgnlflcant 

route o f  uptake of  envlronmental lead in most populatlons of Infants and 

chlldren. Therefore, abatement strategles that focus on these sources are 

llkely to be the most productlve for lowerlng blood lead levels. 

Numerous epldemlologlcal studles have lndlcated the Importance of fetal 

lead exposure on lead burdens In W a n t s  and chlldren. These studles 

(Clnclnnatl and Port Plrle) also lndlcate that chlldren born wlth high lead 

body burdens may be more vulnerable to further exposure ln early chlldhood. 

Thls further emphaslres the Importance of  focuslng regulatory pollcles on 

chlldren, who ultlmately pass their lead burdens on to future generatlons. 

Although the health effects of lead have been correlated wlth levels o f  

lead In blood, the largest physlologlcal compartment for lead dlstrlbutlon 

1s  bone, whlch has a relatlvely long ellmlnatlon half-tlme. Lead l s  slowly 

released from bone and will dlstrlbute to other tlssues when uptake levels 

are decreased. As a result, new steady-state levels o f  lead ln blood may be 

achleved years after uptake decreases. Release o f  lead from bone may be 

accelerated In condltlons of metabollc stress, Includlng pregnancy, In uhlch 

resorptlon o f  bone occurs. The relatlvely slow turnover of bone lead must 

be considered when evaluatlng the potcntldl health Impact of decreasing 

- levels of lead In Important exposure mold. Physlologlcally-based pharmaco- 

klnetlc models that Incorporate age-rcldtcd changes In bone metabollsm and . 

other physlologlcal parameters 'that d f  fcc t the dlstrlbutlon and exctetlon of 

lead can be parttcularly useful for prcdlctlng the Impact o f  regulatory or 

abatement declslons on blood lead levels. 

-. 
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3. EXPOSURE ASSESSMENT 

3.1. BIOLOGICAL EFFECTS: ENVIRONHENTAL EXPOSURE 

The emerglng evidence of  a cons te l la t lon  o f  blochemlcal e f fec ts ,  along 

u l t h  subt le  heal th  e f f e c t s  a t  l o w  leve ls  o f  lead exposure (130 pg/dP), 

l s  consldered l n d l c a t l v e  tha t  low-level lead exposure has a far-reachlng 

Impact on fundamental c e l l u l a r  enzymatlc, energy t ransfer  and calclum homeo- 

s t a t i c  mechanlsms. These e f f e c t s  can be expressed 7n In fan ts  and ch l ld ren  

as d e f l c l t s  I n  neurobehavloral and physlcal  developments, and l n  adul ts  as 

elevat lons l n  blood pressure. Wlth hlgher leve ls  o f  exposure (blood lead 

leve ls  >30 pg/dn), over t  symptoms o f  lead t o x l c l t y  appear I n  the form o f  

anemla, neurologlcal  lmpalrment (e.g. , encephalopathy) , reproductlve 

abnormall t les and nephropathy. 

The htghest r l s k s  for adverse hea l th  e f f e c t s  from exposure t o  envlron- 

mental lead I n  most populat lons are l l k e l y  t o  be assoclated wl th  Infants and 

young chl ldren. Hence, r l s k  assessment e f f o r t s  re la ted  t o  envlronmental 

lead focus on th l s  segment o f  the populat lon. The exceptlonal v u l n e r a b l l l t y  

of In fants  and young c h l l d r e n  r e f l e c t s  an innate s e n s l t l v l t y  of  developing 

organisms t o  lead, as w e l l  as a v a r l e t y  o f  physlologlc and behavioral 

fac to rs  tha t  f a c f l l t a t e  t h e l r  exposure to  re levant  envlronmental medla. 

Exposure t o  humans, however, begtns utero w l th  the t ransplacental  

t ransfer  o f  lead from mother t o  fetus.  Thus, Infants a re  born u l t h  an 

l n l t l a l  lead burden that r e f l e c t s  p r l o r  envlronmental exposure o f  the mother 

and, t o  some extent, concomltant exposure t o  the mother dur lng pregnancy. 

Envlronmental exposure that beglns with b \ r t h  adds t o  th ls  p reex ls t lng  

burden and may be t rans fer red  t o  the next generation o f  Infants. - 

Envtronmental exposure dur lng the e a r l l e s t  per lod of Infancy (0-6 

months) I s  der lved l a r g e l y  from the d le t ,  and, t o  a lesser extent, lnha la t lon  

o f  Indoor a l rborne lead. Wlth the onset of f l o o r  a c t l v l t y  and craul lng,  
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oral lntake from Indoor and outdoor dust and Sol1 beglns to contrlbute 

slgnlflcantly and eventually becomes the single largest source o f  lead 

uptake. An estlmated 70% of total lead uptake In 2-year-old chlldren llvlng 

near a lead polnt source (e.g., smoke stacks and smelter) l s  derlved from 

lngestlon of dust and soll (U.S. €PA, 1989a). The Importance o f  dust and 

soll reflects the behavloral tendencles of Infants and young chlldren to 

crawl and play on floors and s o l l  surfaces and to engage In extenslve 

hand-to-mouth activity. The latter conslsts o f  thumb and flnger-sucking and 

placlng objects from the envlronment fnto thelr mouths. Plca, or excesslve 

and lntentlonal lngestlon o f  nonfood Items lncludlng s o l l ,  plaster and wood, 

occurs In some Infants and young chlldren and can contrlbute substantlally 

to oral lntake o f  lead (Blnder et al., 1986; Clauslng et al., 1987; 

Calabrese et al., 1989). Palnt and plaster plca can be an extremely lmpor- 

tant exposure mechanisms for Infants and young children llvlng or playing In 

or around structures contalnlng deterloratlng leaded palnt or plaster. 

In addltlon to behavloral characterlstlcs that facllltate lead exposure, 

nutrltlonal factors may also contribute to the vulnerablllty of Infants and 

young chlldren to lead. The nutrltlonal requlrements for rapld physical 

growth durlng the flrst 3 years render thls age group susceptlble to a 

variety o f  nutritional deficits, lncludlng l’ron, copper and zinc deficlen- 

cles. As dlscussed in Section 2.2.1.2., deflclencles of these mtnerals are 

associated with Increased gastrolntestlnal absorptlon of lead In anlmals. 

In general, lnhalation Is a quantltatlvely mlnor route of exposure for 

Infants and chlldren. Nevertheless, chlldren may be more vulnerable than 

... 

adults to exposure to alrborne lead partlcles. 

of the resplratory tract of Infants and chlldren result in higher deposltlon 

efflclencles of inhaled alrborne partlcles than ln adults (Phalen et  al., 

Physiologic characterlstlcs - 

- 

1985; Xu and Yu, 1986). 
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To fully appreciate the slgnlflcance of chlldhood lead exposure as a 

crltlcal focus of rlsk assessment methodology, the above conslderatlons must 

be placed In perspectlve wlth serious potentlal for long-term consequences 

of neurobehavloral and developmental effects encountered at an early age. 

Thls does not trlvlallze the Importance of long-term exposure and effects o f  

lead In adults. The relatlonshlps reported to exlst between systemlc 

arterlal blood pressure and concurrent blood lead level In adults suggest 

that low-level envlronmental exposure-may have Important health consequences 

for adults. It remalns to be seen, however, whether such effects are 

related to chronlc exposure extendlng from chlldhood or Infancy to the 

adult. The Importance o f  prospectlve epldemlologlcal study designs ln thls 

area cannot be overemphaslzed. Regardless of the outcome of such studles, 

the long blologlcal half-tlme of lead In bone and the potentlal for trans- 

placental transfer o f  lead translates Into addltlonal rlsk factors for the 

fetus and for the Infants o f  mothers exposed durlng chlldhood. 

3.2. HULTIUEDIA LEAD EXPOSURES: AIR, SOIL, DUST, WATER, PAINT 

Humans are typlcally exposed to lead In a varlety of medla as a r s u l t  

of the transfer of alrborne lead to soll. water and food (Flgure 3-1). The 

prlmary anthropogenlc Inputs to the alr are automobile exhaust and lndus- 

trtal emlsslons. Natural Inputs to the alr can Include geologlcal processes 

such as volcanlc actlvlty and crustal weathering. Emlsslons to amblent alr 

eventually deposlt ln soll and amblent water, creating secondary exposure 

sources that Include dust, soll, food and water. Addltlonal Inputs to water 

and food Include lead plpes and solder jolnts In drlnklng water dellvery 

systems and ln food contalners. Lead-based palnt can also be an lmportant- 

source of contamlnatlon o f  house and street dust. Other potentlal sources 

of  lead exposure Include cosmetlcs (surma) and folk medlclnes (Healy et al., 
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1982). Shown In Table 3-1 are typical levels o f  lead In various medla, 

lncludlng amblent alr, ln the Unlted States (U.S.  EPA, 1989a). 

Although alr emlsslons and lead palnt are the prlmary anthropogenlc 

sources of envlronmental lead, oral Intake, rather than lnhalatlon, Is 

generally the predominant route o f  Intake for humans. Intake occurs through 

Ingestlon o f  food and beverages, and In Infants and chlldren, through 

lngestlon o f  dust and s o l l .  

3.2.1. Lead In Alr. Whereas, at one time, automoblle exhaust accounted 

for -90% o f  all alr emlsslons In the Unlted States, the recent phase-down o f  

lead content o f  gasollne and reductlons ln usage o f  leaded gasollne have and 

ulll contlnue to substantlally decrease the contrlbutlon o f  automoblle 

exhaust to alr lead (U.S. EPA, 1986b). Lead In automoblle exhaust orlgl- 

nates from the combustlon o f  gasollne contalnlng organlc lead addltlves, 

prlmarlly tetraethyl and tetramethyl lead. Lead Is emltted from vehicles 

prlmarlly as partlcles o f  lnorganlc lead, wlth a small percentage as’ 

volatlle lead alkyls. O f  the automotlve lead emlsslons deposlted, -50% Is 

wlthln less than a feu kllometers of roadways, whereas smaller partlcles can 

travel for thousands o f  kilometers (Huntzlcker et al., 1975; U.S. €PA, 

7 986b). 

Sources o f  lndustrlal emlsslons include fugltlve emlsslons from lead 

mlnlng, prlmary and secondary lead smeltlng, battery plants, and combustlon 

of 011, coal and munlclpal waste (U.S. EPA, 1986b). Dlspersal o f  partlcles 

released from such processes depends on meteorologlcal varlables, lncludlng 

wlnd speed and dtrectlon and preclpltatton. The mosf abundant deposltlon 

generally occurs wlthln 10 km around emlsslon sources, whlch can result ln- 

hlgh local concentratlons of lead ln dust, soll and amblent water (Yankel et 

al., 1977). 
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Concentrations In ambient alr have declined over the last decade as a 

result of the phasedown of leaded gaSOllne productlon and use, and reduc- 

tlons ln emlsslons from statlonary sources (U.S.  €PA,  1989a). 

3.2.2. Lead in $011. Lead released to the air deposlts on terrestrial 

surfaces and enters -the soll, where It  can have several posslble fates. 

Lead can be retained In organlc complexes near the soll surface. For 

example, Insoluble lead specles may be free or adsorbed on solld Inorganic 

or organlc matrlces. Studles of lead/soll Interactions show that soll flxa- 

tlon of lead Is matnly affected by pH, catlon exchange capaclty and organlc 

matter content of soll. Whlle lt l s  true that, In a variety of solls, lead 

appears most strongly assoctated wlth soll organlc carbon fractlon (Zlmdahl 

and Skogerboe, 1977), no correlatlon Is seen between organlc content and 

lead concentratlons In 'brown solls' (Wojclkowska-Kapusta and Turskl, 1986). 

In addltlon, I f  llttle or no organlc materlal Is In the soll, other compo- 

nents can regulate lead flxatlon. These Include hydrous manganese oxlde 

(Forstner et al., 1981) and hydrous ferric oxlde (Swallow et al., 1980). 

Levels of lead In rural solls, away from Industrlal emlsslons and roadbeds, 

range from 5-30 rg lead/g soll (see Table 3-1). Levels of lead near 

roadbeds can be much hlgher (30-2000 ~ g / g )  and will vary wlth past and 

present traffic denslty and vehlcle speed (Page and Gange, 1970; Quarles et 

al., 1974; Wheeler and Rolfe, 1979). Much hlgher levels (>30,000 pg/g) can 

occur ln the lmnedlate vlclnlty o f  tndustrldl sources (Yankel et al., 1977; 

U.S. EPA, 1986b). The nature of the tndusttlal source Is an Important 

factor In determlnlng soll lead dlstrtbution. Whereas lead from atmospherlc 

sources tends to deposlt ln a relatively unlform pattern wlth dlstance from - 

the source, the dlstrlbutlon of soll lead near mlnlng sltes can be hlghly 

erratlc (Davles and Wlxon, 1985; Lagcrucrff and Brower, 1975). Partlcle 
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sizes resultlng from dlspersal o f  mlne talllngs also tend to be larger 

(10-1000 m) than those produced from smelters. Thls may affect the 

kinetics of lead transfer from soll Into the home (Steele et al., 1989). 

Lead ln urban s o l l s  Includes lead from automotlve and lndustrlal 

emlsslons, as well as from leaded palnts. Levels >2000 rg/g have been 

reported In soll around wood-frame houses palnted wlth leaded palnt (Ter 

Haar and Aronou, 1974; Hlelke et al., 1983). 

Lead bound to organlc constltuents In soll can remaln In soll for long 

perlods o f  tlme. As a result, elevated levels can persist long after 
. 

sources of deposltlon have been reduced (Prplc-Najlc et al., 1984). 

3.2.3. Lead in Dust. Dust Is an Important source o f  oral lead intake In 

Infants and chlldren. The term 'dust" refers to house and outdoor dust; 

house dust 1s dust ln the Interior of bulldlngs and Includes such thlngs as 

materlal from fabrlcs (carpet) and palnt, and so i l  tracked or blown Into the 

house. Outdoor dust Includes anthropogenlc materlals deposited on outslde 

surfaces, referred to as 'street dust,' and the moblle uppermost layer o f  

natural soll, referred to as "sol1 dust' (U.S. EPA, 1986b). Atmospheric 

lead from automotlve and lndustrlal emlsslons are the prlmary contrlbutors 

to lead ln outdoor dust. Palnt can also be a slgnlflcant source o f  lead ln 

outslde dust around bulldlngs palnted wlth lead-based palnt. Levels o f  lead 

, 

- 

I - 

lr outdoor dust vary wlth proxlmlty to emlsslon sources and meteorological -, 

varlables ( R o d s  et al., 1980; Brunekreef et al., 1981; Yankcl et al., 
- 1977). Outdoor dusts can be transported by wlnd and raln runoff (Laxen and 

Harrlson, 1977). 
-- 

Lead In house dust can be derived from atmospherlc deposltlon, transport - 
of outdoor dust and deterloratlon o f  lead-based palnt surfaces. Lead levels 

In house dust are determlned by a number o f  factors lncludlng house cleanlng 

- 
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practlces, the presence and condltlcn of  lead-based palnt surfaces, the 

presence of upholstered furnlture and carpet, the amount o f  dust and sol1 

transported Into the house, the permeablllty of the house to outdoor alr and 

the outdoor alr lead concentratlon (U.S.  EPA, 1986b). Lead can also enter 

the house as dust on clothlng worn at work (1.e.. secondary occupational 

contamlnatlon) (CDC, 1989). 

Lead In dust Is relatlvely moblle. Levels In outdoor dust near polnt 

sources have been shown to decllne, wlthln 1-2 years after atmospherlc 

emlsslons decreased (Horse et ai., 1979; Prplc-MaJlc et al., 1984). 

3.2.4. Lead In Dlet. Anthropogenlc sources of lead In food Include 

1 )  deposltlon of atmospherlc lead onto crops, forage, feed, solls and water; 

2) lead-based pest lc Ides ; and 3) harvest 1 ng, process1 ng, transpor tat Ion, 

packaglng, preparation and storage of food durlng whlch lead can enter the 

food by atmospherlc deposl tlon or leachlng from metal contalners and 

plumbing. Based on data from numerous studles of' food consumptlon patterns 

and lead levels In varlous foods (U.S. FDA, 1983, 1984). the U.S. EPA 

developed a 'Multiple Source Food Hodel' that establishes reference vGlues 

for lead contents of typlcal dlets for chlldren and adults (U.S. EPA, 

1986b). Decllnes In atmospherlc emlsslons from automoblles and lndustrlal 

polnt sources, In lead levels In water and ln the use of lead solder In food 

contalners are expected to result In decltnlng levels of lead In food (U.S.  

€PA, 1989a; Cohen, 1988a.b). 

3.2.5. Lead ln Water. Lead can enter amblent water from atmospherlc 

deposltlon and surface runoff, where I t  tends to form Insoluble salts and 

preclpltates. Concentratlons of lead In U.S. amblent water are typlcally 

low. Hean values tend to be 13-28 rg/t (NAS, 1980; U.S. EPA, 1986b). 
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I n  cont ras t  wl th  ambient water, l eve l s  I n  dr lnkln!  water can be much h+!her 

(10-1000 pg/P) because o f  leaching o f  lead from lead p lpe and leaded 

solder j o l n t s .  Lead concentrat lons I n  d r l nk lng  water vary w l t h  the amount 

o f  lead I n  the household plumbing and corroslveness of the water. Sof t  or  

a c l d l c  waters tend t o  be more corros lve and promote hlgher concentrat lons o f  

d lsso lved lead I n  the d r lnk lng  water (Worth e t  al. ,  1981). Dr lnk lng  water 

can be a major source o f  lead In take  f o r  I n fan ts  and young ch l l d ren  who 

consume la rge  amounts of I n fan t  formula-prepared w l t h  household water. 

3.2.6. Lead I n  Palnt. Inges t lon  o f  lead-based pa ln t  Is one of  the most  

frequent causes o f  severe lead l n t o x l c a t l o n  i n  ch l l d ren  (Chlsolm, 1984). 

Although the U.S. Consumer Product Safety Comnlsslon banned the use o f  

household pa ln ts  conta ln lng  ~ 0 . 0 6 %  lead I n  1977, 

homes and apartments constructed before the ban. 

1940, some l n t e r l o r  pa ln ts  contained >SOX lead. 

housing un l  t s  b u l l  t between 1960 and 1914 have 

mg/cm2 (Pope, 1986; ATSDR, 1988). 

I n f a n t s  and c h l l d r e n  can be exposed t o  lead I n  

l n h a l l n g  house dust contamlnated w l t h  pa ln t  dust 

l nges t l ng  p a l n t  chlps ( p a l n t  p l ca ) .  Exposure can 

the hazard pe rs l s t s  I n  

I n  homes b u l l  t before 

An estlmated -20% of 

lead pa ln t  l eve l s  >0.7 

-.. 
1 pa ln t  from Inges t ing  and _ _  .. 

and from l n t e n t l o n a l l y  _ .  

occur outs lde the house d 

from lnges t l on  o f  s t r e e t  and s o l l  dust .  Exposure Is hlgher I n  houses wl th  
- 

d e t e r l o r a t l n g  surfaces (e.g., pee l lng  of  pa ln t ,  cracked p las te r ) .  I n  1980, 

an est lmated 6.2-13.6 m l l l l o n  ch l l d ren  under the age o f  7 years reslded I n  

houslng conta ln lng  lead-based pa ln t ;  235,000-842,000 ch l l d ren  reslded I n  
-- 

homes wl th  d e t e r l o r a t l n g  surfaces (Pope. 1986; ATSDR, 1988). Slnce exposure -> 

t o  lead I n  p a l n t  I s  unre lated t o  atmorpnerlc, s o l l  or  d i e t a r y  l eve l s  o f  - 

lead, e f f o r t s  t o  reduce lead l e v e l s  I n  there medla w i l l  have l l t t l e  Impact 

on the lncldence o f  lead  l n t o x l c a t l o n  asroc lated u l t h  lead pa ln t .  

01/31/91 
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3 . 3 .  MEDIA-SPECIF I C  ESTIUATES FOR OIFFERENT LEYELS OF LEAD UPTAKE 

B lok lne t lc  models have been developed tha t  p red ic t  age-speclf IC blood 

lead leve ls  associated w l th  age-speclf lc uptake r a t e s  (Harley and Knelp, 

1985). T h l s  sect lon dlscusses the major quan t l t a t l ve  factors  that  must be 

lncorporated l n t o  predlc t lons of lead uptakes f rom spec l f l c  envlronmental 

medla. Defaul t  assumptlons and reference values Incorporated l n t o  an 

Uptake/Bloklnetlc Model f o r  lead (descrlbed I n  Sectlon .4.1.) are a l s o  

dlscussed. Much of t h l s  dlscusslon was taken from the recent OAQPS S t a f f  

Report on lead exposure analys ls  methodology and va l l da t l on  (U.S. E P A ,  

7989a). I n  most populatlons, lead uptake occurs p r l m a r l l y  as the r e s u l t  of 

In take o f  lead I n  a l r ,  d le t ,  d r l nk lng  water and dust.; therefore, .  the 

dlscusslon Is conflned t o  these medla. In take o f  leaded pa ln t  chlps can 

cont r ibu te  s l g n l f l c a n t l y  t o  uptake I n  In fants  and ch i ld ren  l l v l n g  or p lay lng  

I n  areas contamlnated wlth lead pa ln t .  

Uptake (U,) o f  lead from a glven exposure medlum can be thought o f  as 

the product o f  two separate processes, ln take  (I,) and absorptlon (A,): 

u, = 1, 

where In take ( I , )  I s  the product o f  the concentrat lon o f  lead I n  any 

spec l f l c  medla and the r a t e  f o r  the phyr lo log lca l  mechanlsm o f  In take (e.g., 

breathlng r a t e ) .  

Predlc t lons o f  medla-speclf lc lcdd uptakes must take l n t o  account 

envlronmental f a t e  processes that  dctcrmlne concentrat ions. o f  lead I n  

re levant  m d l a  (see Sectlon 3 . 2 . ) ,  a s  vel1 as behavloral and phys lo log lca l  

fac to rs  that a f f e c t  In take  and absorpt lon from these medla. 

3.3.1. Uptake from Amblent A i r .  Humans d r c  exposed t o  lead I n  Indoor and - 

outdoor a l r .  Uptake ra tes  w l l l  be detcrnlncd by the lead concentrat lons I n  

indoor and outdoor a l r ,  the tlme spent lndoors and outdoors and physlo- 

l o g t c a l  determinants o f  deposl t lon and absorptlon I n  the resp l ra to ry  t r a c t .  
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A slmple mathematical expresslon for thts relatlonshtp l s  as follows: 

UA = V DA [PbJWA 

where UA Is uptake from alr (rg/day), V 1s  the volume of atr breathed/ 

day (ma/day), DA Is the product of  the resplratory deposltlon and absorp- 

tlon fractlons and [PbJmA 1s the tlme-welghted average exposure concen- 

tratlon (pg/ma). 

3.3.1.1. INDOOR AND OUTDOOR AIR LEAD -- Numerous factors determlne 

the concentratlon of lead In alr at any glven locatlon (see Sectlon 3.2.1.). 

These Include distance and dlrectlon from emlsslon sources, the nature o f  

the source and meteorologlcal patterns that affect dlsperslon and deposltton 

o f  alrborne lead. Many o f  these factors have been Incorporated Into predlc- 

tlve models o f  alrborne partlculate dlsperslon, whlch can be used to predict 

alr lead levels assoclated with a glven locatlon near a point source (U.S. 

EPA, 1986~). 

Transport of lead from outdoors to Indoors accounts for virtually all 

Indoor alr lead In most modern bulldlngs. Outdoor air lead enters bulldlngs 

through wlndows, doors, walls and alr vents. Because the transport 

processes are complex, relatlonshlps between outdoor and Indoor alr lead 

concentrations can be expected to vary from slte to slte. Factors that can 

be expected to affect Indoor/outdoor ratlos at a glven slte Include the 

proxlmlty to emlsslon sources, whlch determines the slze of outdoor alr lead 

partlcles, the permablllty o f  entrance pathways (e.g., wlndows, doors, 

3-1 2 01/03/91 

walls) to lead, alrflow patterns In and out of the bulldlng and meteoro- 

logical condltlons. _- 

U.S. EPA (1986b) sumnarlred data on Indoor and outdoor air lead levels - 

and concluded that, at most sites, outdoor concentratlons exceeded Indoor 



concentratlons. 

ulth values In 

Indoor/outdoor concentratlon ratlos ranged from 0 . 3 - 0 . 8 ,  

the lower end of the range near polnt sources, where lead 

pattlcles are larger (Cohen and Cohen, 1980). 

3.3.1.2. TIM SPENT OUTDOORS -- An estlmate of dally exposure to lead 
must be a tlme-welghted average of exposure to outdoor and indoor lead; 

therefore, tnformatlon on the relatlve amount o f  tlme spent In each envlron- 

ment Is requlred to esttmate average exposure levels. Tlme spent outdoors 

varles extenslvely wlth age, season, geographlcal locatlon and a varlety o f  

cultural and behavloral Influences. The followlng age-speclflc estlmated 

ranges for hours spent outdoors were derived from a llterature revleu ( U . S .  

EPA, 1989a) sumnarlzed ln Pope (1985) and reflect data reported In various 

studies (Hoffman et al., 1979; Rublnsteln et al., 1972; Suter, 1979; Koontr 

and Roblnson, 1982): 

- 

Age (years): 0-1 1-2 2-3 3-7 
Tlme Outdoors (hours/day): 1-2 1-3 2 -4 2-5 

Based on lnformatlon on lndoor and outdoor alr lead concentratlons and the 

average tlme spent outdoors and Indoors, an estlmate of the tlme-welghted 

average exposure concentratlon ([pb]~,,~) can be calculated as follows: 

where [ p b ] ~ ~  and [PbJAl are outdoor and lndoor alr concentratlons 

(pg/m*), respectlvely, and To and TI  are average tlmes (hours/day) 

spent outdoors and Indoors. 

3.3.1.3. INHALATION AND RESPIRATORY DEPOSITION AND ABSORPTION -- 
Intake o f  lead In alr i s  determlned by the volume of alr lnsplred each day, 

which varles wlth age, body slre and level of physlcal actlvlty (U.S. €PA, 

1989~). Age-speclflc estimates of dally breathlng volumes have been derlved 

- 
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(Phalen et al., 1985), from whlch the folloulng reference values for dally 

breathing volumes ln chlldren were developed (U.S.  €PA, 1989a): 

Age (years): 0-1 1-2 2-3 3-4 4-5 5-6 6-7 
Dally Volume (ma/day): 2-3 3-5 4-5 4-5 5-7 5-7 6-8 

The ftactlon o f  Inhaled lead that Is deposlted and absorbed varles wlth 

alrborne particle size and age (Chan and Llppmann, 1980; Phalen et al., 

1985; Xu and Yu, 1986). As Is described In Sectlon 2.2.1.1. (see Tables 2-1 

and 2-2). age- and partlcle-slte-speclflc refere'nces values for these param- 

eters have been derlved from exlstlng experlmental data and physlologlcal 

models o f  the resplratory tract. 

3.3.2. 

expressed as follows: 

Uptake from the Diet. Uptake of lead from the dlet (U,) can be 

UD = I D  AD 

where ID (vg Pb/day) I s  the Intake from dletary sources and AD Is the 

ftactlonal gastrolntestlnal absorptlon (absorptlon coefficlent) of dietary 

.. lead. Dletary food lntake can be estlmated from hlstorlcal data on food 
! 

lead content (U.S. FDA, 1983, 1984) and data on food consumptlon - 

(Pennlngton, 1983). A Hultlple Source Food Model has been developed that 

partltlons dletary sources lnto three major categorles: 1) metalllc sources _I 

lncludlng lead solder tn food cans and solder or plpe In drlnklng water 
- 

systems; 2)  atmspherlc lead deposlted on food before and after harvest and 

processtng; and 3) sources for whlch an orlgln has not been establlshed 

(U.S. EPA, 7486b). These classlflcatlons allow projectlons for dietary 

I 

_ _  

Intake based on projected adjustments In each category (e.g., a reduction In - 

atmspherlc lead) (Cohen, 1988a.b). Projectlonr for 1990 are presented In - 
Table 3-2. 
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TABLE 3-2 

Age-Speclfic Estlmates of Total Dietary Lead Intake 
for 1990-1996 (rg/day)* - 

Age Hetalllc Atmospheric Other. Total 
(Years 1 

4 

1 

3.4 

4.0 

5 .6  

5.8 

5 .9  

6.1 

6 .3  

0 . 8  

1 . 1  

3 .3  7 .5  

3.8 8.9 

1 .2  3.6 

1.2 3.7 

1 . 1  3 .8  

1 .2  . 4.0 

1.. 3 4 .3  

10.4 

8.9 

8.9 

9 .3  

9 .8  

+Source: Cohen, 1.988a.b 
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Gastrolntestlnal absorptlon of dletary lead varles wlth age, dlet and 

nutrltlonal status (see Sectlon 2.2.1.2.). Absorptlon 1s  an estimated 

42-53% In lnfants (Alexander e t  al., 1973; tlegler et al., 1978) and 7 4 5 %  

ln adults (Kehoe, 1961a,b,c,; Chamberlain et al., 1978; Rablnoultr et al., 

1980). There 1s some evldence that gastrolntestlnal absorptlon o f  lead may 

be a nonllnear process (Aungst and Fung, 1981; Marcus, 1989). Saturable and 

nonsaturable absorptlon mechanlsms have been descrlbed for essentlal metals; 

thus, It Is reasonable to expect the erlstence o f  saturable and nonsaturable 

mechanlsms for lead. Klnetlc constants (Kms) for saturable lead absorptlon 

have been expe~lmentally deternhned ln the vltro everted rat lntestlne 

(Aungst and Fung, 1981). The apparent Km for flux through the everted 

lntestlne was reported to be -125 rg/1= Houever,. other dletary metals 

my colnpete ulth lead for saturable absorptlon mtchanlsms '(e.g., carrler- 

medlated transport); therefore, the contrlbutlon of saturable mchanlsms to 

total absorptlon may depend on diet, nutrltlonal status and the relatlve 

magnitude of  the Kms for each substrate for the saturable mchantsm. 
---3 

Klnetlc constants for saturable lead absorptlon have not been determlned ln ! 

pr lmates. 

3.3.3. Uptake from Dust and Soll. Chlldren are exposed to lead ln Indoor d 

and outdoor dust and soll, prlmrlly from lngestlng these materlals as a 

result of normal muthlng behavior and plea (abnormal tendency to Ingest .- 

nonfood materlals). Thus, the average dally exposure will be determlned by 

lead levels ln each m d I w  and amount5 of each medium that are Ingested 
-. 

dally. The latter m y  vary ulth age, season, geogtaphlc locatlon and 

actlvlty patterns. A slmple expresrlon for lead uptake from dust and soll - 
(U ) I s  as follows: DS 
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where DSINt Is oral Intake of dust and Sol1 (g dust and soll/day), ADS 

Is the absorptlon fractlon and [PbJos Is the average exposure level (,,g 

Pb/g dust and soll). 

3.3.3.1. LEAD L E V E L S  IN DUST AND S O I L  -- As dlscussed In Sectlons 

3.2.2. and 3.2.3., levels o f  lead In dust and soll are determined by a 

varlety of factors related to the exposure source, meteorologlcal condt- 

tlons, transport of dust lnto the home and Sources of lead In and around the 

home (e.g.* lead palnt). The most desirable quantltatlve estlmates for 

locallred areas are derived from adequate soll and dust mnltorlng data. 

However, lt Is Important that sufflclent monltorlng data are collected from 

dlfferent local sItes to produce meanlngful estlmates of the central 

tendency of lead concentrattons (e.g. arlthemettc or geometrlc mean). 

Slnce the lead concentratlon In soll may vary slgnlflcantly between samples 

collected In the same area, the use of a single sample to estlmte lead 

exposure to chlldren may result In Inaccurate estlmatlon o f  Ingested lead 

uptakes. 

- 

In the absence of sufflclent monItorIng data, the geometrlc mean lead 

concentratlon o f  soll and dust In certaln sltes can be estlmated from 

average lead concentratlon In the a l r  uslng llnear relatlonshlps descrlbed 

In Appendlx 8 of the U.S. € P A  (1988a). T h t s  applles only to sltuatlons In 

whlch alr lead ls  the prlmary source for soll lead. The derivation of these 

relatlonshlps include the following arrumptlons: 1) changes In the alt 

concentratlon ut11 be followed by corrcspondlng changes ln soll lead and 

lnterlor house dust lead concentrattons; 2) the rate at whlch lead enters 

soll/dust lr constant and equal to dtmorpherlc deposltlon (plus other- 

Inputs) mlnus soll removal; and 3) tnc cnvlronmcntal lead emlsrlons have 

been nearly constant for a sufflclently long t h e  that lead levels In soll 
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and dust arr In dynamlc equlllbrl~nn. The derlvatlon of the llnear relatton- 

shlps does not conslder m n y  complex varlables that can affect atr/soll 

relatlonshtp for lead, such as chemlcal and phystcal propertles of the lead 

partlcles and soll, topographtc and meteorologlcal condltlons, and the 

frequency of preclpl tatlon and washlng of streets and Interlor surfaces. 

The coefftclents of the ltnear equattons used to esttmate sotl/dust lead 

from alr lead were determlned from monltorlng data collected at sltes where 

both alr lead levels and dust and surface soll concentrattons were measured 

and averaged over varylng periods of t h e .  The data used to determlne the 

coefflclents were collected near lead polnt sources where emlsslons were 

comparable wtth current lead exposure sltuatlons and lead contrlbuted by new 

houses and factorles. flgure 3-2 Is a log arlthmetlc plot of average alr 

conccntratlon versus average sot1  concentratton for the data used ln the 

coefflclent determlnatlons for soll lead: the data are descrlbed In Appendtx 

A of the U S .  EPA (1988a). The raw data are fltted after a log transform- 
tton to yleld geometrtc man concentratlons and the followlng llnear 

cquatlons (U.S. €PA, 1989a): 

- 

_ .  

- 

[ P b l ~ ~ ~ ~  = + b [PbIAo 

[PblDUST = C + d [PbIAo 
- 

and [PbIAo are the concentr tlons o f  lead In where tPblDUST. ~ P b ~ s o r L  
dust (rg/g), soll (vg/g) and outdoor alr (vg/aP), respectively and -- 

the coefflclentr a* b, c and d are 50.1. 579.0, 57.6 and 972.0, respectlvely. 

The above tquatlons art based on monltorlng data for polnt source sltes 

such as smelters. The use of the llraear cquatlons to estlmte soll and dust 

lead levels near prlmry and secondary lead smelters m y  underestlmate - 
current exposure because of hlstor Ical acctmlatlonS of relatively large 

-- 
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partlcles at these sites, reswdlesr of current emlsslons controls (U.S.  

€PA, 1989a). These sttes wlll probably require separate estjmates for 

current sol1 and dust levels. 

The relatlonshlp between alr lead and soll and Indoor dust lead may 

vary, depending on the lead emlsston source. For example, mtnlng sltes wlth 

no history of smelter actlvlty represent a sltuatlon In whlch the above 

equatlons relating soll and dust lead wlth alr lead may not apply. Review 

of actual measurements of soll and house dust lead reported at mlnlng sites 
Indicated that, when soll lead was 6 0 0  ppm, house dust lead concentratlons 

were usually greater than sot1 lead, lndlcatlng the greater contrlbutlon of 

Indoor sources of lead. However, when soll lead was >lo00 ppm, house dust 

lead concentratlons ranged from 18-4BX of soll lead concentratlons (Steele 

et al., 1989). Thus, the air and soll lead levels at mlnlng sltes are not 

llkely to be related, and the relatlonshlp between soll lead and lndoor dust 

lead levels may be nonllnear (Steele et al., 1989). Davles et al. (1985) 

reported 'the folloulng quantttatlve expression relating vegetable garden 

soll lead and Indoor dust lead ln a mlnlng area: 
.. 

= (0.3) (109 [PbIsoTL) + 1.65 lPb J DUST 
The data on the t l m  scales for soll dnd dust lead changes do not lead 

to deflnlte concluslons (U.S. €PA, 1989r). The current oplnlon 1s  that lead 

ln undlsturbed soll matrix pcrslsts for an extremely long tlme; however, 
- 

soll lead concentratfons I n  dtsturbcd (crocclally urban) envlronments wlll 

change, on average, over perlods of  a feu years to reflect changes In 
-- 

surface deposltlon (U.S. €PA, 1989a). Although lead does deposlt on the - 
surface of solls, sfgnfflcant lead conccntrrtlons have been found down to 12' 

Inches below the surface. Thls lndlcatcr that human actlvttles such as 
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gardening and new bulldlng constructlon can result ln slgnlflcant concentra- 

tlons o f  atmospherically deposlted lead ln deeper solls. Interlor dust lead 

concentratlons wlll llkely change over perlods o f  weeks to months I n  

response to alr lead changes, dependlng on Interlor-exterlor access and 

lnterlor reclrculatlon or removal of dust as well as the prlmary sources o f  

dust and s o l 1  lead. Sources such as lead palnt dust, mlne-talllng and 

smelters that have ceased t o  operate may continue to contrlbute lead to soll 

and dust regardless of changes tn alr lead. - 
The llnear and nonlinear equatlons yteld approxlmatlons based upon the 

best avallable monttorlng data and lnterpretatlons, but do not conslder 

varlous complex variables that may slgnlflcantly affect s o l l  and dust 

concentratlons. One approach to a more comprehenslve model of Indoor dust 

lead levels is to partltlon Indoor dust Into varlous source categorles 

lncludlng alr, so l l ,  lndoor palnt dusts; secondary occupational dusts and 

hobbles (e.g., solderlng). This approach has been lncorporated Into the 

Uptake/Bloklnetlc Model as a user optlon (Sectlon 4.1.1.). The multiple 

source model sums the contrlbutlons of external envlronmental sources (!.e., 

alr and $011) and .all .otherm sources to arrlve at total Indoor dust lead. 

The contrlbutlons o f  soll and alr are calculated as follows: 

where r PbIDUST. r PbISOIL and [PbJAo represent lead In dust (rg/g), 

sol l  (rg/g) and outslde alr (pg/ma), tespectlvely, and ' s m  (rg Pb/g 

converslon factors for soll  and alr. Other sources of Indoor dust lead are, 

added to the external envlronmental contrlbutlon to yleld an estlmate of 

total Indoor dust lead, lncludlng occupatlonally-derlved dusts brought Into 
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the home, Indoor dusts encountered outslde the prlmary home (e.g., school, 

day care and second home), and dusts from lead-based palnt ln'fhe horse. 

Although a multlple-source model Is theoretlcally sound, much m r e  

research ls needed to develop emplrlcal support for predlctlve quantltatlve 

expresslons of the relative contrlbutlon of each source to the levels of 

lead In Indoor dust. Heasurements of tracer elements ln soll and Indoor 

dusts provlde data from vhlch to derlve an estimate for the soll-dust con- 

version factor. Davls et al. (1990) measured the concentratlon o f  alumlnum 

and stllcon In soll and Indoor dust and found the dust/soll ratlos for both 

metals to be -0.28. Assumlng that Indoor alumlnum and slllcon are derlved 

entlrely from transport o f  soll into the house, these data support a conver- 
slon factor of 0.28 ( s  I 0.28). As noted above, the 0.28 converslon factor 

will not be approprlate for all exposure sources. Uonltorlng data from mlne 

sltes suggest that the relatlon.shlp between soll lead and lndoor dust may be 

nonllnear. 

Emplrlcal support for the air-dust converslon factor Is dlfflcult to 

obtaln because unlque alrborne dust tracers have not been ldentlfled. An 

alr-dust converslon factor of 100 (1 pg Pb/g dust for each 100 rg 

Pb/ma alr) was selected as an lnterlm default value for the multlple 

source model untll better data are available. It cannot be over crnphaslted, 

however, that the use of  adequately measured soll and dust concentratlons l s  

preferable to use of models or emplrlcally derlv.;: cquattons. 

3.3.3.2. INTAKE OF DUST AND SOIL -- Infants and chfldren Ingest soll 

and dust as a result of hand-to-mouth actlvlty, consumptlon o f  food Items 

that have been In contact with dust and soll, and soll plca. Conslderable 

age-related and lndlvtdual varlatlon can be expected In these actlvltles. 

. . 1  
.- 
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Hand-to-muth activlty rzport?dly occurs In -80% of chlldren 1-2 years old, 

and decllnes ln years 3-6 (Rllllcan et al., 1962; Barltrop, 1966). 

Average soll lngestlon rates In young chlldren have been estlmated by 

measuring the amount of soll or soll components on chlldren's hands and from 

assumptlons regardlng hand to mouth activity (LePou et al., 1975; Duggan and 

Wllllams, 1977; Roels et al., 1980). Hawley (1985) s u m r l z e d  these data 

and estlmated that average sol1 lngestlon rates for 2- to 3-year-old 

chlldten range from 50-250 mg/day. - 
A more recent advance In thls area has been the appllcatlon of mass 

balance studies, In whlch estlmates of soll and dust Intake In chlldren ate 

derlved from measurements of the fecal excretlon of poorly absorbed soll 

mlnerals (e.g., alumlnum, slllcon and tltanlum) (Blnder et al., 1986; 

Clauslng et al., 1987; Calabrese et al.. 1989; Davls et at., 1990). A mass 

balance equatlon used to calculate soll Ingestion (Is) 1 s  as follows: 

1s = F ) / E F )  - I)/[n], 

where [HI, Is the concenttatlon of the mlneral ln feces (mg/g feces); F Is 

the amount of feces excreted each day (glday); E F  Is the ftactlon of 

Ingested mlnetal that i s  excreted In the feces; I Is the gastrolntestlnal 

Intake of the mlneral from all sources other than soll lngestlon; and [HIs 

Is the concentratlon o f  mlneral In s o t 1  (mglg). Sources of nonsoll gastro- 

lntestlnal lntake of tracer mlnerals ( I )  can Include dlet, medlcatlon, 

toothpaste and Inhaled altborne m~ncrrls. The above estlmates can be 

generallred to dust and soll (1.e.. a w l ,  assumlng that concentratlons ln 

dust are slmllar to concentratlons In $ 0 1 1 .  fstlmates derlved from the mass 

balance approach ate subject to errors rssoctated ulth estlmates of gastro-- 

lntestlnal absotptlon and nonsoll Intake of  the mlneral. 
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gardenlng and new bulldlng constructlon can result In slgntflcant concentra- 

tlons o f  atmospherlcally deposlted lead ln deeper solls. Interlor dust lead 

concentratlons ulll llkely change over perlods o f  weeks to months In 

response to alr lead changes, dependlng on lnterior-exterlor access and 

lnterlor reclrculatlon or removal o f  dust as well as the prlmary sources o f  

dust and soll lead. Sources such as lead palnt dust, mlne-talllng and 

smelters that have ceased to operate may contlnue to contrlbute lead to soll 

and dust regardless of changes In alr lead. . 
The linear and nonltnear cquatlons ylcld approxlmatlons based upon the 

best avallable monltorlng data and lnterpretatlons, but do not conslder 

varlous complex varlablcs that may slgnlflcantly affect soll and dust 

concentratlons. One approach to a more comprehenslve model o f  Indoor dust 

lead levels Is to partltlon Indoor dust Into varlous source categorles 

lncludlng alr, soll, Indoor palnt dusts, secondary occupatlonal dusts and 

hobbles (e.g. , solderlng). Thls approach has been Incorporated Into the 

Uptake/Bloklnetlc Model as a user option (Sectlon 4.1.1.). The multlple 

source model sums the contrlbutlons of external cnvlronmental sources ( 1  .e. , 

alf and soll) and 'all other' sources to arrive at total Indoor dust lead. 

The contrlbutlons of soll and alr are calculated as follows: 

wher e 1 Pb J DUST, [PblsoIL and represent lead ln dust 

soll (rg/g) and outslde alr (ug/ms), tespectlvcly, and 's'  (rg Pb/g 

so l l  per rg Pb/g dust) and 'a' ( rg  Pb/ma alr per pg Pb/g dust) are 

converslon factors for soll and alr. Other sources of Indoor dust lead are - 

added to the external envlronmental contrlbutlon to ylcld an estlmate of 

total Indoor dust lead, lncludlng occupat lonally-derlved dusts brought Into 
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the home, Indoor dusts encountered outslde the prlmary home (e.g., school, 

day care and second home), and dusts from lead-based palnt ln the how. 

Although a multtple-source model Is theoretlcally sound, much more 

research Is needed to develop emplrlcal support for predlctlve quantltatlve 

exptesslons of the relatlve contrlbutlon o f  each source to the levels o f  

lead In Indoor dust. HedSurementS of tracer elements In soll and Indoor 

dusts provlde data from uhlch to derlve an estlmate for the roll-dust con- 

verslon factor. Oavls et al. (1990) measured the concentration o f  alumlnum 

and slllcon in soll and Indoor dust and found the dust/soll ratlos For both 
. 

metals to be -0.28. Assuming that Indoor alumlnum and slllcon are derlved 

entirely from transport of soll Into the house, these data support a conver- 
slon factor o f  0.28 ( s  = 0.28). As noted above, the 0.28 convcrslon factor 

wlll not be approprlate for all exposure sources. Nonltorlng data from mlne 

sltcs suggest that the relatlonshlp between soll lead and Indoor dust may be 

nonllnear. 

Emplrlcal support for the alr-dust conversion factor is  dlfficult to 
.- .. obtaln because unique atrborne dust tracers have not been ldentlfled. An 1 

alr-dust converslon factor of  100 (1 pg Pb/g dust for each 100 pg 
- 

Pb/rna alr) was selected as an lntertm default value for the multlple 

source model untll better data are avallable. It cannot be over emphaslted, 
howeveti that the use o f  adequately measured soll and dust concentratlons l s  - 

- 7  preferable to use of models or efnplrlcally derlved equatlonr. 
- 

3.3.3.2. INTAKE OF DUST AND SOIL -- Infants and chlldren Ingest soll 

and dust as a result o f  hand-to-mouth actlvlty, consukptlon o f  food items 

that have been In contact wlth dust and soll, and soll plca. Consldetable - 
- -  

age-related and lndlvldual varlatton can be expected In these activittes. .- 
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Hand-to-mouth actlvlty reportedly Occurs In -80% of chlldren 1-2 years old, 

and decllnes In years 3-6 (Rllllcan et a l o e  1962; Barltrop, 1966). 

Average sol1 lngestlon rates In young chlldren have been estlmated by 

measutlng the amount of soll or soll components on chlldren's hands and from 

assumptions regardlng hand to mouth actlvlty (LePou et al., 7975; Duggan and 

Wllllams, 1977; Roels et al., 1980). Hauley (1985) sumnarlzed these data 

and estlmated that average sol1 Ingestion rates for 2- to 3-year-old 

chlldren range from 50-250 mg/day. - 
A more recent advance ln thls area has been the appllcatlon of mass 

balance studles, In whlch estimates of soll and dust Intake In chlldren are 

derived from measurements of the fecal excretlon of poorly absorbed soll 

mlnerals (e.g., alumlnum, sIlIcon and tltanlum) (Binder et al., 1986; 

Clauslng et al., 1987; Calabrese et al., 1989; Davls et al., 1990). A mass 

balance equatlon used to calculate soll lngcstlon (Is) 1s as follows: 

Is = ((([HI, . fC/W - I)/[HI, 
where [MI ,  Is the concentratlon of the mlneral In feces (fng/g feces); F I s  

the amount of feces excreted each day (g/day); EF 1s the fraction of 

Ingested mlneral that Is excreted In the feces; I Is the gastrolntestlnal 

Intake of the mlneral from all sources other than soll lngestlon; and [HI, 

Is the concentratlon of mlneral In sol1 (mg/g). Sources o f  nonsoll gastro- 

lntestlnal Intake of tracer mlnerals ( I )  can Include dlet, medlcatlon, 

toothpaste and Inhaled alrborne mtnerals. The above estlmates can be 

generallred to dust and soll (1.e.. d i r t ) .  assumtng that concentratlons In 

dust are slmllar to concentratlons In loll. fstimates derlved from the mass 

balance approach are subject to errors astoclated ulth estimates of gastro- 

Intestinal absorptlon and nons011 Intake o f  the mineral. 
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Sedman (1989) analyzed data on fecal mineral excretlon (Blnder et al., 

1986). on mlneral content of the dlet and on food consumption In Infants and 

young chlldren (Pennlngton, 1983) to esttmate soll lngestlon for 1- to 

3-year-old chlldren. Estimates were 40, 70 and 640 mg soll/day based on 

mass balances for alumlnum, slllcon and tltanlum, respectlvely. Clauslng et 

al. (1987) examined alumlnum, slllcon and tltanlum excretlon l'n 18 nursery- 

school chlldren and 6 hospltallred chlldren, ages 2-4 years. Estlmates o f  

dletary M a k c  of each mlneral were based on measurements of fecal excrctlon 

of each mlneral In the hospltallred chlldren. The average estlmated soll 

lngestlon ln the nursery school chlldrcn for all three tracers was 56 mg 

soll/day. I f  the values for dletary Intake from Clauslng et al. (1987) are 

applied to the Btnder et at. (1986) data on fecal excretlon, estlmates o f  

soll lngestlon range from 80-135 mg soIl/day for 1- to 3-year-old chlldren 

(U.S. EPA, 1989a). 

- 

The most comprehensive inass balance studies are those of Calabrese et 

al. (1989) and Davls et al. (1990), In whlch concurrent nonsoll Intakes of 

the tracer elements were estlmated for each subject In the study and 

measurements of sol1 and house dust were used to estlmate rates of lngestlon 

o f  comblned soll and house dust. The Calabtese et al. (1989) study, 

lncluded 64 chlldren ranglng In age from 1-4 years. The Davls et al. (1990) 

study examined 101 chlldren ranglng In age from 2-7 years. The results - 

reported for two tracer elements (alumlnw and slllcon) consldered to be the 

1 

most rel#ablc 

mean comblned 

mg/day (Davls 

the Calabrese 

(Beck and Statle, 1990) are presented tn Table 3-3. Estlmated 

-- soll-dust ingestlon rates for the two studles were 64 and 160 

et al., 1990) and 154-483 mg/day (Calabrese et al., 1989). In 

et at. (1989) study, one chlld out o f  64 was tdentlfled as 

having an extremely hlgh roll-dust lngestlon (S-8 g/day). When the data 
-. 
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TABLE 3-3 

Dally Sol1  Ingestlon (mg/day) Based on Alumlnum, Slllcon, 
Titanium and Yit\rlum Mass Balancea 

Element Calabrese et al. (1989) 
(n=64) 

Davls et al. (1990) 
(n=lOl) 

A1 uml num 

Slllcon 

1 1  tanlum 

Y 1 t tr 1 um 

483649’ 95 380 

170(30) 2 86 

65(11) 2 91 

~~ 

64 (51) 

160 (112) 

268 (116) 

NA 

avalues are mean(med1an) 2 S.E. 

bHean after deleting chlld wlth 5-8 g soll/day 

NA P Not avallable 
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were reanalyzed excludlng thls subject, the estlmated mean soll lngestlon 

rate for the group was 95 mg/day for alumlnum and 78 mg/day for slllcon 

(Beck and Steele, 1990). 

The results of the Calabrese et al. (1989) and Davls et al. (1990) 

studles are ln reasonable agreement wlth earller mass-balance studles 

(Blnder et al., 1986;. Clauslng et al., 1987) and estlmates obtained from 

measurements of soll and soll components on the hands o f  chlldren (Hawley, 

1985). Thus, the current welght of emplrlcal evldence supports a value of 

-100 as an average soll-dust lngestlon rate ln young chlldren (ages 1-7 

years). The results of the mass balance studles also suggest that the 

dlstrlbutlon of  soll lngestlon rates In the populatlon may be hlghly skewed, 

wlth a small percentage of lndlvlduals exhlbltlng very hlgh rates o f  lnges- 

tlon (1.e.. plca for soll). Thls 1 s  evldent from dlfferences between the 

mean and medlan values for sol1 lngestlon reported ln the Calabrese et al. 

(1989) and Davls et al. (1990) studles. 

Glven the skewed dtstrtbutlon of soll-dust lngestlon rates, selectlng 

the most approprlate measure of central tendency, from uhlch reference 

values for soll-dust lngestlon can be established, Is cruclal. Basing the 

reference values on the medtan soll-dust lngestlon rate rather than on the 

arlthmtlc m a n  results I n  lower predicted soll lead exposures (and there- 

fore lower predlcted blood lead levels) because. the mcdlan attaches no 

uetght to the level of exposure recelvea by lndlvlduals at the hlgh 'end of 

the soll-dust tngestton dlstrlbutlon. Such an approach Is conslstcnt wlth 

current U.S. €PA rtsk assessment strateglei for numerous other chemlcals, 

whlch are focused on the .general populrt!on. rather than on lndlvtduals 

expresstng abnormal condlttons or behavlor that would promote exposure to a 

toxtc agent. 

. .  

. _I 

. .. 
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The Issue 1s  compllcated by the fact that there Is no clear consensus 

regardlng a quantltatlve deflnltlon of soll pica or the lncldence o f  

"abnormal' soll lngestlon behavlor In chlldren (U.S.  E P A ,  1989~). The 

lncldence of abnormal soll lngestlon behavlor I s  estlmated to range from 

2 4 0 %  (U.S. E P A ,  1989~). The wlde range I s  attrlbutable to several factors, 

lncludlng the lack of a consensus among lnvestlgators on a deflnltlon of 

Uabnormal' lngestlon behavlor, as well as age, cultural, socloetonomlc, and 

disease related factors that may Influence lngestlon behavlor In the varlous 

populatlons of children. The only itudles llkely to provlde deflnltlve 

lnformatlon on the dlstrlbutlon of soll lngestlon rates In the U.S. popu'la- 

. tlon and are thus useful for rlsk assessment are the mass-balance studles, 

l f  applled to a sufflclently large sample. Studles that provlde reliable 

estlmates of soll lngestlon (Calabrese et al., 1989; Davls et al., 1990) 

have been llmlted to relatlvely small sample slres. 

Until rellable estlmates of the frequency dlstrlbutlon of soll Ingestion 

rates for the U.S. populatlon are developed, the reference value for soll 

lngestlon In young chlldren should be based on emplrlcally derlved arlth- 

metlc means from the Calabrese et at. (1989) and Davls et al. (1990) studles 

(-100 mg/day); however, extraordlnarlly hlgh lngestlon rates reported by 

Calabrese et al. (1989) (l.e., one child exceeding 5 g soll/day) should be 

excluded. The reference value should be regarded as a default estlmate to 

be used ln the absence of more speclflc data on soll lngestlon behavlor In 

the populatlon belng assessed. As such, I t  \ s  llkely to overestimate 

average soll lngestlon among some populatlons and underestlmate soll lnges- 

tion In other study populatlons. The quantltatlve Impact of such 'errors' 

on predlcted dlstrlbutlon of blood lead levels are dlscussed In Sectlon 

4.1 .l. 
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3.3.3.3. M S l R O I N T E S T I N A L  ABSORPTION OF DUST AND SOIL LEAD -- The 
greatest source of uncertalnty in the predlctlon of  lead uptake from dust 

and soll Is the estlmate of gastrolntestlnal absorptlon o f  lead. -- In vltro 

studies have shown that the lead in dust and soll Is solublllzed In acldlc 

solutlons stmllar to that found ln the stomach; however, ln alkallne 

solutlons slmllar to lntestlnal flulds, lead can remaln bound to soll (Day 

et al., 1979; Harrlson, 1979; Duggan and Wllllams, 1977). Dletary balance 

studles have ylelded estlmates of 4243% for gastrolntestlnal absorptlon o f  

dletary lead In Infants and chlldren (see Sectlon 2.2.1.2.); however, 

absorption efflclency may dlffer for lead In dust and soll. Two rat studles 

have demonstrated that the bloavailablllty of soll lead t s  less than that o f  

lead added to basal dlets as lead acetate (Dacre and TarHaar, 1977; Chaney 

et al., 1989). Dlets supplemented wlth lead acetate are not entjrely 

analogous to dlets In whlch envlronmental lead has been tncorporated Into 

the dletary components; nevertheless, these results suggest that the absorp- 

tlon coefftclent for sot1 may be lover than that for dletary lead. Thls may 

not apply to all lead specles and partlcle slzes and all soll types. 

. 

Absorptlon of lead for 

factors: chemlcal specles, 

et al. (1988) demonstrated 

lead concentratton In soll. 

dust and soll Is Influenced by three Important 

partlcle slze and concentratlon ln soll. Chaney 

that absorptlon of lead from soll varles wlth 

Parttcle slze also determlnes the degree to whtch lead ts absorbed l n t o  

the body; the larger the pattlcle slze. the less the absorptlon (Barltrop 

and Meek, 1979). For example, lead sulflde on larger -particles eventually 

dlssolves In gastrlc fluld to the same concentratlon as lead sulflde on 

smaller partlcles, but the process takes longer (100 vs. 200 mlnutes) (Healy 

-_ 
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et al., 1982). Thus, absorptlon may be less In the stomach for the larger 

partlcles because the partlcles do not remaln I n  the stomach long enough to 

become completely solublllzed. Therefore, 1 t Is very Important when revlew- 

lng slte-speclflc data to determine the prevalent partlcle slze .on whlch the 

lead Is located. In some locatlons where lead contamlnatlon In s o l l  1 s  

hlgh, such as mlnlng areas, the partlcle slzes are much larger than tn other 

locatlons, such as smelter towns, posslbly resultlng In decreased bloavall- 

ablllty. Lead specles 1s  another crlflcal factor In determlnlng bloavall- 

ablllty. Barltrop and Meek (1979) reported that lead sulfide Is slgnlfl- 

cantly less absorbed than lead acetate and lead oxldcs. 

The Issue o f  bloavallablllty o f  lead for s o l l  Is a major source of 

uncertalnty In the Uptake/Blokonetlc Rodel and merlts further lnvestlgatlon. 

Applylng lnformatlon on partlcle slze. lead specles and soll characterlstlcs 

In bloavallablllty estlmates would prove very useful In further callbratlon 

o f  the model. 

3.3.4. Uptake o f  Lead from Drinklng Yatcr. Uptake o f  lead from drlnklng 

uater (U,) can be expressed as follows: 

UH = I, A, 

where IY (rg/day) Is the Intake from drlnklnq water and A,, Is the frac- 

tlonal absorptlon o f  Ingested lead. Intake o f  lead from drlnklng water can 

be expressed as follows: 

IY = [PfJl, . yWt 
where [Pb]" (rg/t) Is the average dally concentratlon o f  lead ln 

drlnklng water and IdIIs6 Is the averrpe amount of drlnklng water 'Ingested 

each day. The amount of drlnklng water rngested wlll vary ulth numerous 
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factors lncluding age, body slzc, dtet, physlcal actlvlty, afnblent tempera- 

ture and humtdlty. Using data collected by the U.S. Department of Agrlcul- 

ture In the 1977-1978 Natlonwtde Food Consumptlon Survey, average dally 

tntake levels of drtnktng water have been derlved (U.S. EPA, 1989~): 

Age (years): 0-1 1-2 2-3 3-4 4-5 5-6 6-7 
Inges t ton (r/day ) : 0.20 0.50 0.52 0.53 0.55 0.58 0.59 

3.4. ENVIRONHENTAL EXPOSURE LEVELS ASSOCIATED WITH BLOOD LEAD LEVELS 

In the prevlous sectlon, strategtes for predtctlng uptake rates from 

spectftc medla ( a l r ,  dtet and dust/soll) were descrlbed, which, tn conJunc- 

t ton wl th btoklnetlc models, prdvide the basts for predtcttng relattonshlps 

. 

between medla-speclflc exposure levels and blood lead levels. An alterna- 

tlve approach ls to dertve Iwthematlcal descrlptlons of these relatlonshlps 

frm the analysts of human expcrlmental and epldemtologtcal data on envlron- 

mental exposure levels and blood lead. Thls sectton provldes an overview of 

the existtng Information on relatlonshlps between levels In varlous media 

and blood lead levels ln humans. A more coarprehenslve discusslon Is 

presented In other Agency documents (U.S. EPA, 1986b. 1989a). I 

3.4.1. Blood Lead/Alr Lead Rclattonshtps. The relatlonshlp between alr 

-. 

concentratlon and blood lead level In human populattons reflects uptakes 

dtrectly from atr by inhalation as well as oral uptakes of atmspherlc lead 

deposlted on dust, soll, food and uater. Several studles have provlded data 

on alr lead levels and blood lead In human populattons from whtch slope 

factors (blood lead/alr lead) can be detlved (Landrlgan et al., 1975; Roels 

et al., 1976; Yankcl et al., 1977; Morse et al., 1979; Angle and McInttre, 

1979; Brunekrccf, 1984). The aggregate slope factors, reflecttng the 

comblned Impact of alr lead uptake from all m d l a  on blood lead, range from 

2-20 (ug/d&)/(mg/ma) ln young, moderately exposed children (U.S. €PA, 

1966b, 1988a). 
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Experlmental studles In whlch chacqes In blood lead levels are measured 

ln human subjects exposed to lead aerosols yleld estlmates of slope factors 

(blood lead/alr lead) for Inhaled alr lead. Several experlmental studies of 

adults have been reported (Kehoe, 196la,b.c; Grlffln et al.. 1975; 

Rablnowltr et al., 1974, 1976, 1977: Chamberlain et al.. 1978). The pooled 

uelghted estlmate of the slope for the relatlonshlp between blood and alr 

lead for all of the studles 1s 1.6420.22 ( S . E . )  (Vg/dP)/(mg/m'), and 

1.9 (vg/dt)/(mg/m*) If subjects who were exposed to very hlgh lead 

levels (236 rg/dt) In the Kehoe studles are excluded (U.S. EPA, 1986b, 

1988a). 

Analysis of cross-secttonal data of blood lead/alr lead relatlonshlps In 

human populattons can yleld estlmates of dlsaggregate blood lead/alr lead 

slope factors, reflectlng the relatlonshlp between Inhaled lead and blood 

lead In the populatlon, If lnformatlon on nonlnhalatlon sources of exposure 

Is sufflclently documented. Several adult human populatlon studles have 

been reported (Azar et al., 1975; Tepper and Levln, 1975; Nordman, 1975; 

Johnson et al., 1975). In these studles, varlous approaches are used to 

account for nonalt lead exposures. The range for blood lead/alr lead slopes 

are 1-2 (pg/dt)/(mg/m*) (U.S. EPA, 7986b). 

' The U.S. EPA analyzed three studles of blood lead/alr lead relatlonshlps 

In chlldren (U.S. EPA, 1986b). Estlmated alr dlsaggregate blood lead/alr 

lead slopes (ug/dt)/(mg/m*) for the three studies are 1.9220.60 (Angle 

and HcIntlre, 1979), 2.4620.58 (Roels et al., 1980) and 1.5320.64 (Yankel et 

al., 1977; Walter et al., 1980); the medlan slope 1s 1.97 (ug/dt)/mg/ma). 

3.4.2. Blood Lcad/Dust and Soil Lead Relatlonshlps. Several studles have 

provided data on blood lead levels !n chlldren and levels In local sol1 and 

dust. from uhlch blood lead/dust lead and blood lead/soll lead slope factors 
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can be estlmated (Barltrop et al., 1975; Yankel et al., 1977; Nerl et al., 

1978; Angle and Rcfntlre, 1982; Stark et al., 1982). The range o f  mean 

slope factors ls  0.6-6.8 (rg/dL)/(mg Pb/g) Sol1 (U.S. EPA, 1986b). The 

range for blood lead/housc dust lead slope Is 0.2-7.2 (rg/dL)/(mg Pb/g) 

dust (Stark et al., 1982; Yankel et al., 1977; Angle and McInttre, 1979). 

Blood/soll lead slope Factors vary, dependlng on the nature o f  source o f  

lead. A revlew of mlntng studles (Steele et al., 1989) lndtcates that there 

1s not a strong correlatlon between soll lead and blood lead (Heyworth et 

al., 1981), that there are no elevatsd blood lead concentratlons In areas 

wlth very high so l l  lead concentrattons (Heyworth et al., 1981), and that 

slopes fir mlnlng sltes are conslderably lower than those for urban or 

smelter sltes (Barltrop et al., 1975; Barltrop and Strchlow, 1988; 

Bornscheln et al., 1988). The estlrwted average slope for mlnlng sttes i s  

1.7 rg/da/mg Pb/g soll; the average slopes for urban and smelter sItes 

were 3.2 and 4.2, respectlvely (Steele et at., 1989). 

3.4.3. Blood Lead/Dtet and Orlnktng Water Lead Relatlonrhlps. The U.S. 

€PA (1986a) has sumartred studies relatlng dletary Intake and blood lead 

levels. The relatlonshtps appear to be nonllnear at dletary Intakes >200 

rg Pb/day. When data are compared over the range o f  100-200 rg dletary 

Pb/day, blood lead/dletary lead slope factors ranglng from 0.034-0.16 can be 

obtalned (Stutk, 1974; Cools et al., 1976; Schlegel and Kufner, 1979; Kehoe, 

1961a,b,c; U.K. Dlrectorate, 1982; Sherlock et al., 1982; Ryu et al., 1983). 

The relattonrhtp between blood lead level and drlnklng water level ls 

nonltnear at water concentrattons >lo0 ug Pb/t water. The U.S. EPA 

(1986b) concluded that the best estlmatc for the slope factor assoclated 

ulth flrst draw water concentratlons <lo0 rg/L was 0.06 (rg Pb/dt 
..- 

blood)/(rg Pb/a water) (Pocock et al., 1983). A more recent study was 
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conducted by the Centers for Dlsease Control and the Department of Health of 

the State of Hawat (Maes et al., 1989). Thls study examlned a populatlon I n  

Hawal In whlch htstorlc exposure to alrborne lead and lead ln palnt, dust 

and soll are very low. A multlple llnear regresslon model ylelded a slope 

factor of 0.024 rg/dt blood/rg/t water. A plecewlse llnear model 

yielded slope factors of 0.02 above 10 'pg/P water and 0.13 below 10 

ug/r water. More recent analysls of the relatlonshlp of blood lead and 

dletary levels In Infants (Lacey et al., 1985; Ryu et al., 1983) supports a 

slope factor of 0.2-0.25 (rg lead)/(dt blood)/(rg lead/%) water for 
. 

Infants and chlldren (U.S. EPA, 1988b). 

3.5. SUMARY 

The prlmary source of envlronmental lead Is atmospherlc emlsslons from 

automoblles and lndustrlal polnt sources that ultimately deposlt tn dust, 

soll, amblent water and food. Direct contamlnatlon of soll wlth mlne wastes 

wlll be a major local source of exposure In some areas. Infants and 

chlldren appear to be the most vulnerable segments of the populatlon to 

envlronmental lead, because, In addltlon to lnhallng alrborne lead and 

lngestlng dletary lead, they tend to Ingest dust and soll as part of thelr 

normal behavlor. ' Indeed, oral Ingestton o f  dust and soll can be the predom- 

inant uptake mechanlsm ln Infants and young chlldren. These same behavloral 

tendencies place them at rlsk for InqestInq lead-based palnt chips. 

The blologlcal effects of lead In tnfants and children have been related 

to blood lead levels, whlch are determtned by the comblned uptakes from the 

resplratory and dlgestlve tracts. Uptake from both routes can be expected 

to vary apprectably wlth the nature dna voxlmlty of the exposure source, as - 
well as age-related physlologlcal vdr  !abler that lnfluence Intake and 

absorptlon efflclency. 
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Although dust, sol1 and dietary lead are largely derived from atmo- 

spheric deposltlon, slmple relatlonshlps between alrborne lead conccntra- 

tlons and blood lead levels useful for derlvlng age-speclflc and medla- 

speclflc rlsk assessments are not avallable. However, medla- and age- 

spectflc uptakes can be predlcted uslng a multlmedla uptake assessment 

model, glven certaln assumptlons regardlng the nature and proxtmlty to the 

exposure source, levels of lead In each medla, and behavloral and physlo- 

loglcal varlabler that Influence Intake and absorptlon. A bloklnetlc model 

can then be used to predlct age-speclflc blood lead levels assoclated wlth 
- 

multlmedla uptakes. Thls multlmedla Uptake/Bloklnetlc Model approach Is 

descrlbed In greater detall In Chapter 4. 
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4. RISK CHARACTERIZATION 

4.1. INTEGRATED LEAD UPTAKE/BIOKINETIC EXPOSURE RODEL 

Thls sectlon describes the Uptake/Bloklnetlc Hodel developed by OAQPs 

(U.S. EPA, 1989a) and New York Unlverslty (Harley and Knelp, 1985) that 

estlmates age-speclflc blood lead levels assoclated w l  th levels o f  contlnu- 

ous exposure to air, dletary, drlnklng water, dust/soll and palnt lead 

sources. The uptake model accepts site-speclflc data or default values for 

lead levels ln each medlum. fhls lnformatlon 1s  comblned wlth asrumptlons 

regardlng behavloral and physlologlc parameters that determine Intake and 

absorptlon of ltad from each medlum to yleld estimated rates of lead uptake 

. 

into the blood. Behavloral and physlologlc parameters are adjusted for 

dlfferent ages and Include such Items as tlme spent Indoors and outdoors; 

tlme spent sleeplng; dlet; dust/soll Ingestion rates; dally breathlng 

volumes; deposltlon efflclency tn the resplratory tract; and absorptton 

efflclency In the rcsplratory and gastrolntestlnal tracts. 

The bloklnetlc model accepts uptake predlctlons and computes age- 

speclflc blood lead levels based on a slx-compartment bloklnettc model of 

tlssue dlstrlbutlon and excretlon of lead. The model Incorporates default 

assumptions regardlng rate constants for transfers between blood and four 

physlologlc compartments: bone, kldney, llver and gastrolntestlnal tract. 

Transfers from blood to urlne, llver to the gastrolntestlnal tract and 

mother to fetus are also consldered. These assumptlons Include adjustments 

that reflect age-related changes In metabollsm and physlology that affect 

the dlstrlbutton and excretlon of lead (e.g., bone turn-over rates). The 

Uptake/Btoklnetlc Hodel sums predlcted uptakes over tlme to yleld estlmates 

of blood lead levels assoclated wlth contlnuous uptakes over the llfespan. 
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The uptake/bloklnetlc approach Is extremely versatlle and flexlble In 

that age-speclflc predlctlons can be made for mu1 tlmedla exposures. Uptake 

from all sources by all absorptlon routes can be separately modeled. This 

provldes an estlmate of the relative Impact of changes In levels of speclflc 

medla on blood lead levels. The default assumptlons and values on m l c h  

uptake rate and blood lead calculatlons are based can be replaced with 

slte-speclflc data or revlsed defaults. Thus, the model can be updated as 

new lnformatlon on exposure level, Intake and uptake parameters become 

avallable. Thls can be used to explore predlctlons regardlng the Impact of 

future trends In envlronmental lead levels resultlng from proposed control 

efforts and regulatlons. 

- 

4.1.1. Esttmates of Lead Uptake. Presented tn Table 4-1 1s the calcula- 

tlon scheme for derlvlng estlmates of lead uptakes from four prlmary routes 

o f  exposure to envlronmcntal lead: Inhaled alr lead, lead In the dlet, lead 

ln dust/soll and lead In drlnklng water. For lllustratlon, uptakes are. 

calculated for 2- to f-year-old chtldren (24-36 months of age) who were not 

exposed to lead palnt. However, the model wlll accept estlmates of Intake 

from lngestlon of’lead In paint. Thlr Is dlscussed further In Sectlon 4.1.2. 
_ _  

.- 
I 

Formulas and default assumptlons for each step In the uptake calcula- - 

tlons are enumerated below (numbers refer to computatlonal and Input steps 

In Table 4.1). - 

1. Outdoor Alr Lead. The exposure concentratlons (pg/ma) are 

Inputs to the model. These can conslst of  sltc monltorlng data or predlc- 
_ _  

- tlOnS based on tlte-spcelflc source rnrljsIs such as those derlved from the 

Industrtal Source Complex Dlsperslon Model ( U . S .  €PA, 1986~). - 
2. Indoor Atr Lead. The user I s  gIran the optton of elther enterlng 

a value for lndoor alr lead or cstlmatlng rndoor alr lead from outdoor alr 
-. 
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TABLE 4-1 

, .- 

Lead Intake and Uptake In 2- to 3-Year-Old Chlldren Exposed 
to Lead In Alr, Dtet; Dust, Sol1 and DrInkIng Water' 

s 

Parameter Default Value 

7 .  Outdoor alr lead (rg/mJ) 
2. Indoor alr lead (rg/ms) 
3. Tlme spent outdoors (hour/day) 
4. Tlme welghted average (rg/mJ) 
5. Breathing volume (m'/day) 
6. Lead Intake from breathlng alr (rg/day) 
7. X Resplratory deposltlon/absorptlon 
8. Lead uptake from alr (&day) 

9. 
10. 
11. 

12. 
13. 
14. 
15. 
16. 
17. 
78. 

19. 
20. 
21. 

- 22. 
23. 

24. 

,Lead Intake from dlet (rg/day) 
X gastrolntestlnal absorption 
Lead uptake from dlet ( & l a y )  

Outdoor soll lead (rg/g) 
Indoor dust lead (rg/g) 
Da 11 y s o l  1 -dust Ingest lon (mg/day ) 
Welghtlng factors (soll/dust) 
Lead Intake from dust and soll (rg/day) 
X gastrolntestlnal absorptton 
Lead uptake from dust and so l l  (pg/day) 

Drlnklng water lead (rg/k) 
Drlnklng water Intake (r/day) 
Lead Intake from drlnklng water (rg/day) 
%. gastrolntestlnal absorptlon 
Lead uptake from drlnklng water (rg/day) 

Total lead uptake (rg/day) 

0.25 
0.08 
3 
0.10 
5 
0.5 

32 
0.2 

6.8 

3.4 
50 

200 
200 

0.1 
45/55 
20 
30 

6.0 

4 
0.5 
2 
50 
1 

10.6 
~ ~~ 

+Children not Ingestlng lead paInt 
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lead. When the second optlon Is selected, Indoor alr lead Is calculated as 

follows: 

[PbIAl - 0 . 3 0  [PbIAo 

where [Pb],, and [PbIAo are the concentratlons o f  lead In lndoot and 

outdoor alr, respectlvely, and 0.30  Is an emplrlcally derlved conversion 

factor (see Sectlon 3.3.1.1. ) .  Indoor alr lead Is calculated In Table 4-1 

as follows: - 
[PbIAI - (0.30)(0.25 rg/m') - 0.08 ,,g/m' 

3. Tlmc SDent Outdoors. Slnce -children may be exposed to lead In 

both outdoor and Indoor alr, exposure concenttatlons should reflect tlme- 

welghted averages of exposure to both envlronments. The tlme-welghted 

exposure level will be hlghly dependent on the amount of tlme chtldren spend 

outdoors. Actlvlty patterns of children vary consldcrably with age, season, 

gtographlc locatlon and cultural factors. Therefore, In estlmatlng tlme- 

welghted average exposure concentratlons, these factors should be charac- 

terlzed In the populatlon of Interest. The model defaults to a value of 3 

* !  
hours/day for outdoor actlvIty of 2- to 3-year-old chlldren. 

4. Tlnw-weluhted Averaue Alr Lead Concentratlan. Computatlonal 

strategles for estlmatlng time-welghted exposure concentratlons are 

dtscussed In Sectlons 3.3.1.1. and 3 .3 .1 .2 .  In Table 4-1, the tlme-welghted 

average alr conccntratlon ([PbJTWA) 1 s  calculated as follows: - 
[PblTyA (([PblAo lo) ([PblAI '1)) (1124) 

where To and TI are the tlmes spent outdoors and Indoors, respcctlvely. 

The calculation In Table 4-1 Is as fo l lows:  

[PbJmA = ( (  (0.25 ug/ma)(3 hr))+( ( 0 . 0 8  rg/m')(21 hr)))/24 

= 0.10 ug/m' 

.. 
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5. Breathlnq Volume. The model uses a default value o f  5 mJ/day 

for the average dally breathing volume of 2- to 3-year-old chlldren. 

However, as dlscusred in Section 3.3.1.3., breathlng volume may vary 

conslderably from this value, depending on body slze and physlcal actlvlty. 

6. Lead Intake from Breathlnu Air. Intake from breathtng (I ) Is A 
calculated as follows: 

and absorptlon 

partlcle size, 

i ts proxlmt ty 

- IA = [PblTWA 

where V Is the dally breathlng tolume (ma/day) and [PbITWA Is the 

exposure concentratlon (vg/ma). Intake Is calculated In Table 4-1 as 

follows: 

= (5 m'/day)(O.lO pg/mr) = 0.5 pglday I A 
7. Resplratory Deposltlon/Absorvtlon of Inhaled Lead. The deposltlon 

efflclencles of partlcles In the tesplratory tract vary wlth 

whlch may be related t o  the nature of the exposure source and 

see Section 2.2.1.1.). The model uses a default value of 32% 

for the estlmated percent deposltlon and absorption of  Inhaled lead 

partlcles for 2- to 3-year-old children. 

8. Lead Uptake from Inhaled Lead. Lead uptake from lnhalatlon of 

airborne lead (UA, rg/day) Is calculated uslng the equatlon In Sectlon 

3.3 .1 .  : 

Oh 'A ' A  

where IA Is the Intake of alrbornt lead by the resplratory tract 

(pg/day) and DA Is the product of  tht rcsvlratory deposition and absorp- 

tIon fractlons. For the example presented !n Table 4-1, uptake Is calcu- 

lated as follows: - 
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9. Dletary Lead Intake. A s  dlscussed In Sectlon 3 .3 .2 . .  typical 

dlctary lead Intakes for each age group are deflned from the results of 

Market Basket Surveys and analyses of food lead content (U.S. FDA, 1983, 

1984; PennIngton, 1983). The values presented In Table 4-1 are based on 

data from dletary surveys completed In 1988. However, current dletary 

levels may be lower because of decreases of lead In canned food (Cohen, 

1988a.b). Sttategles for projectlng survey data forward In tlme to account 

for these changes are dlscussed In Sectlon 3.3.2. 

In the example presented In Table 4-1, the default values for dletary 

lead Intake used In the model do not change wlth lncreaslng alr, so l l  or 

water lead. The basis for thls assumptlon Is that the typlcal U.S. dlet 

conslsts of foods harvested and processed In dlverse geographtcal locatlons. 

Thus, envlronmental contrlbutlons are not likely to be related to local 

envlronmental lead levels. fxceptlons to thls can be antlclpated. For 

example, In rural areas where consumptlon of hom-grown vegetables 1 s  

comon, local air or sol l  lead levels may be an Important determinant of 

dietary Intake. In thls case, slte-speclflc estlmates of dletary Intake or 
9 
8 

adjustments to the atmospherlc source category could be used In the model In 

place of default values. The model accepts data on the concentrations of 

'oad In home-grown fruits and vegetables, locally harvested flsh and game 

ialmals, and data on the estlmated portion of the diet derlved from each 

food category. This lnformatlon Is lncorporated Into the calculations of 

dletary and total lead uptakes. 

10. p Qsttolntestlnal Absorptlon of  Olctdry Lead: Emplrlcal observa- -. 

tlons suggest that gastrolntestlnal absorpt lon of dlctary lead decreases 

from a range of IO -SOX In Infants to 7-15% In adults (see Sectlon 3.2.2.). 
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Slnce there Is  evldence to suggest that saturable (passlve) and nonsaturable 

(actlve) mechanlsms contrlbute to the gastrolntesttnal absorptlon o f  lead, a 

comptehenslve model of absorptlon should Include quantltatlve expresslons 

for both passlve and actlve mechanlsms. Both 'llnear' and .nonlinear 

actlve-passlve' models of gastrolntestlnal absorptlon have been Incorporated 

Into the lead Uptake/Bloklnetlc Model. The user l s  glven a cholce as to 

whlch model Is to be used to estimate lead uptake. The llnear model assumes 

a constant absorptlon coefflclent for dletary lead of 0.50, representlng the 

hlgh end of the range of emplrlcal observatlons In lnfants. The followlng 

s 

- 

relatlvely slmple actlve-passlve model has been Incorporated Into the 

Uptake/Bloklnetlc Model (Marcus, 1990). The' model assumes a 'Rlchaells- 

Renten type' of saturable functlon for the actlve component of lead absorp- 

tlon. The absorptlon coefflclent (Ao) at any glven dletary Intake 1 s  

expressed as the sum of the passlve absorptlon coefflclent (ADp) and the 

actlve absorptlon coefflclent (ADA), factored by the concentratlon for 

lead In the gastrolntestlnal tract and the apparent Km for actlve absorp- 

tlon, as follows: 

= dletary absorptlon coefflclent 
I coefflclent for nonsaturable (passlve) absorptlon 
I coefflclent for saturable (actlve) absorptlon 

*OP 
*DA 
[PbJs1 I conccntratlon of lead l n  the gastrolntestlnal tract (pg/r) 
Km I apparent Km for saturable absorptlon (rg/r) 

In the above model, the absorptlon coefflclent decreases as the concen- - 

tratlon of lead ln the gastrolntestlnal tract ([PbIGI) approaches and 

exceeds the Urn for actlve absorptlon. The value of [PbJc1 depends on both 

Intake of lead and gastrolntestlnal volume, and thus wlll be age-dependent. 
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The default values for 2- to 3-year-old chlldren that are used ln the 

model are as follows: 

I 

w 
AD 

A~~ 
rPblGr = 

I 

*DP 

Km = 
s 

0.5 for the default dletary Intake of 6.8 rg/day 
0.15 
0.35 for the default dletary Intake of 6.8 rg/day 
36 rg/r for the default dletary Intake of 6.8 rg/day 
100 mg/t 

The relatlvely hlgh value for Km of, 100 mg/k was selected to force the 

model to be llnear over antlclpated dletary Intakes In children (i.e., 

constant saturable absorptlon coefflclent). Thus, the values for saturable 

and nonsaturable absorptlon coefflclents sum to yield an absorptlon coeffl- 

clent of 0.50, ldentlcal to the default value used ln the llnear model. 

However, the default outputs of the llnear and actlve-passlve models dlverge 

slgnlflcantly If the value for the km Is decreased. Although the active- 

passlve model Is theoretlcally sound and Is a more accurate representation 

of gastrolntestlnal absorptlon than one In whlch the lead absorptlon coeffl- 

clent depends on Intake, strong emplrlcal support for values for each param- 

eter In the model Is lacking. Default values used In the Uptake/Bloklnetlc 

Hodel were selected as reasonable estlmates for these values and will be 

revlsed as new lnformatlon becomes avallable. 
- -  - 11.' Dletarv Uptake. Dietary uptake (UD)  Is calculated as follows: 

UD = I D  AD 
-. 

where ID (vg Pb/day) 1s  the Intake from dletary sources and AD ls the 

fractlonal gastrolntestlnal absorptlon o f  dletary lead. In the example .- - - 
presented In Table 4-1, the calculatlon 1s as follows: 

= (6.8 rg/day)(0.50) = 3 .4  rg/day uD 
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7 5 4 9  
12. Soil  Lead. The model accepts moCltorIng data for lead In s o i l ;  In 

the absence of data, a default value of 200 ug/g l s  used. Amounts and 

patterns of lead dlstrlbutlon In s o l 1  vary conslderably depending on the 

nature of the lead source. Emplrlcal relatlonshlps used to predlct soll 

lead levels assoclated wlth atr lead sources and levels around mlnlng sltes 

are dlscussed ln Sectlon 3.2.2. To Illustrate the computatlon scheme In the 

~ lead Uptake Model, the default value of 200 pg/g I s  presented In Table 4-1. 

13. Indoor Dust Lead. The Lead Qptake Model allows the user to select 

from three optlons: 1 )  accept a default value of 200 rg/g; 2) Input 

values ln place of the default value, or 3) accept a multlple source model 

that partltlons Indoor dust lead Into several contrlbutlng sources. The 

multlple source model sums the contrlbutlons of external envtronmental 

sources (1.e.. alr and s o l l )  and 'all other' sources to arrlve at total 

Indoor alr lead (see Section 3.2.2.). In the example presented tn Table 

4-1, optlon 1 1s used [l.e., Indoor dust lead I s  assumed to be equal to s o l l  

lead (200 rg/g)]. 

14. Amount of Dlrt Inrlested. A s  dlscussed In Section 3.3.3.2., the 

amount o f  dltt (e.g., dust and s o l l )  Ingested dally can be expected to vary 

wlth age and tendency for s o l l  plca. In the example presented In Table 4-1, 

a value o f  0.10 mg/day i s  assumed for 2 -  to 3-year-old chlldren. 

15. Yelqhtlnq Factors for Soi l  and Indoor Dust. The relatlve amounts 

o f  soll and indoor dust lead that are  rngcrted depend on tlme spent Indoors 

and outdoors and actlvlty patterns ullhln each envlronment. The model uses 

default wclghtlng factors of 0.45 for  1 0 1 1  d n d  0 . 5 5  for Indoor dust. 

16. Lead Intake from Inqestlnq So11 and Indoor Dust. The comblned - 

lead intake from lndoor dust and sol1 ( I D s )  are  calculated as follows: 

IDS = 'SOIL IO"S1 
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where ISOIL Is the amount of sol1 lead Ingested and IDUST Is the amount 

of Indoor dust lead Ingested each day. 

Lead Intake from sol1 (IsoIL) and Indoor dust (IousT) are calculated 

as follows: 

[PbJSOIL DSING (0 .45)  ISOIL 

IDUST = [PbJDUST OSING (0 .55)  

uhere: 

= concentration of lead In sol1 (pg/g) 
= concentratton of lead In Indoor dust (rg/g) 
= amount of Indoor dust and sol1 Ingested (g/day) 
= Indoor dust welghtlng factor 

lPb JSOIL 
rPb JOUST 
D S ~ ~ ~  
0.55 
0.45 I sol1 welghtlng factor 

In the example presented In Table 4-1, the calculatlons are as follows: 

= 200 (rg/g) 0.1 (glday) 0.45 = 9 (rg/day) 

= 9 (rg/day) + 11 (rg/day) = 20 (rg/day) 

OSOIL 
'OUST = 200 (rg/g) 0.1 (giddy) 0.55 = 11 (rg/ddy) 

IDS 

17. X Lead Absorptlon from Dirt. Quantltatlve Infotmatlon on absorp- 

tion effIcIency of lead from Ingested dust and sol1 In humans Is lacklng. 

As discussed In SectIon 3.3.3.3..  experlments wlth anlmals IndIcate that 

1-ead In sol1 may be absorbed less than lead In food; the results of In vitro 

studles IndIcate that lead Is llkely to be solubllired In human gastric 

fluids. Both linear and nonlinear actlve-passlve models of gastroIntestIna1 

absorptlon of lead from Ingested water have been Incorporated Into the Lead 

Uptake/BIokInetlc Model (see dlscusslon of gastrolntestinal absorptlon of 

dletary lead In this sectlon for a descrlptton of the nonllnear active- 

passive model). The user Is glven a cholce about whtch model to use to 

.. . 

. .. 

-- estimate lead uptake. The llnear model assumes a constant absorptlon 
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coefflclent of 0.30 for soll-dust lead, whlch Is lower than value o f  0.50 

asslgned to dletary lead, reflecting the emplrlcal evldence for lower 

absorptlon from soll. The actlve-passlve model Is  as follows: 

ADS = ADSp + (ADSA/(1+( [PbIGI/Km)')) 

where: 

ADS P absorptlon coefflclent for dust-sol1 lead 

ADSP 

AOSA 

= coefflclent for nonsaturable (passlve) absorptlon 

= coefflclent for saturable (actlve) absorptlon - 
[ P ~ J G I  P concentratlon o f  dust-sol1 lead In the gastrolntestlnal tract 

Km 

( rg/n 1 
= apparent Km for saturable absorptlon (rg/&) 

The default values for 2- t o  3-year-old chlldren who are used In the model 

are as follows: 

= 0.3 for the default. dust-sol1 lead Intake of 20 rg/day 

= 0.15 for the dust-sol1 lead Intake of 20 rg/day 
= 0.15 

ADS 

[PbJGI = 107 ,,g/r for the default dust-sol1 lead Intake of 20 rg/day 
Km = 100 mg/r 

The default value for the Km for actlve absorptlon has been set at 100 

mg/r to force the model to llnearlty. Thus, the actlve and passlve 

absorptlon components sum to 0.30, whlch Is ldentlcal to the default value 

for the llnear model. 

18. Lead Uptake f r m  Oust and Soll. Lead uptake from Ingested dlrt 

( U  ) Is calculated as follows: OS 

"os = I D S  ADS 
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where IDS 1s  the Intake from dust and soll (rg/day) and ADS Is the 

ftactlonal absorptlon. In the example presented In Table 4-1, the calcula- 

tlon 1s as follows: - (20 ~g/day)(0.30) = 6.0 rg/day "OS 
However, when default values for the model are used the outputs of the 

llnear and actlve-passlve models dlverge slgnlflcantly I f  total Intake to 

the GI tract exceeds 100 pg/day. Thls wlll occur when soll lead levels 

ixceed 1000 ppm. 

19. Drlnklns Water Lead (us /tu. The default value for lead ln 

drlnklng water Is 4 rg/t. 

20. Drtnktns Uater Intake. The default value for dally water lntake 

In 2- to 3-year-old chlldren i s  0.5 &/day. Thls Includes tap water con- 

sumed as water; tap water used to prepare food and beverages Is consldeted 

ln the dietary sectlon o f  the model. 

21. Lead Intake from Drlnklna Yater. Lead Intake from drlnklng water 

Is calculated as follows: 

where (Pb],, (vg/l) 1 s  the average dally concentratlon of lead ln - 
drlnklng water and YIN6 Is the average amount of drlnklng water Ingested. 

In the example presented In Table 4-1, the calculation of lead Intake from 

drlnklng water Is as follows: - _  
= 4 (pg/t) 0.5 ( t / d a y )  = 2 ug/day. *Y 

22. Qstrolntcstlnal Absorptlon of Drlnklna Water Lead. The . _. 

approach taken for calculatlng gas t r o l n t c r t  lndl absorptlon of drlnklng water 

lead Is ldentlcal to that dtscrlbed prev!ourly for dletary lead. The user - 
Is glven the cholce between a llnear model or a nonllnear actlve-passive 

-a 
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model. The default value for the absorptlon coefflclent In the linear model 

Is 0.50. The Km for actlve absorptlon Is set to yleld a sum of 0.50 for the 

actlve and passive absorptlon components. 

23. Uptake of Drlnklnu Water Lead. Lead uptake from drtnklng water i s  

calculated as follows: 

UW = I,, A,, 

where 1" (pg/day) Is the Intake from drlnklng water and A,, Is the 

fractional absorptlon of Ingested lead. In the example presented ln Table 

4-1 Is as follows: 

- 
- 

U,, = 2 (rg/day) 0.5 = 1 rg/day. 

24. Total Lead Uptake. Total lead uptake (UT) Is the sum o f  uptakes 

from breathlng lead In alr, dlet, drlnklng water and dust/soIl Ingestion: 

In the example 

exposure to 0.25 

UT = UA + UD t UDS t UW 

presented In Table 4-1, the total uptake assoclated with 

pg/m' Is calculated as follows: 

= 0.2 t 3 . 4  t 6.0 t 2.3 I 10.6 pg/day 

The calculatlon of medla-speclflc uptakes presented ln Table 4-1 shows 

that the largest contrlbutlon to total uptake in 2- to 3-year-old children 

Is from dust, sol1 and dlet. The contrlbutlon of Inhaled alrborne lead Is 

relatlvely minor. Because of the relatlvely large contrlbutlon of dust and 

soll and dlet lead to total uptake, predlctlons o f  total uptake wlll be 

highly sensltlve to changes In the values of Input parameters related to 

these exposure ntedla. Several examples are Illustrated In FIgures 4-1 

through 4-3. 

flgure- 4-1 shows the change In predlcted total lead uptake in 2- to - 

3-year-old children as soll and dust lead increases from 100-1200 pg/g. 
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FICURE 4-1 
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- .  
Total Lead Uptake In 2- to 3-Year-Old Chlldren Exposed to Varlous Levels 

o f  Sol1 Lead as Ptedlcted by the Lead Uptake Model. Each lfne represents 
the predlcted lead uptake rssualng dlffetent values for the gastrolntestlnal- 
absorptlon coefffclents (ADS! 'or dust and roll (10, 30 or 50%). 
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Three dlfferent values for' the gastrolntestlnal absorptlon coeff lclent for 

dust and s o l l  were assumed In each plot (Le., ADS = 10, 30 or 50% Ilnear 

absorptlon model). Values for all other parameters remalned constant. The 

flgure Illustrates the sensltlvlty of the model to changes In the value of 

the dust and soll absorptlon coefflclents over a range that Is easlly 

accomnodated by the currently avallable emplrlcal data on gastrolntestlnal 

abSOrptlOn of lead. - 
The model Is also hlghly sensltlve to the values used for gastrolntes- 

tlnal absorptlon of dletary lead. The model defaults to gastrolntestlnal 
- 

absorptlon coefflclents of 50% for both dlet and drlnklng water; however, a 

value of 30% would not be entlrely lnconslstent wlth currently avallable 

emplrlcal data. The effect modlfylng the absorptlon coefflclents for dlet 

and drlnklng water from 50 to 30% In 2- to 3-year-old chlldren ls lllus- 

trated In Flgure 4-2. The result 1s a downward parallel shift in the 

uptake-sol1 lead relatlonshlp. Thus, the model predlcts that at a so11 lead 

of 200 vg/g, decreasing the gastrolntestlnal absorptlon coefflclents for 

dlet and drlnklng water from 50 to 30%, wl11 decrease total lead uptake 

by 30%. 

The model predicts that uptake from drlnklng water wl71 have the next 

* greatest impact on total lead uptake, after dust-sol1 and dletary lead 

uptakes are consldered. However, the contrlbutlon of drlnklng water lead I s  

relatlvely small, compared wlth the contrlbutlon of dust-sol1 and dlet. 

Hence, decrtaslng the concenttatlon of  lead In drlnklng water from 4 to 0 

vg /1  will have a relatlvely small effect on total lead uptake In 2- to 

3-year-old children (see Flgure 4-3). 

4.1.2. Uptake of Lead from Ingested Palnt. In the example presented In 

Table 4-1, It was assumed that the populatlon of 2- to 3-year-old chlldren 
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was not expos5d to lead from palnt. However, lngestlon of lead-based palnt 

chips can be a qUantltatIVe1y Important source for lead uptake ln chlldren 

llvlng or playlng tn areas in whlch decaylng palnt surfaces exlst. Lead 

levels In the Indoor dust of homes wlth lead palnt can be 2000 ,,g/g (Hardy 

et al., 1971; Ter Haar and Aronow, 1974). A chlld who Ingests 0.1 g of 

Indoor dust each day would have a palnt lead Intake of 200 ,,g/day. 

Although not illustrated In the example, the model accepts Input o f  age- 

speclflc estlmates of Intake from lea9 palnt and Incorporates these values 

In the calculatlon of total lead uptake. The cornputatlon strategy ls 

slmllar to that used for calculatlng uptake from lngestlon o f  sol1 and 

lndoor dust lead. Nonsaturable and saturable abrorptlon mechanisms are 

assumed to contrlbute to the uptake of lead solublllzed from palnt In the 

gastrolntestlnal tract. 

The effect of lead palnt lngestlon on total lead uptake can be lllus- 

trated In the folloulng example. Keeping all other parameters ln Table 4-1 

the same, an addltlonal Intake of 200 rg/day o f  palnt lead In a 2- to 

3-year-old chlld Increases total lead uptake from 10-58 rg/day. 

4.1.3. Uptake and Blood Lead Concentratlons. Knelp et al. (1983) 

developed a bloklnetlc model for lead from data obtained In slngle dose and 

chtonlc lead exposure of Infant and juvenlle baboons. Estlmated physlologl- 

cal and metabollc parameters for humans have been Incorporated into the 

model for baboons to develop a predlctlve model for humans (Harley and 

Knelp, 1985). The resultlng bloklnetlc 

selected by the Office of Alr Quallty 

(1989a) to estlmate age-speclflc blood 

total lead uptake. 

.- 

model (Harley and Knelp, 1965) was 

Plannlng and Standards o f  U.S. EPA 

lead levels assoctated wlth a glven- 
-. 
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The Harley and Knelp (1985) model deflnes flrst-order rate constants for 

exchanges between blood and four physlologlcal compartments that contain 

>95% of the lead body burden; bone, kldney, llver and gastrolntesttnal tract 

(Heard and Chamberlaln, 1984). Rate constants for transfer of lead from the 

llver to the gastrolntestlnal tract and from blood to urlne are also 

speclfled In the model (see Flgure 2-11. Rate constants are adjusted for 

- age-related changes In metabollsm that affect the klnetlcs of dlstributlon 

and excretlon of lead In chlldren. For example, uptake and ellmlnatlon rate 

constants for bone are adjusted to account for expected changes ln the rate 

of bone turnover ulth age (Harley and Knelp, 7985). Slmllatly, age adjust- 

ments In excretlon of lead In the urlne, the transfer of lead from blood to 

llver and the ftactlonal absorptlon from the gastrolntestlnal tract are 

Incorporated Into the model. 

The model predlcts levels of lead In blood, bone, kldney and llvcr asso- 

clated with contlnuous llfetlme uptake rates for chlldren of varlous ages. 

Whlle complete valldatlon of the model In humans I s  not posslble, comparl- 

sons can be made ulth the results o f  d\etary studies In humans. The follou- 

lng data and dlscusslon were taken from the recent OAQPS Staff Report on 

lead exposure analysls methodology and valldatlon (U.S. EPA,  1989a). Flgure 

4-4 compares the relatlonshlps between lead uptake and blood lead derlved 

- from the varlous studles on Infants d n d  adults. Desplte the dlverse nature 

of the populations, study deslgns and methodologies, there Is a falr degree 

of conslstcncy In the relatlonshlpr Each study found that a llnear 

functlon provlded as good a flt, l f  not better. than other nonllnear forms 

at the relatively low exposure levels lnvestlgated. Some experImenta1 and- 

epldemlologlcal data suggest, however. that the relatlonshlp between lead 

conccntratlons In tlssues and cumulatlve ledd Intake Is only approxlmately 

llnear at low levels of lntake, and that successlve lncrements ln Intake or 
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FIGURE 4-4 
--- Sumnary o f  Relatlonshlps Between Daily Lead Uptake and Blood Lead for 

Infants (Ryu et al., 1983; Lacey et al., 1983, 1985). Adults (Shcrlock et - 
al., 1982; Cools et al., 1976) and 2- to 3-Year-Old Chlldrcn, Derived from 
the Harley and Knelp (1985) Bloklnetlc Rodel 

Source: U.S. €PA, 1989a 
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exposure result ln progresslvely smaller contrlbutlons to blood lead concen- 

tratlons (Alar et al., 1975; Moore, 1977; Gross, 1981; Sherlock et al., 

1982). The curves drawn In Flgure 4-4 for Infants and adults Include 

smaller slopes for lead uptake values >20-40 ,,g/day. Thls cutvlllnear 

relatlonshlp may be due to Increased renal clearance wlth hlgher blood lead 

(Gross, 1981). dlstrlbutlonal nonllnearltles that may be due to dlfferences 

- In lead blndlng sltes In dlfferent tissues {Hamnond et al., 1981; Marcus, 

1985b; Manton, 1985), or to a sizable pool of moblle lead In bone malntalned 

more or less Independently of uptake (Rablnowltr et al., 1977; Chamberlaln, 
- 

1983). It appears, however, that none of the mechanlsms Introduce slgnlfl- 

cant nonllnearltles at blood lead levels <30 rg/dP (Marcus, 1984, 

'1985a.c; Chamberldln, 1983) and that d llnear mathematlcal model Is valld 

for relatlvely low to moderate lead exposures (U.S. EPA, 1986b). At levels 

>30-40 rg/dP, blood lead may be an Inadequate Index for tlssue lead 

burdens In many chlldren (Plomelll et al., 1984) 'and llnear models are 

llkely to lose thelr predlctlve power. For thls reason, the relatlonshlps 

deplcted In Flgure 4-4 are truncated at 30 pg/dr. To estimate PbB 

levels >30 ug/dP, whlch Is now above the PbB level o f  health-related 

concern for chlldren, use of nonllnear models dlscussed In the crlterla 

document would be requlred (U.S. €PA, 1986b). 

- The Harley and Knelp (1985) Model has been' extended In several 

dlrectlons, based on recent data, to develop the current verslon of the 

Uptake/Bloklnetlc Model. These extenslons Include the followlng: 

1. addltlonal compartmentatlon of the blood and bone lead pools 

2. klnetlc nonllnearlty ln the uptake of lead by red blood cells 

(Marcus, 7985a,c); 

at hlgh concentratlons (Marcus, 1985~); 

- 

3. transfer of  lead from the mother to fetus. 
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The blood lead compartment I s  dlvlded lnto plasma and red blood cell 

pools. The relatlonshlp between lead uptake and the concentratlon of lead 

In whole blood may be nonllnear at concentratlons >2O rg/dt (Harcus, 

1985a,c; Marcus and Schwartr, 1987). Thls may result from decreased blndlng 

of lead to erythrocytes at hlgh lead concentratlons (Barton, 1989). 

The bone compartment Is dlvlded lnto cortlcal and trabecular pools. 

Trabecular - bone develops earller and has a faster turnover (1-2 years) than 

cortical bone. In children, a large portion of the body burden of lead l s  

In the more m b l l e  trabecular bone pool. 
- 

The fetus recelves lead from the mother fi utero, and, thus, l s  born 

wlth a lead body burden that depends on that o f  the mother durlng pregnancy. 

The ratlo of newborn lead levels to maternal blood lead Is -0.8-0.9 (U.S,  

EPA, 1989a). A default ratlo of 0.85 Is used In the model to estlmate 

newborn blood lead concentration. Haternal blood lead levels are estlrnated 

from an uptake/bloklnetlc model developed by Allen Narcus (Battelle- 

Columbla) to emulate the uptake and bloklnetlcs of lead In the pregnant 

woman. The essentlal components of the model are slmllar to those ln the 

model used to ptedlct uptake and blood lead levels in the chlld, adjusted 

for physlologlcal values relevant to exposure and absorptlon. Intake from 

alr, dlet, dust-sol1 lngestlon, drlnklng water. and occupatlonal sources and 

absotptlon coefflclents for Inhaled and Ingested lead from each medlum are . .  

used to calculate ntdtum spectflc uptrktr. Uptakes are sumned to yleld 

total uptake, uhlch Is partltloned lnto the physlologtcal compartments of 

blood, bone, kldney and llver. Klnetlc parameters for compartmental 

transfers are adjusted for fetal age. 
.- 

- 
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4.2. CALCULATIONS OF PROJECTED HEAN BLOOD LEAD DISTRIBUTIONS: LEAD UPTAKE 

The Uptake/Bloklnetlc Model predlcts mean blood lead levels assoclated 

wlth deflned multlmedla exposure levels. However, to assess the r l s k s  

assoclated ulth such exposures In a glven populatlon and evaluate potentlal 

effects of regulatory or abatement declslons, the frequency dlstrlbutlon for 

the populatlon blood lead levels Is a more useful parameter than populatlon 

LEVELS 

means. 

will be 
- 

The 

The fractlon of the populatlon wlth the highest blood lead levels 

the focus of regulatory and abatement declslons. 

dlstrlbutlon of blood lead levels Is approximately log normal ( U . S .  
- 

EPA, 1986b) and, thus, Is deflned by Its geometric mean and GSD. It Is, 

therefore, posslble to calculate the frequency dlstrlbutlon for blood lead 

levels, glven a mean blood lead level and estlmated GSD for the populatlon. 

Estlmated GSDs for blood lead levels I n  humans range from 1.3-1.4 (Tepper 

and Levln, 1975; Azar et al., 1975; Bllllck et al., 1979). Schwartr (1985) 

estlmated a GSD of 1.428 for young chlldren after removlng the varlance In 

blood lead levels attrlbutable to air lead exposure. 

The OAQPS analyzed the NHANES I1 data on blood lead levels In adults; 

estlmated GSDs are 1.34-1.39 for adult women and 1.37-1.40 for adult men 

(U.S. EPA, 1986b). The OAOPS (U.S. €PA, 1989a) also analyzed data from 

vatlous studles of blood lead levels ln chlldren llvlng near lead polnt 

sources (e.g., smoke stacks, smelters) (Baker et al., 1977; Yankel et al., 

1977; Roels et al., 1980; CDC, 1983; Hartuell et al., 1983; Schuartz et al., 

1986). The OAQPS concluded that 

'Untll addltional data are avallable, a range of 1.30-1.53 wlll 
therefore be assumed for chlldren llvlng near polnt sources as a 
reasonable range o f  GSD values (Roels et al., 1980; CDC, 1983), and 
the mldpolnt of 1.42 will be assumed as a reasonable best estimate.' 

- 
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The Uptake/Bloklnetlc Hodel assumes a GSD of 1.42 as a default v'llue. 

It should be noted, however, that thls value pertalns to falrly homogeneous 

populatlons (wl th respect to behavloral and pharmacoklnetlc factors) exposed 

to slmllar mean levels of lead from the same sources. Other dlstrlbutlons 

. -  

and levels of varlablllty may be encountered In populatlons havlng subgroups 

exposed to very dlfferent soll or alr lead concentratlons. 

- Flgure 4-5 shows the probablllty dlstrlbutlon of blood lead levels In 

2- to 3-year-old chlldren as predlcted by the Uptake/Bloklnetlc Hodel a.nd 

assumtng a GSD for blood lead of 1.42. The parameter values presented In 

Table 4-1 were used to calculate uptake; maternal blood lead was assumed to 

be 7.5 rg/dP. The model predlcts a mean blood lead level of 2.98 

rg/dr and that 0.02% of the chlldren u l l l  have blood lead levels >10 

rg/dt, the low end of the range of concern for adverse health effects 

( 1  .e., 10-15 rg/dL). Flgure 4-6 shows ' the predlcted relatlonshtp 

between total lead uptake and mean blood lead level In 2- to 3-year-old 

chlldren. The numbers above each polnt on the graph lndlcate the percent of 
1 

chlldren who are predlcted to have blood lead levels >lo rg/dt. 

Several valldatlon exerclses were undertaken to test the performance of 

the Uptake/Bloklnetlc Hodel for predlctlng mean blood lead levels and . -  

dlstrlbutlons In human populatlons (U.S. EPA, 1989a). Results of the most 

extensive evaluatlon are shown In Flgures 4-7 and 4-8. The Uptakc/B!o- 

klnetlc Hodel was used to predict blood lead levels In 299 chlldren llvlng 

.- 

In the vlclnlty o f  lead smelter. The frequency dlstrlbutlon of the 

predlcted blood lead in lndlvldual chlldren was compared to the observed 

dlstrlbutlon. When slte-speclflc data f o r  a l r ,  dust and soll lead were used - 

In the model, predlcted and observed mean blood lead levels and dlstrlbu- 

tlons were essentlally Identical up to the 90th percentile (see Flgure 4-71. 

4-24 01 /03/91 



I 

1 

FIWilt 4 - 5  

Probab l l l ty  D ls t r lbut lon  o f  Blood Lcdd Levels I n  2- t o  3-Year-Old 
Children as Predlcted by the Lcrd Uotste/Bloktnetlc Model. Uptake - 
pararrrters used t o  ca lcu la te  blood l c r d s  r r c  Shown tn Table 4-1. Maternal 
blood lead was assumed to  be 7.5 ~ g / d t .  A value  of 1.42 was assumed for 
the GO; 
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FI6URt 4-6 

Clean Blood Lead Levels In 2- to 3-Year-Old Chlldren vs. Total Lead 
Uptake as Predicted by the Lead BIoklnatlc Model. Naternal blood lead was' 
assumed to be 7.5 rg/dfi. A value o f  1.42 was assumed for the GO. 
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FIGURE 4-7 

Comparlson of Dlstrlbutlon of Measured Blood Levels In Chlldren 1-5 
Years o f  Age, Llvlng Ylthln 2.25 Wlles of a Lead Smelter with Levels - 
Predlcted from the Uptake/Bloklnetlc Model. Heasured dust and toll lead 
levels were Included In the input parameters to the model. 

Source: U.S. €PA, 1989a 
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FIGURE 4-8 

._ . Conpartson of Olstrlbutlon o f  Neasurcd Blood Lead Levels In Chlldren 1-5 
Years of Age, LIvlng Ylthln 2.25 Hlles o f  a Lead Smelter with Levels - 
Predicted from the Uptake/Bloklnetlc Hodel. Oust and sol1 lead levels were 
estlmated ustng default calculatlonr. 

Source: U.S. EPA, 1989a 
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Above the 90th percentile, the model sllghtly underpredlcted blood lead 

levels. When default estlmates of dust and soll lead were used In the 

model, predlcted mean blood lead levels were wlthln 2% of those observed; 

however, the model agaln sllghtly underpredlcted blood lead levels at the 

hlghest percentile (see FIgure 4-8). 

4.3. SUHHARY 

- The Uptake/Bloklnetlc Hodel can be. used to predlct blood lead levels 

associated wlth multlmedla exposures to lead ln alr, dlet, dust and soll. - 
The uptake model accepts monitoring data or estimated values for the levels 

of lead In each medla and predicts a range of lead uptake rates that w i l l  

result from exposure to each medium. The bloklnetlc model accepts estlmates 

of total lead uptake and ptedlcts mean levels of lead In blood, bone, llver 

and kidney for chlldren of dlfferent ages. Hean lead levels can then be 

used to estlmate frequency dlstrlbutlons for lead levels in populations of 

ch,lldren, assumlng a log normal dlstrlbutlon and a speclfled GSD. The 

results of several valldatlon exetclses lndlcate that the Uptake/Bloklnetlc 

Hodel accurately predlcts mean blood lead levels assoclated wlth multlpedla 

exposures In chlldren; however, I t  may underpredlct the hlghest level 

expected to occur In an exposed populatlon. . .  
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