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Preface 

This report includes a tact sheet, Technical Review Workgroup for uad (TRW) Recommendations 
far an Interim Approach to .AJSessing Risks Associated with Adult Erposures to Lead in Soti along 
with an ApperKJix, Equadons and RaJionale for Default Values Assigned to Parameters in the Slope 
FfJdtlr Approach and&po.rureMtxi2lfor .A.ssessing R1sJc As.sociatedwith Adult &posuru to Uml 
in Soil, which discusses in greater detail the equations Uld parameters used in the methodology. 
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1. INTRODUCTION 

11is report desc;ribes a methodology for assessing risks associated with non-residential adult 
exposwea to lead in soil The methodology focuses on estimating firud blood lead concentration in 
women exposed to lead contaminated soila. This approach also provides tools that can be used for 
evahPring risks of elevated blood lead concentrations among exposed adults. The methodology is 
the product of extensive evaluations by the Technical Review Workgroup fur Lead (TRW) which 
began considering methodologies to evaluate nonresidential adult exposure in 1994 (Balbus-Komfeld, 
-1994; U.S. EPA, 1994a). In 1995, the TRW reviewed a methodology developed byEPAR.egion 8 
tor deriving risk-based remediation goals (RBRGs) fbr nonn:sidc:ntial soil at the Cali1bmia Gulch NPL 
site (U.S. EPA, 199S). A TRW committee on adult lead risk assessment was f'onnecl in January, 
19961o further develop the ideas and information gathered u pan of these previOUB efforts into a 
generic methodology that could be adapted for use in site-specific assessments. 

This report provides technical reconunendations of the TRW for the assessment of adult lead 
risks using this methodology. An overriding objective in the development of thh methodology was 
the immediate need for a sciauifically dcferusiblc approach for assessing adult lead risks associated 
with nonresidential exposure scenarios. The TR.W recognizes that other adult lead models may 
provide useful information. In particular, models providing more detailed representations of lead 
kinetics may be useful in supporting more detailed predictions about the time course of blood lead 
concentrations among individuals who receive brief acute exposures to lead or whose exposures 
otherwise cbange marlcedly with time. The methodology presented here uses a simplified 
representation of lead biokinetics to predict quui-stea.dy state blood lead concentrations among 
adults who have relatively steady patterns ofaite exposures (as described in this report). 'Ibe TRW 
believes that this approach will prove useful for assessing most sites where places of employment arc 
(or will be) situated on lead contaminated soils. This information is ~ected to promote consistency 
in assessments of adult lead risks. The methodology descnbed in this report is an interim approach 
that is recommended for use pending further devdopment and evaluation of integrated exposure 
biokinctic models for adults. The TRW is undenaking review of other modds and will provide 
reviews on other approac:bes as appropriate. The Integrated Exposure Uptake Biokinetie (IEUBK) 
Model for Lead in Children (U.S. EPA, 1994b,c) is the recommended approach for assessing 
Jaidential lead risks. 

The recommended approach for assessing nonresidential adult riskB utilizes a methodology 
to relate soil lead intake to blood lead concentrations in women of child-bearing age. It is 
conceptually similar to a slope factor approach for deriving RBRGs that had been proposed by 
Bowers et al. (1994) and which was adapted for use at the California Gulch NPL aite in Region 8 
(U.S. EPA, 1995). This report describes the basic algorithms that are used in the methodology and 
provides a set of default parameter values that can be used in cases where high quality data are not 
available to support site-specific estimates. The rationale for each parameter default value is provided 
in the Appendix. 
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2. OVERVIEW OF THE APPROACH 

The methodology described in this report relates soil lead concentrations to blood lead 
~in the exposed population according to tbe algorithms described bdow. Note that the 
algorithms may consist of variables that include superscripts and/or subscripts. lb.e convention 
adopted in this report is to use superscripts as exponents (i.e., a mathematical operation), whereas 
subscripts represent key words that provide additional infonnation to distinguish between similar 
variables. The basis for the calculation of the blood lead concentration in women of child-bearing age 
is the algorithm given by Equation I: 

(Equation 1) 

where: 

PbB.._ ..u.~ ... Central estimate of blood lead concentrations (11gldL) in adults (i.e., women of 
child-bearing age) that have site exposures to soil lead at concentration, PbS. 

PbBMIII.o = Typical blood lead concentration (J!gldL) in adults (i.e., women of child-bearing 
age) in the absence of exposures to the site that is being assessed. 

PbS - Soill~ concentration (J~g/g) (appropriate average concemration for individual). 

BKSF = Biokinetic slope:&ctor relating (quasi-iitcady state) increase in typical adult blood 
lead concentration to average daily lead uptake (t~gldL blood Jead increase per 
t~alday lead uptake). 

IRs = Intake rate of soil, including both OUtdoor soil and indoor soil-derived dust (glday). 

AFs = Absolute gastrointeWnal absorption fraction for ingested lead in saiJ and lead in 
dust derived from soil (dimensionless). 

EF 8 • Exposure trcquency for contact with assessed soils and/or dust derived in part from 
these soils (days of exposure during the averaging period); may be taken u days 
per year for GOntinuing, long term exposure. 

AT • Averaging time; the total period durins which soil contact may occur, 365 
days/year for continuing long term exposures. 

The basis for the RBRG calmlaDon is the relationship between the soil lead concentration and 
the blood lead concentration in the developing fetus of adult women that have site exposures. As 
a health-based goal. EPA has sought to limit the risk to young children of having elevated blood lead 
oona:mrations. Current Office of Solid Waste and Emergency Response (OSWER) guidance calls 
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for the estab1i$hment of cleanup goals to limit childhood risk of exceeding 10 J1gldL to S% (U.S. 
EPA, 1994a). Equation 2 describes the estimated relationship between the blood lead concentration 
in adult women and the corresponding 95th percentile fetal blood lead concentration (PbB ta.~,o.sJ, 
assuming that PbB311u11, aa~~~~~~ reflects the geometric mean of a lognormal distribution of blood lead 
concentrations in women of child-bearing age. If a similar 95th percentile goal is applied to the 
protection of fetuses carried by women who experience nonresidential exposures, Equation 2 can 
be rearranged 1o mlect a risk-based goal fur the central estimate of blood lead concentrations in adult 
women using Equation 3: 

(Equation 2) 

PbB PbB = fRDl.o..9!,pal 
_,,e.tnl,ftNII GSD l.64S • R 

f,tldrllr 'fltfi}/JIIGIIriiQ/. 

(Equation 3) 

where: 

PbB adldl,llllllnl.pai""' Goal for central estimate of blood lead concentration (11g/dL) in adults (i.e., 
women ofcblld-bearing age) that have site exposures. The goal is intended to 
ensure thatPbB...,CLM,.- does not exceed 10 ftg/dL. 

l;l Goal for the 95th percentile blood lead concentration U.gldL) among fetuses 
born to women having exposures to the specified site son conoeunation. This 
is interpreted to mean that there is a 95% Jikdihood that a fetus. in a woman who 
experiences such exposures, would have a blood lead concentration no greater 
than PhBr.., 03~ p~ (i.e., the likelihood of a blood lead concentration greater 
than 10 J.&&'dL would be less than 5%,for the approach desaibed in this report). 

= Estimated value of the individual geometric standard deviation (dimensionless); 
the GSD among adults (i.e., womm of c.hild-bearing age) that have elCpOSW'e5 to 
similar on-site lead concentrations, but that have non-uniform response (Uitala:, 
biokinetics) to site lead and non-uniform off-site lead exposures. The exponent, 
1.645, is the value of the standard normal deviate used to ealculate the 95th 
percentile from a lognonnal distribution ofblood lead concentration. 

Constant of proportionality between fetal blood lead concentration at birth and 
maternal blood lead concentration (dimensionless). 
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The soil lead concentration associau:d with a given exposure scenario and PbB --.cenlnJ,p~ can be 
calculated by rearranging Equation 1 and substituting PbB adui\.CC~Cmi,aa-1 for PbB.w&,GClllnll ; 

RBRG = PbS = -~-M ..... IIfilllr,~-~a~,=raai=---P._1JB..;.MIIt.;.;;;;:,;;,~-·-A_T 
(BKSF· IR8 • AF8• FF ~ 

(Equation 4) 

Jt is this form of the algorithm that can be used to calculate a RBRG where the RBRG represents the 
soil lead concentration (PbS) that would be expected to result in a specified adult blood lead 
concentration (PbB .a.h,CIIII'II.IOII} and corresponding 95th percentile fetal blood lead concentration 
(PbB f*l, O.M, ,_J. 

Equations 1-4 are based on the following assumptions: 

1. Blood lead concentrations fpr exposed adults can be estimated as the sum of an 
expected starting blood lead Cbncentration in the absence of site exposure (PbB...._0) 

and an expected site-related Increase. 
I . 

2. The site-related increase m blood lead concentrations can be estimated using a linear 
biokinetic slope factor (BKSfl which is multiplied by the estimated lead uptake. 

I 

3. Lead uptake can be related to soil lead levels using the estimated soil lead 
concentration (PbS). the ovcfall rate of daily soil ingestion (JRJ, UJd the estimated 
bctional absorption ofiJiaeited lead (AFJ. The term "soil" is used throughout this 
document to refer to that pqrtion of the soil to which adults are most 1ikc1y to be 
exposed. In most cases, cr:po~ is assumed to be predominantly to the top laym of 
the &oil which gives rise to tqnsportablc soil-derived dust. Exposure to soD-derived 
dust occurs both in outdoor arid·indoor environments, the latter occuning where soil
derived dust bas been transppned Indoors. Oth« typeS of dust, in addition to soil
derived dust, can contribute tP adult lead exposure and may even ptedominatc in the 
occupational setting; these inciJde dust generated from mauufacturing processes (e.g., 
grinding, miB"mg, packaging bflead.containing material1 road dust, pavement dust, 
and paint dust. 1biJ methoiiology, as represented in Equations I and 4, does not 
speciflcaDy acccunt far site exPosure to dusts that are not derived .froiP soil. However, 
the metbodology can be modifj.cd to include separate variables that represent exposure 
to lead jn various types of dp..st. This approach is discussed in greater detail in the 
Appendix. 

4. As noted above, exposure to1lcad in soil may occ:ur by ingesting soil-derived dust in 
the outdoor and/or indoOr ~vironmc:nts. The default value m:o111111CDded for IRs 
(O.OS g/dJJ.y) is intended tbr ocbupational exposures that occur predominantly indoors. 
More intensive soil contact ~d be expected for predominantly outdoor activities 
such as construction, excavation, yanf work, and garda1ing. 
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5. A lognonnal model can be used to cstima:te the inter-individual variability in blood lead 
concentrations (i.e., the distribution ofblood lead concentrations in a population of 
individuals who contact similar environmental lead levels). 

6. Expected fetal blood lead concentrations are prcponiooa.l to maternal blood lead 
concentrations. 

Ibe primary basis for using Equation 4 to calculate a RBRG is that fetuses and neonates are 
i bigbly sensitive population with respect to the adverse effects of lead on development and tiJat.t 0 
)lW"ciL is considered to be a blood lead level of concem from the standpoint of protecting the health 
ofseDsitive populations (U.S. EPA, 1986, 1990; NRC, 1993). Therefore, risk to the Cetus cau be 
estimated 1tom the probability distribution of fetal blood lead concentrations (i.e., the probability or 
exceeding 10 Jlg/dL). as has been the approach taken for estimating risb to children (U.S. EPA, 
1994a,c). Equation 4 can be used to estimate the soil lead conceltration at which the probability of 
blood lead concentrations exceeding a given value (e.g., 10 pgld.L) in fetuses of women exposed to 
environmental lead is no areater than a specified value (e.g., O.OS). 

The methodology can be modified to ac:commodatc different asswnptions or to estimate 
RBR.Gs for different risk categories. For example, a RBRG could be estimued for risks to adults 
(e.g., hypertenSion) by substituting an appropriate adult blood lead concentration benchmark. 
Similarly, other exposure scenarios can be incoipOillted into the assessment. Alternative methods for 
estimating son lead risk by partitioning soil into outdoor soil and indoor dust components arc 
discussed in the Appendix. 

Recommended default values for each of the parameters in Equations 1 - 4 are presented ia 
Table 1. Tbese de6n11ts should not be casually replaced with other values unless the alternatives are 
supported by high quality sit&-spec:ific data to which appropriate statistical analyses have been appied 
aDd that have undergone thorough scientific review. Examples of the output from the methodology 
are presented in F'tgUreS 1 and 2, wiUch show plots of the calculated PbBca, 1135 as a fUnction ofPbS 
when ciiiferem combinations of default parameter values are used. The rationale for each default 
value listed in Table 1 is summarized in the Appendix. 
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1-4 -GSa=2.1 

•GStJ=1.8 

4~--~--._--~--~--~--~--~--~--~--~ 

0 1tm 1500 
fbS(JJWg) 

FigUre 1. Example output of risk estimation algorithm (Equation 4) assuming a PbB..., • of 2.0 
JISidL (mixed racial) and a GSI\_.. of either 1.8 (homogeneous population) or l.l {heterogeneous 
urban population). 
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Figure 2. Example output of risk estimation algorithm (Equation 4) assuming plausible default 
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8 

13154263429 12-18-96 03:08PM P008 #18 



Dec. 18. 1996 2:01PM SYRACUSE RESEARCH No. 6178 P. 9/38 

3. REFERENCES 

Balbus-Komfcld, J. 1994. Comments and Recommendations on the Draft Interim Guidance for 
Screening Levda ofLead m Soil for Non-Residential Sites. Letter from Jolm Balbus-Komfeld to 
Bruce Means. November 17, 1994. 

~wen, r.s., BD. Bec:k and RS. Karam. 1994. Assessing the relationship between environmental 
lead concentratiom and adult blaod lead levels. Risk Analysis. 14(2): 183-189. 

Brody, D.J., J.L. Pirkle. ll.A Kramer, K.M Flegal, T.D. Matte, E. W. Gunter and D.C. Paschal 
1994. Blood lead levels in the U.S. population. Phase I oftbe third National Health and Nutrition 
Examination Survey (NHANES III, 1988 to 1991). JAMA. 272(4): 277-283. 

Goyer, RA. 1990. Transplacental transport oflead. Environ. Health Perspect. 89: 101-lOS. 

Graziano, J.H., D. Popovac, P. Factor-Litvak, P. Shrouc, 1. Kline, MJ. Murphy, Y. Zhao, A 
Mehmeti, X. Ahmed~ B. Rajovic, Z. Zvicer, D. Nenczic, N. Lolacono and Z. Stein. 1990. 
Determinants of elevated blood lead during pregnancy in a population surrounding a lead smelter in 
Kosovo, Yugoslavia. Environ. Health Perspect. 89: 95-100. 

NRC. 1993. Measuring Lead Exposure in Infants, Children and Other Sc:nsi1ive Populations. 
National Academy Press. Washington, DC. ISBN 0-309-04927-X. 

Pocock, SJ., AG. Shaper,M WaUcer, CJ. Wale, B. Cayton, T. Delves, R.F. Lacey, R.F. Packham 
mdP. Powell 1983. EfFects oftap water lead, water hardness, alcohol, and cigarettes on blood lead 
cxmcentrations. 1. Epi. Conun. Health. 37: 1-7. 

Sherloclc, J.C .. D. Ashby, H.T. Ddves, G~ Forbes, M.R. Moore, W.J. Patterson. SJ. Pocock, MJ. 
Quinn, W N. Ric:hanb and T.S. Wilson. 1984. Reduction in ~sure to lead from drinking water 
and its effect on blood lead concentrations. Human Toxicol. J: 383-392. 

U.S. EPA. 1986. Air Quality Criteria for Lead Volumes I- IV. Enviromncmal Criteria and 
Assessment Office, Office ofResearcb and Development, RTP~ NC. EPA 60018-83..028 a-d. 

U.S. EPA 1990. Supplcmcm to the 1986 EPA Air Quality Criteria Document for Lead- Volume 
1 Addendum. Oflice ofResearch and Development, Otlice ofHcaltb and EnvironmenW Assessment, 
Washington, DC. EP A-600/8-89/049A 

U.S. EPA 1993. Superfund's Standard Default Exposure Factors for the Centml Tendency and 
RME-Drafl WorlcingDraft, November 1993. 

U.S. EPA 1994a. llcvised Interim Soil Lead Guidan<:e for CERCLA Sites and RCRA Correcdve 
Action Facilities. OSWERDirectiveNo. 9355.4-12. Office ofEmergeocy and Remedial Response, 
Washington, D.C. EPA/540/F-94/043, PB94-963282. 

9 

13154263429 12-16-96 03:06PM P009 #16 
,.,. 
'· 



·Dec. 18. 1996 2:02PM SYRACUSE RESEARCH No. 61?8 P. 10/38 

U.S. EPA 1994b. Technical Suppon Document: Parameters and Equations Used in the Integrated 
Exposure Uptake Biokinetic Model for Lead in Children (v. 0.99d). Office of Emergency and 
Remedial Response, Washington, D.C. EPA/540/R-94/040, PB94-963SOS. 

U.S. FPA I994o. Guidanc:c Manual .fur 1he Int.egratcd Exposure Uptake Blokinetic: Model for Lead 
in Children. Office of Emergency and Remedial Response, Washington, D.C. EPA/S401R·93/081, 
PB93-963S 10. 

U.S. EPA. 1995. A TRW Repon: Review of a Methodology for Establishing Risk-Based Soil 
llemediation Goals for the Commercial Areas of the California Guldl Site. Technical Review 
Workgroup for Lead, October, 1995. 

10 

13154263429 12-18-96 03:08PM POlO #18 



Dec.l8.1996 2:02PM SYRACUSE RESEARCH No. 6178 P. 11138 

R-95% 

APPENDIX 

Equations and Rationale for Default Values 
Assigned to Parameters in the Slope Factor Approach and 
Exposure Model for Assessing Risk Associated with Adult 

Exposures to Lead in Soil 

13154263429 12-18-96 03:08PM POll #18 



·Dec. 18. 1996 2:02PM SYRACUSE RESEARCH No.6178 P. 12/38 

Equations and Rationale f'or Default Values Assigned to Parameters in the 
Slope Factor Approach and ~posure Model for Assessing Risk Associated 

with Adult Exposures to Lead in Soil 

1. Equations for the .Adult Lead Model • . . . . . • • . • • . . • . • . . . . . . . . . . . . . . . . . . . . .•.. A-3 
. 
2. Individual Blood Lead Geometric Standard Deviation (GSDJ ..........•.•....••.•• A-6 

3. FetaliMatemal Blood Lead Concentration Ratio <Rr...v......) ••...•.•..••••••••.••.• A4 

4. Baseline Blood Lead Concentration (PbB....J ..•................•..•......•... A-8 

S. Biokinetic Slope Factor (BKSF) ........................................... A-10 

6. Soil Lead AbsoqrtionFactor {AFs) ......................................... A-15 

7. Daily Soil Ingestion Rate (lRJ ............................................ A-19 

8. Exposure Frequency (BFJ ..... • ...........•.......... ·1 •••••••••••••••••••• A-2.1 
, ! , . I.: ';. J , 

'i :' \ ;,;: \. l 1 

9. Applying Monte Carlo Analysis to the Adult Lead Methodology .....•...•.•..••••. A-23 

10. R.efa""ences ........................................................... A-25 

A-1 

13154263429 12-18-96 03:08PM P012 #18 



De c. 18. 1996 2:02PM SYRACUSE RESEARCH No. 6178 P. 13/38 

R•95% 

1. Equations for the Adult Lead Model 

The foi'DUI.I of the equations used in the adult lead methodology follows the approach used 
in the IEUBKModel fix' Lead in Children (JEUBK Model). Note that the equations may consist of 
variables that include supencripts and/or subscript~. The convention adopted in this report is to use 
supc:rsaipts as exponents (i.e., a mathematical operation), whereas subscripts represent key words 
that provide additional inf'ornwion to distinguish between similar variables. The term •soiln refers 
to that portion of the soil to which adults are most likely to be exposed. In moat cases, expoue is 
aSsumed to be predomiDaDtly to tbe top layen of the soil whicll giwa rise to transportable soil-derived 
dust. Exposure to soil-derived dust occurs both in outdoor and indoor environmc:nts, the latter 
oc:aming where soil-derived dust has been transported inc:looll. Other typeS of dust. in addition to 
soil-derived dust, can contribute to adult lead exposure and may even predominate in some 
ocwpational settings; these include dust generated from manufacturing processes (e.g., grinding, 
milling, packaging oflead-containing material), road dust, pavement dust, and paint dust. 

Expo1ure to lead from soil (direct and through indoor soil-derived dust) and lead 
intake: 

INTAKE = PbS • IR5 • EF5 
--A....;T;;;--___;;, (Equation A-1) 

INTAKE = Daily average intake (ingestion) of lead from soil taken over averaging time AT 
Ulglday). 

PbS = Soil lead concentration (J.lg/g) (appropriate average concentration for individual). 

IRs - Intake rate of soil, including outdoor soil and indoor soil-derived dust (glday). 

EFs • Exposure frequency for contact with assessed solls and/or dust derived in part from 
these soils (days of exposure during the averaging period); may be taken u days per 
year for continuing, long term exposures. 

AT =- Avenging time; the total period during which soil contact may occur; 365 days/year 
for continuing long term exposures. 

Lead uptake: 

UPTAKE = AFs · INTAKE (Equation A-2) 

A-3 
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UPTAKE *"' Daily average uptake of lead from the gastrointestinal tract into the systemic 
circulation (J.lglday). 

AFs • Absolute gastrointestina absorption fraction for ingested lead in soil and lead in dust 

. BKSF 

derived from soil (dimensionless). 

Ceatral esdmate of adult blood lead coaceatratioa: 

(Equation A-3) 

= Central estimate of blood lead concentrations (JJgldL) in adults (i.e., women of 
child-bearing age) that have site exposures to soil lead at conceatration, PbS. 

c Typical blood lead concentration (J.lg/dL) in adults (i.e~ women ofcbild-bc:aring 
age) in the absence of exposures to the site that is being assessed. 

- Biok:inetic slope &ctor rclal:ing (quasi-steady state} increase in typical adult blood 
lead concentration to average daily lead uptake (J.lSidL blood lead increase per 
Jlgfday lead uptake). 

Diltributional model Cor adult blood lead: 

In this methodology, variability in blood lead concentrations among a population is 
matbemarically desaibed by a lognormal distribution defined by two parameters, the geometric mean 
(GM) and the geometric standard deviation (GSD): 

PbBildd- Lognonnal(GM,GSD) 

PbB~~~~~r • Adult blood Jead concentration (which is a variable quantity haviog the specified 
probability distribution). 

GM • Geometric mean bJood lead concentratkm (p.gldL) for adults having site exposure. 
Tbe central estimate of adult blood lead, PbB.....,...., constructed in Equation A-3 is 
treated as a plausible estimate of the geometric mean. 

GSD • Geometric standard deviation for blood lead concentrations among adults having 
exposu11!1 to similar on-site lead concentrations, but having IIOIHI11iConn IeSpODSO 
(intake, biokinetics) to site lead and non-uni:fbrm oft:.site lead exposures. lbe 
individual blood lead concentration geometric stardard deviation, GSDp is substituted 
for GSD. As dcscrlbcd below (Section 2 of the Appendix), ~ is assumed to 
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address sources of variability in blood lead concentrations among the exposed 
population. 

Parameter estimates for the geometric mean (GM) and geometric standard deviation (GSD) of the 
lognormal distribution are described below. Note that blood lead concentrations for site exposures 
can be quaot:ified at any percentile of the population using these parameters. For example, the 9Sth 
percentile blood lead concentration can be calculated by Equation A-4: 

PbB = PbB • GSD lM-' IIIWI.O.J$ ~ I (Equation A-4) 

PbB...._ OJn .. 9Sth percentile blood lead concentration (JlgldL) among individuals having exposures 
to the specified site soil lead concentrations. This is interpreted to mean that there ia 
a 95% Jikelihood that an adult exposed to the specified soil lead concentzations would 
have a blood lead concentnJtion less than or equal to PbBIIIIIII,U5. 

Distributional modd for fetal blood lead: 

(Equation A-5) 

PbB11111 = Fetal blood lead conceottation (J!gldL) (which. like PbB......, is a variable quantity 
having the specified probability distribution). 

~ = Constant of proportionality between fetal and maternal blood lead concentrations. 

PbB_.. • Adult blood lead concentration (!lgldL). estimated with parameters appropriate to 
women of child bearing age. 

Note that this relationship implies a deterministic (non-random) relationship between maternal and 
fetal blood lead concentrations. This assumption omits a source of variability (varying individual· 
speclfic ratios offetal to maternal blood lead} that would tend to increase the variance of fetal blood 
lead conccmrations. The assumption of proportionality implies that fetal blood lead oonce.ntrations 
also are lognormally distributed: 

PbB1.,.- LognormaJ(GM,GSD) 

GM = Geometric mean blood lead concentration (!l~dL) for fetuses, equal to ~ 
multiplied by PbB..,_... 

A-S 
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GSD -= Geometric standard deviation of blood lead concentration among adults, GSD1 

(Section 2 of the Appendix). 

Similarly, percentiles of the fetal blood lead distribution can be estimated (for fetuses c:mied by 
women exposed to the specified concentration oflead at the wessed site). For example: 

PbB,..,us = 9Sth percentile blood lead amcenuation (J!W'dL) among fetuses bom to \VOIDal 

having exposun:s to the specified site soil lead concentrations. This is iDhrpreted to 
mean that there is a 95% likelihood that a fetus born, in a woman who experiences 
such exposures, would have a blood lead concentration no greater than Pb~..,. 

Note that when the expressions for PbB....,~ ,INTAKE. and UPTAKE (Equations A-1, A-2 azul 
A-3) are substituted into Equation A-6, we obtain the complete exprusion for PbBw,o.t5 that is 
presented in the filet sheet (Overview of' the Approach, Equations 1 and 2): 

Equation A-7 represents variability in blood lead concc:ntration arising :from two main factors; 1) 
eqJosure variables, including inter-individual VL;abifity in activity-weighted ingestion rates, and 2.) 
inter-individual variability in physiology. including fictors affecting lead biokinetics. 

l. Individual Blood Lead Geometric Standard Deviation (GSDJ 

The Gsn. is a measure of the inter-individual variability in blood lead concentrations in a 
population whose members are exposed to the same nanresideotial environmeotallead levels. Ideally, 
the value(s) fur GSDt used in tbe methodology should be estimated in the population ofcoocxm at 
the site. Tbis requires data on blood lead concentration and exposure in a representative sample of 
suflicicnt size to yield statisticaDy meaningtbl estimates of GSD in subsamples stratified by 
nonresidential exposure level In the absence of high quality data for the site, GSD1 may be 
emapolatl:d fi"om estimates 1br other surrogate populations. In making such extrapolatio01, flLctors 
that might contribute to higher or lower variability in the surrogate population than among si:milar1y 
~osed individuals in the population of coacern, should be evaluated. These factors include 
variability in exposure (level and pathways). and biokinctia; (see Section 6 of Appendix1 
socioeconomic and ethnic characteristi~ dcgr= of urbaniz1ltion and geoaraphicalloc:Uion. Such 
emapolations, thcz-cfure. are si~pecific and are a potentially imponant source of uncenainty in tbe 
methodology. 
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GSD values measured in populations (GSDp) reflect the c.ombined effect of I) variability in 
eoviromneatal ~n levels; and 2) activity-weighted exposures and lead biokinetics. Thus, 
estimates of GSDP can be considered a swrogate for estimating the_ GSDt- Site data on blood lead 
concentrationa co1lectcd from populations of varying homogeneity may be useful for establishing a 
plausible range of values ofGSDt, provided that the data are of adequate quality BDd can be stratified 
by nonresidential exposure level The lowest values of GSD, are expected amons homogeneous 
populations (e.g., individuals with similar socioeconomic and ethnic characteristics living within a 
re!ativcly smaJI geogmpbic area) exposed to a single, dominant source oflcad (e.g., lead mining or 
smelter sites). For example, a GSD, of 1.8 was recently calculated among adult women living in 
Leadville, CO (U.S. EPA, 1995). This relatively low GSD is consistent with an anaJysil ofblood lead 
amceotntion data in mining mmtr~mities in the United States and Canada, which mggest that GSD, 
ranges fiom I.fi- 1.8 at aai~ miDmg lites where blood leAd concemratiom are Jess tban 1!5 fl&'dL 
(U.S. EPA, 1992). By contrast, higher values of GSD, might be expected from a DationaJ survey. 
Although lead f:lq>OSUCC:S among the gcnen.l population are likely to be more greatly impacted by diet 
than soil (e.g., compared with populations exposed at a waste site), the national population is VCIY 
hcterog~ in that it includes individuals with different socioeconomic and ethnic characteristics 
living in distinct geographic areas. 

The TR.W has amducted a prelimina.ty analysis of blood lead concentration data collected in 
NHANES m Phase 1 from 1988 to 1991 and found that the GSD, for women ages 17 to 4S years 
may range from 1.9 • 2.1 (Table A-1 )- Because of the complex survey design used in NHANES m 
(e.g., large ovenampJing of young children, older persons, black persons, and Mexican-Amcricaas), 
this analysis used sampq weights included in the NHANES m Phase 1 data file to produce 
populati.011 estimates fur blood lead concentration. The weighting :tactor 'WI'PEXMH1• was used 
to rc:ftect the non-random sampling of individuals in both the mobile examination units (MEC) and 
the home e.uminations. The analysis did not account for the design cffeas associated with the 
selection of stiata and priowy sampling units (PSUs), which may result in an underestimation of 
sampling variance. Sinec this bias is not likely to greatly impact the GSD, (Brody, personal 
communication), the amount of underestimation of the GSD, by the values given in Table A-I is 
Iikdy to be small Geometric mean blood lead amcentrations listed in Table A-1 are within 0.2 Jlg/dL 
of these reported in Brody et aL (1994). 

The TRW estimates that 1.8- 2.1 is a plausible range for G~ based on an evaluation of 
available blood lead~ data fur di1fe.rent types ofpopulatiom. In cases where site-specific 
data are not available, a value within this range should be selected based on an assessment as to 
whether the population at the site would be expected to be more or less heterogeneous than the U.S. 
population with respect to racial, ethaic, a.dtural and socioeconomic filctors that may affect expoS1lrC. 
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Table A-1. NHANES m Phase 1 Summary Statistics for Blood Lead Concentmion Among U.S. 
Women by Age and Ethnic/Racial Characteristic~. 

Age Group Non-Hisoanic White Non-Hispanic Black Mexican American 
(yws) No. GM GSD No. GM GSD No. GM GSD 
20-49 728 1.9 1.90 622 2.3 2.01 729 2.1 2.10 
50-69 476 3.2 1.88 256 4.2 1.80 2SS 3.3 2.12 
>69 !562 3.5 1.82 135 4.1 1.86. 1S 2.9 2.03 

20+ 1766 2.4 2.01 1,013 2.7 2.07 l 0.59 2.3 2.14 

17- .. S 7.t2 1.1 1.19 651 2.1 1.91 "3 2.0 2.10 . . . 
•Analysis of data weighted by MEC and home weightjns factor (WTPEXMH1 ). exduding samples 
missing data on bJoocllead concentration or age. GM PbB (JJ.g/dL) • ~I'Ji GSD PbB • exp(ot.). 

3. Fetal/Maternal mood Lead Concentration Ratio ~,.....) 

1bc TRW recommends a dc6wlt value of0.9 based on s111dies that have explored the rdationship 
between umbilical cord and maternal blood lead concentrations (Goyer, 1990; Graziano et al., 1990). 
The Goyer (1990) estimate of an avenge feta1/maternal blood lead concentration ratio of 0.9 is 
supported by a large body of data that has been sum.rnui%ed in Agency documents (U.S. EPA, 1986, 
1990). Graziano et al. (1990) compared maternal and umbilical cord blood lead concentmtions at 
deJively in 888 motber-in&lt pairs who ware between 28 and 44 weclca of gestation. ne relationship 
was linear with a slope of 0.93 JLgldL cord blood per JLgldL maternal blood; t1m corrdation 
cocflicicm was 0..92. lhe slope of0.931iom the Graziano et al (1990} study supports 0.9 as a point 
estimate for~-

Although avaase fetal/maternal blood lead concentration ratios, as reflected in cord blood, tend 
to show amsistent trends (Goyer, 1990; Graziano et al., 1990), the trends may not reflect significant 
inter-individual variability in maternal and possibly fetal blood lead concentrations due to 
physiological changes associated with pregnancy. For example. mobilization of bone lead stores 
during pregnancy may be more substantial in some women, and iron and calci.um deficiency 
usociated with poor nutritional status, as well &!I pregnancy, may enhance gastrOintestinal absorption 
of'lead (U.S. F.P A. 1990; Fnmklin et al, 199S). Conv~ely, maternal blood lead concentration may 
decrease during the later stages ofprqnanc:y because of the dilution efFect associated with a 30'.4 rise 
in plasma volume, as well as an increased rate oftnlnsfer of lead to the placenta or to fetal tissues 
(Alexander and Delves, 1981). These changes may give rise to fetaL/maternal blood 1cad 
concentration ratios that aR difi'erent from 0.9. 

4. Baseline Blood Lead Concentration (PbB .... ,) 

The baseline blood lead concentration (PbB...,J is intended to represent the best estimate of a 
reasonable central value of blood lead concentration in women of child-bearing age who are not 
exposed to lead-contaminated nonresidential soil or dust at the site. In this analysis, geometric mean 
blood lead concentrations are used for this purpose. Ideally, the value(s) for PbBIII*.O used in the 
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methodology should be estimated in the population ofconcem at the site. Ibis requires data on blood 
lead concemrations in a representative sample of adult women who are not exposed to nonresidential 
soil or soil-derived dust at the site, but who may experience eq>osureS to other enviromnental SOUICCI 

of lead that are similar in magnitude to exposures experienced by the population of concern. This 
would indude exposure to lead in food and drinking water as wen as residential soil and dust (dust 
derived from soil and a11 other non-site related sources). The sample must be of suffi.cienr size to 
yield statistically meaningfill estimates ofPbB....,.. 

· In tbc absence of high quali'Y data for the site, PbB._0 may be e=apolated ftom estimates for 
other SUD"Ogatc populations that would be expected to have a similar PbB....,, distribution as that of 
the popllafion ofcuru:an. Iu making such extrapolations, Actors that migbt contribute to differences 
bctwa:n the ga anetric mean PbB..,. in the swrogate population and population of concern should 
be evaluated. These factors include differences in the residential exposure (level and pathwap), 
60cioeconomic, ethnic and racial demographics, housing stock, degree of urbanizatio~ and 
geographical location. Such extrapolations, therefore, are site-specific. 

In cases where site-specific extrapolations ftom surrogate populations are not feasible, the TilW 
recommends 1. 7 • 2.2 J.Lg/dL as a plausible range, based on the results ofPhase 1 of the NHANES 
m as reponed by Brody et al. (1994). Table A-2 suuunarizes the analysis of blood lead 
aJOCeDtratiOns 1i"om a sample of2,083 women ages 20- 49, and stratified into the three ethnic and 
racial categories. 

Table A-2. NHANES m Phase I Summary Statistics for Blood Lead 
Cona:ntnmon Among Different Populations ofU.S. Women Ages 20 - 49 (Brody 
et al.., 1994). 

Population No. GM(9S%CI) 

Mexican American women 732 2..0 (1. 7 - 2.5) 

non-Hispanic black women 623 2.2 (2.0 - 2.5) 

non-Hispanic white women 728 1.7 (1.6- 1.9) 

Total 2,083 

The TRW recommends that the estimates from Table A-2 be used in combiDation with data on the 
ethnic and racial demographics of the population of concern to select the most appropriate point 
estimate from wid1in the plausible range of 1. 7 - 2.2 pgldL. For example, if the population at the site 
was predominantly Mexican American, 2.0 JtWdL might be selected as the point estimate. The 
plausible range ia based on surveys of large samples of the national population and may not 
encompass cemral tendencies estimated &em srnaDcr regional or site-specific surveys, either because 
of bias associated with the smaller sample or because of real ditierences bctwc:cn the surveyed 
population ard the national population. This needs to be evaluated in deciding whether or not to use 
dataftom smaD surveys that yield point estimates for PbBiiCiull,, that f31l outside of the plausible range. 

A-9 

13154263429 12-18-96 03:08PM P019 #18 



Dec. 18. 1996 2:05PM SYRACUSE RESEARCH No. 6178 P. 20/38 

!. Biokinetic Slope Factor (BKSF) 

The BKSF parameter relates the blood lead concentration (Jig Pb/dL) to lead uptala: (J.lg 
Pblday). The TRW recommends a default value of0.4 ~g Pb/dL blood per J.18 Pb absorbed/day for 
the BKSF parameter based on data reported by Pocock et al. (1983) on the relationship between tap 
water lead concentrations and blood lead concentrations for a sample of adult males, and on 
estimates of the bioavailability oflead in tap water (see Section 6 of the Appendix). 

Pocock et al. (1983) analyzed data on lead concentrations in first draw tap water and blood 
lead concentrations in a population of910 adult males. A linear model imposed on the data yielded 
a slope o£'0.06 (pg/dL per J.lg/L first draw water) for water lead conc:mtrationa equal to or less than 
100 Jlg/L (a lower slope was applied to the data for higher water concentrations). Pocock et al 
(1983) also obtained data on lead concentrations in flushed water (and "random daytime0

) samples, 
in addition to first draw samples. Given the following assumptions, it is possible to derive a slope 
factor for ingested water lead (INGSF) from the Pocock et al. ( 1983) data: 

• 1be lead concentration of flushed water was 25% of the concentration of first draw water 
(Cm. ""0.25) (U.S. EPA, 1995). 

• Daily water intake consisted of30% first draw and 70% flushed (F1• ""'0.3, F1= 0.7) (U.S. 
EPA, 1992). 

• Daily water ingestion (lncluding tap water and beverages made with tap water) was 1.4 
Uday(IR."""1.4) (U.S. EPA, 1989). 

Based on the above assumptions, a INGSF of0.09 JLW'dL per JL8 intake/day is estimated as follows: 

INGSF = ___ o_.o_6 __ _ 
IRw· (Fls! -r (CJII41 • F1)) 

INGSF = 0.06 
1.4 • (0.3 + (0.25 . 0. 7)) 

INGSF = 0.09 

(Equation A-8) 

This suggests that the product of the BKSF, rcfiecting the slope for absorbed rather than ingested 
lead, and the absorption factor for lead in drinking water (AF .) should be approximately 0.09 if it is 
to match the estimate ofiNGSF based on the Pocock et al. (1983) study: 

INGSF = BKSF • AF 'If (Equation A-9) 
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Values of AF, 'Within the range 0.20 - 0.25 would correspond to a range for BKSF ofO.l6 - 0.4S, 
or approximatdy 0.4 fig/elL per J.lsfday (rounded to one significant figure). A range af 0.20 - 0.25 
for AF. is mpported by data fi'om numerous lead bioavailability studies (see Section 6 of the 
Appendix for a more detailed discussion of these ltlldies). 

The above estimate of 0.4 J.laldL per J.l&'day for the BKSF can be compared with the 
approach described by Bowers et al (1994), who used the same dat& set aloq with difrereDt 
Usmnptioos and arrived at essemially the same estimate of the BKSF, 0.37~ or approximately 0.4 
JLg/dL per tts/day. Bowers et al. (1994) usnmed a dally tap water intake of 2 Ilday and 8% 
absorption oflead iogestecl in tap watet; and did nOt mab adjustments for a mixture of first draw aDd 
finsbed waer intake in the Pocock et aL (1983) study. 

Several uncertainties sbould be considered in applying the defauh value of 0.4 pgldL per 
!Jg/day to any specific population. Since it is based on the Pocock et aL (1983) data, it represents 
an emapolation from adult men to women of child bearing age. Physiological changes associatecl 
with pregnancy may affect the value of the BKSF (see Section 6 of the Appendix); therefOre, some 
uncertainty is associated with applying the default value to populations of pregnant women. 

An additional uncertainty (iODccms the assumption oflinearity of the relationship betwceu lead 
imake and blood lead coDCelltlaticn The Pocock et aL (1983) study provides data on a large sample 
population of adult men whose members were exposed to relativ~ low drinking water lead levels; 
898 subjects (97"A) wae ex:posed to mst draw water lead con~ less than 100 JLIVL ancl473 
(5~.10) to 6 pg/L or less. A smaller study of adult women exposed to higher concemrations was 
reported by Shalock et aL (1982, 1984); out of 114 subjects, 32 (28%) had flush drinking water lead 
cxmcemrations less tban 100 Jlg/L aiKI only 13 (11%) less than 10 j.lg/I.. Sberiock et a1. (1982, 1984) 
used a aJbe root regression model. rather than a linear model, to describe the relationship bct.ween 
drinking water and blood lead concentration. Given the much larger sample size in the Pocock et aL 
(1983) study, particularly towards the low end of the distn'bution for water lead concentration, 
greater confidence C&1l be placed in the estimated slope of the linear regression model &om the 
Pocock et al. (1913) study than in the cube root regression modd of Sherloclc et a1. (1982, 1984). 
Ncvathcless, it is uscml to compare the output of the two models because they were appUcd to the 
difFereDt SCX'.CS and because 1hcy diffa' ao l.imdamentally in the treatment of the blood lead- water lead 
slope; the slope is constant in the linear model and dccrases in lhe cube root model as water lead 
conccmration inaases. F.tgUr"e A-1 compares 1he output of the two models and shows the output 
of a linear regression of the uuwcightcd output of the Sherlock et al. (1984) model Three 
observations can be made from this comparison that arc relevant to the BKSF: 

I. Both the Pocock et al. (1983) and Sherlock et al. (1984) models predict higher blood 
lead conc;.entraUons than would be expected in the average U.S. population today u 
suggested ftom NHANES m. This is indicative ofhigher lead intakes in the study 
populatioDs which may have contnOuted to the apparent nonlineariti.es observed (e.g. 
above 100 1-1WL in Pocock ct. al.(I983) and at lower concentrations in Sherlock et aL 
(1984). 

2. The cube root regression model of Sherlock et al. (1984) pmiicts lower blood lead 
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concentrations than the linear model of Pocock et aJ. (1983). This may reflect greater 
lead intakes from sources other than drinking water in the Pocock ct al. (1983) 
population (see Section 6 of the Appendix for further discussion). 

3. The linear approximation of the Sherlock et a1. (1984) and the linear model from 
Pocock et al. (1983) have similar slopes; 0.08 and 0.06 JLg/dL per Jlg/L, respectively. 
1hJs, although the Sherlock et al. (1984) study casts some degree of uncertainty 011 

the assumption of linearity of the blood lead - drinking water lead rdationship both 
at low (<10 J.Lg/L) and high(> 100 Jlg/L) tap water lead concentrations, a linear 
model with a constant slope of 0.06 flgldL per J!giL appears 10 approximate the 
OUtpUt of'tbe nonlinear model of Sherlock: ct al. (1984) reasonably well for water lead 
concentrations less thanl 00 Jlg/L. 
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Fagure A-1. Comparison oflinear model of Pocock et aL (1983) with cube root model of Sherlock 
etal. (1984) and a linear model imposed on the unweighted output of the Sherlock model over the 
water lead range 0 - 100 flg(L (linear Sheri4). The slope of the linear Sber84 model is 0.08pgldL 
per J.LgtL. The slope of tho Pocock et al (1983) model is 0.06 J.Lg/dL per Jlg/L. 
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E'.xpc:rimemal dam on the pharmacoklnetics of lead in adult humans support the default value 
of 0.4 (~g/dL per Jtit'day absorbed lead) for BKSF estimated from Pococlc et al. (1983). Several 
distinct kinetic pools ofJead are evident fiom observations of the rate of change ofblood lead isotope 
with time after a period of daily dosing in which lead is abruptly terminated (Rabinowitz et al, 1976). 
A rapid exchange pool, denoted pooll, includes the blood and a portion of the emaceUu1ar fluid, 
and is the physiological pool from which urinary and hepatobilia.ry excretion ofblood lead occurs. 
Sevcnl esrinvrtes cftbe size of pool 1 (y1) and the residence times for lead in pooll (T1) have been 
dc:zM:d from ccpaimmts in wbidl human subjects were administered tracer doses of stable isotopes 
Of lead ftom which pool 1 clcamnces (CJ have been estimated; these estimates are summarized in 
TableA-3. 

Table A-3. Sumnwy of Experimental Studies with Humans to Assess Clearance Rates of 
Lead from Blood and Ext.raceilular Fluid. 

Subject v· 1 T" 1 TYac c,• Refc:mu:e 
(dL) (day) (day) (dllday) 

A 77 34 24 2..3 Rabinowi~ et al., 1974 

B ns so 35 2.3 

A 74 34 24 2.2 Rabinowitz et al., 1976 

B 100 40 28 2.5 

c 101 37 26 2..7 

D 99 40 28 2.S 

E 113 '27 19 4.2 

AC£. 7()8 29 20 2.4 Chamberlain et al, 1978 

DN 94. 39 21 2.4 

PL ss- 40 28 2.1 

ACW 94. 48 33 2.0 

MJH vr 41 '28 2.4 

ANB 95. 40 28 '2.4 

Mem::t:SD 93± 14 38:t:6 27±4 2..S :1: o.s 
-rile reported volume of pooll, which refers to blood and rapidly exchangeable extraceDu1ar fluid 
compattmt:Dt. 
11 The reported residence time fur lead in pool I. 
-rhe halflife oflead in pooll; T% • (TJ x ln(2). 
4Qearance oflead ftom pool!; C, a Vtff1. 

-&timated assuming vl- VIIIDDII X 1.7 {Rabinowitz et al., 1976). 
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The above experiments support a value for ~ of l.S dUda.y. At steady state. 1he clearance is 
ecp.Jivaleot to the rate of uptake of lead into pool 1 per unit ofblood lead concem:ration (Jlglda.y per 
J.lg/dl..)- Theoretically, this should correspond to a slope factor of 0.40 p.gldL per ~day absorbed 
lead (i.e., the reciprocal of the clearance estimate). Thus. the default value for the BKSF pUIUDI:ter 
of 0.4 11sldL per pglday absolbed lead derived from the population swvcy data ofPococ:k ct 11. 
(1983) is consist=t with the clearance estimates from experimental studies. 

6. Soil Lead Absorption Factor (AFs) 

The AF s parameter is the fraction of lead in soil ingested daily that is absorbed ftom the 
gastrointestinal tract. The TRW recommends a defiwlt value of0.12 based on the assumption that 
the absorption factor for soluble lead (AF....) is 0..2 and that the relative bioavailability oflead in 
soil compared to soluble lead (RBF1'9'rh'*) is 0.6: 

(Equation A-1 0) 

AFs = 0.2 · 0.6 = 0.12 

1be ddimlt wlue ofO.l fbr AF_... in adults rcprcseutl a weight of evidence determination based OD 
experimeotal estimues of the bioavailsbility ofingested lead in adult humans with consideration of 
three maJor sources of variability that are Ubly to be present in populations, but are not always 
rrepR:SClltCd in ecpaimental studies; these arc variability in food intake, lead intake, and lead form and 
particle size. 

meet of food OD lead bloavailaba&ty. The bioavailabiJity of ingested soluble lead in adults 
bas been found to vary from less than 100.4. whea ingested with a meal to 60 - 80% when ingested 
after a iast (Blake, 1976; Blake et 11., 1983; Blake and Maun, 1983; Gramno et al., 1995; Heard and 
CJwnbedain, 1982; James ct 11., 1985; Rabinowitz et aL, 1976, 1980). The geacra1 CiODSCIISUI is that 
canstituents of food in the gastrointestinal tract decrease absorption ofingested lead, although the 
exact mtdumiRD1ll by whidl this ocan are not emirdy understOOd. Lead intake within a population 
would be expected to occur at various times with respect to meals. Therefore, the cemraltendency 
for lead absorption 'WOUld be expected to refiect, in part, meal patterns within the population and to 
have a value between the experimentaDy determined estimate for &steel and feel subjects. 

An estimate of a •meat-weighted" AF...., can be obtained fiom the data reported by James 
ctiL (1985) and certain simplifying assumptions. James et aL (1985) assessed the etrects of food on 
lead bioavailabilhy by measuring the fraa:ion rerained in the whole body of adult subjects 7 days dcr 
tbey ingested a dose of radioactive lead either after a fast or at 'IUious times before or after a meal. 
The total lead dose wu approximately SO Jlg (fisted)- 100 Jl8 (with food). Lead retemion was 61 
:1:1.2 (SD)DA. wbm lead was ingested on the 12th hour of a 19-hour fast and decreased to 4%- 16% 
when lead was ingested between 0 and 3 hours after a meal; retention wu fbnhc:r reduced (3.5 :t 
29'/e) when lead wu ingested with a meal (brcaldast) (the bioavailabiiity may have been more thaD 
these retention estimates since some absorbed lead would have been excreted during the 1 day 
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interval between dosing and measurement ofwhol~body lead). Since ingested material may be 
retained in the human stomach or at least 1 hour (Hunt and Spurrel, 19Sl; Davenpon, 1971).1ead 
bioawilabi1ity a1ao may be reduced when lead is ingested 1 hour before a meal. The average "meal
weighted" bioavailability can be estimated based on the average number of waking hours during the 
day, the number of mc:ala eaten, the bioavailability oflead ingested within 1 hour before a meal, the 
bioavBi1abi1ity of laid ingested within 0 to 3 hours after a meal, and the bioavailability of lead at other 
times during the day. For a•mple, if it is assumed that people eat three meals each day and, based 
on the James et aL (1985) study, the bioavailability oflead ingcued within 1 hour before a meal or 
0 ·to 3 hours after a meal is approximately 0.1, and the bioavaiJability of lead ingested at all other 
timea in a 16 how" day is 0.6, then the average "meal-weighted" bioavailability during a 16 hour day 
is approximately 0.2: 

(0.1 · 12 hrs) + (0.6 • 4 hrs) = 0.2l 
16 hrs 

This example suggest& that the use of 0.2 as a default value for AF .... i! plausible for 
populations in which soil kad intake oa:un throughout the day, interspersed with meals. This may 
nat apply to all manbcrs of a population. For example; the average bioavailability would be hip 
if less than three meals wen: comumed ~day (e.g., using a similar c;:alculation it can be shown that 
the average bioawilahility tbr one meal each day would be 0.5). Average bioavailability also may be 
greater than 0.2 if1ead intake was to occur predominandy in the early morning, before the first meal 
oftheday. 

Although lead bioavailability may be lower in individuals whose son lead ingestion coincides 
with meals, the TRW cautions against the use of a value less tba.n 0.2 fbr several reasons. Iron aDd 
calclum deficiency asaociated with poor nutritional status may enhance absorption (U.S. EPA, 1990). 
In addition, DUmCf'OUS factors may affect the absorption, distribution, excretion, and mobilizariou of 
lead during pregnancy: incrcasc:d plasma volume (i.e., hemodilution); decreased hematocrit; previous 
cqJOSUre history oftbe mother (i.e., bone lead sequestnltion); changes in nutritional stws; significant 
loss of body weight or depletion of fat stores; hormonal modulation; age; race; administration of 
drugs; and iUncss (Silbcrgeld, 1991 ). There is likely to be significant iDler-individual variability in 
these maors, and studies of women at difFerent stages of pregnancy have not shown clear trends in 
eWects on blood lead concentration (Gershanik et al., 1974; Alexander and Delves, 1981; Bagbnrst 
et al., 1987; Silbergcld, 1991). While there is evidence to suppon 0.2 as a reasonable esrinuue of 
AF,.,..,. for women of child-bearing age, there is still some basis for concern regantiDs poteDtiaDy 
elevated absorption during pregnancy. However, a potential increase in lead absorption during 
p-cgnanc;y would be expected to occur dynamically with ~s in bone mobilization, blood volume 
aad glomerular £ltnltion rate. '1bus, the T.llW cautions against adjusling the value for AF.,.. (or 
BKSF) bucd on assumptions regarding the effects of pregnBnCy on blood lead concentration. 

Noaliot.arity in blood lead coacea.tradon. Another reuan for caution in adopting values 
for AF....... less than 0.2 derives from Wlccrtainty about the relationship between blood lead 
concentration, lead intake, and lead absorption. Several studies have shown that the rdationsbip 
between enviroM1elltal lead levels (e.g, drinking water lead conceattation) and blood lead 
concentration is nonlinear and suggest the possibility that :fractional absorption of ingested lead is 

13154263429 12-18-96 03:08PM P026 #18 



De'c. 18. 1996 2:08PM SYRACUSE RESEARCH No.6178 P. 27/38 

dose-dependent, and deauses u lead intake (and blood lead concentration) incrases. Pocock: et 
al. (1983) reported a nonlinear relationship between blood lead concemration and water lead that 
could be approximated by two linear equations: a slope of0.06 f1g/dL per J.Lg/L wu estimated for 
water lead conceuttations equal to or less than 100 ~and a slope of 0.01 was estimatec1 for water 
lad concentrations abow 100 f1gll.. Sherlock et a1. (1982, 1984) used a aJbe root regression model 
to relate blood and water lead concentrations; however, over the range cfwatcr lead c:oncentrltions 
of 100 J1giL or less, the slope of 0.06 J1g/dL per 11&1L water lead fi"om Pocock et al (1983) 
approximates the n:latiombip observed in the Sherlock et al. ( 1982, 1984) study (Ftgure A-1 ). 1be 
liDear relationship bctw.o water lead and blood lead in the Pocock u al. (1983} study extends from 
a blood lead amaD.mian range of 14 to 20 Jl&'d.L. Based on these data, the value of AF...., ofO.l 
may be comidered a reuomblc default estimate if applied to exposure aceaarios in which the 
estimates of'blood lead contGdration do not exceed 20 JlgfdL. At blood lead concemrations greater 
than this, abscrption of soluble lead may be less than the default value. 

An appropriate value of AF ,._ also can be supponed by estimating the range of daily lead 
intake that is libly to result m a linear relationship betWeen intake and blood lead conccntra1ion. 
Data rqnscuted in FigUre A-1 suggest that if water lead concemradons arc less than 100 Jlg/L, the 
blood lead· water lead rdationsbip is approximately linear. If assumptions regarding the magnitude 
of first draw and flushed wau:r intakes and lead concentrations are applied (sec Equations A-3 and 
A·9 and disalssion ofBKSF). a first draw water lead concentration of 100 J.lg/L in the Pocock et aL 
(1983) study reprcscms a water lead intake of approximately 70 11gld&y: 

100. 1.4. {0.3 + (0.25. 0.7)) fll 70 

We do not know with certainty the total lead intake in the Pococlc et al. (1983) population, 
although we can bo certain that it cxcccdcd tho above estimated intake from drinking wuer since 
intake from diet and other sources, including occupational, would have occmml; this is consistt:nt 
with the higher blood lead ccnccutrations that were observed in the male population. Sherlock c:t 
al. (1982) estimated that, in their study population of adult women, the dietary conttibution co total 
lead intake was equal to that from drinking water when the water lead concentration was 100 Jlg/L, 
ami that the comrlbution oflead fi'om sources otha' than diet and water was very smalL If the same 
assumption is applied to the Pocock et aL (1983) study, it is likely that total lead Intake in the male 
population wu at least 140 J.lg/day (70 l'r/day from drinking water and 70 Jl&'day from diet; the 
Pocock ct aJ., 1983 atudy included 40 houscbolds fiom the Sherlock et a1., 1982 study site), and may 
have been bigbcr because of occupationa1 ctpasurc in the male populuioa A cmde estimate of the 
relative magnitudes or the non-water lead intakes in the two studies can be obtained by comparing 
the predicted water lead conccnuation required to achieve the same blood lead concentration in the 
two populations. For CXBmple, a water lead concentration of 100 JLWL COlTCSponded to a predaect 
blood lead conce:Dinli011 ofapproximatdy 18 J,Lg/dL in the female population (Sherlock et al., 1984); 
tbc same blood Jcad conc:eottation corresponded to a wata-lead au::ermation of SO pgiL in tbe male 
population (Pocock et al., 1983). Thcrd'ore, the non-water lead intakes in the male population may 
ha\te been twice that in the female population. If it is assumed that drinking water and diet 
contributed equally to lead intake in both studies, then a drinking water lead conc:entration of 100 
Jl&'L in the Poc:ock et al (1983) study translates to a total lead intake of approximately 300 Jl&'day: 
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I trJitlJ = I,..., + I 41« + I t~t~w (Equation A-ll) 

],_ = 10 + 70 + 140 = 300 pglday 

nus, the departure ftom liDearity observed in tbe Pocock et al (1983) study may haw oc:curred at 
lead~ at or abow 300 f181day. In the various ~ental assessments of lead bioavailabiity, 
mbjecu ingested lead in amounts that varied among the studies but were all within the range 100 -
300 Jl8 (Blake, 1976; Blake et aL, 1983; Blake and Mann, 1983; GraziaDo et aL. 1995; Heard llld 
Chamberlain, 1982; James et al, 198S; Rabinowitz et at. 1976, 1980), which .is within the 
approximate liDar nmse, iftbe extrapolation tom tbc Poc:ock et aL (1983) and Sherlock ct aL (1982) 
studies is reasonable. Based on these considerations, the value of M~ of0.2 is c:cmsid=d to be 
a reuonable defimlt value if applied to exposure scenarios in which lead intakes arc less than 300 
pglday. At intakes greater than this, absorption of soluble lead may be less than the default value; 
however, it can be similarly argued that, based on the Sherlock et al. (1984) regression model, the 
default AP ...... may tmderestimate absorption by some degree at low aposures. 

EO'ect oCiead form and partide size on lead bloavailabWty. The de&ult value of0.2 fur 
.AF,.,. applies to soluble fonns of lead in drinking water and food and would be elCpected to 
OWLestilllate absorption of less soluble forms oflead in soil. Experimental studies have shown that 
die bioavailability oflead in soil tems to be less than that of soluble lead. Weis et al. (1994) assessed 
1hc rdadve bicavailab.ilit oflead in soil compared to water soluble lead (acetate) in immature swine 
llld estimated that the re1atNe bioavailability oflead in soil from Leadville, CO was 0.6 to 0.8. Ruby 
et aL (1996) ft{Xll'ted estimates of the relative bioavailability of lead in a variety of soils from miDiDg 
sites and smelters as assessed in the Sprague-Dawley rat; the estimates ranged from 0.09 to 0.4. 
Maddaloul et aL (1996) reponed prdimioary data ftcm a stUdy in which 6 tasted human subjects were 
administ.end a single dose oflead-contaminated soiL The dose was 250 118 lead norma1ized to a 70 
kg body weight; the concentration of lead in the soil was 2850 JlSig and the amount of soil 
administered to each subject was generally a little less than 100 mg. The average estimate of lead 
absorption in the six subjects was 26'.4. If the absorption tictor for soluble lead in fasted adults is 
assumed to be 0.6 (James et at. 198S), then the Maddaloni et aL (1996) estimate suggests a relative 
bioavailability ofO~ (i.e., 0.3/0.6) for lead in soil. 

Baaed m the above evideace, the lRW considers 0.6 to be a plausible default point estimate 
fix' the re1atM bioavailabi1ity oflead in soil compared to soluble lead (RBF.., I I I ) wbca. sitHpeci1ic 
data are DDt awilabJe. Sucll data are higbly desirable as variation in relative bioavailability is expected 
for difre!ent species oflcad 8Dd differem: particle sizes (Barltrop and Meek, 197S, 1979}, both of 
wbidl may vary i'om site to site. For example, the bioavailability of meullic lead has been shown to 
decrease with inc:n!8Sing particle size (Barltrop and Meek, 1919), therefore, the detiult value ibr 
RBP .-....... may overestimate absorption of lead if applied to soils contaminated with large lead 
pmdcles such as firing range debris or mine taiJings. Here again, the TRW cautions against the use 
of a lower value for the RBF _..ott u unless it can be supported by c:x.perimental assessments of 
relative bioavailability. 
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R-95% 

The default value of0.6 for RBF ~ coupled with the default value of 0.2 for AF _.... 
yields a dcfauh value of0.12 for AFs (0.6 • 0.2). The TRW considers 0.12 to be a plausible point 
estimate for the absolbcd fraction of ingested soil lead for use in usessmems in which &it~specific 
data on lead bioavailability arc not available. The default value of 0.12 takes into account 
urxz:naimies reprdiog the possible nonlinearity in the relationship between lead intake and absorption 
aod abou1d be adequately p&otcctivc in sccoarios in 'Which predicted blood lead concentrations are leu 
thm 2.0 J&g/dL. 1he use of the default value fur populations that have substantially higher blood lead 
concentrations may result in an overestimate of lead uptake, and conversely, lead uptake may be 
Underestimated at lower exposures. 

7. DaUy SoU Ingestion Rate (IRs) 

The TRW recommends a default value of0.05 gtday as a plausible point estimate ofthe 
central tendency for daily soil intake from all occupational sources, including soil in indoor dust, 
resulting tom non-contact intensive activities. This would include exposures that arc predominantly 
indoors. More intensive soil contact would be expected for predominantly outdoor activities such 
as construction, excavation, yard work, and gardening (Hawley, 198S). Site-specific data on soil 
amtact intensity, including potential seasonal variations, should be considered in evaluating whethec 
or not the default value is applicable to the population of concern and, if not, activity-weighted 
estimates of ~ that more accurately reflect the site can be devdopcd. 

In adopting the single~ parameter to descnoe all sources ofiJlsested soil, 1he methodology 
remains coasistatt with recommendations of the Superfund program and their implementation for risk 
IS!essment; specitically~ the o.os gjday value used for adult soil ingestion addresses aD. occ:upatioaal 
aoil intake by the iDdividual, whether directly from soil or indirectly through contact with dust (U.S. 
EPA, 1993). Ibis value specifically applies to the assessment of soil lead risk, and not risks 
associated with non-soil sources of lead in dust. In making soil ingestion exposure estimates under 
the Risk Assessment Guidelines for Superfund (RAGS) framework, no specific assumptions are 
needed about the fraction of soil intake that occurs through dust. 

An alternative approach was needed in the .IEIJBK Model because childhood lead exposures ' 
are often strongly inftuenced by iDdoor sources oflead in dust (e.g., indoor paint) (U.S. EPA, 1994b). 
In a situation where indoor sources of dust contamination are important, an ecposure estimate that 
addresses oaly soil exposures (mclucling the soil component of dust) would be incompldo. The 
1EUBK Model assigns separate values to outdoor soil and total indoor dult ingestion and partitions 
1be indoor dust iDto soil-derived 8Dd DOJHOil-derived sources. At a minimum, pairecl soil and indoor 
dust samples should be collected to adequately characterize exposure to lead where indoor sources 
of dust lead may be significant. 

Alternate method for adtulating soil and dust ingestion u ~eparate exposure pathwa)'l. 
In this altemale approach, separate estimates ue made of lead intake ftom the direct ingestion of 
outdoor soil and &om the ingestion of indoor dust (which may contain lead 1i'om soil and as wen as 
from indoor sources sucl1 as deteriorated lead based paint). Exposure to lead 1i'om soil (outdoor 
contact) can be calGUJated using Equation A-12, while exposure to lead from indoor dust can be 
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calculated using Equation A-13. 

PbS 

PbD 

AT 

(Equation A-12) 

PbD • IRIJ fndtxn • EF s. 
INTAKE~ = --..=!::A=T==---=:;:;. (Equation A-ll) 

= 

-
-
-
-
= 

-
-

Dally average intake (ingestion) of lead ftom soil ingested outdoors 
(Jlglday). 

Daily ~Mnge intake (mgestion) oflea.d from dust ingested indoora 
(tag/day). 

Soil lead cona:mmion (flglg) (average concentration in assessed 
iDdividual exposure area). 

Indoor dun lead toncenuuion (I.Lgfg). 

Jmakc rate (mgw:stion) of outdoor soil (B/day). 

Intake rate (mgw:stion) of indoor dust (glday). 

Exposure ftcquc:ncy at site (days of exposure during the averaging 
period); may be taken as days per year for continuing, long term 
exposures. 

Averaging time, the total period during which the assessecl 
exposures (fiom an sources) occur (days). May be taken u 365 
clays per year for continuing, long tenn c:xposures. 

Note that, in Equations A-12 and A-13, exposure frequency refers to the number of days that 111 

individual is present u the site and docs not panitlon between periods of iDdoor aad outdoor 
exposures. 'l'be ~rate is a long tenD average value appropriate for that media and is jntlneaced 
by both tbe duration of outdoor (or indoor) exposures md the intensity of those exposures. 

Calcaladoa or IRs, ........ ad IRu. ........ tram total intake or son and dust (IBs..D). 
Intermedialy calculatioDS may be needed to generate estimates of the paramctas in the intake 
equaticns. An estimate of1bc total intake of soil and dust materials (IR,..,) serves as a swting poim. 
Note that JRw, difFers ftom IRs, which was discussed above. because lRs+D includes not OD1y the 
total mass of soil ingested (both directly and as a tomponem of indoor dust), but also the ingested 
mass of non-soil derived dust tomponcms including various materials of indoor origin. Since a 
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substantial fraction of the mass of indoor dust comes from sources other than outdoor &Oils, an 
estimate of~ will be higher tbau the QOrresponding estimate oflRs, Secondly, m estimate of the 
fraction the total son and dust intake that is ingested directly as soil is needed (W~. This 
estimate needs to tab into account the intensity and duration of the outdoor soil intake and the 
indoor dust intab. EquaUons A-14 and A·lS can be used to derive media-speci6c insadon rates 
from IRs.o and Weig~Jting.... 

Weighting..,. = 

-

(Equation A-14) 

(Equation A-IS) 

Fraction of total soil and dust intake that is directly ingested as soil 
(dimensionless). 

Total daily average intake of outdoor soil and indoor dust (all dust 
c:omponcms) (Wday). 

Data arc needed to gcnaate separate estimates of the conccotrations of lead in outdoor soil aDd ill 
iDdoor dwlt. A site uscssmcnt using this aJtcmate methodology would gc:ncraJly be based on direct 
meuurc:mcat data for both soil and dust at the facilities of concem. For comparisoa with c:xposure 
estimates bued m total soil inption (the primaiy app~ presanted in this paper), Equation A-16 
may be utilized to estimate the ratio of dust lead conc:catration to soil lead wnceutaatiou. 

PbD: PbS·Km (Equation A·16) 

- Ratio ofindoor dust lead conceubation to soil lead concentration (cfimmsionless). 

.Aanming that the same absmpdon fraction is app&cable to both soil and dust, .EquaUon A-17 may 
be uaed to atimate the uptab oflead from these two sources. 

UPTAKE -
= 

(Equation A-17) 

Daily avaase uptllke oflead fiom the gastrotintest:i trac~ into me systCIDic 
Qn:.ulation; soil and dust sources (pglday). 

Absohrte gastrointestinal absorption fraction for ingested lead in soil and dust 
(dimensionless). 

Compariloa uf lead iatake estimated from prindpaJ and alteruaU approaches. It is 
hdpfW to compare etposurc mimaw derived using our principal approach based on total soil intake 
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(mclndi~ soil prescm in ingested dust) 'With tbe raults of the disaggregated pathway analysis for soil 
and dust. We will consider' the QSe in which there are not important indoor soun::ca of lead in dust 
We can then compare the total lead intake estimates from the two approaches. 

Under the model based on total soil ingestion (which we re-label as llls.-a for clarity): 

PbS· m ~ · EF.. 
INTAKE= ··~ • 

· AT (EquationA-l B) 

Byamtrast. uaingthedisaggregmed soilBDddustmodc:l, EquationsA·l4~A·lS, A-16, andA-18 may 
be combined to give Equation A-19: 

(Equation A-19) 

When applied to the JIJIJe exposure assessmeut problem, the two approaches should give equivalc:at 
estimates oflcad intake. The estimates will be equivalent when: 

8. Expo111re Frequency (EF s) 

The TR.W recommends a dcfiult value of219 days/year. This is the same as the cemral 
tendency occupational exposure frequency recommended by U.S. EPA (1993) Superfimd guidance, 
which is based on 1991 data from the Bureau ofLabor Statistics. This estimate corresponds to tbe 
avmge time spmt at work: by both fbll-time and part-time workers engased in non-caat&ct intensive 
activities (U.S. EPA, 1993}. Site-specmc data on exposure frequency should be c:onsidencl ill 
evaluating whether« not the default value is applicable to the population of concem. In evaluatina 
aitHpecific data, it sboold be apt in mind that exposure frequency and daily soil ingestion rae (JlY 
lillY be interdepcllient variables, partiQllady ill amtact-intcnsive scenarios; thc:retbrc, the usipmeat 
of a site-specific value to EF5 should prompt an evaluation of the applicability oftbe de&ult value for 
lRs to the population of conccm (sec ScctioD 7 of the Appendix for further discussion). 

Nomc:sidcntial exposure scenarios in which exposure ftequency would be suhstanriaDy less 
than 219 days/year are frequently encountered. Examples include trespassing and rccraLtional use 
of a si1a lmportaDt methodology constraints on~ frequency and duration must be considered 
in as~grring values to EF s that would represent infrequent contact with the site; these constraints 
rdatc to tbc steady state assumptions that underlie the BKSF. The BKSF derived from the Pocock 
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et al (1983) data applies to expo~ that result in a quasi-steady state for blood lead concenttatioo; 
that is, an intake ow:r a suftlcient duration for the blood lead conceottation to become nearly constam 
over time. Based on estimates of the fint order elimination half:time for lead in blood of 
approximately 30 days for adults (Rabinowitz, et al., 1974, 1976; Chamberlain et al., 1971), a 
constant lead intake me over a duration of 90 days would be expeeted to achlcve a blood lead 
(X)DCeOhadon U1at is suftJclcntly close tho quasi-steady state. This is lhc: minimum exposure duralion 
to which this methodology should be applied. 

Inhquent exposures (u., leu than 1 day per week) over a minimum duration o£90 dayl 
would be~ to produec osaDations in blood lead c:onccmra1ioDs assodated with the absorpdon 
aDd subscquem clearance oflead from the blood between each exposure m:ut. Baaed on the above 
assumptious about the eliminatiou haJf-time lead in blood, the TllW recommmds that tbis 
methodology should not be applied to scenarios in which EF s is less than 1 day/week. 

9. Applying Monte Carlo Analysis to the Adult Lead Methodology 

Reccm EPA guidance (Browner, 1995) recommends that risk assessments include a dear and 
1I1mparent discussion of variability and uncertainty. 1bc lead risk assessment methodology presented 
here develops explicit estimates ofthe variability of blood lead levels among adults who are exposed . 
to specified concentrations of environmental lead. This analysis relies on dala. from a large number 
of ltUdies (baseline blood lead levels, variability ofblood lead levels, contact rates with environmenul 
media, lead bioavailahility, aDd lead biokinetics) to support a predictive probabilistic (lognormal) 
model for adult and fetal blood lead concentrations. Imponant issues regarding the uncertainty in 
puameter inputs and the mathematical form of the model are discussed in the secti0t11 of this 
Appendix. The 'IRW recognizes that there is considerable scientific interest in the diffea:ot analytical 
approaclles tbat may be applied to aid in the analysis of variability and UI1Catainty in risk assessments.. 
In partiaJlar., umer appropriate circamstanas, Monte Carlo methods may provide a useful approach 
for developing quantitative estimates of the variability, uncertainty (or both) in risk predictions. 

lbe TRW chose not to pursue application of Monte carlo or other stochastic simulation 
methods in this effixt addressing adult lead risk assessment. Several factors went iDto this decision. 
YJrSt, the 'IRW understood the needs ofEPA Regions for a risk modd that could be developed 
relatively rapidly and which Regional lead risk assessors could apply easily with limited need for 
addirional study or training. These cousiderations made it advantageous to focus on models that are 
conceptually similar to the IEUBK model for cbildren in terms of applying a parametric lognoiDIIl 
melding approach to address distributions fur blood lead levels. Sec:ondly, the TR.W recognized that 
there would be substantial scientific issues associated with developing widely applicable stochastic 
liDwlation modds mr adult lead risk assessmmt. These difficulties primarily relate to the abseocc of 
reliable distributional data for a variety ofimponant variables in the assessment. M one example, 
Vf!lY limited data are available on soil ingestion rates in adults and a distributional choice for this key 
parameter would depend heavily on individual judgement with little Agency prc=dalt for support. 
Additionally, in a stochastic assessment, a greater complexity would arise due to likely coaelations 
among the variables in the adult lead risk assessment. Stochastic analyses need to explicitly account 
fcrimportant correlations among variables if the simulations are to provide realistic distributions of 
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risk. As an example, dependence is likely to exist between the staning (nou-site related) blood lead 
concentrations for individuals and their site-celated increases in blood lead. This dependence may 
result from individual paucms af behavior and from biological factors associated with lead 
pbannacokinetics. However, data on this dependence arc spme or absent, aDd the necessary 
statistical estimates of the correlation strength would depend heavily on personal judgement. 

'Ibe !R. W does encourage fUrther efforts to better define the distributional data on wbich 
stochastic simulations of lead risks might rest. Further attention to these data can provide usefiJI 
im;gtu fur lead riik IW"'S"'P''t The TRW also recognizes tbat Regions may be presemed. with lead 
risk assessments based on Monte Carlo modeling. In order to Dcilitate review ofMDDte Carlo 
amalyses, some EPA RegioDI have fOUDd it important to establish requiremcota for the orderly 
develo~ and review of these assessment~. Borrowing on this approach, the 'IllW reoomn,.,.,. 
that: 

• A plan for the use ofMonte Carlo analysis in a lead risk assessment should be submitted 
to responsible Regkmal personnel and accepted by them before the Mome Carlo analysis 
is undertaken. 

• In geoera1, it is expected that sitHpecmc exposure related parameters that are supported 
with me-specific iafunnation will provide the basis for proposed Monte Carlo 
simulations. 

• Scientific n:vicw is needed to detennine that the risk assessment confonncd to the plan 
and to evaluate tho rcliabt1ity of the results. 

These recommeudations are designed to ensure that assessmentS can provide meaaingful results that 
can be understood and ewluated If analyses are submitted in a format that is difficult to uoderstaDd, 
tbe utility of the analysis will be dimiiJishcd. We recommend that Regional staff seek advice from dJo 
TRW as a resource in this process. 
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