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Forward
In response to a request from the European Commission to “start preparing the initial

assessments for substances on the EU working list as these were considered as Community priorities in the context of the industry voluntary initiatives for high production volume chemicals” the lead industry committed to undertake a Voluntary Risk Assessment (VRA) for lead metal, lead monoxide, lead tetraoxide, poly-basic lead fumerate, basic lead sulphate, basic lead carbonate, tetrabasic lead sulphate, dibasic lead phosphite, dibasic lead stearate, neutral lead stearate, dibasic lead phthalate, tetrabasic lead sulphate and basic lead sulphite. This initiative was endorsed by the EU Competent Authorities in 2001. Yearly summaries on progress were presented at the CA meetings.

This comprehensive VRA dossier took four years to draft before being submitted to the EU’s Technical Committee on New and Existing Substances (TCNES) for review, with the whole process managed by the Lead Development Association International. It was compiled in co-operation with expert consultants from EBRC and the International Lead Zinc Research Orgainisation for human health and from EURAS, ECOLAS and the Catholic University if Leuven for the environment. It is based on the principles of Regulation 793/93, 1488/94 and the detailed methodology laid down in the revised Technical Guidance Document on Risk Assessment for New and Existing Substances. Methodological experiences gained through other metal Risk Assessments were incorporated as appropriate. Additional up to date scientific information was integrated into the assessment where scientifically relevant. A broad cross section of the European lead industry and its downstream users were fully involved in the process and submitted a significant amount of proprietary data.

To ensure the transparency and quality of the dossier submitted to TCNES, the initial draft RA reports  were refined by incorporating inputs from the Reviewing Country (Netherlands) and the independent peer review panels.

A single dossier covers the assessments for lead metal and the lead compounds, with

substance specific aspects provided where relevant. For the base data compilation, extensive literature searches were performed for each substance. Data gaps were filled with analogous data, where relevant, or by additional testing where possible. Where the information was either unnecessary for the lead risk assessment, or impossible to obtain, waiving for testing and/or justification to support derogation is discussed. Some remaining data gaps were identified and will be tackled as a follow-up to this report.

The draft risk assessment report was reviewed by TCNES between 2005 and 2008 and, based on the comments received, the report was significantly amended.  Separate TCNES Opinions on the health and environmental parts of the report were prepared by the ECB and endorsed by TCNES.  These Opinions summarise the views of TCNES on this report.

This Draft Risk Assessment Report and its appendices (the “Report”) is the property of the member companies of the Lead Reach Consortium and other contributors. A full list of those companies is available upon request from the Lead Development Association International.

All rights to the Report and its contents are reserved to the persons listed below.  This Report is protected by the laws of copyrights in England and Wales, European Community Law, the Berne Convention the Universal Copyright Convention and other relevant international copyright.

Industries/companies or any other legal entity wishing to use all or any part of this Report and/or their appendices, for any purpose (including without limitation any regulatory purpose such as for EU REACH registrations) MAY NOT DO SO without having previously contacted the Lead Development Association International (acting as secretariat for the Lead Reach Consortium) and agreed in writing appropriate terms of access and paid the appropriate licence fee.

In order to avoid possible misinterpretations or misuse of the findings in this draft, anyone wishing to cite or quote any part of this report, or use its related appendices, is advised to contact Lead Development Association International beforehand.

Contact details of the responsible:

Dr Andy Bush, Lead Development Association International, 17a Welbeck Way, London, W1G 9YJ, United Kingdom.  Tel +44 (0) 207 499 8422, email bush@ldaint.org 
© Lead Development Association International

All rights reserved. No part of this document may be reproduced or transmitted in any form or by any means, electronic or mechanical, including photocopying, recording, or any information storage or retrieval system without prior permission from the author. This copyright is protected under the law of England and Wales, European Community Law, the Berne Copyright Convention, the Universal Copyright Convention and other relevant international copyright law.
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	Substance name1)
	CAS-No
	EINECS-No
	IUPAC Name2)

	Lead
	7439-92-1
	231-100-4
	Lead

	Lead oxide
	1317-36-8
	215-267-0
	Lead monoxide

	Lead tetroxide
	1314-41-6
	215-235-6
	Orange lead

	Dibasic lead phthalate
	69011-06-9
	273-688-5
	[phthalato(2-)]dioxotrilead

	Basic lead sulphate
	12036-76-9
	234-853-7
	Lead oxide sulfate

	Tribasic lead sulphate
	12202-17-4
	235-380-9
	Tetralead trioxide sulphate

	Tetrabasic lead sulphate
	12065-90-6
	235-067-7
	Pentalead tetraoxide sulphate

	Neutral lead stearate
	1072-35-1
	214-005-2
	Lead distearate

	Dibasic lead stearate
	12578-12-0
	235-702-8
	Dioxobis(stearato)trilead

	Dibasic lead phosphite
	12141-20-7
	235-252-2
	Trilead dioxide phosphonate

	Polybasic lead fumarate
	90268-59-0
	290-862-6
	Trilead dioxide phosphonate

	Basic lead carbonate
	1319-46-6
	215-290-6
	Trilead bis(carbonate) dihydroxide

	Dibasic lead sulphite3)
	62229-08-7
	263-467-1
	Sulfurous acid, lead salt, dibasic


1): Substance name as reffered to in this document
2): IUPAC name according to ESIS data base: Generally this is the name of the substance according to the rules of the International Union of Pure and Applied Chemistry (IUPAC). If it is not possible to allocate a precise chemical name (e.g. if the substance is not completely defined), a name has been allocated according to the rules defined for the identification of such chemical substances in the EINECS. Some chemical names listed in the ELINCS were amended according to the notification and the IUPAC nomenclature rules.
3): not marketed as substance alone, but instead only in mixtures with dibasic lead phosphite

0.1 General remarks
This report evaluates the human health risks associated with the production and use of lead metal and 12 inorganic lead compounds that constitute the principle compounds in high production use with the European Union.  In the interests of providing a comprehensive overview of lead exposure and potential effects, evaluations have been included of exposures that might result from small production volume lead compounds contained within products with an emphasis upon product applications that might result in human exposures.  The toxicity and use of organolead compounds (compounds in which there is a covalent bond between lead and carbon) is technically outside the scope of this evaluation.  However, inasmuch as organolead compounds such as those used as gasoline additives resulted in historical releases of lead that significantly influenced past (and potentially present) human exposures, information pertinent to the contribution of organolead compounds to human lead exposures is included.
Human health

Human health (toxicity)

Workers

Conclusion (i)
There is a need for further information and/or testing.

Conclusion i) is reached due to suggestions of a relationship between occupational exposure to lead and stomach cancer that  requires further research to determine if excess risk is posed or if the relationship is an artefact  of residual confounding.  Inadequate exposure information was available to evaluate potential risk for five of 24 miscellaneous occupational settings that could yield exposure to lead (e.g. abatement, demolition and scrap industries, capacitor manufacturing, opticians, soil remediation and radiotherapy shield manufacturing.
Conclusion (ii)
There is at present no need for further information and/or testing and no need for risk reduction measures beyond those which are being applied already.

Conclusion ii) applies to endpoints of acute toxicity, irritation, sensitisation, genotoxicity, carcinogenicity (exclusive of stomach cancer) for all workplace scenarios.  Most workplace scenarios associated with production of crystal, ceramic ware and PVC do not pose risk of repeated dose toxicity.  Similar conclusions were obtained for repeated dose toxicity in 15 of the 19 occupational settings entailing incidental use of lead for which exposure information was available.  Impacts upon male reproductive function would not be expected in most workplace scenarios involved in primary and secondary lead production, crystal and ceramic ware manufacturing.  Risks to female reproduction (exclusive of developmental toxicity) were not found in ceramic ware production and some workplace scenarios involved in crystal production and PVC processing.  For occupational settings with incidental lead use, approximately half were found to not pose risk to female reproduction.
Conclusion (iii)
There is a need for limiting the risks; risk reduction measures which are already being applied shall be taken into account.

Conclusion (iii) applies to concerns for repeated dose toxicity in most workplace scenarios associated with primary and secondary lead production, lead sheet production, lead acid battery production and oxide and stabilizer production.  Risks were also found for one of four workplace scenarios in crystal production and 6 of 24 occupational settings with incidental use of lead.  Impacts upon neuropsychological function would be expected for all of these scenarios.  Exposure intensity in several specific workplace scenarios would further pose risk of impaired haeme production and (in one lead sheet production scenario) renal function.
Risks to male reproduction function were found in one primary lead production scenario, two secondary lead production scenarios, one crystal production scenario, most lead sheet production scenarios and about half of the scenarios for battery manufacturing and oxide and stabiliser production.  Risk to male reproduction is further suggested in two occupational scenarios entailing incidental use of lead.  Risks to female reproduction are more prevalent and found for most major lead production processes and applications and about half of the occupational scenarios with incidental lead use.  The principle exceptions to this finding of risk are ceramic ware production, two of four PVC processing scenarios,
Risk of developmental toxicity (damage to the developing foetus) was found for most occupational scenarios for which exposure data was available.
Consumers

Conclusion (i)
There is a need for further information and/or testing.

Conclusion i) is reached for exposure scenarios that require further characterisation.  Additional information is required regarding dermal transfer from PVC and sheet lead surfaces, exposures at improperly ventilated firing ranges and the quantity of lead water pipes still in use.  Inadequate information was found regarding the extent of use of professional artist’s paints by hobbyists and whether  they observed appropriate precautions.  The adequacy of existing EU leachate test standards for ceramic ware may also merit evaluation
Conclusion (ii)
There is at present no need for further information and/or testing and no need for risk reduction measures beyond those which are being applied already.

Conclusion ii) applies to endpoints of acute toxicity, irritation, sensitisation, genotoxicity, and carcinogenicity for all products.  The majority of lead products in commerce further pose no risk of repeated dose toxicity
Conclusion (iii)
There is a need for limiting the risks; risk reduction measures which are already being applied shall be taken into account.

Conclusion (iii) applies to a number of historical lead products that may still provide opportunities for consumer exposure and to the documented illicit use of lead in consumer products.  Lead water pipes still is use could contaminate drinking water and  thereby elevate blood lead levels to an extent that poses risk of repeated dose toxicity (child development impacts) and reproductive (foetal developmental impacts).  Inadequate ventilation at indoor firing ranges could produce elevations of blood lead capable of producing reproductive (developmental) toxicity in pregnant women. Illegal ceramics, candles with lead core wicks, folk medicines and cosmetics containing lead are capable of producing repeated dose toxicity for the full range of end-points health endpoints described in this assessment, including lethality, and reproductive impacts upon male and female fertility.  Lead in children’s toys and jewellery, as well as deteriorating lead-based  paint in older residential housing can similarly cause severe repeated dose toxicity that could extend to lethality.
Humans exposed via the environment

Conclusion (ii)
There is at present no need for further information and/or testing and no need for risk reduction measures beyond those which are being applied already.

Conclusion (ii) applies to indirect exposures via the environment for endpoints of acute toxicity, irritation, sensitisation, repeated dose toxicity, genotoxicity, and carcinogenicity.  However, it should be noted that this conclusion only applies in countries that have phased out the use of lead in gasoline.
Combined exposure

Conclusion (ii)
There is at present no need for further information and/or testing and no need for risk reduction measures beyond those which are being applied already.

Conclusion (ii) applies to for endpoints of acute toxicity, irritation, sensitisation, repeated dose toxicity, genotoxicity, and carcinogenicity.  However, it should be noted that this conclusion only applies in countries that have phased out the use of lead in gasoline.
Human health (physico-chemical properties)

Conclusion (ii)
There is at present no need for further information and/or testing and no need for risk reduction measures beyond those which are being applied already.

Conclusion (ii) applies to all compounds evaluated.
1 GENERAL SUBSTANCE INFORMATION

The scope of this Risk Assessment was agreed with the Scientific Review Panel and Reviewing Country as part of the initial agreement on approaches to be taken. To the best of industry’s knowledge, all inorganic lead compounds produced in the EU in volumes exceeding 1,000 tonnes per year, or compounds imported into the EU in such tonnages have been included in the assessment. We would also like to point out that following extensive literature searches, all significant sources of occupational, consumer and general population exposure to lead have been considered in the health risk assessment, irrespective of the compound from which the exposure originates.  The general toxicological properties and risk assessment procedures applied here are not applicable to organolead compounds, substances in which there is a covalent bond between a lead atom and a carbon atom.  Such substances, historically produced in greatest quantities as petrol additives to increase octane ratings, have fundamentally different toxicokinetic properties from inorganic lead compounds (e.g. rapid systemic uptake, increased acute toxicity and greater risk and specificity for damage to the central nervous system).  Since the use of organolead compounds as petrol additives has been banned within the EU, this Risk Assessment excludes coverage of their toxicological properties.  However, inasmuch as historical organolead usage patterns have affected the exposure profiles evident within the EU today, use of organolead compounds is noted as needed to explain temporal changes in lead exposure within the EU over the past several decades.

1.1 Identification of the substance(s)

General information (CAS-No, EINECS-No, molecular formula, structural formula and molecular weight of each compound) on the substances Pb, PbO and Pb3O4 and lead stabilisers (poly-basic lead fumarate, basic lead sulphate, basic lead carbonate, tetrabasic lead sulphate, dibasic lead phosphite, dibasic lead stearate, neutral lead stearate, dibasic lead phthalate, tetrabasic lead sulphate and dibasic lead sulphite) is provided in Table 1.1 below:

Table 1.1:
General information on Pb substances

	Substance
	CAS-No
	EINECS-No
	Formula
	Mol. Weight

	Lead
	7439-92-1
	231-100-4
	Pb
	207.21)

	Lead oxide
	1317-36-8
	215-267-0
	PbO
	223.2

	Lead tetroxide
	1314-41-6
	215-235-6
	Pb3O4
	685.6

	Dibasic lead phthalate
	69011-06-9
	273-688-5
	C8-H4-O6-Pb3
2PbO.PbC6H4(COO)2
	817.7

	Basic lead sulphate
	12036-76-9
	234-853-7
	O5-Pb2-S
Pb2O(SO4)
	526.4

	Tribasic lead sulphate
	12202-17-4
	235-380-9
	O7-Pb4-S
3PbO.(PbSO4)
	972.8

	Tetrabasic lead sulphate
	12065-90-6
	235-067-7
	O8-Pb5-S
4PbO.PbSO4
	1196.0

	Neutral lead stearate
	1072-35-1
	214-005-2
	C36-H72-O4-Pb
Pb(OOC.C17H36)2
	776.1

	Dibasic lead stearate
	12578-12-0
	235-702-8
	C36-H70-O6-Pb3
2PbO. Pb(OOC.C17H35)2
	1220.5

	Dibasic lead phosphate
	12141-20-7
	235-252-2
	H-O5-Pb3-P
2PbO.PbHPO3
	734

	Polybasic lead fumarate
	90268-59-0
	290-862-6
	Pb(1+x)H2C4O(4+x)
xPbO.PbC2H2(COO)2
	n.a.

	Basic lead carbonate
	1319-46-6
	215-290-6
	C2-H2-O8-Pb3
(PbCO3)2.Pb(OH)2
	775.6

	Dibasic lead sulphite2)
	62229-08-7
	263-467-1
	PbSO3(2PbO
	287.2


1): atomic weight; 2): chemical formula provided by industry; dibasic lead sulfite is also listed in the CAS registry with the name “sulfurous acid, lead salt, dibasic - molecular formula: unspecified”; note: the substance is not marketed alone, but instead only in mixtures with dibasic lead phosphite; 

Common synonyms for the lead compounds listed above are summarised in Table 1.2:

Table 1.2:
Commonly used synonyms for Pb substances

	Substance
	Synonyms

	Lead
	Lead metal; Lead element; Rough lead bullion; C.I. 77575; C.I. Pigment metal 4; CCRIS 1581; Glover; KS-4; Lead S2; Lead flake; Omaha & Grant; Plumbum

	Lead oxide
	Lead monoxide; Lead monoxide; Lead oxide yellow; Lead (2+) oxide; Lead protoxide; Litharge (pure); Massicot; Plumbous oxide; Yellow lead orcher

	Lead tetroxide
	Lead tetraoxide; Lead oxide red; Lead orthoplumbate; Lead oxide (3:4); Gold satinobre; Heuconin 5; Mennige; Mineral orange; Mineral red; Minium; Minium red; Orange lead; Paris lead; Pigment red 105; Plumboplumbic oxide; Red lead; Red lead oxide; Sandix; Saturn red; Trilead tetraoxide; Trilead tetroxide

	Dibasic lead phthalate
	Lead, (Phthalato(2-))dioxotri-; 1,2-Benzenedicarboxyliacid lead complex; Lead, (1,2-benzenedicarboxylato (2-))dioxotri-

	Basic lead sulphate
	Lead oxide sulphate

	Tribasic lead sulphate
	Lead oxide sulfate; Tetralead trioxide sulfate

	Tetrabasic lead sulphate
	Lead oxide sulfate; Pentalead tetraoxide sulfate;

	Neutral lead stearate
	Lead stearate; Octadecanoic acid, lead (2+) salt; Stearic acid, lead (2+) salt; 5002G, Lead(2+) octadecanoate; Lead(2+) octadecaoate; Lead(2+) stearate; Listab 28ND; Lead distearate

	Dibasic lead stearate
	Lead, dioxobis(stearato)tri- ; Lead, bis(octadecanoato)dioxotri- 

	Dibasic lead phosphite
	Lead oxide phosphite; Lead oxide phosphonate; Trilead dioxide phosphonate

	Polybasic lead fumarate
	2-butenedioic acid (E), lead (2+) salt, basic

	Basic lead carbonate
	Lead carbonate hydroxide; Carbonic acid, lead, basic; Ceruse; Cerussa; Flake red; Lead subcarbonate; Lead, bis(carbonato)dihydroxytri-; Silver white; White lead; White lead, hydrocerussite;Trilead bis(carbonate) dihydroxide; Berlin white

	Dibasic lead sulphite
	Sulfurous acid, lead salt, dibasic 


Purity/impurities, additives

Lead Metal

CEN standard EN 12659 sets out official European specifications for the purity of four key grades of metallic lead. These are set out in Table 1.3.

Table 1.3:
Purity of metallic lead according to CEN standard EN 12659

	Impurity
	Material Number and indicative lead content (%)

	
	PB990R – 99.99 %
	PB985R – 99.985 %
	PB970R – 99.97 %
	PB940R – 99.94 %

	Ag max
	0.0015
	0.0025
	0.0050
	0.0080

	As max
	0.0005
	0.0005
	0.0010
	0.0010

	Bi max
	0.0100
	0.0150
	0.030
	0.060

	Cd max
	0.0002
	0.0002
	0.0010
	0.0020

	Cu max
	0.0005
	0.0010
	0.0030
	0.0050

	Ni max
	0.0002
	0.0005
	0.0010
	0.0020

	Sb max
	0.0005
	0.0005
	0.0010
	0.0010

	Sn max
	0.0005
	0.0005
	0.0010
	0.0010

	Zn max
	0.0002
	0.0002
	0.0005
	0.0005

	Total
	0.010
	0.015
	0.030
	0.060


Standards for lead and some lead alloys used in specific applications are set out in either CEN standards or national standards. However, in the case of lead alloys used in the battery industry, no standards exist as most manufacturers require tailored alloys.

The most important CEN standard for a specific application is EN 12588 which applies to lead and lead alloys used for lead sheet in buildings. The composition set out in the standard is as follows (Table 1.4):

Table 1.4:
Composition of lead sheet for building purposes according to CEN standard EN 12588.

	Element
	Composition (%)

	Copper
	0.03 to 0.06

	Antimony
	Max 0.005

	Bismuth
	Max 0.100

	Silver
	Max 0.005

	Tin
	Max 0.005

	Zinc
	Max 0.001

	Other impurities
	Max 0.005

	Lead
	Remainder


Lead Oxides

Several CEN standards exist for various forms of lead oxide which include requirements on impurities, lead oxide content and free lead content. These data are set out in Table 1.5 and Table 1.6.

Table 1.5:
Requirements of powdered and granulated litharge according to CEN standard EN 13086:2000.

	Requirement
	Unit
	Litharge (powder)
	Litharge (granular)

	PbO content (mass fraction)
	%
	99.5 min
	99.5 min

	PbO2 content (mass fraction)
	%
	0.05 max
	-

	Free Pb content (mass fraction)
	%
	0.05 max
	0.05 max

	Apparent Density (Schott)
	g/cm3
	1.8 to 2.5
	-

	Tamped Density
	g/cm3
	3.7 to 5.1
	-


Table 1.6:
Requirements of lead tetraoxides for battery, crystal and ceramic applications according to CEN standard EN 13086:2000

	Requirement
	Unit
	Red lead (battery)
	Red lead (glass)
	Red lead (ceramics)

	PbO content (mass fraction)
	%
	23.8 max
	22.6 max
	22.6 max

	PbO2 content (mass fraction)
	%
	25.0 min
	27.0 min
	27.0 min

	Pb3O4 content (mass fraction)
	%
	71.7 min
	77.4 min
	77.4 min

	Apparent Density (Schott)
	g/cm3
	1.1 to 1.9
	-
	-

	Tamped Density
	g/cm3
	2.7 to 4.0
	-
	-


Lead Stabilisers

Statement to be provided by the European Lead Stabiliser Association.

1.1.1 Physico-chemical properties

All available data on physico-chemical properties of the thirteen compounds covered by this risk assessment are presented in tabular format below. Use of published data was only made where validation of the data was possible. However, most data were in fact generated under GLP according to current EU/OECD test guidelines, or were made available from industry. In all cases, data were screened for reliability using the rating system according to Klimisch et al. (1997).

Derogation from testing is addressed in separate documents for each lead compound.

Table 1.7:
Physico-chemical data, lead metal (CAS: 7439-92-1)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	EC method A.1 (92/69/EEC)

OECD 102 (1995)

OECD 113 (1981)
	DSC

Batch no.: 18382

Purity: min. 99.5 %

(lead metal powder)
	Melting temperature: 326 °C
(599 K)
	Franke (2005): Lead metal powder, 18382, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040971.01, 2005.
	Y
	1

	Boiling point
	EC method A.2 (92/69/EEC)

OECD 103 (1995)

OECD 113 (1981)
	DSC

Batch no.: 18382

Purity: min. 99.5 %

(lead metal powder)
	The test item has no boiling point at atmospheric pressure up to the final temperature of 600 °C (873 K)
	Franke (2005): Lead metal powder, 18382, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040971.01, 2005.
	Y
	1

	Rel. density
	EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Air comparison pycnometer

Batch no.: 18382

Purity: min. 99.5 %

(lead metal powder)
	Density at 23.8 °C = 11.45 g/cm3

D4R: 11.45
	Smeykal (2005): Lead metal powder, 18382, Relative density A.3, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040971.02, 2005.
	Y
	1

	Vapour pressure
	not stated
	Not stated
	0 mbar at 20 °C

1.33 mbar at 1000 °C = 133 Pa
	Ecka granules (1997) Safety data sheet, ecka granules, 10.1997. 
	N
	4

	Surface tension
	derogation
	
	
	
	
	

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration

Batch no.: 18382

Purity: min. 99.5 %

(lead metal powder)
	185 mg/l 

[20 °C, at pH = 10.96]


	Heintze (2005): Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/01-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	EC method A.10 (92/69/EEC)


	Preliminary test

Batch no.: 18382

Purity: min. 99.5 %

(lead metal powder)
	Under the conditions of the test, the test item could not be ignited with a flame. Thus, the test item is not a „highly flammable solid“ according to the criteria of the test method/directive.
	Smeykal (2005): Lead metal powder, 18382, Flammability (solids) A.10, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040971, 2005.
	Y
	1

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	derogation
	
	
	
	
	

	Explosive properties
	derogation
	
	
	
	
	

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.8:
Physico-chemical data, lead oxide (CAS: 1317-36-8)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	EC method A.1 (92/69/EEC)

OECD 102 (1995)

OECD 113 (1981)
	DSC

Batch no.: 410214

Purity: 99.8 %
	The test item has no melting point at atmospheric pressure up to the final temperature of 600 °C (873 K)
	Franke (2005): Litharge L9, 410214, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040972.01, 2005.
	Y
	1

	Boiling point
	EC method A.2 (92/69/EEC)

OECD 103 (1995)

OECD 113 (1981)
	DSC

Batch no.: 410214

Purity: 99.8 %
	The test item has no boiling point at atmospheric pressure up to the final temperature of 600 °C (873 K)
	Franke (2005): Litharge L9, 410214, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040972.01, 2005.
	Y
	1

	Rel. density
	EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Air comparison pycnometer

Batch no.: 410214

Purity: 99.8 %
	Density at 22.5 °C = 9.96 g/cm3

D4R: 9.96 
	Smeykal (2005): Litharge L9, 410214, Relative Density A.3, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040972.02, 2005.
	Y
	1

	Vapour pressure
	derogation
	
	
	
	
	

	Surface tension
	derogation
	
	
	
	
	

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration

Batch no.: 410214

Purity: 99.8 %
	70.2 mg/l 

[20 °C, at pH = 10.79]


	Heintze (2005):Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/01-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	derogation
	
	
	
	
	

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	derogation
	
	
	
	
	

	Explosive properties
	derogation
	
	
	
	
	

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.9:
Physico-chemical data, lead tetroxide (CAS: 1314-41-6)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	EC method A.1 (92/69/EEC)

OECD 102 (1995)

OECD 113 (1981)
	DSC

Batch no.: 210327

Purity:
94.04 % Pb3O4
	The test item has no melting point at atmospheric pressure up to the final temperature of 550 °C (823 K)
	Franke (2005): Red Lead Optics Type, 210327, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040973.01, 2005.
	Y
	1

	Boiling point
	EC method A.2 (92/69/EEC)

OECD 103 (1995)

OECD 113 (1981)
	DSC

Batch no.: 210327

Purity: 
94.04 % Pb3O4
	The test item has no boiling point at atmospheric pressure up to the final temperature of 550 °C (873 K)
	Franke (2005): Red Lead Optics Type, 210327, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040973.01, 2005.
	Y
	1

	Rel. density
	EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Air comparison pycnometer

Batch no.: 210327

Purity: 
94.04 % Pb3O4
	Density at 23.8 °C = 8.93 g/cm3

D4R: 8.93
	Smeykal (2005): Red Lead Optics Type, 210327, Relative density A.3, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040973.02, 2005.
	Y
	1

	Vapour pressure
	derogation
	
	
	
	
	

	Surface tension
	derogation
	
	
	
	
	

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration

Batch no.: 210327

Purity: 
94.04 % Pb3O4
	67.3 mg/l 

[20 °C, at pH = 10.75]


	Heintze (2005): Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/01-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	derogation
	
	
	
	
	

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	derogation
	
	
	
	
	

	Explosive properties
	derogation
	
	
	
	
	

	Oxidising properties
	EC method A.17 (92/69/EEC)
	Batch no.: 210327

Purity: 
94.04 % Pb3O4
	The burning rate of a mixture of the test item with cellulose was less (0.74 mm/s) than the maximum burning rate of a mixture of cellulose with barium nitrate (0.98 mm/s). Therefore, the test item has no oxidizing properties according to the criteria of the test method/directive.
	Franke (2005): Red Lead Optics Type, 210327, Oxidizing properties A. 17, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040973.03, 2005.
	Y
	1


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.10:
Physico-chemical data, dibasic lead phthalate (CAS: 69011-06-9)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	not explicitly stated, but well-documented and considered to be in accordance with:

EC method A.1 (92/69/EEC)

OECD 102 (1995)
	DSC/TGA/capillary method

Batch no.: D1/4296

Purity: 97.5 % (calculated based on lead content)
	The test item has no melting point at atmospheric pressure. The test item decomposes at a temperature of about 327 °C (onset).
	Arnold-John (2004): 1) V 220 MC 2) Pebetal, Melting point/Melting range, Boiling point/boiling range, unpublished report, Baerlocher GmbH, Unterschleißheim, report-no.: MA2004-443PB1_041014, 14.10.2004.
	N
	2

	Boiling point
	not explicitly stated, but well-documented and considered to be in accordance with:

EC method A.2 (92/69/EEC)

OECD 103 (1995)
	DSC/TGA/capillary method

Batch no.: D1/4296

Purity: 97.5 % (calculated based on lead content)
	The test item has no boiling point at atmospheric pressure. The test item decomposes at a temperature of about 327 °C (onset).
	Arnold-John (2004): 1) V 220 MC 2) Pebetal, Melting point/Melting range, Boiling point/boiling range, unpublished report, Baerlocher GmbH, Unterschleißheim, report-no.: MA2004-443PB1_041014, 14.10.2004.
	N
	2

	Rel. density
	not explicitly stated, but well-documented and considered to be in accordance with:

EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Multivolume pycnometer 1305

Batch no.: D5654

Purity: not stated
	Density at ambient temp = 4.54 g/cm3

D4R: 4.54
	Husemann (1999): Bestimmung der Dichte mit dem Multivolume Pyknometer 1305 der Fa. Micrometrics, unpublished report, Technische Universität Bergakademie Freiberg, Freiberg, report-no.: 119/99/2, 25.10.1999.
	N
	2

	Vapour pressure
	derogation
	
	(vapour pressure phthalic acid 4.64 x 10-5 Pa)
	
	
	

	Surface tension
	EC method A.5 (92/69/EEC)

OECD 115 (1995)
	Digital tensiometer K10T

Batch no.: D1/4296

Purity: 97.5 % (calculated based on lead content)
	The surface tension of a 90% saturated aqueous solution of the test item was 69.7 mN/m (20 °C). Therefore, the test item has no surface active properties.
	Smeykal (2005): Pebetal, D1/4296, Surface Tension A.5, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040974.01, 2005.
	Y
	1

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask Method with Micro-Filtration

Batch no.: D1/4296

Purity: 97.5 % (calculated based on lead content)
	579 mg/l 

[20 °C, at pH = 9.68]
	Heintze (2005): Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/02-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	EC method A.10 (92/69/EEC)


	Batch no.: D1/4296

Purity: 97.5 % (calculated based on lead content)
	The test item smouldered down over the distance of 200 mm in 30 minutes and 40 seconds without a flame. Thus, the test item is not a „highly flammable solid“ according to the criteria of the test method/directive.
	Smeykal (2005): Pebetal, D1/4296, Flammability (solids) A.10, Auto-Flammability A.16 (solids-determination of relative self-ignition temperature), unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040974.02, 2005.
	Y
	1

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	EC method A.16 (92/69/EEC)
	Aluminium block oven

Batch no.: D1/4296

Purity: 97.5 % (calculated based on lead content)
	No exothermal reaction of the test item was observed up to a max. temperature of 402 °C. Thus, the test item has no self-ignition temperature according to the criteria of the test method/directive.
	Smeykal (2005): Pebetal, D1/4296, Flammability (solids) A.10, Auto-Flammability A.16 (solids-determination of relative self-ignition temperature), unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040974.02, 2005.
	Y
	1

	Explosive properties
	derogation
	
	
	
	
	

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.11:
Physico-chemical data, basic lead sulphate (CAS: 12036-76-9)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	EC method A.1 (92/69/EEC)

OECD 102 (1995)

OECD 113 (1981)
	DSC

Batch no.: 714537.33
Purity: 93.4 % (calculated based on lead content)
	The test item has no melting point at atmospheric pressure up to the final temperature of 600 °C (873 K)
	Franke (2005): Naftovin BLS, 714537.33, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040975.01, 2005.
	Y
	1

	Boiling point
	EC method A.2 (92/69/EEC)

OECD 103 (1995)

OECD 113 (1981)
	DSC
Batch no.:
714537.33
Purity: 93.4 % (calculated based on lead content)
	The test item has no boiling point at atmospheric pressure up to the final temperature of 600 °C (873 K)
	Franke (2005): Naftovin BLS, 714537.33, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040975.01, 2005.
	Y
	1

	Rel. density
	EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Air comparison pycnometer
Batch no.:
714537.33
Purity: 93.4 % (calculated based on lead content)
	Density at 24.0 °C = 6.32 g/cm3

D4R: 6.32 
	Smeykal (2005): Naftovin BLS, 714537.33, Relative Density A.3, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040975.02, 2005.
	Y
	1

	Vapour pressure
	derogation
	
	
	
	
	

	Surface tension
	derogation
	
	
	
	
	

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration
Batch no.:
714537.33
Purity: 93.4 % (calculated based on lead content)
	19.2 mg/l 

[20 °C, at pH = 7.08]
	Heintze (2005): Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/02-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	derogation
	
	
	
	
	

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	derogation
	
	
	
	
	

	Explosive properties
	derogation
	
	
	
	
	

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.12:
Physico-chemical data, tribasic lead sulphate (CAS: 12202-17-4)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	not explicitly stated, but well-documented and considered to be in accordance with:

EC method A.1 (92/69/EEC)

OECD 102 (1995)


	DSC/TGA/capillary method

Batch no.: D1/5175

Purity: 98.4 % (calculated based on lead content)
	No melting up to 400 °C. The onset of solid-solid transformation and the release of crystal water was recorded at 211 °C.
	Arnold-John (2004): 1) V 220 MC 2) Pebetal, Melting point/Melting range, Boiling point/boiling range, unpublished report, Baerlocher GmbH, Unterschleißheim, report-no.: MA2004-443PB1_041014, 14.10.2004.
	N
	2

	Boiling point
	not explicitly stated, but well-documented and considered to be in accordance with:

EC method A.2 (92/69/EEC)

OECD 103 (1995)
	DSC/TGA/capillary method
Batch no.: D1/5175
Purity: 98.4 % (calculated based on lead content)
	No boiling up to 500 °C. The onset of solid-solid transformation and the release of crystal water was recorded at 211 °C.
	Arnold-John (2004): 1) V 220 MC 2) Pebetal, Melting point/Melting range, Boiling point/boiling range, unpublished report, Baerlocher GmbH, Unterschleißheim, report-no.: MA2004-443PB1_041014, 14.10.2004.
	N
	2

	Rel. density
	not explicitly stated, but well-documented and considered to be in accordance with:

EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Multivolume pycnometer 1305
Batch no.: B/2199
Purity: not stated
	Density at ambient temp = 6.84 g/cm3

D4R: 6.84
	Husemann (1999): Bestimmung der Dichte mit dem Multivolume Pyknometer 1305 der Fa. Micrometrics, unpublished report, Technische Universität Bergakademie Freiberg, Freiberg, report-no.: 119/99/2, 25.10.1999.
	N
	2

	Vapour pressure
	derogation
	
	
	
	
	

	Surface tension
	derogation
	
	
	
	
	

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration
Batch no.: D1/5175
Purity: 99.9 %
	102 mg/l 

[20 °C, at pH = 8.77]
	Heintze (2005):, Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/02-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	derogation
	
	
	
	
	

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	derogation
	
	
	
	
	

	Explosive properties
	derogation
	
	
	
	
	

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.13:
Physico-chemical data, tetrabasic lead sulphate (CAS: 12065-90-6)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	EC method A.1 (92/69/EEC)

OECD 102 (1995)

OECD 113 (1981)
	DSC
Batch no.: 0211520014
Purity: 98.6 % (approx. 1.4 % stearic acid coating)
	The test item has no melting point at atmospheric pressure up to the final temperature of 600 °C (873 K)
	Franke (2005): Allstab LP 3104, 0211520014, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040976.01, 2005.
	Y
	1

	Boiling point
	EC method A.2 (92/69/EEC)

OECD 103 (1995)

OECD 113 (1981)
	DSC
Batch no.: 0211520014
Purity: 98.6 % (approx. 1.4 % stearic acid coating)
	The test item has no boiling point at atmospheric pressure up to the final temperature of 600 °C (873 K)
	Franke (2005): Allstab LP 3104, 0211520014, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040976.01, 2005.
	Y
	1

	Rel. density
	EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Air comparison pycnometer
Batch no.: 0211520014
Purity: 98.6 % (approx. 1.4 % stearic acid coating)
	Density at 24.3 °C = 7.15 g/cm3

D4R: 7.15 
	Smeykal (2005): Allstab LP 3104, 0211520014, Relative Density A.3, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040976.02, 2005.
	Y
	1

	Vapour pressure
	derogation
	
	
	
	
	

	Surface tension
	derogation
	
	
	
	
	

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration
Batch no.: 0211520014
Purity: 98.6 % (approx. 1.4 % stearic acid coating)
	32.7 mg/l 

[20 °C, at pH = 8.69]


	Heintze (2005): Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/02-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	derogation
	
	
	
	
	

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	derogation
	
	
	
	
	

	Explosive properties
	derogation
	
	
	
	
	

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.14:
Physico-chemical data, neutral lead stearate (CAS: 1072-35-1)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	EC method A.1 (92/69/EEC)

OECD 102 (1995)

OECD 113 (1981)
	DSC
Batch no.: 09‑1530‑02
Purity: ( 99.9 %
	The melting range of the test item at atmospheric pressure in 101 – 105 °C (374–378 K).
	Franke (2005): Listab 28, 09-1530-02, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040977.01, 2005.
	Y
	1

	Boiling point
	EC method A.2 (92/69/EEC)

OECD 103 (1995)

OECD 113 (1981)
	DSC
Batch no.: 09‑1530‑02
Purity: ( 99.9 %
	The test item has no boiling point at atmospheric pressure. The test item decomposes at a temperature of about 300 °C (573 K) accompanied by the release of volatile components. 
	Franke (2005): Listab 28, 09-1530-02, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040977.01, 2005.
	Y
	1

	Rel. density
	EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Air comparison pycnometer
Batch no.: 09‑1530‑02
Purity: ( 99.9 %
	Density at 24.5 °C = 1.46 g/cm3

D4R: 1.46 
	Smeykal (2005): Listab 28, 09-1530-02, Relative Density A.3, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040977.02, 2005.
	Y
	1

	Vapour pressure
	derogation
	
	
	
	
	

	Surface tension
	EC method A.5 (92/69/EEC)

OECD 115 (1995)
	Digital tensiometer K10T
Batch no.:
09-1530-02
Purity: ( 99.9 %
	The surface tension of an aqueous solution of the test item at a 90 % saturated concentration was 68.1 mN/m (20 °C). 
Therefore, the test item has no surface active properties.
	Smeykal (2005): Listab 28, 09-1530-02, Surface Tension A.5, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040977.03, 2005.
	Y
	1

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration
Batch no.:
09-1530-02
Purity: ( 99.9 %
	10.4 mg/l 

[20 °C, at pH = 7.83]
	Heintze (2005): Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/02-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	EC method A.10 (92/69/EEC)


	Batch no.:
09-1530-02

Purity: ( 99.9 %
	The test item could not be ignited, instead the test item melted. Thus, the test item is not a „highly flammable solid“ according to the criteria of the test method/directive.
	Schiller (2004): Bestimmung der Entzündlichkeit von neutralem Bleistearat nach Testmethode A. 10 (directive 92/69/EEC, OJ L383 A 1992), unpublished report, F&E, Chemson Polymer-Additive AG, Arnoldstein, Österreich, 23.08.2004
	N
	1

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	EC method A.16 (92/69/EEC)
	Aluminium block oven

Batch no.:
09-1530-02

Purity: ( 99.9 %
	No exothermal reaction of the test item was observed up to a maximum test temperature of 402 °C. Thus, the test item has no self-ignition temperature according to the criteria of the test method/directive.
	Smeykal (2005): Listab 28, 09-1530-02, Auto-Flammability A.16 (solids-determination of relative self-ignition temperature), unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040977.04, 2005.
	Y
	1

	Explosive properties
	derogation
	
	
	
	
	

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.15:
Physico-chemical data, dibasic lead stearate (CAS: 12578-12-0)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	EC method A.1 (92/69/EEC)

OECD 102 (1995)

OECD 113 (1981)
	DSC

Batch no.: L-0003

Purity: 99.9 %
	The test item has no melting point at atmospheric pressure. The test item decomposes at a temperature of about 290 °C (563 K) accompanied by the release of volatile components. 
	Franke (2005): Reagens DBLS, L-0003, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040979.01, 2005.
	Y
	1

	Boiling point
	EC method A.2 (92/69/EEC)

OECD 103 (1995)

OECD 113 (1981)
	DSC

Batch no.: L-0003

Purity: 99.9 %
	The test item has no boiling point at atmospheric pressure. The test item decomposes at a temperature of about 290 °C (563 K) accompanied by the release of volatile components. 
	Franke (2005): Reagens DBLS, L-0003, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040979.01, 2005.
	Y
	1

	Rel. density
	EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Air comparison pycnometer
Batch no.: L-0003
Purity: 99.9 %
	Density at 24.1 °C = 1.95 g/cm3

D4R: 1.95 
	Smeykal (2005): Reagens DBLS, L-0003, Relative Density A.3, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040979.02, 2005.
	Y
	1

	Vapour pressure
	derogation
	
	
	
	
	

	Surface tension
	EC method A.5 (92/69/EEC)

OECD 115 (1995)
	Digital tensiometer K10T
Batch no.: L-0003
Purity: 99.9 %
	The surface tension of a 90 % saturated aqueous solution of the test item was 72.3 mN/m (20 °C). Therefore, the test item has no surface active properties.
	Smeykal (2005): Reagens DBLS, L-0003, Surface Tension A.5, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040979.03, 2005.
	Y
	1

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration
Batch no.: L-0003
Purity: 99.9 %
	1.76 mg/l 

[20 °C, at pH = 9.33]
	Heintze (2005): Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/02-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	EC method A.10 (92/69/EEC)
	Listab 51
Batch no.:
02-1510-01
Purity: ( 99.9 %
	The test item burned with a flame along 200 mm of the powder train over a period of 400 sec (> 4 minutes). Thus, the test item is not a „highly flammable solid“ according to the criteria of the test method/directive.
	Schiller (2004): Bestimmung der Entzündlichkeit von zweibasischem Bleistearat nach Testmethode A. 10 (directive 92/69/EEC, OJ L383 A 1992), unpublished report, F&E, Chemson Polymer-Additive AG, Arnoldstein, Österreich, 25.08.2004
	N
	1

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	EC method A.16 (92/69/EEC)


	Aluminium block oven

Batch no.: L-0003

Purity: 99.9 %
	No exothermal reaction of the test item was observed up to a maximum test temperature of 402 °C. 
Thus, the test item has no self-ignition temperature according to the criteria of the test method/directive.
	Smeykal (2005): Reagens DBLS, L-0003, Auto-Flammability A.16 (solids-determination of relative self-ignition temperature), unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040979.04, 2005.
	Y
	1

	Explosive properties
	derogation


	
	
	
	
	

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.16:
Physico-chemical data, dibasic lead phosphite / sulphite (CAS: 62229‑08‑7 / 12141‑20‑7)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	EC method A.1 (92/69/EEC)

OECD 102 (1995)

OECD 113 (1981)
	DSC
Batch no.:
01-0377-02
Purity: 99.5 % (approx. 0.5 % of stearic acid coating)
	The test item has no melting point at atmospheric pressure. The test item decomposes at approx. 250 °C (523 K).
	Franke (2005): Naftovin T82, 01-0377-02, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040980.01, 2005.
	Y
	1

	Boiling point
	EC method A.2 (92/69/EEC)

OECD 103 (1995)

OECD 113 (1981)
	DSC
Batch no.: 01‑0377‑02
Purity: 99.5 % (approx. 0.5 % of stearic acid coating)
	The test item has no boiling point at atmospheric pressure. The test item decomposes at approx. 250 °C (523 K).
	Franke (2005): Naftovin T82, 01-0377-02, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040980.01, 2005.
	Y
	1

	Rel. density
	EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Air comparison pycnometer
Batch no.:
01-0377-02
Purity: 99.5 % (approx. 0.5 % of stearic acid coating)
	Density at 24.6 °C = 6.92 g/cm3

D4R: 6.92 
	Smeykal (2005): Naftovin T82, 01-0377-02, Relative Density A.3, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040980.02, 2005.
	Y
	1

	Vapour pressure
	derogation
	
	
	
	
	

	Surface tension
	derogation
	
	
	
	
	

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration
Batch no.:
01-0377-02
Purity: 99.5 % (approx. 0.5 % of stearic acid coating)
	25.5 mg/l 

[20 °C, at pH = 7.89]
	Heintze (2005): Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/02-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	not explicitly stated, but well-documented and considered to be in accordance with:

EC method A.10 (92/69/EEC)
	Naftovin T82

Batch no.: not stated

Purity: not stated
	Preliminary test:

The test item propagate combustion along 90 mm of the powder train within 2 minutes.
Thus, the test item is not a „highly flammable solid“ according to the criteria of the test method/directive.
	Loidl (1999): Brennbarkeitsprüfung im Hinblick auf Zuordnung zu Klasse 4.1/ARD, unpublished report, Österreichisches Kunststoffinstitut, Wien, Österreich, Gutachten-nr. 41.664, 08.07.1999.
	N
	2

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	EC method A.16 (92/69/EEC)


	Aluminium block oven
Batch no.:
01-0377-02
Purity: 99.5 % (approx. 0.5 % of stearic acid coating)
	The test item has a relative self-ignition temperature of 280 °C according to the criteria of the test method/directive.
	Smeykal (2005): Naftovin T82, 01-0377-02, Auto-Flammability A.16 (solids-determination of relative self-ignition temperature), unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040980.04, 2005.
	Y
	1

	Explosive properties
	EC method A.14 (92/69/EEC)

OECD 113 (1981)
	Screening test: thermal stability (DSC)
Batch no.:
01-0377-02
Purity: 99.5 % (approx. 0.5 % of stearic acid coating)
	The heat of decomposition was < 500 J/g. Therefore, a test for explosivity was not necessary. Thus, the test item has no danger of explosion according to the criteria of the test method/directive.
	Smeykal (2005): Naftovin T82, 01-0377-02, Explosive properties A.14, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040980.03, 2005.
	Y
	1

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.17:
Physico-chemical data, polybasic lead fumarate (CAS: 90268-59-0)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	EC method A.1 (92/69/EEC)

OECD 102 (1995)

OECD 113 (1981)
	DSC

Batch no.: Ref. 158

Purity: 99.9 % (stearic coating included)
	The test item has no melting point at atmospheric pressure. The test item decomposes at approx. 310 °C.
	Franke (2005): Polybasic lead fumarate, Ref. 158, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040981.01, 2005.
	Y
	1

	Boiling point
	EC method A.2 (92/69/EEC)

OECD 103 (1995)

OECD 113 (1981)
	DSC
Batch no.: Ref. 158
Purity: 99.9 % (stearic coating included)
	The test item has no boiling point at atmospheric pressure. The test item decomposes at approx. 310 °C.
	Franke (2005): Polybasic lead fumarate, Ref. 158, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040981.01, 2005.
	Y
	1

	Rel. density
	EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Air comparison pycnometer
Batch no.: Ref. 158
Purity: 99.9 % (stearic coating included)
	Density at 24.7 °C = 6.19 g/cm3

D4R: 6.19
	Smeykal (2005): Polybasic lead fumarate, Ref. 158, Relative Density A.3, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040981.02, 2005.
	Y
	1

	Vapour pressure
	derogation
	
	
	
	
	

	Surface tension
	EC method A.5 (92/69/EEC)

OECD 115 (1995)
	Digital tensiometer K10T
Batch no.: Ref. 158
Purity: 99.9 % (stearic coating included)
	The surface tension of a 90 % saturated aqueous solution of the test item was 71.4 mN/m (20 °C). Thus, the test item has no surface active properties.
	Smeykal (2005): Polybasic lead fumarate, Ref. 158, Surface Tension A.5, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040981.03, 2005.
	Y
	1

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration
Batch no.: Ref. 158
Purity: 99.9 % (stearic coating included)
	65.2 mg/l 

[20 °C, at pH = 7.94]


	Heintze (2005): Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/02-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	EC method A.10 (92/69/EEC)


	Naftovin T 78
Batch no.: 
040699

Purity: ( 99.5 %
	The test item smouldered along the 200 mm of the powder train over a period of 600 sec (> 4 minutes). Thus, the test item is not a „highly flammable solid“ according to the criteria of the test method/directive.
	Schiller (2004): Bestimmung der Entzündlichkeit von polybasischem Bleifumarat nach Testmethode A. 0 (directive 92/69/EEC, OJ L383 A 1992), unpublished report, F&E, Chemson Polymer-Additive AG, Arnoldstein, Österreich, 25.08.2004
	N
	1

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	EC method A.16 (92/69/EEC)


	Aluminium block oven

Batch no.: Ref. 158

Purity: 99.9 % (stearic coating included)
	No exothermal reaction of the test item was observed up to a max. test temperature of 402 °C. Thus, the test item has no self-ignition temperature according to the criteria of the test method/directive.
	Smeykal (2005): Polybasic lead fumarate, Ref. 158, Auto-Flammability A.16 (solids-determination of relative self-ignition temperature), unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040981.04, 2005.
	Y
	1

	Explosive properties
	derogation


	
	
	
	
	

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.18:
Physico-chemical data, basic lead carbonate (CAS: 1319-46-6)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	EC method A.1 (92/69/EEC)

OECD 102 (1995)

OECD 113 (1981)
	DSC
Batch no.: 21‑10‑2002
Purity: min. 99.5 % (approx. 0.1 % of stearic acid coating)
	The test item has no melting point at atmospheric pressure. The test item decomposes at approx. 220 °C.
	Franke (2005): Naftovin T2, 21-10-2002, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040982.01, 2005.
	Y
	1

	Boiling point
	EC method A.2 (92/69/EEC)

OECD 103 (1995)

OECD 113 (1981)
	DSC
Batch no.: 21‑10‑2002
Purity: min. 99.5 % (approx. 0.1 % of stearic acid coating)
	The test item has no boiling point at atmospheric pressure. The test item decomposes at approx. 220 °C.
	Franke (2005): Naftovin T2, 21-10-2002, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040982.01, 2005.
	Y
	1

	Rel. density
	EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Air comparison pycnometer
Batch no.: 21‑10‑2002
Purity: min. 99.5 % (approx. 0.1 % of stearic acid coating)
	Density at 24.3 °C = 6.42 g/cm3

D4R: 6.42 
	Smeykal (2005): Naftovin T2, 21-10-2002, Relative Density A.3, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040982.02, 2005.
	Y
	1

	Vapour pressure
	derogation
	
	
	
	
	

	Surface tension
	derogation
	
	
	
	
	

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration
Batch no.:
21-10-2002
Purity: min. 99.5 % (approx. 0.1 % of stearic acid coating)
	0.253 mg/l 

[20 °C, at pH = 9.26]


	Heintze (2005): Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/02-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	derogation
	
	
	
	
	

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	derogation
	
	
	
	
	

	Explosive properties
	derogation
	
	
	
	
	

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

Table 1.19:
Physico-chemical data, dibasic lead phosphite (CAS: 12141-20-7)

	Parameter
	Test method
	Details
	Result
	Reference
	GLP
	Reliability(1)

	Melting point
	EC method A.1 (92/69/EEC)

OECD 102 (1995)

OECD 113 (1981)
	DSC
Batch no.: 0210510067
Purity: 99.3 % (approx. 0.7 % stearic acid coating)
	The test item has no melting point at atmospheric pressure. The test item decomposes at approx. 230 °C (503 K).
	Franke (2005): Allstab LP 3139, 0210510067, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040983.01, 2005.
	Y
	1

	Boiling point
	EC method A.2 (92/69/EEC)

OECD 103 (1995)

OECD 113 (1981)
	DSC
Batch no.: 0210510067
Purity: 99.3 % (approx. 0.7 % stearic acid coating)
	The test item has no boiling point at atmospheric pressure. The test item decomposes at approx. 230 °C (503 K).
	Franke (2005): Allstab LP 3139, 0210510067, Melting point A.1, Boiling point A.2, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040983.01, 2005.
	Y
	1

	Rel. density
	EC method A.3 (92/69/EEC)

OECD 109 (1995)
	Air comparison pycnometer
Batch no.: 0210510067
Purity: 99.3 % (approx. 0.7 % stearic acid coating)
	Density at 24.4 °C = 6.74 g/cm3

D4R: 6.74
	Smeykal (2005): Allstab LP 3139, 0210510067, Relative Density A.3, unpublished report, Siemens AG, Frankfurt am Main, report-no.: 20040983.02, 2005.
	Y
	1

	Vapour pressure
	derogation
	
	
	
	
	

	Surface tension
	derogation
	
	
	
	
	

	Solubility in water
	EC method A.6 (92/69/EEC)

OECD 105 (1995)
	Flask method with micro filtration
Batch no.: 0210510067
Purity: 99.3 % (approx. 0.7 % stearic acid coating)
	12.2 mg/l 

[20 °C, at pH = 8.02]
	Heintze (2005): Determination of the water solubility of the test substances, unpublished report, GAB Biotechnologie GmbH & IFU Umweltanalytik GmbH, Niefern-Öschelbronn, report-no.: 20031007/02-PCSB, 2005.
	Y
	1

	Partition coefficient
	derogation
	
	
	
	
	

	Flash point
	derogation
	
	
	
	
	

	Flammability A10
	EC method A.10 (92/69/EEC)


	Batch no.: 0210510067
Purity: 99.3 % (approx. 0.7 % stearic acid coating)
	Main test: 
a propagation without flame was observed, the test item smouldered down (30 s).
The test item is a “highly flammable solid” according to the criteria of the test method/directive.
	Smeykal (2005): Allstab LP 3139, 0210510067, Flammability (solids) A.10, Auto-Flammability A.16 (rel. self-ignition temperature), unpubl. report, Siemens AG, Frankfurt/Main, report-no.: 20040983.03, 2005.
	Y
	1

	Flammability A11
	derogation
	
	
	
	
	

	Flammability A12
	derogation
	
	
	
	
	

	Flammability A13
	derogation
	
	
	
	
	

	Auto-flammability
	EC method A.16 (92/69/EEC)


	Aluminium block oven
Batch no.: 0210510067
Purity: 99.3 % (approx. 0.7 % stearic acid coating)
	The test item has a relative self-ignition temperature of 261 °C according to the criteria of the test method/directive.
	Smeykal (2005): Allstab LP 3139, 0210510067, Flammability (solids) A.10, Auto-Flammability A.16 (rel. self-ignition temperature), unpubl. report, Siemens AG, Frankfurt am Main, report-no.: 20040983.03, 2005.
	Y
	1

	Explosive properties
	EC method A.14 (92/69/EEC)

OECD 113 (1981)
	Screening test: thermal stability (DSC)
Batch no.: 0210510067
Purity: 99.3 % (approx. 0.7 % stearic acid coating)
	The heat of decomposition was below 500 J/g. Therefore, the test on explosion was not necessary. The test item has no danger of explosion according to the criteria of the test method/directive.
	Smeykal (2005): Allstab LP 3139, 0210510067, Explosive properties A.14, unpubl. report, Siemens AG, Frankfurt am Main, report-no.: 20040983.04, 2005.
	Y
	1

	Oxidising properties
	derogation
	
	
	
	
	


(1) Reliability grade assessed according to Klimisch et al. (1997); GLP: Good Laboratory Practice; Y: yes; N: no

1.2 Classification Human Health

1.2.1 Current Classification

Classification has not been specifically established for the compounds being evaluated in the Risk Assessment. Lead metal, as the powder or in bulk form, is not classified. However, lead compounds not otherwise specified in Annex 1 of Directive 67/548/EEC are classified for human health as follows:

· Repr. Cat. 1; R61 (may cause harm to the unborn child)

· Repr. Cat. 3; R62 (possible risk of impaired fertility

· Xn; R20/22 (harmful by inhalation and if swallowed)

· R33 (danger of cumulative effects)

1.2.2 Proposals for Classification

Physico-chemical properties

Dibasic lead phosphite (CAS 12141-20-7) has recently been experimentally tested acc. to EU method A.10 under GLP, and was characterised as a “highly flammable solid”. Thus, classification with R11 “highly flammable” is proposed.

Health Effects

For reasons specified in detail below, the following health classifications appear as appropriate for inorganic lead compounds.

· Repr. Cat. 1; R61 (may cause harm to the unborn child)

· Repr. Cat. 1; R60 (may impair fertility)

· Cancer Cat. 3; R40 (limited evidence of a carcinogenic effect)

· Xn; R48/20/22 (danger of serious damage to health by prolonged exposure through inhalation and if swallowed)

The classification for metal powder would be similar to that above, with the exception that no classification would be proposed for carcinogenicity.
Repr. Cat 1; R61 (may cause harm to the unborn child) is supported by the human observational studies detailed in Section 4.1.2.10. This classification is applicable to all inorganic lead compounds. Based upon solubility data, and the probable presence (based upon production process) of lead oxide, extension of this classification to lead metal powder can be considered.

The existing classification of Repr. Cat. 3; R62 (possible risk of impaired fertility) is inadequate in light of human observational studies in Section 4.1.2.10 which suggest that impacts of inorganic lead compounds upon spermatogenesis occur in human males. Repr. Cat. 1; R60 (may impair fertility) is proposed as the more applicable classification.

Good Laboratory Practice (GLP) and/or guideline compliant data were not found in the published literature for acute oral toxicity. Studies had been conducted in the United States and the EU for seven different stabilizer compounds and reported LD50 values in both male and female rats to be greater than 2000 mg/kg (see Section 4.1.2.3.1). The studies were conducted using good laboratory practice and are suitable for the classification of these compounds. The compounds tested include a variety of anions. Literature searches to date have not found information indicating that anions present in compounds not tested will impart properties or toxicity different from those that have been tested. These studies uniformly suggest low potential for acute toxicity via the oral route. Rationale for extension of test data to all compounds covered in this Risk Assessment will be made in a separate derogation document. The recently conducted studies indicate that classification on the basis of acute oral toxicity is not warranted.

A GLP-compliant inhalation toxicity was conducted using lead oxide (see Section 4.1.2.3.1). Lead oxide was selected for testing based upon dustiness testing (see Section 4.1.1.1.7) indicating that it would generate an aerosol with particle size properties intermediate to that expected for other compounds. Pulmonary deposition modelling showed that deposition patterns for all thirteen lead compounds will be rather similar. In detail, deep lung penetration would be minimal and upper respiratory tract deposition would predominate. Upper respiratory tract deposition would in turn be followed by clearance to the gastrointestinal tract. No signs of pulmonary toxicity, irritation or systemic toxicity were evident in the inhalation study. Extension of the lead oxide testing results to the other lead compounds evaluated in this assessment will be addressed in a separate derogation document. However, pulmonary deposition modelling and considerations of chemical properties do not provide a basis for believing that the inhalation toxicity of other compounds will be greater than that of lead oxide.

Based upon the recently conducted oral and inhalation toxicity studies, classification for acute oral and inhalation toxicity (R20/22) is not supported by this Risk Assessment. However, in recognition that chronic and subchronic exposure to inorganic lead compounds has been documented to result in severe health effects in humans, the existing classification of:

· Xn; R20/22 (harmful by inhalation and if swallowed)

· R33 (danger of cumulative effects)

Is recommended to be replaced by:

Xn;R48/20/22 (danger of serious damage to health by prolonged exposure through inhalation and if swallowed)

Selected compounds were tested for dermal toxicity (Section 4.1.2.3.1), eye irritation and skin irritation (Section 4.1.2.4.1) and skin sensitisation (Section 4.1.2.6). No evidence for toxicity, irritation or sensitisation was found – classification based upon these acute endpoints is thus not proposed. The derogation strategy for extension of test data from tested to untested substances is outlined in a separate document.

Mutagenicity/Genotoxicity studies (see Section 4.1.2.8) with highly soluble lead compounds provide evidence of in vitro mutagenic and genotoxic effects, likely mediated through indirect mechanisms. No consistent indications were found of in vivo effects in experimental animals or exposed humans, especially in studies conducted using physiological routes of compound administration. The concentrations required to produce effects in vitro in most studies exceeds the solubility of the substances of concern to this evaluation. No classification is thus proposed for Mutagenicity for the substances covered in this Risk Assessment.

Carcinogenicity has been demonstrated (see Section 4.1.2.9) following the administration of large amounts of highly soluble lead compounds to rodents. Studies, albeit somewhat limited in scope, did not observe carcinogenic effects of lead oxide (inhalation) or lead metal powder (oral and injection). Human epidemiology studies entailing mixed exposures to lead compounds have produced either negative or inconclusive results. Category 3, R40 (limited evidence of a carcinogenic effect) classification for carcinogenicity presently applies to the highly soluble and bioavailable lead acetate and can likely be extended to all lead compounds that will exhibit significant bioavailability after ingestion. Given the large doses of soluble lead compounds required to induce tumours in animals, only compounds with significant bioavailability will likely elicit a carcinogenic response. The bioavailability of most of the lead compounds evaluated in this risk assessment is not known, but the sparingly soluble nature of some of the compounds under consideration does not equate with limited bioavailability under the acidic conditions of the stomach. For example, both lead oxide and lead carbonate exhibit high bioavailability in animal feeding studies and when tested in in vitro gastric simulation systems. While not all of the lead compounds may exhibit high bioavailability, extension of Category 3 R40 classification to all inorganic lead compounds is proposed. This classification would not be extended to lead metal since the bioavailability of lead metal has been demonstrated to be limited and lead metal powder has been tested in an animal carcinogenicity study and did not produce effects.

2 general information on exposure

Please refer to separate report (draft, environmental section).

3 environment

Please refer to separate report (draft, environmental section).

4 HUMAN HEALTH

4.1 Human health (Toxicity)

4.1.1 Exposure assessment

4.1.1.1 General discussion (occupational exposure)

4.1.1.1.1 Overview of industry sectors covered

According to the proposal from which this report is generated, it was decided to place the emphasis on “core” lead industries, meaning such industries that are primarily involved either in producing and recycling lead (primary/secondary and sheet production), or consuming major amounts of lead and/or lead compounds (battery and oxide/stabiliser production).

In addition to these, during the compilation of this report, the ceramics and lead crystal glass sectors declared their interest in participating in this Voluntary Risk Assessment, and shortly prior to closing, a decision to include PVC processing as a sector was taken. However, the submission of data from the latter sector is still pending.

Further, a range of occupational exposure scenarios were assessed for potential exposure based on published data, and of which the following four were selected since it was felt that the extent of exposure could not be discounted for:

· lead exposure of brass foundry workers,

· lead exposure in stained glass workshops, and

· lead exposure in shooting ranges,

· lead exposure during scrap/demolition and lead abatement operations.

Next, a large number of sectors that were deemed to be involved with negligible exposure to lead were summarised only briefly in a separate chapter, based on the level of detail available from published sources. Finally, the issue of potential carry-over from the work environment to the homes of lead workers was also addressed.

This report summarises inhalation and dermal exposure as well as available blood lead data. Concerning the latter, we explicitly note that the fact that in some European countries these data are considered in a legal context as personal medical data and therefore as “confidential” has somewhat impeded the data collection process, since numerous companies argued justifiably that they were not allowed to release such data for legal medical reasons.

Three different modes of data collection were employed in this occupational exposure assessment:

(i) Detailed data collection via customised questionnaires and by conducting site inspections were first initiated in the primary and secondary lead producing industry. Further, battery and lead sheet production as the quantitatively most relevant downstream user sectors were addressed in the same way. Finally, lead oxide and lead stabiliser production were similarly assessed, representing the primary producing industry for these lead compounds.

(ii) A similar, but slightly modified form of data collection was conducted for the crystal glass and ceramics industry, the format and extent of which was largely at the discretion of these sectors, but nevertheless yielded a comprehensive data set.

(iii) Concerning other lead consuming industries and other potentially relevant occupational exposure issues, a comprehensive literature search was conducted, and a brief summary at the end of each respective chapter has been included. Apart from a range of industries in which lead exposure is either low or negligible, or apparently adequately managed, only few occupational scenarios have been identified as associated with a potentially relevant lead exposure, and which have therefore been addressed in more detail.

4.1.1.1.2 Mode of collection, exposure data

In the detailed data collection exercise, companies were requested with the aid of a sector-specific questionnaire as mentioned above to submit the following data:

(1) A common core data set identifying and qualifying each set of data on a company-by-company basis as follows:

· company and facility identification,

· contact person details,

· specification of production types,

· total number of employees,

· number of employees involved in production,

· number of employees under medical surveillance due to lead exposure,

· number of female employees in an age of childbearing capacity under medical surveillance due to lead exposure,

· number of production days per year,

· annual lead consumption of the plant [t/year].

(2) Data on inhalation exposure, personal and static values: the data submitted by workplace categories was accompanied by the identification of tasks performed by the employees in this category, the number of exposed workers in this area, the amounts of products handled per shift, a description of the exposure pattern, occupational settings, pattern of control, and the requirement and specification of any PPE/RPE being used during these tasks. All measurements included in the data base had to be accompanied by sample date, sample ID, sampling device, sampling duration, sampling frequency, analytical method, particle size/fraction, units of result.

Whereas it is recognised that some variance is known to exist between sampling efficiencies of different types of samplers, no correction has been applied to any of the reported inhalation exposure figures. The main reason for this is that the VRAL data base reflects a retrospective survey of all available data for a particular period which in itself is rather heterogeneous, whereas a prospective survey designed to be representative of a sector would be more appropriate for such a correction.

(3) Data on dermal exposure was requested from companies - however, not unexpectedly, such data were not available on this level. Instead, dermal exposure was assessed based on data from specifically initiated dermal monitoring studies, as well as data extracted from published sources.

4.1.1.1.3 National legislation in EU member states regarding OELs

Procedures exist in most EU (15) Member States for the control of lead-in-air and the setting of OELs, as summarised in the table below (where available):

Table 4.1:
Source documents for national legislation on OELs [mg/m³] for lead-in-air in the EU

	Country
	OEL
	Reference

	EU
	0.15
	Claeys et al. (2003)

	AT
	0.10
	GKV 2003

	BE
	0.15
	A.R. 11 March 2002

	DE
	0.10
	TRGS 900, Teil 2

	DK
	
	

	ES
	0.15
	Real Decreto 374/2001

	FI
	
	

	FR
	0.15
	Decrees N° 88-120 du 1st February1988

	IR
	0.15
	Claeys et al. (2003)

	IT
	0.15
	Italian DL 25/02.02.2002

	PO
	0.15
	Decreto-Lei n.° 274/89

	NL
	0.15
	Handboek Arbeids Omstandigheden Wetgeving, Deel B1550, pag 203-231, Uitgave Mei 2000

	SW
	0.10
	AFS 2000:3

	UK
	0.15
	CLAW 2002 (S.I. 2002/2676)


Mode of collection, biomonitoring data

Via the same questionnaire as above, companies were also requested to provide individual (not aggregated or averaged) blood lead data on an anonymised worker-by-worker and annual basis for the period 1998-2001. It must be noted that such data were not made available a priori with a coding for the sex of a particular worker. This is largely due to the very low number of occupationally exposed females in most sectors, which would have compromised confidentiality.

Further details were requested on measuring strategy, sampling standard, type of monitoring (blood lead or ZPP, ALAD etc.), sampling method, analytical method, number of workers under survey, sampling frequency, and units of result. As a general conclusion, reporting of auxiliary data apart from the routine blood lead values was sparse. This is interpreted as largely due to quality control systems being in place in most countries for the supervision of this parameter.

To verify this, industry representatives from various countries were approached to provide more information on the procedures applicable in individual Member States to ensure the quality of the assays for blood lead in workers. The current feedback to this is listed below on an EU Member State basis:

France: Procedures for blood lead monitoring are laid down in an official government document (Anonymous, 1990). According to this document, laboratories conducting blood lead measurements need to be officially approved, and must participate in an inter-laboratory comparison organised by the National control for BLL. This form of control exists since 1994, and is organised by AFSSAPS (French agency for the safety of health products). The certification system involves sending three blood samples (total blood) to the laboratories 4 times per year. The final score is calculated by adding 3 different scores which concern accuracy (comparison to the average value), measurements on added lead and reproducibility between laboratories. According to the final score of the year, the laboratory is awarded formal approval either for 3 years, 1 year, or no approval at all.

UK: Blood lead levels of exposure workers are monitored in the UK under the „Control of Lead at Work Regulations (CLAW, 2002)“ and annual reports are published by the UK HSE, the most recent one being available on the internet homepage of the UK HSE (http://www.hse.gov.uk/statistics/causdis/lead.htm). According to industry sources, the HSE maintains a list of approved laboratories, which need to members of accrediting schemes according to either NEQAS or TEQAS (UKNEQAS is National External Quality Assurance Service, UKTEQAS is the Trace Elements External Quality Assurance Scheme). This accreditation involves sending samples on a monthly basis to each laboratory for "blind" analysis, with monthly statistics and following up any lab not producing reliable results, with an ultimate sanction of removing them from the scheme and hence from HSE approval. However, whereas it may be assumed that industry companies typically select such labs, HSE approval is apparently not strictly mandatory for laboratories carrying out such testing.

Germany: The basic procedures for monitoring occupational exposure via blood lead assays are laid down in the German regulations “Technische Regel für Gefahrstoffe (TRGS)” nos. 505 (AGS, 1996; to be amended in 2005) and 903 (AGS, 2004). These cover intervention levels as well as sampling obligations. In brief, blood lead assays may only be conducted at authorised laboratories that participate in accreditation schemes and ring tests, and which are listed and published by the Federal Labour Ministry. These ring tests are conducted annually and are supervised by the German Society for Occupational and Environmental Medicine. The accreditation certificate of such laboratories must be made available to the local/regional supervising authorities of the district in which any lead processing facility is located.

Sweden: The number of plants producing or processing lead in Sweden is restricted to only a few major sites, for which this information was made available: the procedure to determine Pb in blood starts with extracting a 5 g blood sample into a test tube. Pyrrolidine-1-dithiocarboxylic acid ammonium salt is then added to free the lead from the biological matrix substances. Then 3 ml of ketone is added, the tube is then closed and agitated, then centrifuged and the lead-containing ketone is measured on an Atomic Absorption spectrometer, calibrated with prepared standard solutions. For control purposes, two blood samples from the UK National External Quality Assessment Schemes (UKNEQAS) are received and analysed. These analytical control results are submitted back to the UKNEQAS website, with an official report becoming available thereafter. In this “round robin” test programme, blood samples from 57 labs distributed all over the world are involved. According to the Swedish lead industry, 95% of their analytical results are well within the quality limits stated by UKNEQAS (Englyst, 2004).

Belgium: The current legal procedures for blood lead monitoring are laid down in an official federal government document (Anonymous, 2002), which replaces a major portion of the recent “Règlement Général pour la Protection des Travailleurs/Algemene Reglementering voor Arbeidsbescherming (RGPT/ARAB)”. This regulation contains a description of measurement techniques that need to be used (absorption spectrometry or an equivalent method), the sampling procedure, and the technical and professional qualification of personnel involved in these. Participation in external quality assessment schemes or proficiency testing programmes is mandatory.
Ireland: The requirements for quality control of testing laboratories are not stated in the report by (Claeys, 2003), and no other data are available.

Italy: The Italian DL 25/02.02.2002 reflects the European Directive on the protection of the health and safety of workers from the risks related to chemical agents at work. The testing laboratories must be accredited by regional bodies. Measurements of lead in blood must be carried out using AAS or a method giving equivalent results (Claeys, 2003).

Portugal: Decreto Lei n.°274/89 sets the national binding biological limit values for lead in blood, and if required by the responsible doctor, ZPP ALA-U and/or ALA-D also have to be measured. No special requirements are stated for testing laboratories (Claeys, 2003).

Spain: In Spain, Real Decreto 374/2001 regulates the protection of workers against chemical agents and includes reference to technical guidance which should be provided by the National Institute of Occupational Hygiene and Safety, and in ist Annex II sets the national binding biological limit value for Lead in blood at 70 µg Pb/dL. Laboratories involved in these measurements must have a quality procedure for all their activities, and analytical methods “must guarantee reliability of results” (Claeys, 2003).

The Netherlands: In the "Handboek Arbeids Omstandigheden Wetgeving, Deel B1550, p. 203-231, Uitgave Mei 2000, nationally binding biological limit values for lead in blood in the Netherlands are specified. Testing laboratories are required to be accredited, but EQAS is voluntary (Claeys, 2003).

Austria: According to information by industry (Chemson, 2006), the analytical procedures for blood lead levels are subject to the same requirements as for Germany, laid down by the German "Bundesärztekammer" (Federal Medical Practitioners' Association, see above).

Greece: no data avilable.

Other countries: since blood lead data from companies in the EU-15 countries Denmark, Luxembourg and Finland are not contained in the occupational exposure data base of this report, any statement on such control procedures is not considered to be required.

National legislation in EU member states regarding blood lead levels of workers

There is some diversity in EU countries concerning regulations that limit blood lead levels in workers. This summarised in a report to an EU funded project (Claeys et al., 2003), in which differences in the implementation of Directive 98/24/EC (EU, 1998) in the EU are described in detail. Whereas regular medical surveillance for blood lead levels is mandatory in all countries, differences exist in action levels and suspension levels, as summarised in Table 4.2 below.

It should be noted that the action and suspension levels reported in columns 1 and 2 below reflect the situation directly after the period of data collection of this assessment (1998-2001), whereas columns 3 and 4 represent the values that apply at the time of issue of this draft report according to industry (Bush, 2005b).

Table 4.2:
Action and suspension levels for lead in blood and requirements for laboratories undertaking the measurements

	Country
	Action level(1)
before 2002
[µg/dL]
	Suspension level(1)
before 2002
[µg/dL]
	Action level(2)
2005
[µg/dL]
	Suspension level(2)
2005
[µg/dL]
	Obligatory laboratory
requirements

	EU
	40
	70
	40
	70
	-

	BE
	40
	70
80 in special conditions
	40
	70
80 in special conditions
	Must participate in EQAS for exposure, not for biological samples (voluntary)

	DE
	30 (F)
40
	70
	None
	30 (F)
40(3)
	Must participate in EQAS

	DK
	40
	70
	40
	70
	Must be accredited and participate in EQAS

	ES
	40 (M)
	70
	40 (M)
	70
	None

	FI
	40
	50
	40
	50
	None

	FR
	40
	70 or
80 in special conditions
	None
	30 (F)
50
	Must participate in EQAS

	IR
	40
	60
	40
	60
	None

	IT
	40
	40 (F)
60
	40
	40 (F)
60
	NHS laboratories must participate in EQAS

	PO
	60
	70
	30 (F)
50
	45 (F)
60
	None

	NL
	30
	(F)
50 (17-18 years)
60 (others)
	30
	(F)
50 (17-18 years)
60 (others)
	Participation in EQAS is voluntary

	UK
	25 (F)
40 (16-18 years)
50 (others)
	30 (F)
50 (16-18 years)
60 (others)
	25 (F)
40
	30 (F)
50
	Must participate in EQAS


F: female; M. male; EQAS: external quality assessment scheme; (1) Source: Claeys et al. (2003), considered valid for period until 2002; (2) Source: recent industry information (Bush, 2005b); (3) exemption for lead smelting / battery production until 31.12.2005: 55 µg/dL

4.1.1.1.4 Quality screening and analysis of occupational exposure data

Initial procedure:

- first, all data submitted by industry were transferred to a corresponding sector-specific data base consisting of non-aggregated values.

Quality screening:

- all data bases were then filtered for values which did not meet the minimum quality requirements set forth in Table 4.3 both for (i) lead in blood and (ii) lead in air values. In addition, each data point had to be accompanied by a “common core“ data set (see 4.1.1.1.2 above).

Table 4.3:
Quality requirements for exposure data

	Criteria
	Lead in air
	Lead in blood

	sampling date
	obligatory
	obligatory

	ID-number
	desired for personal monitoring
	obligatory

	sampling duration
	obligatory with a minimum 120 minutes
	n.a.

	measured fraction
	obligatory with inhalable fraction
	n.a.

	analytical method
	obligatory
	obligatory


As a general rule, only individual (i.e. non-aggregated) blood lead values were included in the data base, from which however annual median values on a one-value-per-year-per-worker were then calculated to avoid any bias from highly exposed individuals which tend to be measured at higher frequency.

From the remaining data sets, maximum, 90th percentile, median and minimum values were calculated. Since a broad range of methods exist for the derivation of 90th percentiles, it is noted that in this report preference was given to the “SPSS, HAverage” method which is considered to be somewhat more conservative than methods implemented in other statistical packages, especially for small and skewed data sets. The minimum requirement for the calculation of 90th percentiles according to this method is 10 values for a data set. In few cases where less than 10 values were available for a particular data subset, the function “Summary” incorporated in the software “R” was selected, the use of which is identified by a footnote in each table where relevant.

Throughout the report, “typical” exposure values are represented by the median value of a data set, and “realistic worst case” values correspond to the upper 90th percentile of that data set.

4.1.1.1.5 Particle size and dustiness of lead and lead compounds

Where either insufficient, inadequate or even no data at all are available for a particular substance, a comparison with analogous substances may be more relevant than the use of modelled data. The following two analogies are considered to be of relevance:

(i) An extensive data base for dermal and inhalation exposure is available for the production and subsequent handling of zinc oxide, which has been made use of in several cases. For this, the dustiness values of relevant lead compounds (lead metal powder, litharge and red lead oxide) in comparison to that of zinc oxide are of interest. 

(ii) For extrapolation either from zinc oxide, or from data generated for a particular lead compound, information on dustiness and particle size are considered relevant. Therefore, a consistent set of measurements on all 13 lead compounds covered in this VRAL for total particle size distribution and dustiness with particle size distribution of the airborne fraction, which are defined and measured as follows:

· total particle size distribution can be measured under various conditions, ranging from immersion in liquid to dry dust generation, in both cases usually analysed by laser diffraction. However, the test system by default can only measure physical diameters, which require additional recalculation to mass median aerodynamic diameters (MMAD) based on the relative density of the particle.

· dustiness is defined as the propensity of a material to become airborne, and was measured in this case according to DIN Norm 55 992 in a Heubach apparatus. This method is described in the current ECB guidance document on particle size distribution of chemical substances (ECB, 2002) as “the only method that uses a standard method to disperse the dust and gives a separation by mass based on the respirable, thoracic and inhalable fractions. In brief, a sample is introduced into a rotating drum apparatus (simulating mechanical agitation during normal handling and use) and a stream of air is passed through the apparatus, enabling collection of any material that becomes airborne under these conditions. The particle size distribution of the fraction of material that becomes airborne under these conditions is analysed by a cascade impactor that separates particles based on their mass median aerodynamic diameter (MMAD), and is thus considered to more accurately reflect the particle size distribution under workplace conditions for extrapolation purposes than the “total” particle size. This has been demonstrated for zinc oxide as an example (Battersby; Boreiko, 2004).

From the data on particle size distribution of airborne matter obtained in the dustiness testing, the MMAD and GSD values were calculated by quasilinear regression by fitting lognormal distributions for each of the substances to its corresponding cascade impactor data (in accordance with the procedure set forth in the draft OECD guidance document on acute inhalation toxicity testing: OECD, 2004). The table below displays the thus obtained MMAD and GSD for each lead compound and the corresponding data for zinc oxide for comparative purposes.

MMAD values are intrinsically higher than physical particle sizes because of the link with the square root the particle density. However, for quite a few compounds in the table below, the experimentally determined MMAD in the airborne fraction is much higher than the physical particle size, indicating in such cases a tendency of these compounds to form aggregates.

Table 4.4:
Dustiness and particle size information of lead and lead compounds

	Substance
	CAS
	Dustiness value
[mg/g]
	D50 [µm]
phys. diameter(1)
	D50 [µm]
MMAD(2)
	D50 [µm]
GSD(2)
	References

	lead metal powder
	7439-92-1
	189
	12.7
	33.7
	4.1
	Franke (2005);
Selck (2003)

	lead oxide
	1317-36-8
	179
	13.8
	35.9
	3.6
	Franke (2005);
Selck (2003)

	lead tetroxide
	1314-41-6
	8
	4.5
	14.0
	3.9
	Franke (2005);
Selck (2003)

	dibasic lead phthalate
	69011-06-9
	7
	1.6
	13.4
	4.0
	Franke (2005);
Selck (2003)

	basic lead sulphate
	12036-76-9
	37
	1.7
	15.4
	4.5
	Franke (2005);
Selck (2003)

	tribasic lead sulphate
	12202-17-4
	13
	1.8
	12.9
	3.9
	Franke (2005);
Selck (2003)

	tetrabasic lead sulphate
	12065-90-6
	31
	2.43
	10.0
	3.7
	Allstab (2002);
Selck (2003)

	neutral lead stearate
	1072-35-1
	287
	23.0
	28.6
	3.6
	Franke (2005);
Selck (2003)

	dibasic lead stearate
	12578-12-0
	263
	4.1
	24.2
	4.0
	Franke (2005);
Selck (2003)

	dibasic lead phosphite / sulphite
	62229-08-7
12141-20-7
	149
	1.8
	104.2
	6.0
	Franke (2005);
Selck (2003)

	polybasic lead fumarate
	90268-59-0
	134
	1.4
	55.4
	4.8
	Franke (2005);
Selck (2003)

	basic lead carbonate
	1319-46-6
	33
	2.1
	6.0
	3.3
	Franke (2005);
Selck (2003)

	dibasic lead phosphite
	12141-20-7
	262
	1.2
	54.0
	4.9
	Allstab (2002);
Selck (2003)

	zinc oxide (3)
	1314-13-2
	30
	~ 1
	36.0
	3.7
	EBRC (2000);
Armbruster (2000)


(1) physical diameter determined by dry dispersion and laser diffraction
(2) mass median aerodynamic diameter (MMAD) and GSD determined by rotating drum method and size-selective impaction
(3) data on zinc oxide included for comparative purposes
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Figure 4.1:
Particle size density function of lead compounds (zinc oxide for comparison)
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Figure 4.2:
Extrapolated particle size distribution of lead compounds

As an overall conclusion, the dustiness of lead tetroxide, dibasic lead phthalate, basic lead sulphate, tribasic lead sulphate, tetrabasic lead sulphate and basic lead carbonate are of the same order of magnitude (range: 7-37 mg/g) as that of zinc oxide (30 mg/g), indicating a similar tendency of mobility or to become airborne. The other seven lead compounds have a dustiness which is an order of magnitude higher, ranging from 149 to 287 mg/g.

Finally, the calculated MMAD and GSD values for each compound will be used as input parameters for the prediction of fractional deposition behaviour in the respiratory tract, based upon which an assessment of inhalation absorption factors will be derived. For details on these calculations, please refer to subchapter 4.1.3.1 (risk characterisation).

4.1.1.1.6 Model predictions (EASE)

For the assessment of occupational exposure, the EU Technical Guidance Document (“TGD”; ECB, 2003) explicitly gives foremost preference to measured data. In the absence of such, use may be made first of appropriate analogous or surrogate data, and only as a last resort should modelled data be used, for which the TGD currently advocates the use of the EASE model (version 2.0).

EASE is a „knowledge-based“ model that categorises occupational exposure with reference to historical data collected in the UK’s National Exposure Database (NEDB). As such, it does not provide point estimates, but rather assigns exposure ranges. EASE provides outputs both for dermal and inhalation exposure, although it is noted here that hot metal processes which are particularly relevant for this report are unlikely to have been contained in the underlying data base, so that the use of this model for is somewhat limited for most of the processes reviewed in this report. However, it is noted here that particularly for hot metal processes, EASE was never designed to predict exposures under such conditions. Further, validation studies on zinc and lead compounds have consistently shown that EASE is prone to over-predict by approx. two orders of magnitude, so that any such model estimates given in this report should be considered with care.

Use has not been made of the recently developed model RISKOFDERM (van Hemmen et al., 2003), since several reports are available on dermal exposure to lead compounds in a range of industries, which could be used as analogous data, where required.

4.1.1.1.7 Use of personal protective equipment

Whereas the use of personal protective equipment is considered by the TGD as a last resort after all other technical measures have been explored, it can not be disputed that the use of gloves is regular feature in many lead industries, and that in particular workplaces situations, either on a full-shift or task-specific basis, the use of RPE is also most common.

Thus, in an industry-wide survey on the use of PPE, a comprehensive questionnaire was distributed in key industry sectors with the purpose of obtaining detailed information on the type and efficacy of PPE used, and whether or not the use of such was defined as mandatory, voluntary or not required at all at a particular site. This information was also potentially intended to serve as an indicator for a subsequent assessment on whether the choice of PPE, where required and used, is appropriate and adequately protective.

Finally, where the use of RPE can be established as mandatory for the vast majority (i.e. close to 90%) of the industry sector, an additional exposure assessment may be considered on a case-by-base basis by applying a correction with a so-called “assigned protection factor (APF)”.

4.1.1.2 Occupational exposure

According the to the health methodology proposal for this risk assessment, the following scenarios for exposure to lead and lead compounds were addressed:

Scenario 1:
Primary production of lead metal

Scenario 2:
Secondary production of lead metal

Scenario 3:
Production of lead sheet

Scenario 4:
Battery production

Scenario 5:
Production of lead oxides and stabiliser compounds

Scenario 6:
Production of lead crystal glass

Scenario 7:
Production of ceramic ware

Scenario 8:
PVC processing

Scenario 9:
Exposure in demolition and scrap industries

Scenario 10:
Further occupational scenarios:

10.1:
Bronze & brass foundries

10.2:
Stained glass workshops

10.3:
Occupational exposure related to the use of lead shot/ammunition

10.4:
Capacitator manufacturing

10.5:
Opticans

10.6:
Pigment manufacturing

10.7:
Soil remediation

10.8:
Incineration plants

10.9:
Radiotherapy shield manufacturing

10.10:
Welding fumes

10.11:
Paint spraying

10.12:
Construction workers

10.13:
Iron workers

10.14:
Engine reconditioning

10.15:
Carpenters

10.16:
Monumental masonry workers

10.17:
Enamelling

10.18:
Soldering of electronic circuit boards

10.19:
Shipyard workers

10.20:
Garbage handling

10.21:
Tyre fitters

10.22:
Printing and paint manufacturing

10.23:
Others

Scenario 11:
Potential lead exposure resulting from the “work-home interface”

4.1.1.2.1 Scenario 1: Primary lead production

A total of 32 lead metal production sites in total are currently identified by LDAI. These consist of 4 primary producers and 26 plants which are more appropriately described as secondary producers, and 2 producers with both primary and secondary operations on the same site.

The distinction between “primary“ and “secondary” in this report is based predominantly on the extent to which a particular plant uses ore concentrates or secondary raw materials (such as scrap, used lead batteries, production residues, ashes, sludge, filter dust).

It has further been agreed to separate lead sheet production (in total 13 plants in Europe) from the primary and secondary production sector, and to assess this industry sector in a separate subchapter as a first downstream user sector.
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Figure 4.3:
Primary lead production: map of sites in the EU
Data collection

The distribution of the six primary lead producers in Europe is shown above. For the development of process descriptions, and for the purpose of conducting comprehensive subjective exposure assessments, site inspections were carried out in a primary lead production facility that uses a high percentage of ore concentrates, in addition to also employing secondary lead raw materials. Occupational exposure data were collected on a representative basis with the aid of a questionnaire which was tailored specifically to the requirements of this industry sector. Questionnaires were originally developed by EBRC, submitted for review to LDAI and industry contact points, and were then distributed to the participating companies.

In conclusion, only 5 out of 6 companies reported data of a quality and amount that was considered to be consistent with the requirements set forth in subchapter 4.1.1.1 above, and were therefore valuable for the conduct of this risk assessment. Only one company did not submit any data at all. None of these companies claimed that provision of blood lead data was not possible because of legal limitations. The current status of feedback is presented in the following table:
Table 4.5:
Primary lead production: industry response to request for submission of occ. exposure data (6 sites in total)

	The following companies have submitted data adequate for the purposes of this report:

	Company 1*

	Company 2*

	Company 3*

	Company 4*

	Company 5*

	The following companies either did not respond at all, or with inadequate data:

	Company 6* 


*All company names have been deleted for reasons of confidentiality. Please refer to Chapter 6.5 (Confidential Appendix) for a complete list of names of companies which were invovled in the data collection of this report.

An overview of the available exposure data and the number of blood lead values for the period 1998-2001 is given in the table below. In conclusion, based on statistics of the year 2000, these 5 primary lead plants reflect approx. 80% of total lead production and 78% of the workforce (799 workers of a total of 1,025) in this sector (Marsh, 2004a).

Table 4.6:
Primary lead production: reported data overview

	ID
	Number of employees
	Number of exposure data reported
	Number of individual blood lead data reported

	
	total
	md. surv.
	prod.
	fem.
	static air
	pers. air
	dermal
	1998
	1999
	2000
	2001

	P03
	184
	184
	131
	0
	92
	0
	0
	423
	350
	477
	404

	P04
	310
	298
	195
	3
	228
	96
	0
	472
	586
	480
	574

	P05
	2,050
	138
	170
	1
	14
	21
	0
	0
	0
	0
	0

	P07
	57
	57
	53
	0
	0
	90
	0
	187
	154
	105
	110

	P08
	370
	259
	250
	3
	1,205
	250
	0
	550
	540
	530
	600

	total
	2,971
	879
	799
	7
	1,539
	457
	0
	1,632
	1,630
	1,592
	1,688


n.d.: no data reported; stated above are the entire number of workers employed at a plant (total), those under medical surveillance (md. surv.), those actively involved in production (prod.), and females of childbearing capacity (fem.)

At a first glance, there is a slightly uneven distribution of personal inhalation exposure data within this industry sector. However, this is related to the fact that at some sites preference for assessing compliance with OELs is given to static monitoring. In contrast, 4 out of 5 sites reported blood lead data, yielding a comprehensive data set which is adequately reflective of the size of their workforce.

Process description and subjective exposure assessment

In primary lead metal production, several different processes can be used to retrieve metallic lead bullion from the ore concentrate. These can be divided into two categories: the traditional two-stage pyrometallurgical process which involves sintering and blast furnacing, and the hydrometallurgical (electrolytic) process.

The electrolytic process involves the application of an electrical voltage across a solution of lead-bearing material in a suitable electrolyte, and lead metal is deposited on the cathode. The Ledchlor process can be used on primary materials, and other processes have been developed for the recovery of lead from secondary materials, particularly battery scrap. Despite much development work, no significant volumes of lead are produced electrolytically, which is why this exposure assessment focuses exclusively on the former process.

(1)
Raw material handling


Whereas most lead smelters now use a variable percentage of secondary lead raw materials, the distinction to the secondary plants is given by the predominant use of ore concentrates. In Europe, concentrates are delivered by cargo ships to all sites except for one, which receives the ores by rail, where unloading is performed in an enclosed facility. Unloading will occur with the aid of cranes to interim storage in an enclosed facility. Here, there may be some subsequent mixing of furnace feed, which is then loaded to the furnace delivery system with the aid of shovel loaders. In both cases, the operator is seated for most of the time in a closed cabin with positive pressure and filtered air, thus minimising any exposure. However, when unloading by crane is completed, some manual cleaning/removal from the cargo vessels needs to be performed with the aid of shovels and/or brushing, which can be assumed to take approx. up to 2 hours per unloading event. Up to 300 tons per shift may be handled in this way, and shipments are received with a frequency of once or twice a week.


(i) Automated operations: The exposure pattern at this workplace is continuous, with the operator being in a confined space segregated from the material that is being handled, in a cabin with filtered air. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is incidental. Process type is dry manipulation. The use of gloves and RPE is not required.


(ii) Manual operations: The exposure pattern for this task is continuous, with no LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. Process type is dry manipulation. The use of gloves and RPE is mandatory.

(2)
Sintering


In this process, where applicable, the lead concentrate is roasted in air to yield lead oxide, and sulphur dioxide which is used to make sulphuric acid as a by-product. The lead oxide rich sinter is then fed into the blast furnace with coke and limestone or another flux (such as silica or iron oxide) for the actual smelting process. Whereas in the site visit that was conducted, this process stage was not employed and therefore could not be assessed, it is noted that due to the nature of the process, this is operated in an enclosed system, so that direct or indirect handling of (hot) material is not necessary, and consequently dermal exposure is anticipated to be minimal. However, inhalation exposure can not be ruled out during regular maintenance work when breaching of the enclosure occurs. The hottest temperatures during sintering are given by industry with approx. 800-1000°C


The exposure pattern at this workplace is assumed to be discontinuous, with the operator being segregated from the process/material for most of the time, and LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is incidental. Process type is low dust technique. The use of gloves and RPE is required.

(3)
Smelting


In this process stage, lead oxide is reduced in a furnace to lead metal, which is tapped off at the bottom of the furnace, usually in a continuous outflow. Smelting is conducted throughout Europe in a large variety of furnace types: a variation of the traditional blast furnace is the Imperial Smelting Furnace, which operates in a similar way but allows lead and zinc to be extracted simultaneously from the mixed concentrate, lead in liquid form and zinc as a vapour. The Imperial Smelting Process accounts for around 12% of global primary lead production. A number of single stage smelting processes are in operation, including the Isasmelt, Kivcet, QSL, Kaldo and Outokumpu processes. These employ differing furnace designs, methods of heat input and process control. In 1997, these direct smelting processes accounted for around 20% of global primary lead production. Most of these modern processes can also accept secondary feed.


The smelting process is conducted in a furnace which is supervised and operated on a highly automated basis, which why the actual smelting process is not expected to lead to any relevant exposures. Potential for exposure is mainly at the end of the process, where the molten lead is tapped continuously at a rate of 150 tons per shift into interim storage/transport vessels, and then subjected to refining.


The exposure pattern at this workplace is continuous, the process being conducted in full containment, except for the tapping. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. The use of gloves is required already in view of the high temperatures, and the use of RPE is also mandatory.

(4)
Refining and casting


Refining involves the removal of metallic impurities from the lead bullion to yield pure lead, and which requires the following processes:


iron, oxidic inclusions and some copper can be removed by cooling the molten lead and stirring


- in order to remove remaining copper, the bullion is held at a temperature just above its melting point, and iron sulphide and sulphur are stirred into the melt. Solid copper and copper sulphide rise to the surface as powdery material and are skimmed off.


- the removal of arsenic, antimony and tin is effected by preferential oxidation, either by 'softening' or by the Harris process. The softening process involves the stirring of molten lead with an air blast, whereby the more reactive impurities are oxidised and form a slag which is skimmed off. The Harris process involves the addition of molten sodium hydroxide or sodium nitrate, which reacts to form sodium arsenate, antimonate and stannate. The flux containing these compounds is separated from the lead by drossing.


- in the pyrometallurgical process, silver and gold are removed by mixing molten zinc into the molten lead. The silver and gold form an alloy with zinc, which floats to the top and is removed. The zinc is removed from the precious metals by vacuum distillation and reused, and the silver is refined and sold. Any zinc that remains in the lead can be removed by vacuum distillation and collected on a cooled lid.


- for lead containing bismuth, the stoichiometric addition of calcium and magnesium allows the formation of crystals of CaMg2Bi2 which are skimmed off.


Finally, in most plants, alloying of lead will be performed according to customer demand.


The raw molten lead arrives at the refinery, and is first transferred to the first reaction vessel (size range 100t – 300t). After each of the sequential refining steps, the resulting lead intermediate is pumped to the next vessel. Per shift, between 100 and 150 tones may be assumed to be processed in this way. Since the lead is maintained fairly close to its melting point during most of this procedure, potential for exposure is related largely the various drossing operations. These will occur usually only once per shift, and when the reaction is complete. The duration of each drossing task will be less than one hour, and the amount of material generated will amount to several hundred kilos.


The exposure pattern at this workplace is intermittent, with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. Process type is dry manipulation. The use of gloves is required (in view of the high temperatures), and the use of RPE is mandatory.

(5)
Internal logistics


This category of tasks encompasses all inter-facility transport operations, quality control and engineering. Since this does usually not involve any direct handling or any interaction with any of the processes described above, the potential for exposure for this sub-groups is considered to be low in comparison.

(6)
Others


Under this term, all tasks are summarised which constitute the work of personnel performing only such cleaning and maintenance work. In contrast, minor routine cleaning and maintenance work conducted by each worker as a regular part of his duties is not assessed here separately, but as part of the jobs/tasks assigned to workplace categories 1-4. For cleaning, either dry or wet vacuum cleaning apparatus, usually motor-driven are employed, which is why direct dermal contact is largely excluded.


The exposure pattern for cleaning operations is continuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. Process type is dry manipulation. The use of gloves and RPE is mandatory.

Occupational exposure assessment – industry monitoring data

In the following chapter, the analysis of the data that was collected with the aid of the questionnaire developed by EBRC is presented. For details on the content and design of the questionnaire, please refer to subchapter 4.1.1.1 above. Based on the results of previous site inspections, individual tasks were grouped into “workplace categories”, since the workers in one category either routinely switch between several of these tasks within one unit, or may be considered to influence the overall exposure level of others in the same work area. As a consequence, industry companies reported their data as being allocated to either of the following tasks:

Table 4.7:
Primary lead production: workplace categories
	Workplace category
	Workplace description
	Tasks performed

	Pri1
	raw material handling
	ore/concentrate delivery, loading/unloading, and furnace feed mixing

	Pri2
	sintering*
	feeding/unloading, sinter plant operation

	Pri3
	smelting
	furnace operation
(blast, rotary, and reverbatory furnaces)

	Pri4
	refining and casting
	decopperisation, softening (As, Sb, Sn removal), silver separation, zinc distillation, casting of lead ingots/slabs or lead alloy ingots

	Pri5
	internal logistics
	storage and shipment of finished goods, intra-facility transport

	Pri6
	others
	repair, cleaning**, and maintenance, quality control, and engineering


*: sintering is a sub-process that is conducted only at two of 6 EU primary production sites
**: routine cleaning and maintenance work conducted by each worker as regular part of his duties is not assessed separately, but as part of the jobs/task assigned to workplace categories 1-5. In contrast, workplace category 6 refers to staff that specifically perform only such cleaning and maintenance work.

Blood lead data

Only data that were submitted as individual blood lead measurements and identified by an ID on a worker-by-worker basis, and which could be allocated to a specific workplace category were entered into the common data base for this statistical evaluation. Since in some cases, a worker may have been monitored not only once, but instead as much as even 4-8 times per year, all data per worker were computed into an annual median value for each person prior to merging them into the data base. By this procedure, any skewing of the data by individuals with higher sampling frequency was avoided. The table below summarises the evaluation of blood lead data [in µg/dL] in the primary lead industry for a thus “compressed” data base of 2,554 data points.

The typical (median) values are fairly close to a level of 30 µg/dL. However, the 90th percentiles exceed a level of 40 µg/dL in workplace categories B1 (raw material handling) and B3 (smelting). Since it may be concluded that the extent of the blood lead data for B1 (raw material handling) and B5 (logistics) may appear at a first glance to be less representative than those available for the other workplaces, further clarification from industry was sought. The general explanation was that in most companies, this type of work is performed by workers who spend most of their work time with other activities and therefore have been assigned to other job categories (Marsh, 2004c).

Table 4.8:
Primary lead production: blood lead values [µg/dL]

	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	Pri1
	62
	56
	32
	2
	24

	Pri2
	53
	39
	28
	10
	295

	Pri3
	59
	43
	30
	3
	537

	Pri4
	63
	39
	27
	4
	829

	Pri5
	40
	35
	25
	6
	52

	Pri6
	68
	40
	27
	2
	817

	not allocated
	n.d.
	n.d.
	n.d.
	n.d.
	0

	all data
	68
	40
	28
	2
	2,554


n.d.: no data reported

In addition to the typical and RWC values established in the table above, the following graph illustrates the time trends of blood lead levels over the years 1998-2001, plus indicating the number of values (“counts”) per year. In brief, it appears justified to assume a small gradual decline of blood lead levels in this period.
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Figure 4.4:
Primary lead production: time trend of annual blood lead median values

However, it should be noted that within this sector, there is considerable variability on a company-by-company basis, as shown in Figure 4.5 and Table 4.9 below: for 3 out of 4 production sites in Europe which provided blood lead data and which already may be operating blood-lead reduction schemes it is evident that worst-case blood lead levels were already at or below 40 µg/dL, whereas others are adhering to currently applicable national blood lead limits (for detail on the limits, please refer to subchapter 4.1.1.1.5 above).
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Figure 4.5:
Primary lead production: inter-company variability in blood lead levels
The table below presents the same data as above, but analysed for min/max, worst case and typical blood lead values on a company-by-company basis:

Table 4.9:
Primary lead production: blood lead values [µg/dL], by company
	Company ID
	Max
	90th percentile
	Median
	Min
	No. of data

	P03
	68
	48
	31
	2
	596

	P04
	57
	39
	28
	10
	1,033

	P07
	40
	32
	22
	5
	230

	P08
	44
	37
	27
	6
	695

	all data
	68
	40
	28
	2
	2,554


Occupational inhalation exposure (measured data)

The following table summarises the evaluation of the entire exposure data [mg/m³] collected for the period 1998-2001 for this sector, divided into static (approx. 1,900 individual measurements) and personal (approx. 390 individual measurements) samples, and broken down according to workplace category. From a total of 457 reported data, only 388 remained after applying predefined quality screening criteria.

Table 4.10:
Primary lead production: inhalation exposure [mg/m³]
	Workplace
	Personal/static
	Max
	90th percentile
	Median
	No. of data

	Pri1
	static
	n.d.
	n.d.
	n.d.
	0

	Pri2
	static
	3.540
	0.454
	0.040
	59

	Pri3
	static
	2.977
	0.625
	0.038
	84

	Pri4
	static
	13.315
	0.120
	0.040
	1,284

	Pri5
	static
	0.151
	0.100
	0.030
	24

	Pri6
	static
	2.977
	0.192
	0.017
	50

	not allocated
	static
	n.d.
	n.d.
	n.d.
	0

	all data
	static
	13.315
	0.139
	0.040
	1,501

	

	Pri1
	personal
	n.d.
	n.d.
	n.d.
	0

	Pri2
	personal
	6.240
	2.116
	0.240
	31

	Pri3
	personal
	3.410
	0.936
	0.084
	53

	Pri4
	personal
	1.080
	0.460
	0.100
	158

	Pri5
	personal
	2.020
	0.399
	0.050
	50

	Pri6
	personal
	3.150
	1.030
	0.120
	96

	not allocated
	personal
	n.d.
	n.d.
	n.d.
	0

	all data
	personal
	6.240
	0.663
	0.100
	388


n.d.: no data reported

First of all, it must be noted that all data reported and analysed as above are exposures measured outside any RPE worn during work. In this form, these data demonstrate that typical exposures are largely in compliance with current OELs of 100-150 µg/m³. However, the worst-case values clearly exceed this level in all of the five workplace categories B2-B6, whereas no data at all are available for B1 (raw material handling). Further, as shown in the graph below, only 4 out of 6 companies submitted personal exposure data at all.
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Figure 4.6:
Primary lead production: distribution of personal exposure monitoring values by company

Occupational dermal exposure (measured data)

Results of two dermal exposure monitoring surveys conducted at a secondary lead smelter and a primary zinc/lead smelter were previously reported (Hughson, 2005). Full-shift average dermal exposure levels were measured for hands/forearms, neck, face and chest, as presented in the table below. Overall worst-case levels (90th percentiles) of average dermal exposures ranged from 9.0 – 41.9 µg/cm², whereas the corresponding typical dermal exposure levels varied between 1.9 – 6.8 µg/cm². This data is presented in Table 4.22 below.

Modelled exposure data

Inhalation exposure

EASE model predictions were calculated using EASE version 2.0, based on the exposure characteristics as stated in the process description given above. In addition, the default selection “no” was chosen for particle aggregation (selecting yes would by default reduce exposure to one-tenth of the stated value). Due to full containment of the smelting furnaces, any relevant exposure is only during tapping of the molten lead and/or slag removal. Whereas exposure due to lead vapours is considered to be low, dust/aerosol formation during slag removal can not be ruled out. The refining process ends with casting of lead ingots, after which other jobs/tasks no longer involve and direct handling of materials. Despite this, the model still anticipates dust exposure to be of the same extent as in the direct handling scenarios.

Dermal exposure

This is effectively minimised due to the lack of need to handle raw materials directly, and the presence of (hot) molten lead throughout the process, until the lead is cast into ingots. Dermal exposure is therefore predominantly only through indirect contact, i.e. with contaminated surfaces.

Table 4.11:
EASE model estimates, primary lead production
	Workplace category
	Workplace description
	Comments
	EASE model output

	inhalation exposure

	Pri1
	raw material handling
	(i) automated handling: usually, full-shift exposure is assumed, with operators seated in a cabin with positive pressure and filtered air, low dust technique, LEV present
	0 - 1 mg/m³

	
	
	(ii) manual handling: part-shift exposure is assumed, with extensive handling and the use of tools, dry manipulation, no LEV present
	5 - 50 mg/m³

	Pri2
	sintering
	discontinuous exposure pattern, operators segregated from the process, low dust technique, LEV present
	0 - 1 mg/m³

	Pri3
	smelting
	(i) tapping of molten lead (continuously), full-shift; non-dispersive use, LEV present
	0 - 0.1 ppm (1)

	
	
	(ii) removal of slag (discontinuously), part shift; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	Pri4
	refining and casting
	full-shift, sequential skimming of various lead-contaminated solids from the surface of molten lead; dry manipulation, aggregation no, LEV present 
	2 - 5 mg/m³

	Pri5
	internal logistics
	full-shift; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	Pri6
	others
	part-shift; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	dermal exposure

	
	
	(i) raw material handling, manual operations, non-dispersive use, dry manipulation, direct handling, extensive contact
	1-5 mg/cm²

	
	
	(ii) non-dispersive use, dry manipulation, no direct handling of materials (molten lead, refining by-products or final product, lead ingots), incidental contact, compound immobile (massive lead)
	very low


(1): corresponding to 0.85 mg/m³ (Pb) or 0.91 mg/m³ (PbO); Note: the reliability of EASE to assess dermal exposure under these conditions is very limited, particularly for hot metal processes

Comparison with analogous substances

Detailed data on particle size distribution and dustiness for lead metal powder and the two lead oxides are presented in detail in chapter 4.1.1.1.7 above. It is merely noted here that the dustiness of zinc oxide and “red” lead oxide are of the same order of magnitude, whereas lead metal powder and litharge are of somewhat higher dustiness. Assuming that lead oxide and to a certain extent also lead metal will be the predominant contaminants at a primary lead producing facility, zinc and zinc oxide may be used as an analogy, with some level of uncertainty related to the dustiness being somewhat higher for the metal powder and litharge.

For lead production, where molten lead is initially produced and then subjected in a molten state to various subsequent refining processes, it may therefore be useful as a comparison to exploit dermal exposure data generated at several sites of the galvanising industry (Hughson & Cherrie, 1999, 2000, 2001) due to similarities in process/substances used (i.e. molten zinc, with practically no direct exposure). Full shift worst-case dermal exposure (90th percentile of galvanising data) amounted to 100 mg zinc/day (50 µg zinc/cm²) for hands/forearms, whereas typical values for hands/forearms were 45 mg zinc/d (23 µg zinc/cm²).

However, the use of analogies such as zinc/zinc oxide is not considered to be required for the assessment of inhalation and dermal exposure, since the extent and nature of the existing data base is considered adequate.

Literature data on occupational exposure in the primary lead production industry

In addition to this recently conducted occupational exposure data survey, a literature search was conducted in which the following references were identified as being of relevance:

Blood lead levels were reported from six lead production facilities and ten battery plants in the USA (in total 7,032 workers) for the years 1946-1970. According to the authors, the selection of plants was not at random or for representativeness, but was rather based on willingness to participate and on availability of records. The exposure of workers was assessed based on recent urinary lead excretion data and blood lead values. Average blood lead values were stated to be high and ranging from 60-80 µg/dL, but many workers also had considerably higher levels (not stated) of lead in blood (Cooper et al., 1985).

Airborne lead exposures of male workers in a primary lead smelter in Bunker Hill, Idaho (USA) were quoted with a wide range (23-56,000 µg/m³) for the period 1940-1965, but blood lead data are not reported (Selevan et al., 1985).

The chemical speciation of airborne lead particles and their size distribution was investigated in a primary lead smelter (location not stated). Size selective sampling was done by using static 8-stage Andersen cascade impactors with cut-offs ranging from 0.43 - > 10 µm, and at a flow rate of 28.3 l/min. Bulk samples were also collected with the aid of a spatula. Analysis was by sequential extraction and X-ray diffraction analysis. Four different areas of the smelting facility were sampled: ore unloading and storage, sinter plant, blast furnace and dross furnace. Whereas the detailed chemical speciation is reported for all four work areas, broken down into sulphides, oxides, sulphates and silicates, only limited information is presented on particle size distributions (Spear et al., 1998a). In turn, these are described separately below (Harrison et al., 1981; Spear et al., 1998b).

Detailed particle size distributions of workplace aerosols in a primary lead smelter in North America (location not stated) were investigated, using personal inhalable dust spectrometers (PIDS). 46 samples in total were collected in different work areas: ore storage/mill, sinter plant, blast furnace, dross furnace. The authors note that the collected aerosols were of larger size than expected based on previously reported investigations. As an explanation, the enhanced efficiency of the PIDS sampler in collecting larger particles compared to other instruments is offered. The results of the recorded size distributions in terms of MMADs are given in the following table:

Table 4.12:
Parameters of the derived bi-modal log-normal distributions*

	Worksite
	n
	β1
	MMAD1 [µm]
	σ1
	β2
	MMAD2 [µm]
	σ2

	Ore storage/ mill
	10
	0.80
(0.36-0.99)
	41.6
(18.8-84.3)
	3.4
(1.1-9.9)
	0.20
(0.01-0.64)
	17.8
(0.8-50.6)
	2.6
(1.1-4.4)

	Sinter plant
	16
	0.61
(0.10–0.98)
	60.7
(46.1-95.1)
	3.2
(1.1-6.1)
	0.39
(0.02-0.90)
	26.9
(0.1-50.7)
	2.0
(1.1-3.5)

	Blast furnace
	12
	0.66
(0.23-0.90)
	67.3
(38.3-97.3)
	5.2
(1.1-13.1)
	0.34
(0.10-0.77)
	19.5
(0.5-61.6)
	4.0
(1.1-13.3)

	Drossing area
	8
	0.73
(0.43-0.98)
	71.4
(43.8-92.0)
	2.8
(1.1-4.9)
	0.27
(0.02-0.57)
	21.7
(1.6-54.1)
	5.0
(1.1-14.1)


*: for lead-containing aerosol derived from PIDS sampling results for each of the four worksites studied (ranges in parenthesis), mean values, βX: relative weighting of the masses between the two MMADs (β1+ β2=1), σX: geometric standard deviation of MMADX
Complete particle aerodynamic size fractions are also reported from samples taken at (i) the sinter plant, and (ii) the blast furnace, which are presented below in tabular format and also graphically:

Table 4.13:
Particle sizes of a sinter plant and a blast furnace
	Stage
	Sinter Plant
	Blast Furnace

	
	Stage
Cut point
	Conc./
Stage
	Stage
Cut point
	Conc./
Stage

	
	(μm)
	(μg/m3)
	(μm)
	(μg/m3)

	Entry
	
	749.0
	
	131.6

	1
	18.2
	141.0
	18.2
	40.1

	2
	14.4
	51.8
	14.4
	15.0

	3
	10.6
	66.2
	10.6
	13.8

	4
	6.0
	83.5
	6.0
	22.6

	5
	4.8
	28.8
	4.8
	8.3

	6
	3.3
	28.8
	3.3
	10.8

	7
	1.7
	23.0
	1.7
	18.8

	8
	0.9
	5.8
	0.9
	60.1

	Filter
	0.0
	2.9
	0.0
	27.6


It should be noted that the bulk of particles in the sinter plant is coarser than 20 microns, but an analysis of the distribution is beyond the resolution of the sampling instrument. In contrast, substantially “finer” aerosols are observed in the blast furnace area (Spear et al., 1998b). The same workplaces were monitored by the same authors (Spear et al., 1997) presumably at the same location with the intent to compare the sampling efficiency of conventional 37-mm closed face plastic sampling cassettes with that of the IOM (Institute of Occupational Medicine) personal inhalable aerosol sampler. The results of this methodical study demonstrate the fractional “under-sampling” of the 37-mm sampler, particularly with coarser aerosols.
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Figure 4.7:
Particle size distributions of a sinter plant and a blast furnace

Airborne particulate mater was also characterised for particle size distribution at primary zinc-lead smelter, namely an Imperial Smelting Blast Furnace (Avonmouth, UK). Sampling was conducted with low and high volume static Andersen cascade impactors with cut-offs ranging from 0.4-10 µm. Subsequent analytical follow-up included AAS and X-ray diffraction for chemical speciation. The workplaces that were monitored included ore storage, various areas of the sinter plant, furnace top, condenser floor, dross plant, slagging floor, bullion floor, and the refinery. The publication presents detailed particle size distributions (not presented here for sake of brevity), chemical speciation (into sulphides, sulphates, and oxides) for each workplace, and MMAD values for each workplace. The authors note that airborne particles were generally much larger than in ambient air outside of the plant (Harrison et al., 1981).

The inhalation exposure of workers (n=15) of a lead sulphide mill was measured with personal samplers both for inhalable and respirable air lead, and blood and urine samples were also collected during the monitoring period. It is noted that a poor correlation was observed between air and blood lead values. Further, considerable effort was undertaken to demonstrate the poor solubility of lead sulphides, which was interpreted as one of the reasons for poor bioavailability in the GI tract by the authors. A detailed presentation of the reported exposure data is not considered relevant in view of the date of the publication (Roy, 1977).

Finally, it is noted here that the UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers of the UK smelting, refining, alloying and casting sector report a total of approx. 2400 workers occupationally exposed to lead, 13.4% of which have blood lead levels in excess of 40 µg/dL.

Survey of the use of PPE

All five sites that reported inhalation exposure data also submitted a complete and adequate PPE-questionnaire. The tables below display the frequency of the pattern of use of RPE and gloves in the primary production sector.

In conclusion, it can be said that in those workplaces involved with the highest inhalation exposures and blood lead values (B1, raw material handling, B2 sintering, B3 smelting, B4 refining, and B6 cleaning/maintenance), approx. 80% of the responding companies can be assumed to require the use of RPE in situations when direct exposure to lead may occur. Since also detailed information on the exact type and efficacy of RPE used was also reported, the possibility of refining the exposure analysis by applying default assigned protection factors to established exposure levels may be exploited in the future.

In contrast, no general statement can be made on hand protection measures for the entire primary lead production sector.

Table 4.14:
Primary lead production: Frequency of pattern of use of RPE (5 primary producers)
	Workplace
	Task
	M
	V
	na
	total
	%

	Pri1
	mixing operations
	2
	2
	1
	5
	50

	
	operation of loading/transport machinery
	3
	1
	1
	5
	75

	
	ore/concentrate delivery
	2
	1
	2
	5
	67

	
	others
	2
	0
	3
	5
	100

	Pri1 total
	9
	4
	7
	20
	69

	Pri2
	feeding/loading operations
	1
	0
	4
	5
	100

	
	others
	1
	0
	4
	5
	100

	
	sinter plant operations/maintenance
	1
	0
	4
	5
	100

	Pri2 total
	3
	0
	12
	15
	100

	Pri3
	blast furnace, charging of concentrates /secondary materials to the furnace
	1
	0
	4
	5
	100

	
	blast furnace, furnace supervision and maintenance
	1
	0
	4
	5
	100

	
	blast furnace, lead tapping
	1
	0
	4
	5
	100

	
	blast furnace, others
	1
	0
	4
	5
	100

	
	blast furnace, slag removal
	1
	0
	4
	5
	100

	
	other furnaces, charging of concentrates /secondary materials to the furnace
	3
	1
	1
	5
	75

	
	other furnaces, furnace supervision and maintenance
	3
	1
	1
	5
	75

	
	other furnaces, lead tapping
	3
	1
	1
	5
	75

	
	other furnaces, others
	0
	0
	5
	5
	na

	
	other furnaces, slag removal
	3
	1
	1
	5
	75

	
	rotary furnace, charging of concentrates /secondary materials to the furnace
	1
	0
	4
	5
	100

	
	rotary furnace, furnace supervision and maintenance
	1
	0
	4
	5
	100

	
	rotary furnace, lead tapping
	1
	0
	4
	5
	100

	
	rotary furnace, others
	0
	0
	5
	5
	na

	
	rotary furnace, slag removal
	1
	0
	4
	5
	100

	Pri3 total
	21
	4
	75
	100
	84


Table 4.14:
Primary lead production: Frequency of pattern of use of RPE (5 primary producers), continued

	Workplace
	Task
	M
	V
	na
	total
	%

	Pri4
	casting of lead alloys
	3
	1
	1
	5
	75

	
	casting of lead ingots/slabs
	4
	1
	0
	5
	80

	
	decopperisation
	3
	1
	1
	5
	75

	
	others
	1
	0
	4
	5
	100

	
	silver separation
	3
	1
	1
	5
	75

	
	softening (As, Sb, Sn removal)
	3
	1
	1
	5
	75

	
	zinc distillation
	4
	1
	0
	5
	80

	Pri4 total
	21
	6
	8
	35
	78

	Pri5
	intra-facility transport operations
	3
	2
	0
	5
	60

	
	others
	0
	0
	5
	5
	na

	
	shipment of finished goods
	3
	2
	0
	5
	60

	
	storage finished products
	3
	2
	0
	5
	60

	Pri5 total
	9
	6
	5
	20
	60

	Pri6
	cleaning, repair, maintenance operations (frequent exposure)
	4
	1
	0
	5
	80

	
	engineering (incidental exposure)
	3
	2
	0
	5
	60

	
	others
	1
	0
	4
	5
	100

	
	quality control, laboratories (occasional exposure)
	2
	3
	0
	5
	40

	Pri6 total
	10
	6
	4
	20
	63

	all workplaces
	73
	26
	111
	210
	74


"M" stands for RPE which is stipulated through company instructions, "V" stands for RPE which is not mandatory or for tasks where RPE is not required, "na" are tasks which are not carried out at an specific production site, "%" is the coverage of mandatory RPE of the sector reduced by the companies for which this task is not applicable.

Table 4.15:
Pimary lead production: Frequency of pattern of use of gloves
	Workplace
	Task
	M
	V
	na
	total
	%

	Pri1
	mixing operations
	1
	3
	1
	5
	25

	
	operation of loading/transport machinery
	1
	3
	1
	5
	25

	
	ore/concentrate delivery
	1
	2
	2
	5
	33

	
	others
	1
	1
	3
	5
	50

	Pri1 total
	4
	9
	7
	20
	31

	Pri2
	feeding/loading operations
	0
	1
	4
	5
	0

	
	others
	0
	1
	4
	5
	0

	
	sinter plant operations/maintenance
	0
	1
	4
	5
	0

	Pri2 total
	0
	3
	12
	15
	0


Table 4.15:
Primary lead production: Frequency of pattern of use of gloves, continued
	Workplace
	Task
	M
	V
	na
	total
	%

	Pri3
	blast furnace, charging of concentrates /secondary materials to the furnace
	0
	1
	4
	5
	0

	
	blast furnace, furnace supervision and maintenance
	0
	1
	4
	5
	0

	
	blast furnace, lead tapping
	1
	0
	4
	5
	100

	
	blast furnace, others
	0
	1
	4
	5
	0

	
	blast furnace, slag removal
	1
	0
	4
	5
	100

	
	other furnaces, charging of concentrates /secondary materials to the furnace
	2
	2
	1
	5
	50

	
	other furnaces, furnace supervision and maintenance
	2
	2
	1
	5
	50

	
	other furnaces, lead tapping
	3
	1
	1
	5
	75

	
	other furnaces, others
	0
	0
	5
	5
	na

	
	other furnaces, slag removal
	3
	1
	1
	5
	75

	
	rotary furnace, charging of concentrates /secondary materials to the furnace
	1
	0
	4
	5
	100

	
	rotary furnace, furnace supervision and maintenance
	1
	0
	4
	5
	100

	
	rotary furnace, lead tapping
	1
	0
	4
	5
	100

	
	rotary furnace, others
	0
	0
	5
	5
	na

	
	rotary furnace, slag removal
	1
	0
	4
	5
	100

	Pri3 total
	16
	9
	75
	100
	64

	Pri4
	casting of lead alloys
	3
	1
	1
	5
	75

	
	casting of lead ingots/slabs
	4
	1
	0
	5
	80

	
	decopperisation
	3
	1
	1
	5
	75

	
	others
	1
	0
	4
	5
	100

	
	silver separation
	3
	1
	1
	5
	75

	
	softening (As, Sb, Sn removal)
	3
	1
	1
	5
	75

	
	zinc distillation
	4
	1
	0
	5
	80

	Pri4 total
	21
	6
	8
	35
	78

	Pri5
	intra-facility transport operations
	1
	4
	0
	5
	20

	
	others
	0
	0
	5
	5
	na

	
	shipment of finished goods
	1
	4
	0
	5
	20

	
	storage finished products
	1
	4
	0
	5
	20

	Pri5 total
	3
	12
	5
	20
	20

	Pri6
	cleaning, repair, maintenance operations (frequent exposure)
	3
	2
	0
	5
	60

	
	engineering (incidental exposure)
	1
	4
	0
	5
	20

	
	others
	0
	1
	4
	5
	0

	
	quality control, laboratories (occasional exposure)
	1
	4
	0
	5
	20

	Pri6 total
	5
	11
	4
	20
	31

	all workplaces
	49
	50
	111
	210
	49


"M" stands for gloves which are stipulated through company instructions, "V" stands for gloves which are not mandatory or for tasks where gloves are not required, "na" are tasks which are not carried out at an specific production site, "%” is the coverage of mandatory use of gloves of the sector reduced by the companies where the task is not applicable.

Conclusions

The response by industry reflects coverage of approx. 80% both of the EU lead production and workforce. Given the distribution of the inhalation exposure data, this may be considered representative of the sector, except for the absence of exposure data for raw material handling. However, despite the absence of measured data for this sector, such values are indeed available for raw material handling in the secondary lead producing sector (typical exposure: 0.07mg/m³, and realistic worst-case exposure: 0.54 mg/m³), which may be used for extrapolation purposes, assuming similarity between the nature of the raw materials and of handling operations.

Dermal exposure data was recently monitored in a secondary lead smelter that uses a high percentage of primary lead concentrates, and is therefore also considered representative of this sector.

Concerning blood lead data, only two of six plants did not submit adequate data at all, whereas the other four plants provided a reasonable data set reflective of the size of their workforce.

Modelled data (EASE) have been presented above for comparative purposes only. These data are not used further in the risk assessment, since measured exposure data are available for all workplaces, and have thus been given preference.

In a survey on the use of PPE, there was no consistent picture on the use of gloves, but for all tasks/workplaces involving high exposure levels, approx. 80% or more companies reported mandatory use of RPE. Thus, a refined assessment would be possible taking RPE into account.

Given the fact that a representative blood lead data base with an adequate coverage exists, only the following values will be taken forward to risk characterisation:

typical and worst-case (workplace-specific) blood lead data as reported in Table 4.8 above.

4.1.1.2.2 Scenario 2: Secondary lead production

A total of 26 lead metal production sites in total are currently identified by LDAI as “secondary” producers, plus 2 producers with both primary and secondary operations on the same site. The distinction between “primary“ and “secondary” in this report is based predominantly on the extent to which a particular plant uses ore concentrates or secondary raw materials (such as scrap, used lead batteries, production residues, ashes, sludge, filter dust). Secondary lead production in Europe covers a wide range of processes, which however were considered to also share common workplace characteristics with the primary sector, according to LDAI. The distribution of these plants throughout Europe is shown in the following graph:
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Figure 4.8:
Secondary lead production: map of sites in the EU
Data collection

For the development of process descriptions and for the purpose of conducting comprehensive subjective exposure assessments, a site inspection was carried out in a secondary lead production plant predominantly involved in the recycling of lead acid batteries. Occupational exposure data were collected on a representative basis with the aid of a questionnaire, which was tailored, specifically to the requirements of this industry. The questionnaire was originally developed by EBRC, submitted for review to LDAI and industry contact points, and was then distributed to the participating companies. In brief, 17 out of 28 production sites responded by returning the questionnaire with data that was considered to be consistent with the requirements set forth in subchapter 4.1.1.1 above, and therefore valuable for the conduct of this risk assessment, as summarised in the table below. It should be noted that six companies of this sector claimed that provision of blood lead data was not possible because of legal limitations:

Table 4.16:
Secondary lead production: industry response to request for submission of occ. exposure data (28 sites in total)

	The following companies have submitted data adequate for the purposes of this report:

	Company 1*

	Company 2*

	Company 3*

	Company 4*

	Company 5*

	Company 6*

	Company 7*

	Company 8*

	Company 9*

	Company 10*

	Company 11*

	Company 12*

	Company 13*

	Company 14*

	Company 15*

	Company 16*

	Company 17*

	The following companies either did not respond at all, or with inadequate data, or stated they could not provide adequate data for formal legal reasons:

	Company 18*

	Company 19*

	Company 20*

	Company 21*

	Company 22*

	Company 23*

	Company 24*

	Company 25*


Table 4.16
Secondary lead production: industry response to request for submission of occ. exposure data (28 sites in total), continued

	Company 26*

	Company 27*

	Company 28*


*All company names have been deleted for reasons of confidentiality. Please refer to Chapter 6.5 (Confidential Appendix) for a complete list of names of companies which were invovled in the data collection of this report.

The current status of feedback is presented in the table below, giving the total number of employees per plant, those under medical surveillance and those involved in production, the existence of occupational exposure measurements (inhalation static/personal, or dermal), and the number of individual blood lead values for the period 1998-2001.

Table 4.17:
Secondary lead production: reported data overview
	ID
	Number of
employees
	Number of exposure data reported
	Number of
blood lead data reported

	
	total
	md.surv.
	prod.
	fem.
	static air
	pers.air
	dermal
	1998
	1999
	2000
	2001

	R01
	47
	34
	34
	0
	0
	60
	0
	117
	116
	125
	139

	R02
	43
	36
	33
	0
	14
	1
	0
	107
	114
	99
	102

	R05
	55
	55
	49
	0
	56
	51
	0
	185
	183
	178
	158

	R08
	34
	34
	34
	0
	24
	0
	0
	1
	1
	1
	1

	R09
	60
	45
	45
	2
	24
	0
	0
	1
	1
	1
	1

	R10
	60
	60
	50
	3
	0
	0
	0
	1
	1
	1
	53

	R11
	70
	70
	n.d.
	5
	0
	41
	0
	44
	44
	45
	45

	R14
	108
	108
	79
	1
	126
	0
	0
	256
	288
	295
	303

	R15
	101
	92
	75
	0
	43
	90
	0
	50
	50
	100
	110

	R17
	28
	22
	22
	0
	134
	89
	0
	20
	21
	21
	21

	R18
	147
	116
	116
	0
	0
	165
	0
	219
	219
	219
	66

	R19
	53
	32
	42
	0
	120
	0
	160
	148
	136
	0

	R22
	33
	30
	30
	0
	42
	0
	0
	13
	16
	17
	15

	R24
	82
	73
	96
	4
	5
	0
	0
	0
	1
	1

	R28
	127
	105
	87
	0
	15
	2
	0
	350
	351
	375
	376

	R30
	1,337
	849
	849
	9
	0
	2,038
	0
	1,358
	1,402
	1,384
	1,443

	R32
	370
	259
	250
	3
	1,852
	284
	0
	705
	696
	668
	800

	R33
	189
	130
	130
	0
	538
	969
	0
	750
	747
	639
	699

	R34
	650
	283
	153
	0
	261
	0
	0
	451
	449
	343
	217

	R35
	2,050
	138
	170
	1
	22
	53
	0
	0
	0
	0
	0

	total
	5,644
	2,571
	2,344
	28
	3,151
	3,843
	0
	4,788
	4,847
	4,648
	4,550


n.d.: no data reported; (shaded fields): average/range values reported; (connected fields): no distinction between personal and static lead in air monitoring, Stated above are the entire number of workers employed at the plant (total), those under medical surveillance (md. surv.), those actively involved in production (prod.), and females of childbearing capacity (fem.).

Process description and subjective exposure assessment

The raw materials for secondary lead production can consist of many kinds of lead bearing materials (ashes, skimmings, scrap), as well as used lead-acid batteries. For lead acid batteries, two generally different procedures are employed in smelting, either (i) shredding and sorting followed by further processing (as described below), or (ii) shaft furnace process without shredding and sorting - not addressed in detail. In the EU, secondary smelting is now mostly conducted in smaller rotary furnaces. They allow a greater degree in raw material flexibility to produce different grades of lead product, and a greater flexibility of operation allows for better treatment of batches of unusual composition. Unlike the blast furnace process, high throughput of material is not necessary for an economic operation.

The following process stages can be distinguished (assuming lead acid batteries as the relevant portion of the secondary raw material):

(1)
Raw material handling


(a) Processing of scrap and used batteries:


Used lead-acid batteries represent the main feed of a typical secondary lead smelter. These batteries contain up to 60% lead, which in turn consists of approx. 40 percent lead alloys and 60 percent lead paste (oxides and sulphates). Other secondary raw material will include battery plant scrap, lead building scrap, as well as cable sheathing and solder. Used and returned batteries are transported to an acid-resistant collection vessel either fork-lift truck or other semi-automated transport devices. Batteries are then broken apart, and the leaking sulphuric acid is then drained and recovered for further processing either on-site or off-site. Limited dust exposure is assumed for most of these materials.


The exposure pattern for raw material handling is discontinuous (part shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is incidental. Process type is low dust technique. The use of gloves and RPE is not mandatory, but protective boots (rubber) are required.


(b) Processing of other secondary raw materials:


Drosses and battery oxides can be anticipated to be dustier than the bulk scrap materials as identified above, and the potential for dust formation may be correspondingly higher, particularly during unloading and subsequent cleaning procedures.


The exposure pattern for this task is continuous, with no LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. Process type is dry manipulation. The use of gloves and RPE is mandatory.

(2)
Shredding and sorting


The emptied batteries are then continuously transported to the shredder by conveyor belts. The shredder reduces the batteries to small pieces which are cleaned afterwards in a washer. The water used for the washing process contains sulphuric acid and lead oxide paste, and is subsequently subjected to a neutralisation and desulphurisation process. The washed and shredded materials (i.e. lead and plastic) are transported by conveyors to the hydroseparator, where metal and plastics are separated, and further stored in silos. This part of the process is usually fully automated, and does not involve any direct handling of materials.


The exposure pattern for shredding and sorting is continuous (full shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is incidental. Process type is wet manipulation. The use of gloves is required for protection against wet/acidic materials, and RPE is mandatory because of protection against acid mist/spray).

(3)
Desulphurisation


Paste desulphurisation is an (optional) process step after the lead sulphate/oxide paste is separated from the lead grid metal, polypropylene plastic cases, separators, and hard rubber battery cases. The desulphurisation involves chemical removal of sulphate from the battery paste, which in turn is said to improve furnace efficiency by reducing the requirement of fluxing agents. The acidic wash water containing lead oxide is neutralised, and the poorly soluble lead oxide is separated in a filter press, and pre-dried. The rinse is further processed to yield Sodium sulphate. Dry lead oxide is stored in silos until further processing. Most of the process is automated, but there is some manual work involved in the unloading of the filter press after operation, where a worker is anticipated to need approx. 2 hours per shift to remove material (press-dried lead oxide) adhering to the surface of the press, with the aid of a large spatula (work conducted under LEV).


The exposure pattern for desulphurisation is discontinuous (part shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is intermittent. Process type is “low dust technique”. The use of gloves and RPE is mandatory.

(4)
Melting and smelting


Shredded lead and lead oxide are first transported with fork-lift truck from the storage bunkers to a feeding system, which is segregated from the actual melting/smelting unit. Next, an automated conveyor continuously feeds the material to the furnaces, where either lead alloy melts (from shredded lead) or pure lead (from lead oxide) is generated by reduction. Fluxing agents (where required) usually include iron, soda ash, limestone, and silica, and are added to promote the reduction of lead compounds by oxidation of the iron, limestone, and silica. Melts may be combined by transporting molten lead in transport vessels to another furnace. Shredded lead melts usually have a low slag content, whereas lead oxide derived melts may have up to 20% slag and dross. Finally, the molten lead will usually be tapped into a holding kettle, the lead tap usually being hooded and vented.


The exposure pattern for the loading operation is continuous (full shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. Process type is dry manipulation. The use of RPE is mandatory.


The exposure pattern for the melting/smelting operation is continuous (full shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. Process type is dry manipulation. The use of gloves and RPE is mandatory.

(5)
Refining and casting


In the refinery, impurities are removed (see above, primary lead production), and either pure lead or lead alloys are produced by adding the metal of choice. For refining to pure lead, the required chemical/metallurgical agents are stored in silos prior to use. Molten lead is transferred from the kettles to the casting unit by pumping or through pipes. The cast ingots (45 kg) are automatically stacked.


The exposure pattern at this workplace is continuous, with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. Process type is dry manipulation. The use of gloves is required (in view of the high temperatures), and the use of RPE is mandatory.

(6)
Storage, shipment, transport


This category of tasks encompasses all inter-facility transport operations, quality control and engineering. Since this does usually not involve any direct handling or any interaction with any of the processes described above, the potential for exposure for this sub-groups is considered to be low in comparison.

(7)
Others, cleaning and maintenance


Under this term, all tasks are summarised which constitute the work of personnel performing only such cleaning and maintenance work. In contrast, minor routine cleaning and maintenance work conducted by each worker as a regular part of his duties is not assessed here separately, but as part of the jobs/tasks assigned to workplace categories 1-6. For cleaning, either dry or wet vacuum cleaning apparatus, usually motor-driven are employed, which is why direct dermal contact is largely excluded.


The exposure pattern for cleaning operations is continuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. Process type is dry manipulation. The use of gloves and RPE is mandatory.

Occupational exposure assessment – industry monitoring data

In the following chapter, the analysis of the data that was collected with the aid of the questionnaire developed by EBRC is presented. For details on the content and design of the questionnaire, please refer to subchapter 4.1.1.1 above. Based on the results of previous site inspections, individual tasks were grouped into “workplace categories” since the workers in one category either routinely switch between several of these tasks within one unit, or may be considered to influence the overall exposure level of others in the same work area. As a consequence, industry reported data as being allocated to either of the following tasks:

Table 4.18:
Secondary lead production: workplace categories
	Workplace category
	Workplace description
	Tasks performed

	Sec1
	raw material handling
	storage, transport and handling of batteries and other lead scrap

	Sec2
	shredding and sorting
	for batteries, separation of sulphuric acid, shredding (breaking), grid-separation, elution of PbO-paste. also sorting of other lead scrap

	Sec3
	desulphurisation
	sulphur removal from PbO-paste

	Sec4
	melting and smelting
	melting of grids, smelting and reduction of paste

	Sec5
	refining and casting
	refining of lead, casting of ingots

	Sec6
	storage, shipment and transport
	storage and shipment of finished goods, intra-facility transport

	Sec7
	others
	repair, cleaning and maintenance


*: routine cleaning and maintenance work conducted by each worker as regular part of his duties is not assessed separately, but as part of the jobs/task assigned to workplace categories 1-5. In contrast, workplace category 6 refers to staff that specifically perform only such cleaning and maintenance work.

Blood lead data

Only data that were submitted as individual blood lead measurements identified by an ID on a worker-by-worker basis, and which were allocated to a specific workplace category were entered into the common data base for this statistical evaluation. Since in some cases, a worker may have been monitored not only once, but instead as much as even 4-8 times per year, all data per worker were computed into an annual median value for each person prior to merging them into the data base. By this procedure, any skewing of the data by individuals with higher sampling frequency was avoided. The table below summarises the evaluation of the entire “pooled” blood lead data [in µg/dL] in the secondary lead industry for a thus “compressed” data base of approx. 8,400 data points:

Table 4.19:
Secondary lead production: blood lead values [µg/dL]
	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	Sec1
	70
	50
	30
	5
	344

	Sec2
	64
	41
	27
	7
	447

	Sec3
	37
	30
	21
	7
	65

	Sec4
	82
	53
	34
	3
	1,405

	Sec5
	74
	44
	27
	2
	1,910

	Sec6
	69
	42
	27
	6
	322

	Sec7
	112
	46
	27
	1
	2,870

	not allocated
	80
	34
	24
	2
	1,021

	all data
	112
	46
	28
	1
	8,384


Typical blood lead values are all below a level of 40 µg/dL, whereas worst case levels all exceed this threshold, except for category B3. The likely reason for this is that in this wet process of desulphurisation, the potential for relevant dust can reasonably be expected to be low. However, it should be noted that within this sector, there is considerable variability on a company-by-company basis, as shown in Figure 4.9 and Table 4.20 below: for approx. half of the production sites in Europe which provided blood lead data and which are likely already operating blood-lead reduction schemes, it is evident that worst-case blood lead levels are already at or below 40 µg/dL, whereas others are currently adhering to (higher) legal national blood lead limits (for detail on the limits, please refer to subchapter 4.1.1.1.5 above).

Workplace-specific blood-lead data will be taken forward to risk characterisation. Approximately 12% of the total reported blood lead data were not allocated by the reporting companies to a specific workplace, largely because they pertain to groups of workers whose jobs are not restricted to one particular task or workplace. Since the overall distribution does not deviate substantially from the total data base, these data are not taken forward to risk characterisation, since they do not allow for a workplace-specific assessment.
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Figure 4.9:
Secondary lead production: inter-company variability in blood lead levels
The table below presents the same data as above, but analysed for min/max, worst case and typical blood lead values on a company-by-company basis:

Table 4.20:
Secondary lead production: blood lead values [µg/dL], by company
	Company ID
	Max
	90th percentile
	Median
	Min
	No. of data

	R01
	77
	56
	37
	16
	170

	R02
	54
	45
	31
	4
	128

	R05
	70
	46
	26
	2
	546

	R10
	43
	37
	23
	9
	53

	R11
	53
	39
	34
	13
	178

	R14
	63
	45
	33
	7
	296

	R15
	52
	44
	30
	5
	196

	R17
	63
	55
	41
	5
	83

	R18
	54
	41
	31
	7
	165

	R19
	50
	45
	37
	26
	111

	R22
	80
	71
	57
	14
	44

	R28
	41
	35
	23
	6
	369

	R30
	61
	40
	25
	4
	2,917

	R32
	44
	37
	27
	5
	877

	R33
	38
	32
	23
	2
	791

	R34
	112
	59
	39
	1
	1,460

	all data
	112
	46
	28
	1
	8,384
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Figure 4.10:
Secondary lead production: annual blood lead median values
A gradual decline of blood lead levels in this industry sector for the period 1998-2001 from 30 to 25 µg/dL (overall median values) apparently also documents the management efforts in reducing worker blood lead values in the EU, as shown in the graph above.

Occupational inhalation exposure (measured data)

The following table summarises the preliminary (rounded values, some data sets require further qualification and/or correction) evaluation of the entire exposure data [mg/m³] collected for the period 1998-2001 for this sector, divided into static (approx. 2,800 individual measurements) and personal (approx. 3,300 individual measurements) samples, broken down according to workplace category. One single company contributed the bulk of the data with more than 2,000 personal exposure values, however since the distribution of data as presented graphically below (Figure 4.11) is rather similar for most of the data sets, and given the similarities in process types, this extensive data set may be considered as reasonably representative. Note that for the purposes of graphical comparison, the number of data points was divided by 10 for this company.

Table 4.21:
Secondary lead production: inhalation exposure [mg/m³]
	Workplace
	Personal/static
	Max
	90th percentile
	Median
	No. of data

	Sec1
	static
	13.278
	0.330
	0.060
	536

	Sec2
	static
	0.750
	0.089
	0.047
	95

	Sec3
	static
	0.030
	0.029
	0.014
	11

	Sec4
	static
	27.000
	0.835
	0.076
	484

	Sec5
	static
	10.438
	0.120
	0.040
	1,503

	Sec6
	static
	0.212
	0.073
	0.025
	69

	Sec7
	static
	0.221
	0.057
	0.025
	73

	not allocated
	static
	0.006
	n.a.
	0.006
	1

	all data
	static
	27.000
	0.201
	0.040
	2,772

	

	Sec1
	personal
	3.477
	0.539
	0.067
	96

	Sec2
	personal
	6.306
	0.266
	0.038
	208

	Sec3
	personal
	0.050
	0.044
	0.037
	29

	Sec4
	personal
	56.800
	0.739
	0.066
	859

	Sec5
	personal
	9.230
	0.305
	0.048
	1,174

	Sec6
	personal
	2.020
	0.318
	0.079
	141

	Sec7
	personal
	28.179
	0.244
	0.038
	739

	not allocated
	personal
	1.978
	1.074
	0.250
	47

	all data
	personal
	56.800
	0.363
	0.053
	3,293


n.a.: not applicable (the 90th percentile is not calculable)

Whereas typical exposure levels (in the table above) are throughout in good compliance with the current OELs of 0.1-0.15 mg/m³, worst-case values (based upon an assessment of personal exposure values only) exceed this threshold in all workplaces except for category B3 (desulphurisation), which may be explained by the circumstance that this is a “wet” process. Again, it should be noted that these are exposure samples taken outside any RPE worn during work. Thus, some of the high values at several workplaces which likely reflect extraordinary (but not routine) maintenance work will not be reflective of actual exposure.

[image: image14.emf]< 0.03

< 0.06

< 0.09

< 0.12

< 0.15

< 0.18

< 0.21

< 0.24

< 0.27

< 0.30

> 0.30

R01

R02

R05

R35

R11

R18

R32

R15

R17

R30*

R33

0

50

100

150

200

250

Counts

Range [mg/m³]

*: Counts from R30 are divided by 10 for reasons of scale 


Figure 4.11:
Secondary lead production: distribution of personal exposure monitoring values by company
Occupational dermal exposure (measured data)

Results of two dermal exposure monitoring surveys conducted at a secondary lead smelter and a primary zinc/lead smelter were previously reported (Hughson, 2005). Full-shift average dermal exposure levels were measured for hands/forearms, neck, face and chest, as presented in the table below. Overall worst-case levels (90th percentiles) of average dermal exposures ranged from approx. 9 – 42 µg/cm², whereas the corresponding typical dermal exposure levels varied between approx. 2 – 7 µg/cm².

Table 4.22:
Summary of dermal lead exposure data in lead production
	Industry
	n
	Dermal lead exposure (µg/cm2)

	
	
	Max
	90th perc.
	Median
	Min

	Zinc/Lead Smelter - all tasks/jobs

	Average Hands
	14
	21.3
	14.2
	2.7
	1.0

	Average Forearms
	14
	81.8
	10.1
	1.9
	0.5

	Hands & Arms
	14
	56.1
	11.1
	2.6
	0.8

	Neck
	14
	123.0
	36.6
	3.3
	0.5

	Face
	14
	14.8
	9.0
	2.4
	0.1

	Chest
	14
	78.9
	13.1
	2.1
	0.1

	Secondary Lead Smelter - all tasks/jobs

	Average Hands
	16
	92.6
	41.9
	4.6
	1.0

	Average Forearms
	16
	69.0
	31.7
	3.2
	0.1

	Hands & Arms
	16
	79.1
	31.0
	6.8
	0.5

	Neck
	16
	56.6
	21.8
	6.8
	0.3

	Face
	16
	27.4
	19.7
	5.8
	0.2

	Chest
	16
	26.2
	13.1
	2.7
	0.2


Modelled exposure data

Inhalation exposure: EASE model predictions were calculated using EASE version 2.0, based on the exposure characteristics as stated in the process description given above. In addition, the default selection “no” was chosen for particle aggregation (selecting yes would by default reduce exposure to one-tenth of the stated value). Due to full containment of the smelting furnaces, relevant exposure is only during tapping of molten lead and/or slag removal. Whereas exposure due to lead vapours is considered to be low, dust/aerosol formation during slag removal can not be ruled out. The refining process ends with casting of lead ingots, after which other jobs/tasks no longer involve and direct handling of materials. Despite this, the model still anticipates dust exposure to be of the same extent as in the direct handling scenarios.

Dermal exposure: this is effectively minimised due to the lack of need to handle raw materials directly, and the presence of (hot) molten lead throughout the process, until the lead is cast into ingots. Dermal exposure is therefore predominantly only through indirect contact, i.e, with contaminated surfaces.

Table 4.23:
EASE model estimates, secondary lead production
	Workplace category
	Workplace description
	Comments
	EASE prediction

	inhalation exposure

	Sec1
	raw material handling
	(i) full-shift exposure is assumed; predominantly battery scrap or other solid materials are used, with limited dust evolution potential; low dust technique, LEV present
	0 - 1 mg/m³

	
	
	(ii) part-shift exposure is assumed; predominantly battery oxides and other dusty materials are being handled, with extensive handling and the use of tools, dry manipulation, no LEV present
	5 - 50 mg/m³

	Sec2
	shredding and sorting
	machine-controlled shredding predominantly of wet battery scrap considered to represent a “low dust technique”, LEV present 
	0 - 1 mg/m³

	Sec3
	desulphurisation
	(i) in process: “low dust technique”, LEV present
	0 - 1 mg/m³

	
	
	(ii) potential for exposure most relevant when manipulating the final product of this process stage, dry manipulation, aggregation no, LEV present
	2 – 5 mg/m³

	Sec4
	melting and smelting
	i) tapping of molten lead (continuously), full-shift; non-dispersive use, LEV present
	0 - 0.1 ppm (1)

	
	
	(ii) removal of slag (discontinuously), part shift; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	Sec5
	refining and casting
	full-shift, sequential skimming of various lead-contaminated solids from the surface of molten lead; dry manipulation, aggregation no, LEV present 
	2 - 5 mg/m³

	Sec6
	storage, shipment and transport
	full-shift; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	Sec7
	others
	full-shift; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	dermal exposure

	
	
	(i) raw material handling, manual operations, non-dispersive use, dry manipulation, direct handling, extensive contact
	1-5 mg/cm²

	
	
	(ii) non-dispersive use, dry manipulation, no direct handling of materials (molten lead, refining by-products or final product, lead ingots), incidental contact, massive lead regarded as immobile
	very low


(1): corresponding to 0.85 mg/m³ (Pb) or 0.91 mg/m³ (PbO)

Note: the reliability of EASE to assess dermal exposure under these conditions is very limited, particularly for hot metal processes

Comparison with analogous substances

Detailed data on particle size distribution and dustiness for lead metal powder and the two lead oxides are presented in detail in chapter 4.1.1.1.7 above. It is merely noted here that the dustiness of zinc oxide and “red” lead oxide are of the same order of magnitude, whereas lead metal powder and litharge are of somewhat higher dustiness. Assuming that lead oxide and to a certain extent also lead metal will be the predominant contaminants at a primary lead producing facility, zinc and zinc oxide may be used as an analogy, with some level of uncertainty related to the dustiness being somewhat higher for the metal powder and litharge.

For lead production, where molten lead is initially produced and then subjected in a molten state to various subsequent refining processes, it may therefore be useful as a comparison to exploit dermal exposure data generated at several sites of the galvanising industry (Hughson & Cherrie, 1999, 2000, 2001) due to similarities in process/substances used (i.e. molten zinc, with practically no direct exposure). Full shift worst-case dermal exposure (90th percentile of galvanising data) amounted to 100 mg zinc/day (50 µg zinc/cm²) for hands/forearms, whereas typical values for hands/forearms were 45 mg zinc/d (23 µg zinc/cm²).

However, the use of analogies such as zinc/zinc oxide is not considered to be required for the assessment of inhalation and dermal exposure, since the extent and nature of the existing data base is considered adequate.

Literature data on occupational exposure in the secondary lead production industry

In addition to this recently conducted occupational exposure data survey, a literature search was conducted in which the following references were identified as being of relevance:

Particle-size distributions of workplace airborne lead were monitored by personal sampling of Korean workers (n=117) in four different industry sectors: secondary smelting, as well as radiator, battery and lead powder production. The sampling was performed full-shift with the aid of a Marple 8-stage impactor (mod. 298, Andersen) with cut-offs ranging from 0.52-21.3 µm and at a flow rate of 2 l/min. Analysis was by AAS. Total lead in air was calculated as the sum of all size fractions. In addition, blood lead levels were monitored. Whereas the entire particle size ranges are not reported, the calculated average MMAD values (including GSD) for each industry sector were calculated as presented in the following table together with total air lead concentrations:

Table 4.24:
MMAD, PbA concentration and average fractions of particles<1μm

	Industry type
	No. of samples
	MMAD (GSD)
[µm] 
	PbA concentration
[µg/m³]
	Average fraction by size
(AM ± SD,%)

	
	
	
	GM (GSD)
	AM ± SD
	lead particles
≤ 1 μm ADa
	respirable lead particlesb

	Secondary smelting
	6
	4.9 (5.0)
	575 (1.7)
	653 ± 356
	24.5 ± 23.8
	43.3 ± 25.6

	Radiator
	42
	1.3 (9.6)
	19 (2.1)
	26 ± 27
	41.3 ± 19.4
	48.9 ± 22.5

	Battery
	44
	14.1 (1.5)
	355 (4.7)
	1084 ± 1828
	5.3 ± 6.4
	10.9 ± 5.7

	Lead powder
	25
	15.1 (1.7)
	355 (4.7)
	895 ± 1501
	5.3 ± 6.4
	16.5 ± 10.7

	total
	117
	5.8 (6.3)
	118 (7.1)
	641 ± 1391
	19.1 ± 21.8
	27.5 ± 23.5


Ad, aerodynamic meter; AM, arithmetic mean; GM, geometric mean; GSD, geometric standard deviation; MMAD, mass median aerodynamic diameter; SD, standard deviation. a Respirable as defined by OSHA; b Respirable as defined by ACGIH.

High temperature operations (furnace operation, soldering, dipping) were found to be associated with a range of averages between 37-44% of airborne particles under 1 µm. In contrast, “low” temperature operations such as in the battery and lead powder industry typically showed less than 7% particles under 1 µm. Further, the distinct correlation between respirable lead particles and blood lead levels was shown (Park & Paik, 2002).

In a battery breaking and recycling plant in Birmingham (Alabama, USA), 12 out of a total 15 workers employed in this recycling facility had blood lead levels >60 µg/dL, and that the average of the last 3 blood levels exceeded 50 µg/dL for 13 of 15 employees. Blood lead levels greater than 60 were associated with biochemical evidence of impaired haeme synthesis and impaired renal function. 14 workers had elevated zinc protoporphyrin (ZPP) levels consistent with moderate lead poising. 3 employees had ZPP levels over 600 µg/dL with severe lead poisoning. Inhalation or dermal exposure values were not collected in this study (Gittleman, 1991). It is noted that the blood lead values in this plant are extremely high and untypical of the sector, as judged by comparison to the blood lead data presented in table 4.19 above.

A protocol is described by the authors of this paper to evaluate the workplace performance of powered air-purifying respirators (3M Model W-344, and Racal Model AH3). This was executed in a field study at a secondary lead smelter (location not stated). Airborne lead was collected inside and outside of the face shield of the air-stream helmet and were further calculated into time-weighted average exposures, which in turn were used to calculate effective workplace protection factors. Sampling involved total dust fraction as collected by 37-mm closed-face filter cassettes at a flow rate of 2 l/min. Analysis was by AAS. Particle size distributions of airborne particulate matter were additionally sampled with a Marple cascade impactor operated at a flow rate of 3 l/min with cut-off stages ranging from 0.68-17 µm. Exposure data and protection factors not reported here, but in a separate paper (see below) (Myers et al., 1984a). In a follow-up study, the same authors (Myers et al., 1984b) describe the results of an extensive series of measurements of airborne lead both inside and outside of the two above mentioned respirator helmets. The workers monitored performed the tasks of (i) furnace operation (reverbatory and blast furnace) including tapping of lead or slag, (ii) “helpers” involved in the subsequent refining (termed “fluxing” by the authors) by addition of various chemicals followed by drossing of the resulting solid reaction products from the surface of the molten lead, and finally (iii) the operators of the machine that casts the refined lead into 30-kg ingots, and this latter operation may be assumed to involve some final drossing of lead oxide dross (likely to be automated). Sampling was full-shift in all cases in order to account for small short-time leakages, and two workers per shift and per job classification wore each of the two respirators twice in a cross-over design, bringing the total number f samples for each respirator to 24. The lead concentrations measured inside the Racal AH3 helmet ranged from 0.6-33.6 µg/m³ with a geometric mean of 4.9 µg/m³ (GSD 2.89), whereas the concentrations measured inside the 3M W-344 helmet ranged from 0.2-66 µg/m³ with a geometric mean of 5.5 µg/m³ (GSD 3.2). Based on individual paired comparisons of each set of inside/outside measurements (n=24 for each respirator type), the calculated, geometric mean workplace protection factors were 205 (range: 42-2323, GSD 2.83) for the Racal AH3 , and 165 (range: 28-5500, GSD 3.57) for the 3M W-344. Statistical analysis (t-test) demonstrated a lack of significant difference (p > 0.05) between the performance of both respirator types. The particle size analysis (eight impactor samples collected for each workplace activity) showed that around the reverbatory furnace and ingot caster, approx. 35% of the aerosol was > 17 µm whereas approx. 30% was < 0.68 µm. In contrast, at the blast furnace approx. 60% of the aerosol was > 17 µm, and only about 8% was < 0.68 µm. The authors themselves used the pooled data from both respirators to calculate an assigned protection factor (APF) of 26.

Finally, it is noted here that the UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers of the UK smelting, refining, alloying and casting sector report a total of approx. 2400 workers occupationally exposed to lead, 13.4% of which have blood lead levels in excess of 40 µg/dL.

Survey of use of PPE

All 17 sites that reported inhalation exposure data also submitted a complete and adequate PPE-questionnaire. The tables below display the frequency of the pattern of use of RPE and gloves in the primary production sector. In conclusion, it can be said that at all workplaces more than 80% of the responding companies can be assumed to require the use of RPE in situations when direct exposure to lead may occur. Since also detailed information on the exact type and efficacy of RPE used was also reported, the possibility of refining the exposure analysis by applying default assigned protection factors to established exposure levels may be exploited in the future. For the use of gloves even, the entire secondary lead production sector reported almost 100% mandatory use except for category B7 for tasks with infrequent exposure.

Table 4.25:
Secondary lead production: Frequency of pattern of use of RPE (17 secondary producers)
	Workplace
	Task
	M
	V
	na
	total
	%

	Sec1
	Others
	5
	0
	12
	17
	100

	
	Storage
	13
	2
	2
	17
	87

	
	Transport
	10
	3
	4
	17
	77

	Sec1 total
	28
	5
	18
	51
	85

	Sec2
	Elution of paste
	6
	0
	11
	17
	100

	
	Grid-separation
	8
	0
	9
	17
	100

	
	Others
	3
	0
	14
	17
	100

	
	Separation of sulphuric acid
	10
	0
	7
	17
	100

	
	Shredding
	9
	2
	6
	17
	82

	Sec2 total
	36
	2
	47
	85
	95

	Sec3
	Desulphurisation
	5
	0
	12
	17
	100

	
	Others
	 0
	0
	17
	17
	na

	
	Separation
	5
	0
	12
	17
	100

	Sec3 total
	10
	0
	41
	51
	100

	Sec4
	Melting of grids
	11
	1
	5
	17
	92

	
	Others
	6
	1
	10
	17
	86

	
	Smelting and reduction of paste
	12
	1
	4
	17
	92

	Sec4 total
	29
	3
	19
	51
	91

	Sec5
	Casting of ingots
	14
	3
	0 
	17
	82

	
	Lead refining operations
	15
	2
	0
	17
	88

	
	Others
	4
	0
	13
	17
	100

	Sec5 total
	33
	5
	13
	51
	87

	Sec6
	Others
	3
	1
	13
	17
	75

	
	Storage / shipment of finished goods
	11
	5
	1
	17
	69

	
	Storage of raw materials / semi-finished products
	15
	1
	1
	17
	94

	Sec6 total
	29
	7
	15
	51
	81


Table 4.25:
Secondary lead production: Frequency of pattern of use of RPE (17 secondary producers), continued
	Workplace
	Task
	M
	V
	na
	total
	%

	Sec7
	Cleaning, repair, maintenance operations (frequent exposure)
	16
	0
	1
	17
	100

	
	Engineering (incidental exposure)
	10
	4
	3
	17
	71

	
	Others
	5
	0
	12
	17
	100

	
	Quality control, laboratories (occasional exposure)
	12
	3
	2
	17
	80

	Sec7 total
	43
	7
	18
	68
	86

	all workplaces
	208
	29
	171
	408
	88


"M" stands for RPE which is stipulated through company instructions, "V" stands for RPE which is not mandatory or for tasks where RPE is not required, "na" are tasks which are not carried out at an specific production site, "%" is the coverage of mandatory RPE of the sector reduced by the companies where the task is not applicable.

Table 4.26:
Secondary lead production: Frequency of pattern of use of gloves (17 secondary producers)
	Workplace
	Task
	M
	V
	na
	total
	%

	Sec1
	Others
	3
	1
	13
	17
	75

	
	Storage
	14
	1
	2
	17
	93

	
	Transport
	8
	4
	5
	17
	67

	Sec1 total
	25
	6
	20
	51
	81

	Sec2
	Elution of paste
	7
	0
	10
	17
	100

	
	Grid-separation
	8
	0
	9
	17
	100

	
	Others
	3
	0
	14
	17
	100

	
	Separation of sulphuric acid
	10
	0
	7
	17
	100

	
	Shredding
	11
	0
	6
	17
	100

	Sec2 total
	39
	0
	46
	85
	100

	Sec3
	Desulphurisation
	6
	0
	11
	17
	100

	
	Others
	1
	0
	16
	17
	100

	
	Separation
	6
	0
	11
	17
	100

	Sec3 total
	13
	0
	38
	51
	100

	Sec4
	Melting of grids
	11
	1
	5
	17
	92

	
	Others
	6
	0
	11
	17
	100

	
	Smelting and reduction of paste
	13
	0
	4
	17
	100

	Sec4 total
	30
	1
	20
	51
	97

	Sec5
	Casting of ingots
	16
	1
	0
	17
	94

	
	Lead refining operations
	17
	0
	0
	17
	100

	
	Others
	4
	0
	13
	17
	100

	Sec5 total
	37
	1
	13
	51
	97

	Sec6
	Others
	3
	1
	13
	17
	75

	
	Storage / shipment of finished goods
	13
	3
	1
	17
	81

	
	Storage of raw materials / semi-finished products
	15
	1
	1
	17
	94

	Sec6 total
	31
	5
	15
	51
	86


Table 4.26:
Secondary lead production: Frequency of pattern of use of gloves (17 secondary producers), continued
	Sec7
	Cleaning, repair, maintenance operations (frequent exposure)
	15
	1
	1
	17
	94

	
	Engineering (incidental exposure)
	9
	5
	3
	17
	64

	
	Others
	2
	3
	12
	17
	40

	
	Quality control, laboratories (occasional exposure)
	8
	7
	2
	17
	53

	Sec7 total
	34
	16
	18
	68
	68

	all workplaces
	209
	29
	170
	408
	88


"M" stands for gloves which are stipulated through company instructions, "V" stands for gloves which are not mandatory or for tasks where gloves are not required, "na" are tasks which are not carried out at an specific production site, "%" is the coverage of mandatory use of gloves of the sector reduced by the companies where the task is not applicable.

Conclusions and further actions

The data base for this industry sector is considered adequate and extensive. Whereas for category B3 (desulphurisation) the existing data may by comparison be considered as sparse at a first glance, it should be noted that this process is not operated at all sites, and in view of the wet process, inhalation exposure to (lead) dust can reasonably be expected to be low.

Overall, a total of 17 of 28 secondary lead production sites provided adequate exposure and/or blood lead data. In the year 2000, these sites produced 686,400 t (76.3%) of lead out of a total of 899,600 t of lead in the entire sector, with a total of 2,102 workers involved in lead production (84.3%) out of a total of 2,494 workers (Marsh, 2004a).

Dermal exposures levels were monitored in two separate surveys, one in a zinc/lead smelter, and one for a secondary lead smelter. Overall worst-case levels ranged from approx. 9.0-42 µg/cm², with the hands of lead refinery workers exhibiting the highest observed loading, contrasting with low typical exposure levels in the range of approx. 2-7 µg/cm².
Modelled data (EASE) have been presented above for comparative purposes only. These data are not used further in the risk assessment, since adequate measured exposure data are available for all workplaces, and this have been given preference.

In a survey on the use of PPE, approx. 80% or more companies reported mandatory use of RPE and of gloves. Thus, a refined assessment would be possible taking RPE/PPE into account.

Given the fact that a representative blood lead data base with an adequate coverage exists, only the following values will be taken forward to risk characterisation:

typical and worst-case (workplace-specific) blood lead data as reported in Table 4.19 above.

4.1.1.2.3 Scenario 3: Lead sheet production

The distribution of the 13 known lead sheet producing plants in Europe is given in the figure below:
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Figure 4.12:
Lead sheet production: map of sites in the EU
Data collection

Prior to the release of a data collection questionnaire (details as set forth above) a site visit was conducted at a European lead sheet production plant for the development of process descriptions, and for the purpose of conducting a subjective exposure assessment. In conclusion, 7 out of 13 facilities responded by returning our questionnaire, all of which reported data of a quality and amount that was considered to be consistent with the requirements set forth in subchapter 4.1.1.1 above, and therefore valuable for the conduct of this risk assessment (further input from data submitters required). The remaining sites either submitted no data, or questionnaires that were only partially complete or contained aggregated data in a form which was not suitable for statistical analysis. Of those companies that did not even provide blood lead data, none claimed that this was because of legal limitations.
Table 4.27:
Lead sheet production: industry response to request for submission of occ. exposure data (13 sites in total)

	The following companies have submitted data adequate for the purposes of this report:

	Company 1*

	Company 2*

	Company 3*

	Company 4*

	Company 5*

	Company 6*

	Company 7*

	The following companies either did not respond at all, or with inadequate data, or stated they could not provide adequate data for formal legal reasons:

	Company 8*

	Company 9*

	Company 10*

	Company 11*

	Company 12*

	Company 13*


*All company names have been deleted for reasons of confidentiality. Please refer to Chapter 6.5 (Confidential Appendix) for a complete list of names of companies which were invovled in the data collection of this report.

The current status of feedback is presented in the following table, giving the number of employees per plant (total, those under medical surveillance, and those involved in production), the existence of exposure data (inhalation static/personal, or dermal), and the number of blood lead values for the period 1998-2001. It is noted that out of approx. 400 employees occupationally exposed to lead and under medical surveillance, there are only 3 females EU-wide:

Table 4.28:
Lead sheet production: reported data overview
	ID
	Number of
employees
	Number of exposure data reported
	Number of
blood lead data reported

	
	total
	md. surv.
	prod.
	fem.
	static air
	pers. air
	dermal
	1998
	1999
	2000
	2001

	F01
	400
	35
	250
	1
	0
	30
	0
	59
	67
	78
	86

	F04
	109
	85
	83
	0
	8
	24
	0
	80
	83
	104
	131

	F06
	220
	114
	146
	0
	5
	2
	0
	66
	67
	68
	66

	F07
	30
	14
	14
	0
	4
	18
	0
	36
	33
	48
	48

	F08
	37
	22
	17
	1
	6
	14
	0
	48
	41
	9
	44

	F09
	92
	74
	74
	0
	2
	0
	0
	76
	75
	868
	820

	F11
	59
	59
	41
	1
	0
	92
	0
	32
	24
	23
	28

	total
	947
	403
	625
	3
	25
	180
	0
	397
	390
	1,198
	1,223


n.d.: no data reported; (shaded fields): average/range values reported; (connected fields): no distinction between personal and static lead in air monitoring, Stated above are the entire number of workers employed at the plant (total), those under medical surveillance (md.surv.), and those actively involved in production (prod.), females of childbearing capacity (fem.).

Process description and subjective exposure assessment

Generally, all lead sheet manufactured in Europe is prepared on lead rolling mills and made from secondary lead materials, mainly from old sheet and pipe. With some additional metal refining, the lead sheet alloy (EN 12588) can also be produced from old recycled batteries. The scrap sheet and pipe are largely recovered from building demolition work.

The process of lead sheet production for a plant with a turnout of approx. 100 tons of lead sheet per day can be broken down into the following workplace categories:

(1)
Raw material handling


Lead sheet is predominantly made from lead “scrap” (sheet and pipe). Scrap is delivered by trucks discontinuously from external sources, at an average rate of 4 truckloads of 25 tons per day. Dust formation is minimised by spraying the scrap with water. From the storage facility, raw materials are loaded with a crane into a feeding system or directly into the melting kettle, and melted at between 327°C and 500°C. There is no direct handling of the scrap, and feeding of the scrap to the kettle is usually by a semi-automated system. Loading is done once per shift, for which a duration of 3 hours per shift may be assumed.


The exposure pattern at this workplace is intermittent, and the operations are largely conducted in the open air. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. The use of gloves is mandatory (protection against sharp edges), but the use of RPE is voluntary.

(2)
Melting and refining


On melting, non-lead metallic items not detected during any incoming material quality checks rise to the surface of the molten lead, and are generally removed with a “comb”-like device semi-automatically, with a low level of manual drossing. Non-lead materials are collected and dispatched externally for further metal separation and recycling. Typically there may be copper, brass, iron, zinc and aluminium scrap metal items found and recovered within this initial melt. Drossing is required once per shift, to remove lead oxide dross and other non-lead materials. The duration of the melting process is around 3 hours, after which the raw molten lead will be pumped to a 110-ton pot for refining.


The resulting raw molten lead requires refining to remove impurities in order to comply with the lead sheet alloy EN 12588. This refining process is carried out at 450-510°C using caustic soda and sodium nitrate as agents, and is aimed at removing the main impurities i.e. antimony and tin. The process of refining creates metal rich drosses containing the impurities (which are removed with the aid of a shovel), plus some sacrificial lead all of which can be recovered by recycling at higher temperatures via a smelting process. The treatment of these drosses is carried out at lead smelting companies throughout Europe.


Following the refining process and with the achievement of the correct alloy composition, the molten lead is cast into moulds at approximately 450°C to produce castings or slabs of between 3 and 8 tonnes in weight. Once solidified, the castings or slabs are removed from the mould and transferred to the rolling operation. A maximum of 70 tons may be expected to be handled per shift.


The exposure pattern at this workplace is intermittent, and the operations are conducted in an enclosed space, with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. The use of gloves is mandatory (protection against high temperature). The use of RPE is mandatory during drossing operations.

(3)
Milling (rolling)


Castings or slabs are loaded onto a rolling mill, and by a rolling action with decreasing roll gap the material is reduced to a thickness sometimes at or below 2mm. The number of successive passes of the material through the decreasing roll gap will be determined by the structural strength of the rolling mill. The desired final thickness will be determined by customer requirements, product application and market traditions. The average thickness of sheet across all European markets is approximately 2mm. From the rolling mill, the sheet is then transformed by a variety of processes to produce rolls of lead sheet varying in length and width according to customer requirements. A high level of automation is utilised in all the steps of manufacture. Approx. 50-60 tons of lead in the form of 6.5-ton slabs will be processed by one worker per shift.


The exposure pattern at this workplace is continuous, and the operations are conducted in an enclosed space, with dilution ventilation present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is incidental. The use of gloves and RPE is voluntary.

(4)
Sawing and slitting


Generally, all subsequent metal preparation and processing is conducted at ambient temperatures, without any significant landfill wastes being generated. The sheet rolls are usually further divided into smaller portions in size by sawing or slitting operations, which will generate fine lead particles through abrasion, which in turn are collected for recycling. Approx. 2 tons of sheet per person/shift will be handled in this way.


The exposure pattern for sawing and slitting operations is intermittent, with LEV present. The process type is dry manipulation, the pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. The use of gloves is mandatory (protection against sharp edges), but the use of RPE is voluntary.

(5)
Storage, shipment, transport


At the end of the sawing stage, rolls of finished sheet are packaged (in shrink foil) and stacked ready for transport. Exposure at this stage is considered negligible.

(6)
Others, cleaning, maintenance:


Cleaning (floors and other surfaces) is done by separate staff routinely and regularly with the aid of motorised vacuum (dry or wet) devices.


The exposure pattern for these cleaning operations is continuous, with dilution ventilation present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. The use of gloves or RPE is voluntary.

Occupational exposure assessment – industry monitoring data

In the following chapter, the analysis of the data that was collected with the aid of the questionnaire developed by EBRC is presented. For details on the content and design of the questionnaire, please refer to subchapter 4.1.1.1 above. Based on the results of previous site inspections, individual tasks were grouped into “workplace categories” since the workers in one category either routinely switch between several of these tasks within one unit, or may be considered to influence the overall exposure level of others in the same work area. As a consequence, industry companies reported their data as being allocated to either of the following tasks:

Table 4.29:
Lead sheet production: workplace categories
	Workplace category
	Workplace description
	Tasks performed

	She1
	raw material handling
	delivery, sorting, furnace loading

	She2
	melting and refining
	melting, drossing and refining

	She3
	milling
	milling operations

	She4
	sawing and slitting
	sawing and slitting operations

	She5
	storage and shipment
	internal logistics, storage, shipment of finished goods

	She6
	others
	repair, cleaning and maintenance


*: routine cleaning and maintenance work conducted by each worker as regular part of his duties is not assessed separately, but as part of the jobs/task assigned to workplace categories 1-5. In contrast, workplace category 6 refers to staff that specifically perform only such cleaning and maintenance work.

Blood lead data

Only data that were submitted as individual blood lead measurements identified by an ID on a worker-by-worker basis, and which were allocated to a specific workplace category were entered into the common data base for this statistical evaluation. Since in some cases, a worker may have been monitored not only once, but instead as much as even 4-8 times per year, all data per worker were computed into an annual median value for each person prior to merging them into the data base. By this procedure, any skewing of the data by individuals with higher sampling frequency was avoided. The table below summarises the evaluation of blood lead data [in µg/dL] in the lead sheet industry for a thus “compressed” data base of 1,170 data points:

Table 4.30:
Lead sheet production: blood lead values [µg/dL]
	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	She1
	75
	70
	47
	16
	27

	She2
	79
	58
	41
	16
	110

	She3
	68
	48
	29
	13
	145

	She4
	95
	54
	31
	<1
	242

	She5
	55
	43
	21
	5
	126

	She6
	105
	47
	32
	3
	335

	not allocated
	49
	36
	25
	6
	185

	all data
	105
	49
	30
	<1
	1,170


Typical blood lead values clearly exceed a level of 40 µg/dL to a relevant extent in categories B1 (raw material handling and furnace loading) and B2 (melting/refining). Furthermore, the worst case levels are above this threshold for all workplaces. For B1 and B2, they are even close to or even above 60 µg/dL, which may be interpreted as a reflection of the high inhalation exposure values observed for the tasks involved.

Workplace-specific blood-lead data will be taken forward to risk characterisation. Approximately 16% of the total reported blood lead data were not allocated by the reporting companies to a specific workplace, largely because they pertain to groups of workers whose jobs are not restricted to one particular task or workplace. Since the overall distribution does not deviate substantially from the total data base, these data are not taken forward to risk characterisation, since they do not allow for a workplace-specific assessment.

The graphical presentation below does not indicate any time-trend in the blood lead levels of workers in the years 1998-2001.
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Figure 4.13:
Lead sheet production: annual blood lead median values

However, it should be noted that within this sector, there is considerable variability on a company-by-company basis, as shown in Figure 4.14 and Table 4.31 below: only for 2 out of 7 production sites in Europe which provided blood lead data it is evident that worst-case blood lead levels are below 40 µg/dL, whereas others are adhering to currently applicable national blood lead limits (for detail on the limits, please refer to subchapter 4.1.1.1.5 above).
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Figure 4.14:
Lead sheet production: inter-company variability in blood lead levels
The table below presents the same data as above, but analysed for min/max, worst case and typical blood lead values on a company-by-company basis:

Table 4.31:
Lead sheet production: blood lead values [µg/dL], by company
	Company ID
	Max
	90th percentile
	Median
	Min
	No. of data

	F01
	49
	33
	23
	6
	153

	F04
	57
	46
	30
	7
	258

	F06
	95
	57
	41
	3
	267

	F07
	60
	49
	37
	16
	50

	F08
	105
	62
	39
	<1
	96

	F09
	42
	35
	25
	2
	306

	F11
	58
	53
	43
	31
	40

	all data
	105
	49
	30
	<1
	1,170


Occupational inhalation exposure (measured data)

The following table summarises the evaluation of the entire exposure data collected for the period 1998-2001 for this sector, divided into static (only 13 individual measurements) and personal (in total, 157 individual measurements) samples and broken down according to workplace category.

These data indicate that typical exposure levels are clearly in compliance with the current OELs of 0.1-0.15 mg/m³ for workplaces B3-B6, although raw material handling (B1) and melting/refining (B2) are almost borderline cases. However, worst-case values show a clear tendency of exceeding existing OELs for workplaces B1-B4. 

However, in view of the limited extent and the quality of the data available for these workplace categories except for B2, it may be questioned whether these are really representative of this industry sector. In particular data for B3 (milling) and B4 (sawing and slitting), the subjective risk assessment of the tasks performed does not match with the unexpectedly high measured exposure values. However, it can only be speculated whether or not perhaps other tasks performed by the same group of workers may have led to these values.

For this reason, a recommendation has been made to initiate further monitoring which is more representative of the processes reviewed. To address this, the lead sheet industry has initiated further air monitoring at three production sites. This will focus primarily on the collection of data for workplaces B1 and B4, although some additional data is also expected for other workplaces.

Table 4.32:
Lead sheet production: inhalation exposure [mg/m³]
	Workplace
	Personal/static
	Max
	90th percentile
	Median
	No. of data

	She1
	static
	n.d.
	n.d.
	n.d.
	0

	She2
	static
	2.000
	0.925*
	0.129
	8

	She3
	static
	0.170
	0.146*
	0.052
	3

	She4
	static
	1.170
	1.054*
	0.590
	2

	She5
	static
	n.d.
	n.d.
	n.d.
	0

	She6
	static
	n.d.
	n.d.
	n.d.
	0

	not allocated
	static
	n.d.
	n.d.
	n.d.
	0

	all data
	static
	2.000
	1.668
	0.088
	13

	

	She1
	personal
	0.402
	0.379
	0.139
	14

	She2
	personal
	6.050
	0.855
	0.136
	76

	She3
	personal
	0.330
	0.309
	0.053
	20

	She4
	personal
	2.090
	1.902
	0.062
	10

	She5
	personal
	0.084
	0.079
	0.039
	17

	She6
	personal
	0.104
	0.089
	0.048
	20

	not allocated
	personal
	n.d.
	n.d.
	n.d.
	0

	all data
	personal
	6.050
	0.366
	0.084
	157


*: the 90th percentile is calculated using the “R”-method; n.d.: no data

Form the graphical presentation below, the heterogeneous distribution of data between contributors becomes evident. Considering that the TGD specifies a minimum requirement of 12 data points for the representative assessment of a task/process, only one company responded with an adequate data set. In contrast, the limited volume of data submitted by others may be due to the circumstance that only worst-case values were measured.
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Figure 4.15:
Lead sheet production: distribution of personal exposure monitoring values by company
Occupational dermal exposure (measured data)

Two dermal exposure monitoring surveys were previously conducted at a secondary lead smelter and a primary zinc/lead smelter. In view of the similarity of processes involved, the exposures encountered there are also considered relevant for the lead sheet producing industry. Full-shift average dermal exposure levels were measured for hands/forearms, neck, face and chest, as presented in the table below. Overall worst-case levels (90th percentiles) of average dermal exposures ranged from approx. 9.0 – 42 µg/cm², whereas the corresponding typical dermal exposure levels varied between approx. 2 – 7 µg/cm². This data is presented in Table 4.22 below.

Further, a published investigation exists (Dost, 1996), in which moist wipe skin sampling was used to monitor surface contamination with lead in a lead sheet production facility (location not stated), followed by XRF analysis. The measured dermal loading of workers after 2 working hours (sampling area 10 cm² of the palms) yielded exposure levels in the range of 1.3-8 µg Pb/cm² (individual values not stated).

Modelled exposure data

Inhalation exposure: EASE model predictions were calculated using EASE version 2.0, based on the exposure characteristics as stated in the process description given above. In addition, the default selection “no” was chosen for particle aggregation (selecting yes would by default reduce exposure to one-tenth of the stated value). Whereas exposure due to lead vapours is considered to be low, dust/aerosol formation during furnace loading, drossing and refining steps can not be ruled out. The refining process ends with casting of lead slabs, which are then subjected to milling (with negligible exposure potential). Despite this, the model still anticipates dust exposure to be of the same extent as in the direct handling scenarios.

Table 4.33:
EASE model estimates, lead sheet production
	Workplace category
	Workplace description
	Comments
	EASE prediction

	inhalation exposure

	She1
	raw material handling
	part-shift exposure is assumed; wide-spread use of building scrap considered to be associated with dust formation; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	She2
	melting and refining
	(i) maintenance of melting kettle, full-shift; non-dispersive use, LEV present
	0 - 0.1 ppm (1)

	
	
	(ii) full-shift; potential for exposure during kettle operation (drossing), and during refining; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	She3
	milling
	full-shift, no direct handling, and no dust formation; low dust technique, dilution ventilation present
	0 - 1 mg/m³

	She4
	sawing and slitting
	(i) full-shift, regular exposure; assuming inhalable particles being formed, dry manipulation, LEV present
	2 - 5 mg/m³

	
	
	(ii) under regular operating conditions, only rather large non-inhalable particles (sawing chips) are generated during this process; thus, if the appropriate term “granular” for such particles is selected, the estimated exposure is “zero”
	“zero”

	She5
	storage and shipment
	full-shift; low dust technique, LEV present
	0 - 1 mg/m³

	She6
	others
	part-shift; low dust technique, LEV present
	0 - 1 mg/m³

	dermal exposure

	
	all workplaces
	no direct handling of raw material (scrap), molten lead, refining by-products or lead slabs occurs; merely during sawing/slitting, manual handling occurs to a minimal extent to finished lead sheet, during which gloves are worn for protection against shapr edges 
	very low


(1): corresponding to 0.85 mg/m³ (Pb) or 0.91 mg/m³ (PbO)

Note: the reliability of EASE to assess dermal exposure under these conditions is very limited, particularly for hot metal processes

Comparison with analogous substances

Detailed data on particle size distribution and dustiness for lead metal powder and the two lead oxides are presented in detail in chapter 4.1.1.1.7 above. It is merely noted here that the dustiness of zinc oxide and “red” lead oxide are of the same order of magnitude, whereas lead metal powder and litharge are of somewhat higher dustiness. Assuming that lead oxide and to a certain extent also lead metal will be the predominant contaminants at a primary lead producing facility, zinc and zinc oxide may be used as an analogy, with some level of uncertainty related to the dustiness being somewhat higher for the metal powder and litharge.

Concerning dermal exposure during lead sheet production, where molten lead is initially produced, then possibly subjected in a molten state to a brief refining step before it is cast into a slab (after which there is less exposure potential), it theoretically may be useful as a comparison to exploit dermal exposure data generated at several sites of the galvanising industry (Hughson & Cherrie, 1999, 2000, 2001) due to similarities in process/substances used (i.e. molten zinc, with practically no direct exposure). Full shift worst-case dermal exposure (90th percentile of galvanising data) amounted to 100 mg zinc/day (50 µg zinc/cm²) for hands/forearms, whereas typical values for hands/forearms were 45 mg zinc/d (23 µg zinc/cm²).

However, dermal exposure data is also available for a zinc/lead smelter and a secondary lead refinery where melting and reefing also takes place, so that preference is given in this assessment to the latter data.

Literature data on occupational exposure in the lead sheet producing industry

In addition to this recently conducted occupational exposure data survey, a literature search was conducted in which the following reference was identified as being of relevance:

Direct XRF (X-ray fluorescence) and moist wipe sampling was used to monitor surface contamination with lead in a lead sheet production facility (location not stated). Surface samples were taken form the lead sheet production area, and from the dining and office area. The lead surface contamination these areas was in the range <5 – 1,585 µg Pb/cm² (XRF) and 1-1,137 µg Pb/cm², respectively. Skin loading data collected in this study is reported in this chapter further above (Dost, 1996).

Merely for reasons of consistency, it is noted here that the UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers in the UK do not report data for this industry sector separately.

Survey of use of PPE

All seven sites that reported inhalation exposure and/or blood lead data also submitted a complete and adequate PPE-questionnaire. The tables below display the frequency of the pattern of use of RPE and gloves in the primary production sector.

It clearly is the case that for those workplaces involved with the highest inhalation exposures (B1, raw material handling) and B2 (melting/refining), industry has reported mandatory use of RPE at a rate exceeding 85%. However, given the also very high blood lead values for these two workplaces, it appears rather questionable whether the type or the individual handling of the RPE in question is adequate. All other workplaces (except for cleaning and maintenance) in contrast indicate a very low percentage of RPE use. Whereas detailed information (not presented here) on the type of mask and the filters used as RPE is available, this is characterised by a high level of diversity, so that it is not possible to draw conclusions that are representative for the entire sector. However, a refined analysis could be made for those companies which provide a representative exposure data set in future.

There is no clear picture on the use of gloves, and it may therefore be speculated that the use of such where applicable is perhaps predominantly for mechanical protection against sharp edges etc.

Table 4.34:
Lead sheet production: Frequency of pattern of use of RPE
	Workplace
	Task
	M
	V
	na
	total
	%

	She1
	Others
	0
	0
	7
	7
	na

	
	Quality control
	4
	1
	2
	7
	80

	
	Scrap delivery/unloading
	5
	1
	1
	7
	83

	
	Sorting and loading of melting furnace
	5
	0
	2
	7
	100

	She1 total
	14
	2
	12
	28
	88

	She2
	Casting of lead slabs
	6
	1
	0
	7
	86

	
	Operation of melting furnace
	6
	1
	0
	7
	86

	
	Others
	1
	1
	5
	7
	50

	
	Refining
	5
	0
	2
	7
	100

	
	Removal of non-lead materials
	5
	1
	1
	7
	83

	She2 total
	23
	4
	8
	35
	85

	She3
	Others
	0
	1
	6
	7
	0

	
	Supervision and maintenance of milling machinery
	0
	7
	0
	7
	0

	
	Transport of lead slabs
	1
	6
	0
	7
	14

	She3 total
	1
	14
	6
	21
	7

	She4
	Operation of sawing machinery
	4
	3
	0
	7
	57

	
	Operation of slitting/cutting machinery
	2
	5
	0
	7
	29

	
	Others
	0
	0
	7
	7
	na

	She4 total
	6
	8
	7
	21
	43

	She5
	Intra-facility transport operations
	0
	6
	1
	7
	0

	
	Others
	0
	0
	7
	7
	na

	
	Shipment of finished goods
	0
	7
	0
	7
	0

	
	Storage of finished products
	0
	7
	0
	7
	0

	She5 total
	0
	20
	8
	28
	0

	She6
	Cleaning, repair, maintenance operations
	6
	1
	 0
	7
	86

	
	Engineering
	1
	6
	0
	7
	14

	
	Others
	1
	0
	6
	7
	100

	
	Quality control, laboratories
	1
	6
	0
	7
	14

	She6 total
	9
	13
	6
	28
	41

	all workplaces
	53
	61
	47
	161
	46


"M" stands for RPE which is stipulated through company instructions, "V" stands for RPE which is not mandatory or for tasks where RPE is not required, "na" are tasks which are not carried out at an specific production site, "%" is the coverage of mandatory RPE of the sector reduced by the companies where the task is not applicable.

Table 4.35:
Lead sheet production: Frequency of pattern of use of gloves
	Workplace
	Task
	M
	V
	na
	total
	%

	She1
	Others
	1
	0
	6
	7
	100

	
	Quality control
	3
	2
	2
	7
	60

	
	Scrap delivery/unloading
	3
	3
	1
	7
	50

	
	Sorting and loading of melting furnace
	4
	1
	2
	7
	80

	She1 total
	11
	6
	11
	28
	65

	She2
	Casting of lead slabs
	5
	2
	0
	7
	71

	
	Operation of melting furnace
	4
	3
	0
	7
	57

	
	Others
	1
	1
	5
	7
	50

	
	Refining
	4
	1
	2
	7
	80

	
	Removal of non-lead materials
	5
	1
	1
	7
	83

	She2 total
	19
	8
	8
	35
	70

	She3
	Others
	1
	0
	6
	7
	100

	
	Supervision and maintenance of milling machinery
	4
	3
	0
	7
	57

	
	Transport of lead slabs
	3
	4
	0
	7
	43

	She3 total
	8
	7
	6
	21
	53

	She4
	Operation of sawing machinery
	5
	2
	 0
	7
	71

	
	Operation of slitting/cutting machinery
	5
	2
	0
	7
	71

	
	Others
	 0
	0
	7
	7
	na

	She4 total
	10
	4
	7
	21
	71

	She5
	Intra-facility transport operations
	1
	5
	1
	7
	17

	
	Others
	0
	1
	6
	7
	0

	
	Shipment of finished goods
	1
	6
	0
	7
	14

	
	Storage of finished products
	1
	6
	0
	7
	14

	She5 total
	3
	18
	7
	28
	14

	She6
	Cleaning, repair, maintenance operations
	5
	2
	0
	7
	71

	
	Engineering
	3
	4
	0
	7
	43

	
	Others
	1
	0
	6
	7
	100

	
	Quality control, laboratories
	3
	4
	0
	7
	43

	She6 total
	12
	10
	6
	28
	55

	all workplaces
	63
	53
	45
	161
	54


"M" stands for gloves which are stipulated through company instructions, "V" stands for gloves which are not mandatory or for tasks where gloves are not required, "na" are tasks which are not carried out at an specific production site, "%" is the coverage of mandatory use of gloves of the sector reduced by the companies where the task is not applicable.

Conclusions and further actions

For lead sheet production, 7 sites (53.8%) out of a total of 13 sites in the sector provided adequate data. In the year 2000, these sites produced 178,700 t (64.4%) out of a total of 277,500 t of lead sheet in the sector, with 378 workers (74.0%) at these sites out of a total of 511 involved in lead sheet production (Marsh, 2004a).

Considering the number of occupationally exposed workers and the number of data reported, the coverage of the blood lead data base can be considered adequate and reliable. However, the extent of the inhalation exposure data falls short of being representative, which is why a recommendation has been made to collect data on a broader basis. In particular the implausibly high values reported for milling and sawing/slitting operations should be verified or corrected, respectively.

For the assessment of dermal exposure, read-across from data collected in lead smelters is considered justified in view of the similarity of processes involved.

Modelled data (EASE) have been presented above for comparative purposes only. These data are currently not used further in the risk assessment, since measured exposure data are available for all workplaces and additional monitoring is underway to improve the extent and coverage of the data base.

In a survey on the use of PPE, more than 85% of companies reported mandatory use of RPE in raw material handling and melting/refining. However, high exposures are also reflected in high blood lead values, indicating that the selection or use of RPE is not sufficiently effective. There was no consistent picture of the use of gloves.

Given the fact that a representative blood lead data base with an adequate coverage exists, only the following values will be taken forward to risk characterisation:

typical and worst-case (workplace-specific) blood lead data as reported in Table 4.30 above.

4.1.1.2.4 Scenario 4: Battery production

According to recent information from industry (Marsh, 2004b), 47 lead battery production sites currently in production are known in Europe, including SLI and industry batteries. However, a total of 50 sites were in operation for the period of investigation of this report, i.e. 1998-2001. The distribution within Europe is shown in the graph below:

[image: image19.jpg]



Figure 4.16:
Battery production: map of sites in the EU
Data collection

For the development of process descriptions and for the purpose of conducting comprehensive subjective exposure assessments, site inspections were carried out in a plant for SLI batteries, and also in a plant for industrial battery production. Occupational exposure data were collected on a representative basis with the aid of a questionnaire which was tailored specifically to the requirements of this industry. Questionnaires were originally developed by EBRC, submitted for review to LDAI and industry contact points, and were then distributed to the participating companies.

In conclusion, 21 out of 50 facilities (see table below, three sites of which have been closed down) reported data of a quality and amount that was considered to be consistent with the requirements set forth in subchapter 4.1.1.1 above, and therefore valuable for the conduct of this risk assessment. The remaining sites either submitted questionnaires that were only partially complete, or contained aggregated data in a form which was not suitable for statistical analysis. Of those companies that did not even provide blood lead data, none claimed that this was because of legal limitations.
Table 4.36:
Battery production: industry response to request for submission of occ. exposure data (50 sites in total)

	The following companies have submitted data adequate for the purposes of this report:

	Company 1*

	Company 2*

	Company 3*

	Company 4*

	Company 5*

	Company 6*

	Company 7*

	Company 8*

	Company 9*

	Company 10*

	Company 11*

	Company 12*

	Company 13*

	Company 14*

	Company 15*

	Company 16*

	Company 17*

	Company 18*

	Company 19*

	Company 20*

	Company 21* **

	The following companies either did not respond at all, or with inadequate data, or stated they could not provide adequate data for formal legal reasons:

	Company 22*

	Company 23*

	Company 24* **

	Company 25*

	Company 26* **

	Company 27*


Table 4.36:
Battery production: industry response to request for submission of occ. exp. data (50 sites in total), continued

	The following companies either did not respond at all, or with inadequate data, or stated they could not provide adequate data for formal legal reasons:

	Company 28*

	Company 29*

	Company 30*

	Company 31*

	Company 32*

	Company 33*

	Company 34*

	Company 35*

	Company 36*

	Company 37*

	Company 38*

	Company 39*

	Company 40*

	Company 41*

	Company 42*

	Company 43*

	Company 44*

	Company 45*

	Company 46*

	Company 47*

	Company 48*

	Company 49*

	Company 50*


*: All company names have been deleted for reasons of confidentiality. Please refer to Chapter 6.5 (Confidential Appendix) for a complete list of names of companies which were invovled in the data collection of this report.

**: site has been closed

A total of 21 battery production sites (42.0%) provided adequate data out of a total of 50 sites in the sector. In the year 2001, these sites consumed 569,600 t of lead (56.5%) out of a total of 1,009,000 t in the sector (Marsh, 2004b).

The current status of feedback is presented in the table below, giving the number of employees per plant (total, those under medical surveillance, and those involved in production), the existence of exposure data (inhalation static/personal, or dermal), and the number of blood lead values. Given the wide coverage and the similarities in processes, the data base is considered representative of this industry sector. It is however expressly noted that individual blood lead values were not recoverable from all sites or countries, respectively. The reason for this is the restrictive legislation in individual Member States concerning the release of medical information, which also extends particularly to blood lead data. It is noted that out of approx. 8,600 employees occupationally exposed to lead and under medical surveillance, there are only 163 females EU-wide, corresponding to less than 2% of the workforce.

Table 4.37:
Battery production: reported data overview
	ID
	Number of
employees
	Number of exposure data reported
	Number of
blood lead data reported

	
	total
	md.surv.
	prod.
	fem.
	static air
	pers.air
	dermal
	1998
	1999
	2000
	2001

	B01
	491
	476
	414
	0
	0
	109
	0
	0
	0
	0
	0

	B02
	375
	223
	233
	0
	12
	12
	0
	0
	0
	0
	0

	B03
	320
	180
	210
	0
	0
	97
	0
	236
	290
	167
	237

	B04
	589
	321
	357
	0
	0
	104
	0
	434
	580
	489
	597

	B05
	702
	536
	615
	3
	119
	18
	0
	7
	7
	247
	424

	B06
	610
	438
	403
	65
	139
	376
	0
	7
	7
	7
	8

	B07
	236
	211
	190
	n.d.
	0
	40
	0
	0
	0
	0
	0

	B08
	399
	374
	374
	0
	768
	225
	0
	640
	677
	545
	538

	B09
	382
	332
	332
	0
	322
	512
	0
	0
	643
	452
	356

	B10
	130
	110
	100
	0
	144
	132
	0
	0
	0
	0
	116

	B11
	519
	420
	373
	0
	0
	375
	0
	234
	255
	253
	390

	B12
	530
	400
	400
	0
	0
	176
	0
	24
	22
	226
	569

	B13
	496
	427
	417
	0
	0
	20
	0
	6
	6
	6
	6

	B14
	311
	287
	300
	0
	0
	108
	0
	7
	7
	7
	7

	B15
	550
	448
	480
	30
	0
	122
	0
	0
	0
	0
	0

	B16
	211
	203
	211
	0
	20
	0
	6
	6
	6
	6

	B17
	470
	447
	432
	0
	0
	430
	0
	0
	0
	162
	216

	B18
	277
	168
	n.d.
	6
	0
	14
	0
	0
	0
	0
	0

	B19
	533
	437
	360
	0
	436
	393
	0
	249
	279
	394
	385

	B20
	456
	323
	363
	0
	69
	117
	0
	375
	411
	465
	543

	B21
	272
	272
	204
	9
	6
	93
	0
	0
	260
	260
	270

	B22
	332
	332
	273
	1
	0
	220
	0
	410
	405
	403
	398

	B23
	1,013
	377
	575
	0
	109
	312
	0
	570
	570
	570
	593

	B24
	284
	260
	180
	45
	16
	28
	0
	0
	543
	583
	589

	B25
	239
	108
	157
	0
	1
	16
	0
	433
	391
	368
	385

	B26
	221
	221
	187
	4
	89
	0
	0
	333
	346
	424
	980

	B27
	238
	115
	115
	0
	3
	27
	0
	95
	167
	207
	111

	B28
	250
	200
	180
	0
	39
	474
	0
	944
	859
	850
	740

	total
	11,436
	8,646
	8,435
	163
	2,272
	4,550
	0
	5,010
	6,731
	7,091
	8,464


n.d.: no data reported; (shaded fields): average/range values reported; (connected fields): no distinction between personal and static lead in air monitoring; stated above are the entire number of workers employed at the plant (total), those under medical surveillance (md.surv.), those actively involved in production (prod.), and females of childbearing capacity (fem.)

Process description and subjective exposure assessment

The lead acid battery industry can be roughly broken down into two sectors:

(I) Production of SLI (starting, lighting, ignition) or automotive batteries used in all motor vehicles.

(II) Production of industrial batteries which covers a wide range of applications such as traction batteries (powering electrical vehicles like golf carts, airport vehicles, forklift trucks etc.), backup power supplies for protection against power failure), and batteries for computer systems, telecommunications, and even submarines.

As a general statement, it can be said that the production of automotive batteries is automated to a fairly high degree, in view of the large production output and the limited range of different products. In contrast, industrial batteries are usually much larger in size, and the market to be serviced is more detailed, with a high range of different products and low production volumes per battery type. In consequence, the degree of manual operations in this industry sector is higher in comparison to SLI battery production, and occupational exposures may be expected to be somewhat higher in some cases.

For these reasons, industrial battery production was selected for a detailed description and exposure assessment as set forth further below. However, whereas both industry sectors provided detailed exposure data, a strict separation of data between these production sectors is not always possible, since many sites produce both types of batteries, and a clear allocation of the provided data to these sectors was not possible at this time. Therefore, this first analysis of exposure data was performed for the battery industry “as a whole”.

The production process of lead acid batteries usually includes the following steps:

(1)
Grid casting


This task usually involves melting of lead ingots and subsequent casting of lead metal grids (alternatively, grids may also be produced by stamping and/or cutting from lead sheets). This process is run continuously, with either automated or semi-automated feeding of lead ingots to the melting furnace, from which lead is fed continuously to the casting unit. The grids are either discharged from the production unit individually and then stacked, or they may also be cut from a continuously formed grid.


Approx. once or twice per shift, the lead oxide dross forming on top of the layer of molten lead in the furnace will need to be removed and tipped into a bin. The amount of dross is estimated to be in the range of a few kilograms only.


Dermal exposure for these tasks is assessed as being “low”, and restricted to (i) loading of lead ingots to the furnace reservoir, (ii) stacking and/or unloading of finished grids, and (ii) occasional drossing of the lead furnace. Drossing is done using gloves and a long-handled spoon, thus no direct contact with the dross (largely lead oxide) needs to be considered. The dross is obviously of low dustiness as the apparently clean surroundings of the furnace suggest. The grids are also handled with gloves, but predominantly to avoid cutting due to any sharp edges.


Inhalation exposure during the continuous casting process is also assessed as being low, since the molten lead is maintained at a temperature close to its melting point. However, there is potential for inhalation exposure during the drossing procedure, for which the furnace door must be opened to remove (lead oxide) ash. There is LEV present at this furnace, but wearing of RPE of sorts during this task is usually mandatory.


The exposure pattern for the casting process is continuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. Process type is dry manipulation. The use of gloves and RPE is mandatory.


The exposure pattern for the drossing is occasional, with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. The use of gloves and RPE is mandatory.

(2)
Lead oxide production


Different grades of lead oxide are required by the battery industry: (i) a raw lead oxide powder consisting of a mixture of lead oxide and lead metal, and (ii) “red” lead oxide. Whereas some facilities will procure this raw material exclusively from external sources, it is not uncommon that a site will operate their own lead oxide production facility.


For the purposes of the occupational exposure for this process in the battery industry, it is noted that the potential for exposure is overall low, since the oxide is generated in a closed system with local LEV, and the finished product is charged to a silo storage system, from which it is dispensed in bulk to the mixing and pasting unit (see below). Please refer to the occupational exposure assessment of “lead oxide production” for further details.


Thus, direct handling does not occur, and in view of the use of enclosed storage and dispensing systems, there is no relevant exposure (dermal and inhalation) expected at this stage.

(3)
Mixing and pasting


Prior to pasting, a pre-mix is generated usually in automated mixing and weighing systems. Lead oxide is stored in a silo, from which it is discharged to the weighing balance in a closed system, so that there is no direct contact with the material, and negligible inhalation exposure to lead. However, the mixing units will in most cases allow for manual addition of the “expanders” (such as barium sulphate etc.).


Since it is current standard practice to use automated systems at this stage of the process, dermal and inhalation exposure during weighing and mixing procedures is considered to be negligible.


Initially two pastes are produced in a wet, batch type process: (i) in the so-called “positive” paste, lead oxide and lead metal is compounded together with water and sulphuric acid, and (ii) in the corresponding “negative” paste, lead oxide is formulated with the aid of “expanders” (such as barium sulphate, carbon black and organic fibres).


The resulting wet pastes are then forced into the lead grids to produce the individual plates. In this stage, grids are fed into the pasting machinery in an automated fashion, and the paste is also automatically applied, so that there is no direct handling during the pasting procedure. However, finished plates at the end of the process are stacked in bundles, which are then manually lifted to a transport device. This workplace is usually either equipped with LEV, and depending upon the facility, RPE (half masks, or air-stream helmets) are provided, but wearing is not made mandatory in all cases according to our information. When handling the moist plates, workers were noted to wear gloves in all cases, the material of which differed between sites considerably.


The exposure pattern for mixing and pasting is continuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. Process type is dry manipulation. The use of gloves and RPE is mandatory.


In some cases, the design of specialised (large scale) industrial batteries may require a plate to be made up of a stack of semi-permeable “tubes” of a synthetic fibre into which “red lead oxide” as a powder is filled with the aid of semi-automated devices. This is a predominantly manual operation with direct handling of red lead oxide, with a correspondingly high dermal and inhalation exposure potential. This unit is usually segregated, fitted with LEV, and placed on grids with a surface of water underneath to minimise dust formation.


The exposure pattern for this filling operation is continuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. The use of gloves and RPE is mandatory.

(4)
Curing operations


The term curing refers to an operation where the finished plates are stacked together and maintained at a constant temperature in a controlled environment to allow for a chemical equilibrium between the various components of the plates to be reached. Whereas the curing process proceeds essentially in an enclosed space, there is potential for dermal and inhalation exposure during loading and unloading of the plates in the curing chambers, due to dry dust residues on the surface of the plate becoming airborne to a moderate degree. However, dermal exposure is only indirect since the finished plates are stacked on a pallet which is loaded to the curing chamber with a fork-lift truck. To our knowledge, the wearing of RPE by fork-lift truck operators is not mandatory throughout this industry.


The exposure pattern for curing is intermittent (full-shift), with segregation in a confined space. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. Process type is dry manipulation. The use of gloves and RPE is mandatory.

(5)
Formation (incl. plate treatment)


A large portion of automotive batteries is nowadays shipped as “dry” batteries (without acid), to which the acid is added immediately prior to use. In contrast, industrial batteries are usually delivered in a ready-to-use state. The term formation refers to the process of converting the inactive lead oxide/sulphate paste in the grids to an active electrode. In the case of positive plates, the lead oxide is oxidised to lead peroxide, whereas in the negative plates, it is reduced to metallic lead.


The process involves placing the cured plates either individually or joined as elements in sulphuric acid and applying an electrical current. Whereas from the standpoint of occupational hygiene the generation of sulphuric acid mists is considered more relevant, there is potential for dermal and inhalation exposure during the loading/unloading operations due to residues of lead dust adhering to the surface of the dry plates.


Formation of “wet” batteries would usually require the battery to be assembled more or less in its battery case to the final state, and formation of the batter in-situ with subsequent replacement of the spent sulphuric acid. In contrast, for “dry” batteries, the elements are individually formatted, and after drying are then assembled into the battery without acid. The degree of exposure is considered to be similar, also because of adherence of dry lead material to the plates, which may be released during manual handling. Effective LEV is essential in this process stage to restrict air levels also of sulphuric acid mist and hydrogen, and gloves are routinely worn also for protection against the sulphuric acid.


After formation, the plates are removed and transported to the washing unit. First, any adhering material is removed by brushing, and the plates are then washed and subsequently dried prior to further processing. These steps can involve a high degree of manual handling (except for fully automated units i.e. in the automotive battery industry), and are considered to represent significant potential for dermal and inhalation exposure.


The exposure pattern for formation is intermittent (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. Process type is dry manipulation. The use of gloves and RPE is mandatory.

(6)
Assembly


This task initially involves stacking “positive” and “negative” plates together alternately, with a separating layer of insulating (usually permeable synthetic film) material, and subsequently joining the plates together by welding the lead plates of each kind together to a battery element. Depending on the type of battery (dry/wet), assembly will also include placing the elements into the battery case (usually heavy duty polyethylene), welding of the electrodes and finishing/cleaning of the product for shipment.


The stacking of plates and the insertion into the battery case involves continuous and direct handling of the plates, whereas the welding is usually done with the aid of a semi-automated system, in which the temperature is the welding apparatus is adjusted so that the lead metal tabs are merely molten together with a pole.


The exposure pattern for assembly is continuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. Process type is dry manipulation. The use of gloves is mandatory, and RPE is voluntary.

(7)
Quality control, packaging and shipment


At this stage of the process, the battery is already completely assembled and sealed, so that exposure to lead is assessed to be negligible.

(8)
Other (cleaning and maintenance)


Under this term, all tasks are summarised which constitute the work of personnel performing only such cleaning and maintenance work. In contrast, minor routine cleaning and maintenance work conducted by each worker as a regular part of his duties is not assessed here separately, but as part of the jobs/tasks assigned to workplace categories 1-5. For cleaning, either dry or wet vacuum cleaning apparatus, usually motor-driven are employed, which is why direct dermal contact is largely excluded.


The exposure pattern for cleaning operations is continuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level is intermittent. Process type is dry manipulation. The use of gloves and RPE is mandatory.

Occupational exposure assessment – industry monitoring data

In the following chapter, the analysis of the data that was collected with the aid of the questionnaire developed by EBRC is presented. For details on the content and design of the questionnaire, please refer to subchapter 4.1.1.1 above. Based on the results of previous site inspections, individual tasks were grouped into “workplace categories” since the workers in one category either routinely switch between several of these tasks within one unit, or may be considered to influence the overall exposure level of others in the same work area. As a consequence, industry companies reported their data as being allocated to either of the following tasks:

Table 4.38:
Battery production: workplace categories
	Workplace category
	Workplace description
	Tasks performed

	Bat1
	plate manufacturing
	casting of grids, oxide production, mixing, pasting, and curing operations

	Bat2
	plate treatment
	jar/tank formation, plate washing, drying, cutting

	Bat3
	assembly
	stacking, assembly, welding and joining operations

	Bat4
	battery formation
	acid filling, formation (wet batteries), finishing

	Bat5
	internal logistics
	storage of raw materials and finished goods, intra-facility transport, shipment

	Bat6
	others
	cleaning and maintenance*


*: routine cleaning and maintenance work conducted by each worker as regular part of his duties is not assessed separately, but as part of the jobs/task assigned to workplace categories 1-5. In contrast, workplace category 6 refers to staff that specifically perform only such cleaning and maintenance work.

Blood lead data

Only data that were submitted as individual blood lead measurements identified by an ID on a worker-by-worker basis, and which were allocated to a specific workplace category were entered into the common data base for this statistical evaluation. Since in some cases, a worker may have been monitored not only once, but instead as much as even 4-8 times per year, all data per worker were computed into an annual median value for each person prior to merging them into the data base. By this procedure, any skewing of the data by individuals with higher sampling frequency was avoided. The table below summarises the evaluation of blood lead data [in µg/dL] in the battery industry for a thus “compressed” data base of 15,100 data points:

Table 4.39:
Battery production: blood lead values [µg/dL]
	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	Bat1
	84
	51
	33
	2
	3,619

	Bat2
	78
	46
	32
	1
	1,369

	Bat3
	81
	48
	29
	1
	5,027

	Bat4
	79
	32
	16
	<1
	1,861

	Bat5
	106
	40
	22
	1
	994

	Bat6
	68
	44
	24
	2
	2,278

	not allocated
	n.d.
	n.d.
	n.d.
	n.d.
	0

	all data
	106
	47
	28
	<1
	15,148


n.d.: no data reported

The typical (median) values are fairly close to a level of 30 µg/dL for categories B1-B3, but considerably lower for B4-B6. However, the 90th percentiles all exceed a level of 40 µg/dL, except for workplace category B4 (formation). In the graph below, these data have been analysed for a time trend: overall, there appears to be neither a relevant decrease nor any rise of blood lead levels at any particular workplace.
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Figure 4.17:
Battery production: annual blood lead median values

However, it should be noted that within this sector, there is considerable variability on a company-by-company basis, as shown in Figure 4.18 and Table 4.40 below: for approx. one quarter of the production sites in Europe which provided blood lead data and which are likely already operating blood-lead reduction schemes, it is evident that worst-case blood lead levels are already at or below 40 µg/dL, whereas others are adhering to currently applicable national blood lead limits (for detail on the limits, please refer to subchapter 4.1.1.1.5 above).
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Figure 4.18:
Battery production: inter-company variability in blood lead levels
The table below presents the same data as above, but in this case analysed for min/max, worst case and typical blood lead values on a company-by-company basis:

Table 4.40:
Battery production: blood lead values [µg/dL], by company
	Company ID
	Max
	90th percentile
	Median
	Min
	No. of data

	B03
	59
	39
	24
	2
	574

	B04
	74
	44
	28
	2
	1,392

	B05
	68
	45
	27
	4
	671

	B08
	69
	45
	28
	1
	1,240

	B09
	51
	33
	17
	2
	726

	B10
	51
	46
	33
	14
	84

	B11
	58
	33
	18
	<1
	1,131

	B12
	70
	48
	31
	2
	489

	B17
	66
	46
	31
	6
	378

	B19
	81
	56
	37
	3
	1,307

	B20
	58
	38
	21
	2
	917

	B21
	68
	54
	42
	10
	395

	B22
	66
	39
	23
	1
	907

	B23
	106
	51
	34
	2
	1,375

	B24
	64
	48
	29
	3
	830

	B25
	64
	46
	32
	14
	464

	B26
	63
	47
	32
	3
	610

	B27
	84
	57
	36
	3
	415

	B28
	54
	41
	27
	2
	1,243

	all data
	106
	47
	28
	<1
	15,148


Occupational inhalation exposure (measured data)

The following table summarises the evaluation of exposure data collected for the period 1998-2001 for this sector, divided into static (approx. 1,900 individual measurements) and personal (approx. 3,200 individual measurements) samples, and broken down according to workplace category.

These data demonstrate that typical exposures are largely in compliance with the current OELs of 0.1-0.15 mg/m³, except for category B2 (plate treatment). In contrast, the worst-case values clearly exceed existing OELS for workplace categories B1-B3, with the highest values again measured for B2. It should be noted, however, that these are exposure samples taken outside any RPE worn during work.

Table 4.41:
Battery production: inhalation exposure [mg/m³]
	Workplace
	Personal/static
	Max
	90th percentile
	Median
	No. of data

	Bat1
	static
	4.271
	0.110
	0.040
	726

	Bat2
	static
	0.736
	0.092
	0.043
	318

	Bat3
	static
	2.510
	0.084
	0.020
	627

	Bat4
	static
	0.063
	0.049
	0.011
	68

	Bat5
	static
	0.292
	0.069
	0.014
	73

	Bat6
	static
	0.133
	0.077
	0.026
	84

	not allocated
	static
	n.d.
	n.d.
	n.d.
	0

	all data
	static
	4.271
	0.095
	0.030
	1,896

	

	Bat1
	personal
	2.700
	0.280
	0.065
	1,190

	Bat2
	personal
	34.557
	0.762
	0.199
	338

	Bat3
	personal
	31.608
	0.261
	0.061
	1,220

	Bat4
	personal
	0.188
	0.042
	0.018
	87

	Bat5
	personal
	0.323
	0.071
	0.031
	146

	Bat6
	personal
	0.874
	0.074
	0.025
	121

	not allocated
	personal
	1.320
	0.513
	0.214
	92

	all data
	personal
	34.557
	0.329
	0.063
	3,194


n.d.: no data reported

The graphical presentation of the company-by-company distribution of data below indicates a rather consistent distribution of exposures in the entire industry sector.
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Figure 4.19:
Battery production: distribution of personal exposure monitoring values by company

Occupational dermal exposure (measured data)

Not unexpectedly, dermal exposure had previously not been routinely conducted in any of the EU battery production sites. However, a study reporting dermal monitoring data and corresponding blood lead values is available from a UK HSE report (Wheeler et al., 1999b). Dermal exposure levels are presented in the original reports in graphical format only. However, UK HSE have recently submitted the raw data (UK HSE, 2006) for dermal exposure, which is why the entire data set has been re-analysed compared to the previous report version. The corresponding blood lead data were not clearly attributable, which is why the analysis remains based upon an extraction from the graphs of the report, with some inherent lack of precision.

In this study, four different production sites for lead acid batteries were visited, and a total of five days was spent in each factory. The areas that were studied were assembly (corresponding to workplace category 3), finishing (workplace category 4), and production (workplace category 1). Additionally, in one site only, dermal exposure in the preparation area in which plates are brushed clean (workplace category 2) was studied. A total of 53 workers worker monitored from all facilities together, which were selected in order to cover a range of tasks and corresponding different levels of exposure. Dermal contamination was determined with a “bag-wash” method, in which workers were requested to insert their hands into a bag with ultra-pure distilled water followed by agitation for two minutes. Four such samples were taken from each volunteer, one pre-shift, and three prior to each break during their shift. The three last samples were pooled to form a “shift hand exposure”. Analysis for lead was by ICP-MS. The most relevant findings from this investigation can be summarised as follows:

(1) there was a significant correlation between measured ”shift hand” exposure level, and the level of workplace surface area contamination established by “wet wipe” and X-ray fluorescence measurements.

(2) hand wash measurements showed high concentrations on some workers despite the fact that they were wearing gloves, and the statistical analysis did not yield any significant difference in the level of dermal contamination whether, workers were wearing gloves or not.

(3) individual dermal exposure levels for all workers in general ranged from below detection limit to a single high value at approx. 100 µg/cm², with an overall 90th percentile at approx. 60 µg/cm² (Table 4.44

 REF _Ref99169587  \* MERGEFORMAT Table 4.45).

(4) worst-case blood lead levels in general were above a threshold of 40 µg/dL (Table 4.42 and Table 4.43) with the highest RWC value at workplace category B1.

Table 4.42:
Battery production: blood lead values [µg/dL]
	Factory
	Max
	90th percentile
	Median
	Min
	No. of data

	I
	48
	45
	34
	18
	15

	II
	58
	53
	23
	5
	13

	III
	50
	50
	42
	19
	11

	IV
	54
	53
	32
	17
	11

	all data
	58
	48
	32
	5
	50


Source: Wheeler et al., 1999b, figure 2 on page 17.

Table 4.43:
Battery production: blood lead values [µg/dL] by workplace category

	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	Bat1 (production)
	58
	54
	34
	18
	19

	Bat2 (preparation)
	43
	42*
	37
	30
	5

	Bat3 (assembly)
	49
	48
	27
	10
	19

	Bat4 (finishing)
	48
	45*
	20
	5
	7

	all data
	58
	48
	32
	5
	50


Source: Wheeler et al., 1999b, figure 2 on page 17; *: the 90th percentile is calculated using the “R”-method

Table 4.44:
Battery production: hand exposure values [µg/cm²] by factory

	Factory
	Max
	90th percentile
	Median
	Min
	No. of data

	I
	104
	78
	8
	<1
	17

	II
	45
	44
	12
	<1
	13

	III
	68
	67
	23
	<1
	11

	IV
	58
	52
	11
	3
	12

	all data
	104
	55
	12
	<1
	53


Source: Wheeler et al., 1999b, figure 4 on page 18.

Table 4.45:
Battery production: hand exposure values [µg/cm²] by workplace category

	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	B1 (production)
	64
	58
	20
	3
	18

	B2 (preparation)
	104
	66*
	14
	5
	6

	B3 (assembly)
	72
	63
	8
	<1
	22

	B4 (finishing)
	39
	25*
	7
	<1
	7

	all data
	104
	55
	12
	<1
	53


Source: Wheeler et al., 1999b, figure 4 on page 18; *: the 90th percentile is calculated using the “R”-method

Assuming that a level of approx. 60 µg/cm² corresponds to the 90th percentile of the entire identifiable data, and that predominantly hands and forearms (default surface area 2,000 cm²) will be exposed, then the estimated worst-case dermal exposure for workers in the battery industry can be expected at 120 mg of lead/day. Since four different sites with a total of 53 workers were monitored, this may be considered representative for this industry sector.

In a further study (see also under published sources below), the dermal lead exposure of assembly workers (n=96) (workplace category 3) of a battery plant in Taiwan (location not specified) was monitored. Sampling was by tape-stripping with 2.8 x 2.5 cm 3M magic tape, including eight different locations on the body surface and/or clothing of workers, plus the surface of the lips by “facial absorbent tissue”. Analysis was by AAS after acid digestion. Dermal exposure was monitored for all 96 workers (18 male, 78 female) twice per shift, each before a break and before washing hands. The measured mean dermal exposure levels were for face (cheek) 2.4 and 1.4 µg/cm², for fingers 5.8-6.9 and 6.9-6.7 µg/cm², respectively. However, much higher lead levels were found inside the gloves of workers, i.e. 98 and 131 µg/cm² for the palm part of the gloves, as well as 237 and 292 µg/cm² for the indicating finger part of the gloves. Lips were monitored at 0.11 and 0.18 µg/cm², respectively. Mean respirable air lead was 27.7 µg/m³ for all workers, and mean blood lead levels were at 29.6 µg/dL (Hwang et al., 2002).

Modelled exposure data

Inhalation exposure: EASE model predictions were calculated using EASE version 2.0, based on the exposure characteristics as stated in the process description given above. In addition, the default selection “no” was chosen for particle aggregation (selecting yes would by default reduce exposure to one-tenth of the stated value). Dust/aerosol formation is predominantly possible during handling of dry battery plates at various stages of the process. Prior to and during pasting, and after filling batteries with acids, inhalation exposure is low due to wet processes employed. Concerning dermal exposure, all process steps are involved with a high degree of direct handling of a variety of dry and wet lead-containing media. Whereas this contact level is extensive in the production of industrial batteries, SLI battery workers will usually have a lower level of dermal contact due to the higher level of automation.

Table 4.46:
EASE model estimates, battery production
	Workplace category
	Workplace description
	Comments
	EASE prediction

	inhalation exposure

	Bat1
	plate manufacturing
	(i) drossing, short-time (10 min), once or twice per shift; dry manipulation, aggregation no, LEV present
	2 – 5 mg/m³

	
	
	(ii) full-shift exposure is assumed for all other tasks; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	Bat2
	plate treatment
	(i) full-shift, “wet” pasting operations; low dust technique, LEV present
	0 - 1 mg/m³

	
	
	(ii) full-shift, dry plate filling and handling operations; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	Bat3
	assembly
	full-shift, handling of dry battery plates in the various stages of this process is associated with dust formation;
dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	Bat4
	battery formation
	full-shift, loading/unloading of battery plates causes dust formation; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	Bat5
	internal logistics
	full-shift, no direct handling of materials involved; low dust technique, LEV present
	0 - 1 mg/m³

	Bat6
	others
	full-shift routine operations with automated vacuum devices; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	dermal exposure

	
	all workplaces
	(i) extensive, direct handling, non-dispersive use (B1-B4)
	1 - 5 mg/cm²

	
	
	(ii) not direct handling, non-dispersive use (B5-B6)
	very low


Comparison with analogous substances

Detailed data on particle size distribution and dustiness for lead metal powder, the two lead oxides and various forms of lead sulphate are presented in detail in chapter 4.1.1.1.7 above. It is merely noted here that the dustiness of “red” lead oxide and all three forms of lead sulphate are of the same order of magnitude as zinc oxide, whereas lead metal powder and litharge are of somewhat higher dustiness.

However, since measured dermal exposure data for various process stages in the lead battery industry are available, the use of any such analogy is not considered to be required. The use of such analogous data is similarly not considered to be required for the assessment of inhalation exposure, in view of the extent and nature of the available personal inhalation exposure data.

Literature data on occupational exposure in the battery industry

In addition to this recently conducted occupational exposure data survey, a literature search was conducted in which the following references were identified as being of relevance (to be amended):

A comprehensive investigation of particle-size distributions of workplace airborne lead in battery and lead powder production (among others) is reported in detail in subchapter 4.1.1.2.2, secondary lead production (Park & Paik, 2002).

Average blood lead levels of workers (n=7,032) in six lead production facilities and ten battery plants in the USA in the years 1946-1970 ranged from 60-80 µg/dL (Cooper & Gaffey, 1975). In an extension of this study, it is also reported that many workers had considerably higher levels of lead in blood (Cooper, 1985).

The occupational lead exposure of assembly workers (n=96) (workplace category 3) of a battery plant in Taiwan (location not specified) was monitored by investigating blood lead values, respirable airborne lead (SKC 37-mm cassette, 0.8 µm filter, 1.9 l/min flow rate) and dermal exposure (sampled by tape-stripping with 2.8x2.5 cm 3M magic tape, including eight different locations on the body surface of workers, plus the surface of the lips by “facial absorbent tissue”). Analysis was by AAS after acid digestion. Dermal exposure was monitored for all 96 workers (18 male, 78 female) twice per shift, each before a break and before washing hands. The measured mean dermal exposure levels were for face (cheek) 2.4 and 1.4 µg/cm², for fingers 5.8-6.9 and 6.9-6.7 µg/cm², respectively. However, much higher lead levels were found inside the gloves of workers, i.e. 98 and 131 µg/cm² for the palm part of the gloves as well as 237 and 292 µg/cm² for the indicating finger part of the gloves. Lips were monitored at 0.11 and 0.18 µg/cm², respectively. Mean respirable air lead was 27.7 µg/m³ for all workers, and mean blood lead levels were at 29.6 µg/dL (Hwang et al., 2002).

The study was conducted by Karita et al. (2005) to investigate blood lead and erythrocyte protoporphyrin levels in association with smoking and personal hygiene behaviour among lead exposed workers in a battery recycling plant in Japan. Subjects were 105 lead exposed male workers in a battery recycling plant during the years 2000-2003. BPb was measured as part of the ongoing occupational surveillance. Each worker completed a questionnaire for assessment of smoking, and of personal hygiene behaviour (glove and mask use, hand and face washing before meals during working hours). Statistically significant decreases in mean BPb occurred during the three years of the survey. The proportion of BPb reduction in the non- smoking workers was significantly higher (mean 24.3%) than in the smoking workers (15.3%). When the workers were classified into three groups (excellent, good, and poor) based on the four personal hygiene behavioural indicators, the greatest decreases of BPb were observed in the non- smoking workers of the excellent group:

Table 4.47:
Battery recycling: blood lead values [µg/dL]

	Test group
	Year
	Mean
	SE
	No. of data

	Ex- or never smokers
	2000
	43
	2
	43

	Ex- or never smokers
	2003
	32
	2
	43

	Smokers
	2000
	48
	2
	62

	Smokers
	2003
	40
	2
	62


Chuang et al. (1999) investigated the longitudinal relationship of workers' blood lead concentrations and personal hygiene habits from 1991 through 1997 in Taiwanese lead battery workers. From the table below, a decreasing time trend can be concluded:

Table 4.48:
Tainwanese lead battery workers: blood lead values [µg/dL]

	Year
	Mean
	SD
	No. of data

	1991
	35
	15
	284

	1992
	33
	15
	274

	1993
	33
	12
	279

	1994
	30
	15
	282

	1995
	26
	13
	316

	1996
	25
	13
	369

	1997
	24
	12
	392


Worker exposure to lead in several industries in Singapore was investigated by Ho et al. (1998), including a total of 50 workers from two lead acid battery manufacturing plants together with 111 matched controls. The mean lead-in-air level in these battery plants was 0.0886 mg/m³, with the highest exposure during loading of lead ingots into milling machines. The corresponding mean blood lead levels were 32.5 µg/dL, with a poor correlation with lead-in-air levels.

Table 4.49:
Battery manufacturing in Singapore: lead in air values [mg/m³], personal monitoring

	Sector
	Maximum
	Mean
	SD
	Minimum
	No. of data

	Lead battery manufacturing
	1.140
	0.089
	0.176
	<DL
	50


<DL: below the limit of detection

Table 4.50:
Battery manufacturing in Singapore: blood lead values [µg/dL]

	Sector
	Maximum
	Mean
	SD
	Minimum
	No. of data

	Lead battery manufacturing
	51
	33
	8
	19
	50


A cross-sectional study was conducted by Lai et al. (1997) in two lead battery factories in Taiwan to examine the relationship between ambient lead levels and blood lead levels. Biological and personal environmental measurements of 219 lead-exposed workers were analysed as presented in the table below:

Table 4.51:
Lead battery production in Taiwan: lead in air values [mg/m³], personal monitoring

	Plant
	Sex
	Mean
	SD
	Geometric Mean
	No. of data

	A
	Male
	0.271
	0.446
	0.381
	51

	B
	Male
	0.174
	0.294
	0.350
	67

	Total
	Male
	0.216
	0.369
	0.363
	118

	A
	Female
	0.218
	0.380
	0.332
	38

	B
	Female
	0.124
	0.190
	0.297
	63

	Total
	Female
	0.160
	0.279
	0.310
	101

	A
	All
	0.248
	0.417
	0.095
	89

	B
	All
	0.150
	0.250
	0.074
	130

	Total
	All
	0.190
	0.331
	0.082
	219


Table 4.52:
Lead battery production in Taiwan: blood lead values [µg/dl]

	Plant
	Sex
	Mean
	SD
	No. of data

	A
	Male
	76
	30
	51

	B
	Male
	60
	21
	67

	Total
	Male
	67
	26
	118

	A
	Female
	52
	20
	38

	B
	Female
	41
	16
	63

	Total
	Female
	45
	19
	101

	A
	All
	66
	29
	89

	B
	All
	51
	21
	130

	Total
	All
	57
	25
	219


<DL: below the limit of detection

The potential influence of alcohol consumption combined with lead exposure was investigated by Cezard et al. (1992) in French lead acid battery workers. The biological monitoring of exposure to lead included measurements of blood lead (1.82 (SD 0.72) µmol/L), urinary delta-aminolaevulinic acid (35.33 (SD 28.00) µmol/L; d = 1.015), and erythrocyte zinc-protoporphyrin (ZPP)(112.90 (SD 83.71) nmol/mmol Hb) concentrations. The study considered two different groups, designated as mildly and strongly exposed subjects. The lead in blood data are summarised in the table below:

Table 4.53:
Lead acid battery manufacturing in France: blood lead values [µg/dL]

	Sector
	Maximum
	Mean
	SD
	Norm value
	Minimum
	No. of data

	Lead acid battery factory
	103
	38
	15
	40
	3
	526


During a study on the impact of inhaled lead on the pulmonary functions of Turkish battery and exhaust workers (Bagci et al., 2004), the following blood lead levels of battery workers were reported:

Table 4.54:
Battery exhaust workers in Turkey: blood lead values [µg/dL]

	Group
	Lower 95% CI limit
	Mean
	SD
	Upper 95% CI limit
	No. of data

	Battery workers
	33
	37
	8
	40
	22

	Exhaust workers
	24
	27
	9
	30
	40

	Control
	14
	15
	3
	16
	24


Total airborne lead and its particle size distribution were monitored in a lead acid battery plant (location not stated). The processes that were investigated included plate casting, cutting and pasting. Total airborne lead was measured for reference purposes with 37-mm cassettes, and particle size distributions were sampled with the aid of Marple personal cascade impactors (cut-offs 0.52-21.3 µm) at a flow rate of 2 l/min, followed by AAS for analysis. Total air lead values ranged from 28-80 µg/m³in the casting area, from 69-395 µg/m³in the cutting area, and from 123-300 µg/m³in the pasting area. The bulk of the airborne material was shown to have MMAD values in the range of 12.6-17 µm (Tsai et al., 1997).

The particle size distribution of lead aerosols in a battery manufacturing plant (location not stated) was investigated. Workers from four different production areas of the facility were monitored: cast-on-strap unloading, grid casting, welding, and pasting, with the aid of Marple personal cascade impactors (cut-offs 0.5-10 µm), followed by AAS analysis. Sampling duration varied between 95-445 minutes, depending on the level of exposure. Geometric mean exposure values are reported for the areas of cast-on-strap unloading (n=11)(61 µg/m³, range: 28-166), grid casting (n=12) (90 µg/m³, range 16-259), welding (n=11)(26 µg/m³, range 14-67), and pasting (n=10)(64 µg/m³, range 9-598. In these primarily mechanical tasks, workers were exposed predominantly (70-80%) to particles larger than 10 µm, and particles smaller than 2 µm represented less than 5% on average. Detailed particle size distributions are reported for each of the four workplaces (Liu et al., 1996), and are presented graphically below:
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Figure 4.20:
Mean percentage of lead aerosol, battery plant
The potential influence of particle size distribution of airborne lead on absorbed dose was investigated in a total of 44 workers of a high-volume lead acid battery plant located in the eastern USA. Five different tasks were studied: pasting, off-bearing, encapsulation, stacking, and cast-on-strap. The authors expressly note that the workers in these job categories did not wear respirators. Sampling was with the aid of eight-stage Marple personal cascade impactors (cut-offs: 0.52-21.3 µm) at a flow rate of 2 l/min, followed by AAS. In addition, blood lead levels were measured. The following table presents the number of samples (n) taken, the mass median aerodynamic diameter (MMAD, in µm) calculated from the particle size distribution together with the corresponding geometric standard deviation (GSD), and the mean lead-in air level (PbA, in µg/m³):

Table 4.55:
Influence of the particle size distribution of airborne lead on absorbed dose
	Task description
	n
	MMAD
	GSD
	PbA

	cast-on-strap
	13
	15.0
	2.9
	18.6

	Encapsulation
	14
	13.2
	3.7
	10.8

	Offbearing
	8
	17.5
	3.0
	13.6

	Pasting
	6
	13.2
	2.9
	17.4

	Stacking
	3
	13.7
	2.5
	11.0


Blood lead levels (not presented in detail) ranged from 16-45 µg/dL with a mean of 27.3 µg/dL. Based on a multiple linear regression model, the authors conclude that there was a significant correlation between particle-size dependant, predicted fractional deposition in the alveolar and extra-alveolar regions of the respiratory tract and workers blood lead levels (Hodgkins et al., 1991 and Hodgkins, 1991). In a previous publication by the same group of authors, a similar determination of the size distributions of lead aerosols present in two different battery plants (one East-Coast, and one West-Coast USA location) was undertaken. Both plants were stated to be from the same corporation and thus employed similar production processes/products, and both produced exclusively SLI batteries. Four samples each were taken in both plants at the same five workplaces as selected above, with the same sampling methodology as described above. Blood lead levels were not measured. The following table presents the number of samples (n) taken in each plant (a or b), the mass median aerodynamic diameter (MMAD, in µm) calculated from the particle size distribution together with the corresponding geometric standard deviation (GSD), and the mean lead-in air level (PbA, in µg/m³) (Hodgkins et al., 1990). In the two subsequent figures, the particle size distribution is additionally presented graphically:

Table 4.56:
Particle size distributions of lead aerosols in two different battery plants
	Task description
	Plant
	n
	MMAD
	GSD
	PbA

	cast-on-strap
	A
	4
	17.8
	2.2
	91.2

	
	B
	4
	15.0
	2.9
	45.2

	Encapsulation
	A
	4
	19.8
	2.6
	30.7

	
	B
	4
	13.2
	3.7
	16.6

	Offbearing
	A
	4
	10.9
	4.5
	15.4

	
	B
	4
	17.5
	3.0
	47.8

	Pasting
	A
	4
	23.4
	3.1
	36.8

	
	B
	4
	13.2
	2.9
	63.4

	Stacking
	A
	4
	12.0
	5.2
	12.1

	
	B
	4
	13.7
	2.5
	18.6
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Figure 4.21:
Particle size distribution, plant A
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Figure 4.22:
Particle size distribution, plant B

Finally, it is noted here that the UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers of the UK battery industry report a total of approx. 2500 workers occupationally exposed to lead, 19.1% of which have blood lead levels in excess of 40 µg/dL.

Survey of use of PPE

All sites (27 in total) that previously submitted exposure and/or blood lead data also submitted a complete PPE questionnaire. In addition, 6 further EU sites submitted such data, but were not considered in the tabular presentation of feedback for reasons of consistency. In general, the use of RPE is not mandatory in this sector (overall coverage = 32%), although there are some discrete tasks with a requirement greater than 90%. There is also no really consistent pattern for the use of gloves in this industry sector.

Table 4.57:
Battery production: Frequency of pattern of use of RPE (27 sites)
	Workplace
	Task
	M
	V
	na
	total
	%
	mv

	Bat1
	Casting
	5
	16
	0
	21
	24
	0

	
	Curing
	3
	15
	3
	21
	17
	0

	
	Others
	7
	1
	13
	21
	88
	0

	
	Oxide production
	10
	11
	0
	21
	48
	0

	
	Paste mixing
	9
	12
	0
	21
	43
	0

	
	Pasting
	13
	8
	0
	21
	62
	0

	Bat1 total
	47
	63
	16
	126
	43
	0

	Bat2
	Jar formation
	5
	9
	7
	21
	36
	0

	
	Others
	4
	0
	17
	21
	100
	0

	
	Plate cutting and brushing
	10
	6
	5
	21
	63
	0

	
	Plate washing and drying
	5
	8
	8
	21
	38
	0

	Bat2 total
	24
	23
	37
	84
	51
	0

	Bat3
	Assembly: batteries
	4
	12
	5
	21
	25
	0

	
	Assembly: cells
	5
	6
	10
	21
	45
	0

	
	Others
	2
	2
	16
	21
	50
	1

	
	Plate stacking: manual
	6
	6
	9
	21
	50
	0

	
	Plate stacking: stacker
	7
	10
	4
	21
	41
	0

	
	Set welding: COS-machine
	5
	12
	4
	21
	29
	0

	
	Set welding: manual
	4
	5
	12
	21
	44
	0

	Bat3 total
	33
	53
	60
	147
	38
	1

	Bat4
	Battery formation: batteries
	4
	15
	2
	21
	21
	0

	
	Battery formation: cells
	2
	6
	13
	21
	25
	0

	
	Finishing
	3
	17
	1
	21
	15
	0

	
	Others
	1
	2
	18
	21
	33
	0

	Bat4 total
	10
	40
	34
	84
	20
	0


Table 4.57:
Battery production: Frequency of pattern of use of RPE, continued

	Workplace
	Task
	M
	V
	na
	total
	%
	mv

	Bat5
	Others
	1
	5
	15
	21
	17
	0

	
	Storage of raw materials/semi-finished products
	1
	19
	1
	21
	5
	0

	
	Storage/shipment of finished goods
	0
	20
	1
	21
	0
	0

	Bat5 total
	2
	44
	17
	63
	4
	0

	Bat6
	Cleaning/repair/maintenance
	12
	9
	0
	21
	57
	0

	
	Engineering
	4
	15
	1
	21
	21
	1

	
	Others
	1
	0
	20
	21
	100
	0

	
	Quality control/ laboratories
	3
	18
	0
	21
	14
	0

	Bat6 total
	20
	42
	21
	84
	32
	1

	all workplaces
	136
	265
	185
	588
	34
	2


"M" stands for RPE which is stipulated through company instructions, "V" stands for RPE which is not mandatory or for tasks where RPE is not required, "na" are tasks which are not carried out at an specific production site, "mv" indicates tasks for which companies have failed to provide information for the pattern of use, "%" is the coverage of mandatory RPE of the sector reduced by the companies where the task is not applicable.

Table 4.58:
Battery production: Frequency of pattern of use of gloves
	Workplace
	Task
	M
	V
	na
	total
	%
	mv

	Bat1
	Casting
	15
	6
	0
	21
	71
	0

	
	Curing
	9
	9
	3
	21
	50
	0

	
	Others
	6
	1
	14
	21
	86
	0

	
	Oxide production
	15
	6
	0
	21
	71
	0

	
	Paste mixing
	16
	5
	0
	21
	76
	0

	
	Pasting
	18
	3
	0
	21
	86
	0

	Bat1 total
	79
	30
	17
	126
	72
	0

	Bat2
	Jar formation
	11
	2
	8
	21
	85
	0

	
	Others
	3
	0
	18
	21
	100
	0

	
	Plate cutting and brushing
	12
	3
	6
	21
	80
	0

	
	Plate washing and drying
	11
	2
	8
	21
	85
	0

	Bat2 total
	37
	7
	40
	84
	84
	0

	Bat3
	Assembly: batteries
	13
	2
	6
	21
	87
	0

	
	Assembly: cells
	9
	2
	10
	21
	82
	0

	
	Others
	4
	1
	16
	21
	80
	0

	
	Plate stacking: manual
	9
	3
	9
	21
	75
	0

	
	Plate stacking: stacker
	13
	4
	4
	21
	76
	0

	
	Set welding: COS-machine
	11
	4
	6
	21
	73
	0

	
	Set welding: manual
	8
	1
	12
	21
	89
	0

	Bat3 total
	67
	17
	63
	147
	80
	0


Table 4.58:
Battery production: Frequency of pattern of use of gloves, continued

	Workplace
	Task
	M
	V
	na
	total
	%
	mv

	Bat4
	Battery formation: batteries
	17
	2
	2
	21
	89
	0

	
	Battery formation: cells
	7
	1
	13
	21
	88
	0

	
	Finishing
	12
	7
	2
	21
	63
	0

	
	Others
	3
	0
	18
	21
	100
	0

	Bat4 total
	39
	10
	35
	84
	80
	0

	Bat5
	Others
	2
	3
	16
	21
	40
	0

	
	Storage of raw materials/semi-finished products
	8
	11
	2
	21
	42
	0

	
	Storage/shipment of finished goods
	7
	12
	2
	21
	37
	0

	Bat5 total
	17
	26
	20
	63
	40
	0

	Bat6
	Cleaning/repair/maintenance
	15
	6
	0
	21
	71
	0

	
	Engineering
	7
	11
	3
	21
	39
	0

	
	Others
	1
	1
	19
	21
	50
	0

	
	Quality control/ laboratories
	6
	13
	2
	21
	32
	0

	Bat6 total
	29
	31
	24
	84
	48
	0

	all workplaces
	268
	121
	199
	588
	69
	0


"M" stands for gloves which are stipulated through company instructions, "V" stands for gloves which are not mandatory or for tasks where gloves are not required, "na" are tasks which are not carried out at an specific production site, "mv" indicates tasks for which companies have failed to provide information for the pattern of use, "%" is the coverage of mandatory use of gloves of the sector reduced by the companies where the task is not applicable.

Conclusions

A total of 21 out of 50 plants submitted inhalation exposure and blood lead data of sufficient quality and consistency. In addition, an investigation of dermal exposure specifically for this industry sector is available. Considering the similarities in production processes within this sector, the existing data base should be considered sufficiently extensive and representative, particularly since the data contributors represent almost 60% of the entire lead consumed by this sector.

The highest inhalation exposures occur in the workplace categories B1-B3, where worst-case exposure levels and also the typical exposure level for B2 are all above the current OEL. In contrast, all other workplaces (B4-B6) clearly operate within current limit values. These exposures appear to be reflected in the blood lead levels, where 90th percentiles for workplaces B1-B3 are close to 50 µg/dL (range: 46-51), whereas B4-B6 (range: 32-44) are characterised by appreciably lower blood lead levels. There does not appear to be a sector-specific correlation with the use of RPE - in particular, there is no straightforward explanation for the threefold difference in inhalation exposure between categories B2 and B3 which is not reflected in the blood levels of workers.

A dermal monitoring survey involving four different battery production sites is available. The highest RWC dermal exposures were observed for categories B1 - B3 (60 - 70 µg/cm²), and somewhat lower values for category B4 (30 µg/cm²).

Any analysis on the effectiveness of RPE could likely only be performed on a company-by-company basis, since mandatory use in these three categories B1-B3 is only required by approx. 40-50% of the companies in this sector, and since there is also no consistent pattern for the use of gloves.
Modelled data (EASE) have been presented above for comparative purposes only. These data are not used further in the risk assessment, since measured exposure data are available for all workplaces.

Given the fact that a representative blood lead data base with an adequate coverage exists, only the following values will be taken forward to risk characterisation:

typical and worst-case (workplace-specific) blood lead data as reported in Table 4.39 above.

4.1.1.2.5 Scenario 5: Production of lead oxides and lead stabiliser compounds

In this chapter, the occupational exposure during the production of lead oxide (“litharge” and “red lead”) and ten different lead stabiliser compounds is assessed together in one chapter. Whereas it is noted that some companies in this sector will produce almost exclusively only lead oxide, others may produce their own lead oxide and process this further to a variety of lead stabiliser compounds, or it may even be the case that a producer will obtain the lead oxide from another source to produce lead stabiliser compounds from this. Finally, it is noted that the final formulated stabiliser product is a complex blend of various components, and there are some producers in Europe who perform only the blending, but not the primary production of their raw materials.

Within this sector, we have been made aware of 7 major production sites of lead oxide. In addition, approximately 17 locations in Europe were identified as major production sites of lead stabilisers, approx. 6 of which also produce lead oxides largely for their own consumption. The distribution of these sites across Europe is presented in the figure below:
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Figure 4.23:
Production of lead oxide & stabiliser compounds: map of sites in the EU
Data collection

For the development of process descriptions and for the purpose of conducting a comprehensive subjective exposure assessment on lead oxide production, site inspections were carried out in (i) a major plant predominantly producing lead oxide, and (ii) a major lead stabiliser facility that produces its own lead oxide. However, only occupational exposure during lead stabiliser production is assessed for the time being. Occupational exposure data were collected on a representative basis with the aid of a questionnaire which was tailored specifically to the requirements of this industry. Questionnaires were originally developed by EBRC, reviewed by ELOA, ELSA and key industry contact points, and were then distributed to the participating companies.

Table 4.59:
Production of lead oxide & stabiliser compounds: industry response to request for submission of occ. exposure data (24 sites in total)

	The following companies have submitted data adequate for the purposes of this report:

	Company 1*

	Company 2*

	Company 3*

	Company 4*

	Company 5*

	Company 6*

	Company 7*

	Company 8*

	Company 9*

	Company 10*

	Company 11*

	Company 12*

	Company 13*

	Company 14*

	Company 15*

	Company 16*

	Company 17*

	Company 18*

	The following companies either did not respond at all, or with inadequate data, or stated they could not provide adequate data for formal legal reasons:

	Company 19*

	Company 20*

	Company 21*

	Company 22*

	Company 23*

	Company 24*


*: All company names have been deleted for reasons of confidentiality. Please refer to Chapter 6.5 (Confidential Appendix) for a complete list of names of companies which were invovled in the data collection of this report.

The current status of feedback is presented in the table below, giving the number of employees per plant (total, those under medical surveillance, and those involved in production), the existence of exposure data (inhalation static/personal, or dermal), and the number of blood lead values. Only one of the companies that did not provide blood lead data claimed that this was because of legal limitations.
Table 4.60:
Production of lead oxide & stabiliser compounds: reported data overview
	ID
	Number of
employees
	Number of exposure data reported
	Number of
blood lead data reported

	
	Total
	md. surv.
	prod.
	fem.
	static air
	pers. air
	dermal
	1998
	1999
	2000
	2001

	OS01
	62
	30
	62
	1
	7
	0
	0
	23
	23
	25
	48

	OS02
	380
	68
	138
	4
	171
	0
	0
	93
	99
	106
	107

	OS03
	36
	10
	12
	0
	241
	0
	0
	34
	40
	36
	55

	OS04
	209
	138
	116
	0
	129
	0
	0
	309
	295
	296
	220

	OS05
	115
	78
	66
	1
	0
	56
	0
	0
	70
	75
	75

	OS06
	30
	19
	18
	0
	0
	28
	0
	30
	35
	40
	40

	OS07
	26
	17
	12
	0
	223
	0
	0
	70
	80
	70
	70

	OS08
	70
	50
	50
	1
	398
	0
	0
	50
	55
	50
	50

	OS09
	50
	30
	25
	1
	65
	0
	0
	0
	63
	66
	45

	OS10
	164
	120
	120
	11
	109
	0
	0
	167
	115
	117
	120

	OS11
	135
	32
	35
	3
	15
	5
	0
	60
	60
	60
	60

	OS12
	90
	n.d.
	30
	3
	0
	0
	0
	78
	105
	98
	83

	OS13
	150
	n.d.
	35
	0
	13
	4
	0
	30
	45
	70
	80

	OS14*
	n.d.
	n.d.
	n.d.
	0
	0
	0
	0
	0
	0
	133
	300

	OS15*
	n.d.
	n.d.
	n.d.
	0
	0
	0
	0
	58
	96
	144
	122

	OS16*
	n.d.
	n.d.
	n.d.
	0
	0
	0
	0
	0
	17
	24
	25

	OS17
	45
	32
	16
	0
	8
	4
	0
	32
	21
	26
	33

	OS18
	101
	92
	75
	0
	12
	42
	
	16
	17
	19
	21

	total
	1,663
	716
	810
	25
	1,391
	139
	0
	1,050
	1,236
	1,455
	1,554


n.d.: no data reported; (shaded fields): average/mean/range values reported; stated above are the entire number of workers employed at the plant (total), those under medical surveillance (md.surv.), and those actively involved in production (prod.)., females of childbearing capacity (fem.)
Process description and subjective exposure assessment, lead oxide production


In general, the production of lead oxide encompasses the production of “litharge” (PbO), “black oxide” (Pb/PbO), “red lead oxide / minium” (Pb3O4), or lead dioxide (PbO2), predominantly either by the “barton pot” or the “ball mill” process


All industrial manufacturing processes of lead oxides use ingots of highly refined metallic lead (99.9%) as raw material. The oxidation of the lead metal is exothermic; the process temperature can be maintained without additional heat. The chemistry of the process is an oxidation of lead with atmospheric oxygen. Both the oxidation products and the final products are powders.


It is not possible to achieve a yield of 100% conversion to lead oxides in one step. While the oxidation of litharge and red lead oxide involves a two-stage process, the production of battery oxide the oxidation requires only one step. The type of oxidation technology used in the first step determines the yield of the oxidised product: The crude oxide formed in the first step (with exception of battery oxide) has to be further oxidised in a second step. After these oxidation steps, the products are usually milled and classified.

(1a)
initial process stage (production of “crude” oxide):


In the first step, the oxidation of molten lead commonly takes place in an agitated reactor, though there are some special processes which are not describe din detail here. In this reactor, the oxidation known as the “Barton technique” can take place either batch-wise, or as a semi-continuous or continuous process. The degree of oxidation can vary from 60% up to 99%, depending on the design and operation methods. The reaction temperature, usually set between 440°C and 620°C, and the oxygen partial pressure of air determine whether the crude material can be obtained for battery oxide, red lead oxide or litharge.


The principle of an agitated reactor involves the vigorous stirring of molten lead in an iron vessel, usually by a two armed bar agitator. The melting pot containing molten lead at 400-500°C is installed in close proximity to the reactor and normally higher than the reactor. The separation of the product and air takes place in two stages: the first involves a powder dust separator (cyclone or settler) and the second stage uses a fabric bag filter unit. After the filter units, the air is usually passed through security filter units. All filter units are continuously monitored using pressure devices. Modern fabric filter units with a high cleaning surface area, in combination with an automatic cleaning separation, ensure the requirements of European pollution control legislation are met.

(1b)
second process stage (further oxidation):


The crude oxides produced by the different methods still contain a certain percentage of metallic lead. These lead residues must be further oxidised to obtain either litharge or red lead oxide. The second oxidation step, which is also called calcination, can occur in various reaction vessels.


(i) hearth or pan furnaces: in the case of pan furnaces the most common technique is the use of indirectly heated chambers, with special fans for hot gas circulation. Continuously moving tools rake the bed of products. The crude oxide remains in the furnace until the metallic lead is fully oxidised. In this manner the crude oxide is processed in batches. The processing takes between 90 and 120 minutes for litharge, while for red lead oxide the processing time differs from 16 to 36 hours depending on the highly differing percentages of oxidation of the crude oxide.


(ii) heated screw tube conveyors: the principle of an indirectly heated screw conveyor for calcinations is fairly simple and highly efficient. In a heated tube, the material is continuously conveyed by moving paddles. The continuous mode of operation requires a crude base material of a constant quality level to ensure a complete oxidation. The processing time for litharge is 30 minutes, while the processing time for red lead oxide is 3 hours, and 9 hours for crude oxide of highly dispersed quality.


(iii) heated rotary calcination tubes: the rotary tube for calcinations is a mason tube positioned at a certain angle. The crude material is placed in the tube and heated directly. Processing time is controlled by the number of rotations per minute made by the kiln tube. The same quality conditions for the crude material as for the screw tube conveyor are applicable. For the production of litharge, the calcination step is conducted at a minimum temperature of 580°C, although temperatures in excess of 600°C are common. Calcination to form red lead oxide is carried out at 480-490°C when the unit runs at an increased oxygen pressure, and at 550°C when conducted at atmospheric pressure.


It is merely noted here that there are also specialised processes for the manufacture of (less dusty) granules of lead oxide (litharge), which are not presented here in detail.

(1c)
third process stage (grinding/milling):


After the oxidation process, some finishing processes are required, such as grinding or classification of the calcination product is necessary, since agglomerates are unavoidable in all calcination steps. Either pinned disc mills and turbo mills, or in some occasions air classifiers are used. The coarse and hard agglomerates are returned to the calcination process. These milling steps require extensive and expensive de-dusting facilities, normally in the form of fabric bag filter units with large surface area including automatic cleaning. 

(1d)
final process stage (packaging):


The finished products of all the oxidation processes are almost exclusively stored in silos or hoppers, to which they are continuously fed via closed pneumatic or mechanical conveyor systems. The final products may be packaged and transported in silo cars, large sacks, steel containers, paper or steel drums.

The entire production process for lead oxides is highly automated and therefore largely conducted under full containment. Further, since the raw material is in the form of lead ingots which are fed to the system automatically, any dermal or inhalation exposure during the oxidation and further processing steps is considered to be minimal. The exposure pattern for the process beginning with handling of raw material (ingots) and throughout the entire process is continuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level incidental.

The only stage at which relevant levels of exposure are likely to be encountered is the final dispatching for transport. Inhalation and dermal exposure will occur to a moderate extent when lead oxides are loaded into big bags or 1-ton transport silos, but exposures are expected to a much higher extent when lead oxides are manually bagged in 25 kg paper bags, for example. The exposure pattern for manual bagging is continuous (half-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. Process type is dry manipulation. The use of gloves and RPE is mandatory.

Process description and subjective exposure assessment, lead stabiliser production

The various processes involved in the manufacturing of lead stabiliser products can be broken down into the following workplace categories:

(1)
Lead oxide production


By some facilities, the required lead oxide may either be produced on-site, or procured from lead oxide producers. Since the processes employed and the related exposures can be considered to be quite similar throughout the European industry, these are assessed altogether for lead oxide production in the subchapter above.

(2)
Lead stabiliser production (wet process)


The initial step in this wet process is the loading of lead oxide (usually litharge) from transport silos (1-1.5 tons) into the reaction vessel, followed by the formation of a slurry by addition of water. Next, various catalysts may be added, and finally the selected acid compound is added to generate the desired inorganic lead compound. The entire process is conducted in a closed system at temperatures usually not exceeding 50°C, with no direct handling at all except for the loading step. As much as six such batches may be run in parallel per shift.


After the reaction is complete, the reaction product is centrifuged, and then continuously dried by evaporating the water, followed by charging to a silo for interim storage. From these silos, the stabiliser compounds will either be subjected to further processing/formulation, or will be packaged as final products. Whereas the bulk of the production is dispensed automatically to and from silos for further formulation of stabiliser products (which represent a complex mixture of many compounds), a small percentage of the production of a specific lead stabiliser compound will also be in the form of product sold in powder form, the bagging of which in 25 kg paper bags is assessed below as the worst case.


The packaging involves dispensing predominantly either into big bags or 25 kg bags, which is done either automatically or manually.


The exposure pattern for the process beginning with loading of lead oxide from transport silos and throughout the entire process is discontinuous (batch-wise production, one batch per shift) with LEV present. The pattern of use is non-dispersive, the pattern of control is not direct handling, and the contact level incidental.


The exposure pattern for the final manual bagging is continuous (part shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. Process type is dry manipulation. The use of gloves and RPE is mandatory.

(3)
Lead stabiliser compound production (dry/melting process)


In contrast to the aqueous process described above, it is also common for some lead stabiliser compounds (neutral lead stearate, for example) to be produced in a “dry” process which largely involves melting the acid component with the dry lead oxide. This process is initiated by loading the lead oxide into a reaction vessel from a storage silo, followed by feeding the molten acid compound through a piping system to the reaction vessel. Again, the reaction is conducted in a closed system, with no direct handling of the product or intermediates, so that the task the personnel at this stage is restricted to process control of a fully automated system. The final stabiliser product is then subjected to a cooling stage, at the end of which usually a low-dust product in the form of tablets, flakes etc. is generated, followed by bagging/drumming operations.


The exposure assessment is the same one as for above in subsection (2). However, due to the predominantly low-dust forming nature of the final product derived from this process, dermal and inhalation exposure predictions are anticipated to be excessive.

(4)
Mixing/blending of formulated stabiliser products


Formulated lead stabiliser products usually contain a blend of various inorganic lead compounds, plus other additives. The production of these products is rather diverse, and ranges from merely blending together powdery substances up to the melting of the complete mixture to generate tablet-like finished products.


Bulk stabiliser products will predominantly be weighed and mixed with the aid of automatic weighing and mixing units operated as closed systems, in which lead compounds are dispensed from silos, thus eliminating the need for direct handling. The only exception would be the other components such as fillers, lubricants, co-stabilisers, pigments and processing aids, which are required in lesser amounts and may be added manually to the mixing vessels through an inlet. The final formulated stabiliser products are usually in a form (as already described above) that precludes any relevant dust generation. The potential for dermal and inhalation exposure is expected to be moderate to low for these types of processes. As much as 20 tons per shift may be handled in such a unit.


Many stabiliser products are no longer available in powder form, but rather as granules, flakes, tablets etc., thus reducing dust exposure for operators at the target consumer industry (i.e. PVC manufacturing). As much as 5-7 tons per shift may be handled by a personnel of two workers per shift, with final bagging in packaging volumes up to 25 kg bags.


However, some specialised products and low batch size products are also made, which will usually involve more direct manual handling during weighing, mixing and bagging. Consequently, dermal and inhalation exposure can be expected to be higher for these tasks, and were thus assessed here as worst-case only. Typical such small batch sizes would be 400-500 kg, to be filled into 25 kg paper bags.


The exposure pattern for manual weighing, mixing and final packaging of a powdery stabiliser formulation is continuous (part shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. Process type is dry manipulation. The use of gloves and RPE is mandatory.

(5)
Internal logistics


As in other scenarios, this is related to storage and shipment of raw materials and finished goods which are in sealed packaging, with anticipated correspondingly low levels of exposure. An exposure assessment was not performed in view of the lack of any specific task related to a level of exposure with concern.

(6)
Other (cleaning and maintenance)


Under this term, all tasks are summarised which constitute the work of personnel performing only such cleaning and maintenance work. In contrast, minor routine cleaning and maintenance work conducted by each worker as a regular part of his duties is not assessed here separately, but as part of the jobs/tasks assigned to workplace categories 1-5. For cleaning, either dry or wet vacuum cleaning apparatus, usually motor-driven are employed, which is why direct dermal contact is largely excluded.


The exposure pattern for cleaning operations is continuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is intermittent. Process type is dry manipulation (where applicable). The use of gloves and RPE is mandatory.

Occupational exposure assessment – industry monitoring data

In the following chapter, the analysis of the data that was collected with the aid of the questionnaire developed by EBRC is presented. For details on the content and design of the questionnaire, please refer to subchapter 4.1.1.1 above.

Table 4.61:
Production of lead oxide & stabiliser compounds: workplace categories
	Workplace category
	Workplace description
	Tasks performed

	O&S1
	lead oxide production
	production of “crude” oxide, further oxidation/calcination, grinding/milling, packaging

	O&S2
	lead stabiliser production, (wet process)
	loading of lead oxide into reaction vessels, slurry formation by addition of water, catalysts and acid compounds, centrifuge operation, drying process, bagging/drumming operations

	O&S3
	lead stabiliser compound production, (dry/melting process)
	loading of lead oxide into reaction vessels, feeding of molten acid compound to reaction vessels, process control, cooling and forming of tablets, flakes etc., drying process, bagging/drumming operations

	O&S4
	mixing/blending of formulated stabiliser products
	material loading (manual or automated handling), operation of mixing/blending equipment, packaging operations

	O&S5
	internal logistics
	storage (raw materials, finished goods) and shipment of finished goods

	O&S6
	others*
	repair, cleaning, and maintenance, quality control, engineering


*: routine cleaning and maintenance work conducted by each worker as regular part of his duties is not assessed separately, but as part of the jobs/task assigned to workplace categories 1-5. In contrast, workplace category 6 refers to staff that specifically perform only such cleaning and maintenance work.

Blood lead data

Only data that were submitted as individual blood lead measurements identified by an ID on a worker-by-worker basis, and which were allocated to a specific workplace category were entered into the common data base for this statistical evaluation. Since in some cases, a worker may have been monitored not only once, but instead as much as even 4-8 times per year, all data per worker were computed into an annual median value for each person prior to merging them into the data base. By this procedure, any skewing of the data by individuals with higher sampling frequency was avoided. The table further below summarises the evaluation of blood lead data [in µg/dL] in lead oxide and stabiliser industry for a thus “compressed” data base of 3,017 data points. The typical (median) values are fairly close together in the range 30-40 µg/dL. However, all 90th percentiles clearly exceed a level of 40 µg/dL. Considering the subsequent graphical presentation of all data, there does not appear to be any clear time-trend in the blood lead values over the period 1998-2001.

Table 4.62:
Production of lead oxide & stabiliser compounds: blood lead values [µg/dL], period 1998-2001
	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	O&S1
	113
	59
	39
	6
	474

	O&S2
	71
	55
	35
	12
	144

	O&S3
	58
	42
	22
	6
	253

	O&S4
	64
	50
	30
	5
	492

	O&S5
	86
	45
	23
	<1
	297

	O&S6
	84
	46
	25
	3
	927

	not allocated
	93
	62
	42
	1
	430

	all data
	113
	52
	31
	<1
	3,017


not allocated: data refers to workers operating on a rotational scheme within their facility

Workplace-specific blood-lead data will be taken forward to risk characterisation. Approximately 14% of the total reported blood lead data were not allocated by the reporting companies to a specific workplace, largely because they pertain to groups of workers whose jobs are not restricted to one particular task or workplace. Since the overall distribution does not deviate substantially from the total data base, these data are not taken forward to risk characterisation, since they do not allow for a workplace-specific assessment.

As in other sectors, there is considerable variability on a company-by-company basis, as shown in Figure 4.24 below:
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Figure 4.24:
Production of lead oxide & stabiliser compounds: inter-company variability in blood lead levels (period 1998-2001)
In the period 1998-2001, only 3 out of 17 production sites in Europe which provided blood lead data showed worst-case blood lead levels at or below 40 µg/dL. However, whereas other companies were above this limit, they were nevertheless largely adhering to national blood lead limits applicable at the time (for detail on the limits, please refer to subchapter 4.1.1.1.5 above). For this industry sector, blood lead data were collected for a period from 1998 up to 2004 and subjected to a trend analysis for an assessment of the results of blood-lead reduction programmes implemented in these companies in recent years, as shown in Figure 4.25.
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Figure 4.25:
Production of lead oxide & stabiliser compounds: annual blood lead median values

An updated analysis of this sector was performed for the most recent blood lead data for the period 2002-2004. 15 companies participated in the recent analysis, compared to formerly 17 companies. The inter-company variability draws a similar picture for the period 2002-2004, but with slightly reduced blood lead values.

Table 4.63:
Production of lead oxide & stabiliser compounds: blood lead values [µg/dL], period 2002-2004
	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	O&S1
	80
	49
	34
	8
	289

	O&S2
	61
	48
	33
	9
	96

	O&S3
	45
	36
	16
	4
	188

	O&S4
	70
	40
	28
	3
	420

	O&S5
	59
	40
	22
	4
	162

	O&S6
	69
	44
	29
	3
	412

	not allocated
	70
	54
	39
	3
	276

	all data
	80
	45
	30
	3
	1,843


not allocated: data refers to workers operating on a rotational scheme within their facility
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Figure 4.26:
Production of lead oxide & stabiliser compounds: inter-company variability in blood lead levels, period 2002-2004
Table 4.64:
Production of lead oxide & stabiliser compounds: blood lead values [µg/dL], by company, period 2002-2004
	Company ID
	Max
	90th percentile
	Median
	Min
	No. of data

	OS02
	51
	42
	32
	7
	309

	OS03
	56
	45
	30
	10
	62

	OS04
	53
	36
	23
	4
	341

	OS05
	46
	39
	30
	7
	198

	OS06**
	77
	59
	35
	8
	20

	OS07**
	50
	49
	33
	10
	19

	OS08**
	61
	59
	36
	12
	39

	OS11*
	13
	11
	9
	4
	85

	OS12
	80
	51
	32
	5
	209

	OS13**
	60
	57
	36
	6
	70

	OS14
	70
	54
	40
	3
	201

	OS15
	70
	40
	26
	3
	146

	OS16
	58
	47
	33
	9
	34

	OS17
	68
	53
	35
	6
	70

	OS18*
	57
	42
	28
	13
	40

	all data
	80
	45
	30
	3
	1,843


*: company did not deliver data for the year 2004, **: company did not deliver data for the years 2003 and 2004

Occupational inhalation exposure (measured data)

The following table summarises the evaluation of the entire exposure data collected for the period 1998-2001 for this sector, divided into static (approx. 1,300 individual measurements) and personal (approx. 108 individual measurements) exposure values, broken down according to workplace category:

Table 4.65:
Production of lead oxide & stabiliser compounds: inhalation exposure [mg/m³]
	Workplace
	Personal/static
	Max
	90th percentile
	Median
	No. of data

	O&S1
	static
	0.910
	0.078
	0.033
	650

	O&S2
	static
	0.730
	0.083
	0.033
	100

	O&S3
	static
	0.210
	0.073
	0.012
	66

	O&S4
	static
	2.470
	0.197
	0.053
	336

	O&S5
	static
	0.030
	0.023
	0.010
	19

	O&S6
	static
	0.068
	0.028
	0.010
	84

	not allocated
	static
	0.164
	0.128
	0.042
	23

	all data
	static
	2.470
	0.102
	0.033
	1,278

	

	O&S1
	personal
	1.000
	0.843
	0.059
	39

	O&S2
	personal
	0.012
	0.010*
	0.004
	5

	O&S3
	personal
	n.d.
	n.d.
	n.d.
	0

	O&S4
	personal
	2.240
	1.684
	0.720
	21

	O&S5
	personal
	0.280
	0.270*
	0.138
	6

	O&S6
	personal
	2.600
	0.660
	0.125
	24

	not allocated
	personal
	3.050
	2.618
	1.500
	13

	all data
	personal
	3.050
	1.504
	0.195
	108


*: the 90th percentile is calculated using the “R”-method; n.d.: no data; not allocated data refers to workers operating on a rotational scheme within their facility

Based on the limited number of personal exposure values, this data can not be considered as representative for this sector. The highest exposures based on personal data are in category B4, which is also reflected in the static measurements. However, the number of available measurements for categories B2, B3 and B5 are inadequate for any meaningful analysis. In those cases, for lack of any data, it is common practice in risk assessments to base any further evaluation on modelled values (i.e. EASE).

On a worst-case basis (90th percentiles), all available personal exposure values clearly exceed current OELs considerably. In contrast, worst-case static exposure levels only exceed the OEL for category B4. However, given that the worst-case blood lead levels for all workplace categories exceed 40 µg/dL, these static measurements are likely not reflective of personal exposures.
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Figure 4.27:
Production of lead oxide & stabiliser compounds: distribution of personal exposure monitoring values by company

Occupational dermal exposure (measured data)

A recent dermal exposure monitoring survey (Hughson, 2005) was conducted at a plant that produces lead oxide, lead stabilisers and blended stabiliser products. Dermal exposure levels were measured for hands/forearms, neck, face and chest. Full-shift average dermal exposure levels were measured for hands/forearms, neck, face and chest, as presented in the table below. Overall worst-case levels (90th percentiles) of average dermal exposures ranged from approx. 10 – 89 µg/cm², whereas the corresponding typical dermal exposure levels varied between approx. 5 – 16 µg/cm², with the hands exhibiting the highest observed loading. A summary of these data is presented in the table below.

Table 4.66:
Summary of dermal lead exposure data, Lead Chemicals – all tasks/jobs
	Body part
	N
	Dermal lead exposure (µg/cm²)

	
	
	Max
	90th perc.
	Median
	Min

	Average Hands
	14
	160.9
	88.6
	16.1
	1.4

	Average forearms
	14
	55.2
	31.4
	14.4
	1.4

	Hands & Arms
	14
	87.5
	64.5
	15.4
	1.7

	Neck
	14
	12.0
	11.4
	7.1
	2.0

	Face
	14
	105.9
	18.6
	7.8
	1.6

	Chest
	14
	10.7
	9.6
	4.7
	1.3


Further, an investigation of the relationship between personal hygiene and blood lead levels in a “lead processing facility” (Askin, 2004) was conducted in a factory producing predominantly various grades of lead oxide, apart from other lead compounds in powder form. For this purpose, a total of 24 workers of the plant were sampled for dermal exposure to lead by a “moist wipe” technique, directed at collecting the entire lead deposited on the right hand (no attempt made to clean under the fingernails). A table with the reported dermal loading values is given subsequent to the graphical presentation of these values below:
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Figure 4.28:
Production of lead oxide & stabiliser compounds: relationship between blood lead and dermal exposure
The extent of dermal loading with lead was interpreted by the authors to correlate with the blood lead level, and is apparently verified as judged by the graph above. However, the authors themselves did not conclude whether this may be related to (i) hand-to-mouth transfer due to poor personal hygiene, or (ii) due to percutaneous absorption (Askin and Volkman, 1997).

Despite the fact that the data below indicate a relationship between blood lead and dermal exposure, a detailed assessment is not possible since the individual tasks/processes in which the workers were involved are not stated.

Table 4.67:
Relationship between exposure and blood lead levels in a lead oxide production plant
	Employee
	Blood Lead
[µg/dL]
	Total hand lead
[µg]
	Total hand lead
range [µg]

	Blank
	0
	0
	n.a.

	T
	6
	75
	6-500

	H
	26
	94
	6-500

	M
	24
	97
	6-500

	R
	29
	229
	6-500

	I
	22
	230
	6-500

	D
	20
	312
	6-500

	B
	33
	365
	6-500

	Y
	29
	388
	6-500

	S
	34
	431
	6-500

	N
	35
	470
	6-500

	L
	30
	511
	501-1000

	X
	34
	534
	501-1000

	E
	37
	535
	501-1000

	Z
	36
	542
	501-1000

	O
	36
	608
	501-1000

	P
	32
	656
	501-1000

	G
	38
	656
	501-1000

	C
	39
	1018
	1001-1500

	K
	38
	1146
	1001-1500

	Q
	37
	1275
	1001-1500

	U
	35
	1650
	>1500

	W
	42
	2166
	>1500

	A
	45
	2440
	>1500

	F
	42
	4410
	>1500


Modelled exposure data

Inhalation exposure: EASE model predictions were calculated using EASE version 2.0, based on the exposure characteristics as stated in the process description given above. In addition, the default selection “no” was chosen for particle aggregation (selecting yes would by default reduce exposure to one-tenth of the stated value).

During oxide production, lead ingots are fed continuously to a melting furnace, and the entire oxidation process is maintained in a closed system. The only source of dermal and inhalation exposure to lead is therefore the final packaging stage, which as a worst-case may entail half a shift of packaging in 25 kg paper bags.

This is also the case for stabiliser production, where reaction and mixing vessels are usually automated and fully encapsulated. However, in addition to final bagging operations, relevant exposure is also possible during initial loading operations, when lead oxide is loaded into the reaction vessels.

Table 4.68:
EASE model estimates, lead oxide & stabiliser production
	Workplace category
	Workplace description
	Comments
	EASE prediction

	inhalation exposure

	O&S1
	lead oxide production
	(i) oxidation process supervision, full shift; low dust technique, LEV present
	0 – 1 mg/m³

	
	
	(ii) manual bagging, part-shift (up to 4h); dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	O&S2
	lead stabiliser production, (wet process)
	(i) reaction process supervision, full shift; low dust technique, LEV present
	0 – 1 mg/m³

	
	
	(ii) manual bagging, part-shift (up to 4h); dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	O&S3
	lead stabiliser compound production, (dry/melting process)
	(i) reaction process supervision, full shift; low dust technique, LEV present
	0 – 1 mg/m³

	
	
	(ii) manual bagging, part-shift (up to 4h);
dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	O&S4
	mixing/blending of formulated stabiliser products
	material loading, operation of mixing/blending equipment, packaging operations;
dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	O&S5
	internal logistics
	full-shift, no direct handling of materials involved;
low dust technique, LEV present
	0 - 1 mg/m³

	O&S6
	Others
	full-shift routine operations with automated vacuum devices;
dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	dermal exposure

	
	oxide/stabiliser prod., B1-B4
	(i) during production: extensive, direct handling, wide-dispersive use
	5 - 15 mg/cm²

	
	
	(ii) during process supervision: not direct handling, non-dispersive use (B5-B6)
	very low

	
	logistics, other (B5-B6)
	 not direct handling, non-dispersive use (B5-B6)
	very low


Comparison with analogous substances

Detailed data on particle size distribution and dustiness for lead oxides and lead stabiliser compounds are presented in detail in chapter 4.1.1.1.7 above. Considering that the dustiness of lead tetroxide, dibasic lead phthalate, basic lead sulphate, tribasic lead sulphate, tetrabasic lead sulphate and basic lead carbonate are rather similar (range: 7-37 mg/g) to that of zinc oxide (30 mg/g), the extrapolation from zinc oxide as a suitable analogy may be considered justified. On the other hand, the other seven lead compounds have a dustiness which is an order of magnitude higher (ranging from 149 to 287 mg/g), so that the use of zinc oxide as an analogy for this group of substances may involve a certain, unknown level of underestimation.

However, since measure dermal exposure data for this industry sector are available, the use of such analogies is strictly not required for risk assessment purposes. In contrast, measured inhalation exposure data are sparse, and therefore the analogy with zinc oxide may be considered.

Literature data on occupational exposure in the lead oxide and lead stabiliser industry

In addition to this recently conducted occupational exposure data survey, a literature search was conducted in which the following references were identified as being of relevance:

Blood lead and salivary lead levels were measured in a group of 82 workers of a lead stabiliser plant in in Singapore (Koh et al., 2003). The mean BPb of the workers was 26.6 µg/dL (SD 8.6, range 10-48) and the mean SPb level 0.77 µg/dL, or 3% of the BPb level. Since the SPb distribution was skewed, logarithmic transformation was performed to normalise the distribution. The study findings do not support the use of salivary lead for biomonitoring at BPb levels ranging from 10 to 50 µg/dL. The lead in blood result are summarised in the table below:

Table 4.69:
Lead stabiliser productionin Singapore: blood lead values [µg/dL]

	Group
	Maximum
	Mean
	SD
	Minimum
	No. of data

	All
	48
	27
	9
	10
	82


Total airborne lead and its particle size distribution were monitored in a lead powder production plant (location not stated), which was said to produce litharge (PbO) as the main product. Marple personal cascade impactors (cut-offs 0.52-21.3 µm) at a flow rate of 2 l/min were used, followed by AAS. Total air lead values ranged from 21-194 µg/m³in the area of the melt-blown devices, and from 215-783 µg/m³in the furnace area where litharge was generated from the lead powder. The bulk of the airborne material was shown to have MMAD values of 13-22 µm (Tsai et al., 1997).

Finally, it is noted here that the UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers of the UK industry manufacturing inorganic and organic lead compounds report a total of 876 workers occupationally exposed to lead, 7.4% of which have blood lead levels in excess of 40 µg/dL.

Survey of use of PPE

Except for one site, all sites that previously submitted exposure and/or blood lead data also submitted a complete PPE questionnaire. Thus, in total 17 sites submitted detailed data on the use of PPE.

In lead oxide production, the use of RPE is clearly not widespread, which is likely to reflect that fact that this process is operated at a high degree of automation. In contrast, for all operations in lead stabiliser production (B2-B4), mandatory use of RPE is required by most companies (84-100% of all responses). A consistent pattern for the use of gloves as PPE is not evident for this sector, except for B3 (dry/melting process) with 92% of the responses demanding the use of gloves.

Table 4.70:
Lead oxide & stabiliser production: Frequency of pattern of use of RPE (17 sites)
	Workplace
	Task
	M
	V
	na
	total
	%
	mv

	O&S1
	Black oxide (Pb/PbO), Ball mill process
	2
	1
	14
	17
	67
	0

	
	Black oxide (Pb/PbO), Barton Pot
	3
	2
	12
	17
	60
	0

	
	Black oxide (Pb/PbO), others
	0
	1
	16
	17
	0
	0

	
	Lead dioxide (PbO2), Ball mill process
	0
	1
	16
	17
	0
	0

	
	Lead dioxide (PbO2), Barton Pot
	0
	1
	16
	17
	0
	0

	
	Lead dioxide (PbO2), others
	0
	1
	16
	17
	0
	0

	
	Litharge (PbO), Ball mill process
	1
	1
	14
	17
	50
	1

	
	Litharge (PbO), Barton Pot
	6
	2
	8
	17
	75
	1

	
	Litharge (PbO), others
	4
	2
	11
	17
	67
	0

	
	Red lead oxide/Minium (Pb3O4), Ball mill process
	2
	1
	14
	17
	67
	0

	
	Red lead oxide/Minium (Pb3O4), Barton Pot
	4
	2
	11
	17
	67
	0

	
	Red lead oxide/Minium (Pb3O4), others
	3
	2
	12
	17
	60
	0

	O&S1 total
	25
	17
	160
	204
	60
	2

	O&S2
	Bagging/drumming operations
	8
	1
	8
	17
	89
	0

	
	Drying process
	7
	0
	10
	17
	100
	0

	
	Filtration operation
	6
	2
	9
	17
	75
	0

	
	Loading of lead oxide into reaction vessels
	7
	2
	8
	17
	78
	0

	
	Others
	3
	0
	14
	17
	100
	0

	
	Slurry formation/addition of water, catalysts and acid compounds
	7
	2
	8
	17
	78
	0

	O&S2 total
	38
	7
	57
	102
	84
	0

	O&S3
	Bagging/drumming operations
	8
	0
	9
	17
	100
	0

	
	Drying process
	6
	0
	11
	17
	100
	0

	
	Filtration operation
	5
	0
	11
	17
	100
	1

	
	Loading of lead oxide into reaction vessels
	8
	0
	9
	17
	100
	0

	
	Others
	2
	0
	15
	17
	100
	0

	
	Slurry formation/addition of water, catalysts and acid compounds
	7
	0
	10
	17
	100
	0

	O&S3 total
	36
	0
	65
	102
	100
	1

	O&S4
	Material loading, automated system
	8
	1
	8
	17
	89
	0

	
	Material loading, manual handling
	7
	0
	10
	17
	100
	0

	
	Operation of mixing/blending equipment
	9
	0
	8
	17
	100
	0

	
	Others
	4
	0
	13
	17
	100
	0

	
	Packaging operations
	9
	0
	8
	17
	100
	0

	O&S4 total
	37
	1
	47
	85
	97
	0

	O&S5
	Others
	2
	0
	14
	17
	100
	1

	
	Storage / shipment of finished goods
	9
	6
	2
	17
	60
	0

	
	Storage of raw materials / semi-finished products
	10
	5
	2
	17
	67
	0

	O&S5 total
	21
	11
	18
	51
	66
	1


Table 4.70:
Lead oxide & stabiliser production: Frequency of pattern of use of RPE (17 sites), continued

	Workplace
	Task
	M
	V
	na
	total
	%
	mv

	O&S6
	Cleaning, repair, maintenance operations
	15
	2
	0
	17
	88
	0

	
	Engineering
	10
	5
	2
	17
	67
	0

	
	Others
	3
	0
	13
	17
	100
	1

	
	Quality control, laboratories
	10
	6
	1
	17
	63
	0

	O&S6 total
	38
	13
	16
	68
	75
	1

	all workplaces
	195
	49
	363
	612
	80
	5


"M" stands for RPE which is stipulated through company instructions, "V" stands for RPE which is not mandatory or for tasks where RPE is not required, "na" are tasks which are not carried out at an specific production site, "mv" indicates tasks for which companies have failed to provide information for the pattern of use, "%" is the coverage of mandatory RPE of the sector reduced by the companies where the task is not applicable.

Table 4.71:
Lead oxide & stabiliser production: Frequency of pattern of use of gloves
	Workplace
	Task
	M
	V
	na
	total
	%
	mv

	O&S1
	Black oxide (Pb/PbO), Ball mill process
	1
	2
	13
	17
	33
	1

	
	Black oxide (Pb/PbO), Barton Pot
	1
	3
	12
	17
	25
	1

	
	Black oxide (Pb/PbO), others
	0
	1
	15
	17
	0
	1

	
	Lead dioxide (PbO2), Ball mill process
	0
	1
	15
	17
	0
	1

	
	Lead dioxide (PbO2), Barton Pot
	0
	1
	15
	17
	0
	1

	
	Lead dioxide (PbO2), others
	0
	1
	15
	17
	0
	1

	
	Litharge (PbO), Ball mill process
	2
	2
	13
	17
	50
	0

	
	Litharge (PbO), Barton Pot
	6
	4
	7
	17
	60
	0

	
	Litharge (PbO), others
	3
	1
	13
	17
	75
	0

	
	Red lead oxide/Minium (Pb3O4), Ball mill process
	1
	2
	13
	17
	33
	1

	
	Red lead oxide/Minium (Pb3O4), Barton Pot
	3
	3
	10
	17
	50
	1

	
	Red lead oxide/Minium (Pb3O4), others
	3
	1
	12
	17
	75
	1

	O&S1 total
	20
	22
	153
	204
	48
	9

	O&S2
	Bagging/drumming operations
	7
	2
	8
	17
	78
	0

	
	Drying process
	5
	2
	10
	17
	71
	0

	
	Filtration operation
	6
	2
	9
	17
	75
	0

	
	Loading of lead oxide into reaction vessels
	7
	2
	8
	17
	78
	0

	
	Others
	3
	0
	14
	17
	100
	0

	
	Slurry formation/addition of water, catalysts and acid compounds
	7
	2
	8
	17
	78
	0

	O&S2 total
	35
	10
	57
	102
	78
	0


Table 4.71:
Lead oxide & stabiliser production: Frequency of pattern of use of gloves, continued
	Workplace
	Task
	M
	V
	na
	total
	%
	mv

	O&S3
	Bagging/drumming operations
	7
	1
	9
	17
	88
	0

	
	Drying process
	6
	1
	10
	17
	86
	0

	
	Filtration operation
	6
	0
	11
	17
	100
	0

	
	Loading of lead oxide into reaction vessels
	7
	0
	10
	17
	100
	0

	
	Others
	2
	0
	15
	17
	100
	0

	
	Slurry formation/addition of water, catalysts and acid compounds
	6
	1
	10
	17
	86
	0

	O&S3 total
	34
	3
	65
	102
	92
	0

	O&S4
	Material loading, automated system
	5
	3
	9
	17
	63
	0

	
	Material loading, manual handling
	5
	2
	10
	17
	71
	0

	
	Operation of mixing/blending equipment
	6
	2
	9
	17
	75
	0

	
	Others
	4
	0
	13
	17
	100
	0

	
	Packaging operations
	6
	2
	9
	17
	75
	0

	O&S4 total
	26
	9
	50
	85
	74
	0

	O&S5
	Others
	3
	0
	14
	17
	100
	0

	
	Storage / shipment of finished goods
	5
	10
	2
	17
	33
	0

	
	Storage of raw materials / semi-finished products
	6
	9
	2
	17
	40
	0

	O&S5 total
	14
	19
	18
	51
	42
	0

	O&S6
	Cleaning, repair, maintenance operations
	13
	4
	 
	17
	76
	0

	
	Engineering
	5
	10
	2
	17
	33
	0

	
	Others
	3
	1
	13
	17
	75
	0

	
	Quality control, laboratories
	4
	11
	2
	17
	27
	0

	O&S6 total
	25
	26
	17
	68
	49
	0

	all workplaces
	154
	89
	360
	612
	63
	9


"M" stands for gloves which are stipulated through company instructions, "V" stands for gloves which are not mandatory or for tasks where gloves are not required, "na" are tasks which are not carried out at an specific production site, "mv" indicates tasks for which companies have failed to provide information for the pattern of use, "%" is the coverage of mandatory use of gloves of the sector reduced by the companies where the task is not applicable.

Conclusions

18 out of 24 plants submitted inhalation exposure and/or blood lead data which were of sufficient quality and consistency. Whereas some static monitoring data is available, this is not considered to be adequately reflective of personal exposure (TGD).

On a worst-case basis (90th percentiles), all available personal exposure values clearly exceed current OELs. In view of the limited number of personal exposure values, this data set may however not be fully representative of this sector. Measured dermal worst-case (90th percentiles) exposure levels ranged from approx. 10-89 µg/cm², with the hands exhibiting the highest observed loading.

Worst-case blood lead levels for all workplace categories clearly exceed 40 µg/dL, and thus appear to reflect the high personal exposure levels.

Whereas RPE is not widely used in lead oxide production, most tasks associated with lead stabiliser production are performed with RPE. However, the use of this protective equipment is apparently not mirrored in the blood lead values.

Given the fact that a representative blood lead data base with an adequate coverage exists, only the following values will be taken forward to risk characterisation:

typical and worst-case (workplace-specific) blood lead data as reported in Table 4.62 above.

4.1.1.2.6 Scenario 6: Production of lead crystal glass

The distribution of currently known, major production sites of lead crystal glass in Europe are shown in the map below, which based on information obtained from LDAI currently exceed a total of 20.
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Figure 4.29:
Lead crystal glass production: map of EU sites
Data collection

For the development of process descriptions and for the purpose of conducting a comprehensive subjective exposure assessment, a site inspection was carried out at a major European crystal glass manufacturing facility. Occupational exposure data were collected on a representative basis with the aid of a questionnaire which was originally developed by EBRC and subsequently modified by the ICF (International Crystal Federation).

In brief, responses from a total of 11 production sites were received, of which however only 10 were found to provide either blood lead and/or inhalation exposure data that corresponded to the preset criteria for data quality and reliability, and were thus included in our statistical analysis. The identification of companies that contributed data and that of those that did not respond to the request for submission of data was removed upon explicit request by the International Crystal Federation.

The table below presents an overview of the feedback from industry. Concerning coverage, it is assumed that an average of approximately 25,000 tonnes of lead oxide is consumed each year in the production of lead crystal glass by 22 sites within the EU. The reported lead (oxide) consumption of the 11 participating companies corresponds to approximately 86% of the total sector, and covers 50% of the sector by number of sites. However, it must be stressed that these data represent estimates by LDAI, and attempts to obtain a more detailed quantitative assessment of the size of the sector are ongoing (Bush, 2005a).

Table 4.72:
Production of lead crystal glass: reported data overview
	ID
	Number of
employees
	Number of exposure data reported
	Number of
blood lead data reported

	
	total
	md.surv.
	prod.
	fem.
	static air
	pers.air
	dermal
	1998
	1999
	2000
	2001

	G01
	900
	460
	835
	15
	79
	0
	0
	335
	350
	327
	326

	G02
	180
	50
	100
	1
	0
	0
	0
	0
	0
	0
	0

	G03
	333
	198
	230
	0
	10
	18
	0
	48
	48
	24
	48

	G04
	600
	60
	150
	4
	0
	0
	0
	21
	55
	78
	55

	G05
	350
	240
	195
	46
	1
	4
	0
	747
	747
	747
	747

	G06
	350
	180
	300
	10
	38
	12
	0
	33
	48
	56
	54

	G07
	250
	65
	180
	2
	0
	168
	0
	67
	66
	57
	38

	G08
	5,300
	165
	3,000
	0
	2
	0
	0
	126
	145
	164
	194

	G09
	1,600
	1,274
	1,250
	0
	9
	180
	0
	38
	549
	546
	524

	G10
	250
	49
	100
	0
	1
	19
	0
	0
	0
	0
	0

	G11
	700
	n.d.
	550
	0
	23
	16
	0
	0
	32
	32
	0

	total
	10,813
	2,741
	6,890
	78
	163
	417
	0
	1,415
	2,040
	2,031
	1,986


n.d.: no data reported; (shaded fields): average/mean/range values reported; stated above are the entire number of workers employed at the plant (total), those under medical surveillance (md.surv.), and those actively involved in production (prod.)., females of childbearing capacity (fem.)
Process description and subjective exposure assessment

General comments:

Glass can be described as the fusion product of inorganic materials that have cooled to a rigid condition without crystallising. Lead crystal glass like other commercial glasses consists of three groups of materials: network formers, modifiers, and intermediaries. Crystal glasses comprise a network of silica (> 50%), modifiers or alkali fluxes (12-20%) which are used to lower the melting temperature of the silica, and intermediaries such as lead oxide (24-33%) which may act partly as a former and also as a modifier, and in general adds special properties to the glass.

In 1969, the European Union in its Directive 69/493/EEC decreed that lead crystal must contain in excess of 24% lead oxide. The principal property which lead imparts to alkali/silicate crystal glasses is its brilliance, as well as high density, a high refractive index and a high dispersion, without colouring the glass. It also allows for economic melting temperatures and a long working range suitable for forming, hardness to permit cutting, chemistry suitable for acid polishing, and a high durability.

The various stages of crystal glass production can be broken down as follows:

(1)
Raw material handling and melting


According to information received from by ICF during preparation of the data collection exercise, the authors were informed that both of these tasks would usually be performed by the same set of workers, which is why exposure and blood lead data reported in the subsequent subchapters could not be separated in a meaningful manner.


Raw material handling: The production process starts with the handling and storage of incoming raw materials: silica sand, limestone, soda ash, potassium oxide, and more than 24% lead oxide (predominantly red lead oxide, but also litharge). Raw materials are usually received separately at a facility often designated as batch plant. They may then be crushed to a granular size complementary to each other in order to facilitate the melting process. From the storage bins, they are transferred usually by an automated system to a weighing balance, and subsequently mixed with cullet (recycled glass) to ensure homogeneous melting. The amounts handled depend on the overall capacity of the plant, but in large facilities may amount to as much as 15 tons per day or more.


(i) Assuming a certain degree of manual operations in some facilities, then the exposure pattern for the processes from raw material handling up to blending is discontinuous (part-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is intermittent. Process type is dry manipulation. The use of gloves and RPE is mandatory.


(ii) In contrast, modern large facilities equipped with continuous manufacturing, have lead oxide delivered almost entirely in tanks and transported to the silos with the aid of a pneumatic handling system and elevators. Batch material with the composition required for each type of glass is then usually prepared using fully automated systems, and after mixing with cullet it is transported to the individual furnaces. Alternatively, in some plants the raw materials used for batch preparation are supplied either in pellet form or even as pre-mixed batches, with subsequent mixing with silica and automatic feeding to the furnace. In view of the high level of containment, then the exposure pattern for the processes from raw material handling up to blending is discontinuous (part-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is full containment, and the contact level is intermittent. Process type is dry manipulation. The use of gloves and RPE is not mandatory.


Melting: The actual melting process generally lasts between 24 to 36 hours, and takes place at temperatures in excess of 1,400 degrees C. At the end of the melting process, there is a conditioning stage during which the molten glass is lowered to a temperature of 1,100-1,200°C. Two types of melting processes can be distinguished (see below), however most modern large scale facilities are said to operate predominantly continuous melting furnaces with a high level of containment:


(i) In traditional pot processes, the ready-mixed batch will be loaded with the aid of a shovel or semi-automatically into ceramic pots (each holding approx. 750 kg of molten glass) heated by gas or oil. The actual melting process generally lasts between 24 to 36 hours, and takes place at temperatures in excess of 1,400 degrees C. At the end of the melting process, there is a conditioning stage during which the molten glass is lowered to a temperature of 1,100-1,200°C.


The exposure pattern for this melting process type is discontinuous (part-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is intermittent. Process type is dry manipulation. The use of gloves and RPE is mandatory.


(ii) However, in modern large facilities with continuous manufacturing, these pots have been replaced by 24-hour continuous tank melters, which are heated by oil or electricity, or a mixture of electricity and oxy fuel. The continuous tank operates by balancing the take-off of crystal at one end with the raw material charging at the other to maintain a constant level of molten glass within the system. According to the IPPC BREF document, such furnaces where electrical melting is predominantly employed are considered to represent the “best available technique”. All-electric furnaces are equipped with a system for the extraction of emissions from the top of the “cold” batch layer, and batch chargers are used for feeding the batch to the furnace.


The exposure pattern for this melting process type is discontinuous (part-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is full containment, and the contact level is intermittent. Process type is dry manipulation. The use of gloves and RPE is not mandatory.

(2)
Forming processes


Occupational exposures here are known to be related to the type of melting apparatus used, whereby the modern continuous “cold-bed” operations are said to yield lower emissions at the workplace. In contrast, the multi-pot systems require considerably more manual handling. At this process stage, the molten glass is drawn from the furnace and worked on forming machines by a variety of methods, including pressing, blowing, drawing, or rolling to produce the desired product, or else an amount of glass is extracted with a rod after which is hand-blown to its final appearance. After the various forming processes, the glass product is then transferred to a kiln where it is annealed (> 500 degrees C) and cooled to room temperature.


The exposure pattern for the forming processes is discontinuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is intermittent. Process type is low dust technique. The use of gloves and RPE is not mandatory.

(3)
Finishing and cutting processes


At this stage, the crystal ware is usually cut from a stem (where applicable), and is further subjected to cutting operations designed to add ornamental features or a decorative cut pattern. Whereas this may also be done automatically, high-quality producers maintain a large staff of manual cutters. The actual cutting is done with the aid of diamond cutting wheels including a water rinsing system. Although local extraction devices are used, this process nevertheless creates a fine mist of very fine (wet) glass particles.


The amounts of material handled per worker is difficult to asses, since it may vary between 100-300 items per shift for finishing and cutting. At 100 grams to 1 kg per article, this yields a range of 10 kg up to 300 kg per shift.


The exposure pattern for finishing and cutting is continuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. The process type is perhaps best described as “low dust technique”, although this EASE default does not adequately describe the nature of the generated wet glass spray. The use of gloves and RPE is not mandatory.

(4)
Polishing processes


The surface of the product may then be improved by flame polishing, or mechanical polishing using a series of suitable wheels, or it may chemically polished by immersing the glass in a mixture of hydrofluoric (3%) and sulphuric acid (70%) at 60°C, for a period of 40 minutes per batch.. This is normally a semi-automated process, but involves manual loading and unloading of glass articles to the acid baths. Approx. up to 10,000 items may be treated like this per shift in large facilities.


The exposure pattern for polishing is discontinuous (batch-wise), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is extensive. The process type is perhaps best described as “low dust technique”, although this EASE default does not adequately describe the nature of the generated wet glass spray. The use of gloves and goggles is mandatory.

(5)
Other


As in other scenarios, this is related to storage and shipment of raw materials and finished goods which are usually in sealed packaging, with anticipated correspondingly low levels of exposure. The same assessment also applies to quality control. A separate exposure assessment was not performed in view of the lack of any specific task related to a level of exposure with concern.


However, engineering and cleaning and maintenance operations are known to give rise to considerable exposure levels in practice. This type of work is to be discriminated from minor routine cleaning and maintenance work conducted by each worker as a regular part of his duties, which is not assessed here separately but as part of the jobs/tasks assigned to workplace categories 1-5. For cleaning, either dry or wet vacuum cleaning apparatus, usually motor-driven are employed, which is why direct dermal contact is largely excluded.


The exposure pattern for cleaning and maintenance operations is continuous (full-shift), with LEV present. The pattern of use is non-dispersive, the pattern of control is direct handling, and the contact level is intermittent. Process type is dry manipulation (where applicable). The use of gloves and RPE is mandatory.

Occupational exposure assessment – industry monitoring data

In the following chapter, the analysis of the data that was collected with the aid of the questionnaire developed by EBRC and ICF is presented. For details on the content and design of the questionnaire, please refer to subchapter 4.1.1.1 above. Based on the results of a site inspection, individual tasks were grouped into “workplace categories” since the workers in one category either routinely switch between several of these tasks within one unit, or may be considered to influence the overall exposure level of others in the same work area. As a consequence, industry companies reported their data as being allocated to either of the following tasks:

Table 4.73:
Production of lead crystal glass: workplace categories
	Workplace category
	Workplace description
	Tasks performed

	Cry1
	raw material handling
	raw material delivery, batch formulation, pot filling, melting

	Cry2
	forming processes
	manual operation of multi-pot systems or semi-automated cold-top furnace, blowing operations

	Cry3
	cutting processes
	finishing, manual and automated cutting operations

	Cry4
	polishing processes
	acid polishing

	Cry5
	others
	storage and shipment of finished goods, repair, cleaning and maintenance, quality control, engineering etc.


*: routine cleaning and maintenance work conducted by each worker as regular part of his duties is not assessed separately, but as part of the jobs/task assigned to workplace categories 1-5. In contrast, cleaning operations defined under workplace category 5 refer to staff that specifically perform only such cleaning and maintenance work.

Blood lead data

Only data that were submitted as individual blood lead measurements identified by an ID on a worker-by-worker basis, and which were allocated to a specific workplace category were entered into a common data base for subsequent statistical evaluation. Since in some cases, a worker may have been monitored not only once, but instead as much as even 4-8 times per year, all data per worker were computed into an annual median value for each person prior to merging them into the data base. By this procedure, any skewing of the data by individuals with higher sampling frequency was avoided. The table below summarises the evaluation of blood lead data [in µg/dL] in the secondary lead industry for a thus “compressed” data base of approx. 4,400 data points:

Table 4.74:
Production of lead crystal glass: blood lead values [µg/dL]
	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	Cry1
	69
	46
	26
	1
	286

	Cry2
	55
	35
	18
	<1
	1,690

	Cry3
	57
	36
	21
	2
	1,006

	Cry4
	44
	31
	16
	2
	176

	Cry5
	68
	28
	15
	1
	1,237

	not allocated
	10
	9
	5
	1
	18

	all data
	69
	35
	18
	<1
	4,413


n.a.: not applicable (the 90th percentile is not calculable due to low number of observations); n.d.: no data

The difference between the sum of all data points (4,413) and the sum of data allocated to B1 to B5 arises from the fact that a subset of 18 data points could not be allocated to a specific workplace category.

Only workplace-specific blood-lead data will be taken forward to risk characterisation. The low number of data not allocated by the reporting companies to a specific workplace are not considered to represent a relevant loss of information.

A time trend of blood lead data for the period 1998-2001, based on annual median values of either the entire workforce or each individual workplace category is presented in the graph below. In conclusion, the data appear to be rather constant in this observation period.
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Figure 4.30:
Lead crystal glass production: annual blood lead median values

However, it should be noted that within this sector, there is considerable variability on a company-by-company basis, as shown in Figure 4.31 and Table 4.75 below: for all but one production sites in Europe which provided blood lead data, it is evident that overall worst-case blood lead levels are generally well below 40 µg/dL, with the exception that the evaluation by workplace category shows blood lead levels slightly above this level for workers in category B1.
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Figure 4.31:
Lead crystal glass production: inter-company variability in blood lead levels
The table below presents the same data as above, but analysed for min/max, worst case and typical blood lead values on a company-by-company basis:

Table 4.75:
Lead crystal glass production: blood lead values [µg/dL], by company
	Company ID
	Max
	90th percentile
	Median
	Min
	No. of data

	G01
	55
	24
	14
	1
	1,216

	G04
	58
	39
	24
	5
	150

	G05
	69
	43
	27
	12
	711

	G06
	56
	35
	17
	2
	169

	G07
	35
	26
	18
	3
	153

	G08
	49
	30
	18
	<1
	629

	G09
	57
	34
	19
	1
	1,321

	G11
	25
	17
	12
	5
	64

	all data
	69
	35
	18
	<1
	4,413


Occupational inhalation exposure (measured data)

The following table summarises the preliminary (rounded values, some data sets require further qualification and/or correction) evaluation of the entire exposure data [mg/m³] for the period 1998-2001 for this sector, divided into static (approx. 130 individual measurements) and personal (approx. 260 individual measurements) samples, and broken down according to workplace category. In addition, the table also contains exposure data for workers which according to the data contributors could not be allocated to a specific workplace since the corresponding employees were stated to rotate in some kind of way between different tasks/jobs. These data are designated as “not allocated” in Table 4.76.

The frequency distribution of the data on a company-by-company basis is presented graphically below. Despite the fact that the conclusions from this comparison are limited in view of the low number of values for some companies, it nevertheless appears justified to assume that the distribution of exposure data does not differ significantly from site to site. Consequently, and given the process similarities throughout the industry, this assessment in the following will assume that this data is representative of the sector.

Table 4.76:
Production of lead crystal glass: inhalation exposure [mg/m³]
	Workplace
	Personal/static
	Max
	90th percentile
	Median
	No. of data

	Cry1
	static
	0.174
	0.081
	0.033
	42

	Cry2
	static
	0.015
	0.014
	0.004
	11

	Cry3
	static
	0.076
	0.058
	0.022
	17

	Cry4
	static
	0.064
	0.063
	0.034
	13

	Cry5
	static
	0.672
	0.313*
	0.011
	7

	not allocated
	static
	0.061
	0.040
	0.022
	42

	all data
	static
	0.672
	0.062
	0.022
	132

	

	Cry1
	personal
	2.193
	0.240
	0.030
	50

	Cry2
	personal
	0.900
	0.060
	0.020
	53

	Cry3
	personal
	1.102
	0.333
	0.062
	136

	Cry4
	personal
	0.037
	0.027*
	0.016
	7

	Cry5
	personal
	0.117
	0.101
	0.013
	11

	not allocated
	personal
	0.010
	n.a.
	0.010
	1

	all data
	personal
	2.193
	0.240
	0.034
	258


n.a.: not applicable (the 90th percentile is not calculable);*: the 90th percentile is calculated using the “R”-method
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Figure 4.32:
Lead crystal glass production: distribution of personal exposure monitoring values by company

Occupational dermal exposure (measured data)

Not unexpectedly, dermal exposure had previously not been routinely conducted in any of the EU crystal glass production sites. However, dermal monitoring data from two sites are available from a UK HSE report (Wheeler et al., 1999a). Whereas the dermal exposure levels are presented only in graphical format in the original reports, the actual raw data have in the meantime been made available by UK HSE (UK HSE, 2006), which is why the entire data set has been re-analysed compared to the previous report version. The corresponding blood lead data were not clearly attributable, which is why the analysis remains based upon an extraction from the graphs of the report, with some inherent lack of precision.

Table 4.77:
Lead crystal glass production, blood lead values [µg/dL] by factory

	Factory
	Max
	90th percentile
	Median
	Min
	No. of data

	A
	44
	44
	37
	21
	12

	B
	54
	52
	37
	<1
	13

	all data
	54
	47
	37
	<1
	25


Source: Wheeler et al., 1999a, figure 1 on page 20, workplaces are pooled

Table 4.78:
Lead crystal glass production, blood lead values [µg/dL] by workplace

	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	Cry1 (area mixing)
	32
	n.a.
	32
	32
	1

	Cry1 (processing)
	28
	25*
	14
	<1
	2

	Cry2 (glasshouse)
	54
	51
	37
	24
	13

	Cry3 (cutting shop)
	48
	45*
	38
	29
	7

	Cry5 (marking shop)
	21
	19*
	11
	<1
	2

	all data
	54
	47
	37
	<1
	25


Source: Wheeler et al., 1999a, figure 1 on page 20, factories are pooled
n.a.: not applicable (the 90th percentile is not calculable); *: the 90th percentile is calculated using the “R”-method

Table 4.79:
Lead crystal glass production, hand exposure values [µg/cm²] by factory
	Factory
	Max
	90th percentile
	Median
	Min
	No. of data

	A
	93
	83
	11
	4
	12

	B
	256
	247
	11
	<1
	13

	all data
	256
	149
	11
	<1
	25


Source: Wheeler et al., 1999a, figure 3 on page 21, workplaces are pooled.
*: the 90th percentile is calculated using the “R”-method

Table 4.80:
Lead crystal glass production, hand exposure values [µg/cm²] by workplace

	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	Cry1 (area mixing)
	18
	n.a.
	18
	18
	1

	Cry1 (processing)
	4
	4*
	2
	<1
	2

	Cry2 (glasshouse)
	15
	14
	10
	2
	13

	Cry3 (cutting shop)
	256
	242*
	69
	19
	7

	Cry5 (marking shop)
	11
	10*
	6
	<1
	2

	all data
	256
	149
	11
	<1
	25


Source: Wheeler et al., 1999a, figure 3 on page 21, factories are pooled.
n.a.: not applicable (the 90th percentile is not calculable); *: the 90th percentile is calculated using the “R”-method

In this study, two different production sites for lead crystal glass were visited, and a total of five days was spent in each factory. The study concentrated on five production areas within these facilities: mixing shop/processing (corresponding to workplace category 1), glasshouse (workplace category 2), cutting shop (workplace category 3), and marking shop (workplace category 5).

According to the author of this survey, a total of 25 workers worker were monitored (12 from one, 13 from the other factory), which were selected in order to cover a range of tasks and corresponding different levels of exposure. However, in the graphical presentation of the data, only 21 blood lead values and 17 dermal exposure values were retrievable. Dermal contamination was determined with a “bag-wash” method, in which workers were requested to insert their hands into a bag with ultra-pure distilled water followed by agitation for two minutes. Four such samples were taken from each volunteer, one pre-shift, and three prior to each break during their shift. The three last samples were pooled to form a “shift hand exposure”. Analysis for lead was by ICP-MS.

In addition, static air samples were taken with a single-hole lead-in-air sampler (MDHS 6/2) to monitor air in lead exposure, and both factories supplied blood lead data. The most relevant findings from this investigation can be summarised as follows:

(1) RWC blood lead levels were highest in both factories in the glasshouse and cutting shop at levels ranging between 45 - 51 µg/dL; in all other workplaces, levels were at or below approx. 30 µg/dL, but only a very limited number of individuals were recorded.

(2) dermal exposure measurements showed the highest concentrations predominantly in workers of the cutting shop with a maximum value of 256 µg/cm² (worst-case level, all data: 149 µg/cm²). Typical exposure levelweregenerally low at 11 µg/cm². Since two different sites with a total of 25 workers were monitored, and the results from both sites did not vary considerably, this conclusion may be considered representative for this industry sector.

(3) Static air sampling yielded values generally below 30 µg/m³. Personal air sampling values were generally below 100 µg/m³, with the exception of one value in each facility at approx. 200 µg/m³.

Modelled exposure data

Inhalation exposure: EASE model predictions were calculated using EASE version 2.0, based on the exposure characteristics as stated in the process description given above. In addition, the default selection “no” was chosen for particle aggregation (selecting yes would by default reduce exposure to one-tenth of the stated value).

Table 4.81:
EASE model estimates, lead crystal glass production
	Workplace category
	Workplace description
	Comments
	EASE prediction

	inhalation exposure

	Cry1
	raw material handling
	raw material delivery, batch formulation, pot filling, melting, discontinuous exposure; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	Cry2
	forming processes
	manual operation of multi-pot systems or semi-automated cold-top furnace, blowing operations, little dust generation, largely enclosed; low dust technique, LEV present
	0 - 1 mg/m³

	Cry3
	cutting processes
	finishing, manual and automated cutting operations, LEV present, low dust formation, but inh. exposure to liquid aerosols of fine lead-containing crystal particles possible; low dust technique, LEV present
	0 – 1 mg/m³

	Cry4
	polishing processes
	acid polishing (wet process); low dust technique, LEV present
	0 - 1 mg/m³

	Cry5
	others
	(i) cleaning and maintenance; dry manipulation, aggregation no, LEV present
	2 - 5 mg/m³

	
	
	(ii) packaging, storage/shipment, quality control; low dust technique, LEV present
	0 - 1 mg/m³

	dermal exposure

	
	raw material handling, formulation, pot filling
	(i) manual pot-filling: non-dispersive, direct handling, intermittent contact, dry manipulation
	0.1-1 mg/cm²

	
	
	(ii) continuous furnaces: non-dispersive, full containment, intermittent contact, dry manipulation
	very low

	
	cutting and finishing
	dermal exposure during cutting occurs though fine wet aerosol of crystal particles - non-dispersive, direct handling, extensive contact
	1-5 mg/cm²


Comparison with analogous substances

Detailed data on particle size distribution and dustiness for the two lead oxides (which are the only two relevant lead compounds used in this industry sector) are presented in detail in chapter 4.1.1.1.7 above. It is merely noted here that the dustiness of zinc oxide and “red” lead oxide are of the same order of magnitude, whereas litharge has a somewhat higher dustiness, so that any extrapolation from zinc oxide may involve some level of underestimation.

However, since measured dermal exposure data are available for this sector, and since an adequate inhalation exposure data base also exists for those workplaces that are anticipated to involve any relevant lead exposure (B1-B3), the use of such analogies is not considered to be required.

Literature data on occupational exposure in the crystal glass industry

In addition to this recently conducted occupational exposure data survey, a literature search was conducted in which the following relevant published references were identified:

Several indicators of lead exposure (blood lead-PbB, delta-aminolevulinic acid dehydratase-delta-ALAD, erythrocyte protoporphyrin-EP) in relation to alcohol intake and smoking habits were monitored in a cohort of 25 glass workers in Slowenia in the period between 1988 and 1994 (Ratkajec, 1997). The median value of PbB was higher (2.4 µmol/L, 50 µg/dL) in workers who consumed over 50 g of alcohol/day than in workers with lower alcohol consumption (1.9 µmol/L, 39 µg/dL). Smokers also exhibited a higher median PbB value.

The workplace particle size distribution of aerosols was investigated in a lead crystal glassware factory (the location of the company is given in the publication) manufacturing lead crystal containing 24 % lead oxide. The factory is stated to be fully automated, equipped exclusively with low-emission cold-top electric furnaces. Particle size distributions were sampled with an 8-stage personal cascade impactor (mod. 298 Marple, with cut-offs ranging from 0.52-21.3 µm) from personal (n=13) and static (n=19) measurements. The resulting particle size distributions are presented below graphically, according to workplaces. The major portion of particles smaller than 1 µm were measured only in the pot furnace and the production areas, whereas this size fraction represented generally less than 10% of total aerosol in all other working areas (Carelli et al., 1999).
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Figure 4.33:
Particle size distribution in a lead crystal glass production facility

Blood lead levels in workers (n=131) employed in eight different French production facilities (locations and identities not stated) for lead crystal glass with a lead oxide content of 30% were monitored for a possible correlation with exposure to crystal dust. For this purpose, specifically exposures of workers involved in the terminal stages of production, i.e. finishing and grinding were investigated. Data collection involved a questionnaire with personal demographic data, blood lead sampling and air sampling (closed-face 37mm cassette at 1 l/min, followed by AAS; considered by the authors to sample the inhalable fraction). In addition, particle size distribution was measured with an 8-stage cascade impactor (mod. 298 Marple, with cut-offs ranging from 0.52-21.3 µm) from static (n=8) measurements. Detailed particle size distributions are not reported, but the MMAD for all samples is given with a range of 4-9 µm with a GSD (geometric standard deviation) between 2 and 4. There was a statistically significant relationship between blood lead and atmospheric exposure in the analysis for all subjects (r=0.5, p<1·10-6) (Pierre et al., 2002), as presented graphically below:
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Figure 4.34:
Relationship between blood lead and atmospheric exposure of lead
In a survey on antimony and lead exposure of crystal glass workers, the measurement of the internal lead burden of employees (n=109) working in two different glass-producing factories (location and identification not stated) is described. A total of 109 workers from four different working areas were assessed: melting, batch mixing, glass washing and transport/maintenance. Blood and urine samples showed the highest average lead concentrations in the specific activity group of batch mixers (blood: 34 µg/dL, range 20 - 68 µg/dL; urine:43 µg/L, range 9 - 110 µg/L) (Lüdersdorf et al., 1987).

Table 4.82:
Concentrations of lead in blood [µg/dl] – a comparision of the subgroups, Lüdersdorf et al. (1987)
	Subgroup
	n
	Min
	Arithmetic mean
	Max

	Melter
	32
	13
	22
	60

	Batch mixer
	45
	20
	34
	68

	Craftsman
	8
	19
	28
	41

	Glass washer
	24
	70
	17
	43

	Total
	109
	70
	25
	68


Finally, it is noted here that the UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers of the UK glass industry report a total of 679 workers occupationally exposed to lead, 5.4% of which have blood lead levels in excess of 40 µg/dL.

Conclusions

Based on the available information on the total number of production sites in Europe, the number of workers covered and their production volume and characteristics, together with the similarities in processes used and the distribution of exposure data, it is assumed that the data on blood lead and personal inhalation exposure presented here are representative of the industry sector.

Apart from this, a detailed investigation of dermal exposure conducted by UK HSE is also available. Again, considering the similarity of production processes within this sector, the existing data base on dermal exposure may be considered reasonably adequate. Typical dermal exposure levels are generally quite low (11 µg/cm²) throughout the various tasks performed, with the exception of the “glasshouse”, where a maximum level of approx. 280 µg/cm² was encountered.

The highest worst-case personal inhalation exposures are observed in the areas of (i) raw material handling and melting at 240 µg/m³, and (ii) in finishing and cutting at 330 µg/m³. In all other workplaces, both typical and worst-case exposures are clearly within current EU OELs, and generally below 100 mg/m³.

The overall 90th percentile of blood lead data of the entire workforce is below 40 µg/dL. However, a more detailed analysis on a workplace-by-workplace basis reveals that the 90th percentiles for workplace category B1 (raw material handling and melting) are at 46 µg/dL, and thus exceed the threshold of 40 µg/dL. Typical blood lead data are in all cases clearly below 40 µg/dL.

As a possible explanation for the comparatively high blood lead values for category B1, the available workplace-specific particle size data for this industry sector indicate that particularly in the melting area, lead containing aerosols are of a size range that would entail a quantitatively relevant fraction of particles capable of penetrating to the alveolar fraction of the lung (for which an absorption rate of 100% is considered in this report), whereas other tasks are largely associated with much larger particles which, based on particle size dependant deposition modelling, can be assumed to be almost completely translocated to the GI tract, for which an absorption rate of 8% is assumed.

Given the fact that a representative blood lead data base with an adequate coverage exists, only the following values will be taken forward to risk characterisation:

typical and worst-case (workplace specific) blood lead data as reported in Table 4.74 above.

4.1.1.2.7 Scenario 7: Production of ceramic ware

It is explicitly noted here that this chapter is in a preliminary state for the following reasons:

The ceramics industry was approached in the initial stages of the VRAL for participation in the data collection exercise. A full assessment was not considered necessary at the time by this industry sector, since according to their own previous data, both air lead and blood lead levels had been shown to be within legal limits, which is why systematic monitoring has apparently been discontinued in several EU countries. However, to verify this assumption, or alternatively to assess whether or not a full risk assessment would have to be done, individual key industry companies and associations were only very recently (shortly before closing of the final draft) approached to submit data for this preliminary assessment (*** statement by industry on coverage of the entire sector to be amended). Currently, based upon the available limited data on the total number of companies, their production volume, consumption of lead and the size of their workforce, it can not be assessed whether the data presented below are representative of this industry sector.

Data collection

Data were not collected in standardised manner like elsewhere in this document. Instead, occupational exposure and blood lead data were provided as available from a range of manufacturers, from a Spanish industry association and a German non-governmental institution, but were nevertheless subjected to the data quality screening criteria used consistently throughout this document. Therefore, and data reported in the table below can be considered as relevant and qualitatively comparable to that in other sections of this document. The available data is divided into three sets of differing extent and level of detail:

1. Individual companies organised within the Ceramics Federation and widely spread over the EU15 reported inhalation exposure data as well as blood lead monitoring values. The resulting data base for inhalational exposure originally consisted of 168 personal and 15 static monitoring values for the period 1983-2003. However, a considerable portion of these failed to meet the quality criteria, and for reasons of consistency within the report, only values from 1998 and more recent were considered in the subsequent analysis. In contrast, all non-aggregated blood lead data reported by six companies for the period 1981-2003 were used in the statistical analysis to maximise the data base.

2. A separate set of 1,142 individual personal exposure data and 13,391 individual blood lead data were received from the Spanish association of tile manufacturers for the period 1998-2001, covering a total of 110 individual companies. This was analysed separately from the other data in view of its high level of consistency and its recent nature. A tabular presentation of blood lead values from this data subset is presented in Appendix II of this report, due to the volume of the table.

3. A sector report by the German BG (Berufsgenossenschaft) for the ceramics and glass sector, however with only aggregated inhalational exposure values for the year 2001, and aggregated blood lead data for the period 2001-2003, respectively.

The relative proportion of reported data broken down by contributors is given in the two tables further (All company names have been deleted for reasons of confidentiality. Please refer to Chapter 6.5 [Confidential Appendix] for a complete list of names of companies which were invovled in the data collection of this report) Table 4.84and Table 4.85) below.

Table 4.83:
Production of ceramic ware: list of data contributors

	Data contributions from individual companies

	Company 1*

	Company 2*

	Company 3*

	Company 4*

	Company 5*

	Company 6*

	Company 7*

	Company 8*

	Company 9*

	Company 10*

	Company 11*

	Data contributions from associations

	Berufsgenossenschaft der keramischen und Glasindustrie 
(German employers mutual insurance association of the glass and ceramics sector)

	Unión de Mutuas (Association of Spanish tile manufacturers, including 110 data contributing sites)


*: All company names have been deleted for reasons of confidentiality. Please refer to Chapter 6.5 (Confidential Appendix) for a complete list of names of companies which were invovled in the data collection of this report.

Table 4.84:
Production of ceramic ware: reported data overview, individual company responses
	ID
	Number of
employees
	Number of
exposure data reported
	Number of
blood lead data reported

	
	total
	md. surv.
	prod.
	static air
	pers. air
	dermal
	prior
	1998
	1999
	2000
	2001
	later

	C01
	46
	46
	n.d.
	0
	0
	0
	268
	22
	23
	33
	39
	53

	C02
	n.d.
	n.d.
	n.d.
	0
	0
	0
	0
	0
	0
	0
	4
	4

	C03
	n.d.
	n.d.
	n.d.
	0
	0
	0
	0
	0
	0
	0
	0
	64

	C04
	n.d.
	n.d.
	n.d.
	0
	0
	0
	0
	0
	0
	0
	0
	70

	C05
	n.d.
	n.d.
	n.d.
	0
	58
	0
	56
	9
	11
	16
	0
	13

	C06
	n.d.
	n.d.
	n.d.
	0
	0
	0
	0
	0
	0
	0
	0
	3

	C07
	n.d.
	n.d.
	n.d.
	1
	0
	0
	0
	0
	0
	0
	0
	0

	C08
	n.d.
	n.d.
	n.d.
	7
	32
	0
	0
	0
	0
	0
	0
	0

	C09
	n.d.
	n.d.
	n.d.
	0
	27
	0
	0
	0
	0
	0
	0
	0

	C10
	n.d.
	247
	n.d.
	0
	0
	0
	0
	0
	0
	0
	20
	20

	C11
	n.d.
	n.d.
	n.d.
	7
	51
	0
	0
	0
	0
	0
	0
	0

	total
	-
	-
	-
	15
	168
	0
	324
	31
	34
	49
	63
	227


n.d.: no data reported; (shaded fields): average/range values reported; (connected fields): no distinction between personal and static lead in air monitoring, or missing sampling date (blood lead data); stated above are the entire number of workers employed at the plant (total), those under medical surveillance (md.surv.), and those actively involved in production (prod.).

Table 4.85:
Production of ceramic ware: reported data overview, industry associations
	ID
	Number of
employees
	Number of
exposure data reported
	Number of
blood lead data reported

	
	total
	md. surv.
	prod.
	static air
	pers. air
	dermal
	prior
	1998
	1999
	2000
	2001
	later

	CET
	n.d.
	n.d.
	n.d.
	0
	1142
	0
	0
	3057
	3240
	3405
	3689
	0

	CBG
	n.d.
	n.d.
	n.d.
	5
	5
	0
	0
	0
	0
	6


CET: Spanish tile industry; CBG: German BG; n.d.: no data reported; (shaded fields): average/range values reported; (connected fields): no distinction between personal and static lead in air monitoring

Process description and subjective exposure assessment

General remarks: Used at appropriate weight-percentage loadings within silicate glazes, lead can improve the chemical durability of glazes and colours on ceramic wares, helping them to withstand detergent attack, and it produces a smooth, durable, hygienic surface that resists scratching and knife marking. Lead lowers the surface tension and viscosity of silicate glasses to allow bubbles to escape efficiently from the glaze layer. As a result, the glaze can melt and flow freely over a wide range of temperatures, thus healing any blemishes caused by bubbles and finally producing a uniform smooth surface. Lead can act as a flux by lowering the firing temperature, and thus contributes to the proper rate of expansion and contraction of the glaze in relation to the body, thereby reducing the tendency for temperature-induced chipping, cracking or crazing of the glaze. Because of their high reflective index, leaded glazes have a brilliance that has not been matched by any other material. Lead also stabilizes decorating colours, allowing a broader palette of colours to be used without fading during firing. Many ceramic tableware products could not be produced without the use of leaded glazes and/or colours.

Lead is introduced into glaze compositions as lead bisilicate frit, a fused vitreous mixture of two or more compounds, which is finally milled back to a powder. For example, lead monosilicate (PbO∙0.67SiO2), which is considered one of the most economical methods for introducing lead into a glaze, contains 85 percent PbO and 15 percent SiO2. The frit form desolubilises any lead compounds. The frit also allows the glazes to be fired at lower temperatures and creates a more uniform glaze. The fritted glaze usually includes clay or organic binders, which ensure that the glaze adheres to the ceramic and does not dust off prior to firing. Frits are usually manufactured by frit manufacturers rather than ceramic manufacturers.

Lead may be used in the glazing or decoration of a variety of ceramic ware, decorative items and tableware for food contact applications. No information is currently available on the quantities of lead used in the EU ceramics industry.

The various processes relevant to the ceramics industry in which workers may be occupationally exposed to lead can be summarised as follows:

(1)
Production of frits


Frit is a homogeneous melted mixture of inorganic materials, which is used to render soluble compounds more “inert” by combining them in a silica matrix with other oxides. Frit is prepared by fusing a variety of minerals in a furnace, and then rapidly quenching the molten material in water or by cooled rollers. The constituents of the feed material depend on the intended use of the frit material, and include the primary constituents silica, fluorspar, soda ash, borax, feldspar, zircon, aluminium oxide, lithium carbonate, magnesium carbonate, and titanium oxide, as well as smaller amounts of metal oxides such as cobalt oxide, nickel oxide, copper oxide, and manganese oxide.


Raw materials are shipped to the manufacturing facility in bins or transport silos. Next, the raw materials are weighed in the correct proportions. The raw batch is then dry mixed and transferred to a hopper prior to being fed into the smelting furnace. Although pot furnaces, hearth furnaces, and rotary furnaces have formerly been used to produce frit in batch operations, most frit is now produced in continuous smelting furnaces.


Depending on the application, frit smelting furnaces operate at temperatures of 930- 1480°C. If a continuous furnace is used, the mixed charge is fed by screw conveyor directly into the furnace. Continuous furnaces operate at temperatures of 1090-1430°C. When smelting is complete, the molten material is passed between water-cooled metal rollers that limit the thickness of the material, and then it is quenched with a water spray that shatters the material into small glass particles called frit, or it is quenched by cooled rollers.


After quenching, the frit is milled by either wet or dry grinding. If the latter, the frit is dried before grinding. Frit produced in continuous furnaces generally can be ground without drying, and it is sometimes packaged for shipping without further processing. Wet milling of frit is no longer common. However, if the frit is wet-milled, it can be charged directly to the grinding mill without drying. Rotary dryers are the devices most commonly used for drying frit. Drying tables and stationary dryers also have been used. After drying, magnetic separation may be used to remove iron-bearing material. The frit is finely ground in a ball mill, into which clays and other electrolytes may be added, and then the product is screened and stored. 


The frit product then is transported to on-site ceramic manufacturing processes or is prepared for shipping. When frit containing lead oxides is being manufactured, lead emissions are created by the frit smelting operation in the form of dust and fumes. These emissions consist primarily of condensed lead oxide fumes that have volatilised from the molten charge.

(2)
Production and handling of pigments and colours for ceramic ware


The lead-containing inks and colours used to decorate the ceramic ware may be manufactured on sites different to those of the ceramic ware. The lead-containing materials which are typically used are lead borosilicate glasses as a fine powder 200-300 mesh (75-85 microns) and packed in plastic lined paper bags or plastic tubs. The lead borosilicate glass is the base material used in the formulations to which various materials are added such as inorganic pigments, titanium dioxide, aluminium oxide etc. These provide the colour or surface effect to the finished product when fired on by the customer. The final product in formulations is a "medium" which is used to transport the powders to the object being decorated. The "medium" can be in two forms; "cold"; based on pine oil with various resins as additives and "hot"; based on paraffin wax or stearyl alcohol with small additions of waxes.


The required materials are weighed into a mixing bowl. This will include lead borosilicate glass, inorganic pigments and materials to create effects and "medium". The weighed materials are mixed on low speed and high speed mixers to form a paste. Where the final colour products are to be printed through fine silk screens, it is necessary to remove all agglomerates formed in the mixing. To achieve this, the paste is passed over a three-roll mill, after which the rolling the paste is put back onto the mixer to ensure a homogeneous mix. After stringent quality control checking the paste is packed in steel UN approved drums. However it should be noted that products can be sold part-processed which eliminates the pasting process but requires sieving to ensure a homogenous mix.

(3)
Lithography


In this process, pre-fabricated lithographs in which any lead pigment is contained in a matrix are applied either manually to pre-glazed ceramic ware or by printing directly onto the ceramics in an automated system. According to information from the four major producers in the ceramics industry, blood lead monitoring is not conducted in their litho departments, since the lead contained in the pigment is enclosed in the litho and is therefore not considered to be bio-available (Morall, 2004).

(4)
Decoration


Two principally different decoration techniques are employed:


(i) Lead-containing inks/paints may be applied either manually with a small brush or by automated printing. The lead pigment is contained in a liquid, frit-based formulation, and inhalation exposure is therefore zero. Whereas there is the theoretical possibility of dermal exposure, this task in fact required a high artistic skill and maximum cleanliness; otherwise, the ceramic work pieces would be spoilt by contamination. As a result, dermal and inhalation exposure is negligible.


(ii) In a different process, pre-glazed work-pieces will be sprayed under controlled conditions and effective extraction with a fine coat of an oil- or solvent/wax-based lead-based ink/paint. After drying, artists in the decorating shop will remove minor portions of this coat manually with the aid of a brush, spatula or other similar devices, after which the work pieces would again be subjected to firing, and perhaps subsequent cycles of decorating/firing. There is some release of lead-containing dust, but at a very low level and under effective LEV.

(5)
Glazing


Lead compounds may be used in glazing of ceramic ware, and are therefore applied after the ceramic ware has been formed and undergone a first firing ("biscuit firing"). Glazes provide a smooth surface sealing the clay. Adding lead to glazes improves their chemical durability, colour, resistance to scratching, and facilitates the glaze to be melted and fluxed easily. Lead increases the strength of the bond between glaze and substrate, but the use of lead in glazes is being phased out by the ceramic industry. Prior to glaze application, the frit material and other glaze constituents may be ground in a ball mill until they reach a desired size distribution. Leaded glaze is applied to ceramics in a liquid form (suspension of clay and frit material in water) either by spraying or dipping:


(i) Spraying is probably the more common method of glaze application in the ceramic industry today. Various types of automatic glaze sprayers have been developed. These sprayers may be circular or a straight conveyor line. They are generally capable of rotating the ware and have multiple spray guns, which can be oriented according to the item being sprayed, allowing even application of glaze thickness. Local exhaust ventilation systems utilizing wet collectors are used to remove fine airborne droplets from the working environment. As the glaze is costly, all washings from this process area (excluding floor washings) can be put through a glaze reclaim system. Reclaimed glaze can be used with virgin glaze at the desired ratio. Floor washings are collected and treated before being discharged. The settled solids are filter pressed to reduce the remaining water and the resulting cake is sent to landfill.


(ii) Dipping is an older process for glaze application, and is generally used only on shapes that are not conducive to spraying. Dipping can either be a manual process, or automatic/robotic dipping machines are used to avid such manual contact. Flat surfaces (such as wall tile) can also be glazed using a waterfall technique – passing the tiles under a thin falling sheet of glaze.

(6)
Others (firing, cleaning and maintenance, quality control)


Firing: articles of ceramic ware that have been formed from clay and other materials need to undergo a first firing ("biscuit firing") prior to glazing (see above). Then, following application of the glaze, the ceramic ware is fired for a second time ("Glost firing"). After this, articles may be decorated and then fired for a third time in a decorating kiln, or in a further stage some ceramic ware is decorated with precious metals and then fired again in an "enamel kiln". The finished items are then packaged in paper and/or plastic packaging. In view of the full containment employed during firing, this process stage is not considered to entail any relevant dermal or inhalation exposure.


Cleaning and maintenance, quality control: In view of the generally low exposures in this industry, and the level of containment employed, this part of the workforce is not anticipated to be exposed to a relevant extent to lead.

Occupational exposure assessment – industry monitoring data

Based on the current status of the feedback, exposure data were grouped into the following categories (to be verified):

Table 4.86:
Production of ceramic ware: workplace categories
	Workplace category
	Workplace description
	Tasks performed

	Cem1
	production of frits
	raw material handling, smelting, quenching, wet milling/grinding 

	Cem2
	production and handling of pigments
	weighing, ball-milling, filling

	Cem3
	lithography
	manual transfer of lithographs

	Cem4
	decoration
	manual painting and artwork, printing

	Cem5
	glazing
	dipping, spraying

	Cem6
	others
	firing, cleaning and maintenance, quality control


Blood lead data

The data reported below were assessed separately for individual EU company responses and for the Spanish tile industry. Only data that were submitted as individual blood lead measurements identified by an ID on a worker-by-worker basis, and which were allocated to a specific workplace category were entered into a common data base for subsequent statistical evaluation. Since in some cases, a worker may have been monitored not only once, but instead as much as even 4-8 times per year, all data per worker were computed into an annual median value for each person prior to merging them into the data base. By this procedure, any skewing of the data by individuals with higher sampling frequency was avoided. The tables below summarise the evaluation of blood lead data [in µg/dL] in the ceramics industry for these two different sets of data. It should be noted that the blood lead data presented in Table 4.87 (also presented graphically in Figure 4.35) have been subject to a considerable decline during the past two decades, which is why a subset for the period relevant for this risk assessment report (i.e. 1998-2001) was evaluated separately, as presented in Table 4.88 below. The latter shows typical and RWC blood lead levels that are in reasonable agreement with those of the Spanish and the German industry data set.

Table 4.87:
Production of ceramic ware: blood lead data [µg/dL] for the years 1981-2003, individual company responses
	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	Cem1
	n.d.
	n.d.
	n.d.
	n.d.
	0

	Cem2
	66
	38
	18
	4
	171

	Cem3
	28
	26*
	20
	12
	3

	Cem4
	33
	17
	10
	3
	48

	Cem5
	55
	29
	19
	5
	63

	Cem6
	58
	30
	14
	2
	157

	not allocated
	25
	14
	5
	2
	121

	all data
	66
	30
	14
	2
	563


*: the 90th percentile is calculated using the “R”-method; n.d.: no data reported

Table 4.88:
Production of ceramic ware: blood lead data [µg/dL] restricted to the years 1998-2001, individual company responses

	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	Cem1
	n.d.
	n.d.
	n.d.
	n.d.
	0

	Cem2
	44
	22
	16
	6
	51

	Cem3
	n.d.
	n.d.
	n.d.
	n.d.
	0

	Cem4
	n.d.
	n.d.
	n.d.
	n.d.
	0

	Cem5
	n.d.
	n.d.
	n.d.
	n.d.
	0

	Cem6
	26
	22
	13
	5
	49

	not allocated
	25
	16
	6
	2
	40

	all data
	44
	21
	13
	2
	140


n.d.: no data reported

In the tables above, there is a complete absence of data for B1 (frit production), likely to result from the fact that such activities can be expected to be conducted outside of typical ceramics works by specialised companies. With respect to workplace category B3 (lithography), the assessment is based only on 3 individual data points from a period of more than 20 years of monitoring. At a first glance, this would need to be regarded with caution, and uncertainties arising from this assessment need to be qualified. The lack of data as explained by this industry is due to the use of pre-fabricated lithographs are manually fitted to unfinished ceramic ware. Since any lead pigments are firmly bound within the matrix of the lithograph, there is negligible exposure via inhalation or dermal contact, which is why industry has long since abandoned any blood lead monitoring.

Table 4.89:
Production of ceramic ware: blood lead data [µg/dL], Spanish tile industry

	Workplace
	Max
	90th percentile
	Median
	Min
	No. of data

	not allocated
	84
	23
	18
	7
	13,391


A detailed analysis of blood lead data on a company-by-company basis is presented in Table 6.4 in Appendix II of this report. Whereas the two data bases above do not distinguish between male and female workers, the German BG indeed provided an analysis for female workers in the ceramics industry up to an age of 45 years, with a categorised breakdown of blood lead levels as follows:

Table 4.90:
Production of ceramic ware: blood lead data from German BG [number of employees / µg/dL]
	Workplace
	Lead in Blood [µg/dL]
	total

	
	0.0 – 9.9
	10.0 – 19.9
	20.0 – 29.9
	30.0 - 39.9
	40.0 – 49.9
	> 50
	

	not allocated
	504
	239
	93
	42
	7
	4
	889


On a preliminary basis, it can be said that the 90th percentile of female blood lead are between 20-30 µg/dL, whereas typical (median) levels are below 10 µg/dL.

Time trends

In view of the fact that the ceramics industry provided a blood lead data base dating back as far as 1981, the following graphical presentation is provided. Despite the fact that the data base is limited (approx. 560 data points in total), it nevertheless demonstrates a steady decline of blood lead data over the past two decades:
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Figure 4.35:
Production of ceramic ware: annual blood lead median values (1981-2003), EU15

A similar graphic presentation as in other chapters of this report is given below for the Spanish tile industry. Despite the fact that an allocation to workplaces was not provided, this data base is much larger (approx. 13,000 data points) than the one shown above, and still supports a slow downward trend in the years 1998-2001.
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Figure 4.36:
Production of ceramic ware: annual blood lead statistics, Spanish tile industry

Occupational inhalation exposure (measured data)

The following table summarises the existing exposure data [mg/m³] for this sector, divided into static (7 individual measurements) and personal (32 individual measurements) samples, and broken down according to workplace category.

Table 4.91:
Production of ceramic ware: inhalation exposure data [mg/m³], individual company responses
	Workplace
	Personal/static
	Max
	90th percentile
	Median
	No. of data

	Cem1-Cem4, Cem6
	static
	n.d.
	n.d.
	n.d.
	0

	Cem5
	static
	0.030
	0.018*
	0.010
	7

	all data
	static
	0.030
	0.018*
	0.010
	7

	

	Cem1-Cem4, Cem6
	personal
	n.d.
	n.d.
	n.d.
	0

	Cem5
	personal
	1.370
	0.112
	0.040
	32

	all data
	personal
	1.370
	0.112
	0.040
	32


*: the 90th percentile is calculated using the “R”-method; n.d.: no data reported

In the interpretation of the data above it must be considered that this only represents two companies with a very limited data set for only one workplace, and therefore is hardly representative of current operational standards.

Table 4.92:
Production of ceramic ware: inhalation exposure data [mg/m³], Spanish tile industry
	Workplace
	Personal/static
	Max
	90th percentile
	Median
	No. of data

	Cem1
	personal
	n.d.
	n.d.
	n.d.
	0

	Cem2
	personal
	0.736
	0.127
	0.045
	261

	Cem3
	personal
	0.361
	0.107
	0.041
	94

	Cem4
	personal
	0.194
	0.120
	0.040
	57

	Cem5
	personal
	0.958
	0.102
	0.030
	507

	Cem6
	personal
	0.178
	0.063
	0.022
	199

	not allocated
	personal
	0.159
	0.125
	0.055
	24

	all data
	personal
	0.958
	0.103
	0.033
	1,142


n.d.: no data reported

From this consistent data base of very recent data with more than 1,000 personal values, it may be concluded that exposure levels are largely in compliance with current EU OELs, since the 90th percentiles are close to 100 µg/m³, and typical exposures are consistently at half of the lowest current OEL.

Table 4.93:
Production of ceramic ware: inhalation exposure [number of values / mg/m³], German BG
	Workplace
	personal/static
	Inhalational exposure [mg/m³]
	total

	
	
	< 0.01
	0.011 - 0.025
	0.026 – 0.05
	0.051 – 0.1
	> 0.1
	

	not allocated
	static
	29
	12
	6
	7
	2
	56

	

	not allocated
	personal
	4
	8
	10
	7
	5
	34


From the available preliminary report, it is not evident how many companies in Germany were monitored, and the data are only available in an aggregated format. Nevertheless, since this data compilation represents a very recent analysis, the data are considered for comparative reasons. Thus, considering all 90 values, the 90th percentile is below the German OEL (MAK) of 0.1 mg/m³.

The following graph gives a comparative overview of all companies reporting non-aggregated exposure data, with “CE” representing the companies of the Spanish tile industry, whereas companies denominated with “C” represent the other two European ceramic producers. Note that from a total of 110 companies contributing data to the Spanish data set, only those 30 with the highest number of samples were selected for the graphical presentation:
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Figure 4.37:
Production of ceramic ware: distribution of personal exposure monitoring values by company, EU15 vs. Spanish tile industry

Occupational dermal exposure (measured data)

Dermal exposure monitoring has previously not been routinely conducted at any of the EU production sites. An attempt will therefore have to be made to extrapolate from data for other sectors, where possible.

Modelled exposure data

Modelled exposure data were not generated for this sector.

Comparison with analogous substances

A comparison with analogous substances is not required in view of the extent of data specific for this sector.

Literature data on occupational exposure in the ceramics industry

The UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers of the UK potteries, glazes and transfers sector report a total of 155 workers occupationally exposed to lead, 6.5 % of which had blood lead levels in excess of 40 µg/dL. Lead in blood was monitored in 1200 workers employed in the artistic ceramics industry in Italy by DeRosa et al. (1991). Pb-B concentrations were evaluated according to sex, length of exposure, smoking habits, and task. It was concluded that the risk of lead uptake in this industrial sector is low, and may vary according to job assignment. In general, the Pb-B values for both males and females were generally low:

Table 4.94:
Ceramics industry in Italy: blood lead values [µg/dL], by Sex

	Sex
	Mean
	SD
	No. of data

	Males
	29
	13
	667

	Females
	21
	10
	533

	Total
	26
	12
	1,200


Table 4.95:
Ceramics industry in Italy: blood lead values [µg/dL], by workplace

	Workplace
	Mean
	SD
	No. of data

	Glazing
	31
	15
	180

	Kiln work
	29
	12
	194

	Various operations I
	19
	10
	53

	Various operations II
	27
	11
	90

	Decoration
	24
	11
	683


RPE

A detailed questionnaire study on the use of personal protective equipment was not conducted for this sector, since overall exposure levels are low, as reflected also in the blood lead data, and RPE is therefore not routinely used in this industry sector.

Conclusions

A well-documented set of inhalation exposure data from the Spanish tile industry is available which covers the majority of workplaces in the ceramics industry where occupational exposure to lead is possible. Two further sets of data are available, which however do not exhibit the same level of consistency and extent, but nevertheless support the following conclusions for those workplaces for which data were made available:

· the available recent personal air monitoring data in different EU countries indicate that worst case lead exposure levels are either at or below the current OELs (100-150 µg/m³), and typical exposures are at approx. half of this level, suggesting that inhalation exposure in this industry sector is controlled according to statutory limits. For these reasons, modelled inhalation exposure data (EASE) were not generated.

· the 90th percentiles of blood lead levels were clearly below 40 µg/dL for all workplaces that were assessed, with typical values largely in the range 10-20 µg/dL.

· measured dermal exposure are not available for this industry sector, and the relevance of modelled data (EASE) is highly debatable. However, despite that dermal exposure currently can not be assessed adequately, the well-documented blood lead levels in several different sets of occupationally exposed workers do not give rise to any indication of risk.

Given the volume and consistency of the blood lead data base from the Spanish tile industry summarised in Table 4.89, these data will be taken forward to risk characterisation, despite that these are not available on a workplace-specific basis and therefore are therefore somewhat inconsistent with the approach taken in previous sections.

4.1.1.2.8 Scenario 8: PVC processing

Data in support of the assessment provided in this sub-chapter were submitted by a key PVC processing sector, considered to represent approx. > 80% of PVC profile producers (EPPA, 2006) located in Germany, Belgium, France and UK.

In the manufacturing of PVC, lead stabilisers are added during the compounding phase to the PVC matrix prior to the extrusion process in order to provide protection of the final PVC product against the influence of temperature and light. However, it is explicitly noted here that in the year 2000, the PVC industry committed itself to replacing lead stabilisers by 2015 in the EU-15, with interim targets of a 15% reduction by 2005 and a 50% reduction by 2010. Following the enlargement of the European Union, industry pledged in May 2006 to extend the phase-out of lead stabilisers to the EU-25 by 2015, and endorsed it into the revised Voluntary Commitment, supervised by the EU Commission. As a consequence of this, there are already currently some PVC production sites in Europe that no longer consume lead-containing stabiliser products.

Data collection

European PVC processors (profiles only) were contacted and asked to provide Pb-blood data and to complete a questionnaire. Besides general site-related information (e.g. location, tonnages, etc.), substance and process related data, information on the applied exposure control measures and used RPE, the questionnaire also asked for qualifying information of the biomonitoring data (e.g. analytical method).

EPPA member companies were contacted, resulting in eleven responses from individual production sites, including one response of a company that stated to no longer use lead stabilisers. Finally, seven sites provided Pb-blood data which were assessed for their quality and processed as other surveyed data in this report outlined in Chapter 4.1.1.1.4.

The table below displays the data contributors (i.e. sites that provided Pb-blood data) and also those which responded by providing qualitative information only.

Table 4.96:
Production of PVC profiles: list of data contributors

	The following companies submitted data adequate for the purposes of this report:

	Company 1*

	Company 2*

	Company 3*

	Company 5*

	Company 6*

	Company 8*

	Company 9*

	The following companies either stated not to use lead any more, or responded with inadequate data, or stated they could not provide adequate data for formal legal reasons:

	Company 4*

	Company 7*

	Company 10*

	Company 11* (no longer uses lead stabilisers)


*: All company names were deleted for reasons of confidentiality. Please refer to Chapter 6.5 (Confidential Appendix) for a complete list of names of companies which were involved in the data collection of this report.

An overview of the number of available blood lead values for the period 1998-2006 (not reported consistently by data submitting companies) is given in the table below:

Table 4.97:
Processing of PVC: reported data overview
	ID
	Number of
employees
	Number of
exposure data reported
	Number of
blood lead data reported

	
	total
	md. surv.
	prod.
	static air
	pers. air
	dermal
	prior
	1998
	1999
	2000
	2001
	later

	V01
	414
	12
	200
	0
	0
	0
	0
	0
	0
	0
	0
	6

	V02
	925
	33
	350
	0
	0
	0
	0
	19
	16
	25
	20
	91

	V03
	466
	20
	405
	0
	0
	0
	0
	0
	3
	3
	8
	35

	V05
	150
	35
	107
	0
	0
	0
	0
	0
	0
	0
	0
	29

	V06
	158
	13
	62
	0
	0
	0
	0
	11
	11
	15
	0
	0

	V08
	680
	n.d.
	530
	0
	0
	0
	0
	19
	21
	14
	23
	0

	V09
	60
	50
	50
	0
	0
	0
	0
	0
	0
	0
	0
	97

	total
	2,853
	163
	1,704
	0
	0
	0
	0
	49
	51
	57
	51
	258


n.d.: no data reported; (shaded fields): average/range values reported; (connected fields): no distinction between personal and static lead in air monitoring, or missing sampling date (blood lead data); stated above are the entire number of workers employed at the plant (total), those under medical surveillance (md.surv.), and those actively involved in production (prod.).

Process description

The following process description was derived from the responses of the survey in the PVC profile sector as described above. It is noted here that lead-stabilised PVC is also used for the production of piping, cables and sheets. Whereas the final product forming processes (i.e., extrusion or calandering) will vary, it may nevertheless be assumed that similar handling procedures for lead stabiliser products are in place, which in turn will yield similar exposures during raw material handling. The various processes relevant to the PVC profile industry in which workers may be occupationally exposed to lead can be summarised as follows:

(1)
Raw material handling

Lead stabilisers are either delivered in IBCs (10 - 25 tons), 1000 kg big bags or 25 kg paper bags (one site only) exclusively in dry powder or masterbatch (incl. pellets or granules) form (each of which were stated by 50% of the responding sites). Closed pneumatic conveying systems with vacuum unloading and subsequent air filter systems are predominately used to transport the raw material to the mixing unit.


The duration of handling lead compounds varies from 6 – 125 minutes per shift, with a typical duration of 20 minutes and a reasonable worst case duration of 86 minutes, respectively (see Table below).


Depending on the type of unloading system, limited dermal and inhalation exposure to lead may occur. The wearing of RPE was stated to be mandatory at most sites (7 out of 10). 8 out of 10 sites stated to have a closed system for further handling of the raw material installed. The other responding sites stated to have either LEV/extraction installed, or did not declare any information (one site).

Table 4.98:
Processing of PVC: Frequency and duration of handling lead stabilisers
	ID
	Frequency
	Period
	Duration [min]
	Duration per shift [min]

	V01
	16
	shift
	3
	48

	V02
	4
	day
	5
	20

	V03
	3
	shift
	2
	6

	V04
	1
	shift
	5 to 10**
	10

	V05
	2
	shift
	10
	20

	V06
	3
	day
	20
	60

	V07
	n.d.
	n.d.
	n.d.
	n.a.

	V08
	25
	day
	<5**
	125

	V09
	n.d.
	n.d.
	n.d.
	n.a.

	V10
	n.d.
	n.d.
	n.d.
	n.a.

	n
	7
	7
	7
	7

	Median
	n.a.
	n.a.
	5
	20

	90th percentile*
	n.a.
	n.a.
	14
	86


*: the 90th percentile is calculated using the “R”-method; **: the maximum durations were taken as worst case assumptions; n.d.: no data reported; n.a.: not applicable

(2)
Mixing operations (compounding)

Prior to mixing, all process materials are weighed with the aid of automated weighing systems. PVC and additives are compounded in a two-stage mixing process in a closed system. The mixer disperses and heats the material up by the friction exerted. The hot PVC-dry blend is then released (in a closed system) to the cooling mixer after reaching the target temperature. During the subsequent homogenisation step, the PVC-dry blend is cooled down to the final temperature and conveyed to an internal silo. From this silo, the dry-blend is fed to the extruder by a feed screw.


Inhalation or dermal exposures are only possible during maintenance, cleaning and quality control. In these cases an overall, gloves and a half-mask are worn as PPE. As in raw material handling, companies use a closed system and/or have LEV or extraction devices installed.

(3)
Extrusion (Forming)

The compounded polymer resin is heated to a molten state while it is fed to the extrusion tool. The heated mass is forced through a "die" to obtain the desired shape. The extruded profiles are then cooled (under running water in a closed loop) and solidified as they are withdrawn from the "die". Inhalation exposure to lead is very unlikely at this process stage since the lead is now tightly bound within the initially molten, but finally solid matrix. For lack of direct handling at this stage, dermal exposure is minimal.


The resulting PVC profiles are then cut to a defined length by sawing or other suitable procedures. Finally, they may require thermal joining procedures when producing either semi-finished or final products (such as door or window frames, for example). Whereas inhalation exposure is likely to be minimal, extensive dermal exposure through contact with profiles is inevitable.

(4)
Others (internal logistics, cleaning, maintenance, quality control, engineering)


Finally, PVC profiles are packaged and shipped. As above, dermal exposure during handling/loading is possible.

Occupational exposure assessment – industry monitoring data

Based on the current status of the feedback, the following workplace categories were defined:

Table 4.99:
Processing of PVC: workplace categories
	Workplace category
	Workplace description
	Tasks performed

	PVC1
	raw material handling
	raw material handling

	PVC2
	mixing operations
	weighing, filling

	PVC3
	forming
	extrusion, calandering etc.

	PVC4
	others
	packaging, shipping, cleaning and maintenance, quality control


Blood lead data

For this assessment, only data that were submitted as individual blood lead measurements and identified by an ID on a worker-by-worker basis, and which could be allocated to a specific workplace category were used for this statistical evaluation (data not allocated to a specific workplace are included in the table below under “not allocated”).

Since in some cases, a worker may have been monitored not only once, but instead as much as even 2-4 times per year, all data per worker were computed into an annual median value for each person (where relevant) prior to merging them into the data base for further evaluation. By this procedure, any skewing of the data by individuals with higher sampling frequency was avoided. The table below summarises the evaluation of blood lead data [in µg/dL] in the primary lead industry for a thus “compressed” data base of 419 data points. The typical (median) values are fairly close to a level of 20 µg/dL, whereas the 90th percentiles do not exceed a level of 40 µg/dL in any of the workplace categories as shown in the table below:

Table 4.100:
Processing of PVC: blood lead data [µg/dL] for the years 1998-2006
	Workplace
	Max
	90th percentile*
	Median
	Min
	No. of data

	PVC1
	44
	39
	25
	2
	90

	PVC2
	48
	32
	19
	3
	217

	PVC3
	46
	25
	15
	5
	27

	PVC4
	32
	19
	12
	7
	35

	not allocated
	33
	24
	11
	2
	50

	all data
	48
	33
	16
	2
	419


*: the 90th percentile is calculated using the “R”-method; n.d.: no data reported

In addition to the typical and RWC values established in the table above, the following graph illustrates the time trends of workplace-specific, median (entire data base) blood lead levels over the years 1998-2006, plus indicating the number of values (“counts”) per year. In brief, it appears reasonable to assume a more or less constant blood lead level throughout this period.
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Figure 4.38:
Processing of PVC: annual blood lead median values (1998-2006), EU15

Figure 4.39 below displays the variability of blood lead values on a company-by-company basis. Only 1 out of 7 sites in Europe providing such data exhibited blood leads with a 90th percentile close to 40 µg/dL, whereas the others were well below 35 µg/dL.
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Figure 4.39:
Processing of PVC: inter-company variability in blood lead levels
The table below presents the same data as above, but analysed for min/max, worst-case and typical blood lead values on a company-by-company basis:

Table 4.101:
Processing of PVC: blood lead values [µg/dL], by company
	Company ID
	Max
	90th percentile
	Median
	Min
	No. of data

	V01
	28
	28
	19
	9
	6

	V02
	45
	32
	15
	2
	171

	V03
	44
	40
	33
	8
	49

	V05
	46
	27
	15
	5
	29

	V06
	31
	30
	15
	7
	37

	V08
	48
	28
	18
	5
	77

	V09
	33
	24
	11
	2
	50

	all data
	48
	33
	16
	2
	419


Occupational inhalation exposure (measured data)

Inhalation exposure data were not provided by this industry sector. However, we note that inhalation exposure during manual handling/loading of lead stabilisers exist for the sector producing such materials, which could be used for extrapolation purposes (for details, please refer to sub-chapter 4.1.1.2.5). In addition, published exposure data exist (see below) which may be used to assess the relative contribution of the inhalation route to overall lead exposure.

Occupational dermal exposure (measured data)

Dermal exposure data were not provided by this industry sector.

However, we note that a dermal exposure monitoring survey (Hughson, 2005) describes dermal exposure levels in manual handling/loading of lead stabiliser compounds, which could be extrapolated to this sector (for details, please refer to sub-chapter 4.1.1.2.5), when required.

Further, in the consumer exposure section, a recent report by IOM (Sleuwenhoek & van Tongeren, 2006) is summarised that discusses potential dermal exposure during manual handling of PVC profiles. However, it is noted that those measurements do not reflect true dermal exposure, since merely PVC surface contamination with lead was measured, instead of direct contact tests with human skin.

Modelled exposure data

Currently available model approaches do not adequately reflect the dermal and inhalation exposure patterns characteristic of this industry sector, which is why these are omitted here.

Comparison with analogous substances

Detailed data on particle size distribution and dustiness for lead oxides and lead stabiliser compounds are presented in detail in chapter 4.1.1.1.7. Considering that the dustiness of lead tetroxide, dibasic lead phthalate, basic lead sulphate, tribasic lead sulphate, tetrabasic lead sulphate and basic lead carbonate are rather similar (range: 7-37 mg/g) to that of zinc oxide (30 mg/g), the extrapolation from zinc oxide as a suitable analogy may be considered justified. On the other hand, the other seven lead compounds have a dustiness which is an order of magnitude higher (ranging from 149 to 287 mg/g), so that the use of zinc oxide as an analogy for this group of substances may involve a certain, unknown level of underestimation.

Literature data on occupational exposure in the PVC industry

No relevant data could be identified in a recent literature search, except for the following publication: the exposure of workers to lead in several industries in Singapore was investigated by Ho et al. (1998), including a total of 61 workers from two PVC compounding plants together with 111 matched controls. In the PVC compounding plants, the mean lead-in-air level was 36 µg/m³, with the highest levels occurring during the pouring and mixing operations. The mean blood lead levels were reported as follows:

Table 4.102:
PVC compounding in Singapore: personal inhalation exposure and blood lead montitoring [µg/dL]

	Monitoring
	Maximum
	Mean
	SD
	Minimum
	No. of data

	Inhaltion
	0.277
	0.036
	0.062
	<DL
	61

	Blood lead
	76
	24
	13
	7
	61


Merely for reasons of completeness, it is noted here that the UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers in the UK do not report data for this industry sector separately.

PPE

The statements on the use of RPE/PPE by the data contributors are reflected in the process descriptions given further above.

Conclusions

A well-documented set of blood lead data from the EU PVC profile industry is available which covers the majority of EU workers in this sub-sector. Representative inhalation and dermal exposure data are not available for this sector, so that for any future analyses of these exposure routes, analogous data from other scenarios would have to be considered.

In consideration of the available blood lead data set from the PVC profile industry, the workplace-specific typical and reasonable worst-case values as summarised in Table 4.100 will be taken forward to risk characterisation.

4.1.1.2.9 Scenario 9: Exposure in abatement, demolition and scrap industries

A literature search was conducted in which the following potentially relevant published references were identified. However, we note that published material focuses almost exclusively on inhalation exposure during lead paint removal operations from wooden or steel structures (also designated as “abatement”), whereas apart from UK HSE blood lead statistics, there is only little information available for demolition and scrap operations.

Field studies investigating actual workplace exposure

The exposure of workers to lead in a furniture refinishing facility was assessed by personal and static sampling of airborne lead and by qualitative surface wipes (using LeadCheck® swabs that are said to reproducibly detect lead in paint at 0.5%). The principal tasks in this furniture shop involved paint stripping (in a tank), rinsing, sanding and refinishing. The measured airborne lead concentrations were stated (no specific values reported) by the authors to be “well below applicable occupational exposure criteria”, and only two out of eight surface wipe samples detected lead (Hall, 2003).

The personal exposure of workers to lead aerosols formed during removal of windows painted with lead-based paint during building renovations was investigated using the sampling methodology described below (Lange & Thomulka, 2000). The tasks involved removing the window with frame, including some wood cutting, and amounted to approx. 3-6 windows per day. No wetting or cleaning was conducted before or during the removal operations. A total of 11 samples were taken, which were all below 0.05 mg Pb/m³ (Table 4.103) (Lange, 2001).

Task-specific lead exposures were measured by collecting a total 224 personal air samples from 16 workers involved in lead abatement operations in the San Francisco Bay area. Sampling of lead in air was conducted with the aid of a closed-face 37-mm cassette sampler (0.8 µm mixed cellulose ester filter; flow rate 4L/min; analysis by AAS). Exposures were very variable, ranging from 0.001 mg/m³ to as much as 0.146 mg/m³, with the highest exposures occurring during paint scraping, demolition and chemical stripping (Table 4.103) (Reames et al., 2001).

The investigation of personal airborne lead exposure levels of workers performing paint removal operations for lead-based paint on steel structures is described. Samples were collected on a 37-mm closed face cellulose filter (0.8 µm) at a flow rate of 3 l/min, followed by AAS. The tasks involved removing paint from steel beams (approx. 1,000 square feet treated by 4-6 workers in a 7-day period) by needle gun methodology. No wetting or cleaning was conducted before or during the removal operations. A total of 13 samples were taken, which were all below 0.050 mg Pb/m³, with a mean value of 0.008 mg/m³ (Table 4.103) (Lange & Thomulka, 2000).

Table 4.103:
Inhalation exposure in lead based paint abatement [mg/m³], published data by source
	Source: Lange (2001)1, Lange & Thomulka (2000)2

	Abatement of LBP***
	Personal/static
	Max
	Mean / SD
	Geometric mean / GSD**
	Min
	No. of data

	from windows1
	personal
	0.015
	0.004 / 0.005
	0.003 / 2.3
	0.001
	11

	from beams2
	personal
	0.021
	0.008 / 0.006
	0.005 / 2.3
	0.002
	13

	Source: Reames et al. (2001)

	Single tasks
	Personal/static
	Max
	Mean / SD
	Geometric mean / GSD**
	Min**
	No. of data

	Exterior (Ext.) scraping
	personal
	0.123
	-
	0.005 / 5.4
	<0.001
	64

	Clean-up
	personal
	0.017
	-
	0.002 / 2.8
	<0.001
	25

	Interior (Int.) scraping
	personal
	0.139
	-
	0.008 / 5.1
	0.001
	19

	Demolition
	personal
	0.080
	-
	0.010 / 2.9
	0.003
	15

	Chemical stripping
	personal
	0.021
	-
	0.010 / 1.9
	0.003
	14

	Int. wet sanding
	personal
	0.005
	-
	0.001 / 2.3
	0.001
	14

	Component removal
	personal
	0.008
	-
	0.002 / 2.6
	0.001
	8

	Int. wet sanding and scraping
	personal
	0.007
	-
	0.001 / 2.6
	0.001
	7

	Ext. wet sanding and scraping
	personal
	0.004
	-
	0.001 / 2.6
	<0.001
	5

	Containment preparation
	personal
	0.005
	-
	0.001 / 3.5
	0.001
	4

	Water application
	personal
	0.005
	-
	0.004 / 1.3
	0.003
	4


*: the 90th percentile is calculated using the “R”-method; **: since neither the original data nor the 90th percentile and/or the median value were available from the publication, only the statistics given in the publication are displayed in the table; ***: LBP = Lead Based Paint

Table 4.103:
Inhalation exposure in lead based paint abatement [mg/m³], published data by source, continued
	Dual tasks
	Personal/static
	Max
	Mean / SD
	Geometric mean / GSD**
	Min**
	No. of data

	Multiple tasks (>2)
	personal
	0.028
	-
	0.005 / 2.5
	0.001
	13

	Demolition/clean-up
	personal
	0.030
	-
	0.007 / 2.5
	0.002
	7

	Ext. scraping/clean-up
	personal
	0.005
	-
	0.002 / 2.0
	0.001
	4

	Int. scraping/clean-up
	personal
	0.146
	-
	0.054 / 3.9
	0.011
	3

	Clean-up/ext. scraping
	personal
	0.002
	-
	0.001 / 1.8
	0.001
	3

	Clean-up/int. scraping
	personal
	0.057
	-
	0.012 / 4.4
	0.003
	3

	Component removal/demolition
	personal
	0.007
	-
	0.005 / 1.3
	0.004
	3

	Ext. wet sanding/clean-up
	personal
	0.003
	-
	0.002 / 1.3
	0.002
	2

	Int. scraping/component removal
	personal
	0.011
	-
	0.011 / n.a.
	0.011
	1

	Clean-up/demolition
	personal
	0.006
	-
	0.006 / n.a.
	0.006
	1

	Component removal/prep.
	personal
	0.006
	-
	0.006 / n.a.
	0.006
	1

	Int. wet sanding/clean-up
	personal
	0.003
	-
	0.003 / n.a.
	0.003
	1

	Component removal/int. scraping
	personal
	0.010
	-
	0.010 / n.a.
	0.010
	1

	Component removal/clean-up
	personal
	0.001
	-
	0.001 / n.a.
	0.001
	1

	Ext. scraping/int. scraping
	personal
	0.046
	-
	0.046 / n.a.
	0.046
	1

	Source: Sussel (1992)

	Method/activity
	Personal/static
	Max
	90th percentile
	Geometric mean / GSD**
	Min**
	No. of data

	abrasive removal
	static
	0.131
	n.d.
	0.003 / 6.0
	<0.001
	23

	chemical removal
	static
	0.132
	n.d.
	0.002 / 3.3
	<0.001
	240

	Cleaning
	static
	0.299
	n.d.
	0.002 / 3.8
	<0.001
	133

	Encapsulation
	static
	0.068
	n.d.
	0.001 / 3.0
	<0.001
	64

	Enclosure
	static
	0.028
	n.d.
	0.001 / 3.0
	<0.001
	55

	final cleaning
	static
	0.429
	n.d.
	0.002 / 3.2
	0.001
	44

	heat gun removal
	static
	1.296
	n.d.
	0.004 / 5.3
	<0.001
	257

	pre-cleaning
	static
	0.007
	n.d.
	0.001 / 1.9
	0.001
	13

	Replacement
	static
	0.124
	n.d.
	0.002 / 3.8
	<0.001
	115

	set up
	static
	0.059
	n.d.
	0.001 / 2.9
	<0.001
	143

	Other
	static
	0.552
	n.d.
	0.001 / 7.1
	<0.001
	25

	Missing
	static
	n.a.
	n.a.
	n.a.
	n.a.
	21

	all data
	static
	1.296
	n.d.
	0.002 / 4.2
	<0.001
	1,133


*: the 90th percentile is calculated using the “R”-method; **: since neither the original data nor the 90th percentile and/or the median value were available from the publication, only the statistics given in the publication are displayed in the table; ***: LBP = Lead Based Paint; n.d.: no data

Table 4.103:
Inhalation exposure in lead based paint abatement [mg/m³], published data by source, continued
	Method/activity
	Personal/static
	Max
	90th percentile
	Geometric mean / GSD**
	Min**
	No. of data

	abrasive removal
	personal
	0.399
	0.177
	0.009 / 7.6
	<0.001
	28

	chemical removal
	personal
	0.476
	0.020
	0.003 / 4.1
	<0.001
	291

	Cleaning
	personal
	0.588
	0.008
	0.002 / 3.6
	<0.001
	138

	Encapsulation
	personal
	0.026
	0.006
	0.001 / 2.8
	<0.001
	83

	Enclosure
	personal
	0.072
	0.007
	0.002 / 3.2
	<0.001
	50

	final cleaning
	personal
	0.036
	0.007
	0.002 / 2.8
	0.001
	56

	heat gun removal
	personal
	0.916
	0.058
	0.006 / 4.7
	<0.001
	360

	pre-cleaning
	personal
	0.011
	0.006
	0.002 / 2.2
	0.001
	31

	Replacement
	personal
	0.121
	0.020
	0.003 / 3.9
	<0.001
	110

	set up
	personal
	0.137
	0.006
	0.002 / 3.1
	<0.001
	153

	Other
	personal
	0.207
	0.018
	0.002 / 5.1
	<0.001
	15

	Missing
	personal
	n.a.
	n.a.
	n.a.
	n.a.
	87

	all data
	personal
	0.916
	n.d.
	0.003 / 4.4
	<0.001
	1,402


*: the 90th percentile is calculated using the “R”-method; **: since neither the original data, nor the 90th percentile and/or the median value were available from the publication, only the statistics given in the publication are displayed in the table; ***: LBP = Lead Based Paint; n.d.: no data

A detailed evaluation of lead inhalation exposure during the demonstration of the US Dept. of Housing and Urban Development (HUD) lead based paint abatement method was conducted in vacant housing units (n=172) in several different US cities. Sampling of lead in air was conducted with the aid of a closed-face 37-mm cassette sampler (0.8 µm cellulose ester filter; flow rate 2L/min; analysis by AAS). Possible removal methods included abrasive removal, chemical removal, heat gun removal, encapsulation, enclosure and replacement. The personal exposures to airborne lead were generally low (geometric mean 3.1 µg/m³, see Table 4.103), but the maximum personal and general area airborne lead concentrations were 0.916 mg/m³ and 1.296 mg/m³, respectively. Less than 5% of the personal exposures to lead measured for chemical removal, cleaning, enclosure and replacement methods, and none of the exposures for encapsulation, final cleaning and pre-cleaning methods exceeded a level of 0.050 mg/m³ (Sussel, 1992).

Laboratory and simulation studies

The use of ventilated sanders in the aircraft industry during paint removal operations and the corresponding lack of information on their effectiveness in reducing worker exposure was the basis for this investigation. Two different sanders were tested, both operating a system in which the generated dust is drawn by a vacuum collection unit through holes in the sanding pads. One square-foot aluminium panels coated with (i) epoxy chromated primer and (ii) enamel, consistent with that used in aircraft were sanded in a glove box. Aerosol sampling was by 25-mm PVC filters in an IOM sampler inside the glove box. Whereas one of the sanders was more effective in paint removal and thus generated more dust per working period, both devices were effective in reducing inhalation exposure by 93-98% compared to the use without the ventilation system. However, data specifically on lead in aerosol was not reported (Carlton et al., 2003).

The potential for the formation of airborne lead particulates during various lead paint removal operations (sanding and scraping) from wood surfaces was investigated in this publication, including subsequent cleaning steps such as wet and dry sweeping, or folding together of a PE foil covering the floor in order to collect settling dust. All work procedures were carried out by two workers simultaneously, in a 830 ft³ test chamber. The resulting airborne lead mass was determined for each cleaning procedure and the potential floor lead loading, resulting from the dust settling, was calculated. Maximum air lead levels directly after completion of the abatement procedure varied between 3 and 35 mg/m³, depending upon the type of paint and the corresponding lead content. The dust settled rapidly in the following 1-hour settling period, after which only 35% of particles in the range 4-5 µm, and less than 10% of particles in the range 7.5-10 µm remained airborne. Dry sweeping as subsequent cleaning step was shown to increase airborne lead to levels above those after cessation of abatement (Grinshpun et al., 2002).

In a similar simulation chamber (24.3 m³) study as above, the relationship between the lead level in the painted surface and the lead content of aerosolised particles was investigated. It was not possible to show a consistent relationship between these two parameters, since this was observed to depend strongly on the method of removal (dry and wet scraping, and dry sanding were used). No resulting airborne lead concentrations were reported (Choe et al., 2002). In a previous study, the settlement of airborne lead-containing particles after the same paint removal work involving either dry scraping or dry sanding was investigated in the same size of simulation chamber. It was found out that the airborne particle concentration decreased exponentially with time in all measured particle size ranges. Approx. 90% of airborne lead settled within 1 hour following cessation of the removal operations (Choe et al., 2000).

Exposure to lead in shipyards during paint removal triggered this study, investigating the extent of formation of lead aerosols and their particle size distribution in removal operations by sanding of lead-based paint from metal sheets with different abrasive grit sizes. Personal and static aerosol samples were taken with the aid of a five-stage INTOX cyclone and a MIE mass concentration analyser, followed by ICP analysis. Detailed particle size distributions were recorded for sanding operations with different grit sizes and recalculated to a MMAD. The MMAD fell from 9.6 to 6.4 µm when shifting from grit #40 to #400, but at the same time the mass concentration of dust generated during sanding rose from 1.6 to 5.3 mg/m³. The lead concentration in airborne particles (not reported) did not vary with particle size, and was considered to reflect the lead content of the original paint cover (Alexander et al., 1999).

An evaluation was conducted on the quantity and particle size distribution of lead aerosols released during the use of three different paint removal techniques in a dwelling. Lead in air was measured with an AERE Harwell-type sampling head at a flow rate of 14 l/min, and particle size distribution was determined with the help of a cascade centripeter (Bird and Tole Ltd.) with cut offs of <1.4, 1.4-4, 4-14 and >14 µm. For the inhalation exposure during the removal operation, the average highest air lead concentration was produced by the hand-sanding method (15.7 mg/m³, n=8), but “burning off” (0.243 mg/m³, n=6) and hot air gun (0.083 mg/m³, n=8) removal methods also produced significant amounts of airborne material. During sanding, 43% of the airborne material was larger than 14 µm, whereas only 2% of total airborne lead particles were smaller than 2 µm (Inskip & Hutton, 1987).

However, it is noted here that the UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers of the UK report the following:

- in the demolition industry, a total of 355 workers were reported to be occupationally exposed to lead, 10.2 % of which had blood lead levels in excess of 40 µg/dL,

- in the scrap industry, a total of 316 workers were reported to be occupationally exposed to lead, 16.6 % of which had blood lead levels in excess of 40 µg/dL.

Table 4.104:
Blood lead data from British HSE [number of employees / µg/dL], for the years 2002/2003 in the demolition industry
	Workplace
not allocated
	Lead in Blood [µg/dL]
	total

	
	<40
	40<50
	50<60
	60<70(*)
	70 and over
	

	number of employees
	319
	22
	13
	0
	1
	355

	Percentage
	89.9
	6.2
	3.7
	0.0
	0.3
	100.0


Table 4.105:
Blood lead data from British HSE [number of employees / µg/dL], for the years 2002/2003 in the scrap industry

	Workplace
not allocated
	Lead in Blood [µg/dL]
	total

	
	<40
	40<50
	50<60
	60<70(*)
	70 and over
	

	number of employees
	263
	35
	15
	2
	1
	316

	Percentage
	83.2
	11.1
	4.7
	0.6
	0.3
	100.0


Conclusions

There is a lack of precise occupational exposure patterns in the sectors assessed in this chapter. Given the somewhat inconsistent inhalation exposure data, the blood lead data reported by UK HSE (2004, Table 4.104 and Table 4.105) will be taken forward to risk characterisation, despite that these are not available on a workplace-specific basis and therefore are therefore somewhat inconsistent with the approach taken in previous sections. Typical values can not be calculated, because the raw data are not available; as worst-case values, for similar reasons a precise value can not be given , so that “> 40 µg/dL” will be taken forward.

4.1.1.2.10 Scenario 10: Further occupational exposure scenarios

The following occupational exposure scenarios, despite being identified as “minor” based upon the volume of lead consumed, were identified as being related to a potentially relevant exposure to lead, based on the results of a comprehensive literature search. In view of the absence of any industry-generated exposure data, the findings available from the public domain have been briefly summarised below.

Sub-scenario 10.1: Bronze & brass foundries

Five publications have reported data on occupational exposure data of brass foundry workers to lead, which can be briefly summarised as follows:

In one study (Hee & Lawrence, 1983), inhalation exposure of brass foundry workers (location not stated) inside and outside of powered air-purifying respirator helmets (Racal Airstream AH3 Model) was measured, in order to derive protection factors for the equipment. Personal total dust samples were collected with the aid of 37-mm cassettes at a flow rate of 2 l/min. For two different workplaces (designated as “ladle” and “furnace” operations), a total of 16 exposure values (8 individual values for each workplace) outside the respirator helmet, versus a total of 13 exposure values inside the helmet (6 for ladle attendants, and 7 for furnace attendants). RWC exposures ranged from 0.192 - 1.547 mg/m³ (outside of the airstream helmet), and <0.079 - 0.154 mg/m³ (inside the helmet), respectively. Protection factors were stated by the authors to range from 6-30. Since individual exposure values are stated in the publication, typical and worst-case exposure levels were calculated (Table 4.106).

In another brass foundry (location not stated) using a brass alloy containing 7% lead, the focus of investigations was on the particle size distribution of lead aerosols. Workers from four different production areas of the foundry were monitored: furnace, pouring, grinding, and cutting, with the aid of Marple personal cascade impactors (cut-offs 0.5-10 µm), followed by AAS analysis. Geometric mean exposure values are reported for the areas of cutting (0.621 mg/m³, range: 0.087-3.467, n=14), furnace (0.158 mg/m³, range 0.046-3.362, n=13), grinding (0.509 mg/m³, range 0.138-5.244, n=10), and pouring (0.032 mg/m³, range 0.020-0.097, n=32) as summarised in Table 4.106. 80% of lead particles in the cutting and grinding area had particle sizes above 10 µm, whereas in the furnace and pouring area only 30% of particles were above this size range (Liu et al., 1996), as shown in Figure 4.40 below. Since individual values are not reported, the data do not lend themselves to any statistical evaluation.
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Figure 4.40:
Particle size distribution of lead aerosols in a brass foundry
In a third published study on this issue, the effectiveness of a capture exhaust system in a brass foundry was investigated. The overall average personal inhalation exposure to lead was 0.110 mg/m³ (range 0.057-0.173 mg/m³, n=8) for workers employed with tasks designated as “pouring” and “furnace operation”. Typical inhalation exposure values were calculated from the given data as 0.103 mg/m³, and worst-case values as 0.151 mg/m³ (the 90th percentile was calculated using the “R”-method, Table 4.106). Detailed information on particle size distributions are also given, with >80% of aerosol masses above 10 µm in the “cutting” and “grinding” areas, whereas aerosols from the “furnace” and “pouring” areas were characterised with only approx. 30% particles >10 µm, but at the same time with approx. 20% under 0.5 µm (Jacko & Overmeyer, 1981).

Table 4.106:
Inhalation exposure of brass foundry workers [mg/m³], published data by source
	Source: Hee & Hawrence (1983)

	Workplace
	Personal/static
	Max
	90th percentile
	Median
	No. of data

	all data
outside resp. helmet
	Personal
	2.316
	1.175
	0.242
	16

	all data
inside resp. helmet
	Personal
	0.230
	0.120
	0.019
	13

	“ladle” attendant
outside resp. helmet
	Personal
	2.316
	1.547*
	0.508
	8

	“ladle” attendant
inside resp. helmet
	Personal
	0.230
	0.154*
	0.038
	6

	“furnace” attendant
outside resp. helmet
	Personal
	0.196
	0.192*
	0.091
	8

	“furnace” attendant
inside resp. helmet
	Personal
	0.092
	0.079*
	0.019
	7

	Source: Liu et al. (1996)

	Workplace
	Personal/static
	Max
	Geometric mean** / GSD**
	Min**
	No. of data

	Cutting
	Personal
	3.467
	0.621 / 3.2
	0.087
	14

	Furnace
	Personal
	3.362
	0.158 / 2.4
	0.046
	13

	Grinding
	Personal
	5.244
	0.509 / 3.2
	0.138
	10

	Pouring
	Personal
	0.097
	0.032 / 1.4
	0.020
	32

	Source: Jacko & Overmeyer (1981)

	Workplace
	Personal/static
	Max
	90th percentile*
	Median
	No. of data

	pouring and furnace operation
	Personal
	0.173
	0.151
	0.103
	8


*: the 90th percentile is calculated using the “R”-method; **: since neither the original data nor the 90th percentile and the median value were available from the publication, only the statistics given in the publication are displayed in the table

Occupational exposure during lead abatement was investigated in a small bronze foundry in the US (Faifax & Kilens, 1995) with a total of 140 workers – 16-19 of which worked in the foundry section. The company had voluntarily developed a lead control program based on combining dilution and exhaust ventilation applied at every point in the foundry where lead fumes could escape except the pot dressing. All personnel participated in an extensive medical monitoring program as mandated by the OSHA lead standard and wore powered air purifying respirators fitted with high efficiency particulate air filters. An OSHA survey of the facility found that all air samples collected in the foundry, cut off room, and snag room contained lead concentrations at or below the OSHA standard of 0.050 mg/m³. A sample taken from the number two melter had a lead concentration of 0.052 mg/m³. The number two melter was involved with pot dressing, a process that had not been ventilated. Observations of personal hygiene practices indicated that some, but not all workers vacuumed their clothing and washed their faces and hands before entering the break room. A review of worker medical records indicated that they had all blood lead levels to be below 40 µg/100g, except for two workers with blood leads of 40 and 42 µg/100g. Both of these workers practiced poor personal hygiene and were observed eating and smoking in contaminated areas, including the break room. Once the company installed more stricter personal hygiene rules, the blood lead concentrations of these two workers dropped to below 40 µg/100g within 2 months.

Blood lead levels were investigated in a total of 17 workers of a bronze (lead-tin, 0-20% Pb) foundry in Germany (Schirmberg, 2004). Repeated measurements were made after a blood-lead reduction programme was initiated, and the work conditions were periodically monitored. The table below summarises the results for all of the 4 monitoring events:

Table 4.107:
Bronze casting: blood lead values [µg/dL] (Schirmberg, 2004)

	Time
	Maximum
	Mean
	Median
	Minimum
	No. of data

	November 2001
	38
	30
	31
	25
	17

	February 2002
	36
	28
	27
	19
	17

	June 2002
	31
	25
	25
	17
	17

	November 2002
	34
	24
	23
	15
	17


Finally, it is noted here that the UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers of the UK industry designated as “working with metallic lead and lead containing alloys” report 1,267 workers occupationally exposed to lead, 8.1% of which had blood lead levels in excess of 40 µg/dL (Table 4.108).

Table 4.108:
Blood lead data of brass foundry workers from UK HSE [number of employees / µg/dL], for the years 2002/2003
	Workplace
not allocated
	Lead in Blood [µg/dL]
	total

	
	<40
	40<50
	50<60
	60<70(*)
	70 and over
	

	number of employees
	1,165
	64
	27
	11
	0
	1,267

	Percentage
	91.9
	5.1
	2.1
	0.9
	0.0
	100.0


In conclusion, the data available from the public domain indicates that inhalation exposure of brass foundry workers to lead may occur to a relevant extent, and that the particle size distribution of aerosols for some of the tasks may be expected to be associated with a high degree of alveolar deposition.

However, the blood lead statistics of UK HSE and other published information (Schirmberg, 2004) allow for a reasonable assessment of occupational exposure to lead in this sector. For lack of access to individual raw data, the average of median values obtained at four different sampling intervals by Schirmberg (2004) will be taken forward to risk characterisation as a typical value, and the average of the corresponding maximum values as a RWC value.

Sub-scenario 10.2: Stained glass workshops

The potential for occupational exposure to lead in the preparation of stained glass is demonstrated by a limited report documenting exposure in 4 stained glass workshops extensively engaged in the manufacture of material for restoration of windows in churches and other historical buildings. The mean lead in air in the workshops was generally low (0.01-0.03 mg/m³ or lower), but elevated blood lead levels were noted among the workers. Of 47 exposed workers, 19 had blood lead levels between 30-40 µg/dL, 7 between 40-50 µg/dL, one worker had a blood lead between 50-60 µg/dL, and one worker had a blood lead level between 70-80 µg/dL. The authors suggested that the elevations of blood lead observed were most likely due to high dust lead levels in the workshop areas, and a failure to follow basic hygiene precautions that would normally prohibit eating and smoking in lead work areas. The extent to which exposures were mediated by the preparation of stained glass windows is difficult to ascertain from the published data. The workshop was engaged in restoration work, with windows being removed from historical buildings. Bulk samples of the cement from removed windows were reported to contain up to 20% lead. Data for control subjects was not collected, making it difficult to ascertain the elevation of blood lead levels as a consequence of work practice, but general population levels in the UK at this time averaged between 7 and 14 µg/dL (Baxter et al. 1985).

A further study was conducted in response to a request from owners of a stained glass window making studio located in the US Midwest. An investigation was made by Donovan (1994) on the possible hazardous working conditions at the site, paying specific attention to the exposure of the workers to lead. Samples were taken from all possible areas of exposure at the studio for 5 days; all samples were analysed for lead. Blood samples from the artists were also taken for an assessment of blood lead and zinc-protoporphyrin levels. Air samples did not indicate deviations from the OSHA permissible exposure limit (PEL), with a maximum at 0.080 mg/m³ for the whiting process. Blood lead concentrations of both workers were all below 10 µg/dL.

Given the generally low exposure levels reported during such operations, and assuming that appropriate basic occupational hygiene practices are in place, it is assumed that the blood lead levels reported here should be adequate for risk characterisation, and a blood lead level of < 10 µg/dl will be taken forward to risk characterisation as a typical value. However, considering the fact that this type of work may be seen to be of a more “artist” nature with perhaps less-established occupational hygiene practices, hand-to-mouth transfer may contribute substantially to overall blood lead levels, despite the apparently low inhalation exposure levsls, as indicated by Baxter et al. (1985). Thus, a worst-case value of >40 µg/dL will be taken forward to risk characterisation.
Sub-scenario 10.3: Occupational exposure related to the use of lead shot/ammunition

A range of publications exists that deals with potential lead exposure related to the use of lead shot in hunting and on shooting ranges. Whereas this use intrinsically is also associated with consumer exposure, that aspect is covered in the consumer exposure section of this report. Here, this section focuses on occupational exposure issues, such as firearm instructors and other personnel in shooting ranges.

Discharge of firearms at both indoor and outdoor firing ranges can be associated with lead exposure. This exposure is related to (i) abrasion from the projectile, and (ii) the small amount of lead sytphnate contained in powder charges as a primer.

No studies were found documenting elevated exposures of people living in close proximity to firing ranges. Tripathi et al. (1991) measured both elevated personal breathing zone air lead and blood lead amongst outdoor firearm instructors when non-jacketed ammunition was being used. In contrast, the use of copper jacketing on ammunition was found to significantly reduce air lead levels. However, since only two individuals were investigated, this publication is considered to lack relevance for a detailed assessment.

Elevated air lead and blood lead values were further observed in marksmen (n=22) who used powder-charged firearms (as opposed to air powered, n=21) at firing ranges (Svensson et al. 1992) at a frequency of once a week (1-6h). Air lead levels ranged from 0.112 to 2.238 mg/m³ (Table 4.109) and were associated with a typical blood lead level of 10.6 μg/dL (range 3.2-17.6 μg/dL, Table 4.110). Individuals who primarily used air rifles had much lower air lead exposure levels (0.002-0.008 mg/m³) and an average blood lead level of 9.1 μg/dL (range 4.7-17.9 μg/dL). A comparison between before and after indoor season values tentatively indicates moderate rises in blood lead levels. These data are shown here for reasons of comparison and completeness, although it is of course debatable whether “marksmen” may be reflective of occupational exposure.

Table 4.109:
Inhalation exposure of marksmen [mg/m³], Svensson et al. (1992)

	Type of firearm
	Personal/static
	Max
	Arithmetic mean*
	Min*
	No. of data

	Powder charged
	Personal
	2.238
	0.660
	0.112
	18

	Air gun
	Personal
	0.968
	0.622
	0.426
	9


*: since neither the original data nor the 90th percentile and the median value were available from the publication only the statistics given in the publication are displayed in the table

Table 4.110:
Blood lead values of marksmen [µg/dL] before and after indoor season, Svensson et al. (1992)
	Before / after indoor season
	Max
	90th percentile*
	Median
	Min
	No. of data

	powder charged firearms

	before
	17.6
	-
	10.6
	3.2
	22

	after
	28.8
	-
	13.8
	6.9
	22

	air guns

	before
	17.9
	-
	9.1
	4.7
	21

	after
	22.2
	-
	8.4
	2.0
	21


*: since neither the original data nor the 90th percentile values were available from the publication, only the statistics given in the publication are displayed in the table

The type of firearm, calibre and the facility where it is used also influence the potential magnitude of exposure. Generally, the potential for exposure decreases as follows: high-calibre handgun shooters > small-calibre (.22 calibre) handgun shooters > high-calibre rifle shooters > small-calibre (.22 calibre) rifle shooters > shotgun shooters > air gun shooters. With respect to firing ranges, exposure potential would be highest at indoor facilities, lower at covered outdoor facilities and lowest at uncovered outdoor facilities. Ventilation controls can be employed to limit exposures, but success in exposure reduction varies as a function of system design. Whereas Prince and Horstman (1993) found that ventilation controls appeared to be only moderately successful in reducing air lead and blood lead levels, Crouch et al. (1991), Addy (1996), Halverson (1996) and Klien (2000) determined that the design, configuration and proper maintenance of the ventilation system in indoor ranges was critical, and could significantly reduce lead exposure.

The preceding studies contrast with isolated case reports of significantly increased blood lead among competitive marksmen and firearms instructors. Shannon (1999) reported on a cluster (n=4) of 14-16 year old adolescent girls observed to have blood lead levels between 18-28 μg/dL as a presumed consequence of activities at an indoor firing range.

Fischbein et al. (1979) reported blood lead levels among 81 members of law enforcement agencies with respect to their indoor shooting activities. The persons examined were divided into three different categories: 43 full-time fire-arm instructors, 23 police officers with lesser instruction activities than the former, and 15 members of law enforcement agencies with only sporadic shooting activities. Two blood lead examinations were carried out: one before the indoor season and the other after the indoor season (Table 4.111). Blood lead values were apparently found to be influenced by lead exposure during the indoor season, which was shown by monitoring the same sub-group of fire-arm instructors (n=23) both before and after the indoor season (Table 4.112).

Table 4.111:
Blood lead data of members of law enforcement [number of men / µg/dL], Fischbein et al. (1979)

	Before / after indoor season
	Lead in Blood [µg/dL]
	total

	
	<40
	40<50
	>50
	

	Before
	34
	2
	4
	40

	Percentage
	85.0
	5.0
	10.0
	100

	After
	31
	21
	12
	64

	Percentage
	48.4
	32.8
	18.8
	100


Table 4.112:
Blood lead data of members of law enforcement [number of men / µg/dL], Fischbein et al. (1979)

	Before / after indoor season
	Lead in Blood [µg/dL]
	total

	
	<20
	<40
	40<60
	>60
	

	Before
	1
	19
	2
	1
	23

	Percentage
	4.3
	82.6
	8.7
	4.3
	100

	After
	1
	12
	8
	2
	23

	Percentage
	4.3
	52.2
	34.8
	8.7
	100


In the same study, the authors measured lead in air exposures (total dust fraction, 0.8 µm cellulose ester membrane, flow rate 2 L/min; followed by AAS) at three different firing ranges in New York City. As it can be seen in Table 4.113, variation between these locations is broad. The authors concluded that that variation originated from more or less effective ventilation systems.

Table 4.113:
Personal inhalation exposure in different firing ranges [mg/m³], Fischbein et al. (1979)

	Location
	Workplace
	Max
	Arithmetic mean*
	Min*
	TWA*

	1
	background concentration
	n.d.
	0.076
	n.d.
	0.900

	
	firing area
	4.910
	3.750
	1.850
	

	
	instruction area
	2.290
	1.850
	1.450
	

	2
	background concentration
	n.d.
	0.000
	n.d.
	0.094

	
	firing area
	0.691
	0.520
	0.296
	

	
	instruction area
	0.759
	0.568
	0.197
	

	3
	background concentration
	n.d.
	0.025
	n.d.
	0.045

	
	firing area
	0.261
	0.210
	0.182
	

	
	instruction area
	0.128
	0.116
	0.103
	


*: since neither the original data nor the 90th percentile and the median value were available from the publication only the statistics given in the publication are displayed in the table, the number of measurements is not given in the publication

Lead exposure at firing ranges need not be restricted to the inhalation route. Deposition of lead-containing gunshot residue on hands, followed by hand-to-mouth activity, could contribute to elevation of blood lead (Bonanno et al. 2002). Significant surface contamination by lead has also been observed in the bullet recovery room (the impact area of an indoor firing range) with mean lead concentrations of 42.2 mg/m² (Mirkin and Williams 1998). Monsalve, (2000) found that developing strict hygiene policies, employing shooter-training programs, and providing facilities for hand and face washing will reduce lead exposures. Monsalve (2000) and Addy (1996) further determined that good house cleaning, including using HEPA vacuums or wet mopping rather than dry-sweeping, was important in reducing lead-dust deposition in indoor firing ranges.

In a study by Löfstedt et al. (1999), police officers considered as the most active shooters on and/or off duty responded to a questionnaire about health, lifestyle, shooting habits, and potential lead exposure. Blood samples were collected and analysed for PbB and a multivariate regression analysis was performed. The mean PbB in male officers (n = 75) was 0.24 µmol/L (5.0 µg/dL); range 0.05-0.88 mumol/L (1.0-18.2 µg/dL), and in female officers (n = 3) it was even lower (0.18 mumol/L; 3.7 µg/dL). For both sexes combined, a positive correlation (r = 0.55; P < 0.001) of PbB with the number of bullets annually fired both on and off duty was observed, and this finding remained in a multiple regression analysis including age, smoking habits, and latency from last shooting exercise. The authors concluded that, occupational and recreational lead exposure from firing ranges still seems to be a source of lead exposure in Swedish police officers, but it no longer appears to be a health risk.

Whereas historical data indicate that considerable occupational lead exposure may occur in (indoor) shooting ranges, awareness to this issue has since arisen, and the more recent publications on occupationally exposed individuals indicate that hygiene standards and ventilation controls have been put in place, and the published blood lead data above may be considered adequately reflective of current practice.

Only three studies are availabe that allow an assesment of “occupational“ lead exposure resulting from the use of firearms. However, only the Löfstedt et al. (1999) study actually entails data reflective of full-shift exposire, i.e. for firearms instructors. The authors themselves conclude a positive corelation between blood lead values and the number of shots fired, and they also mention explicitly that ventilation controisl and other hygiene measures were liekly closest to current practice. While the authors of the VRAL acknowledge that during TCNES discussions, SWE doubted the relevance of this study because of a likely phase-out of lead ammunition in Sweden, information from the public domain suggests that lead ammunition continues to be used in Sweden. Thus, without further substantiation, there does not appear to be a need for any changes to the report at this time.

In conclusion, the highest reported value by Löfstedt et al. (1999), i.e. 18 µg/dL will be taken forward to risk characterisation as worst-case, and the mean reported value of 5 µg/dL as the typical value.

Sub-scenario 10.4: Capacitator manufacturing

An investigation of airborne lead particle size distribution in a metallic film capacitator plant in Taiwan yielded airborne lead concentrations in a range of 0.011-0.419 mg/m³ (inhalable fraction; individual raw data not reported) (Tsai et al., 1997).

It is however unclear to which extent capacitator manufacturing takes place in the EU. For lack of blood lead monitoring data, a conclusion (i) will be carried forward to risk characterisation.

Sub-scenario 10.5: Opticians

The use of a low-melting alloy containing lead (among other metals) during the processing of the glass of spectacles in a procedure designated as “blocking” has caused occupational exposure to lead dust to be monitored for opticians in Germany. For this purpose, static measurements with durations >120 minutes were conducted (n=10). Lead in air (inhalable fraction) attained a median value of 0.005 mg/m³ (range: 0.001-0.0077 mg/m³) and a 95th percentile of 0.0067 mg/m³ only (Auffarth et. al., 2001).

In view of the very low levels of exposure, it may be anticipated that the resulting blood lead levels are correspondingly low. However, for reasons of consistency, a conclusion (i) will be carried forward to risk characterisation due to the lack of measured blood lead monitoring data.

Sub-scenario 10.6: Pigment manufacturing

This publication describes personal inhalation exposures during the production of lead chromate and cadmium sulphide pigments. However, in view of the broad discontinuation of the use of these lead pigments and since these substances are not within the agreed scope of the VRAL, this publication is not reviewed here for lack of relevance (Hery et al., 1991). However, it is noted here that the UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers of the UK pigment and colour manufacturing industry report a total of 604 workers to be occupationally exposed to lead, only 3.6% of which had blood lead levels in excess of 40 µg/dL.

For lack of individual blood lead data, a typical blood lead level can not be proposed. Given the distribution of data, a worst-case value of < 40 µg/dL will be taken forward to risk characterisation.
Sub-scenario 10.7: Soil remediation

The inhalation exposure of soil remediation workers during excavation and tilling activities was monitored at four different events and at two different sites, taking both personal (n=5) and static (n=11) samples. Airborne personal lead samples (inhalable fraction) were below 4 µg/m³ in all cases (Romine & Barth, 2002).

In view of the very low levels of exposure, it may be anticipated that the resulting blood lead levels are correspondingly low. However, for reasons of consistency, a conclusion (i) will be carried forward to risk characterisation due to the lack of measured blood lead monitoring data.

Sub-scenario 10.8: Incineration plants

Workers in incineration plants in New York (USA) were monitored for air lead levels as high as 2.5 mg/m³ while cleaning electrostatic filters (task frequency: 6-7 operations per year, and then for a very short time only), which is why blood lead values from a total of 56 incineration workers were compared to a control group of 25 individuals. The average blood lead value of all incineration workers was 11.0 µg/dL (range 5.1-28.7 µg/dL), whereas the control group had an average of 7.4 µg/dL (range 5.1-12.5 µg/dL) (Malkin, R. et al., 1992).

Reimann & Bloedner (1985) examined Cd, Pb, and Hg levels in blood of waste incineration workers in Germany (n=47). All blood lead values were found to be low, and the authors also stated that the estimated median of the incineration workers was at the same level as the general population. Detailed results are summarised below:

Table 4.114:
Incinerator workers: blood lead values [µg/dL]

	Sector
	Maximum
	Median
	Minimum
	No. of data

	Waste combustion
	<25
	11
	<4
	47


Blood lead levels were monitored in workers of an Italian municipal waste incinerator plant in the province of Lucca (Lello & Nieri, 1998), involving a total of 9 workers exposed to the emissions at this plant and 6 control subjects. Since the raw data are given in the publication, the following re-analysis of typical and worst case blood lead values for this waste combustion plant was possible:

Table 4.115:
Waste combustion: blood lead values [µg/dL]

	Subgroup
	Maximum
	90th percentile
	Median
	Minimum
	No. of data

	Incineration workers
	43
	41
	28
	16
	9

	Control group
	18
	15
	11
	7
	6


The most recent blood lead levels reported by Lello and Nieri (1998) will be taken forward to risk characterisation as typical (28 µg/dL) and worst-case levels (41 µg/dL), respectively.

Sub-scenario 10.9: Radiotherapy shield manufacturing

Occupational exposure to lead during radiotherapy shield manufacturing was monitored in three hospitals (locations not stated). In brief, the tasks involved melting and casting of radiotherapy shields from special lead alloys (27% Pb) with a melting point of only 70°C. Full-shift personal and static sampling was conducted, but no further details on the sampling methodology were reported. As a result, only two out of a total of 16 samples contained lead at detectable levels: one personal sample had 2 µg/m³, and one static sample taken over a melting pot had a value of 47 µg/m³. The blood lead levels of two block makers at one of the three sites were stated by the authors to be “normal”, i.e. within a range of 0-35 µg/dL blood, but the exact values were not given (DeMeyer et al., 1986).It is however unclear to which extent radiotherapy shield manufacturing takes place in the EU nowadays. For lack of blood lead monitoring data, a conclusion (i) will be carried forward to risk characterisation.

Sub-scenario 10.10: Welding fumes

Lead is listed in one publication (Lunau, 1974) as a possible constituent of welding fumes, but no monitoring data are presented.

In a study by Han et al. (2005), the effects of welding fume on shipyard welders in Korea was investigated. Blood samples from 197 male welders and 150 unexposed male office workers were analysed for manganese and lead, as well as signs of oxidative stress. Blood lead values were reported as follows:

Table 4.116:
Shipyard welders: blood lead values [µg/dL]

	Test group
	Lower 95% CI limit
	Mean
	Upper 95% CI limit
	No. of data

	reference level
	n.d.
	0.57*
	n.d.
	n.d.

	non-smokers
	0.45
	0.51
	0.54
	72

	smokers
	0.51
	0.54
	0.56
	125

	all welders
	0.51
	0.53
	0.54
	197


* geometric mean; n.d.: no data reported

The tabulated blood lead levels are in the same range as they are for the general population (reference level), which correlates well with the low reported mean lead in air exposure of 5 µg/m³ (SD = 2.1), indicating negligible exposure to lead from welding fumes in this occupational setting.

The occupational exposure of welders was also studied recently in a plant in southern France (Iarmarcovai, 2005), including biomonitoring for blood lead. The study included 60 male welders divided into two groups: group 1 working without any collective protection device, and group 2 aided with smoke extraction systems. A control group (n = 30) was also included (data not presented). The blood concentration of lead is given in the publication as follows.

Table 4.117:
Welding: blood lead values [µg/dL]

	Test group
	Maximum
	Mean
	SD
	Median
	Minimum
	No. of data

	BW Group 1
	34
	13
	10
	10
	2
	30

	EW Group 1
	44
	15
	13
	8
	2
	30

	BW Group 2
	38
	11
	10
	6
	2
	30

	EW Group 2
	30
	11
	9
	7
	1
	30


BW: beginning of the week; EW: end of the week

In consequence, considering the low blood lead levels reported in a Korean shipyard, the more conservative values reported by Iamarcovai (2005) will be taken forward to risk characterisation. For this purpose, the averages of the median and the maximum values for the four different exposure groups were calculated, yielding a worst-case PbB level of 37 µg/dL and a typical value of 8 µg/dL.

Sub-scenario 10.11: Paint spraying

This publication describes the determination of the biological availability of aerosol particles generated during spray painting with lead-based paints. However, due to the discontinuation of this use of lead for over a decade, a review of this data is omitted here for lack of relevance (Kalman et al., 1984). Correspondingly, this scenario is not taken forward to risk characterisation.

Sub-scenario 10.12: Construction workers

Blood lead levels of scaffolders were studied by Sen et al. (2002) prior to scaffold erection from 27 individuals, and 5 – 8 months later in those 12 workers still present during dismantling of the the structures. The authors concluded that workers who erect and later dismantle access structures during the renovation of previously lead-painted surfaces may take up significant amounts of lead mainly by ingestion. The results are summarised below:

Table 4.118:
Construction workers: blood lead values [µg/dL]

	Time
	Maximum
	90th percentile
	Median
	Minimum
	No. of data

	Before erecting
	19
	9
	5
	2
	27

	After 5-8 months
	41
	31
	14
	3
	12


In conclusion, prolonged exposure of construction workers during renovation operations yielded a typical blood lead level of 14 µg/dL, and a worst-case level of 31 µg/dL.

Sub-scenario 10.13: Iron workers

A total of 150 members of an American iron workers union volunteered to have their blood drawn for lead analysis (Forst et al., 1997). Since raw data are given in the publication only for 17 individuals which had blood lead levels equal to or higher than 25 µg/dl, the following analysis was conducted by replacing the missing values from 133 individuals by a value of 24 µg/dL for orientating purposes, which is of course a very conservative worst case assumption. The results of this analysis are summarised below:

Table 4.119:
Iron workers: blood lead values [µg/dL]

	Subgroup
	Maximum
	90th percentile
	Median
	Minimum
	No. of data

	Only values ≤ 25
	90
	59
	31
	25
	17

	All*
	90
	26
	24
	24
	150


*for orientating puroses, missing values were arbitrarily replaced by 24 µg/dL

Considering that the authors themselves speculate that individuals who were concerned about their blood lead levels may be overrepresented in the sampled population, this orientating analysis was conducted to illustrate that narrowing the dataset to only values equal to or higher than 25µg/dL would in fact overestimate the correct reasonable worst case blood lead level. Instead, assuming that a distribution exists to lower blood lead levels below 25 µg/dL, a worst-case level of 26 µg/dL and a typical level of 24 µg/dL will be taken forward to risk characterisation, in lack of corresponding data from the EU.

Sub-scenario 10.14: Engine reconditioning

Lead in surface dust, airborne dust, air, and grinding material from five engine reconditioning workshops in Australia was measured to evaluate the impact on blood lead concentrations of 10 employees (James et al., 1999). Lead in the environmental samples ranged from trace amounts to extremely high concentrations (4667 mg/m²). The highest concentrations in surface wipes were found in areas where engine deposits are removed from valves and valve seats. In all but one workshop, the air lead concentrations exceeded 150 µg/m³. Blood lead levels ranged from 4.5 to 25.3 µg/dL. Since raw data are given in the publication, the data set could be analysed as follows:

Table 4.120:
Engine reconditioning: blood lead values [µg/dL]

	Subgroup
	Maximum
	90th percentile
	Median
	Minimum
	No. of data

	All
	25
	18
	9
	5
	10


In consideration of the above data, typical and worst-case blood lead values of 9 µg/dL and 18 µg/dL will be taken forward to risk characterisation, respectively, in lack of corresponding data from the EU.

Sub-scenario 10.15: Carpenters

In the course of a health screening of US American construction carpenters (Watanabe, et al. 1994), 127 subjects underwent blood lead testing (as well as measurement of bone lead levels with X-ray fluorescence). Blood lead levels were low, with a mean of 8.2 (SD = 4.0) µg/dL. Demolition, carpet laying, and alcohol ingestion were significant predictors of blood lead. The blood lead data are summarised in the publication as follows:

Table 4.121:
Carpenters: blood lead values [µg/dL]

	Sector
	Maximum
	Mean
	SD
	Median
	Minimum
	No. of data

	Carpenters
	25
	8
	4
	8
	2
	127


In consideration of the above median and maximum measured data, typical and worst-case blood lead values of 8 µg/dL and 25 µg/dL will be taken forward to risk characterisation, respectively, in lack of corresponding data from the EU.

Sub-scenario 10.16: Monumental masonry workers

A survey of lead exposure among UK gravestone inscription writers was undertaken in 12 firms involved in monumental masonry in London and one in the East Midlands (Baxter et al., 1989). The mean blood lead concentration in the 25 men studied was 35 µg/dL, with six workers exceeding 40 µg/dL. The four highest levels were 49, 57, 78 and 89 µg/dL, respectively, indicating that substantial occupational exposure to lead was occurring. The men were unaware of the risks of lead exposure and the importance of not smoking or eating in their workshops. The authors concluded that the stone masons understood the hazards of granite stone dust, but an unexpected and common finding was an unacceptably high exposure to marble dust.

Table 4.122:
Masonry workers: blood lead values [µg/dL]

	Subgroup
	Maximum
	90th percentile
	Mean
	Minimum
	No. of data

	Masonory workers
	89
	54*
	35
	n.d.
	25


n.d.: no data reported; *: the 90th percentile was generated from the given information by calculating the rank=(n-1)*p+1=22.6 and then taking the weighted average=0.4*49+0.6*57=54

In consideration of the above recalculation of the given data, typical and worst-case blood lead values of 35 µg/dL and 54 µg/dL will be taken forward to risk characterisation, respectively.

Sub-scenario 10.17: Enamelling

In a study by Di Lorenzo et al. (2003) on the effect of occupational exposure to inorganic lead on the blood pressure of exposed workers, 44 lead foundry and 14 workers employed in Italy in enamelling and decoration of artistic ceramics were examined. A non-exposed group of 59 workers from a food packaging unit were included for comparison. The mean blood lead levels are summarised below:

Table 4.123:
Enamelling: blood lead values [µg/dL]

	Subgroup
	Mean
	SD
	No. of data

	Enamelling
	10
	4
	14

	Foundry
	22
	9
	44

	Control group
	4
	2
	59


Based on the mean blood lead levels reported for enamelling workers together with the low SD, but in consideration of a lack of access to raw data, typical and worst-case blood lead values of 10 µg/dL and <40 µg/dL will be taken forward to risk characterisation, respectively.

Sub-scenario 10.18: Soldering of electronic circuit boards

In a study by Jalbert et al. (1994), lead exposures of 169 French workers using solders consisting of a lead and tin alloy were measured, including 98 controls. Procedures included monitoring of airborne lead, registering personal hygiene practices and recording the type of solder used. Atmospheric Pb levels were all under 75 µg/m³. No single blood lead level was above 40 µg/dL, and there was no significative difference between blood lead levels of microwelding operators and controls. However, men and women had somewhat different blood lead levels. The results are summarised in the table below:

Table 4.124:
Soldering (electronics): blood lead values [µg/dL]

	Subgroup
	Maximum
	Mean
	SD
	Minimum
	No. of data

	Male
	28
	16
	6
	6
	59

	Female
	34
	13
	7
	5
	39


In consideration of the more conservative above mean value and the maximum measured blood lead data, typical and worst-case blood lead values of 16 µg/dL and 34 µg/dL will be taken forward to risk characterisation, respectively.

Sub-scenario 10.19: Shipyard workers

The occupational exposures to lead was studied in US American shipfitters involved in cutting and riveting of lead-painted iron plates aboard an iron-hulled ship (Landrigan et al., 1985). Seven personal air samples ranged from 108 to 500 mg/m³ (mean 257 mg/m³). In two short-term air samples obtained while exhaust ventilation was temporarily disconnected, mean lead exposurey rose to 547 µg/m³. Blood lead levels in ten shipfitters ranged from 25-53 µg/dL (mean, 37.8 µg/dL); levels in three of these workers exceeded the upper normal limit of 40 µg/dL. Blood lead levels in shipfitters were significantly higher than in other shipyard workers (mean 10.0 µg/dL; p less than 0.001). Smoking shipfitters (mean, 47 µg/dL) had significantly higher lead levels than nonsmokers (mean, 32 µg/dL; p = 0.03). Lead levels in shipfitters who wore respirators were not lower than in those who wore no protective gear (p=0.68).

Table 4.125:
Shipyard workers: lead in air values [µg/m³], personal monitoring

	Sector
	Maximum
	Mean
	SD
	Minimum
	No. of data

	Shipyard workers
	500
	257
	168*
	108
	7


* calculated from the raw data in the original report

Table 4.126:
Shipyard workers: blood lead values [µg/dL]

	Sector
	Maximum
	Mean
	SD
	Minimum
	No. of data

	Shipyard workers
	53
	38
	9
	25
	10


In consideration of the above median and maximum measured blood lead data, typical and worst-case blood lead values of 38 µg/dL and 53 µg/dL will be taken forward to risk characterisation, respectively, in lack of corresponding data from the EU.

Sub-scenario 10.20: Garbage handling

Blood lead (among other contaminants) was investigated in Danish garbage recycling workers (Sigsgaard et al., 1997). The cohort included 40 garbage handlers, eight composting workers, and 20 paper sorting workers, with a control group consisting of 119 drinking water supply workers from Copenhagen. The reported blood lead levels are summarised in the table below:

Table 4.127:
Garbage handling: blood lead values [µg/dL]

	Subgroup
	Mean
	SD
	No. of data

	Paper sorting
	4
	4
	20

	Garbage handling
	4
	2
	40

	Control group
	6
	3
	112


Considering that both paper sorters and garbage handlers had lower blood lead levels than the control group, the exposure may therefore be considered negligible, so that this scenario is not taken forward to risk characterisation.

Sub-scenario 10.21: Tyre fitters

Blood lead levels were investigated in French tyre-fitters mounting inertia blocks used to equilibrate car wheels (Javelaud et al., 2004), involving 36 fitters and 37 controls. Between mechanics and controls, the haematological or toxicological results (lead, ZPP, ALAD) showed no differences. Glove wearing significantly decreased the mechanics' blood lead levels. The table below summarises the findings:

Table 4.128:
Tyre fitting: blood lead values [µg/dl]

	Test group
	Maximum
	Mean
	SD
	Median
	Minimum
	No. of data

	Mechanics
	15
	5
	3
	5
	2
	36

	Control group
	10
	5
	2
	5
	1
	37


In consideration of the above median and maximum measured blood lead data, typical and worst-case blood lead values of 5 µg/dL and 15 µg/dL will be taken forward to risk characterisation, respectively.

Sub-scenario 10.22: Printing & paint manufacturing

The occupational exposure to lead has been reviewed in printing and paint manufacturing workers by Mayan et al. (1992). Lead exposure during paint manufacturing may result from the use of lead-based pigments, as well as lead-based siccatives as curing catalysts. Industrial hygiene monitoring for airborne lead was performed in 15 Portuguese printing firms and five paint manufacturing factories. Blood samples were collected from 16 typesetters in the printing companies, 42 lithographers and bookbinders in the firms who did not handle lead, 28 paint manufacturing workers, and 51 persons from the general population. Air lead concentrations in the printing companies ranged from below 0.020 to 0.051 mg/m³, mean 0.020 mg/m³. In the paint factories, air lead concentrations varied from 0.400 to 1.000 mg/m³ in the red-lead-oxide production areas and from below 0.020 to 0.035 mg/m3 in other areas. The mean concentrations were 0.660 and 0.020 mg/m³, respectively. The mean blood lead concentrations in the typesetters and the lithographers and bookbinders were 37.20 and 26.14 µg/dL (assumming “µg%” being equivalent to µg/dL), respectively. The mean blood lead concentration in the paint workers and the general population were 29.56 and 14.49 µg/dL, respectively. The results are summarised in tabular format below:

Table 4.129:
Printing and Paint: lead in air values [mg/m³], personal monitoring

	Industry
	Maximum
	Mean
	SD
	Minimum
	No. of data

	Printing
	0.051
	0.020
	0.005
	<0.020
	not stated

	Paint - lead red oxide
	1.000
	0.660
	0.246
	0.400
	not stated

	Paint – other products
	0.035
	0.020
	0.006
	<0.020
	not stated


Table 4.130:
Printing and Paint: blood lead values [µg/dL]

	Group
	Maximum
	Mean
	SD
	Minimum
	No. of data

	Type setters
	48
	37
	7
	22
	16

	Others
	33
	26
	5
	18
	42

	Paint workers
	53
	30
	10
	13
	28

	General population
	28
	14
	5
	6
	51


In consideration of the average of the above mean and maximum measured blood lead data for type setters, paint workes and others, typical and worst-case blood lead values of 31 µg/dL and 45 µg/dL will be taken forward to risk characterisation, respectively.

Sub-scenario 10.23: Others

For the sake of completness, it is noted that a broad survey characterising airborne concentrations of lead in the US industry is available, covering sectors such as the production of inorganic pigments, non-ferrous metals, foundries, and batteries. However, the survey covers OSHA inspection data from the period 1980-1985, and can therefore hardly be considered to reflect current industrial practice. Therefore, this data is not presented here in detail (Froines et al., 1990).

Finally, it is noted here that the UK HSE in their latest statistics (UK HSE, 2004) on blood lead data in workers of the UK report the following, but without further substantiation:

a) in the badge, jewellery and enamelling industry, a total of 13 workers were reported to be occupationally exposed to lead, one (7.7%) of which had blood lead levels in excess of 40 µg/dL,

b) in the shipbuilding, repairing and breaking sector, a total of 78 workers were reported to be occupationally exposed to lead, two (2.6%) of which had blood lead levels in excess of 40 µg/dL,

c) in the painting of buildings and vehicles sector, a total of 555 workers were reported to be occupationally exposed to lead, only 9.9 % of which had blood lead levels in excess of 40 µg/dL,

d) finally, in sectors designated as “other processes”, a total of approx. 2400 workers were reported to be occupationally exposed to lead, only 6.0 % of which had blood lead levels in excess of 40 µg/dL.

For lack of access to raw data, the above data do not allow typical blood levels to be assessed. However, it is reasonable to take forward a worst-case blood lead level of < 40 µg/dL for these four sub-scenarios.

Conclusions, further occupational exposure scenarios

For the scenarios summarised in this chapter, blood lead levels and/or inhalation and dermal exposures are less well defined than in previous chapters of this report. However, in lack of other data, the assessment was nevertheless conducted based on available blood lead levels as reported above, which will be taken forward to risk characterisation as follows:

Table 4.131:
Further occupational scenarios: RWC and typical blood lead values [µg/dL]

	No.
	Sub-scenario
	RWC
	Typical
	Source

	10.1
	Bronze & brass foundries
	35
	27
	Schirmberg (2004) supported by HSE (2004)

	10.2
	Stained glass workshops
	>40
	10
	Donovan (1994)

	10.3
	Exp. related to the use of lead ammunition
	18
	5
	Löftstedt et al. (1999)

	10.4
	Capacitor manufacturing
	nd
	nd
	Tsai et al. (1997)

	10.5
	Opticans
	nd
	nd
	na

	10.6
	Pigment manufacturing
	<40
	nd
	UK HSE (2004)

	10.6
	Soil remediation
	nd
	nd
	na

	10.8
	Incineration plants
	41
	28
	Lello & Nieri (1998)

	10.9
	Radiotherapy shield manufacturing
	nd
	nd
	na

	10.10
	Welding fumes
	37
	8
	Imarcovai (2005)

	10.11
	Paint spraying
	(not taken forward to risk characterisation)

	10.12
	Construction workers
	31
	14
	Sen et al. (2002)

	10.13
	Iron workers
	26
	24
	Forst et al. (1997)

	10.14
	Engine reconditioning
	18
	9
	James et al. (1999)

	10.15
	Carpenters
	25
	8
	Watanabe et al. (1994)

	10.16
	Monumental masonry workers
	54
	35
	Baxter et al. (1989)

	10.17
	Enamelling
	<40
	10
	Di Lorenzo (2003)

	10.18
	Solderng of electronic circuit boards
	34
	16
	Jalbert et al. (1994)

	10.19
	Shipyard workers
	53
	38
	Landrigan et al. (1985)

	10.20
	Garbage handling
	(not taken forward to risk characterisation)

	10.21
	Tyre fitters
	15
	5
	Javelaud et al. (2004)

	10.22
	Printing and paint manufacturing
	45
	31
	Mayan et al. (1992)

	10.23a)
	Badge, jewellery and enamelling industry
	<40
	nd
	UK HSE (2004)

	10.23b)
	Shipbuilding, repairing and breaking sector
	<40
	nd
	UK HSE (2004)

	10.23c)
	Painting of buildings and vehicles sector
	<40
	nd
	UK HSE (2004)

	10.23d)
	Other processes
	<40
	nd
	UK HSE (2004)


nd: no data reported; na: not applicable

4.1.1.2.11 Potential lead exposure resulting from the “work-home interface”

The Scientific Review Panel for the VRAL suggested inclusion of this assessment in the RA report, which is based on published investigations of blood lead levels in children of lead workers. Specifically, concerns were raised that there is a considerable potential for the exposure of children and families of “lead” workers if these return home from work and bring with them contaminated clothing, shoes etc.

This is suggested by the authors of a biological monitoring study on levels of lead (and cadmium) in blood, urine and shed deciduous teeth of children (predominantly of 7-11 years of age) living in rural, suburban and urban areas of North-West Germany, and performed in the years 1982-1986. Children from rural and suburban areas without industrial sources of lead had median blood lead levels of 5.5-7.0 µg/dL, whereas children from rural areas, and particularly those living in the vicinity of lead smelters, had median blood lead levels of as much as 20.5 µg/dL. A similar pattern was seen in lead-in-teeth levels. Based on a comparison of blood lead levels of the children of lead workers to those of children from other families in the vicinity of the Stolberg smelter, the authors concluded that the children of lead workers are indirectly exposed to higher levels of lead than comparable children of non-lead workers. In detail, 4-5 year-old children (n=9) had a geometric mean blood lead level of 18.4 µg/dL, compared to those of other families (n=195) with a GM of 10.4. In contrast, at the age of 8-9 years, children of lead workers had a GM blood lead level of 7.8 µg/dL, and children from other families had 7.3 µg/dL (Brockhaus et al., 1988).

It should be noted however, that this is likely to have been of more relevance in historical terms at a time when workers cared for their own work clothing by bringing it home for washing, for example. Current standard hygiene practices in lead production and processing facilities foresee a regular exchange of clothes during a working week, changing of clothes and shoes prior to and after the shift, and post-shift showering is either mandatory or recommended in most facilities.  The efficacy of these measures in preventing lead exposure in the home is evident in recent blood lead surveys of smelter communities (See Section 4.1.1.4.4 General Population Blood Lead Studies) and has been further reinforced by data submissions made in the evaluation of impacts of local sources.  Since this exposure scenario does not constitute occupational exposure in the same sense as the preceding scenarios, and since recent blood lead studies have not observed significant elevations of blood lead levels in the families of occupationally exposed workers, this exposure scenario will not be carried forward to Occupational Exposure Risk Characterisation.  Although this exposure scenario will not be carried forward, implementation and maintenance of hygiene practices that prevent contamination of the homes of workers is obviously of importance.
4.1.1.2.12 Summary of occupational exposure

Brief concluding summaries are given at the end of each chapter describing a particular exposure scenario. Thus, for the sake of brevity, a further summary is omitted here.

4.1.1.3 Consumer Exposure

4.1.1.3.1 Historical Applications

Lead use in a variety of historical applications has impacted, and to a certain extent continues to impact, upon general population blood lead levels in the EU. Inasmuch as these applications have been, or shortly will be, phased out they will not be extensively reviewed here. The potential impact of such applications will be reflected in assessments of “indirect exposure via the environment”. A partial listing of such applications follows. Lead in gasoline (the use of alkylated lead additives as anti-knock agents in automotive fuels) has contributed to airborne lead levels, dust deposition and lead in food. A detailed discussion of its’ contribution to human exposure in provided in various subsections of Section 4.1.1.4.

Lead water pipes
Lead pipes have been used in potable water systems in many countries. Although new water distribution systems do not use such pipes, existing public utilities’ infrastructure can still contain lead pipes. Lead pipes, holding tanks and plumbing solders can also be found in existing homes. The lead content of drinking water as a result of lead in the components of distribution systems varies as a function of water corrosivity, which in turn impacts upon the leaching of lead. For example, the lead content of water in Edinburgh in 1983 – 1985 was reported to range from 2 to 359 µg/L (Macintyre et al. 1998) with a geometric mean of 34 µg/L. The replacement of lead pipes in potable water systems is costly and resource intensive – corrosivity controls were thus employed to modulate the chemistry of public utility water so as to reduce lead mobilization from pipes by up to 80% (Macintyre et al. 1998) with accompanying decreases in average blood lead from 11 to 4 µg/dL. As discussed in later sections, this historical application still impacts levels of lead in drinking water in a number of countries. For example, the Netherlands presently estimates (de Winter-Sorkina et al. 2003) that 5% of its population is exposed to water impacted by lead service lines. For these individuals, lead in drinking water levels of 35 µg/L are suspected to be common. In France, corrosivity control is recognised to limit the mobilisation of lead from pipes, but pipe replacement is recognised to the only certain way of ensuring drinking water quality of lower than 10 g/L lead (Vilagines and Leroy, 1995). Moreover, changes in practice at water treatment facilities can have adverse impacts upon the lead content of water where water chemistry controls had been used to limit the leaching of lead. For example, in the United States, water utilities in Washington D.C. pursued compliance with new rules on limiting chlorination disinfection by-products by replacement of chlorine additives with chloramines. High levels of lead in water (up to 300 µg/L) were subsequently observed. Although debate continues on the precise cause of the sudden elevation of lead in water, a number of experts believe the switch to chloramines resulted in a less oxidizing aqueous environment and the rapid dissolution of scaling within pipes to release large amounts of lead (Renner 2004). The eventual replacement of lead service lines would thus seem to provide the most stable means of preventing lead exposure from this source.

For purposes of this Assessment, lead water pipes will be assumed to be a discontinued use and thus pose negligible exposure to the typical consumer. In recognition that lead water pipes remain in service in some countries, the impact of their use will be estimated as a worst-case exposure scenario. A lead in drinking water concentration of 35 µg/L will be assumed based upon both data from the Netherlands and Edinburgh.

Lead-soldered food cans

Canned foods frequently had seams and seals that were composed of lead metal-alloy solders. As a result, food contained within the cans could become contaminated with lead, with the level of contamination varying as a function of the nature of the food product in the can and the length of time between canning and food consumption. New canning technology has largely eliminated lead-soldered cans. However, historical data on the levels of lead in food will reflect the use of this canning technology. Historical daily levels of lead in food ingestion have typically been on the order of 100 µg/day or more, of which approximately 15-20% has been related to the use of lead soldered cans (Davies and Thornton, 1989). Phase-out of lead in soldered cans has been related to reductions in general population blood lead levels (Hinton et al. 1986), but the absolute magnitude of lead exposure from this source can be difficult to estimate since studies surveying the changing lead content of food generally reflect reductions from multiple sources. For example, average dietary lead intake in the United States declined from 97 µg/day in 1978 to 10 µg/day in 1990 as a reflection of lead-soldered can phase out, reductions of lead in water and the phase out of lead in gasoline (Bolger et al. 1996). Individual EU member states sometimes enacted specific legislation banning the use of lead solder in food cans. The EU Packaging Directive issued in 1994 (Directive 94/62/EC) and amended in 2004 (Directive 2004/12/EC) effectively eliminated this application of lead.

Lead-based Paint

The use of lead-based paint in residential applications was initially banned by individual EU Member States as early as 1909 (for “white lead” formulations) and was officially banned under EU Council Directive 89/677/EEC amending Council Directive 76/769/EEC restricting the marketing and use of dangerous substances and preparations which prohibited the use of lead carbonates and lead sulphates in paints except for the restoration of works of art and historic buildings. In light of such early Member State regulatory action, use of lead-based paints has generally been presumed to have been extremely limited and human exposures related to deteriorating lead based paint have generally not been considered as problematic within the EU. However, the long residence time of lead-based paint is such that product usage prior to bans, or perhaps illicit usage after bans, was sufficiently widespread to as to create opportunities for lead exposure that still exist in some EU member states. The fraction of EU housing stock containing lead-based paint is uncertain, but blood lead surveys have increasingly been identifying paint as an important sources of lead exposure for some children. These studies are discussed in greater detail later in this section.
4.1.1.3.2 Current Applications

Lead use in a number of consumer products is not expected to result in exposures of concern as a result of consumer use, provided product use is in the fashion for which it is intended. For the purpose of consumer exposure assessment, no realistic exposure routes, and thus no exposure, is presently assumed for:

· Lead acid batteries (all types)

· Automotive structural and electronic applications

· Consumer electronics

· Underground cable sheathing

The presence of lead in some consumer products has been observed, or hypothesised, to result in consumer exposure. In most instances these are products in which lead use is either unintended or not authorised within the EU. The following listing is a partial inventory of consumer products of potential concern. For most of these products, actual exposure information is extremely limited.

Candles with lead core wicks

Decorative and/or votive candles can contain metal-core wicks with high levels of lead. The burning of such candles can result in emissions of lead to air that, in an indoor environment, could pose an unacceptable exposure risk. For example, Nriagu and Kim (2000) surveyed fourteen different brands of candles with metal-core wicks sold in the United States. Lead emissions were found to range from 0.5 to 66 μg/hour. In addition to posing an inhalation exposure risk, deposition of lead in household dust was postulated to pose additional exposure risk for children. These findings have been mirrored by other investigators (van Alphen 1999; Sobel et al. 2000; Wasson et al. 2002; Lin et al. 2003). Although actual instances of excessive consumer exposure to lead have not been definitively ascribed to such candles, the use of lead-containing materials for this purpose is both unnecessary and ill advised. The Consumer Product Safety Commission in the United States has implemented a ban on lead-containing (defined as having a lead content higher than 0.6%) candles and in wicks sold for candle making. The EU Scientific Committee on Toxicity, Ecotoxicity and the Environment has similarly judged that the use of such candles poses an unacceptable risk of lead exposure for sensitive groups of the population (CSTEE 2003). While a number of candle specimens described in the literature did not originate within the EU or the United States, metal-core wicks used by some Western manufacturers appear to have contained high levels of lead. Although the potential for exposure is presented by this application, no documented cases of exposure excess were found in the literature.

Estimates have been made of the lead in air concentrations that might be produced by the burning of candles with lead wicks. Nriagu and Kim (2000) extrapolated lead emission rates to estimate, as a function of different wick lead contents, that air lead concentrations between 0.02 to 13.1 µg/m3 could result from burning candles. Similarly, Van Alphen (1999) burned candles with high lead contents in an experimental chamber to determine the amount of lead emitted. He estimated a 24-hour average air lead level of 10 µg/m3 when one candle with a high lead content was burned for 3 hours. Earlier studies by the Public Citizen’s Health Research Group (1973) similarly estimated (based on lead emission rates) that candles burned for 3 hours daily in a 15 by 15 foot room, would result in an average 24-hour air lead level between 14 and 49 µg/m3. Whereas the preceding studies estimated air lead levels based upon estimated lead emission rates, room sizes and ventilation rates, U.S. EPA (1973) conducted a field test in which four candles with lead wick cores were burned on a table located in a dining room. Air lead was monitored for a period of 13 hours. The air lead concentration in the room averaged 16 µg/m3 over the 13-hour period. This is the only study identified that provides monitoring data on the air lead levels in a scenario that approximated potential patterns of consumer use.

Since candles with lead core wicks are not supposed to be commercially available, it will be assumed that the typical consumer will not purchase and use such candles. Typical consumer exposure would thus entail no exposure. As a worst-case scenario, daily use of candles with lead core wicks can be assumed to yield chronic exposure to lead in air of 16 µg/m3. This value is the measured air lead value obtained by U.S. EPA and is within the range of air lead values calculated from lead emission rates obtained in experimental studies.

Lead in pencils

Although the “lead” of pencils began to be replaced by graphite as early as the 16th century (Pichirallo 1971) the paint content coating on the surface of pencils has historically contained approximately 12% lead. The chewing of pencils coated with lead-containing paint could pose an unacceptable exposure risk, although no documented cases of excess lead exposure from such products was found. The use of lead paint on pencils has been banned for several decades, but anecdotal evidence has suggested that occasionally imported products may be mistakenly produced that are coated with lead-containing paint. In the absence of documentation that such products are still in commerce, no exposure values will be taken forward to Risk Characterization.

Artist materials

A variety of artist materials such as crayons, modelling clays, paints, and chalks can contain hazardous materials (including lead). However, such materials are generally banned from products that are intended for use by children. Artist’s materials containing such hazardous substances are labelled under ASTMD-4236-88 which establishes the ASTM Standard Practice for Labelling Art Materials for Chronic Health Hazards that became effective in 1990. Lead thus should not be contained in artist’s materials intended for use by children. Occasional press reports have suggested that isolated products manufactured in Asia are improperly labelled as safe for children (Nation’s Health, 1994).

Use of Artist materials by the Hobbyist
Although it is presumed that the limited use of lead containing artist’s materials by professional artists is conducted with awareness of the lead content of paints, purchase of, and use by, the casual artist or hobbyist cannot be precluded. Use of such materials may or may not be consistent with labelling directions. No information was found describing lead exposure resulting from hobbyist use of professional artist paints – but study of such potential exposures will likely to have been limited. Inadequate information is thus judged to exist to assess potential exposure from this product application. The typical consumer does not use such materials and no lead exposure would thus result.

Children’s toys

Consumer safety specifications generally prohibit or limit the use of lead paint or other lead-containing materials in children’s toys. The EU Toy Safety Directive (Directive 88/378/EEC) established extraction limits for the bioavailability any lead contained in children’s toys. Physiologically based in vitro digestion models suggest that less lead is available for intestinal absorption than based on the currently used extraction tests (Oomen et al., 2004 and 2005). Isolated instances occur in which lead paint has been mistakenly applied to action figurines or children’s puzzles. Vinyl and leather materials have further been suggested to contain unacceptable levels of lead, presumably as a result of pigments and stabilizers used (Hunt et al. 1997). However, testing by the United States Consumer Products Safety Commission (CPSC 1997) has suggested that the lead content of vinyl materials is limited and that, in instances where elevations of lead have been found (>200 ppm), the bioavailability of the lead is low and that exposure to hazardous levels of lead would not occur when the products were handled or used in a reasonably foreseeable manner. However, major toy manufacturers have agreed to enhance efforts to eliminate the presence of lead in children’s toys (Toy Industry Association 2003). 

Isolated case studies have further described lead poisoning resulting from the ingestion of costume jewellery for children (Jones et al. 1999), but the occurrence of such incidents is apparently uncommon. One recently documented case involved medallion jewellery composed of lead sold in vending machines in the United States (Van Arsdale et al. 2004) that resulted in at least one case of lead poisoning in a child. The jewellery had apparently been imported from manufacturers in Asia, and the lead content of the items had not been known prior to marketing. Most recently (MMWR, 2006) a four year old boy died from lead intoxication after ingesting a heart shaped charm bracelet (composed of 99% lead) included with the purchase of a pair of athletic shoes. Subsequent investigations by regulatory authorities determined that charm bracelets included with the shoes were highly variable with respect to lead content with many samples containing only 0.004 - 0.07% lead by weight.
The presence of lead in inexpensive costume jewellery designed to be used by children had been previously noted by Maas et al. (2005) in a survey of low-cost jewellery products. Of 285 jewellery products examined, more than half contained at least 3% lead by weight in at least one portion of the jewellery piece. Although the use of lead in such products is prohibited, the ease and low cost associated with jewellery production using lead and/or lead-containing alloys is conducive to its’ use, particularly in imported materials. The relative infrequency with which lead intoxication results from such products may in part be related to the plating or enamel coatings often applied to costume jewellery and the tendency for ingested items to transit the gastrointestinal tract prior to significant dissolution and release of lead. In both recent case reports the ingested items had apparently lodged in the stomach and been subjected to protracted acidic digestion. Recent studies in the United States have confirmed that unauthorised use of lead in children’s costume jewellery still occurs and constitutes an ongoing risk of lead exposure to children (Weidenhamer and Clement, 2007).

No cases of exposure excess within the EU from this source were found in the literature The safety of Toys in the EU, as controlled by the Toy Safety Directive, specifies the maximum level of migration for lead and this has to be carried according to the method in the standard EN 71 Part 3. Hence toys produced or imported in the EU in compliance with this standard will make a negligible contribution to lead exposure. However, no survey data were identified that validated the extent of regulatory compliance and/or that evaluated the lead content of imported items. Note that exposure to lead need not be confined to ingestion of such items. Recently completed dermal transfer studies suggest that bare lead metal in such jewellery could be transferred to the hands and subsequently available for hand to mouth transfer and ingestion. Estimates of potential exposure that might result will not be attempted given the variety of jewellery items that may be marketed, the possible presence or absence of protective enamels etc. However, the exposure levels that result from contact with lead surfaces in other applications can result in approximately 60 µg/day of lead ingestion in worst case exposure simulations.

Electrical solders

Lead/tin alloys are used in electrical solders for the repair of appliances or in the assembly of electrical devices by hobbyists. Use of such solders would generally be only occasional and intermittent, but opportunities for acute inhalation or acute dermal exposure may be present. Published scientific literature documenting exposure potential were not found, but a case study in the United States characterised lead exposure in a home workshop maintained by an electronic components repair technician (NIOSH, 2001). Air lead levels during the repair process were below limits of detection and surface contamination (lead in dust) of work surfaces was not found. Dermal exposure was not quantitated, but is not likely to have been significant given lack of lead in work surface dust samples. However, members of the family were found to have long-standing habits of chewing pieces of electrical solder taken from the solder coil and the resulting chronic ingestion of lead had produced elevations of blood lead. Use of electrical solders in the fashion for which they are intended thus appears to be associated with exposure to lead that is below the limits of detection and is thus assigned a somewhat arbitrary value of 0 µg/day by those who conduct electrical repairs in the home. The typical consumer is presumed not to conduct such repairs and thus to have an exposure 0 µg/day as well. Ingestion of such material is obviously to be discouraged and is not in accordance with manufacturer guidelines.

Cosmetics

Use of lead-based cosmetics has been documented as far back as Bronze-age Greece (Diamandopoulos et al. 1994). Use of lead in modern cosmetic preparations is not permitted, (Directive 76/768/EEC) but hazardous levels of lead have been found in traditional eye makeup (surma and kohl). This powdered makeup is applied to darken the eyelids and is most frequently used by women in Africa, India, Pakistan and the Middle East. Kohl is traditionally believed to be an antimony-based preparation (Parry and Eaton 1991). Use of such preparations, particularly in children, has been associated with elevations of blood lead (Parry and Eaton 1991; Aslam et al. 1980; Ali et al. 1978). The lead content of improperly formulated surma or kohl can be 50 to 60% or higher. Lead intoxication is generally presumed to result from hand-to-mouth activity and subsequent ingestion of lead. Although manufacture and/or importation of such lead-containing cosmetics is banned under EU law, lead-containing preparations have been observed for sale in the EU as recently as the early 1990s. Direct purchase of lead-containing surma and kohl by travellers abroad has further been suspected as another source of such preparations. Finally, home preparation of makeup powder using lead sulphide has been documented. Recent case studies of elevated lead exposure as a result of cosmetic use were not found – this may be reflective of educational campaigns regarding the hazards of lead directed towards potentially affected ethnic populations.

Folk remedies and traditional medicines

Over-the-counter traditional remedies are used by many persons as alternatives to expensive prescription drugs. While the use of lead in such preparations is prohibited, recent surveys have documented significant quantities of lead in some traditional medicine preparations (Au et al. 2000; Ernst and Coon 2001; Bayly et al. 1995; Chang et al. 1998). Such preparations can contain up to 60% lead by weight and can be consumed in quantities adequate to produce acute lead intoxication that requires clinical intervention. Consumer access to lead-containing preparations is frequently related to purchases by travellers in Southeast Asia, India and Mexico. Use of such preparations, which can be administered for health conditions ranging from colic to impotence, has produced acute lead intoxication sufficient to yield lethality. Inasmuch as the sale of lead-containing folk remedies is prohibited, educational programs directed at appropriate immigrant populations have been implemented.

Lead is intentionally used in a variety of consumer products. In some instances the potential for human exposure exists but is difficult to quantify. Limited information of this nature has been identified for the following products:

Hair dye

Some commercial progressive hair colouring marketed within the EU has contained lead acetate, with the lead content of commercial preparations being on the order of 0.3-0.4% (w/w) (Cohen and Roe 1991). Regulatory approval was granted for the use of such products as an exemption from 76/768/EEC Cosmetics Directive following the submission of data that documented product safety. By their nature, progressive hair colourings are used to darken grey hair and are thus employed by adults and not children. Product use is approximately once or twice per week, with an average volume of 6 ml of product being used per application. Of this, approximately 0.18 ml has been estimated to reach the scalp where approximately 600 μg lead may be deposited. No reports were found documenting elevation of adult blood lead levels as a result of hair dye use. The percutaneous absorption of lead from such preparations has been studied and found to be extremely limited (Moore et al. 1980). Twice weekly application of lead-containing hair colouring products has been estimated to result in 0.7 µg/week of lead uptake or 0.1 µg/day (Cohen and Roe 1991). The Food and Drug Administration of the United States limits the lead content of hair dyes to 0.6% (FDA, 1980).

Alternate exposure estimates are possible. If, as suggested by the TGD, 10% of applied dye reaches the scalp, then 0.6 ml of dye formulation penetration may result. Assuming lead content at the legal limit of 0.6%, 3.6 mg of lead deposition could occur per usage event. Twice weekly application would result in 7.2 mg per week, or 1 mg/day, of dermal exposure as a worst case estimate.

Neither the tonnage of lead acetate used in hair dyes during 2000, the base year for this Risk Assessment, or the proportion of hair dye sold within the EU that contained lead acetate in 2000 could be determined. The manufacturer of the hair dyes in question has since discontinued the use of lead acetate in hair dyes (personal communication). Subsequent to 2000, the EU Scientific Committee on Consumer Products (SCCP) has recommended against the use of CMR category 1 classified substances in hair dyes and further initiated a process whereby safety dossiers would be required for any substance intended for use in hair dyes. Any substance for which a safety dossier has not been submitted was banned effective 1 December, 2006.

In the absence of information indicating that lead acetate is still used in hair dyes, and given the evaluation and approval process established by the SCCP which must be fulfilled before such use could be considered, the evaluation of this consumer application will be retained here but not forwarded to Risk Characterisation. 

Lead shot and lead bullets

Whereas ecological risks and threats to wildlife have been studied with respect to the use of lead metal in shotgun shot and bullets, human exposures have also been associated with these products. Embedded lead projectiles have been documented by case studies to elevate the blood lead levels of gunshot victims (Magos 1994; Meggs et al. 1994; Manton 1994). The level of lead release from embedded projectiles can be sufficient to cause symptoms of acute intoxication. Surgical removal of the pellets and/or chelation therapy has been successfully employed in such individuals.

Case studies have also reported elevations of blood lead after the accidental ingestion of lead-containing air rifle pellets (Treble and Thompson 2002). While such instances of ingestion are relatively rare, they can be sufficient to produce sharply elevated blood lead levels (e.g., 56 μg/dL). Elevations of exposure are typically transient (and probably modest) as long as the ingested material successfully transits the gastrointestinal tract. Children hunting in arctic environments have been suggested to be at risk of excess lead exposure as a result of dissolution of lead pellets in saliva (Tsuji et al. 2002). Storage of pellets in the mouth prior to discharge from an air rifle has been suggested to pose elevated risk of exposure that has not been accurately quantified, although no elevations of blood lead from this practice have been documented in the EU.

Game hunting, and the subsequent consumption of meat from game, has been postulated to pose exposure risk due to metallic residues that originate from shot and bullets. Such exposures have been suggested as particularly relevant to subsistence harvesting cultures (Tsuji et al. 2002). While elevated levels of lead have been suggested in meals prepared from game harvested with lead shot (Johansen et al. 2001), a limited survey comparing blood lead levels of hunters and non hunters (Haldimann et al. 2002) did not observe differences between the two groups studied. Although the number of individuals studied in the aforementioned survey was relatively limited (25 hunters) there was no correlation observed between blood lead and the frequency with which game meat was consumed in the home. The blood lead levels of hunters (5.7 μg/dL) were identical to that of randomly selected blood donors. The limited nature of the database available does not make it possible to preclude lead exposure through the consumption of game harvested with lead-containing bullets or shot. Lead-containing bullets should pose the least risk of exposure since large projectiles, and projectile fragments, would be easily identified and removed during game dressing in the field and in the butchering of large game. Use of lead shot in the hunting of game birds would be more likely to result in lead pellet retention in edible tissues. A survey of 1,624 live game birds captured in sub-arctic regions of Canada found that 25% of the birds contained embedded shotgun pellets (Hicklin and Barrow, 2004). A recent survey of seabirds killed with lead shot (Johansen et al. 2004) has further suggested that shot fragmentation might further result in fine lead residues that significantly elevate the lead content of edible muscle tissues. However, the limited available blood lead survey data of hunters suggest that elevations in lead exposure would either be mild or extremely infrequent as a result of occasional consumption of lead contaminated birds. 

Subsistence hunters, on the other hand, could have a frequency of contaminated meat consumption that would be in excess of the PTWI and would be the population at greatest risk of excessive lead intake. Based upon data collected by Johansen et al (2004) in Greenland, consumption of a 200 g meal of seabird meat from birds killed by lead shot could result in lead intake ranging from 146 to 1220 g of lead as a function of the bird species consumed with eider having higher lead content then murre. The impact of bird consumption upon human lead exposure would vary as a function of the lead content of bird meat, the portion size consumed per meal and the frequency with which birds harvested with lead shot are consumed. Perhaps as a function of these variables, different relationships have been reported between subsistence hunting and lead in blood. Bjerregaard et al. (2004) observed that the blood lead levels of individuals consuming sea birds rarely, monthly, 2 –3 times per month, 2 –3 times per week 4 – 6 times per week and daily were 7.8, 7.9, 7.2, 11, 11.7 and 17 g/dL, respectively. More recent studies from Greenland (Johansen et al., 2006) have similarly observed that blood lead levels in men who do not consume harvested game birds is low (1.5 µg/dL) but rises to an average of 12.6 µg/dL in men who consume game birds with regularity. Multiple sea bird meals per week is thus associated with an increase of blood lead in several studies. Blood lead levels of Inuits in Ontario, Canada are also suspected to have been elevated due to consumption of game harvested with lead shot (Levesque et al., 2003). Cord blood lead levels prior to efforts to phase out lead shot averaged 4 g/dL in 475 Inuit newborns, with 7% of samples being above 10 g/dL. Although the sample size is limited to 28 newborn children, cord blood lead levels have declined to 2.4 g/dL after lead shot phase out.
Data documenting exposures of this nature within the EU were not found, but risk of exposure would be minimised in countries that have replaced lead shot with non-toxic alternatives and/or which do not have populations reliant upon subsistence hunting. For purposes of assessing potential consumer risk from this product application, the typical consumer would be expected to consume harvested game with low frequency. Assuming quarterly consumption of a 200 g meal (with a total lead content of 200 µg) contaminated with lead shot were to occur, this would be equivalent to an increase in daily lead intake of 1.7 µg. In contrast, individuals (e.g. subsistence hunters) consuming harvest game on a daily basis would have a daily intake of lead increased by 200 µg/day. Different assumptions can be made regarding the lead content of harvested game, and indeed the exposure associated with such game is likely variable and difficult to estimate with precision. However, the 200 µg/day increase in dietary lead is consistent with the observed blood lead levels of subsistence hunters. Alternate estimates of lead intake under different scenarios for frequency of game consumption have been reported (Nielsen et al., 2006) but are specific to Greenland and will not be repeated here.

Use of lead bullets or large shot pellets for harvesting large game is generally not associated with lead exposure. Although lead residues are theoretically possible, particularly if bullets or pellets fragment upon impact, game dressing techniques generally remove the large metal fragments from ammunition. Accidental ingestion of large (6 mm) fragments inadvertently left in game has been (albeit rarely) reported (Gustavsson and Gerhardsson, 2005). Consumer exposures associated consumption of large game is thus assigned a consumer exposure value of “0” with the caveat that ingestion of bullets and pellets has been documented.

Discharge of firearms at both indoor and outdoor firing ranges can be associated with elevations of lead exposure in some users. No studies were found documenting elevations of exposures in people living in close proximity to firing ranges. Tripathi et al. (1991) measured both elevated personal breathing zone air lead and blood lead amongst outdoor firearm instructors when non-jacketed ammunition was being used. The use of copper jacketing on ammunition was found to significantly reduce air lead levels. Elevations of air lead and blood lead were further demonstrated in marksmen (N=22) who used powder charged firearms (as opposed to air powered) at firing ranges (Svensson et al. 1992). Air lead levels ranged from 112 to 238 μg/m3 and were associated with blood lead levels of 10.6 μg/dL (range 3.2-17.6 μg/dL). Individuals who primarily used air rifles had much lower air lead exposure levels (1.8-7.2 μg/m3) and blood lead levels of 9.1 μg/dL (range 4.7-17.9 μg/dL). Associations were further observed between blood lead levels and the frequency of engaging in firing range activity. The modest elevations in blood lead associated with marked elevations in air lead, may in part be attributed to the relatively brief duration of exposure to airborne lead.

The type of firearm, calibre and the facility where it is used, also influence the potential magnitude of exposure. Generally, the potential for exposure decreases as follows: high-calibre handgun shooters > small-calibre (.22 calibre) handgun shooters > high-calibre rifle shooters > small-calibre (.22 calibre) rifle shooters > shotgun shooters > air gun shooters. With respect to firing ranges, exposure potential would be highest at indoor facilities, lower at covered outdoor facilities and lowest at uncovered outdoor facilities. Ventilation controls can be employed to limit exposures, but success in exposure reduction varies as a function of system design. Whereas Prince and Horstman (1993) found that ventilation controls appeared to be only moderately successful in reducing air lead and blood lead levels, Crouch, et al. (1991), Addy (1996), Halverson (1996) and Klein (2000) determined that the design, configuration and proper maintenance of the ventilation system in indoor ranges was critical, and could significantly reduce lead exposure. Data documenting the extent and efficacy of ventilation control use at indoor firing ranges were not found, but use of such controls can be an important determinant of lead exposure. A recent survey of shooting ranges used by 66 members of shooting teams, aged 7 – 19 years, in Alaska in the United States observed that blood lead levels varied significantly as an apparent function of ventilation control adequacy (MMWR, 2005). Average blood lead levels at shooting ranges with inadequate ventilation controls ranged from 8.9 to 24.3 g/dL, significantly higher than the average blood lead level of 2.1 g/dL at a range with adequate ventilation. Interpretation of the study is made difficult by limited information collected with respect to extent of shooting range use by the students and other possible sources of lead exposure, but linkage to shooting range activity is probable due to the low (2.6 – 3.5 g/dL) blood lead levels of nonshooting members of the student’s families. Blood lead levels also declined when shooting range use was discontinued.

For the purpose of this Risk Assessment, the typical consumer is assumed to not engage in the use of firearms at shooting ranges. The worst case exposure scenario is difficult to document with precision due to inadequate information of the frequency of shooting range use and the consistency with which compliance with modern ventilation controls is attained. Given these uncertainties, the exposure potentials for the worst case exposure scenario (with and without adequate ventilation controls) will largely be indexed to the limited data available for individuals who regularly use shooting ranges.

Hunting enthusiasts and marksmen may also elect to cast, reuse and reload their own ammunition using melting pots, molds, and lead metal ingots purchased in specialty stores and/or over the Internet. Such “reloading” practices may be associated with exposure to lead. However, no studies were found documenting incidents of elevated exposure related to this practice. An informal survey of instructional literature associated with reloading equipment demonstrated awareness of lead toxicity issues, but a somewhat greater focus was placed upon the consequences of premature and undesirable detonations and explosions associated with the practice of reloading. Since reloading practice is expected to be uncommon and practiced on infrequent occasions, negligible exposure is assumed for the typical consumer by expert judgement. However, the extent of exposure that may occur in hunting enthusiasts and marksmen is inadequately documented and potentially of concern.

Weights and sinkers

Fishing sinkers and weights containing lead metal are used during sport and commercial fishing. Incidental contact with such products would be brief and is presently presumed to pose negligible consumer exposure risk. Lead may also be used as balancing weights on automobile tyres. There is similarly no significant consumer exposure risk associated with such products in their use phase. The typical consumer is unlikely to have regular contact with such products and an exposure value of 0 µg/day is thus assigned. The worst case scenario is defined by expert judgement as an individual who undertakes sport fishing on a weekly basis and has intermittent contact with lead sinkers throughout the day. The subsequent section on architectural lead sheet describes recent studies of dermal lead transfer and possible exposures that might result. In accordance with the rationale described more completely in that section, frequent contact with fishing weights (essentially contact with fresh lead surfaces) would be associated with dermal loading on the order of 1.84 µg/cm2. The actual surface area of the hands involved in contact with the weights is likely to be limited to 100 cm2 or less essentially several fingers and a portion of a palm, for a total dermal lead loading of 184 µg of lead. One third of this (61 µg) is available for contact with the mouth and transfer to the mouth occurs with an efficiency of 13%. Oral ingestion of 7.7 µg of lead would thus be predicted after a day of sport fishing.  .

Anecdotal evidence suggests that some sportsmen may elect to cast their own fishing sinkers. Molds for such products still appear to be marketed and/or are available through antique dealers. Lead used in such applications would primarily provide opportunities for exposure from dust and abrasion products resulting from sinker production and mold cleaning. No quantitative data was found to document the prevalence of this practice and no instances of excess lead exposure resulting from this practice were noted in the technical literature or poison registries. However, unless proper precautions are taken, the extent of exposure that might occur is of potential concern.

Lead in hobby materials

Lead can be contained in a variety of hobby materials, particularly those produced for use by artists. As noted earlier, pigments, glazes, and enamels that are intended for use by artists may contain lead and are regulated with specific label requirements regarding precautions to be followed in the use of the materials.

The presence of lead has further been documented in materials such as pool cue or “snooker” chalk (Miller et al., 1996; Dargan et al., 2000), presumably as a result of lead contained in the pigments used to impart a green colour or tangerine colour to some chalk cubes. The chalk is suspected to be the cause of two cases of elevated blood lead (22 – 35 µg/dL) in the United States and one case of lead poisoning in the United Kingdom (blood lead of 46 µg/dL). The infrequent reports of problems associated with such products suggests that excess lead exposure from snooker chalk is uncommon, but serves as a cautionary note regarding the use of lead pigments in products that might be accessible to ingestion by children.

The preparation of stained glass items by hobbyists has been evaluated by several different investigators. Hobbyists will assemble patterns of stained glass that are supported by a network of thin bands of lead metal alloy (termed lead came). During the stained glass assembly process artisans must heat, draw, bend, solder and polish came. The performance of these tasks requires contact with lead metal alloy, although the temperatures utilised are not such that significant fuming or vapour formation would be anticipated. Principal opportunities for exposure would most likely be associated with polishing processes that generate lead-containing dust.

Landrigan et al. (1980) surveyed blood lead levels in professional stained glass workers and in a small number of hobbyists (n=5). Whereas the average blood lead level of professional workers was 20 μg/dL, blood lead levels in hobbyists averaged 11.6 μg/dL. Blood samples were also obtained from 4 hobbyist family members and found to average 11.3 μg/dL. Whereas the occupational setting evidenced modest elevation of blood lead levels, the observed blood lead levels for the hobbyists were equivalent to those normal for the US population at the time this survey was conducted in 1979. A more recent case study characterised occupational and residential lead exposure at a stained-glass art studio (Donovan 1994). A limited number of air lead samples were taken during soldering and polishing (whiting) activities. Lead in air measurements were low during soldering activities (trace to 5 μg/m3 lead in air) but increased during polishing to 60-80 μg/m3. Elevated levels of lead containing dusts were further observed in the studio areas (1.2-1600 µg/m2) suggesting the potential for exposure if proper hygiene measures were not observed. However, monitoring of the two full-time workers at the studio had never observed blood lead levels in excess of 10 μg/dL. At the time of the survey, worker blood lead levels were 1.8 and 2.1 μg/dL. The level of work activity in a professional studio likely exceeds that of a hobbyist, suggesting that hobbyist activities will not be associated with excessive exposure to lead as long as common sense provisions are followed concerning work practices and personal hygiene. Negligible exposure is thus assumed.

The potential for exposure in the preparation of stained glass is, however, demonstrated by a limited report documenting exposure in 4 stained glass workshops extensively engaged in the manufacture of material for restoration of windows in churches and other historical buildings (Baxter et al. 1985). The mean lead in air in the workshops was generally low (10-30 μg/m3 or lower) but elevations of blood lead were noted amongst the workers. Of 47 exposed workers, 19 had blood lead levels between 30-40 μg/dL, 7 between 40-50 μg/dL, one worker had a blood lead between 50-60 μg/dL and one worker had a blood lead level between 70-80 μg/dL. The authors suggested that the elevations of blood lead observed were most likely due to high dust lead levels in the workshop areas and a failure to follow basic hygiene precautions that would normally prohibit eating and smoking in lead work areas. The extent to which exposures were mediated by the preparation of stained glass windows is difficult to ascertain from the published data. The workshop was engaged in restoration work, with windows being removed from historical buildings. Bulk samples of the cement from removed windows were reported to contain up to 20% lead. Data for control subjects was not collected, making it difficult to ascertain the elevation of blood lead levels as a consequence of work practice. General population levels in the UK at this time averaged between 7 and 14 µg/dL. It is not known whether renovation work of this nature occurs today and/or if changes in work practice have been made in renovation workshops.

Publications in the scientific literature are lacking, but hobby materials are apparently also available for the casting of figures (e.g. toy soldiers, fantasy figures) from alloys that may contain significant levels of lead. Whether such figures are specifically intended for use by children is unclear, but such use cannot be precluded at this time. If small enough, as with costume jewellery, cast items could be ingested and pose a significant risk of lead intoxication. In the absence of ingestion, the casting of such figures in the home setting could create the potential for lead exposure via dusts that might be created during figure polishing and/or mold cleaning. Additional information in being sought as the prevalence of this application and the extent to which consumer guidance if provided regarding the risks of lead exposure and the procedures that should be followed for the safe handling of lead.

Lead Stabilisers in Plastics

Lead compounds are used as stabilisers in plastics, most frequently polyvinyl chloride (PVC). Lead-containing PVC products are used primarily in construction applications where long product life and durability are required. As described in greater detail below, for many products consumer contact will be infrequent and the potential for exposure negligible. The lead stabilisers within PVC are bound within the plastic matrix and/or have low inherent extractability, even under extreme conditions such as that of a TCLP test (Grossman, 1999). Casual contact with such products would not likely result in measurable transfer of lead to the hands or mouth.

Flexible wire and cable

Lead-stabilised PVC products of this nature are typically found in the internal wiring of homes and electrical devices. The location of such products is such that consumer contact is unlikely. Negligible exposure is thus presumed.

Exterior Construction

Rigid PVC will be used in construction materials such as window profiles. Consumer contact with such items will be intermittent and pose infrequent opportunities for exposure. External weathering of such products might be expected to release small quantities of lead over a protracted time frame. Although there is little data documenting the amount and time frame over which lead release may occur during normal service life, the extended time frame of release suggests negligible opportunity for consumer exposure. Accelerated aging tests of lead stabilised window profiles (containing 1% total lead) failed to detect lead release (limits of detection 0.01 µg Pb/cm2) during exposure to UV-A or UV-B light (Grossman and Krausnick, 1997). These studies support a conclusion that potential consumer exposure from such products during their service life is negligible. In the absence of information to the contrary, the typical consumer would be presumed to have little contact with such materials and an exposure value of 0 µg/day is assigned. The worst case scenario is defined by expert judgement an in individual conducting cleaning or maintenance four times a years. An exposure value of 0 µg/day is provisionally assigned to this scenario, but will be subject to modification pending the completion of ongoing studies evaluating dermal transfer resulting from the handling of weathered PVC products

Water Pipes

PVC water pipes may utilize lead stabilisers, but the use of such products is generally permitted only after appropriate compliance testing to ensure that unacceptable leaching of lead into potable water supplies does not occur. The use of lead stabilizers has been widely approved in Europe for many years and they are on the German, Italian and Dutch public positive lists. Such pipes are subject to appropriate testing under different regulatory regimes in a number of Member States. France has, however, never approved lead stabilizers because their pipes are regulated by their law on food-contact plastics and it would be inappropriate to list such stabilizers in such a law. More recently the UK has ceased to allow the use of lead stabilizers in drinking water pipes, as also has Denmark.

A new EU Directive being developed under the Construction Products Directive will specify an EC approved pipe and this approval would be subject to compliance with a positive list and also a battery of appropriate tests to ensure safety, which will replace existing national schemes in the EU. International standards and test certification procedures are also maintained by National Sanitation Foundation International (ANSI/NSF 61) and generally specify that materials utilised in potable water systems can contribute no more than 10% of the maximum amount of any regulated contaminant (NSF, 1992). Contaminant levels are determined at multiple pH levels (pH 5, 8 and 11) over extraction time frames of 1, 2 and 5 days. Permitted contaminant levels vary as a function of regional regulatory standards. For example, ANSI/NSF 61 certification would specify that if the Maximum Contaminant Level for lead in drinking water were 15 µg/L, no more than 1.5 µg/L lead could be extracted over a five-day holding period. Compliance with such a standard under static holding conditions would ensure significantly lower lead concentrations under dynamic (flowing water) conditions.

Studies conducted by the Austrian Plastics Industry have monitored the level of lead in installed PVC water pipe systems - the levels of lead within the system were comparable to that in the waters entering the system (Oki, 1995).

Given existing certification systems, PVC water pipes will make a negligible contribution to consumer lead exposure. For the typical consumer, given studies that show not increase in the lead content of water in such pipes, no exposure will be assumed an increase of 0 µg/L assumed. For worst case exposure scenarios, leaching at the maximum allowed limit will be assumed to yield an incremental increase in the lead content of drinking water of 1.5 µg/L.

Other PVC Products

Some PVC products have been suggested to result in unacceptable human exposures to lead. For example, PVC “mini” window blinds manufactured in China, Taiwan, Mexico and Indonesia have been suggested to have formulations that render them susceptible to thermal and photo degradation, with subsequent “chalking” of the surface that produces a dust containing lead. The Consumer Product Safety Commission (CPSC) of the United States determined that the lead content of dust on some blinds could pose a health hazard to young children if ingested (CPSC, 1996). The mini-blinds of concern contained total lead concentrations that averaged 1.01% - accelerated aging tests of some products generated a dust that released up to 416 µg of lead per square inch of product surface area. The CPSC findings resulted in a product recall and a voluntary initiative by the Window Covering Safety Council (the representative for this industry sector in the United States) to ensure that manufacturers adopt non-lead formulations for such products. Monitoring of products imported into the US was also urged.

The extent to which such products might still be imported into the EU is being evaluated, but thus far there have been no indications that such products were imported in significant quantities. Properly formulated PVC mini-blinds appear to have a very low release rate of lead-containing photo-degradation products (Grossman and Krausnick, 1997). Accelerated ultraviolet light aging of mini-blinds resulted in low (0.03 – 0.20 µg/cm2 release of lead in photodegradation products. This contrasts with the EPA/HUD action level of 0.54 µg/cm2 for lead release. Release of lead from lead stabilised window profiles was below limits of detection (< 0.01 µg/cm2), a difference thought to be reflective of a lack of potentially destabilizing filler compounds contained in miniblinds. There is further uncertainty as to the relative contribution of household dust (likely derived from lead-based paint) as opposed to chalking of lead-stabilised products, in the field studies conducted by CPSC. High levels of lead dust were subsequently documented on tin-stabilised mini-blinds (Grossman, 1998). PVC mini-blinds manufactured with lead-free stabilizers were further observed to undergo photo-degradation in a fashion that facilitated the retention of lead dust from other sources. The specimens evaluated by CPSC could have contained excessive amounts of filler compounds and/or could have contained contamination derived from other household dust sources.

Lead stabilizer use in products such as children’s toys is atypical and not in accordance with Toy Industry Manufacturer practice. With the exception of potential issues associated with imported products, toy products produced in the EU should not pose an exposure risk. Pending receipt of information to the contrary, lead stabilised PVC will be presumed to be absent from children’s toys and most interior PVC products. No exposure will thus occur.

Lead in Paint

The use of lead-containing paint for residential purposes or in consumer products is banned under directive 89/677/EEC, although exemptions are permitted. In addition to the use of lead in artist’s materials noted earlier, lead-containing paints are permitted in industrial settings where anti-corrosion needs dictate their use. This can extend to use on metal structures such as bridges. Given the nature of the application, maintenance of the painted structures is routine so as to preserve the anti-corrosive function of the painted surface. Opportunities for consumer exposure from such applications should be negligible. Given limited consumer access to industrial facilities, no exposure from such paints is assumed to occur.

Historical use of lead in residential settings occurred within the EU, but it is unclear if significant numbers of existing housing units still contain lead-based paints. The presence of lead-based paint in residential housing, particularly if in a deteriorating condition, could pose significant risk of excessive lead exposure to children and/or to homeowners engaged in renovation activities. For example, Elliot et al (1999) documented 83 cases of hospitalisation for lead poisoning with the U.K. over the time frame of 1992 – 1995. Eighteen of these cases were children less than the age of five and predominantly of low socio-economic status. Paint and/or lead-rich house dust ingestion was suspected as the exposure source for the majority of these cases. Although instances of lead poisoning were rare, asymptomatic lower level exposures mediated by household paint would not be included in the databases searched by the authors.

Present data are inadequate to characterize the exposure risk that might still exist, but existence of exposure risk within the UK and other EU countries is probable. For example, France (OECD 1996) has reported that surveys in north-eastern Paris have identified old lead based paint as an exposure source related to elevated (> 15 µg/dL) blood lead levels in 1550 children between 1987 and 1991. Levels of exposure for 690 children were sufficient to require hospital care. Similarly, the average blood lead concentration of 533 children aged 6 months to 6 six residing in central Brussels 1in 1991 – 1992 was 10.4 µg/dL (51% > 10 µg/dL), considerably higher than that of an urban Brussels reference group (N=111) with an average blood lead of 3.6 µg/dL (Claeys et al 2003). Elevated exposure to lead was strongly associated with residence in older housing with lead based paint, iron deficiency, and ingestion of paint chips. Elevated blood lead levels of children have also been observed in Oporto, Portugal in section of the city known to have housing with deteriorating lead-based paint (Mayan et al., 2001). More precise quantitation of the extent of housing stock containing lead based paint, particularly that which is in a deteriorating (chipping and peeling) is needed before an accurate assessment can be made of the lead exposure risk posed.

Lead based paint is absent from the typical residence and no opportunities for exposure are thus assumed for the typical consumer. Although quantitation of the number of residences that may contain lead-based paint is uncertain, and is potentially quite small, the instances of lead poisoning reported within the EU are of concern. Information to define the scale of the problem is thus inadequate, but the presence of lead-based paint is known to be a health hazard and result in instances of childhood lead poisoning.

Radiation Shielding

Lead metal and lead oxide serve in a variety of radiation shielding functions. Lead oxide is incorporated into the glass utilised for cathode ray tubes. The faceplates of cathode ray tubes are typically non-leaded glass formulations – opportunities for consumer contact with the internal funnel of cathode ray tubes would be unusual and generally restricted to instances of home repair efforts. Even then, the stability of the glass matrix containing lead is such that consumer contact with the leaded glass would yield de minimus exposure. Exposures resulting from this radiation protection application are thus considered to be below the limits of detection.

Lead metal in the form of sheet, slabs, plate, bricks, tubing and sleeves are commonly used for radiation shielding purposes in nuclear facilities. Lead-containing epoxies and putties will also be used for “in-the-field” crack-filling and patching (LIA 1984). These materials are used in permanent nuclear installations and do not afford opportunities for consumer exposure. Portable shielding devices such as plastic blankets with interior lead laminated layers are also utilised for emergency purposes and are similarly judged to pose no measurable risk of exposure.

The general public is most likely to encounter shielding in medical facilities where it is used to protect against exposure to x-ray and other radiation sources. Inasmuch as sheet lead is not self-supporting, lead in such facilities is generally present as an internal layer within laminated panels of plywood or wallboard. Opportunities for consumer contact with such interior lead laminate are highly improbable. Prefabricated control booths are further frequently found in x-ray facilities, as are portable shielding walls. Sheet lead is again generally present as a laminate between other building materials and direct contact with sheet lead does not occur. Facilities may also contain viewing windows composed of leaded glass. Although accessible to contact, release of lead from the glass matrix is judged to pose negligible exposure risk. In some medical installations sheet lead is applied as an external laminate over wallboard or other construction materials. Such sheet lead is generally painted or encapsulated for aesthetic purposes and direct contact with lead made unlikely.

Lead is also used in the construction of storage cabinets for x-ray film to protect film against exposure to either light or radiation from x-ray equipment. Film transfer cabinets are typically of double-wall construction of heavy gauge steel with an internal lead lining. A case report has documented potential exposure risks associated with transfer boxes located in dental offices in the United States. These boxes lacked an internal lining material and were lined only with sheet lead. Over a suspected timeframe of decades, such lead-lined storage boxes developed a fine white powder residue of lead oxide (MMWR 2001). This powder residue was judged to pose a potential exposure risk if significant amounts of powder were to transfer from the box to the hands of a dental hygienist and subsequently to the mouth of a patient. Based upon wipe test sampling, it was estimated that 3378 μg of lead could be transferred to a patient’s mouth. Actual instances of patient exposure through this application have not been documented. Moreover, advances in dental radiograph technology have significantly reduced the level of scatter radiation and many dental offices have discontinued the use of lead-lined radiographic storage boxes.

Oxide formation on uncoated metallic lead used in radiation shielding had been documented (Klein and Weilandics 1996) in the US. This surface lead could become airborne during cleaning and/or material handling. Transfer of lead containing dust to the hands upon contact was also suggested to be possible. While it is believed that most lead shielding used in medical offices is either encapsulated or present within a laminated structure that prevents consumer exposure, this may not be the case in facilities of older design. However, no documentation was found indicating this has occurred in the EU.

During the taking of an x-ray, or during radiation therapy, portions of the patient’s body will typically be draped with leaded aprons or blankets. Such aprons are of laminate designs with an internal flexible (often vinyl) material impregnated with lead powder or granules. Physical contact with lead is prevented by vinyl and cloth barriers on either side of the laminate and no risk of lead exposure would appear to be feasible as long as these barrier layers are intact. Anecdotal evidence has suggested that aprons of older design may contain metallic lead susceptible to oxidation and that some release of lead oxide dust may occur during apron manipulation. This possible source of consumer exposure is being further explored.

Architectural sheet lead

Lead metal may be used in a variety of architectural applications, both in modern and historical buildings. Sheet lead has been commonly used as a roofing and/or flashing material. Given the location of this material, consumer contact and direct exposure is unlikely to occur. The only known architectural use of sheet lead on building surfaces that may be accessible to contact by the general public is balconies, verandas and window sills where flashing material may be used at the juncture with the external wall. Sheet lead surfaces in such locations may pose a risk of exposure as oxidation occurs, and the resulting patina of adhered oxides and carbonates may become available for physical transfer to the hands or other skin surfaces upon contact. Quantitative estimates of lead transfer to the hands from contact with flashing are not available, although the frequency with which contact occurs is likely to be low. However, it has recently been estimated that more than 10,000 flats in the city of Paris employ such flashing and an evaluation of exposure risk has been recommended by Conseil suprieur d'hygine publique de France. Wipe tests of oxidised lead sheet in storage prior to use in radiation shielding have reported the release of 10,000 µg lead per 100 cm2 of lead sheet surface area (Klein and Weilandics 1996). Contact with heavily oxidised lead sheet surfaces might thus be hypothesised to transfer significant quantities (hundreds or thousands of micrograms) of lead to the hands. For adults engaged in occasional (e.g. annual) maintenance work, risk of exposure occasional exposure would pose negligible risk (expert judgement) under reasonable typical and worst case exposure scenarios.. The typical consumer may not have daily contact with such surfaces, but daily contact of such objects by children, followed by ingestion as a result of hand to mouth activity, can be envisaged as a worst-case scenario.

At present there is limited quantitative data available to document the extent of dermal transfer that might actually occur. Nor have cases of elevated blood lead levels in children from contact with lead sheet been identified in the literature. However, studies recently completed (Sleeuwenhoek and van Tongeren 2006) have measured the transfer of lead to the hands of human volunteers under controlled laboratory conditions and after contact with architechtural lead objects in the field. Under controlled laboratory conditions, dermal transfer of lead in a variety of different contact scenarios (picking up weighted lead objects or controlled pressure pressing of the hand on lead metal ingots) varied as a function of contact frequency. For example, after 1, 5 or 10 contact events the geometric mean of lead transferred to the hand was 0.04, 0.37 and 0.61 µg/cm2, respectively. The upper 90th percentile associated with these contact scenarios was 0.21, 1.39 and 1.84 µg/cm2. Hand contact with lead surfaces in the field produced more variable results slightly higher than those measured under controlled laboratory conditions. In general, hand lead loading following activie contact with objects such as hand rails also increased as a function of contact frequency. Geometric mean hand lead loading after 1, 5 and 10 contact events averaged 0.44, 1.02 and 0.99 µg/cm2, respectively. The associated upper 90th percentiles for these contact scenarios were increased as a function of contact frequency and were 1.80, 3.80 and 2.76 µg/cm2, respectively. The observation of higher transfer of lead in the field was likely, as least in part, due to the accumuation of dislodgeable corrosion layers on the lead surfaces. Thus, the laboratory values likely represent the approximate magnitude of dermal lead transfer following contact with newly produced objects or objects that are handled frequently and thus lack a loosely adhered layer of corrosion by-products. The higher field observations are likely representative of the transfer that might occur after contact with undisturbed lead surfaces subjected to weathering.

Extrapolation of hand dermal transfer to an estimate of systemic exposure resulting from subsequent hand to mouth contact is difficult, but such issues have been reviewed by Dube et al (2004) in efforts to quantitate human exposures to arsenic. The methodologies of Dube et al (2004) can be applied here, though it should be noted that the transfer estimates made were based upon contamination of hands by soil and the subsequent transfer of soil to the mouth. Whether lead on the hands after contact with lead metal will tranfer to the mouth with an efficiency comparable to that of soil is not known, but comparbility is assumed here as a worst case assumption. In essence, Dube et al suggest that 1/3 of the hand surface area is available for hand to mouth transfer. Given that hand size varies as a function of age, different assumptions must be made for adults and children. The uptake of lead as a function of hand to mouth activity will also vary as a function of age and will be greater in children. Thus 25% of the lead on available hand surfaces will be assumed to be ingested by children. Lower transfer efficiency is suggested for adults and is estimated to be 13%.
Given the preceding, estimates can be made of consumer exposure associated lead sheet products. Since the typical consumer is unlikely to have common contact with such materials, no exposure is assumed under the typical exposure scenario. The worst case exposure scenario for adults would entail periodic maintenance of lead sheet home architectural features. Given that such surfaces will be undisturbed and multiple contact events likely involved, dermal loading of approximately 3 µg/cm2 is adopted as the upper 90th percentile estimate. Given an assumption of palm side surface are of both hands of 840 cm2, one third of this area is available for hand to mouth transfer or 280 cm2. Assuming lead loading of 3 µg/cm2, 840 µg of lead is available for hand to mouth transfer at a transfer efficiency of 13%. Occasional maintenance activity on lead sheet surface by adults could thus be associated with lead ingestion of approximately 109 ug.

Estimating exposure for children is more problematic since scenarios for contact activity and its frequency are harder to predict. For the purpose of this assessment, the typical child is assumed to have no contact with lead sheet surfaces and thus 0 µg/day of exposure. For purposes of worst case exposure estimation, daily contact with multiple contact events will be assumed. Given this contact scenario, the lead surfaces cannot be considered as undisturbed and the laboratory estimates of dermal loading will be used. Assuming 10 contact events per day, dermal lead levels of 1.84 µg/cm2 will result. Dube et al (2004) estimate the hand surface area of young children available for hand to mouth transfer to be 132 cm2, yielding an estimated 243 µg of available Pb of which 25% or 61 µg is subsequently ingested daily. Although there is inherent imprecision in this exposure estimate and alternate estimates of dermal loading, hand to mouth transfer efficiency etc can be made, the most important determinant of exposure is most likely to be the frequency with which contact events occur.

Architectural sheet lead may further pose opportunities for exposures via indirect pathways. Rainwater runoff may mobilize lead and lead oxidation products, with subsequent deposition of lead in surrounding soils. Quantitative information is being sought regarding rates of potential lead release and accumulation in environmental media (e.g., residential soils) where lead might be accessible for ingestion by at-risk populations such as children. TNO (2001) has suggested that corrosion rates of 5 g/m2/yr are to be expected, with 75% of wash-off accumulating in soil. However, this estimate appears to include soil transfers to agricultural soils from rainwater capture by municipal wastewater treatment facilities and the application of sludges to soil.

The quantities of lead available for storm water wash are not insignificant. Wilson (2003) has reported corrosion rates of 4.67 g/m2/year for full lead sheet roofs and 0.88 g/m2/year for lead flashings. These estimates represent the mid-points of a range of potential wash-off rates, with site-specific run-off rates varying as a function of local climate, rain water chemistry and physical orientation of sheet lead. These rates are further applicable only to lead surfaces exposed to rain water. In contrast, for material such as flashing the exposed surface area is generally a small fraction of the total.

Very few estimates of soil lead accumulation as a consequence of run-off from architectural sheet lead are available. Jorgensen and Willems (1987) surveyed soil lead levels immediately adjacent to five village churches with sheet lead roofs in Denmark. After approximately eight centuries of wash-off, soil lead levels ranged from 800 to 11,600 ppm, a level much lower than the authors had anticipated from modelled calculations of wash-off rates. Measurements were restricted to the drip lines of the roofs (30 – 40 cm from the outside walls) and horizontal dispersion was not determined.

However, direct extrapolation from the preceding study to residential housing in the EU is not possible. The quantities of lead that accumulate in soil as a result of direct wash-off from sheet lead surfaces is difficult to quantitate, but total amounts are probably a fraction of the totals estimated by TNO. The majority of housing in the EU (and particularly in those countries in which lead sheet is widely used for architectural purposes) is expected to employ rainwater collection systems that will minimize wash-off to residential soils, and will predominantly be directed to municipal sewage treatment plants. Officials in some EU countries (U.K., Netherlands, Germany) have confirmed (LDAI, personal communication) that guttering of structures with architectural sheet lead roofs is mandatory. Assuming guttering is adequate, lead in soil accumulation in the immediate vicinity of such structures will be minimal. However, regulations can be somewhat non-specific with respect to the ultimate fate of wash-off. German regulation requires removal of water and permits direction to a “soakaway”. A surface located soakaway could result in lead accumulation in soil that might be accessible to children. Further information regarding building codes in other countries is being sought.

No information has been identified that quantifies residential situations where rainwater collection systems are not employed. For the purposes of this assessment, wash-off to residential surface soils is assumed to be rare and, given the extended period of time associated with soil lead elevations in the study of churches, to have minimal impact upon consumer exposure. Contributions to residential soils will thus be presumed to be largely historical in nature and included in measurements of urban soil lead described in indirect exposure via the environment. Information presently available is not adequate for purposes of risk assessment.

Ornamental applications

Cast lead may be used in the production of “garden ornaments” such as planters and other decorative objects such as statues. Surface oxidation of such products, followed by handling, could result in dermal transfer of lead and subsequent exposure. The recently completed studies of Sleeuwenhoek and van Tongeren (2007) described in the preceding section on lead sheet do permit provisional estimates of the amount of lead that might be available for dermal transfer. For the purposes of this risk assessment, the typical consumer will be assumed to not possess such items and thus be a no risk of exposure. The worst case exposure scenario that might be envisioned for adults would entail occasional movement of such items on an an irregular (e.g. monthly) basis. For the purpose of this assessment, monthly contact is assumed. Contact events would not likely entail repeated contacts, leading to an assumption of dermal loading of approximately 1.8 µg/cm2. As per the exposure estimate methodology outlined in the architectural lead sheet section, involment of both hands is assumed (840 cm2) of which one third or 280 cm2 is on surfaces amenable to intake by hand to mouth transfer. This results in an estimate of 504 µg of lead available for transfer, of which 13% or 65 µg is subsequently ingested.

Possible expsoure to children would similarly assume single contact events. Given an estimated hand surface area of 132 cm2 commontly involved in hand to mouth transfer, 238 µg of lead (132 cm2 x 1.80 µg Pb/cm2) would be available for transfer with an estimate transfrer efficiency to the mouth of 25%. Contact events with ornamental objects would thus result in the ingestion of approximately 60 µg of lead. Contact can be assumed to occur on a weekly or daily basis. For purposes of worst case estimation, daily contact will be assumed. 
Ceramicware
Ceramicware articles can contain lead as a component of their glaze and/or decoration. The addition of lead oxide to glaze compositions lowers the fusion point, widens the processing range, reduces surface tension, and permits greater flexibility in formulating a composition to achieve desired properties of low expansion, a smooth surface, and high brilliance. Properly formulated leaded glazes are highly resistant to devitrification, have good chemical durability and have the ability to heal defects in both the glaze itself (such as blisters and pinholes) and defects of the underlying clay surface (such as drying cracks).

Ceramic articles intended to come in contact with food are required to conform to a variety of national and/or international regulatory standards. These standards specify the levels of lead permitted in leachate extractants (typically 4% acetic acid) left in contact with ceramic articles for 24 hours. The levels of lead in resulting leachate are not expected to reflect actual lead release levels into food during consumer use – lead extraction into food occurs at rates much lower than that observed in leach tests. Rather, the leach test is the standard method that provides the means by which good manufacturing practice can be both ensured and monitored. Standards further facilitate harmonization of regulatory guidelines in principal world markets.

Within the EU lead leachate limits are specified by EC Directive 84/500/EEC. Test methods and limit values have also been recommended under ISO Standard 6486. ISO standards are similar to those adopted by the Food and Drug Administration in the United States in 1992. Leach test limit values for all 3 sets of standards are summarised in the table that follows. Inasmuch as many producers of ceramicware generate product intended for international markets, the more stringent leachate limit values are likely to be met by most commercially available food contact items within the EU. Different leachate levels are permitted for flatware (plates), small hollowware (bowls), large hollowware (serving dishes), large pitchers and jugs, and cups or mugs.

Table 4.132:
ISO leach limits for ceramicware

	Type of tableware
	USFDA limit
	EU directive limit**
	ISO limit

	Flatware*
	3 ppm
	0.8 mg/dm2
	0.8 mg/dm2

	Small hollowware
	2 ppm
	4 ppm
	2 ppm

	Large hollowware
	1 ppm
	4 ppm
	1 ppm

	Cups or mugs
	0.5 ppm
	4 ppm
	0.5 ppm

	Large pitchers or jugs
	0.5 ppm
	4 ppm
	0.5 ppm

	Cookware/Storage vessels > 3 L
	-
	1.5 ppm
	-


* Flatware limits can be concentration based or related to release on a surface area basis. A 3 ppm limit is equivalent to a 0.8 mg/dm2 limit. ** EU legislation defines three product categories: 1) flatware (subject to a limit of 0.8 mg/dm2); 2) articles that can be filled (subject to a limit of 4 ppm); and 3) cooking ware; packaging and storage vessels with a capacity more than 3 litres (subject to a limit of 1.5 ppm).

Surveys of lead release from ceramicware material, conducted in accordance with standardised leach test methods, have indicated that commercially available ceramicware products are typically well within the recommended limits. Gonzalez-Soto et al. (2000) observed leachate levels between 0.27 ppm and 1.21 ppm in a number of unspecified ceramicware products. Surveys of dinnerware available in other countries, including exports from the EU to the US, have similarly indicated good compliance with leach test limits (Sheets 1999, Hight 2000). Observations that commercially available ceramicware within the EU performs superior to existing EU standards is not unexpected. Many manufacturers market their product in regions with standards more stringent than those in the EU, such as the US. Furthermore, commercial manufacturers must generally maintain mean leach test results for each product pattern produced that are 3 – 5 fold lower than those mandated by applicable standards (Coalition for Safe Ceramicware, personal communication). This is necessary to ensure consistent compliance with applicable leaching standards in the face of variability in the production process.

Estimating consumer exposure to lead through the use of ceramicware is difficult in that little information is available to determine the proportion of the population that possesses such products, the frequency with which such products are used, or the food items that would commonly be prepared or served by the typical owner of ceramic dinnerware. The typical consumer likely uses fine china or porcelain only for holidays or other special occasions. However, for purposes of estimating the worst-case exposure scenario for ceramicware, it is assumed that some individuals might consume all meals and beverages from ceramicware with leaded glazes and/or colours. Furthermore, for the purpose of establishing the upper bound of exposure that could be associated with ceramicware use, it will be initially assumed that the ceramicware products used perform at the upper limits of the leach test standards enforced under current EU legislation (as opposed to the lower ISO/FDA limits). Since, as noted above, standard quality assurance procedures would normally ensure that mean leaching values are only a fraction of applicable standards, the upper bound exposures estimated herein are likely far higher than the actual exposures that might be encountered in practice (assuming compliance with applicable standards).

Estimates of actual levels of lead extraction into foods prepared or served in ceramicware compliant with applicable leaching standards were not found in the published literature. The U.S. Food and Drug Administration (FDA) has indicated that levels of incremental lead exposure from ceramicware products, prepared in accordance with modern commercial technology and compliant with the leaching standards promulgated by the agency in 1992, do not make a significant contribution to dietary lead exposure. This conclusion is in large part based upon unpublished studies submitted to FDA by the Coalition for Safe Ceramicware (1991) evaluating lead release from ceramic tableware items into common foodstuffs. The relevance of these studies to products commonly available in the EU market place is somewhat limited since many of the products evaluated were specifically prepared or selected for the purpose of evaluating lead extraction into food from ceramic dinnerware meeting FDA’s previous leach test limits. Earlier limits were significantly higher than those announced in 1992. For example, FDA’s pre-1992 flatware and small hollowware leach standards were 7 and 5 ppm, respectively. To determine the lead exposures that might result from the use of ware at or near these leaching limits, some ware were specifically manufactured so as to have leachable lead values at or near FDA’s former limits. While much of the data in the Coalition’s studies are therefore not reflective of “real world” exposures from products actually available to the consumer, they are nonetheless useful for evaluating potential exposure under the conditions of the worst-case scenario defined here.

The Coalition studies evaluated elution of lead into multiple foodstuffs from a variety of ceramicware products. Foods were inclusive of items that might be consumed by adults and children and included apple juice, milk, orange juice, coffee, soups, sodas, mashed potatoes, meats, cereals and sauces. Products evaluated included cups, bowls and flatware. The studies confirmed that lead elution into food items was far lower than that which occurs during acetic acid extraction tests. This finding was as expected since the aggressive pH and exposure time conditions of a leach test are more extreme than the conditions associated with food preparation and serving. However, leach test results were not necessarily indicative of the level of lead extraction into food. Multiple factors appeared to contribute to the lack of a reliable correlation and included variation in the chemistry of individual food items, variation in the liquid content of different foods, variations in the chemistry of the glaze formulations tested, differences in the geometry of ceramic ware items and the fact that lead levels in food were near the limits of detection in a number of samples. The pattern of ceramic article use would also influence lead extraction: liquids stored in ceramic hollowware would contain higher levels of lead than beverages placed into hollowware for immediate serving purposes. Full presentation of the results of the Coalition study will not be provided, but the key findings relating to lead exposure are summarised below.

Although lead extraction into food cannot be accurately predicted based solely upon leach test data, it was shown that leach test results are significantly over predictive of the lead extraction levels likely to be encountered in “real world” product usage. As a generalization, lead levels in acidic foods stored for 24 hours in pitchers or jugs ranged up to approximately 20% of the values observed in a 24-hour acetic acid leach test. Less acidic beverages such as milk might elute lead to 5% of the values observed in a leach test. As a result of the Coalition studies, the US FDA lowered the leach test limits for pitchers and jugs from 5.0 to 0.5 ppm to protect children from excess lead intake. The Coalition for Safe Ceramicware (1992) estimated that, as a result of this change, the average exposure expected for a child routinely consuming beverages stored in ceramic jugs would result in less than a 1 µg/dL increase in blood lead.

Because the use of ceramicware for food serving entails less contact time than beverage storage, observed lead extraction rates were far lower. Average lead levels in foods served on ceramicware were generally less than 1% of the values defined by leach tests for flatware (7 ppm) and bowls (5 ppm). Lead extraction into cups (generally used for coffee or tea) was somewhat higher, averaging 2% and ranging up to almost 5%. Estimates were then provided of the total lead intake that would be experienced by children, women of child-bearing age and middle-aged men. Most relevant to the estimation of lead intake associated with the worst-case scenario are the Coalition’s estimates of lead intake associated with the average level of lead eluted into food coupled with the 90th percentile of food consumption frequency from ceramicware. These intake values are presented in the following table:

Table 4.133:
Estimated intake of lead [µg/day] from ceramic flatware and small hollowware meeting pre-1992 FDA leach test standards

	Subpopulation
	Flatware Intake
	Hollowware Intake
	Total Intake

	Children, 2 years
	4.2
	3.1
	7.4

	Women
	5.1
	41.8
	46.8

	Men
	7.2
	58.4
	65.6


As a result of the Coalition findings, FDA and ISO leach test limits were reduced from 7 to 3 ppm for flatware. Small hollowware leach limits were reduced from 5 to 2 ppm. In recognition that most of the hollowware intake of adults was associated with consumption of coffee and tea in ceramic cups and mugs, a special limit of 0.5 ppm was set for this product.

The 90th percentile exposure data developed for the US FDA can be used to estimate potential worst-case exposures under EU leach test limits. Flatware standards in the two countries are now the same and lead intake estimates developed for US FDA in 1992 (see Table 4.98) can be used. Measured data are not available for hollowware meeting a 4 ppm leach test standard, but intake can be estimated by assuming a linear relationship between the existing EU leach test limits and the characteristics of the 7 ppm products tested for FDA in 1991. This adjustment is made in recognition that the correlation between leach test limits and lead extraction into foods can be variable, significant differences in dietary habits may exist between the two regions, and patterns of ceramicware use may also differ. With these caveats in mind, the following crude estimates can be made to estimate the approximate magnitude of potential lead exposure.

Table 4.134:
Estimated intake of lead [µg/day] from ceramic flatware and small hollowware in the EU under worst case assumptions

	Subpopulation
	Flatware intake
	Hollowware intake
	Total intake

	Children, 2 years
	3.3
	2.5
	5.8

	Women
	3.9
	33
	36.9

	Men
	5.6
	46.7
	52.3


Based upon this relatively crude analysis, worst-case estimates of lead intake for women and men exceed 10% of the PTWI for lead exposure. This elevated exposure scenario is largely produced by the modelling assumption that mugs and cups used for the consumption of coffee and tea conform to a 4 ppm leach test limit. These estimates should also be recognised as extrapolations and not actual measured levels of lead extraction into food.

EU legislation further does not appear to apply special limits to pitchers and jugs that might be used to store beverages that could be consumed by children (1992 FDA/ISO leach test limits for such products were lowered to 0.5 ppm). The use of pitchers or jugs that comply with a 4 ppm leach test limit could, by theoretical extrapolation, result in lead concentrations up to 800 µg/L if such ceramic articles were used for the prolonged storage of acidic beverages such as orange juice. No data were found indicating that storage pitchers are still produced within the EU so as to only comply with a 4 ppm leach test limit. Similarly, “real world” data documenting such high levels of lead extraction from products in current (legal) EU commerce were not found. However, current EU regulations would not prohibit the production and sale of such a product.

The exposure estimates in the preceding tables represent the compilation of several worst-case assumptions. A high frequency of ceramicware use is assumed for the consumption of most foods and beverages. The ceramicware used is further assumed to have leach test performance characteristics at the maximum lead levels permitted under EU legislation. As noted earlier, industry production practice is such that average leach test values will be several-fold lower than permissible limits. Moreover, the major ceramicware producers produce for international markets and comply with the lower leach test requirements of US FDA and ISO. Available data do not permit accurate assessment of leach test performance for all products marketed in the EU, but the limited survey data available confirm that leach test performance is superior to the maximum leaching limits permitted under EU regulation (Gonzalez-Soto et al., 2000).

Estimates are available for lead extraction into food from FDA/ISO leach test compliant products. Follow-up studies conducted by the Coalition for Safe Ceramicware (1992) after the lowering of standards in the US suggest a small contribution of ceramicware to lead exposure. The Coalition determined that flatware, small hollowware, and cups and mugs with test values under or near the applicable limits of 3, 2 or 0.5 ppm, respectively, contributed to the daily intake of lead at the levels shown in the following table. These values represent the predicted lead intake under reasonable worst-case scenario assumptions (upper 90th percentile use of flatware and small hollowware). For adults, upper 90th percentile consumption of coffee is assumed. These high frequency of use assumptions are then coupled to the average lead extraction levels into food measured from products at or near the maximums permitted under the 1992 standards. The total lead intake indicated is well under 10% of the PTWI for lead.

Table 4.135:
Estimated intake of lead [µg/day] from ceramic flatware and small hollowware in compliance with 1992 FDA and ISO leach test standards

	Subpopulation
	Flatware intake
	Hollowware intake
	Total intake

	Children, 2 years
	3.3
	1.5
	4.8

	Women
	3.9
	5.6
	9.5

	Men
	5.6
	8.1
	13.7


Additional information documenting the performance of ceramicware products within the EU would clearly be desirable. Although it is probable that the majority of ceramicware manufactured within the EU is in fact compliant with FDA/ISO standards, it cannot be guaranteed that all producers indeed generate products for the international market. Indeed, while many producers have been phasing out the use of leaded glazes in items such as mugs for coffee and tea (Coalition for Safe Ceramicware, personal communication), use of leaded glazes compliant with relatively high leach test standards appears to be permitted. Thus, while lead exposures from ceramicware are likely better approximated by the low levels suggested by Table 4.4, current EU standards permit the sale of products that would yield exposures similar to those suggested by Table 4.134.

There is no indication that modern commercially available products make a significant contribution to human lead exposure for the typical consumer. Although data are limited, use of lead glazed ceramicware on a routine basis probably does not occur. Moreover, most product available within the EU would likely comply with international lead leach test standards. Although additional information would be useful to document these assumptions, exposure to lead from ceramics for the typical consumer could be presumed to occur on a monthly basis. In accordance with the exposure estimates derived under worst case assumptions, this would represent increase in the average daily intake of lead on the order of 0.2 to 0.47 µg or less..

Ceramicware items not intended for food preparation and/or serving are not subject to leachate test limits. Such items are frequently decorative in nature (ceramic sculptures, decorative flower pots, etc.). Human exposure from incidental contact with such items is considered to be negligible. Moreover, the artisan community producing such items is increasingly adopting the use of lead-free glazes and pigments.

Ceramicware produced by artisans within the EU and/or imported from other countries may be designed for use in food preparation and/or serving and may not be in compliance with current leach test limits. In particular, low temperature fired ceramicware using leaded glazes prepared in accordance with “traditional artisan techniques” may be capable of leaching significant levels of lead into food. For example, Hernandez-Avila et al. (1991) observed that a significant proportion of individuals using such ceramicware in the home in Mexico had elevated blood lead levels (22% over 15 μg/dL) as a presumed consequence of ceramicware use. Similar results have been reported by Rojas-Lopez et al. (1994) and suggested that the use of improperly fired lead-glazed ceramics was associated with an increase in blood lead level of approximately 70%. Importation of improperly fired ceramicware into the EU may occur and contribute to isolated instances of elevated levels of lead in food. Isolated case studies have documented exposure excesses from both imported (Ziegler et al. 2002) and artisan produced products (Autenrieth et al. 1998). Most studies report instances of elevated blood lead and/or the poor performance of such products in ISO leach tests: actual measurements of lead into food and beverages were not found. However, given that acute lead intoxication can be produced by such products, lead in food/beverage concentrations in the mg/L range can be presumed as possible if acidic sauces or beverages were to be prepared and/or stored for a relatively short period of time (<24 hr) using such products.

Dinnerware manufactured prior to the mid-1970s may not be in compliance with current leachate test standards (Sheets 1998). Such older or “antique” products may elute lead at levels capable of having a measurable impact upon blood lead, but available information does not permit quantitation of potential impact. However, the quantity of lead release from ceramicware appears to decline significantly over time with consumer use and washing. This aging process would be expected to mitigate against excess of lead exposures that might result from the routine use of older dinnerware (Gould et al. 1990).

Lead Crystal

Lead crystal is used in a variety of consumer products ranging from stemware and other food contact items to decorative objects such as art objects, picture frames, and lighting fixtures. The lead content of crystal is variable with lead oxide content that can range from 6% to 32% w/w. In the European Union, products designated as being lead crystal refer to silicate glass items containing lead oxide at a concentration of 24% or more. The term full lead crystal is used in reference to silicate glass materials containing 30% or more lead oxide. Up to two-thirds of market share has been estimated to be decorative in nature (ICF, 2002). Little information is available regarding consumer exposure mediated through contact with such decorative items but, given the stability of the glass matrix of lead crystal, levels of exposure are considered to be negligible.

Lead crystal is further used in food contact items such as stemware, decanters, and serving platters. When placed in contact with food, lead release from the crystal matrix and into food and beverages can occur. Specific terminology further describes food contact items that can be composed of lead crystal. Basic terminology is as follows:

Flatware:
tableware that has an internal depth, measured from the lowest point to the horizontal plane passing through the upper rim, that does not exceed 25 mm

Storage hollowware:
large hollowware containers with a capacity of 3 litres or greater

Large hollowware:
hollowware with a capacity of 600 ml or greater

Small hollowware:
hollowware with a capacity less than 600 ml

Hollowware is defined as tableware having an internal depth greater than 25 mm when measures are made from the lowest point of the item to the horizontal plane passing through the point of overflow. The definitions presented herein are those specified in EEC Directive 69/493.

Hollowware and flatware food contact items composed of lead crystal are manufactured to comply with acid leach test limits as specified in ISO Standard 7086. ISO 7086 identifies maximum levels of lead that may leach into an acetic acid test solution over a standard 24-hour incubation period. ISO 7086 specifications for different classes of lead crystal hollowware items and flatware are presented in the following table.

Table 4.136:
ISO leach limits for lead crystal

	Item type*
	ISO leach limit

	Flatware
	0.8 mg/dm2

	Very large hollowware
	0.75 ppm

	Large hollowware
	0.75 ppm

	Small hollowware
	1.5 ppm


* Whereas hollowware limits are based upon lead release into a volume of leachate, flatware limits specify release on a surface area basis. Common consumer products within each category would be as follows: flatware would most often refer to serving platters, large hollowware to beverage decanters and small hollowware to wine glasses (stemware) and tumblers (barware).

Information regarding lead release from flatware is extremely limited. Such items are frequently decorative in nature and/or are used in contact with dry solid foods. Opportunities for lead leaching into food from flatware are thus considered to be negligible.

The leaching of lead from hollowware into liquids has been studied. Stemware (water and wine glasses) and barware (whisky glasses) are the most commonly used consumer products that may yield lead exposure and are classified as small hollowware. Consumer product compliance with ISO Standards within the EU is adhered to on a voluntary basis under a “Compliance and Commitment Program” maintained by the International Crystal Federation (ICF 2002). This program includes the monitoring of member company product compliance through annual random testing.

ISO leach test limits are best viewed as artificial leachate levels obtained under conditions that do not approximate actual consumer use conditions (e.g., lead leachate levels in a 4% acetic acid solution incubated for 24 hours will be considerably in excess of that which will occur during routine use.) However, establishment of a precise relationship between ISO leachate test results and the leaching of lead into beverages is difficult. Crystal manufacturers employ a variety of physical and chemical surface treatments that restrict the migration of lead from crystal ware into food. Moreover, levels of lead that will leach into beverages will vary as a function of consumer use patterns. Studies conducted of crystal ware under conditions of consumer use (Guadagnino et al. 2000) have determined that lead contamination of food will vary as a function of the type of beverage and the amount of time the beverage is left in contact with stemware. In general, lead levels in beverages increase as a function of contact time and as a function of decreasing beverage pH. For example, the lead content of wine will increase from 30 μg/L to 80 μg/L after 5 minutes of contact time in stemware – after 60 minutes of contact time lead in wine concentration may increase to 118 μg/L. Sixty minutes of contact time would yield similar levels of lead in whiskey.

Under conditions of consumer use, the highest lead levels in beverages are observed with the first use of the stemware item. Lead leaching with subsequent uses becomes increasingly limited. The contamination of beverages by lead upon first use of a product includes the removal of surface lead and the diffusion of lead from the crystal glass matrix. With repeated uses, or with acid treatment of crystal ware items as is now commonly employed by crystal manufacturers, surface lead is rapidly removed. Moreover, diffusion of lead from the interior surfaces of stemware results in the formation of thin layers of glass matrix that have been depleted of readily diffusible lead (Bertoncello et al, 2004; Guadagnino et al, 2002). In repeated use scenarios levels of lead release into beverages generally declines ten-fold. Informational guidelines prepared by the International Crystal Federation provide instructions to consumers on “Preparing to use your crystal for the first time” that are designed to greatly attenuate the elution of lead upon initial product use through a one time 24 hr room temperature incubation with a solution of vinegar or lemon juice.

As a consequence of variables associated with beverage types, beverage holding times and patterns of consumer use precise quantification of consumer exposure from lead crystal use is difficult. Nor is information available on consumer compliance with ICF guidelines for preparation of crystal for first time use. However, under plausible consumer use scenarios the following exposure estimates are reasonable.

First time consumption of a beverage from lead crystal stemware can, in the absence of ICF recommended first-use preparation, result in beverages containing 100-200 μg/L of lead. Assuming a beverage portion size of 200 ml, this would result in the ingestion of 20-40 μg of lead. This level of lead consumption, upon a single occasion, would not produce a measurable change in blood lead level. Lower levels of lead elution would be expected if ICF “first use” preparation guidelines were followed.

Consumer use surveys conducted in France, Germany and the United States (ICF, personal communication) indicate that lead crystal ware is primarily used by adults for ceremonial and/or special occasions. More than half of those surveyed reported that they use crystal tableware no more than six times per year. Daily use of crystal products is highly unusual, and only 14% of those surveyed reported using crystal tableware at least once a week. More frequent routine use of crystal products can be envisaged amongst some sectors of the population. More precise consumer use pattern data are not available, but as a worst case assumption some segments of the public may use crystal stemware on a daily basis. In such a daily use scenario, reduced lead elution levels are to be expected, as opposed to the elevated values obtained for first time product use. As a rough approximation of exposure, daily use of crystal products would be expected to yield beverages with worst-case estimates for lead content of 10-20 μg/L. Making the further worst-case assumption that crystal tableware is used at each meal to consume the average European’s total daily consumption of beverages, an estimate of potential lead exposure can be obtained. Annual per capita ingestion of mineral water, sodas wine and spirits in Europe has been estimated to be 87.9, 36.0, 30.2 and 4.1 litres, respectively (World Drink Trends, 2004). Assuming an average crystal-derived lead content of 15 µg/L, this would yield a daily lead intake of approximately 6 µg/day. This value is well below 10% of the PTWI. Exposure for the typical consumer, using crystal on an occasional basis, exposure would be lower. Assuming monthly use of lead crystal products, an increase in daily intake of lead by the typical consumer would be expected to be 0.2 µg or less..

Estimates of lead elution rates into wine from lead crystal stemware were also made by Graziano and Blum (1991) and Graziano et al. (1991). Short-term studies demonstrated that the mean lead concentration of white wine rose from 33 μg/L (endogenous levels) to 99 μg/L after four hours. Significant variations were observed in levels of lead elution as a function of stemware manufacturer. The levels of elution observed were similar to those reported by Guadagnino et al. (2000) and appear to reflect elution rates from newly purchased products. The attenuation of elution rates suggested by Guadagnino et al. (2000) as a function of time and repeated consumer use was not evaluated. As such, these higher estimates of lead elution rates are not appropriate for estimation of exposure resulting from routine and repeated product use. Earlier studies by deLeacy (1987) had failed to detect elution of lead from crystal stemware glasses but the low levels of elution reported by Guadagnino et al. (2000) under repeated use scenarios may have been below the limits of detection of the analytical methods used in this earlier study.

Lead crystal decanters (classified as large hollowware) may be used for short-term storage and decanting of beverages such as wine just before serving. The limited liquid contact time entailed in such product use limits the quantity of lead that might be released and short-term lead release kinetics in decanters are presumed to be similar to that for stemware. Since the volume of liquid in contact with the crystal surface is comparatively large (compared to the liquid volume relative to crystal surface area in stemware), levels of lead extraction under conditions of routine use are assumed to be equivalent to the lower end of the range observed for stemware under repeated use conditions (10 µg/L). Consumption of a glass of wine from such a decanter would result in lead ingestion on the order of 2 ug. Larger volumes of beverage consumption would be associated with higher lead intake. However, whereas crystal stemware might be used on a daily basis, this assumption is probably inappropriate for decanters. As a result, lead ingestion from short-term decanting practice is assumed to average 2 µg/day on a reasonable worst-case basis. Decanting is infrequently practiced by the typical consumer and is assumed to result in negligible exposure.

Other lead crystal products have been reported to leach lead into beverages at levels that might be of concern. Graziano et al. (1991) observed significant increases in the lead content of apple juice placed in lead crystal baby bottles. Whereas lead crystal stemware is generally restricted to use by adults, lead elution into food for consumption by infants could be problematic. However, lead crystal baby bottles were apparently sold as a “novelty christening ornament” and their production has long since been discontinued.

Long-term storage of alcoholic beverage in lead crystal decanters – as distinct from the use of decanters to decant and serve wine or other beverages - can result in more significant levels of lead elution. Graziano and Blum (1991) and Graziano et al. (1991) observed that the lead content of port wine increased from an endogenous level of 89 μg/L to a mean of 3518 μg/L over a timeframe of four months. An informal survey of beverages stored in lead crystal decanters for periods of five years or longer observed mean lead concentrations of 7718 μg/L (with a maximum of 21,530 μg/L observed in brandy stored in excess of 5 years in a decanter of unknown origin). Appel et al. (1992) surveyed lead elution from 23 decanters and similarly observed time and pH dependent increases of lead in port, acetic acid and a synthetic alcohol beverage. Lead elution was variable, averaging approximately 500 μg/L after 10 days.

In later studies (Graziano et al. 1996) human volunteers ingested sherry stored in a lead crystal decanter for 3 years and with a resulting lead concentration of 284 μg/L. Ingestion of sherry by volunteer subjects (at a rate of 100 μg Pb/70 Kg body weight) produced an increase in blood lead levels of 1 μg/dL. Through the use of stable isotope analysis Graziano et al. were further able to determine that the lead in the ingested sherry was highly bioavailable, at least when ingested by fasted subjects. Much lower bioavailability would have been anticipated had the beverages been ingested with a meal.

Lead release from crystal decanters was also examined by Barbee and Constantine (1994). This study, although somewhat limited in scope, investigated lead release from 2 decanters that had been in use for 10-20 years and compared to a new decanter. Sherry placed into used decanters attained lead levels of 50-163 μg/L after 2 months whereas lead placed in a new decanter attained lead levels of 1410 μg/L. During subsequent decanter use cycles, lead release from the new decanter attenuated and was comparable to that observed for used specimens. The attenuation of lead release with product use was comparable to the observations of Guadagnino et al. (2000) for stemware. Lead release under conditions of short exposure time, such as would occur during the decanting of wine just prior to consumption, were not investigated in the preceding studies.

Assessment of the significance of lead elution into beverages during long-term storage in decanters is problematic. The accumulation of lead in such beverages is contingent upon their not being consumed on a regular basis. However, it is reasonable to assume that many (if not most) purchasers of decanters use them on a regular basis. Barbee and Constantine (1994) estimated consumer exposures from “aged” decanters on the assumption that individuals using the decanters would consume the stored liquors on a regular basis shortly after filling. Continual use of the decanter over a 28 or 56 day period resulted in an increase in the average lead content of the beverage of 60 or 100 µg/L, respectively. Under these circumstances, consumption of stored beverages 4 times a week was estimated to be associated with an average daily increase in lead intake of 1.8- 2.1 μg and an associated increase in blood lead of 0.08 μg/dL. The lead intake levels, and predicted blood lead increases, associated with this pattern of decanter usage is much lower than the PTWI and would not appear to pose an exposure concern.

However, it cannot be precluded that a consumer, in a single day, might ingest large quantities of a beverage that had been stored in a crystal decanter for several years. Ingestion of several hundred micrograms, and perhaps up to milligram quantities, of lead might occur, particularly if the beverage had been placed into a new decanter. Although this exposure scenario may be rare, the levels of lead intake that are possible merit more careful evaluation. The upper end of the exposure range that might be estimated from the literature represents extraction that might occur from products manufactured prior to the latest revision of ISO 7086, which lowered the leachate limit for large hollowware such as decanters to 0.75 ppm. Moreover, as demonstrated by Barbee and Constantine (1994) attenuation of lead release occurs as lead crystal surfaces “age” with repeated use. Even given these considerations, “binge consumption” of beverages stored for prolonged periods of time in decanters could result in elevated levels of lead intake and associated increases in blood lead. For example, Graziano et al. (1996) observed that ingestion of 100 µg of lead contained in sherry stored in a crystal decanter would produce a transient increase of lead in blood of 1 µg/dL. Consumption of 1000 µg of lead in beverages as a single dose could thus be associated with a transient increase in blood lead of up to 10 µg/dL. This estimate assumes linearity between lead intake and blood lead and, strictly speaking, is not a valid estimate from a pharmacokinetic standpoint - the actual increase in blood lead would likely be somewhat lower. The estimates of Graziano et al were also for fasting subjects whereas the contents of decanters might most likely be consumed after a large meal. Consumption after a meal would diminish lead bioavailability and subsequent impacts upon blood lead. Thus, although the level of exposure associated with this hypothetical scenario would produce a measurable increase in blood lead, the transient increase that might result is difficult to predict. Moreover, the transient increase in blood lead that could result is a fraction of that which might be associated with toxicity.

Due to such issues, the International Crystal Federation recommends (as noted previously) that decanters and other crystal tableware items be filled with a solution of vinegar or lemon juice prior to first use. The Federation presently maintains a compliance programs that monitors adherence with these recommendations and implemented a formalised product labelling program providing use and care instructions for decanters that became effective July 1, 2006.

 Decanter producers have also begun to adopt technology such as surface treatments and inner linings of non-leaded glass that limit lead migration even under conditions of long-term storage. A series of annual "Technical Exchange Conferences" sponsored by the International Crystal Federation has further documented the significant reductions in leachable lead levels that can be achieved through use of various surface treatment techniques, including acid polishing (and other acid-based pretreatments) and sulphate fuming. These treatments are becoming more widely used in the industry, particularly in connection with the production of decanters and  the potential for relatively high lead intakes associated with the long-term storage of alcoholic beverages in lead crystal decanters would appear to be diminished as a result.

Independent laboratory testing data provided by ICF (ICF, personal communication, 2006) indicates that lead leaching from new decanters produced in accordance with modern technology results in levels of lead in stored beverages over “first time use” medium-term storage periods (e.g. 6 months) that ranges from < 20 to 250 µg/L. With subsequent use and “aging” of the internal glass surface to yield a lead depleted passivated glass layer, lead elution levels decline to still lower levels between 50 g/L and less than 20 µg/L.  These levels of lead elution over medium term storage time frames are far lower than those reported from studies several decades ago and appear to present a different profile for consumer exposure. Weekly consumption (100 ml serving size) of beverages stored in modern crystal decanters would thus appear to result in initial lead intake between 2 and 25 µg/Pb per week, declining to 5 µg per week and less as surface passivation occurred as a function of normal product aging. For a “binge drinking” worst case scenario, consumption of the entire contents of a decanter as a single exposure event, lead intakes of between 20 and 250 µg could be presumed. Both of these routine use and “binge drinking” exposure estimates will be carried forward to Risk Characterisation as being representative of products presently being marketed within the EU..

4.1.1.3.1
Consumer Exposure Summary

The following table offers typical and worst case estimates for consumer exposure from products currently in EU commerce. The route of anticipated exposure is indicated, along with an indication of whether the expected exposure that is greater than negligible would be acute or chronic. Typical exposure estimates represent the exposure that would be experienced by the average consumer. Where data are available, the average consumer would ideally be defined in statistical terms based upon arithmetic or geometric mean exposure levels. However, for many products, the frequency with which a product may be used is difficult to determine. Expert judgement is applied in such cases such that products not in use by the typical consumer will produce negligible exposure. If no route of exposure is foreseen, then the exposure level is designated as “none”. If an exposure route may exist, but the typical consumer would not have contact with the product, then an exposure level is assigned of “0” that usually contrasts with the worst case scenario which envisages extensive consumer use. Worst-case exposure scenarios are ideally defined as the upper 90th percentile of the consumer exposure distribution. However, as with typical exposure estimates, data are usually inadequate to derive an exposure estimate. Expert judgment is then applied to derive worst-case exposure estimates based upon assumptions of a high frequency of consumer use. The assumptions used in the derivation of typical and worst-case exposure estimates are noted for a number of these product categories. In instances where the reasonable and customary use of a product does not pose a realistic route of exposure, negligible exposure is assumed for both typical and worst case consumer exposures. Designation of “exposure route” in the following table as “none” identifies products in this latter category. Historical applications are not included, nor are lead applications that are “illicit products” except in instances (e.g. ceramics) where these products might be confused with products that are commercially available within the EU. Both historical (e.g. lead in gasoline) and illicit applications are assumed, for the purposes of this risk assessment, to pose an unacceptable risk of consumer exposure. For consumer products that may have multiple use patterns, separate estimates are provided and the exposure route and intensity are estimated. Thus, separate assessments for lead bullets and lead shot are made. Further, in the case of ceramics, the majority of industry production is believed to conform with ISO leach test standards that are more stringent than those required under current EU legislation. Separate estimates of exposure potential are thus supplied for ISO compliant products and products that might be compliant with EU leach test standards. Exposure estimates are also offered for non-ISO and non-EU compliant ceramicware. Since such product is unlikely to be used by the typical consumer, quantitative estimates for exposure potential are restricted to worst case exposure scenarios. For a number of products, use is judged to provide negligible exposure – an indication that probable exposure is below reasonable limits of quantitation and/or that no impact upon human exposure has been detected by commonly accepted metrics such as increases in blood lead. A specification of “inadequate” in the following tables is an indication that insufficient information was available to make a quantitative evaluation of exposure potential but that some level of exposure might plausibly be postulated to occur during consumer use.

Table 4.137:
Contributions of consumer products to exposure

	Product
	Exposure route
	Typical exposure
	Worst case exposure

	Lead Water Pipes
	Oral
	None
	35 µg/L water (chronic)

	Batteries
	None
	None
	None

	Other Automotive
	None
	None
	None

	Consumer Electronics
	None
	None
	None

	Cable Sheathing
	None
	None
	None

	Candles with lead wick cores
	Inhalation
	0 µg/m 3
	16 µg/m3 (chronic)

	Hair dye
	Dermal (scalp)
	0 µg/day
	1000 µg/day (chronic)

	Children’s Costume Jewellery
	Oral
	0 µg/day
	Subchronic exposure to grams of ingested material (uncertain dosimetry) adequate to cause lead intoxication and death

	Lead Shot and Bullets

- Hunting

Bullets

Shot

- Firing range

- Reloading
	Oral

Oral

Inhalation/Ingestion

Inhalation/ingestion
	0 µg/day

1.7 µg/day (chronic)

0 µg/day

0 µg/day
	0 µg/day, although ingestion of bullets has been reported in isolated case studies

~200 µg/day (chronic)

112 – 238 µg/m3 (acute)

Inadequate

	Weights/sinkers 

- use

- home casting
	Dermal (hand)

Oral (dust)
	0 µg/day

0 µg/day
	7.7 µg/wk

Inadequate (chronic)

	Artist Materials

-Artist Use

-Hobbyist Use
	Dermal (hand)

Dermal (hand)
	0 µg/day

0 µg/day
	0 µg/day*

Inadequate

	Electrical Solder
	Inhalation and dermal (hand)
	0 µg/day
	0 µg/day * (acute)

	Plastics

- Wire/cable

- Exterior PVC

- Water Pipes

- Other interior
	None

Dermal (hand)

Oral

Oral
	None

0 µg/day

0 µg/L water

None
	None

0 µg/day **
1.5 µg/L

None

	Paint

- commercial

- household
	None

Oral (chronic)
	None

None
	None

Inadequate documentation for extent of lead paint use exists, but case studies of child lead poisoning demonstrate the ongoing presence of exposure risk

	Radiation shield
	None
	None
	None

	Sheet

- External/Run-off

- External 

-Adult Exposure maintenance work

- Child contact

- Ornament

Adult Contact

Child contact
	Oral

Dermal/Oral

Dermal/oral (hand)

Dermal/oral (hand)


	None

None

None

None
	Inadequate (chronic)

109 µg per maintenance event

61 µg per day of play contact

65 µg per contact event

60 µg per day of play contact



	Ceramics***

- Decorative

- Current EU

- Current ISO

- Import (non-ISO)
	Dermal (hand)

Oral

Oral

Oral
	0 µg/day< 0.14 – 1.66 µg/day

< 0.16 – 0.46 µg/day

0 µg/day
	0 µg/day

4.3-49.8 µg/day

4.8-13.7 µg/day

> 1 mg Pb/L can result in beverages or acidic sauces (chronic)

	Crystal

- Decorative

- Flatware

- Stemware

- Decanter (short term storage)

- Decanter (long-term storage of six month)
	Dermal (hand)

Oral

Oral

Oral

Oral (Chronic)

Oral (Acute)
	0 µg/day

0 µg/day

0.20 µg/day

0.07 µg/day

0 µg/day
	0 µg/day

0 µg/day

6 µg/day (chronic)

2 µg/day (chronic)

Weekly consumption: 2 – 25 µg Pb for new products, declining to 5 µg or less with product use.

“Binge drinking” associated with one-time consumption of 20 – 250 µg Pb




* Compliance with consumer labelling instructions is presumed. ** Dermal transfer from  PVC products in currently under evaluation. Conclusions regarding the potential exposure resulting from casual contact with  PVC materials will be modified pending the results of these studies *** Ceramics are distinguished by their functional nature and/or the leachate limits to which the products comply. Decorative ceramics (vases, art objects) are distinguished from articles used in the preparation and serving of food and thus offering the possibility of oral lead exposure. “Current EU” refers to food contact products manufactured to be in compliance with EU leachate test standards and “Current ISO” refers to food contact products in compliance with more stringent ISO test standards. “Import (non-ISO)” refers to generally illegally imported food contact items that may have improperly fired glazes and very poor leach test properties.

The preceding table provides an estimate of the level of lead exposure that will be experienced by the typical consumer from lead products. For adults, the sum total of daily exposure for an adult is 2.43 µg Pb. This calculation was made using the upper end of the range for typical exposure from ISO compliant ceramics combined with the point estimates for all other exposure sources. The majority of this exposure is derived from a somewhat arbitrary calculation of potential impacts of occasional consumption of game contaminated with lead shot. The estimated exposure of the typical child is slightly lower (due to a presumption that lead crystal is not used by this age group and the use of child specific values for ceramics) at 1.86 µg Pb/day. Most of this is related to consumption of game contaminated with lead shot – a potential overestimate of exposure for this age group. Estimates for very young children would be still lower since consumption of game would not be considered. These values will be forwarded to Section 4.1.1.5 for the provisional derivation of combined exposure estimates. The worst case exposure estimates will be forwarded to Risk Characterisation.

4.1.1.4 Humans exposed via the environment

Estimates of exposure to lead indirectly via the environment have been derived. Exposures of adults and older children would predominantly be mediated by the lead content of food and beverages. For young children, ingestion of soil and dust will be the exposure vector of probable greatest concern. Inhalation exposure is not likely to be a significant determinant of exposure in the absence of point source emissions, although interpretation of historical data must consider use of lead in gasoline.

Levels of exposure are also indicated by the results of blood lead surveys and blood lead data have been identified for many EU countries. Provisional modelling (IEUBK and O’Flaherty PBPK – see toxicokinetics) can be used to confirm that available blood lead data are consistent with monitoring data for lead in environmental media. Unfortunately much of the available blood lead data either lack adequate descriptive statistics and/or does not extend to young children. Efforts to access additional information specific to the blood lead levels of children will continue, but it presently appears that information regarding paediatric blood lead levels in the EU will be limited.

4.1.1.4.1 Exposure via air

Ambient and Background Concentrations

The VRAL environmental risks assessment report, May 2005 (Section 3.2.4) has collected and summarised recent observational data for the lead content of air (Table 3.2.4.2-11). Data are provided for rural areas, traffic impacted urban/suburban areas, and industrialised areas. Measurements were available from nine countries, although the number of monitoring stations was generally limited. This Table is reproduced below:

Table 4.138:
Typical ambient and background Pb concentrations [µg/m³] in air for different EU countries

	EU country
	Background rural
	Traffic urban/suburban
	Industrial urban/suburban

	
	
	
	

	United Kingdom (2000)
	0.019 (7 #)
	0.023 (5 #)
	0.117 (8 #)

	Belgium (1999-2000)
	0.032 (11 #)
	0.0618 (11 #)
	0.2926 (22 #)

	Denmark (1999-2000)
	0.005 (2 #)
	0.0105 (4 #)
	/

	Finland (2000)
	0.005 (/)
	0.01 (1 #)
	/

	Germany (2001)
	/
	0.02 (4 #)
	0.05 (1 #)

	Ireland (1999-2000)
	/
	0.050 (2 #)
	0.64 (1 #)

	Spain (1999)
	/
	0.0856 (18 #)
	0.1275 (4 #)

	The Netherlands (2001)
	0.0113 (2 #)
	0.0127 (1 #)
	/

	France (2000-2002)
	/
	0.0165 (15 #)
	0.166 (4 #)


/: no data available; #: number of locations. Rural air lead values are reported to be low, ranging from 0.005 µg/m³ in Finland to 0.03 µg/m³ in Belgium. Given the limited nature of dataset available, the upper end of this range (0.03 µg/m³) will be assumed as a worst-case estimate for rural air lead concentrations. A value of 0.01 µg/m³ will be used as an estimate of typical levels.

A somewhat more robust dataset was found for the air lead levels of urban/suburban areas with high traffic density. Air lead concentrations for these areas range from 0.01 to 0.0856 µg/m³. In most locations, sharp downward trends in air lead levels have been observed with the progressive phase-out of lead in gasoline. Accordingly, the highest reported values are from countries (e.g., Spain) during timeframes inclusive of monitoring prior to the completion of phase out efforts. For purposes of initial risk characterization, it can be assumed that urban/suburban air lead levels do not exceed 0.1-µg/m³ lead in air unless impacted by point source emissions. Typical air lead values in regions that have completed lead in gasoline phase-out are more likely to average 0.05 µg/m³.

The highest air lead levels, not impacted by emissions from known point sources, are observed in heavily industrialised areas and likely reflect multiple inputs that include fossil fuel usage. Ensuring that data do not reflect inputs from facilities engaged in the production and use of non-ferrous metals can be difficult. As shown by Table 3.2.4.2-7, significant elevations of air lead can be observed in the immediate vicinity of non-ferrous smelters. Facilities that process or utilize lead are not always adequately identified in air lead monitoring studies. Observed values for industrial areas range from 0.05 to 0.64 µg/m³, with the highest value being reported by a single monitoring station in Ireland. The majority of the data collected suggest that air lead levels in heavily industrialised areas (probably not impacted by lead point sources) is unlikely to average more than 0.3 µg/m³ (worst-case estimate) and is more typically on the order of 0.10 µg/m³.

Lead in Gasoline

Contributions from lead in gasoline cannot be precluded either since the time frame for some of the higher air lead values in industrial areas roughly coincides with final phase-out efforts in Belgium and Ireland. As noted in Section 3.2.4.2, there has been a steady decline in air lead levels within EU member states as lead in gasoline has been phased out. Prior to the phase-out of lead in gasoline, air lead values from 1.5 – 3 µg/m³ could be observed with some frequency. The phase-out of lead in gasoline within the EU was mandated by Directive 85/210/EEC and was scheduled for completion by the end of 2000. Derogations for extension of use were permitted for some countries through 2005. Phase-out of lead in gasoline for most applications was completed by 2000 in Austria, Belgium, Denmark, Finland, France, Germany, Luxembourg, the Netherlands, Portugal, Sweden, and the United Kingdom. Phase-out efforts appear to have been just completed in Ireland, Italy, Greece, and Spain. Some exemptions for use of lead in fuels remain. Small amounts of use are permitted in the United Kingdom for vintage/specialist car use. Lead additive use in aviation fuels is permitted in France, the Netherlands and Italy. The quantities of fuels used are small and no longer make a significant contribution to environmental lead releases to air.

Estimating the impact of lead in gasoline use upon general population exposures is complex given the diverse policies utilised by individual countries in achieving product phase-out. According to surveys conducted by OECD (1996, 2000) initial leaded gasoline formulations in use in the 1970’s contained between 0.6 and 0.4 g/L of lead. Prior to the imposition of bans on the sale of leaded gasoline, most countries reduced the maximum lead content of lead in gasoline to 0.15 g/L Some countries progressively phased in product bans by requiring that all new vehicles sold use unleaded gasoline – the consumption of leaded gasoline by older vehicles was permitted to continue and declined as a function of the rate at which older vehicles were replaced with new. Consumption of leaded gasoline within a country would also naturally vary as a function of vehicle ownership rates.

In terms of interpreting the probable impact of leaded gasoline use upon measures of lead in environmental media such as air, dust and food, data from a small group of countries will likely be impacted by lead in gasoline use more than others. Whereas most countries had limited the lead content of gasoline to 0.15 g/L by 1990, lead a content of 0.4 g/L was reported to OECD (1996) by Greece, Portugal and Spain. Italy initiated a program of progressively limiting the lead content of gasoline from 0.6 to 0.15 g/L over the time frame of 1981 to 1999. In 1999, 45% of gasoline consumed still contained lead additives. In addition to impacting levels of lead in environmental media, measures of general population blood lead levels were likely impacted by lead in gasoline use.

Cigarette Smoking

Cigarette smoking, and use of other tobacco-containing products, generally makes a minor direct contribution to general population human lead exposure. Lead uptake by the tobacco plant is limited, but atmospheric deposition of lead (principally from the use of lead in gasoline) and the use of lead arsenate pesticides historically contributed to the lead content of tobacco (Mannino et al., 2003). Cigarettes made from tobacco impacted by these anthropogenic inputs typically contained 1 – 2 µg of lead (Appel et al., 1990; McLaughlin, 1973) of which approximately 5 - 10% was estimated to volatilise during burning. Small but measurable increases in blood lead (approximately 0.5 µg/dL) are evident in comparisons of blood lead between smokers and nonsmokers in the older blood lead surveys from Sweden (Willers et al., 1992) and Denmark (Grandjean et al., 1981), although association of smoking with other lifestyle factors (e.g. heavy drinking) that were also determinants of blood lead lends uncertainty to the quantitation of this small increase. Given this caveat, cigarette smoking may have made a contribution to historical elevations of lead in blood within the EU. With the phase-out of lead in gasoline and the use of lead-containing pesticides, the lead content of cigarettes has declined and is now generally below 500 ng per cigarette, with approximately 50 ng being volatilised per cigarette (Gray and Doyle, 2002). Comparisons of blood lead levels between smokers and non-smokers within the EU now report blood lead levels that are essentially the same in countries such as Germany (Seifert et al., 2002) and Sweden (Nielsen et al., 1998).

Several potential exceptions to a lack of correlation between blood lead and smoking exist. Exposure of children to environmental tobacco smoke in the United States is reported to be associated with a 1 µg/dL increase in blood lead. This increase is far larger than that which would be predicted (0.1 µg/dL) from the limited lead content of side stream smoke and is suspected to be reflect confounding by socioeconomic and lifestyle factors that are associated with cigarette smoking in the United States. Smoking is also known to be associated with elevated blood lead levels in those occupationally exposed to lead (Karita et al., 2005). This increase is likely related to both contamination of products brought into high lead exposure environments and the hand to mouth activity associated with smoking. As such, these blood lead increases are not resulting from the lead content of the tobacco within cigarettes. Finally, most cigarettes are manufactured using tobacco produced in the United States or from other countries that have phased out the use of lead in gasoline. Smuggled counterfeit cigarettes have been reported to contain higher levels of lead, presumably as a result of reliance upon tobacco grown in countries that have not phased out the use of lead in gasoline and cultivation of tobacco on contaminated soils (Stephens and Calder, 2005). Heavy smoking of smuggled cigarettes could produce modest (0.5 – 1.0 µg/dL) elevations of blood lead. Reliable statistics regarding the prevalence of smuggled tobacco products containing elevated lead levels in the EU are lacking. Since current blood lead survey data do not demonstrate significant differences between the blood lead levels of smoker and non-smokers, and since many of the countries that are the source of illicit tobacco (e.g. China) have recently phased out the use of lead in gasoline, illicit tobacco products will not be considered further as current sources of lead exposure within the EU.

Impact of Local Sources

Observations of lead in air can be significantly higher in the immediate vicinity of local sources engaged in the production and/or use of lead and lead compounds. Data collected to date for the VRAL environmental risks assessment report, May 2005 (Section 3.2.5.2.3) has characterised air emissions associated with primary lead production, secondary lead production, lead sheet production, battery production, lead oxide production, lead stabiliser production and lead crystal production.

Local source analysis includes, for each facility, an estimate of total emissions to air, number of days that emissions take place, total fugitive emissions to air, daily point source emissions to air, air concentrations 100 meters distant from the point source (calculated), calculated estimates of air lead concentration (predicted environmental concentration or PEC) and available monitoring data from each site. Based upon data collected to date, and presented in Table 3.2.5.2‑9, calculated lead concentrations at a distance of 100 meters from the point source suggest total lead in air levels between .054 µg/m³ and 2.7 µg/m³. Measured lead in air values for different facilities are similarly variable and range from 0.020 to 2.5 µg/m³ lead in air. These values represent measurements at the “fenceline” or at a distance of 1000 – 16000 m from the different plants. Measured air lead values will vary as a function of monitor placement relative to the site (distance and direction of prevailing wind) as well as additional impacts from fugitive emissions. For reasons detailed both below and in Section 4.1.3.4.2 – Local Scenario Risk Characterisation, initial attention focused upon local sources with calculated or measured Predicted Environmental Concentration values of 500 ng/m³ or greater. Facilities that exceeded this initial screening criteria are listed in the following table:

Table 4.139:
Local sources exceeding a PEC of 500 ng/m³

	Facility designation
	PEC – calculated [ng/m3]
	PEC measured [ng/m3]

	LDA-01 (Pb production)
	640 - 2,704
	2,320

	LDA-02 (Pb production)
	1,822
	1370 – 2,460

	LDA-17 (Pb production)
	610
	20

	LDA-31 (Pb Production)
	1,101
	600

	LDA-63 (Pb Production)
	462
	160 – 590

	LDA-66 (Pb Production)
	168
	500

	LDA-70 (Pb production)
	698
	780 – 1,100

	LDA-74 (Pb production)
	672
	1,460 – 1,990

	LDA-77 (Pb Production)
	Anomalous high value
	

	LDA-101 (Pb Production)
	403
	590 – 870

	LDA-32 (Battery production)
	721
	Not available

	LDA-37 (Battery production)
	481
	High dust emission?

	LDA-96 (Battery production)
	529
	Not Available

	LDA-97 (Battery production)
	952
	Not Available


The VRAL environmental risks assessment report, May 2005 includes detailed assessment of average deposition rates of lead to soil. Although calculated estimates of deposition rates were generated, more refined estimates based upon measured data and estimates of fugitive emissions have been made. Given the importance of indirect pathways of exposure (mediated by soil and dust ingestion) for young children, these estimates are an important determinant of the presence or absence of risk at the local level.

Local exposure risk can be assessed by several different methods. Given that lead exposure has been studied in the vicinity of many local sources (within and outside the EU), potential exposure can be estimated based upon an extensive observational database that relates emissions to actual exposure observations. The present analysis has focused upon use of these established relationships.

The true impacts of local emissions are best evaluated within the context of site specific conditions. Plant location, prevailing weather conditions and the proximity of local populations will influence any incremental exposures that may occur. The significance of these exposures will in part be influenced by the exposure baseline (nature and extent of other lead exposure sources) of the affected population. Currently available information has been provided on an anonymous basis – evaluation of site characteristics that influence local exposures is not possible. However, an initial evaluation of environmental emission data can be conducted with a view to identifying facilities that merit further investigation.

Calculated air emission data, representing predicted air lead levels 100 m from the emission source, have been generated for a number of facilities. In some instances measured information data are available as well. Some uncertainty is inherent in calculated air emission estimates in that fugitive emissions need not be accurately reflected in the predicted air lead levels. For this reason, comparison of calculated and measured air lead data can be informative and important. Air emission data can be evaluated for their potential direct impact upon the most sensitive populations (e.g. young children), with data being screened for emissions that might increase the blood lead level of a child by 1 µg/dL. In accordance with the slope factor guidelines developed in the toxicokinetics section of this assessment, such an increase would be produced by air lead concentrations of 500 ng/m³ or greater. This air lead level is also that recommended as a an air lead limit by WHO. Finally, as is detailed in section 4.1.1.5, the expected typical combined exposure for children within the EU is approximately 1.5 to 3 µg/dL. An increase of 1 µg/dL above this combined exposure is, for provisional purposes of screening, judged to be acceptable as a benchmark that triggers more in depth study.

Air lead emissions will deposit to soil, and the Environment Section of the risk assessment has further calculated incremental increases in soil lead levels resulting from deposition of air lead. In addition, increments in soil lead that might result from waste water treatment plants and the addition of sludge to adjacent soils have been modelled. The IEUBK model can be used to estimate soil lead increments that would similarly result in a 1 µg/dL increase in blood lead – such calculations suggest such an increase in blood lead will occur in soil lead levels increase by approximately 100 mg/kg.

The preceding emission guidelines can be used as “screening levels” that identify facilities that might merit further investigation. Emissions in excess of these screening levels do not mean that excessive exposures are occurring – this will vary as a function of the variables indicated above. The screening level being applied should also be recognized as part of an iterative process. If a significant number of facilities with emissions near the screening level were to be found to pose risk, a second round of evaluation, utilising lower criteria for screening would be required.

Lead Production Facilities

Air emission and soil lead deposition data have been compiled for 21 primary and secondary lead production sites in the EU. The emission tables from section 3.2.5.2.4 of the Environment section of the risk assessment have been screened in accordance with these initial criteria.

Of the 21 lead production facilities (see ENV 3.2.5.2-9), ten evidence (see Table 4.137) predicted or measured air lead levels in excess of 500 ng/m³ (LDA-01, LDA-02, LDA-17, LDA-31, LDA-63, LDA-66, LDA-70, LDA-74, LDA-77 and LDA-101). In most instances, measured data are available to suggest that the calculated excesses are relevant to real world exposure scenarios. Emissions from these facilities range from 500 ng/m³ to 2,704 ng/m³. These facilities thus merit further investigation to determine if calculated and/or measured data reflect actual exposures that will affect local populations. Confidential data submitted to date demonstrates that exceedence of the screening levels applied here is not necessarily an indication of risk. For example, while air lead levels at LDA-17 are approximately 610 ng/m³ 100 m from the facility, residential populations are located much further away. Air lead, soil lead and blood lead survey data for local populations near LDA-17 indicate exposure that is not significantly different from nearby control populations. LDA-17 would thus not pose excess exposure risk through inhalation exposure.

Predicted soil lead elevations resulting from current emissions at lead production facilities will result in modest increases in soil lead (generally between 3 and 7 mg/kg lead in soil). This is far below the 100 mg/kg screening level used here and none of the facilities for which data are available will present risk mediated by soil as a result of current emissions.

Lead Sheet Production

Comparable air and soil emission estimates have been generated for nine facilities engaged in lead sheet production (Environment Section Table 3.2.5.2-17). Calculated air lead levels range from 17 to 156 ng/m³, with most facilities having air lead levels below 100 ng/m³. Emissions from all facilities are lower than screening levels and follow-up study is not required. Soil deposition estimates are similarly low (3 – 4 mg/kg in soil) and do not merit follow-up study.

Battery Producers

Data were generated for 27 battery production sites (Environment Section Table 3.2.5.2-25), four of which exhibit air lead levels that merit investigations. Air lead levels range from 481 to 952 ng/m³ at the four facilities of concern (LDA-32, LDA-37, LDA-96 and LDA-97). A facility with emission levels just below the screening level has been included since significant levels of dust emission were reported and may be an indication of excessive fugitive emissions.

Soil lead elevations are calculated to be on the order of 3 – 7 mg/kg lead for all facilities and indicated lack of risk through soil exposure.

Lead Oxide Production

Calculated air lead data are all below screening levels for four lead oxide production facilities (See Environment Section Table 3.2.5.2-23). Additions to soil lead around such facilities are approximately 3 mg/kg lead in soil. Neither emissions to air or soil appear to pose excess exposure risk at lead oxide production facilities.

Lead Stabiliser Production

Data are reported for 11 sites engaged in the production of lead stabilizers (See Environment Section Table 3.2.5.2-41). Emissions to air yield calculated air lead levels that range from 16 to 244 ng/m³, with all but two facilities being below 100 ng/m³. Increases in soil lead are all on the order of 10 mg/kg or less. Emissions from these facilities appear to pose little exposure risk.

Lead Crystal Production

Air emission data for 11 crystal production facilities (Environment Section Table 3.2.5.2-53) range from 3 to 182 ng/m³, with all but one facility being below 100 ng/m³. Emissions to soil are similarly low. There would appear to be no local exposure risk posed by lead crystal production facilities.

4.1.1.4.2 Exposure via food and water

Dietary Intake Estimates

Data have been identified for the lead content of foods. Extracts of a report prepared by Erik Smolders (Univ. Leuven, Belgium) follow and permit assessment of dietary exposure. The data summarised below are supplemented by information on the lead contents of individual food groups.

Data were found for 12 countries in the EU and for the period 1976-1999. Dietary intake of Pb by adults in EU varies from 18 to 230 µg Pb day-1. The database suggests a significant decreasing trend in dietary Pb intake over the last two decades. Data from UK reported by the same monitoring authority shows a 3.3-fold reduction in dietary Pb intake between 1981 and 1994. This decrease is mainly ascribed to the ban on leaded fuel. The more recent EU dietary Pb intake values (>1990) vary between 18 and 63 µg day-1, and are 7-25% of the provisional tolerable daily intake as defined by the WHO. Upper percentiles within a region are up to 130 µg Pb day-1.

Methodological Issues in Dietary Intake Data

This study reviews the dietary exposure to lead (Pb) in the general population of the EU, excluding the population living near point sources or in areas formerly polluted by Pb. Data were found for 12 countries in the EU and for the period 1976-1999. Dietary intake of Pb by adults in the EU varies from 18 to 230 µg Pb day-1. The database suggests a significant decreasing trend in dietary Pb intake over the last 2 decades. Data from the UK reported by the same monitoring authority shows a 3.3-fold reduction in dietary Pb intake between 1981 and 1994. This decrease is mainly ascribed to the ban on leaded fuel. The more recent EU dietary Pb intake values (>1990) vary between 18 and 63 µg day-1, and are 7-25% of the provisional tolerable daily intake as defined by the WHO. Upper percentiles within a region are up to 130 µg Pb day-1. Food groups that generally dominate the total dietary Pb intake are cereals, beverages and vegetables. The Pb concentrations in fruit and vegetables may be influenced by food preparation and storage and do not necessarily reflect uptake by the plants. Lead concentrations are particularly high in kidneys and liver, crustaceans, molluscs and shellfish, but the impact of these items on the diet is generally small. Experiments demonstrate that the Pb concentrations in agricultural food-crops are predominantly derived from airborne Pb, even in grains. Translocation of soil Pb from roots to shoots is limited.

Dietary intake studies are based on Pb levels in food and consumption patterns. Several methods are used to estimate the daily intake of lead in food. In market basket studies, individual food items are sampled from retail outlets and are analysed. Based on these Pb levels and on estimated consumption, total Pb intake is calculated. In total diet studies, food items are processed for consumption and are analysed individually or in food groups. Lead intake is calculated as the product of the Pb level in the food and the amount consumed. In duplicate meal studies, duplicate samples of meals, snacks and beverages are collected and analysed. Faecal output of Pb can be used to estimate daily intake assuming that about 10% of the intake is absorbed (IPCS, 1977; ATSDR, 1993).

Dietary Intake of Lead in EU

Dietary intake of lead is the major source of Pb intake for the general population. The amount of Pb taken in through the diet depends on the Pb concentration in the different food items and the amount of food consumed. The results of several Pb dietary intake studies are presented in Table 4.140.

Belgium – Dietary intake of Pb by the Belgian population has been studied in the late 1970’s and in the 1980’s. Reported daily dietary intake values are 230 µg day-1 (Fouassin and Fondu, 1981), 179 µg day-1 (Buchet et al. 1983) and 136 µg day-1 (Beernaert et al. 1990). These Pb intake values are among the highest reported for the EU. The figure reported by Fouassin and Fondu (1980) is close to the current Provisional Tolerable Daily Intake (PTDI) of 250 µg Pb day-1. In this study production figures and import/export statistics are used to calculate the average daily intake and the results are compared with data from a 1-year food consumption monitoring study in 60 families. Measurements of Pb concentrations in food items occurred 10 years after the survey on dietary habits. The daily dietary Pb intake considerably decreased in the past 20 years (see below). Therefore the figure of Fouassin and Fondu might not reflect actual conditions in Belgium.

The food groups that made the largest contribution to the total average dietary Pb intake estimate of 136 µg day-1 in 1989 by Beernaert et al. (1990) were meat (24%), beverages (22%), and vegetables (16%). The high Pb intake through meat is due to high Pb levels measured in different types of liver. These Pb contents are averaged together with Pb contents in other types of meat to calculate a mean Pb content for meat products. However, the consumption of liver is probably lower in an average diet than the consumption of pork and beef meat.

Denmark – The dietary intake of lead estimated for the most recent monitoring period (1993-1997) is markedly lower than that for the preceding monitoring periods. This is consistent with the general decrease in the lead content in food in the same time period (Larsen et al. 2002). The food groups that contribute mostly to the Pb intake are beverages (48%) followed by vegetables (14%) and cereals (12%).

Greece - The food groups that made the largest contribution to the average dietary Pb intake of families in the city of Thessaloniki are vegetables (33%; mainly potatoes and tomatoes), fruit (27%) and meat (10%).

Italy – The food groups that contribute mostly to the Pb intake of university students in Italy are pasta (33%), bread (29%) and meat (15%).

A comparison was made between the different methods used to estimate the daily intake of lead in food (Alberti-Fidanza et al.; 2003). Lead intake was assessed by means of dietary history (DH), weighed record (market basket and total diet studies) and duplicate meal methods. In the DH method, which is a variant of a total diet study, the assessment of the food consumption was based on written records of the daily, weekly and monthly consumption of food items by the test subjects. This is in contrast to the market basket and total diet study where the assessment of food consumption was based on 2-day records of food consumption by the test subjects. There were relevant disagreements between the results of the different methods employed, and between the chemical analysis of raw and cooked food items. In general, dietary history data combined with chemical analysis data is judged to provide a more reliable indication of dietary lead than a 2-day dietary recall record. Similarly, due to differences in food preparation techniques, chemical analysis of duplicate meal samples is a more reliable indicator of lead intake than chemical analysis of raw ingredients in market basket surveys.

The Netherlands – The food groups that contributed most to the daily dietary intake of Pb in the study from van Dokkum et al. (1989) are bread (18%), milk and dairy products (11%) and canned fruits (11%). By 1999-2002, as detailed by de Winter-Sorkina et al. (2003), the relative contribution to the population as a whole had shifted with wheat (35%), water (28%), vegetable (19%) and fish/shellfish (8%) being the predominant sources. A comparison of duplicate diet and total diet studies conducted from 1976 to 2002 suggest a significant decline in mean dietary lead intake from approximately 100 µg/day to 10 µg/day for adults. Data for children were not reported in earlier studies but appear to have declined by a similar proportion to 4 µg/day for children 1 – 6 years of age.

Spain – The intake of lead has been monitored in several regions in Spain. Cuadrado et al. (1995) compared the daily Pb intake in Galicia, Valencia, Andalucia and Madrid. Average daily intakes of Pb were respectively 100, 42, 37 and 521 µg day-1 in these regions. The average daily intake in Madrid is unusually high and almost entirely due to the consumption of cereals (94%) and which is ascribed to sample contamination according to the authors. Therefore, this value is not retained for further assessment. In Galicia, the main contributors to Pb intake are cereals (48%), beverages (20%) and meat (11%). In Valencia the main contributions are vegetables (43%), cereals (22%) and meat (13%), and in Andalucia the average daily Pb intake is mainly determined by cereals (38%), meat (21%) and vegetables (13%). In the Basque region the average daily Pb intake is 40 µg day-1. The food groups that contribute mostly to the Pb intake are alcoholic beverages (16%) followed by fruit (13%) and bread (both 13%; Urieta et al. 1996). Drinking water was not taken into account in this study. In Tarragona (average daily intake = 115 µg day-1), highest Pb uptake occurs through consumption of bread and cereals (17%), green vegetables (17%) and fish/seafood (15%; Schuhmacher et al. 1991). Whereas a number of the preceding studies likely reflect a contribution from lead in gasoline, one recent study suggests a significant decline in food lead levels (Bordajandi, L.R. et al. 2004). The average daily intake of a 70 kg man was estimated to be 26 µg (2.6 µg/kg bw/wk) of which 42% was derived from bread and pastries, 17% from meat and meat products and 12% from marine food samples. In this market basket survey, no food sample had lead levels in excess of regulatory limits.

United Kingdom – The food groups that made the largest contribution to the total population average dietary intake estimate of 24 µg day-1 in 1994 were beverages (38%) and milk (12%; MAFF, 1997c). This is because the high levels of consumption of these food groups rather than the presence of high concentrations of lead. The average dietary Pb intake was significantly reduced between 1981 and 1994 (Ysart et al. 1999) and continued to decline in 2000 (COT, 2003). Estimates in 2000 suggest that adult intakes averaged 0.1 µg/kg bw/day with a high level of 0.18 µg/kg bw/day. Estimates for young children suggested average intakes of 0.25 µg/kg bw/day and a high level of 0.47 µg/kg bw/day. The UK has also surveyed the lead content of fruits and vegetable grown in urban soils with higher lead levels than rural or agricultural soils and (Food Standards Agency, 2006) and observed that lead levels in food were generally comparable to that of commercially grown produce and the findings of recent Total Diet Studies. For example, the lead content of soft fruits averaged 10 µg/kg (range <0.005 – 0.164 µg/kg) and was well below regulatory limits. The estimated maximum level of lead intake per day was 25.39 µg or 0.6 µg/kg bw/day.

Sweden – The average dietary Pb intake estimated by Becker and Kumpulainen (1991) of 27 µg day-1 (including alcoholic beverages) is well in agreement with the estimated dietary intake of 26 µg day-1 by Vahter et al. (1991a). Neither of the studies specifies which types of food contribute most to the average daily Pb intake.

The above-mentioned studies show that the average daily Pb intake is mainly ingested via cereals, beverages and vegetables, and to a lesser extent via meat, fruit and bread.

Despite differences between countries and methods applied, a general decrease in the average daily dietary Pb intake can be observed as a function of time (Figure 4.41). The total population average intake estimated from the 1994 total diet study (TDS; 24 µg day-1) in the UK was similar to that from the 1991 TDS (28 µg day-1) but significantly lower than the estimates from TDS carried out between 1981 and 1988 (Ysart et al. 1999). This may partly be attributed to a lowering of Pb detection limits but an actual decrease in dietary intake may also be true due to measures taken to reduce Pb exposure and contamination (e.g., decreased use of welded cans, Pb-free petrol, the banning of lead seals on wine bottles, etc.). Ellen et al. (1990) compared daily Pb intake from studies performed in 1976-1978 and 1984-1985 in The Netherlands. There was a large difference in daily Pb intake between both studies (110 µg day-1 in the former study versus 34 µg day-1 in the latter study). To check whether or not this was due to differences in analytical methodology, they analysed 20 samples from 1976-1978 with the method employed for the 1984-1985 samples. In 1976-1978 a mean value for the daily Pb intake for these 20 samples was 109 µg day-1. In 1988 a mean value of 114 µg day-1 was measured for the same samples. This demonstrated that differences in daily Pb intake were not caused by analytical discrepancies but that dietary exposure to Pb had been reduced.
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Figure 4.41:
Trend in the average daily dietary Pb intake [µg day-1] by the general population

Table 4.140:
Dietary intake of lead in different EU countries

	Country
	Method
	Intake
[µg Pb day-1]
	Details
	Reference

	Austria
	D
	66
	Study from 1988; 10 male adults
	Pfannhauser, 1991

	Belgium
	M
	230
	Study from 1978; intake calculated based on import/export data and compared with intake data from 2989 adults, adolescents and children
	Fouassin and Fondu, 1981

	Belgium
	D
	179

100
	Study from 1980 – 1981, 119 meals; persons aged 30-65 years

geometric mean (range 0.1-1767 µg day-1)
	Buchet et al. 1983

	Belgium
	T
	136
	Study from 1989
	Beernaert et al. 1990

	Denmark
	M
	143
	Study from 1983-1987; 2242 persons
	Højmark Jensen and Møller, 1990

	Denmark
	T
	42
	Study from 1983-1987
	Larsen et al. 2002

	Denmark
	D
	70
	Study from 1988; 100 men aged 30-34 years
	Bro et al. 1990

	Denmark
	T
	27
	Study from 1988-1992
	Larsen et al. 2002

	Denmark
	T
	18

11
	Study from 1993-1997; 7-day study; 1837 persons aged 15-80 years

Estimated intake of 15 kg 2 yr old child
	Larsen et al. 2002

	Finland
	T
	55
	Study from 1982; mean of 1348 diets; 3-day study; persons aged 25-64 years
	Louekari et al. 1989

	Finland
	T
	53
	Study from 1985; 42 non-smoking, 25-year-old female students 
	Louekari et al. 1991

	France
	D
	52
	Study from 1998-1999; samples purchased from mass catering establishments
	Leblanc et al. 2000

	France
	T
	18

13
	Study from 2000-2001 based on 7 day dietary recall of 1985 people > 15 years of age

1,018 children aged 3 to 14 years
	INRA, 2004

	Germany
	D
	78
	43 daily rations from 3 hospital kitchens; drinking water not included
	Stelz et al. 1990

	Germany
	D
	21
	Study from 1988-1989; 2-day study; 47 children aged 5-8 years
	Wilhelm et al. 1995

	Germany
	D
	5.8
	Study from 1995; 7-day study; 14 children aged 1.5-5.3 years
	Schrey et al. 2000

	Greece
	M
	179
	114 households in Thessaloniki
	Tsoumbaris and Tsoukali-Papadopoulou, 1994

	Italy
	T
	63
	Study from 1993; 6-day study; 10453 students
	Alberti-Fidanza et al. 2002

	Italy
	D
	51/43
	44 inhabitants (male/female) of the Gubbio area aged 40-75 years
	Alberti-Fidanza et al. 2003

	Italy
	T
	60/44
	44 inhabitants (male/female) of the Gubbio area aged 40-75 years
	Alberti-Fidanza et al. 2003

	Italy
	M
	62/48
	44 inhabitants (male/female) of the Gubbio area aged 40-75 years
	Alberti-Fidanza et al. 2003

	Italy
	T†
	55/42
	44 inhabitants (male/female) of the Gubbio area aged 40-75 years
	Alberti-Fidanza et al. 2003

	Netherlands
	D
	110
	Study from 1976-1978; 24-h study; 201 adults
	Ellen et al. 1990

	Netherlands
	D
	34
	Study from 1984-1985; 24-h study; 110 adults
	Ellen et al. 1990

	Netherlands
	T
	31.8
	Study from 1984-1986; average total diet of 187 18-year-old males; 221 food products
	Van Dokkum et al. 1989

	Netherlands
	T
	9/10

11/12

16/14

19/16

22/19

23/23

23/20

24/25

26/28

28/30

24
	Study from 1988-1989; 2-day study; 5898 persons (male/female) aged 1-85 years

1-4 y

4-7 y

7-10 y

10-13 y

13-16 y

16-19 y

19-22 y

22-50 y

50-65 y

> 65 y

pregnant women
	Brussaard et al. 1996

	Netherlands
	T
	10

4
	Study from 1999 – 2002 as a whole population average. Based upon 2-day dietary recall survey of 6250 people. Mean long term dietary estimate of 0.05 µg/kg/day; upper 90th % of 0.09 µg/kg/d

1-6 y; mean long-term intake of 0.10 µg/kg/day with an upper 90th % of 0.17 µg/kg/day
	de Winter-Sorkina et al. 2003

	Spain
	T
	521

100

42

37
	Study from 1981

Madrid region

Galica region

Valencia region

Andalucia region
	Cuadrado et al. 1995

	Spain
	T
	115
	Study from 1985; Tarragona region; 367 food samples
	Schuhmacher et al. 1991

	Spain
	T
	43
	Study from 1990; Basque region; 91 food items; drinking water not included
	Urieta et al. 1996

	Spain
	D
	120
	Valencia region; university population
	Van Dokkum, 1995

	Spain
	D
	170
	Valencia region; persons aged 25-65 years; extrapolation from 4350 midday-meals
	Barbera et al. 1989

	Spain
	D
	160
	Valencia region; persons aged 25-65 years; extrapolation from 350 dietic midday-meals
	Barbera et al. 1989

	Spain
	M
	26
	Survey of food items in Huelva region
	Bordajandi et al. 2004

	Sweden
	D
	45
	24-h study; persons aged 11-65 years
	Van Dokkum, 1995

	Sweden
	M
	17

27
	Study from 1987; 60 foods and beverages:

excluding alcoholic beverages

including alcoholic beverages
	Becker and Kumpulainen, 1991

	Sweden
	D
	26
	Study from 1988; 24-h study; 15 non-smoking women aged 27-46 years
	Vahter et al. 1991a

	Sweden
	F
	24
	Study from 1988; 24-h study; 15 non-smoking women aged 27-46 years
	Vahter et al. 1991a

	United Kingdom
	T
	80
	Study from 1981; annually updated food intake data from the National Food Survey
	MAFF, 1997c

	United Kingdom
	T
	69
	Study from 1982; annually updated food intake data from the National Food Survey
	MAFF, 1997c

	United Kingdom
	T
	67
	Study from 1983; annually updated food intake data from the National Food Survey
	MAFF, 1997c

	United Kingdom
	T
	65
	Study from 1984; annually updated food intake data from the National Food Survey
	MAFF, 1997c

	United Kingdom
	T
	66
	Study from 1985; annually updated food intake data from the National Food Survey
	MAFF, 1997c

	United Kingdom
	T
	60
	Study from 1986; annually updated food intake data from the National Food Survey
	MAFF, 1997c

	United Kingdom
	T
	60
	Study from 1987; annually updated food intake data from the National Food Survey
	MAFF, 1997c

	United Kingdom
	T
	60
	Study from 1988; annually updated food intake data from the National Food Survey
	MAFF, 1997c

	United Kingdom
	T
	28
	Study from 1991; annually updated food intake data from the National Food Survey
	MAFF, 1997c

	United Kingdom
	T
	24
	Study from 1994; annually updated food intake data from the National Food Survey
	MAFF, 1997c; Ysart et al. 1999

	United Kingdom
	T
	7
	Study from 2000; annually updated food intake data from the National Food Survey
	COT, 2003


The Joint FAO/WHO Expert Committee on Food Additives (JECFA) set in 1972 the Provisional Tolerable Weekly Intake (PTWI) for adults at 3 mg Pb (from all sources) per person (WHO, 1972), which was equivalent to 50 µg kg-1 body weight. In 1987, the corresponding PTWI for infants and children was set to 25 µg kg-1bw (WHO, 1987). The separate PTWI for adults was withdrawn in 1993 (WHO, 1993). The Committee recognised that the foetus was at least as sensitive as the newborn infant to lead’s neurotoxicity. As Pb was known to cross the placenta readily, they considered that the PTWI for women of child-bearing age should ideally be as low as that of children. Thus the PTWI of 25 µg kg-1bw was extended to all age groups. In 1999, JECFA evaluated the PTWI for lead again, but the current PTWI was retained at its value.

The derivation and relevance of the current PTWI will be reviewed and discussed within the Risk Characterization section of this document. However, existing studies have frequently indexed their findings to this guidance value – these comparisons are briefly reviewed here.

For an adult weighing 70 kg, the PTWI is equivalent to 250 µg Pb day-1 (PTDI: provisional tolerable daily intake). All but one average Pb intake values presented in Table 4.20 are below this PTDI. The average daily lead intakes range from 1.4% of the PTDI in The Netherlands to more than 200% of the PTDI in Spain (Madrid). Excluding the latter, highest Pb intake was observed in Belgium (92% of the PTDI) in 1978. In the more recent studies (studies performed after 1990) the highest Pb intake is observed in Italy (25% of the PTDI). There is little information on the frequency distribution of dietary Pb intake of the general population. Some of the dietary surveys presented in Table 4.20 report maximum values (or upper percentiles) of daily Pb uptake. The maximum uptake values of the studies performed after 1990 are 38 µg day-1 in the UK (MAFF, 1997c; Ysart et al. 1999) and 130 µg day-1 in Italy (university students; Alberti-Fidanza et al. 2002). The 95th percentile of the daily Pb intake values in Denmark is 28 µg day-1 (Larsen et al. 2002). These upper intake values are 11-52% of the PTDI. As with the interpretation of lead in air data, some consideration must be given to the impact of lead in gasoline usage and dust deposition on crops. Although other discontinued uses of lead may still contribute to lead in food (e.g. pesticides), deposition of gasoline lead will make a variable contribution to food lead as a function of phase-out implementation policies. Most available data likely reflects an impact from this now discontinued use. Recent data from countries such as Sweden, the United Kingdom and the Netherlands may typify the baseline exposures that will be characteristic of most countries. Conversely, relatively high values from Greece, Italy and Spain likely exhibit an impact from lead in gasoline that will decline with time to the baseline levels evident in Sweden and the Netherlands. Data were not found for the lead content of food in Portugal, but given the pattern of lead in gasoline use lead in food was probably similar to that for Greece, Italy and Spain.

In 1988-1989 a study with 5-8 year old children was performed in Germany (Wilhelm et al. 1995). Their average weekly Pb intake was 6.4 µg Pb kg-1bw, which is 25% of the PTWI. Brussaard et al. (1996) reports mean weekly dietary Pb intakes for 1 to 7 year old children between 3.9 and 5.0 µg Pb kg-1bw, which corresponds to 16 to 20% of the PTWI. The higher food intake per unit body weight in young children compared to adults is the reason for the higher Pb intake as a percentage of the PTWI. Schrey et al. (2000) performed a Pb intake study in 1995 on children aged 1.5-5.3 years living on the island Amrum, which is a remote area. The average weekly intake of Pb was 2.1 µg kg-1bw, which is about 8% of the PTWI. The highest weekly intake was 5.1 µg Pb kg-1bw, which is about 20% of the PTWI. Only few recent data are available about dietary Pb intake by children. Tahvonen (1996) reports some additional dietary Pb intake studies with children from the 1980’s. In Italy, lunches of 4- to 5-year old preschool children contained about 15 µg Pb per meal. Intake by children in the Netherlands is now estimated to be 4 µg/day (de Winter-Sorkina et al. 2003), with an average intake on a body weight basis of 0.10 µg/kg/d (mean) and an upper 90% of 0.17 µg/kg/d. The latter value is approximately 4.7% of the PTWI. Given the late (in relative terms) phase of lead in gasoline in Italy, data for the Netherlands is probably more representative of that for most of the EU.

Intake of Pb by newborns and infants requires special attention. Human milk or milk formula are the only source of food for infants during their first months of life. Lead concentrations in human breast milk are in the same order of magnitude as in milk-based infant formulas (see section 4.3). Moreno-Rojas et al. (2002) determined the Pb concentration in 38 brands of infant formulas on the Spanish market. The contribution of the mean Pb content of these formulas to the PTWI of 0-6 months old infants was calculated using recommended milk intake The average weekly Pb intake of babies consuming beginner formulas is 4.16 µg kg-1bw week-1, which corresponds to 17% of the PTWI. The average weekly Pb intake of infants consuming the continuation formulas is 5.90 µg kg-1bw, which corresponds to 24% of the PTWI. The continuation formulas are those containing the largest Pb content and these are to be supplemented in the child’s diet by other foods, which will further increase the weekly Pb intake. A larger percentage of the PTWI is attained from “special” formulas, e.g., hypoallergenic or lactose-free formulas. The sole consumption of these formulas results in an intake of 6.4 to 7.3 µg Pb kg-1bw week-1, which corresponds to 26 to 29% of the PTWI. Ikem et al. (2002) calculated the Pb intake for 6 to 12 months old infants in the UK. The average Pb intake from milk-based first term powder was 6.72 µg week-1. The average Pb intake from milk-based follow-on liquids was 5.6 µg week-1. The maximum weekly intake of Pb was 23.8 µg. The calculations for powdered milk formulas are based on analysis of the powder and a recalculation to reconstituted milk using specified feeding tables. The contribution of Pb from the water used to reconstitute the formulas is thus not taken into account. Reconstitution of infant formulas with contaminated tap water may result in much higher Pb intake. Richmond et al. (1993) compared the dietary intake of Pb from formula milk and breast milk for 4 to 15 months old infants in the UK. The geometric mean weekly Pb intake from formula milk was 35 µg week-1 whereas the geometric mean weekly Pb intake from breast milk was 84 µg week-1. A recalculation per unit body weight was not possible for the studies of Ikem et al. (2002) and Richmond et al. (1993).

Dietary Intake Summary

The daily Pb intake by adults in the general population ranges from 18 to 179 µg Pb day-1, and few data on upper percentiles range from 28 to 130 µg day-1. These ranges excluded the unusually large values attributed to contamination, poor detection limits or unreliable diet recording. Trend analysis in the UK and The Netherlands confirmed that dietary Pb intake has been reduced more than 3-fold between 1976 and 1985 (NL) and between 1981 and 1994 (UK), which cannot be attributed to analytical discrepancies. The restricted number of data >1990 shows dietary Pb intake varying from 10 to 63 µg Pb day-1. Mean intake of Pb by children (1-8 years old) via the diet ranges from 0.3 to 0.9 µg kg-1bw week-1. Mean intake of Pb by newborns and infants via breast milk and milk-based formulas is between 4 and 7 µg kg-1bw week-1, and between 5.6 and 84 µg week-1 (no body weight correction possible). For purposes of initial regional risk characterization, typical adult lead in food intakes will be assumed to be 25 µg/day. An initial worst-case estimate of 100 µg/day will be used. Typical and worst-case intake estimates for children will necessarily be indexed to their rapidly changing (increasing) body mass, with typical and worst case assumptions of 2.1 and 7.0 µg/kg/week. Exposures of infants will be treated as yet a third dietary exposure scenario with assumptions of typical and worst case intakes of 4 and 7 µg/kg/week respectively. These values are put forward with recognition that regional and/or iterative adjustments may be required if concordance is to be realised between modelling results and blood lead survey data.

Lead Concentrations in Food Items

This section collates Pb concentrations in specific food items. Concentrations of Pb are generally highest in kidneys and liver, crustaceans, molluscs and shellfish, egg whites, dried fruit, wild edible fungi, some oils, spices and wine. In an average diet, these products are, however, consumed in small amounts and have not necessarily a large impact on the dietary Pb exposure.

Quality control and quality assurance is essential when reporting trace concentrations of Pb. During the last decade the application of analytical quality control measures has gradually intensified (Tahvonen, 1996). There is, however, a lack of suitable reference materials containing low levels (comparable to real uncontaminated samples) of Pb. The reliability of studies used in this report has been judged on the basis of reported quality control. A distinction has been made between:

· studies where a reference material has been used and where the quality control results are reported (***)

· studies where the authors mentioned the use of a reference material but did not report the results (**)

· studies where quality control is based on recovery tests, i.e., the standard addition method (*)

· studies that reported no quality control

Meat, Liver and Kidney

Highest Pb concentrations have been found in the livers of beef, calf, sheep and horse in Belgium at the end of the 80’s (Table 4.140). In all other sorts of meat and in all studies, Pb concentrations are below 0.1 mg kg-1. Kidneys contain slightly higher average Pb concentrations than other types of meat or organs. Significant heterogeneity is evident in the data, a likely reflection of impacts from historical lead applications. If the data is restricted to time frames during which individual countries are known to have phased out the use of lead in gasoline, most common meats (pork, chicken and beef) have mean lead contents that are below limits of detection (e.g. < 0.015 mg/kg) and range up to 0.03 mg/kg. Lead levels of 0.03 mg/kg thus represent the likely upper end of the range that will be encountered by consumers.

Table 4.141:
Lead concentrations in meat, liver, and kidney

	Organ
	Pb 
[mg kg-1fresh weight]
	Country
(sampling year)
	Reference

	
	Mean
	Min
	Max
	
	

	Pig meat
	0.082
	0.019
	0.265
	Belgium (1989)
	Beernaert et al. 1990*

	Pork
	<0.015
	<0.015
	0.025
	Denmark (1993-1997)
	Larsen et al. 2002**

	Pork
	0.011
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Pork meat
	0.013
	
	
	Finland (1982)
	Louekari et al. 1989*

	Pork cuts
	0.03
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Beef
	<0.016
	<0.016
	0.075
	Denmark (1993-1997)
	Larsen et al. 2002**

	Beef cuts
	0.02
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Lamb
	<0.014
	<0.014
	0.028
	Denmark (1993-1997)
	Larsen et al. 2002**

	Lamb cuts
	0.03
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Chicken
	<0.014
	<0.014
	<0.014
	Denmark (1993-1997)
	Larsen et al. 2002**

	Chicken
	0.022
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Poultry cuts
	0.02
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Turkey
	<0.014
	<0.014
	<0.014
	Denmark (1993-1997)
	Larsen et al. 2002**

	Turkey
	0.019
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Sausage
	0.053
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Hamburger
	0.025
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Veal
	<0.014
	<0.014
	0.098
	Denmark (1993-1997)
	Larsen et al. 2002**

	Pig liver
	0.064
	0.010
	1.232
	Belgium (1989)
	Beernaert et al. 1990*

	Pork liver
	<0.016
	<0.016
	0.025
	Denmark (1993-1997)
	Larsen et al. 2002**

	Beef liver
	0.179
	0.022
	2.781
	Belgium (1989)
	Beernaert et al. 1990*

	Calf liver
	0.142
	<0.020
	0.971
	Belgium (1989)
	Beernaert et al. 1990*

	Calf liver
	0.017
	<0.016
	0.075
	Denmark (1993-1997)
	Larsen et al. 2002**

	Sheep liver
	0.269
	0.160
	0.437
	Belgium (1989)
	Beernaert et al. 1990*

	Horse liver
	0.595
	0.405
	0.868
	Belgium (1989)
	Beernaert et al. 1990*

	Chicken liver
	<0.016
	<0.016
	<0.016
	Denmark (1993-1997)
	Larsen et al. 2002**

	Duck liver
	<0.016
	<0.016
	<0.016
	Denmark (1993-1997)
	Larsen et al. 2002**

	Ox liver
	0.043
	<0.016
	0.106
	Denmark (1993-1997)
	Larsen et al. 2002**

	Turkey liver
	<0.016
	<0.016
	<0.016
	Denmark (1993-1997)
	Larsen et al. 2002**

	Calf kidney
	0.053
	<0.016
	0.102
	Denmark (1993-1997)
	Larsen et al. 2002**

	Ox kidney
	0.089
	0.028
	0.326
	Denmark (1993-1997)
	Larsen et al. 2002**

	Pork kidney
	<0.016
	<0.016
	0.021
	Denmark (1993-1997)
	Larsen et al. 2002**

	Offal 
	0.06
	
	
	UK (1996-1997)
	MAFF, 1997a**


Fish, Molluscs and Crustaceans

The average Pb content in miscellaneous sorts of fish is low (<0.050 mg kg-1; Table 4.11) and seldom exceeds 0.02 mg/kg. The highest Pb concentration has been found for herring (0.455 mg kg-1), but the mean lead content of herring averages 0.018 mg/kg. Although the data are limited, 0.02 mg/kg would appear to represent a reasonable estimate of the lead content of fish. In molluscs and crustaceans the Pb content is distinctively higher (mean 0.10-0.25 mg Pb kg-1, maximum 0.5-3.1 mg Pb kg-1). As an approximation, 0.3 mg/kg would appear to be a reasonable estimate of the typical lead content of molluscs and crustaceans.

Table 4.142:
Lead concentrations in fish, crustaceans and molluscs

	Fish
	Pb
[mg kg-1]
	Country
(sampling year)
	Reference

	
	Mean
	Min
	Max
	
	

	Fish (general)
	0.044
	<0.020
	0.086
	Belgium (1989)
	Beernaert et al. 1990*

	Smoked fish
	0.031
	<0.020
	0.139
	Belgium (1989)
	Beernaert et al. 1990*

	Marine fish
	0.01
	0.01
	0.01
	UK
	MAFF, 1998b***

	Cod
	<0.009
	<0.009
	0.013
	Denmark (1993-1997)
	Larsen et al. 2002**

	Eel
	<0.009
	<0.009
	0.011
	Denmark (1993-1997)
	Larsen et al. 2002**

	Flounder
	<0.009
	<0.009
	0.033
	Denmark (1993-1997)
	Larsen et al. 2002**

	Garfish
	<0.009
	<0.009
	0.021
	Denmark (1993-1997)
	Larsen et al. 2002**

	Herring
	0.018
	<0.007
	0.455
	Denmark (1993-1997)
	Larsen et al. 2002**

	Mackerel
	<0.009
	<0.009
	0.011
	Denmark (1993-1997)
	Larsen et al. 2002**

	Plaice
	<0.009
	<0.009
	0.014
	Denmark (1993-1997)
	Larsen et al. 2002**

	Plaice
	0.008
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Trout
	<0.009
	<0.009
	0.011
	Denmark (1993-1997)
	Larsen et al. 2002**

	Crustaceans
	0.101
	<0.020
	0.477
	Belgium (1989)
	Beernaert et al. 1990*

	Molluscs
	0.259
	<0.020
	0.740
	Belgium (1989)
	Beernaert et al. 1990*

	Shellfish
	0.238
	0.01
	1.10
	UK
	MAFF, 1998b***

	Shellfish
	0.368
	0.00
	3.096
	UK
	Food Standards Agency, 2005


Milk and Milk Products

The average Pb concentration is low in most milk products (Table 4.143). No trend in time is observed. The highest Pb concentration can be found in whipped cream (0.183 mg kg-1). In the other milk products the mean Pb content is below 0.025 mg kg-1 and highest concentrations are still below 0.075 mg kg-1. The lead content of milk itself is normally below limits of detection (< 0.01 mg/kg) – this detection limit is taken as the most reasonable estimate of milk’s lead content.

Some of the Pb concentrations in milk based infant formulas are expressed in µg L-1reconstituted milk, others are expressed in µg kg-1fresh weight powder (Table 4.144: Moreno-Rojas et al. 2002). The data expressed per kg of fresh weight milk powder can be recalculated to µg Pb L-1milk assuming a dose of 126-156 g fresh weight powder needed to prepare 1 L of milk. Recalculation of the data of Moreno-Rojas et al. (2002) then leads to average Pb concentrations of 3.2-4.0 µg L-1in beginner milk, 4.6-5.8 µg Pb L-1 in continuation milk and 5.0-7.1 µg L-1 in special formulas. Haschke et al. (1985) measured the Pb concentration in infant formula powder and in boiled tap water. They calculated an average Pb concentration of 27.5 µg L-1 in reconstituted infant formulas from the average Pb concentrations in powder (161.8 µg kg-1) and water (5.4 µg L-1). The recent (after 1990) average and median Pb concentrations in milk based infant formulas range from 0.8 to 7.1 µg L-1 (Table 4.144 and above calculations). The Pb concentrations in powdered milk formulas are based on analysis of the powder and a recalculation to reconstituted milk using specified feeding tables. The contribution of Pb from the water used to reconstitute the formulas is thus not taken into account, except in the Haschke data. Reconstitution of infant formulas with contaminated tap water may result in much higher Pb concentrations, e.g., Baum and Shannon (1997) measured Pb concentrations in two out of 40 reconstituted milk samples of 17 and 70 µg L-1. These were prepared using cold tap water drawn from the plumbing of over 20 year old houses in Boston. No such data are currently available in the EU.

Lead concentrations in human breast milk are in the same order of magnitude as in milk-based infant formulas (1.12-3.4 µg L-1; Table 4.144). A significant higher Pb concentration in breast milk was found by Gundacker et al. (2002) for women living in an industrialised area in Austria compared to women living in urban or remote areas. As discussed in Section 4.1.2.2.4, the concentration of lead in breast milk is expected to be related to the plasma fraction of lead in blood. As lead in blood levels decline (see Section 4.1.1.4.6), corresponding decreases in breast milk would be expected. Available data are not adequate to define temporal trends of this nature within the EU. Similarly, lead in reconstituted formula may reflect inputs from existing lead service lines providing household water supplies. However, specific data are not available to evaluated the impact of lead water pipes upon the averages observed here.

Table 4.143:
Lead concentrations in milk and milk products

	Product
	Pb
[mg kg-1]
	Country
(sampling year)
	Reference

	
	Mean
	Min
	Max
	
	

	Milk
	<0.010
	<0.005
	0.052
	Belgium (1989)
	Beernaert et al. 1990*

	Milk
	<0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Cow milk
	0.9a
	
	
	Austria (1999)
	Gundacker et al. 2002***

	Cheese
	0.022
	<0.005
	0.074
	Belgium (1989)
	Beernaert et al. 1990*

	Cheese
	<0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Cheese
	0.008
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Cream
	0.011
	<0.005
	0.067
	Belgium (1989)
	Beernaert et al. 1990*

	Whipped cream
	0.074
	<0.005
	0.183
	Belgium (1989)
	Beernaert et al. 1990*

	Yoghurt
	0.020
	<0.005
	0.020
	Belgium (1989)
	Beernaert et al. 1990*

	Yoghurt
	<0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**


aExpressed in µg l-1
Table 4.144:
Lead concentrations in infant formulas and breast milk

	Product
	Pb
[µg l-1milk]
	Pb
[µg kg-1fresh weight powder]
	Country
(sampling year)
	Reference

	
	Mean
	Max
	Mean
	
	

	Infant formula (powder)

Reconstituted infant formula
	27.5
	
	168.8
	Austria (≤1985)
	Haschke et al. 1985*

	Reconstituted infant formulaa
	2.4b
	35.4
	
	Austria (1992)
	Tiran et al. 1994***

	Reconstituted infant formulac
	1.81
	
	
	Austria (1999)
	Gundacker et al. 2002***

	Reconstituted infant formulaa
	0.8
	
	
	UK (2000)
	Ikem et al. 2002***

	Infant formula: liquid and follow-on formulasc
	0.8
	
	
	UK (2000)
	Ikem et al. 2002***

	Infant formulas (powder):

Beginner

Continuation

Special

Hypoallergenic

Vegetable

Without lactose

Other
	
	
	25.7

36.9

43.5

45.5

42.6

44.5

39.6
	Spain (sampling year not indicated)
	Moreno-Rojas et al. 2002***

	
	
	
	
	
	

	Breast milk
	3.4b
	20.4
	
	Austria (1992)
	Tiran et al. 1994***

	Breast milk
	1.63

1.12

2.48

1.22
	
	
	Austria (1999)

Vienna (urban site)

Linz (industrial site)

Tulln (rural site)
	Gundacker et al. 2002***


aDry milk powder samples were analysed. The concentrations in reconstituted milk were calculated according to the recommendations of the manufacturers and are given in the table; bMedian value; cPrepared with tap water (Pb concentration in tap water was 3.4 µg l-1).

Eggs and egg products

The average Pb content in eggs is below 0.020 mg kg-1 (Table 4.145). This value is, however, more than 7-fold higher for egg whites (about 150 mg kg-1).

Table 4.145:
Lead concentrations in eggs

	Product
	Pb
[mg kg-1]
	Country
(sampling year)
	Reference

	
	Mean
	Min
	Max
	
	

	Eggs
	0.018
	<0.020
	0.154
	Belgium (1989)
	Beernaert et al. 1990*

	Eggs
	0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Eggs
	<0.005
	<0.005
	0.006
	Denmark (1993-1997)
	Larsen et al. 2002**

	Egg whites
	0.147
	<0.020
	0.343
	Belgium (1989)
	Beernaert et al. 1990*


Fruits

The highest average Pb content in fruit has been found by Beernaert et al. (1990) in oranges (0.038 mg kg-1, Table 4.15) and may reflect impacts from lead in gasoline. In more recent studies the Pb concentration in oranges is, however, much lower. The highest Pb concentration in fresh fruit in these more recent studies is found in blackcurrant (0.075 mg kg-1), while the highest average Pb concentration is found in elderberry (0.025 mg kg-1). Dried fruit has a higher Pb content, and especially raisins may contain large amounts of lead (0.16 mg Pb kg-1 on average, maximum 4.7 mg Pb kg-1).

Table 4.146:
Lead concentrations in fruit

	Fruit
	Pb
[mg kg-1]
	Country
(sampling year)
	Reference

	
	Mean
	Min
	Max
	
	

	Orange
	0.038
	0.008
	0.078
	Belgium (1989)
	Beernaert et al. 1990*

	Orange
	0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Orange
	<0.008
	<0.008
	0.011
	Denmark (1993-1997)
	Larsen et al. 2002**

	Lemon
	0.008
	0.007
	0.009
	Belgium (1989)
	Beernaert et al. 1990*

	Lemon
	<0.008
	<0.008
	0.011
	Denmark (1993-1997)
	Larsen et al. 2002**

	Grapefruit
	0.013
	0.010
	0.020
	Belgium (1989)
	Beernaert et al. 1990*

	Grapefruit
	<0.008
	<0.008
	<0.008
	Denmark (1993-1997)
	Larsen et al. 2002**

	Apple
	0.030
	<0.005
	0.154
	Belgium (1989)
	Beernaert et al. 1990*

	Apple
	<0.006
	<0.006
	0.010
	Denmark (1993-1997)
	Larsen et al. 2002**

	Pear
	0.019
	<0.005
	0.100
	Belgium (1989)
	Beernaert et al. 1990*

	Pear
	<0.006
	<0.006
	0.014
	Denmark (1993-1997)
	Larsen et al. 2002**

	Apples/pears
	0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Strawberry
	0.022
	0.010
	0.033
	Belgium (1989)
	Beernaert et al. 1990*

	Strawberry
	<0.005
	<0.005
	0.008
	Denmark (1993-1997)
	Larsen et al. 2002**

	Banana
	0.013
	0.012
	0.014
	Belgium (1989)
	Beernaert et al. 1990*

	Banana
	<0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Banana
	<0.008
	<0.008
	0.012
	Denmark (1993-1997)
	Larsen et al. 2002**

	Pineapple
	0.025
	0.019
	0.030
	Belgium (1989)
	Beernaert et al. 1990*

	Kiwi
	0.019
	0.018
	0.020
	Belgium (1989)
	Beernaert et al. 1990*

	Kiwi
	<0.008
	<0.008
	<0.008
	Denmark (1993-1997)
	Larsen et al. 2002**

	Mango
	0.035
	0.011
	0.058
	Belgium (1989)
	Beernaert et al. 1990*

	Grapes
	0.016
	0.009
	0.023
	Belgium (1989)
	Beernaert et al. 1990*

	Grapes
	<0.007
	<0.007
	0.012
	Denmark (1993-1997)
	Larsen et al. 2002**

	Blackcurrant
	0.018
	0.004
	0.075
	Denmark (1993-1997)
	Larsen et al. 2002**

	Cherry
	<0.008
	<0.008
	0.014
	Denmark (1993-1997)
	Larsen et al. 2002**

	Clementine
	<0.008
	<0.008
	<0.008
	Denmark (1993-1997)
	Larsen et al. 2002**

	Elderberry
	0.025
	0.012
	0.062
	Denmark (1993-1997)
	Larsen et al. 2002**

	Gooseberry
	<0.006
	<0.006
	0.014
	Denmark (1993-1997)
	Larsen et al. 2002**

	Peach
	<0.008
	<0.008
	0.018
	Denmark (1993-1997)
	Larsen et al. 2002**

	Plum
	<0.008
	<0.008
	0.050
	Denmark (1993-1997)
	Larsen et al. 2002**

	Raspberry
	0.008
	<0.008
	0.028
	Denmark (1993-1997)
	Larsen et al. 2002**

	Red currant
	0.012
	<0.008
	0.022
	Denmark (1993-1997)
	Larsen et al. 2002**

	Sharon fruit
	<0.007
	<0.007
	<0.007
	Denmark (1993-1997)
	Larsen et al. 2002**

	
	
	
	
	
	

	Fruit (general)
	0.005
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Other fruits
	<0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Dried apricots
	0.04
	0.01
	0.09
	UK (1997-1998)
	MAFF, 1998c***

	Dried dates
	0.03
	0.02
	0.07
	UK (1997-1998)
	MAFF, 1998c***

	Dried prunes
	0.02
	0.01
	0.03
	UK (1997-1998)
	MAFF, 1998c***

	Raisins
	0.19
	0.01
	4.9
	UK (1997-1998)
	MAFF, 1998c***

	Raisins
	0.132
	<0.034
	0.719
	Denmark (1993-1997)
	Larsen et al. 2002**

	Sultanas
	0.15
	0.02
	1.35
	UK (1997-1998)
	MAFF, 1998c***

	Wild blackberries
	0.053
	0.003
	0.55
	UK (1998-1999)
	MAFF, 2000**


Vegetables and Potatoes

The average Pb concentration in potatoes ranges from 0.009 mg kg-1 in a Danish study in 1993-1997 to 0.035 mg kg-1 in a Belgian study in 1989 (Table 4.147). Potatoes sampled in the UK in 1996-1997 had a similar Pb concentration as the potatoes sampled in Belgium, while potatoes sampled in Finland in 1982 and Italy in 1993 had a similar Pb concentration as the Danish potatoes. Variation is also seen for other root crops (e.g. carrots) with mean lead contents of 0.103, 0.03 and 0.011 being reported by different studies. The lead content of root crops is probably best represented by the median result of the preceding studies (0.01 mg/kg). For some vegetables, especially leafy vegetables, differences in Pb concentration are huge between the different studies (e.g., Chinese cabbage: 0.595 mg Pb kg-1 in the Belgian study versus 0.006 mg Pb kg-1 in the Danish study), while for other vegetables the results are similar (e.g., tomatoes: 0.013 mg Pb kg-1 in the Belgian study versus 0.02 mg Pb kg-1 in the UK study). Lead concentrations found in the Danish study are in general lower than the concentrations found in the other studies. Leafy vegetables would be expected to show significant impacts from dust lead deposition related to lead in gasoline usage and the highest values reported are from time frames and countries with lead in gasoline use. Leaf crop lead contents of 0.03 mg/kg or lower appear to characterize countries that have phased out lead in gasoline (UK, Denmark). The highest Pb concentrations are found in wild edible fungi (mean 0.70 mg Pb kg-1, maximum 6.0 mg Pb kg-1).

Table 4.147:
Lead concentrations in vegetables

	Vegetable
	Pb
[mg kg-1]
	Country
(sampling year)
	Reference

	
	Mean
	Min
	Max
	
	

	Potatoes
	0.035
	0.007
	0.148
	Belgium (1989)
	Beernaert et al. 1990*

	Potatoes
	0.03
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Potatoes
	0.009
	<0.007
	0.030
	Denmark (1993-1997)
	Larsen et al. 2002**

	Potatoes
	0.010
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Potatoes
	0.011
	
	
	Finland (1982)
	Louekari et al. 1989*

	Mushrooms
	0.027
	0.008
	0.098
	Belgium (1989)
	Beernaert et al. 1990*

	Mushrooms
	0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Mushrooms
	0.016
	<0.008
	0.022
	Denmark (1993-1997)
	Larsen et al. 2002**

	Wild edible fungi
	0.70
	0.012
	6.0
	UK (1998-1999)
	MAFF, 2000**

	Carrot
	0.103
	0.005
	1.392
	Belgium (1989)
	Beernaert et al. 1990*

	Carrot
	0.03
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Carrot
	0.011
	<0.005
	0.022
	Denmark (1993-1997)
	Larsen et al. 2002**

	Radish
	0.043
	0.027
	0.068
	Belgium (1989)
	Beernaert et al. 1990*

	Rape
	0.071
	0.008
	0.208
	Belgium (1989)
	Beernaert et al. 1990*

	Peas
	0.095
	<0.005
	0.336
	Belgium (1989)
	Beernaert et al. 1990*

	Peas
	<0.004
	<0.004
	0.007
	Denmark (1993-1997)
	Larsen et al. 2002**

	Beans
	0.127
	<0.005
	0.520
	Belgium (1989)
	Beernaert et al. 1990*

	Bean, green
	0.012
	<0.008
	0.017
	Denmark (1993-1997)
	Larsen et al. 2002**

	Peas/beans
	0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Paprika
	0.050
	0.035
	0.076
	Belgium (1989)
	Beernaert et al. 1990*

	Sweet pepper
	0.005
	<0.003
	0.008
	Denmark (1993-1997)
	Larsen et al. 2002**

	Tomato
	0.013
	<0.005
	0.042
	Belgium (1989)
	Beernaert et al. 1990*

	Tomato
	0.02
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Onion
	0.019
	<0.005
	0.066
	Belgium (1989)
	Beernaert et al. 1990*

	Onion
	0.03
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Onion
	0.004
	<0.003
	0.008
	Denmark (1993-1997)
	Larsen et al. 2002**

	Cauliflower
	0.016
	0.010
	0.023
	Belgium (1989)
	Beernaert et al. 1990*

	Cauliflower
	0.012
	<0.008
	0.041
	Denmark (1993-1997)
	Larsen et al. 2002**

	Broccoli
	0.011
	<0.008
	0.020
	Denmark (1993-1997)
	Larsen et al. 2002**

	Cabbage
	0.010
	
	
	Finland (1982)
	Louekari et al. 1989*

	Chinese cabbage
	0.595
	0.090
	1.100
	Belgium (1989)
	Beernaert et al. 1990*

	Chinese cabbage
	0.006
	<0.003
	0.014
	Denmark (1993-1997)
	Larsen et al. 2002**

	White cabbage
	0.032
	<0.005
	0.108
	Belgium (1989)
	Beernaert et al. 1990*

	White cabbage
	0.005
	<0.003
	0.009
	Denmark (1993-1997)
	Larsen et al. 2002**

	Red cabbage
	0.060
	0.011
	0.390
	Belgium (1989)
	Beernaert et al. 1990*

	Green cabbage
	0.049
	0.011
	0.097
	Belgium (1989)
	Beernaert et al. 1990*

	Brassica and leafy vegetables
	0.03
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Brussels sprouts
	0.037
	0.019
	0.080
	Belgium (1989)
	Beernaert et al. 1990*

	Brussels sprouts
	0.016
	0.006
	0.025
	Denmark (1993-1997)
	Larsen et al. 2002**

	Asparagus
	0.057
	0.031
	0.083
	Belgium (1989)
	Beernaert et al. 1990*

	Leek
	0.351
	<0.005
	3.493
	Belgium (1989)
	Beernaert et al. 1990*

	Leek
	0.009
	<0.003
	0.022
	Denmark (1993-1997)
	Larsen et al. 2002**

	Lettuce
	0.079
	0.020
	0.158
	Belgium (1989)
	Beernaert et al. 1990*

	Lettuce
	0.018
	0.008
	0.063
	Denmark (1993-1997)
	Larsen et al. 2002**

	Iceberg lettuce
	0.005
	<0.005
	0.013
	Denmark (1993-1997)
	Larsen et al. 2002**

	Salad vegetables
	0.03
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Spinach
	0.109
	0.026
	0.248
	Belgium (1989)
	Beernaert et al. 1990*

	Spinach
	0.032
	<0.009
	0.047
	Denmark (1993-1997)
	Larsen et al. 2002**

	Aubergine
	<0.008
	<0.008
	0.009
	Denmark (1993-1997)
	Larsen et al. 2002**

	Avocado
	0.011
	<0.008
	0.021
	Denmark (1993-1997)
	Larsen et al. 2002**

	Red beet
	0.011
	0.006
	0.015
	Denmark (1993-1997)
	Larsen et al. 2002**

	Celery
	0.013
	<0.008
	0.020
	Denmark (1993-1997)
	Larsen et al. 2002**

	Root celery
	0.016
	0.007
	0.034
	Denmark (1993-1997)
	Larsen et al. 2002**

	Curly kale
	0.069
	0.026
	0.164
	Denmark (1993-1997)
	Larsen et al. 2002**


Bread, Cereals and Flours

Lead concentrations in bread, cereals and flours in recent studies (sampling after 1990) are all low to moderate. Mean values range from 0.013 to 0.06 mg kg-1 (Table 4.148). In the less recent study of Beernaert et al. (1990) the highest mean Pb concentration is found in bread (0.088 mg kg-1).

Table 4.148:
Lead concentrations in bread, cereals and flours

	Cereal
	Pb
[mg kg-1]
	Country
(sampling year)
	Reference

	
	Mean
	Min
	Max
	
	

	Bread
	0.088
	<0.010
	0.856
	Belgium (1989)
	Beernaert et al. 1990*

	Bread
	0.021
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	White bread
	0.05
	
	
	UK (1996-1997)
	MAFF, 1997a**

	White bread
	<0.024
	<0.024
	0.035
	Denmark (1993-1997)
	Larsen et al. 2002**

	Brown bread
	0.03
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Wholemeal bread
	<0.024
	<0.024
	<0.024
	Denmark (1993-1997)
	Larsen et al. 2002**

	Rye bread
	0.03
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Rye bread
	<0.024
	<0.024
	0.028
	Denmark (1993-1997)
	Larsen et al. 2002**

	Wholemeal rye bread
	<0.024
	<0.024
	<0.024
	Denmark (1993-1997)
	Larsen et al. 2002**

	Pasta
	0.05
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Short pasta
	0.013
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Pasta for minestrone
	0.016
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Spaghetti
	0.021
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Noodles
	0.017
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Tortellini
	0.026
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Pizza/pita bread
	0.05
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Cereals (general)
	0.077
	0.045
	0.111
	Belgium (1989)
	Beernaert et al. 1990*

	Breakfast cereals
	0.03
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Breakfast cereals
	<0.036
	<0.036
	<0.036
	Denmark (1993-1997)
	Larsen et al. 2002**

	Muslim
	<0.036
	<0.036
	0.172
	Denmark (1993-1997)
	Larsen et al. 2002**

	Maize
	0.070
	<0.010
	0.356
	Belgium (1989)
	Beernaert et al. 1990*

	Rice
	0.042
	<0.010
	0.098
	Belgium (1989)
	Beernaert et al. 1990*

	Rice
	0.03
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Flour (general)
	0.046
	0.019
	0.084
	Belgium (1989)
	Beernaert et al. 1990*

	Wheat flour
	0.011
	
	
	Finland (1982)
	Louekari et al. 1989*

	White flour
	0.02
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Other flours
	0.06
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Wheat
	0.058
	0.024
	0.106
	Belgium (1989)
	Beernaert et al. 1990*

	Oats, rolled
	<0.036
	<0.036
	<0.036
	Denmark (1993-1997)
	Larsen et al. 2002**


Edible Oils and Fats

Most average Pb concentrations for edible oils range between 0.01 and 0.02 mg Pb kg-1 (Table 4.149). The average concentrations are about 3-fold higher in sunflower and walnut oil. The Pb concentration in margarine is very low (maximum 0.012 mg Pb kg-1).

Table 4.149:
Lead concentrations in edible oils and fats

	Product
	Pb
[mg kg-1]
	Country
(sampling year)
	Reference

	
	Mean
	Min
	Max
	
	

	Oils (general)
	<0.005
	<0.005
	0.049
	Belgium (1989)
	Beernaert et al. 1990*

	Fats (general)
	<0.005
	<0.005
	<0.005
	Belgium (1989)
	Beernaert et al. 1990*

	Butter
	0.016
	<0.005
	0.064
	Belgium (1989)
	Beernaert et al. 1990*

	Margarine
	<0.005
	<0.005
	0.012
	Belgium (1989)
	Beernaert et al. 1990*

	Almond oil
	0.014
	0.011
	0.017
	UK (1995-1997)
	MAFF, 1997b

	Olive oil extra virgin
	0.013
	0.005
	0.141
	UK (1995-1997)
	MAFF, 1997b

	Hazelnut oil
	0.014
	0.006
	0.032
	UK (1995-1997)
	MAFF, 1997b

	Sesame oil
	0.017
	0.008
	0.036
	UK (1995-1997)
	MAFF, 1997b

	Toasted sesame oil
	0.020
	0.007
	0.051
	UK (1995-1997)
	MAFF, 1997b

	Sunflower oil
	0.067
	0.024
	0.178
	UK (1995-1997)
	MAFF, 1997b

	Walnut oil
	0.048
	0.008
	0.161
	UK (1995-1997)
	MAFF, 1997b


Sugar Products

Chewing gum has the highest Pb concentration of the analysed sugar products (0.141 mg Pb kg-1 on average; Table 4.150). The Pb concentration is very low in syrups and sugars (<0.01 mg kg-1)

Table 4.150:
Lead concentrations in sugar products

	Product
	Pb
[mg kg-1]
	Country
(sampling year)
	Reference

	
	Mean
	Min
	Max
	
	

	Chewing gum
	0.141
	<0.020
	0.396
	Belgium (1989)
	Beernaert et al. 1990*

	Jam
	0.032
	<0.020
	0.157
	Belgium (1989)
	Beernaert et al. 1990*

	Syrup
	<0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**

	Sugars
	<0.01
	
	
	UK (1996-1997)
	MAFF, 1997a**


Beverages and drinking water

Wine has generally a higher Pb concentration than beer (Table 4.151). Varo et al. (1980) found high Pb concentrations in different sorts of wine (e.g., in white Bordeaux wine, mean = 0.34 mg Pb l-1). The Pb concentration in fruit juices (mean 0.006-0.060 mg Pb kg-1) seems to be slightly higher than in carbonated soft drinks (mean <0.005-0.020 mg Pb kg-1).

Table 4.151:
Lead concentrations in beverages

	Drink
	Pb
[mg kg-1]
	Country
(sampling year)
	Reference

	
	Mean
	Min
	Max
	
	

	Beer (general)
	0.010
	<0.005
	0.050
	Belgium (1989)
	Beernaert et al. 1990*

	Beer
	<0.003
	<0.003
	<0.003
	Denmark (1993-1997)
	Larsen et al. 2002**

	Beer <2.25%
	0.007a
	
	
	Finland
	Varo et al. 1980¶

	Beer 3.0-3.7%
	0.009a
	
	
	Finland
	Varo et al. 1980¶

	Beer 3.7-4.5%
	0.010a
	
	
	Finland
	Varo et al. 1980¶

	Wine (general)
	0.077
	<0.005
	0.276
	Belgium (1989)
	Beernaert et al. 1990*

	Wine
	0.021
	0.008
	0.039
	UK (1997-1998)
	MAFF, 1998d**

	Wine
	0.002
	
	
	Italy (1993)
	Alberti-Fidanza et al. 2002***

	Red wine
	0.021
	<0.004
	0.039
	Denmark (1993-1997)
	Larsen et al. 2002**

	Red wine (Spanish)
	0.015a
	
	
	Finland
	Varo et al. 1980¶

	Red wine (Hungarian)
	0.240a
	
	
	Finland
	Varo et al. 1980¶

	White wine
	0.026
	0.010
	0.069
	Denmark (1993-1997)
	Larsen et al. 2002**

	White wine (Bordeaux)
	0.340a
	
	
	Finland
	Varo et al. 1980¶

	Finnish fruit wine
	0.100a
	
	
	Finland
	Varo et al. 1980¶

	Apple wine
	0.030a
	
	
	Finland
	Varo et al. 1980¶

	Carbonated cola drink
	0.017
	0.008
	0.029
	Belgium (1989)
	Beernaert et al. 1990*

	Carbonated cola drink
	
	<0.002
	0.007
	UK (1997-1998)
	MAFF, 1998d**

	Carbonated cola drink
	0.007
	
	
	Finland
	Varo et al. 1980***

	Carbonated orange drink
	0.005
	
	
	Finland
	Varo et al. 1980***

	Carbonated lemon drink
	<0.005
	
	
	Finland
	Varo et al. 1980***

	Carbonated soft drink
	0.020
	<0.005
	0.120
	Belgium (1989)
	Beernaert et al. 1990*

	Carbonated soft drink
	
	<0.003
	0.023
	UK (1997-1998)
	MAFF, 1998d**

	Soft drinks
	<0.004
	<0.004
	0.008
	Denmark (1993-1997)
	Larsen et al. 2002**

	Fruit juice
	0.024
	<0.005
	0.182
	Belgium (1989)
	Beernaert et al. 1990*

	Fruit juice
	<0.01
	
	
	UK (1997-1998)
	MAFF, 1998d**

	Fruit juice
	0.006
	<0.004
	0.020
	Denmark (1993-1997)
	Larsen et al. 2002**

	Sweetened fruit juice
	<0.017
	<0.017
	0.019
	Denmark (1993-1997)
	Larsen et al. 2002**

	Apple juice
	0.060
	
	
	Finland
	Varo et al. 1980***

	Orange juice
	0.040
	
	
	Finland
	Varo et al. 1980***

	Water
	0.010
	<0.005
	0.040
	Belgium (1989)
	Beernaert et al. 1990*

	Mineral water
	<0.005
	
	
	Finland
	Varo et al. 1980***


Drinking water Pb concentrations are best reflected based on water sampled at the tap due to the contribution of in-house plumbing on the Pb concentration. Different tap water sampling procedures exist and affect the concentration: (i) first draw samples are taken after a known period of stagnation of the water in the plumbing (e.g., stagnation during the night), (ii) random daytime samples are taken during the day without knowing when the water was previously flushed through the plumbing, and (iii) in fully flushed samples the water is flushed through the plumbing for several minutes before taking the sample.

In the new EU Drinking Water Directive (Council Directive 98/83/EC on the quality of water intended for human consumption) the guideline for Pb in drinking water is reduced from 50 µg Pb L-1 to 10 µg Pb L-1, with a 15 year transition period to allow for replacing lead distribution pipes. 

Lead in tap water used to be a public health problem in Glasgow (UK) because of the high prevalence of houses with lead service pipes, the low pH of the public water supply and the resulting high levels of Pb in water used for public consumption. Watt et al. (2000) compared the situation in Glasgow in 1981 and 1993. About 17% of 1726 household kettle water samples (random daytime sample) had Pb concentrations of 10 µg L-1 or above in 1993 compared with 49% in 1981, 2.1% of the tap water samples had Pb concentrations of 50 µg L-1 or above. Zietz et al. (2001) collected 1434 first draw samples after stagnation and 1474 random daytime samples in households with children in Lower Saxony in the period 1997-1999. Of the first draw samples, 3.1% had Pb concentrations above 10 µg L-1 and 0.6% had concentrations above the limit of the German drinking water regulation (40 µg L-1). Of the random daytime samples, 2.1% had Pb concentrations above 10 µg L-1 and 0.2% had concentrations above 40 µg L-1. The Netherlands estimated in 1976 that 932,000 households had plumbing systems using lead pipes (Verweij, 1992), prompting programs to both gradually replace pipes and to modify water chemistry so as to limit lead mobilization. Prior to the implementation of these programs, 1% of the population was estimated to consume water with lead levels in excess of 100 µg/L. The upper 95th percentile for exposure was 50 µg/L. More recent surveys (de Winter-Sorkina et al. 2003) estimate that 5% of the Dutch population has drinking water supplies with an average lead content (derived from lead pipes) of 35µg/dL. Lead in water for the rest of the population is estimated to average 0.5 µg/dL. Based upon information received describing somewhat limited sampling, these programs appear to have been successful. More recent data from a national monitoring program have been requested to confirm this.

The mean, median and 90th percentiles of the Pb concentrations in tap water samples after stagnation and random daytime samples listed in Table 4.152 are all below 10 µg L-1 except in the surveys of households with leaded water pipes (TMVW-Gent; SVW; Zietz et al. 2001; Pidpa). For purposes of risk characterization, typical lead in water values of 1 µg/L can be assumed while a worst-case value of 10 µg/L appears appropriate. Lead water pipes will not be considered further as an indirect source of lead exposure. Rather, an assessment of their impact will be made in the consideration of lead water pipes as a product yielding consumer exposure in Section 4.1.3.3.

Table 4.152:
Lead concentrations in household tap water

	Pb concentration in tap water [µg L-1]
	Country
(sampling year); remarks
	Reference

	Mean
	Min
	Percentiles
	Max
	
	

	
	
	10th
	50th
	90th
	
	
	

	0.6
	0.5
	
	
	
	14
	Finland (1982)
	Louekari et al. 1989*

	3.97 (1.7a)
	<0.7
	<0.7
	
	7.6
	329
	Germany (1998); first draw samples of tap water in the early morning; n = 4761
	UBA, 1998

	
	
	
	
	<10
	110
	Germany (1997-1999); first draw samples of tap water after stagnation; n = 1434
	Zietz et al. 2001**

	<5
	<5
	
	
	
	7
	Belgium (2003); first draw samples of tap water after stagnation; n = 4
	IWVA-Koksijde: personal communication

	28.3

5.9

3.0
	
	
	15.6

4.4

2.8
	
	
	Austria (≤1985); random daytime tap water samples after 15-30 s flushing;

private houses built before 1945;

private houses built between 1945 and 1965

private houses built after 1965
	Haschke et al. 1985*

	1.3

1.2

2.6

1.0

0.6
	0.1

0.2

0.2

0.3

0.2
	
	0.6

0.7

0.7

0.7

0.4
	
	6.6

3.2

70.1

2.8

1.8
	Belgium (2003); random daytime tap water samples;

private households; n = 14

public places (schools, hospitals, rest homes); n = 24

private households; n = 55

public places (schools, hospitals, rest homes); n = 14

public places (other); n = 14
	Pidpa: personal communication

	
	
	
	
	<10
	150
	Germany (1997-1999); random daytime tap water samples
	Zietz et al. 2001**

	
	
	
	
	
	
	
	

	0.8
	<0.1
	<0.1
	0.3
	1.1
	85
	The Netherlands (1991-2003); fully flushed tap water samples; n = 2177
	Waterbedrijf Groningen: personal communication 

	<1
	<1
	
	
	
	<1
	The Netherlands (2002);fully flushed tap water samples; n = 7
	Tilburgse Waterleiding-maatschappij: personal communication

	<1
	<1
	<1
	<1
	<1
	56
	The Netherlands (2001); fully flushed tap water samples; n = 378
	Gemeentewaterleidingen Amsterdam: personal communication

	0.5
	-
	-
	-
	-
	-
	The Netherlands estimated an average for 2002 in homes without lead pipe service lines. The average for homes with lead pipes as estimated to be 35 µg/L
	De Winter-Sorkina et al. 2003

	349
	2
	2
	13
	30
	6000
	Belgium (2002); random daytime tap water samples in households with leaded pipes; n = 18
	SVW: personal communication 

	5
	
	
	2.2
	8
	104
	Belgium (2000-2003); random daytime tap water samples in households with leaded installations; n = 81
	TMVW-Gent: personal communication

	10
	
	
	2
	13
	605
	Belgium (2000-2003); tap water samples in households with leaded installations, measured after flushing; n = 364
	TMVW-Gent: personal communication


ageometric mean; bmedian value

Sources of Lead in the Human Food Chain

Most of the Pb in above-ground plant parts is associated with contamination of the plant surface with dust or aerosols from the atmosphere rather than through root uptake and translocation to edible portions (Chamberlain, 1983a; Thornton and Jones, 1984). This suggests that dietary Pb (excluding marine food) is mainly derived from airborne Pb.

Tjell et al. (1979) found that 90 to 99% of the total Pb concentration in Italian ryegrass, grown in an uncontaminated area of Denmark, was airborne (Table 4.153). Harrison and Chirgawi (1989) found that, in a growth cabinet, 50-96% of the total Pb in plant parts exposed to unfiltered air was derived from the atmosphere. Furthermore they showed that atmospheric Pb also contributed to the Pb concentration of unexposed plant parts (roots) by 32 to 88%, depending on crop and soil type and suggesting that airborne Pb is assimilated and translocated internally. Similar results were found by Mosbaek et al. (1989). At 3 rural locations in Denmark, 48-100% of the Pb concentration in aboveground plant organs originated from the atmosphere. Atmospheric Pb contributed 0 to 35% to the Pb concentration in potato tubers and carrot roots. Dalenberg and Van Driel (1990) compared Pb uptake by plants grown in the field and under dust-free conditions. The total Pb concentration of the aboveground plant material grown in the field was 12-to 35-fold higher than that of plants grown in dust-free conditions. The contribution of airborne Pb amounted to over 90% for grass, carrot leaves, and wheat grain and straw. Lower contributions were calculated for spinach (73%) and carrot roots (5.7%). The lower contribution for spinach was attributed to the short growing period.

Lead concentrations in air have decreased during the last three decades. Steinness et al. (1994) found a 1.2- to 2.2-fold reduction in the median Pb concentration in moss (Hylocomium splendens) in Norway between 1977 and 1985. Because mosses lack a root system, Pb present in mosses can be assumed as coming from the air. From 1985 to 2002, a 10- to 47-fold reduction of the Pb concentration in air is observed at urban sites in the UK, and a 7- to 8-fold reduction at rural sites (DEFRA, 2002). The reduction of the Pb concentration in air is at least partly due to the reduction in the use of leaded petrol. In terms of estimating the current contribution to lead in food from current applications or diffuse environmental sources, the impacts of lead in gasoline upon existing studies must be considered.

Table 4.153:
Atmospheric contribution of Pb in different plant organs

	Reference
	Method
	[Pb]air
[ng m-3]
	[Pb]soil
[µg g-1dw]
	Mean plant Pb concentration
[µg g-1dw]
	% atmospheric
contribution

	Harrison and Chirgawi (1989)
	Clean air cabinet: ventilation with unfiltered/filtered air
	103/3.0
	10.7-28.3
	Radish leaves: 1.64/0.11

Radish roots: 0.16/0.12

Turnip leaves: 2.63/0.37

Turnip roots: 0.28/0.16

Carrot leaves: 1.53/0.16

Carrot roots: 0.18/0.11

Pea leaves: 1.79/0.25

Pea peas: 0.001/0.001

Spinach leaves: 1.82/0.28

Spinach stalk: 0.52/0.52

Lettuce: 1.10/0.15
	89-96

46-88

81-90

34-52

50-87

32-44

68-79

0

85

0

76-91

	Tjell et al. (1979)
	Isotopic dilution method: specific activity in soil labelled with 210Pb compared with specific activity in grass; outdoor potted soil experiment
	132
	11.1-17.3
	Ryegrass: ~0.6-15
	90-99

	Mosbaek et al. (1989)
	Isotopic dilution method: specific activity in soil labelled with 210Pb compared with specific activity in crops; outdoor potted soil experiment; pots kept under a transparent shed to exclude rain; soil moisture maintained by irrigation with deionised water
	48-92*
	11.1-17.3
	Potato top: 4.0

Potato tubers: 0.13

Carrot leaves: 2.8

Carrot root: 0.46

Kale leaves: 1.3

Kale stalk: 0.29

Brussels sprouts leaves: 0.32

Brussels sprouts stalk: 0.16

Barley grain: 0.42

Barley straw: 2.9

Wheat grain: 0.05

Wheat straw: 3.0

Rye grain: 0.17

Rye straw: 2.2

Ryegrass: 0.6-3.2
	99

70

92

31

97

-

94

91

93

99

-

98

83

98

90-100

	Dalenberg and Van Driel (1990)
	Isotopic dilution method: specific activity in soil labelled with 210Pb compared with specific activity in crops; potted soil experiment;

pots kept outdoor without cover/pots kept in a dust-free growth chamber
	25-107/

0.02-1.27
	4.7

20.1
	Ryegrass: 1.61/0.11

Spinach: 1.59/0.12

Carrot roots: 0.11/0.115

Carrot leaves: 2.60/0.135

Wheat grain: 0.43/0.013

Wheat straw: 1.30/0.037
	91-95

73

5.7

98

100

99.7


*The unit reported in the document is mg m-3. This is probably an error (cfr. Tjell et al. 1979) and should be ng m-3.

All the experiments reported in Table 4.153 are performed with unpolluted soils in unpolluted areas. The Pb concentration of plants grown in polluted areas depends on the Pb concentration in the soil and the Pb concentration in the air. It is difficult to predict the Pb concentration of food crops in polluted areas as both sources of Pb have to be taken into account. The contribution of soil-Pb to the Pb concentration of the crop may be estimated using soil-to-plant transfer factors (TF - dimensionless), i.e., the Pb concentration of the plant originating from the soil (µg g-1) divided by the Pb concentration of the soil (µg g-1). The contribution of air-Pb to the Pb concentration of the crop may be estimated using air accumulation factors (AAF - m³ g-1), i.e., the atmospheric contribution (µg g-1) of Pb in the crop divided by the Pb concentration in the atmosphere (µg m-3). Furthermore the percentage of atmospheric contribution to the total plant Pb concentration has to be taken into account.

For purposes of risk assessment, the lead content of representative food groups can be estimated for modelling (EUSES) purposes – the results of which can be compared to other estimates of dietary lead intake. Both estimates can also be checked for compatibility with available blood lead survey data. Given the strong temporal trends evident in the food database, derivation of an accurate estimate applicable to all EU Member States is challenging. Expert judgement must be applied to identify the most relevant data, while at the same time recognizing that strong regional differences may exist because of the variable contribution of lead in gasoline to dust deposition on crops as a function of the different lead in gasoline phase-out schedules enforced by Member States. In that the goal of this exercise is the assessment of impacts from current lead uses, the available data must be evaluated so as to select food lead values that will be representative of food lead levels in the absence of an active contribution from lead in gasoline. The following provisional estimates have thus been derived from the preceding data and are intended to represent reasonable worst-case values in the absence of active inputs from the continued use of lead in gasoline within a Member State. Estimates of the lead content of fruits and grains is a rough composite of the median lead content of fresh fruits and cereals – higher values will characterize dried fruits. A worst case estimate is further provided for the lead content of drinking water after exclusion of data from sources suspected to be influenced by the presence of historical lead pipes.

Table 4.154:
Lead content [mg/kg] of representative food groups

	Food group
	Estimated lead content

	Meat
	0.03

	Fish
	0.02

	Molluscs and Shellfish
	0.3

	Milk
	0.01

	Leaf Crops
	0.03

	Root Crops
	0.01

	Fruits and Grains
	0.025

	Drinking Water
	0.01


4.1.1.4.3 Oral Exposure to Lead in Soil and Dust

Levels of Lead in Soil and Dust

Soil-parent material, frequently the underlying bedrock, imparts a natural concentration range of metals in soil. The average crustal abundance of lead is 16 mg/kg, with variations above and below this value as a function of local geology (Davies, 1988). Levels of up to 150 mg/kg are not uncommon in some rock types, and can be far higher still in metal ores. As a result, soil lead levels of up to 50 mg/kg are generally considered as “natural” with the understanding that higher values can naturally occur and soil lead levels below 50 mg/kg can reflect low level anthropogenic contributions.

The lead content of urban and residential soils can be far higher as a result of anthropogenic inputs. In particular, the disposal of household and fossil fuel wastes, paint, emissions from traffic and from industrial sources and previous land use may give rise to lead contamination. In areas of past mining and smelting, levels of metals may be very high as a result of either natural mineralization or process wastes. The presence of lead in soils in the vicinity of homes would further be expected to contribute to the lead content of household dust.

Ingestion of household dust and soil is one source of lead intake in humans. Soil and dust can contaminate hands, food etc., but this is not considered an important exposure route for adults, except possibly for occupationally exposed workers, if hygiene practices are poor. However, this route is significant for children, who spend considerable time playing on the floor, in gardens, etc. Mouthing behaviours, particularly the placement of non-food items in the mouth, will further increase soil and dust exposure. In infants aged 1- 3 years, “hand to mouth” activity has been suggested to account for 50% or more of their total lead intake (Davies et al. 1990). 

Estimating the contribution of lead in soil and dust to the lead exposure of children can be difficult. As discussed later, the chemical form of lead in soil can restrict bioavailability and subsequent uptake into the blood. However, except in instances of defined lead sources (e.g., in mining and naturally mineralised areas), generalizations regarding the speciation and bioavailability of lead in soil can be difficult to make. Indeed, comprehensive surveys of lead in soil and dust that are specifically relevant to the exposure circumstances of children are uncommon. A number of surveys have focused upon agricultural soils and/or have sought to develop surface soil geochemical maps. However, such survey data provide limited information regarding the child’s immediate environment and materials with which the child has frequent contact. Estimates of exposure require information regarding the lead content of soils in the vicinity of home and in play areas, household dusts and street dusts. If estimates of environmental lead levels can be obtained, exposure assessment modelling tools can be used to predict potential levels of systemic intake. Modelling results can in turn be compared to available blood lead survey data.

Searches were conducted for published and unpublished information detailing lead levels in environmental media relevant to the exposure of children. A useful, albeit limited, number of publications were identified and are summarised here. The following glossary of terms is used in interpreting and presenting these data:

Topsoil
A sample collected from the surface soil to a stated depth; typically the surface 0-15 cm are regarded as the root zone (Allen et al. 1974).

Subsurface soil
A sample collected from the subsurface, usually at a depth of 30 to 45 cm.

Housedust
Dust collected from within the house from homeowner’s vacuum cleaner or specially modified cleaner with a collection chamber.

Garden soil
Residential garden soil surrounding a property; typically a composite sample is collected from all exposed areas of soil to a depth of 0-5 cm (Thornton, 1989).


Also known as: yard soil, residential garden soil.

Vegetable garden soil
Soil collected from vegetable plots within residential garden soils or allotments, typically a composite sample is collected using a stainless steel hand auger from the surface 0-15 cm.

Dust lead loading
The product of dust lead concentration and weight of dust per unit area of surface.

Brownfield soil
“ a brownfield site is any land or premises which has previously been used or developed and is not currently fully in use, although it may be partially occupied or utilised. It may also be vacant, derelict or contaminated” (Alker et al. 2000).

In assembling soil and dust lead survey data relevant to assessing current exposure potential, consideration was given to the time frames during which surveys were conducted. Lead in soil is relatively immobile and, within limits, is expected to remain constant over time unless significant anthropogenic inputs occur or remediation efforts are implemented. Soil lead data collected over the past several decades is thus relevant for assessing contemporary exposures, with the proviso that cumulative soil lead levels reflect historical applications and practices over multiple decades and centuries. Lead levels in dusts are more dynamic and will reflect inputs from neighbouring soils, ongoing atmospheric deposition, and material sources within the home. Historical dust lead data must thus be interpreted with caution with respect to relevance to contemporary exposure levels.

It is also difficult to make generalizations regarding the relative contributions of soil vs. dust in the exposure of children. In Northern Europe a 2 year-old child likely spends more time at play indoors than outdoors and a focus on indoor dusts would seem more appropriate than on soil. However, in Southern European countries with a warmer climate, it is likely that more time will be spent outdoors. Seasonal variation in activity patterns add yet additional levels of complexity to exposure assessment. Specific adjustment of exposure estimates on a geographic or seasonal basis in not attempted.

The data presented in the following sections are, unless otherwise stated, for “total” concentrations of lead in soils and dusts. This does not take into account the mineral or chemical species of lead that are present. Few European studies have recorded dust lead loading within the house. This measurement, the product of lead concentration and the amount of dust per unit area of surface, can be important in estimating exposure. A high concentration of lead in dust may be of little consequence if the quantity of dust present is small. Lower concentrations of lead in dust may be of concern if the quantity of dust is large. However, there is no consensus as to whether loading or concentration is the preferred measure of exposure potential.

The data presented in the following tables and figures provide quantitative information for exposure assessment. Although somewhat redundant in terms of information content, frequency distributions are provided for specific data sets (when available) so as to provide further insights into the nature of variability that characterizes the presence of lead in environmental media. Data for the United Kingdom was most abundant – these data are thus presented first. Detailed descriptions of potential sources of lead in urban soils are given in Thornton (1991) and Thornton et al. (2001).

Historical Surveys from UK Towns and Cities

National Reconnaissance Survey of metals in soils and dusts

With funding from the UK Department of the Environment, The Applied Geochemistry Research Group at Imperial College undertook the sampling of soil and dust in 53 locations in England Scotland and Wales over the period of 1981-1982. The results from 41 towns and cities and 7 London boroughs have been summarised here for residential garden soil and housedust. Although, concentrations of lead in urban housedust have significantly decreased since the implementation of lead reduction policies (Wang et al. 1997), the concentration of lead in urban soil was stable due to its long half life which makes this metal virtually immobile in soil.

Sampling

A summary of the sampling and analytical techniques employed has been summarised by Thornton (1989). Up to 100 properties were sampled in towns and cities across the UK from November 1981 to June 1982. The households were located from a grid with an equal number of houses randomly chosen from elected roads. A residential garden soil sample comprising 25 sub-samples was collected from exposed surfaces (0-5 cm). A composite housedust sample was collected from the householder’s vacuum cleaner.

Soil and dust were dried at 80o C, disaggregated in a ceramic pestle and mortar. The soil was sieved to <2 mm, ground in a Tema mill to < 80 mesh and digested in concentrated nitric acid at 105o C. The dust samples were sieved to < 1 mm and digested in 4:1 nitric-perchloric acid. The concentration of “total” lead concentration was analysed by flame atomic absorption spectrophotometry.

Table 4.155:
Index of towns and cities sampled by the national reconnaissance survey

	Scotland
	Wales
	England
	London Boroughs

	Ayr, Dunfermline, Edinburgh, Falkirk, Glasgow, Hawick
	Cardiff, Merthy Tydfil, Swansea
	Birmingham, Blackpool, Brighton, Bristol, Camborne, Carlisle, Darlington, Gloucester, Horncastle, Hull, Ipswich, Leeds, Leominster, Liverpool, Luton, Middlesborough, Newcastle, Newmarket, Northampton, Nottingham, Plymouth, Portsmouth, Preston, Reading, Rotherham, Scunthorpe, Shaftsbury, Sheffield, Shrewsbury, Southend, Stoke, York
	Barnet, Croydon, Hammersmith and Fulham, Newham, Richmond on Thames, Westminster


Vegetable gardens and allotments

Vegetable gardens and allotment were sampled in 10 towns and cities in England in 1980 for a study in to metal uptake by vegetables (Moir, 1992).

Soils were collected from vegetable plots prior to the sowing of vegetables using a stainless steel trowel. A subset of 3 sub-samples was taken from the top 0-15 cm, regarded as the root zone. The soil was air dried, disaggregated and sieved to < 2 mm. The soil was milled to a fine powder and digested in nitric-perchloric acid for multi-element analysis by inductively coupled plasma atomic emission spectroscopy.

Index of towns and cities in the vegetable garden survey

Birmingham, Brighton Darlington, Guilford, Leeds, Nottingham, Shrewsbury, York, The London Boroughs of Richmond on Thames and Hammersmith and Fulham

Table 4.156:
The concentration of lead [μg/g] in urban soil from the UK National Reconnaissance Survey (1981-1982) and vegetable plots survey (1980)

	Study
	N
	GM or AM
	Median
	Range
	90th Percentile

	UK National Urban Reconnaissance Survey (Thornton, 1989), depth of sample taken = 0-5 cm

	All London Boroughs
	579
	647
	688
	1-13,680
	1,988

	Westminster
	44
	1,034
	1,087
	60-13,680
	5,580

	Richmond on Thames
	97
	516
	592
	80-2,304
	1,248

	Newham
	88
	750
	848
	79-4,063
	1,708

	Lewisham
	95
	796
	752
	141-4,656
	2,188

	Hammersmith & Fulham
	76
	1,172
	1,232
	227-3,351
	2,486

	Croydon
	97
	360
	375
	1-4,712
	1,254

	Brent
	82
	508
	501
	144-3,600
	1,303

	Welsh Towns and Cities
	
	
	
	
	

	Cardiff
	60
	124
	110
	22-2016
	523

	Swansea
	97
	401
	388
	56-14125
	1248

	Merthyr Tydfil
	97
	248
	246
	35-5288
	876

	Scottish Towns and Cities 
	
	
	
	
	

	Edinburgh
	88
	309
	331
	62-2032
	670

	Glasgow
	99
	245
	238
	80-1497
	456

	Falkirk
	87
	224
	256
	34-2160
	755

	Ayr
	100
	88
	82
	20-940
	191

	Hawick
	97
	170
	190
	22-3440
	534

	Dunfermline
	95
	115
	108
	27-868
	493

	English Towns and Cities excluding London 
	
	
	
	
	

	Birmingham
	160
	278
	278
	48-1305
	685

	Leeds
	70
	243
	276
	37-2064
	1118

	Liverpool
	64
	249
	244
	68-2778
	550

	Newcastle
	100
	295
	319
	86-1415
	746

	Sheffield
	97
	356
	365
	55-1443
	969

	York
	65
	247
	268
	44-1880
	1054

	Preston
	66
	207
	180
	52-1149
	739

	Middlesborough
	37
	273
	232
	100-2048
	931

	Blackpool
	86
	200
	218
	31-4152
	467

	Hull
	88
	428
	480
	46-3944
	1064

	Ipswich
	100
	225
	211
	24-3616
	878

	Rotherham
	97
	205
	179
	43-1232
	573

	Plymouth
	91
	306
	238
	43-7688
	1883

	Reading
	95
	276
	267
	25-1952
	985

	Portsmouth
	88
	489
	507
	83-3306
	1347

	Shaftsbury
	99
	286
	274
	36-2470
	894

	Leominster
	98
	123
	188
	13-1358
	478

	Gloucester
	99
	238
	202
	42-3264
	1209

	Camborne
	98
	413
	461
	97-6048
	1112

	Southend
	100
	271
	229
	24-3632
	1074

	Scunthorpe
	73
	86
	88
	16-866
	293

	Northampton
	95
	157
	138
	21-1592
	672

	Newmarket
	95
	93
	78
	18-1920
	521

	Luton
	99
	179
	161
	36-1413
	706

	Horncastle
	91
	253
	268
	45-4320
	945

	Stoke
	69
	188
	185
	21-939
	507

	Shrewsbury
	96
	174
	191
	25-5544
	533

	Darlington
	64
	173
	127
	26-4352
	627

	Carlisle
	60
	124
	110
	22-2016
	523

	Vegetable plot, and allotment gardens (Moir, 1992), depth of sample taken = 0-5 cm

	Birmingham
	9
	
	154
	68-299
	*

	Brighton
	8
	
	361
	48-713
	*

	Darlington
	10
	
	299
	79-435
	431

	Guilford
	10
	
	136
	47-280
	275

	Hammersmith & Fulham
	8
	
	419
	235-1,524
	*

	Leeds
	10
	
	135
	27-314
	313

	Nottingham
	10
	
	138
	59-1079
	1040

	Richmond
	10
	
	363
	144-1043
	1022

	Shrewsbury
	10
	
	146
	79-1676
	1568


* There is no 90th percentile when N < 10; GM = geometric mean, AM = arithmetic mean

Table 4.157:
The concentration of lead [μg/g] in household dust from the UK National Reconnaissance Survey (1981-1982)

	Study
	N
	GM
	Median
	Range
	90th Percentile

	UK National Urban Reconnaissance Survey (Thornton, 1989), composite samples

	All London Boroughs
	683
	1,007
	907
	5-36,900
	2,934

	Westminster
	98
	1,348
	1,288
	168-14,224
	3,809

	Richmond on Thames
	97
	1,178
	1,078
	100-33,960
	5,232

	Newham
	98
	811
	748
	65-19,920
	2,178

	Lewisham
	100
	899
	811
	70-28,880
	2,181

	Hammersmith & Fulham
	97
	1,162
	1,128
	158-15,600
	2,971

	Corydon
	97
	953
	813
	183-36,900
	3,309

	Welsh Towns and Cities 
	
	
	
	
	

	Cardiff
	98
	480
	474
	13-19,940
	1,624

	Swansea
	100
	790
	745
	164-11,800
	2,221

	Merthyr Tydfil
	97
	350
	332
	34-34,530
	1,157

	Scottish Towns and Cities
	
	
	
	
	

	Edinburgh
	98
	681
	575
	129-30,020
	2,090

	Glasgow
	96
	406
	367
	70-3,330
	1,079

	Falkirk
	96
	485
	428
	123-3,250
	1,274

	Ayr
	98
	205
	193
	33-2,786
	637

	Hawick
	98
	455
	381
	101-28,680
	1,430

	Dunfermline
	95
	336
	300
	55-2,546
	936

	English Towns and Cities excluding London 
	
	
	
	
	

	Birmingham
	159
	419
	
	
	

	Leeds
	98
	518
	569
	65-17,940
	1,336

	Liverpool
	98
	549
	522
	47-11,340
	1,956

	Newcastle
	97
	596
	551
	117-6,080
	2,009

	Sheffield
	98
	507
	473
	147-6,560
	1,259

	Bristol
	100
	896
	794
	129-30,060
	3,446

	Nottingham
	98
	665
	610
	75-32,040
	2,360

	Brighton
	97
	1,110
	1,001
	47-13,960
	5,364

	York
	100
	561
	543
	123-12,640
	1,599

	Preston
	100
	477
	478
	78-6,320
	1,500

	Middlesborough
	99
	754
	669
	238-32,980
	1,979

	Blackpool
	97
	472
	462
	58-2,244
	1,192

	Hull
	95
	539
	549
	53-6,940
	1,334

	Ipswich
	95
	504
	458
	32-19,910
	1,589

	Rotherham
	99
	413
	361
	24-6,560
	1,043

	Plymouth
	99
	723
	703
	62-7,880
	2,377

	Reading
	99
	820
	739
	139-23,280
	2,448

	Portsmouth
	98
	679
	656
	71-4,860
	1,890

	Shaftsbury
	100
	536
	475
	92-6,360
	1,889

	Leominster
	100
	366
	288
	79-9,260
	1,661

	Gloucester
	100
	798
	436
	104-5,460
	1,646

	Camborne
	98
	629
	589
	142-14,600
	1,794

	Southend
	98
	595
	610
	78-8,160
	2,022

	Scunthorpe
	100
	367
	311
	46-29,240
	1,156

	Northampton
	95
	446
	402
	48-4,180
	1,448

	Newmarket
	97
	275
	247
	37-2,718
	941

	Luton
	99
	457
	422
	58-6,800
	1,280

	Horncastle
	99
	514
	456
	47-10,820
	1,534

	Stoke
	98
	463
	420
	93-3,388
	1,209

	Shrewsbury
	96
	352
	344
	39-2,539
	1,159

	Darlington
	68
	531
	556
	112-7,620
	1,610

	Carlisle
	98
	481
	473
	13-19,940
	1,624


* There is no 90th percentile when N < 10; GM = geometric mean, AM = arithmetic mean

Study of the Impact of Lead in Gasoline Phase-out on House and Road Dusts

The use of alkylated lead additives as anti-knock agents in automotive fuels has contributed to airborne lead levels and thus to dust and soil deposition. Estimating the impact of such deposition poses formidable challenges. Lead accumulation in soil will have a relatively long residence time, serving both as a source of direct exposure for children and as a reservoir of lead for transfer to household dust. Direct lead in air deposition in household dust will provide an exposure vector with an shorter residence time as a function of family hygiene practices. Data are not adequate for accurate partitioning and modelling of lead in household dust and soils changes as a function of time. However, a variable contribution to current blood lead levels would be expected as a function of elapsed time since the phase-out of lead in gasoline. For example, house dust values for the U.K. in the early 1980’s were measured prior to the implementation of efforts to reduce, and ultimately eliminate, lead from gasoline. Data from this time frame is likely influenced by lead deposition in dust as a result of vehicle emissions.

Studies commissioned by the International Lead Zinc Research Organisation (Barltrop and Strehlow, 1989) evaluated levels of lead in soil and dust in central London and rural Suffolk for three years before and two years after the phase down of lead in gasoline. From 1983 through 1987 housedust was sampled from family vacuum cleaners and monthly road dust samples were collected from fixed locations in the study areas. Between 78 and 146 households were sampled each year in each location. Dust samples were dried and sieved through a 1.00 mm nylon mesh, digested with nitric acid and lead levels determined by flame AAS.

The study protocol included regular monitoring of lead in blood, air, water, on children’s hands and in duplicate diet meals – the blood lead and dietary lead aspects of the study are presented in detail elsewhere. The investigators observed a relationship between air lead and dust lead in urban London compared to rural Suffolk and documented declines in dust lead concentrations over time (see Table 4.163). As such the study documented the dynamic nature of dust lead reservoirs and the potential impact of atmospheric deposition upon dust lead. Soil lead measures were not obtained. However, the blood lead data are of interest due to the data of Thornton (1989) for general levels of soil and dust lead in London over a similar time frame. Barltrop and Strehlow (1989) observed that over a five year period associated with the reduction of lead in gasoline from 0.4 to 0.15 g/L, the geometric mean lead concentration of roadside dusts in London declined from a geometric mean of 1881 ug/g to 1072 µg/g. Roadside dust presumably continued to decline with the progressive phase-out of lead in gasoline, as reflected by the more contemporary surveys of lead in roadside dust described in the following section. 

Recent Surveys of Towns and Cities in the UK

Regional urban surveys of Nottingham, Richmond, Swansea and Wolverhampton based on a 500m2 grid sampling scheme

Urban soil surveys have been undertaken for the London Borough of Richmond on Thames, Nottingham, and Wolverhampton. A further 20 regional geochemical surveys have been undertaken by the British Geological Survey for the Geochemical Baseline of the Environment (G-BASE) programme. Currently, data are available for Swansea.

The sampling strategy was developed in Richmond by Kelly et al. (1996) and applied to Nottingham, Swansea and Wolverhampton. Soils were sampled at a density of 4 per square kilometre, mainly from domestic gardens, allotments and parks; some were taken from road verges and made ground.

The samples were collected in the mid to late 1990’s. Topsoil and subsurface soil was collected from a density of 4 samples per km2, from a 500 m by 500 m grid. The topsoil samples (0-15 cm depth) comprised of 9 sub-samples collected from a 4 m2 grid. Subsurface samples (30-45 cm depth) were also collected. The soil was dried at 20o C, disaggregated and sieved to < 2 mm. The samples were milled to a fine powder and digested using a nitric-perchloric leach for ICP-AES analysis.

The regional urban survey for Nottingham and Swansea was performed at the British Geological Survey. The same protocol was used with multi-element analysis was undertaken by x-ray florescence.

Brownfield Soils for Wolverhampton and Nottingham

Brownfield sites were sampled during 1999-2000 in Wolverhampton and Nottingham for detailed mineralogical, isotope and chemical analysis (Thornton et al. 2002).

Topsoil samples (0-15 cm depth) were collected at each location. The sample comprised of 20 sub-samples collected from a 20 m2 grid. The soil was dried at 20°C, disaggregated and sieved to < 2 mm. The samples were milled to a fine powder and digested using a nitric-perchloric leach for ICP-AES analysis.

Additional Survey of Housedust and Garden Soil in Wolverhampton

Housedust samples, residential garden soils and vegetable garden soils were collected during the summer of 2000 in nearly 50 properties in Wolverhampton by Parton (2000) and Scott (2000).

Housedust was sampled from the householder’s own vacuum cleaner, which represented a composite from the whole house. Residential garden soils were sampled from the exposed soil surrounding the property. The surface 0-5 cm was collected from a composite of 20 sub-samples using a stainless steel trowel. Vegetable garden soil was sampled from the top 0- 15 cm (root zone) using a stainless steel trowel, a composite of 3-5 sub-samples was taken around plants that were harvested for analysis. Soil and dust samples were prepared for analysis by drying at 20°C. The < 2mm soil fraction and < 1 mm dust fraction was prepared for ICP-AES analysis by dissolution in a nitric-perchloric acid leach. 

Additional Survey of Soil and Road Dust in the London Borough of Richmond on Thames

Soils and road dust samples were taken in 1998 in the London Borough of Richmond by Coker (1998).

Areas of elevated lead were identified from a geochemical map of lead distribution after Kelly et al. (1996). Soil was collected from locations adjacent to the roadside from the top 0-10 cm, using stainless steel trowel. Road dust samples were collected from quiet residential roads to busy roundabouts and interchanges. The 2 mm soil fraction and 1 mm dust fraction were dried, disaggregated, milled to a fine powder and digested with nitric-perchloric acid, prior to analysis by ICP-AES.

Birmingham and Nottingham Temporal Surveys (Wang, 1997; Hutchinson, 2001)

Two studies in Birmingham and Nottingham have been carried out to determine if there have been changes in the concentration of lead in dust and soil from earlier studies in the 1980’s prior to lead reduction policies.

Wang et al. (1997) re-sampled soil and housedust in Birmingham 1996 from a previous survey in 1984/85 conducted by Davies et al. (1987). Eighty-five properties were sampled using a comparable methodology to the previous survey. Two housedust samples were taken, the first was a composite from the homeowner’s vacuum cleaner, and the second used a modified vacuum cleaner that collects dust in a cellulose-filtered thimble (Wang et al. 1997).

Soils and dust samples were analysed for multi-element concentration. The 2 mm soil fraction and 1 mm dust fraction were prepared for ICP-AES analysis by digestion in nitric and perchloric acid. 

Dust and soil from the cities of Nottingham and Birmingham were re-sampled by Hutchinson (2001) from properties previously surveyed in 1981-1982 in the National Reconnaissance Survey of the British Isles. Re-sampling took place in Nottingham in 1996 and Birmingham in 1997. Road dust samples Nottingham and Birmingham were taken from previously sampled sites. The <2 mm soil fraction and <1 mm dust fraction were prepared for ICP-AES analysis by digestion in nitric and perchloric acid. 

Description of Conurbations where Detailed Urban Surveys have been Carried Out

The London Borough of Richmond on Thames

Richmond is a borough of London and has a population of 186, 700. It lies 18 km to the south west of the city centre on the River Thames.

Richmond covers an area of 56 km2 with a population of 160, 000. Richmond has a large number of parks and open spaces and no large contemporary or historical industrial activity. Kelly et al. (1996) found that the concentration of lead in topsoil (0-15 cm) was elevated close to busy road junctions and older houses.

Birmingham

Birmingham is in the heart of the West Midlands Conurbation. It is the UK’s second largest city covering an area of 265 km2 with a population of over 1 million.

Birmingham is historically an industrial city, overlying the productive Carboniferous coal measures that were extensively worked to support heavy metal production and steel production. Rapid urbanisation occurred during the 1940’s to 1970’s. A recession in the heavy industry and manufacturing industry in the UK during the 1970’s and 1980’s resulted in a shift from manufacturing to services and technology based industries.

Nottingham

Nottingham is an important regional city in the East Midlands with a population of 600, 000.

Carboniferous coal measures surround Nottingham in the north and rich agricultural land surrounds Nottingham to the south. The city lies on the flood plain of the river Trent, one of England’s largest rivers. Coal mining, textile and clothing were the most important industries in Nottingham until the recession of 1970’s-1980’s. Recent industries have shifted towards the chemical-pharmaceutical industries and service and IT based industries. 

Swansea

Swansea comprises the 3rd largest port in the principality of Wales.

An area of 93 km2 was surveyed in 1994 by the British Geological Survey (Morley and Ferguson, 2001), 373 sites were sampled within Swansea, Neath and Port Talbot and the Mumbles area of the Gower peninsular. A history of coal mining has left a legacy of coal spoil and coal combustion waste, including fly ash. In the 19th Century the industry of the Swansea area was almost entirely based on metal manufacture. Activities included the smelting of non-ferrous metals such as lead, copper, tin and zinc, and the manufacture of iron and steel. By the 20th Century copper was no longer smelted, although zinc and lead were still being produced in the 1970’s and metal manufacture continues to be important up until the present day.

Wolverhampton

Wolverhampton is historically an important industrial town, which lies to the north west of Birmingham.

Coal mining, steel manufacturing and heavy metal production were the major activities in Wolverhampton until the industrial decline in the 1970’s. Regeneration in the town has occurred more recently encouraging the development of former industrial land to promote service and technology based industries and improvements to housing and recreational activities. Kelly et al. (1996) reported elevated lead concentrations in the historical and contemporary industrial areas of the city.

Urban Survey of Gibraltar

Gibraltar is situated at the southern tip of Spain. It has a population of 33,000 in an area of 6.5 km2. Gibraltar is a densely populated area with influx of 4,000,000 tourists per year and on a daily basis commuters travel to the town from the neighbouring areas of Spain.

Gibraltar is a busy commercial seaport and commercial centre with a passenger airport. The area has an important military history. Soils, road dusts and housedust samples were surveyed during 1999-2001. There are few areas of extensive deep soils, the streets are swept on a daily basis and due to the hot climate, very few households are carpeted. As a result, the sampling survey provides a contrast to those surveyed in Northern Europe and the UK (Mesilio et al. 2003).

Results of Lead in Soil and Dust from Recent Urban Surveys in the UK

Table 4.158:
The concentration of lead [μg/g] in recent UK urban soil surveys

	Study
	Year of study
	Depth of soil sample (cm)
	N
	GM
	Median
	Range
	90th Percentile
	Reference

	Richmond on Thames

	Surface soils
at a sampling density of 4 per km2
	1994
	0-15
	214
	458
	150
	26-1,840
	577
	Kelly, 1996

	Subsurface soils
at a sampling density of 4 per km2 
	1994
	30-45
	213
	106
	109
	8-5,290
	450
	Kelly, 1996

	Road side soils
	1998
	0-10
	17
	292
	323
	55-1,200
	803
	Coker, 1998

	Nottingham

	Surface soils
at a sampling density of 4 per km2
	1999-2000
	0-15
	643
	110
	101
	13-10,101
	282
	Thornton et al. 2002

	Brownfield soils
	1999-2000
	0-15
	20
	229
	344
	8-1520
	1057
	Thornton et al. 2002

	Residential garden soils
1982 study
	1982
	0-5
	42
	195
	173
	34-1250
	710
	Hutchinson, 2001

	Residential garden soils
1996 study
	1996
	0-5
	42
	235
	224
	64-1600
	634
	Hutchinson, 2001

	Birmingham

	Residential soils
1982 survey
	1982
	0-5
	63
	270
	266
	53-743
	600
	Hutchinson, 2001

	Residential soils
1996 survey
	1996
	0-5
	65
	282
	263
	50-791
	554
	Hutchinson, 2001

	Residential soil
	1996
	0-5
	84
	278
	244
	82-1660
	709
	Wang, 1997

	Swansea

	Surface soils
at a sampling density of 4 per km2
	~2000
	0-15
	373
	-
	224
	20-14,714
	921
	Morley and Ferguson, 2001

	Subsurface soils
at a sampling density of 4 per km2
	~2000
	30-45
	373
	-
	157
	13-23,795
	1,296
	Morley and Ferguson, 2001

	Wolverhampton

	Surface soil
at a sampling density of 4 per km2
	1995
	0-15
	295
	106
	96
	16-14,900
	295
	Kelly, 1997

	Subsurface soil
at a sampling density of 4 per km2
	1995
	30-45
	283
	72
	70
	9-3,330
	210
	Kelly, 1997

	Brownfield soil
	1999-2000
	0-15
	32
	134
	120
	14-768
	536
	Thornton et al. 2002

	Residential garden (yard) soil
	2000
	0-5
	49
	132
	113
	32-1040
	419
	Parton, 2000

	Vegetable garden soil
	2000
	0-15
	47
	131
	122
	33-1970
	380
	Scott, 2000


Table 4.159:
The concentration of lead [μg/g] in recent UK housedust surveys

	Study
	Year of study
	Type of sample
	N
	GM
	Median
	Range
	90th Percentile
	Reference

	Birmingham
	1996
	Homeowner’s cleaner
	82
	252
	244
	26-2,220
	584
	Wang, 1997

	Birmingham
	1996
	Modified cleaner
	85
	191
	188
	30-848
	470
	Wang, 1997

	Wolverhampton
	2000
	Homeowner’s cleaner
	49
	231
	188
	59.4-8,040
	866
	Parton, 2000


Table 4.160:
The concentration of lead in recent UK urban road dust surveys (concentration reported in μg/g)

	Study
	Year of study
	Type of sample
	N
	GM
	Median
	Range
	90th Percentile
	Reference

	Birmingham
	1996
	Composite
	82
	261
	235
	23-9,500
	905
	Wang, 1997

	Birmingham
	1997
	Composite
	19
	200
	184
	63-807
	696
	Hutchinson, 2001

	Nottingham
	1982
	Composite
	10
	1,112
	1,170
	604-1,990
	1945
	Hutchinson, 2001

	Nottingham
	1996-8
	Composite
	28
	428
	421
	103-1,340
	908
	Hutchinson, 2001

	Richmond
	1998
	Composite
	9
	376
	455
	96-633
	633*
	Coker, 1998


The Concentration of Lead in Urban Soils and Dust from other European Surveys and Published Data

The following data have been summarised from studies into lead concentration in urban soil and dust. The sample number, mean value, median value and range are reported where available. The majority of the studies were conducted during the use of lead in gasoline and as such are not necessarily representative of household dust values that would characterize contemporary EU values. The studies of Barltrop and Strehlow (1989) are of interest in that they demonstrate a presumed difference between urban and rural areas that can be presumed to reflect, at least in part, traffic density and the beginning of a decline of lead in house dust as the concentration of lead in gasoline was reduced. The concentration of lead in house dust is markedly lower in samples taken in countries after the phase of lead in gasoline (e.g. Germany and Sweden in the early 1990’s. These latter values are somewhat lower than the levels determined by Wang (1997) and presented in Table 4.28.

Table 4.161:
A review of lead concentration [μg/g] of lead in urban soils from European towns and cities

	Study
	Year of study
	Depth of sample taken [cm]
	N
	GM or AM
	Median
	Range
	90th Percentile
	Reference

	Member states

	France

Lille-Paris Motorway
	1994-1995
	0-10
	12
	
	
	35 – 90

estimated
	
	Cuny et al.,2001

	Berlin Germany

sample grid 40 samples/km2,

Inner city

Allotments

Industrial areas

Sewage farm areas

Residential low density

Residential high density
	1993-1996
	0-20
	2182

102

459

64

826

476
	119 AM

98.1 AM

117 AM

87.1 AM

72.7 AM

113 AM
	76.7

61.7

87.1

57.5

49.5

109
	Max value only

4,710

722

4,710

309

2,070

1,490
	
	Birke and Rauch, 2000

	Athens, Greece

Roadside soil
	1987
	0-5
	280
	
	
	60-3,520
	
	Yassoglou et al. 1987

	Athens, Greece

Surface soil from parks sampled at 0 and 20 m from road

Alexandras Av

0 m

20 m

Mavromateon St

0 m

20 m

Vas. Sofias Av

0 m

20 m

Ir. Attkou St

0 m

20 m

Amalias Av

0 m

20 m
	1994
	
	18

18

18

18

18

18

18

18

18

18
	AM value

521

275

243

144

565

224

186

91

550

199
	528

276

240

145

565

219

191

88

540

202
	490-545

258-291

230-259

129-158

538-592

215-238

172-195

83-102

532-578

177-218
	
	Chronopoulos et al. 1997

	Silvermines village Ireland

Floodplain area

Groundwater seepage

Surface runoff contamination

Magcobar

Shalloe
	1998-1999
	0-10
	70
	Mean value

4,835

1,129

985

1,678
	
	606-10,256

225-2,500

781-1,270

1066-2,051
	
	Aslibekian and Moles, 2003

	Wexford, Ireland

Urban amenity

Town garden

Suburban garden

Industrial area
	1992
	0-10
	4

12

3

7
	260 GM

169 GM

32 GM

45.8 GM
	
	109-827

16-1,609

28-39

28-68
	
	McGrath, 1995

	Palermo, Sicily Italy

Topsoil from parks and green areas
	2002
	0-10
	67
	205 GM
	200
	57-2156
	393
	Manta et al. 2002

	Naples, Italy

500m x 500m grid
	1999
	0-2
	173
	Mean value

262
	184
	4-3,420
	
	Imperato et al. 2003

	Arnhem, the Netherlands
	1978
	0-5
	100
	240 GM
	
	21-1,126
	
	Brunekreef, et al. 1981 & Diemel, et al. 1981

	Salamanch, Spain

Residential garden soil
	1990
	0-20
	16
	53.1
	
	20.1-92.6
	
	Sanchez-Camazano et al.. 1994

	Madrid, Spain

Area of dense traffic in NE Madrid

Urban soil 90% parks and gardens
	1998
	2-20
	35
	
	156
	31-463
	
	DeMiguel et al. 1998

	La Coruña, Spain

Roadside soil
	2000
	0-5
	15
	309
	
	18-801
	
	Cal-Prieto et al. 2001

	Seville, Spain

Public parks and gardens
	
	0-10

10-20
	31

31
	Mean

137

163
	
	22-557

11-1,080
	
	Madrid et al. 2002

	Lanskrona, Sweden

Gardens and parks (distance from lead- smelter)

0 - 0.5 km

0 – 1 km

1 - 2 km

2 - 3.5 km

> 3.5 km
	1999


	0- 15
	8

13

26

24

13
	
	534

146

78

46

32
	39-2100

14-480

21-188

24-178

21-71
	
	Farago et al. 1999

	Sweden

Central Stockholm Parks

Heby (rural)

Sala (mining contaminated)
	1991-1992
	0-5

0-5

0-10
	30

18

66
	
	100

16

295
	10-330

10-50

20-5000
	
	Berglund et al. 2000

	Fulun, Sweden

Urban soil enriched in mine waste

O horizon

A horizon

E+B horizon
	
	0-20
	4
	
	
	69-920

62-585

17-260
	
	Lin et al. 1998

	Aberdeen, UK

Roadside soil

Parkland soil
	1996
	0-10
	47

29
	172.9 AM

94.4 AM
	
	
	
	Patterson et al. 1996

	Glasgow, UK

Park soil

5 m from road

Centre of park
	1976
	0-5
	7

8
	
	
	321-744

53-488
	
	Farmer and Lyon, 1977

	Glasgow, UK

Residential gardens, parks and open spaces
	1981
	0-5
	397
	216 GM
	
	22-1,900
	
	Gibson and Farmer, 1986

	Brighton and Hove, UK

Residential garden
	1986
	0-5
	119
	404 GM
	
	38-5,410
	
	Davies and Thornton, 1987

	Gibraltar
	1999-2001
	0-15
	246
	
	137
	0.6-26,500
	1,070
	Mesilio et al. 2003

	Other European

	Oslo, Norway

1 km2 grid of urban area

Urban soil
	2002
	2-3
	300
	Mean value

55.6
	33.9
	<5-1,000
	
	Tijhuis et al. 2002

	Zurich, Switzerland

In der Au

Friesenberg

Juchhof

Susenberg
	2002
	
	43

12

62

21

148
	
	57.4

277.8

160.5

114.2

118.2
	
	
	Jenka 2002


Table 4.162:
The concentration of lead in outside dust including road dust, pavement dust and school playground dust [μg/g]

	Study
	Year of study
	Type of sample [cm]
	N
	GM or AM
	Median
	Range
	90th Percentile
	Reference

	Athens Greece

Road side soil
	1987
	0-5 cm
	260
	
	
	60-3,520
	
	Yassoglou et al. 1987

	Thessaloniki, Greece
	1985
	Play-ground dust
	
	Mean value

200
	
	15.6-1,276
	
	Anagnostopulos et al. 1985

	Arnhem, the Netherlands
	1978
	Street dust
	31
	690 GM
	
	77-2,667
	
	Brunekreef, et al. 1981 & Diemel, et al. 1981

	Madrid, Spain
	1992
	Street dust
	
	1927
	
	
	
	DeMiguel et al.,1997

	Gibraltar
	1999-2001
	Road dust
	83
	433 GM
	392
	17-2,626
	2,120
	Mesilio et al. 2003

	Birmingham, UK
	1884-1985
	Pave-ment

Road
	97

97
	360 GM

527 GM
	
	62-5100

80-2100
	
	Davies et al. 1987

	London, UK

Pavement dust adjacent to print works
	1985
	Pave-ments
	7
	
	3240
	1360-5180
	
	Jenson and Laxen, 1985

	Other European

	Oslo, Norway
	1990
	Street dust
	224
	180
	
	
	
	DeMiguel et al.,1997


Table 4.163:
The concentration of lead in urban housedust [μg/g]

	Study
	Year of study
	Type of sample
	N
	GM or AM
	Median
	Range
	90th Percentile
	Reference

	Hettstedt, Germany
A smelter town 
	1993-1994
	
	593
	127.9 GM
	125.3
	0.9-1947.1
	
	Meyer et al. 1999

	Germany

GerESII National

Survey
	1990-1991
	Vacuum bag
	3900
	5.9 GM
	4
	0 – 37,000
	80
	Seifert et a l. 2000

	Gibraltar
	1999-2000
	Dust pan and brush 
	83
	288
	244
	29-5,000
	955
	Mesilio et al. 2003

	Sweden

Stockholm Daycares

Stockholm Homes

Sala Daycares
	1991-1992
	Vacuum
	13

26

13
	
	100

135

109
	44-240

39-2,700

1-316
	
	Berglund et al. 2000

	Birmingham, UK

Composite from whole house

Doormat

Childs bedroom

Childs playroom 

Average play and bedroom
	1983-1984
	Home-owner's cleaner
	92

42

96

97

95
	336 GM

615 GM

464 GM

311 GM

430 GM
	
	46-23,000

79-15,000

53-4,500

62-5,600

111-3,110
	
	Davies et al. 1987

	London UK

(data collected two year before and after reduction of Pb in gasoline from 0.4 to 0.15 g/L

Suffolk, UK
	1983

1984

1985

1986

1987

1983

1984

1985

1986

1987
	Vacuum
	146

109

112

103

78

119

104

112

113

108
	893

889

790

523

751

333

374

291

302

272
	
	51 – 26,755

59 – 18865

58 – 29980

34 – 26986

33 – 21,710

22 – 26,620

7 – 27,148

20 – 8,170

38 – 8,500

34 – 7,020
	
	Barltrop and Strehlow, 1989


Table 4.164:
Lead loading in housedust [μg/m2]

	Study
	Year of study
	Type of sample
	N
	GM or AM
	Median
	Range
	90th Percentile
	Reference

	Birmingham

Childs bedroom

Childs playroom

Average 
	1983-1984
	Lead loading
	96

96

94
	51 GM

42 GM

62 GM
	
	1-1,348

1-1,799

2-1,062
	
	Davies et al. 1987

	Arnhem, the Netherlands
	1978
	Floor dust
	101
	1234 GM
	
	18-886
	
	Brunekreef, et al. 1981 & Diemel, et al. 1981

	Lead loading rate

	Hettstedt, Germany
A smelter town
	1993-1994
	Surface loading rate
	593
	1.14 GM
	1.12
	0.01-22.61
	
	Mayer et al. 1999

	Arnhem, the Netherlands
	1978
	Dust loading rate
	105
	7.34
	
	1.36-42.35
	
	Brunekreef, et al. 1981 & Diemel, et al. 1981



Summary of Lead Levels in Soil and Dust

As seen in Table 4.165, the median values for lead concentrations in urban soils in Europe range from around 80 to 180 μg/g, with the exception of London with a value of 690 μg/g. Towns with a history of metal processing have higher values. Urban soils are shown to have higher lead values than agricultural and non-urban soils. Median values for the latter have been reported as 16 μg/g for arable soils in Sweden, 23 μg/g, 23 μ/g for arable soils in the Netherlands and 40 μg/g for rural soils in the UK.

Table 4.165:
Summary table of major surveys of lead in urban soils

	Survey
	Data
	N
	Median
[μg/g]
	90th Percentile
[μg/g]

	Seven London Boroughs
	1981-1982
	579
	688
	1,988

	Richmond on Thames
	1994
	214
	150
	577

	Wolverhampton
	1995
	295
	96
	295

	Nottingham
	1999-2000
	643
	101
	282

	Gibraltar
	1999-2000
	246
	137
	1070

	Berlin
	1993-1996
	2182
	77
	-

	Hettstedt
	1993-1994
	593
	-
	-

	Naples
	1999
	173
	184
	-

	Madrid
	1998
	35
	156
	-


With the exception of the 1981-1982 UK nationwide survey when residential soils and house dusts were collected from the same properties, there are few more recent compatible datasets. House dusts in Wolverhampton (sampled in 2000) had median lead concentrations twice those of garden soils. However, generalizations on relationships between house dusts and soils are difficult to make. For example, the GerESII survey data suggest dust level comparable to, or lower than, the probable lead levels of vicinity soils. Unfortunately soil lead data are not available for vicinity soils in GerESII for comparison purposes.

The tabulated data in this report are for “total” lead concentrations in soils and dusts. It is fully recognised that while these data will provide a useful indication of potential lead intake by urban populations, the values do not give any indication of the chemical or mineral phases of lead present which control and influence solubility, bioavailability and bioaccessability. Much of the lead present may be biologically inert and if ingested may pass through the gastro-intestinal tract and be passed in the faeces. Research has recently been focused on lead speciation in soils and, for example, the influence of lead phosphate formation on limiting the solubility of lead (Cotter-Howells, 1996). The behaviour of lead deposited in soil over time is far from understood and the effects of ageing and transformation on lead species and their solubility is currently being addressed (Bataillard et al. 2003).

Additional information describing the frequency distribution of lead in soil concentrations is available and can be found in Appendix I to this report.

For initial risk characterization purposes, available data suggest that separate consideration should be given to urban and rural environments with respect to the lead content of soil and dusts. Furthermore, because of the limited number of “linked” data sets that report paired soil and dust lead values, comparable lead contents will initially be assumed for each environmental media. This assumption need not be applicable to exposures in the vicinity of active point source emissions – lead deposition would be expected to result in more rapid enrichment of household dusts for lead than would be found in surrounding soils. In rural settings, typical lead in soil concentrations of 40 ppm can be presumed. Worst–case exposures can be represented by a soil lead value of 300 ppm. In urban environments, typical and worst case soil lead levels would be 250 and 1000 ppm, respectively. As with dietary data, these assumptions must be regarded with caution and used in an iterative process to determine if there is concordance with measured blood lead. The available data are heavily weighted by studies from the UK – the extent to which such data are representative for other EU Member States is not known. Efforts to collect additional data for other countries have, to date, been unsuccessful.

Of particular importance are presumed relationships between lead in soil and lead in household dust. A linkage between the two is presumed and imputed in exposure assessment models for children (e.g. IEUBK). The rigor of this presumed relationship will be a focal point of exposure modelling in Risk Characterization. Data descriptive of lead in dust deposition collected here are almost exclusively from sampling periods when an impact of lead in gasoline use would be expected – the only available data on household dust likely reflective of dust lead concentrations after the phase-out of lead from gasoline are the from the extensive GerES database (Seifert et al 2000) and more limited studies from Sweden (Berglund et al 2000). While leaded gasoline was still in use at the time of these surveys in the early 1990’s, it’s concentration in gasoline was limited and the majority (>80%) of gasoline sold was unleaded.

Soil and Dust Ingestion Rates

Determination of lead concentrations in soil and dust provides only a portion of the information required for exposure assessment. The actual level of lead intake will vary as a function of the amount of soil and dust ingested. Estimates of daily soil and dust ingestion rates are not available for the EU. However, studies conducted in the United States provide useful indications of ingestion rates that might be expected.

Two mass balance studies were the basis of early estimates that daily ingestion rates of 200 mg/day were appropriate for exposure assessment. Calabrese et al. (1989) studied 64 children between the ages of 1 and 4 from Massachusetts; Davis et al. (1990) studied 104 children between the ages of 2 and 7 from the State of Washington. Mass balance studies estimate soil ingestion by comparing the concentration of various tracer metals in soil and dust to the quantity of these tracers recovered from faeces. By measuring the quantity of such tracers recovered from faeces and then subtracting the amount of tracer that can be attributed to the ingestion of alternative materials, investigators can estimate the amount of soil and dust a child must have ingested. EPA cited, but did not use, data from three other mass balance studies (Binder et al. 1986, Clausing et al. 1987, and Van Wijnen et al. 1990) because these other studies did not adequately quantify the tracer intake from sources other than soil and dust, most notably diet. The results from these two studies, as reported by U.S. EPA (1994), are presented in Table 4.166 and formed the basis for initial recommendations that age-specific ingestion rates on the order of 135 mg/day were appropriate.

Table 4.166:
Daily intake of soil and dust estimated from elemental abundancesa
	Study
	Element
	Soil/Dust Intake, mg/day

	
	
	Median
	Mean
	Maximum

	Davis et al. (1990)
	Al
	25
	39
	904

	
	Si
	59
	82
	535

	
	Ti
	81
	246
	6,182

	Calabrese et al. (1989)
	Al
	30
	154
	4,929

	
	Ti
	30
	170
	3,597

	
	Y
	11
	65
	5,269

	
	Zr
	11
	23
	838


Notes: a. Source: Table 2-6 of U.S. EPA (1994, p. 2-39)

Stanek and Calabrese subsequently published (1995) a re-analysis of the data EPA relied on to develop the Agency’s original guidance – i.e., the Calabrese et al. (1989) data and the Davis et al. (1990) data. The revised analysis calculated an average soil ingestion rate for each child over the time period of the study. These average soil ingestion rates for each child then form a distribution of soil ingestion rates, which is approximately lognormal. Stanek and Calabrese report soil ingestion rates at percentiles of this distribution, e.g., for the 50th percentile child (50% of children have an average soil ingestion rate below this value) and the 95th percentile child (95% of children have an average soil ingestion rate below this value). Average soil ingestion rates for both the 50th and 95th percentile child are discussed below, although data for the 50th percentile child is perhaps the most relevant estimate for use in exposure assessment modelling.

The revised analysis by Stanek and Calabrese suggested that the average soil ingestion rate for the 50th percentile child was 33 mg/day for the Amherst population, 44 mg/day for the population in the Davis et al. study, and 37 mg/day for the combined populations of the two studies. Average soil ingestion rates for the 95th percentile child were 154, 246, and 217 mg/day for the Amherst, Davis et al. and combined populations, respectively. The revised analysis suggests that average soil ingestion rates for 50th percentile children are significantly lower than the USEPA’s assumed average ingestion rate of 135 mg/day for this age range.

The methodology used in these reanalyses was introduced by Stanek and Calabrese, and is referred to as the “Best Tracer Method,” or “BTM.” The BTM restricts attention to measurements based on the four best tracers for each child, where a tracer’s quality is ranked according to the ratio of total tracer in faeces to total tracer in food (high ratios are best). The rationale for this ranking scheme is that measurement of tracer quantities in food is a source of so-called “framing error,” which reflects the tendency to incorrectly match faecal tracer measurements with the temporally corresponding food tracer measurement. Tracers that are least present in food (i.e., tracers with high total tracer to food tracer quantity ratios) have the lowest potential for these errors, hence minimizing the influence of framing errors on the estimate of soil ingestion. The median of the four best tracers (calculated as the average of the results inferred using the second and third tracers ranked by estimated soil ingestion rate) is selected because individual tracers are sometimes subject to “source attribution error.” This type of error occurs when a tracer is unknowingly ingested via some medium other than food or soil (e.g., inadvertent ingestion of the tracer in toothpaste). Since source attribution errors tend to affect individual tracers, taking the median of several “good” tracers decreases the probability of this type of error.

Stanek and Calabrese (1995) also noted that their reanalysis of the Davis et al. data may be positively biased. Because that study used only 3 tracers, results calculated using all three had to be used to implement the BTM methodology. Stanek and Calabrese suspect that source attribution error associated with one of these tracers (Ti) inflated the estimated 95th percentile soil and dust ingestion rate. This inflation would also positively bias an estimate of the arithmetic mean. Therefore, the Stanek and Calabrese (1995) reanalysis of the Calabrese et al. (1989) likely provides a better estimate of soil ingestion rates for children aged 1 to 4 years.

A more recent study by Stanek and Calabrese (2000) provides daily soil ingestion estimates for 64 children, ages 1 to 4 years, residing at a Superfund site in Anaconda, Montana. Stanek and Calabrese derived a seven-day average soil ingestion rate for the 50th percentile child of 17 mg/day. (The comparable value based on the Amherst population was 45 mg/day.) The seven-day average soil ingestion rate for the 95th percentile child was 141 mg/day (compared to 208 mg/day for the Amherst population.)

Stanek and Calabrese (2000) also estimated average soil ingestion rates over longer time periods, based on the seven-day study period. They estimated that the 95th percentile child will have a 365-day average soil ingestion rate of 106 mg/day for the Anaconda population and 124 mg/day for the Amherst population. These estimates are based on an analysis of uncertainty in the daily soil ingestion estimates, using standard statistical techniques. The estimates do not include an adjustment for seasonal effects (e.g., amount of frozen ground or snow cover in winter), which might be thought to further reduce year-long average soil ingestion estimates below those measured in the seven-day summer studies. Stanek and Calabrese note the appropriate use of these estimates in risk assessment (page 633):

"Estimates of the distribution of longer term average soil ingestion are expected to be narrower, with 95th-percentile estimates being as much as 25% lower than those given in Table II. Such average exposure maybe most appropriate when considering the impact of chronic (i.e., 1-year) exposure to lead-contaminated soil on blood-lead levels."

Stanek and Calabrese do not present comparable long-term averages for the 50th percentile child.

Additional soil ingestion rate estimates were subsequently developed during the course of contaminated site investigations in the US. These estimates are summarised in Table 4.167. Table 4.167 also notes the age specific soil ingestion rates used in the US for exposure assessment modelling using the Integrated Exposure Uptake Biokinetic (IEUBK) Model. The site-specific estimates for Butte and Palmerton represented the ingestion rates that provided the best fit between exposure assessment modelling and observed levels of lead in blood, soil and dust.

Table 4.167:
Summary of recent soil ingestion rates estimates for children [g/day]

	Age
	IEUBK defaulta
	Range of intakesa
	Butte
	Palmerton
	Amherstb
(Stanek and Calabrese, 1995)
	Anacondab
(Stanek and Calabrese, 2000)

	6-11 months
	0.085
	0 - 0.085
	0.043
	0.053
	0.028
	0.011

	1-2 years
	0.135
	0.080 - 0.135
	0.108
	0.084
	0.045
	0.017

	2-3 years
	0.135
	0.080 - 0.135
	0.108
	0.084
	0.045
	0.017

	3-4 years
	0.135
	0.080 - 0.135
	0.108
	0.084
	0.045
	0.017

	4-5 years
	0.100
	0.070 - 0.100
	0.085
	0.062
	0.033
	0.013

	5-6 years
	0.090
	0.060 – 0.090
	0.075
	0.056
	0.030
	0.011

	6-7 years
	0.085
	0.055 - 0.085
	0.070
	0.053
	0.028
	0.011


Notes: a. Source: Table 2-7 of U.S. EPA (1994, p. 2-40); b. Stanek and Calabrese measured soil ingestion rates for children ages 1-4 years. Values for other age groups are estimated here by Gradient based on the age-dependency of soil ingestion rates in the IEUBK defaults.

Clearly, there can be large differences between the default soil ingestion rates, the soil ingestion rates used in various EPA risk assessments, and the more recent values proposed by the Stanek and Calabrese papers. One reason for these differences is confusion over the correct measure of soil ingestion to use in the IEUBK model. EPA's 1994 Guidance Manual is clear that an average, or central estimate, of soil ingestion should be used. Stanek and Calabrese (2000) further clarify that this should be a long-term average where chronic risk is being assessed. However, every child's average soil ingestion rate is different. Stanek and Calabrese, in their various publications, have presented values including the 50th percentile (or median) child's average, the 95th percentile child's average, the average estimate of the populations' averages (i.e., sum each child's average rate and take the average of that, does not correspond to any particular percentile of the distribution of children), and many more. This would explain some (but not all) of the difference between the default values and those given in Table 4.167.

There are major differences in soil ingestion rate estimates for the Amherst and Anaconda populations, whereas the population studied by Davis et al. appears to be similar to the Amherst population. It is unknown whether the differences in soil ingestion rates between the Amherst and Anaconda populations represent differences in climate, soil-to-dust transfer, knowledge among the Anaconda population that they are living on a Superfund site, or the "improved study design" (Stanek and Calabrese, 2000, page 634) of the Anaconda study. Both population differences and study analysis differences may play a role. Actual average soil and dust ingestion rates probably fall somewhere within the ranges given by the values in Table 2 and are likely on the order of 30 – 40 mg per day. For purposes of risk characterization, typical soil ingestion rates shall be considered to be 40 mg/day. A worst-case assumption of 135 mg/day of soil ingestion shall further be assumed. Both estimates are varied on an age-specific basis by computer-models utilised for lead exposure assessment.

Soil intake by adults and infants is poorly documented, but is unlikely to exceed that of children. Most exposure assessment models assume adult soil and dust intakes are approximately 20% of those of children (Bowers et al., 1994). For purposes of initial exposure modelling, typical intakes of 10 mg/day will be assumed. Worst case estimates of 35 mg/day will be used. Very young infants do not engage in behaviours (crawling and other exploratory activity) that place them at risk for soil and dust ingestion. A provisional assumption of intake is incorporated into exposure assessment models on the understanding that intake for the very young child does not occur, but increases to 25 mg/day (typical), with a worst case estimate of 85 mg/day, by 12 months of age. Isotopic ratio studies have confirmed that the majority of blood lead in very young infants is derived from dietary sources (Gulson et al., 2001).

4.1.1.4.4 General Population Blood Lead Studies 

Blood Lead Levels in EU Member States

A comprehensive literature review was undertaken to develop a base line database of the blood lead levels in the general population residing within the 15 Member states of the European Union. The review focused on the most recent studies of non-occupationally exposed individuals, especially children since they are considered the most sensitive segment of the population. Occupational studies on lead exposed workers were not included in the review because they were considered not representative of the blood lead levels of interest in this section of the risk assessment.

Overall, the data demonstrate a significant decline in the blood lead levels of the general population within recent years. This decline has been attributed to the phase out of the use of lead in several diffuse sources such as the use of lead in gasoline, the discontinuance of the use of lead pipes in water distribution lines and the substitution of lead solder for use in food containers. Differences are evident between different Member States with respect to the rate and timing of blood level declines – a probable reflection of the speed with which policies were adopted to eliminate dispersive uses of lead that contribute to human exposure. 

Historical blood lead levels within the EU, and in some cases recent exposures, will reflect impacts from direct inhalation of lead in air, ingestion of lead contaminated soil and dust and the contamination of food crops as a consequence of lead in gasoline usage. Interpretation of historical data must consider both the contribution of this historical application. Moreover, survey data for each country should be considered within the context of the lead in gasoline policy being implemented.

The impact of lead in gasoline use upon general population blood lead levels is difficult to estimate with precision – lead in gasoline use will result in lead in airborne vehicle emissions (posing opportunities for direct inhalation exposure) followed by deposition in soil and dusts or upon food crops. Direct ingestion of soil and dust may then occur, or food crops contaminated with surface lead deposition may be consumed. In both cases, the impact of lead in gasoline upon human exposure will vary as a complex function of factors such as the lead concentration permitted in fuels, traffic density, proximity to roadways, climatic factors that influence dust deposition and the age of the potentially exposed individual.

The Italian Isotopic Lead Experiment conducted in Turin and surrounding areas from 1974 to 1985 evaluated the contribution of gasoline lead to general population blood lead levels through the use of isotopically unique gasoline formulations and evaluation of the shift in isotopic ratios (Facchetti and Geiss 1982; Colombo and Facchetti 1988). The study reported that lead in gasoline contributed at least H25% (5.5 µg/dL) of the blood lead in Turin residents, 12% (2.5 µg/dL) to the blood lead of residents of the nearby countryside within 25 km of Turin and 8% (2.5 µg/dL) to the blood lead of residents in the far countryside. Although the study demonstrated an unambiguous contribution of lead in gasoline to blood lead, quantitative extrapolation of the Turin data to other populations must be undertaken with caution since the number of study subjects was relatively limited, baseline blood lead levels were relatively high, close associations between air lead and blood lead were not always observed and meteorological conditions in Turin (frequent inversions) need not characterize other regions. However, studies in Frankfurt (Sinn 1980) and the United Kingdom (Quinn and Delves 1989) provide strong supporting evidence of the contribution of lead in gasoline the reductions in blood lead that occur when the lead content of gasoline is reduced. General population monitoring studies in Belgium have similarly suggested a linkage between the lead content of gasoline and general population blood lead levels (Claeys, 2005). In the late 1970’s the lead content of gasoline in Belgium was 0.75g/L and general population blood lead levels averaged approximately 17µg/dL. Following reductions of the lead content of gasoline to 0.40g/L in 1983, blood lead levels declined to less than 11 µg/dL. Reductions of lead in gasoline to 0.15 g/L in 1987 was associated with a subsequent decline to approximately 8 µg/dL and fell to less than 6 µg/dL following the ban of lead in gasoline use in 1997. Figure 4.42 displays the decline with blood lead levels in Belgium as a function of both time and the use of lead in gasoline. The extent to which other lead exposure reduction measures influence this trend is not known, but the beneficial effects of reducing lead in gasoline upon general population blood lead levels are compelling.
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Figure 4.42:
Trends in blood lead concentration and leaded gasoline use in Belgium

Generalizations can be offered regarding the increases in human exposure that can result as a consequence of lead in gasoline use. Thomas et al. (1999) have suggested, based upon changes in general population blood lead levels after the implementation of lead in gasoline phase outs, that extensive use of lead in gasoline can resulted in the elevation of general population blood lead levels from a baseline of about 3 µg/dL to general population averages of 10 – 20 µg/dL. However, lead in gasoline phase-out efforts are usually conducted in concert with programs to limit human exposures to lead from multiple sources and exposure pathways (Harrison and Whelan, 2000) and the estimates of Thomas et al. likely overestimate lead in gasoline’s impact upon blood lead. Studies in the United States have documented similar changes in blood lead during the phase-out of lead in gasoline, but attribute approximately half of the observed declines in blood lead to the elimination of other lead exposure sources such as the lead soldered food can (Pirkle et al. 1998). The phase out of lead in gasoline has thus been an important, but not a singular, component of regulatory strategies seeking to limit general population exposures to lead. 

Still, Thomas et al. (1999) have compared blood lead reductions in countries that have phased out the use of lead in gasoline, observing that low baseline general population blood lead levels will eventually result. The trend in blood lead data for the EU is consistent with this observation. Although all EU countries have been implementing policies for the phase-out of dispersive applications of lead, such as use of lead in gasoline, the timetables for policy implementation have differed in each country. As a consequence, blood lead declines are evident in most countries, but significant differences are observed between countries that appear to correlate with policy implementation for the phase-out of lead in gasoline.

For the majority of the Member states the current blood lead levels are well below the recognised level of concern of 10 µg/dL suggested by the Centers for Disease Control of the United States (CDC, 1991) – and many blood lead studies report their data relative to this guidance value. However, for several states the literature review did not identify sufficient data to draw any firm conclusions as to the status of the current blood lead level in the general population. These states include Luxemburg, Italy, Greece, Spain and Portugal. Additional efforts are underway to attempt to fill these data points for those Member states.

The studies considered in this review are tabulated in Table 4.168 and are discussed in the following text.

Austria

Information on the blood lead levels in the general population was found to be limited. A survey carried out by the OECD in 1991 reported blood lead data from the general population for 1972, 1982 and 1992 (OECD 1993). There was a blood lead decline from approximately 28 µg/dL in 1972 to approximately 5 µg/dL in 1992. However, differences in analytical methods likely complicate comparison of the 1972 data with that for later times. Statistical data describing the distribution of blood lead levels was not reported. In the 1993 OECD follow-up report it was noted that blood lead levels were determined for both children and adults residing near a lead and zinc melting plant in Arnoldstein, Austria, for the years 1992, 1994 and 1998 (OECD 1999). Some children were reported to have had blood lead levels in excess of 10 µg/dL in 1992 and 1994 but none of the 250 children sampled in 1998 had blood lead levels above 10 µg/dL.

Belgium

The mean blood lead levels in the general population in studies conducted during the 1970s generally reported mean blood lead levels in excess of 10 µg/dL in rural and urban areas and considerably higher in residents residing around heavily lead contaminated areas. Hubermont et al. (1978) published data on the blood lead levels of 70 pregnant women residing in the rural community of Libramont, Belgium. The mothers were divided into two groups depending on the level of lead in their drinking water. The mean lead content of the first group was 11.8 µg/l and 27.4 µg/l for the second group. The difference in the mean lead concentration between the two groups was 3.2 μg/dl in the maternal blood, 3.3 µg/dL for umbilical cord blood and 3.6 µg/g in the placenta.

Lauwerys et al. (1978) reported the blood lead levels in pregnant women residing in different regions in Belgium. The mean blood lead level was 10.2 (3.1-31 with a 95th percentile of 16.5 µg/dL). The blood lead distribution in the newborns had a mean of 8.4 µg/dL (2.7-27.3 with a 95th percentile value of 14.6 µg/dL. Roels et al. (1980) monitored the blood lead levels in children residing in the vicinity of a primary lead smelter during the period 1974-1976 and compared them with values in both rural and urban areas. Although there was a slight decline in airborne lead in the vicinity of the smelter, the blood lead levels did not decline significantly during that time period ranging from 24.6 to 30.1 µg/dL for the smelter children, 9.1 to 10.7 µg/dL for the rural group and 10.4 to 12.7 µg/dL for the urban cohort. The lead on the boys’ and girls’ hands in the smelter area was 436 and 244 µg Pb/hand while the hand lead in the control area was 17.0 and 11.4 µg Pb/hand for the boys and girls, respectively. Partial correlations between blood lead, air lead and hand lead indicated that in the smelter area the quantitative contribution of air lead to blood lead is negligible compared to that of the hand lead.

More recent studies have shown a lowering of blood lead levels over time. Ducoffre et al. (1990) published a study compiling the blood lead results from 6,070 biological samples collected in the Belgium population from 1978 to 1985. During that time period the median blood lead levels dropped from 17.0 to 7.8 µg/dL. Staessen et al. (1996) carried out a random sampling of the adult general population during the period 1985-1989 and again from 1991 to 1995. In the 1985-89 baseline study the mean blood lead concentration was 8.7 µg/dL. Over the 5 year follow-up period the mean blood lead concentration dropped by 32% to 5.9 µg/dL.

The prevalence of elevated lead exposure in Brussels’ children was reported by Sykes (1998) for the year 1991 and again for the period 1995 to 1998. In 1991, 48.8 percent of the children aged 6-72 months were reported to have blood lead levels at or below 10 µg/dL. As noted earlier, lead-based paint was implicated as the source of the excess exposure to lead. During the 1995 to 1998 period the prevalence rate for children at or below 10 µg/dL increased to 58.7%. These elevated blood lead levels contrast with those of an urban Brussels reference population (N=111) with an average blood lead level of 3.6 µg/dL (Claeys et al 2003). The most recent study was carried out by Staessen et al. (2001) in which they reported on blood lead levels in 17 year old adolescents living in either a rural control area or suburbs polluted by a lead smelter and waste incinerator. The mean lead in blood value in the control areas was reported to be 1.5 µg/dL. In the suburb communities of Wilrijk and Hoboken, the mean blood lead levels were 1.8 and 2.7 µg/dL, respectively.

Denmark

Lyngbye et al. (1990) measured blood lead concentrations in a group of 9 to 10 year old children residing in Aarhus, Denmark, from 1982-1983. The study group was selected as a high-level and a low-level lead group based on tooth lead levels. The children’s geometric mean blood lead level in the high-lead level group was 5.7 µg/dL and 3.6 µg/dL in the low-level exposed group. Kristiansen et al. (1997) evaluated blood lead levels in adult men (N=90) and women (N=99) in 1993. The blood lead levels of men (5.4 +/- 2.4 g/dL) was slightly higher thn that of women (4.0 +/- 1.8 g/dL). Nielsen et al. (1998) reported blood lead concentrations in a reference population in Funen, Denmark sampled in 1994. The mean blood lead level in 209 adults aged 20-89 years was 3.5 µg/dL.

Finland

Taskinen et al. (1981) measured the blood lead levels in children residing in the three largest cities of Finland, in rural areas and in a lead smelter area. The mean blood lead values obtained among children from all three areas varied from 6.0 to 6.7 µg/dL. No statistically significant differences were discovered between the groups. 

A study conducted in 1988 by Pönkä et al. (1993) compared the blood lead data collected at a Helsinki day care centre for the years 1983 and 1988. The study also included ambient air lead levels for the period 1980-1991. The maximum air lead levels occurred in 1980 ranging from 0.2 to 1.2 µg/m3. In 1991 the levels had declined from 0.3 to .04 µg/m3. The mean blood lead level for the children measured in 1983 was 4.6 µg/dL. This declined to 3.0 µg/dL in the samples collected in 1988. Similar blood lead levels (5.6 +/- 2.4 g/dL) were observed in the same time frame by Louekari et al, (1991) in a study of dietary lead intake and blood lead levels in 42 non-smoking adults.

More recent blood lead surveys have observed still lower blood lead levels. A study of maternal-infant pairs conducted in Northern Finland in 1996 – 1998 observed average maternal blood lead levels of 1.1 +/- 0.95 g/dL and cord blood lead levels of 0.8 +/- 0.7 g/dL (Soininen et al., 2005). Follow-up studies by Ponka (1998) further suggest that the blood lead levels of Finnish school children residing in Helsinki in the late 1990’s had declined to 2.6 g/dL.

France

A cross sectional survey of 512 children in the age range of 1-3 years was carried out in 6 Paris maternal and child health centres beginning in 1987 by Alfaro et al. (1993). The prevalence rate of lead poisoning was estimated at 1.9% ± 1.7% for children with blood lead levels at or above 25 µg/dL and at 9.6% ± 2.5% for children with blood lead levels at or above 15 µg/dL. Mauras et al. (1995) evaluated the level of lead in blood of both adults and children in the Centre and Pays de Loire regions of France. The blood lead levels increase with age with a mean blood lead level of 4.67 µg/dL for the 6-10 year old group; 4.76 for the 11-13 year olds; 6.66 for the 20-49 year olds and 8.66 in the 50-66 year category.

Blood lead levels of Paris children residing in older houses that contained lead based paint was examined by Ginot et al. (1995). Blood lead samples were collected from children residing in buildings where lead exceeded 1.5 g/kg in paint samples and 1,000 ug/m2 in dust samples. High dust and/or paint lead contents were present in 74% of the buildings tested. Blood lead levels were higher than or equal to 10 µg/dL for 65% of the children; 29% were higher than or equal to 15 µg/dL and 16% were higher or equal to 20 µg/dL.

In 1995 a blood lead study of 365 children residing in the Le Mans region of France was carried out by Flurin et al. (1998). The mean blood lead level of children between the ages of 6 months and 6 years was 3.72 ± 2.06 µg/dL. Only six of the children were reported to have blood levels greater than 10 µg/dL.

Measurements of non-occupational lead exposure levels in the general adult population carried out in 1979, 1982 and 1995 was reported by Huel et al. (2002). The report compares the unadjusted arithmetic mean blood lead levels for the cities of Paris, Marseilles and Lyons for these three time periods. The results are tabulated in Table 4.37. Overall the average blood lead levels decreased by the order of 6 µg/dL between the beginning of the 1980’s and 1995 representing a fall of more than 50%.

Leroyer et al. (2000) measured the body lead burden in children aged 8-11 years living in northern France. The blood lead levels of children residing in a lead polluted site were compared to those of non-exposed children. The geometric mean of the blood lead levels of children residing on the polluted site was 3.95 µg/dL and that of the non-exposed children was 3.06 µg/dL. Leroyer et al. (2001) also evaluated the lead body burden in adults 20 to 50 years of age in the same region. The geometric mean of blood lead levels was 7.4 µg/dL in men and 4.9 µg/dL in women.

De Burbure et al. (2003) compared blood lead levels in both children and adults residing in the vicinity of two lead smelters in France and compared them with a control group residing in an uncontaminated area. The highest blood lead levels for both groups were for the smelter area. The mean blood lead concentration of lead in children was <4.2 µg/dL and <7.1 µg/dL for adults. While elevated above the control group, the low blood lead levels indicate a low uptake of these metals from the environment despite relatively high levels in soil.

Most recently, La Ruche et al. (2004) surveyed the blood lead levels of 446 children, aged 6 month to six years, admitted to a hospital in d’Argenteuil from 2002 – 2004 for reasons other than lead exposure. The geometric mean blood lead level observed was 2.5 µg/dL with an upper 90th percentile of 5 µg/dL. Whereas earlier studies had suggested that blood lead levels would be elevated in children in older housing, the current study found no such distinction. Children in homes built before 1948 had a geometric mean blood lead of 2.6 µg/dL while the geometric mean for children in post-1948 construction was 2.4 µg/dL.

Germany

Brockhaus et al. (1988) carried out studies between 1982-1986 to determine the levels of lead in blood of children aged 4 to 11 years living in rural, suburban, urban and industrial areas of Northwest Germany. The geometric mean blood lead levels along with the 95th percentile value are summarised in Table 4.168. The median blood lead levels in children residing in rural, suburban and urban areas were significantly lower than those reported for the children residing around lead and zinc smelters ranging from 5.5 to 7.0 µg/dL with 95th percentiles varying between 10 to 13 µg/dL. The authors also reported that children from lead worker families also have substantially increased blood lead levels.

Blood lead results from a large epidemiology study carried out in 6 year old children in 1991 was reported by Begerow et al. (1994). The children were from rural and urban areas of western and eastern Germany. The geometric mean blood lead levels for both study areas were below 10 μg/dL with the geometric means between 3.9 and 5.1 µg/dL in the western groups and between 4.2 and 6.8 µg/dL in the eastern German study area.

Beginning in 1985 the German government initiated an ongoing blood lead survey for the general population. The first study, GerES I was carried out in 1985-1986 in which the geometric mean blood lead level for persons in the age group of 25-69 years of age was reported to be 6.2 µg/dL (Seifert et al. 2002). GerES II conducted in 1990-1992 reported a geometric mean of 4.5 µg/dL in the 25-69 age group (Krause et al., 1996). This study also included a subset of 713 children between the ages of 6-14 and the geometric mean blood lead level for that age group was 3.2 µg/dL. The latest study, GerES III, was conducted in 1998 (Becker et al., 2002). This study included men and women in the 18-69 year old age group. The geometric blood lead level continued to decline to a level of 3.1 µg/dL with a 95th percentile of 7.1 µg/dL.

A new study GerESIV is currently underway in Germany. This study will include children down to four years of age. A pilot study which began in 2001 has recently been completed on a sample of 294 children in the age group of 6-14 years. Blood lead levels reported to date are approximately 2.0 to 2.2 µg/dL (Seifert et al. 2002).

Greece

Two studies by Maravelias et al. (1994 & 1998) were undertaken to measure the lead exposure of the child population in Greece. In the first study, blood lead measurements were obtained from children residing in three areas of Greece. Koroni represents a rural area, Tavros an urban area and Lavrion a lead smelter town. The geometric mean for Koronni was 8.4 µg/dL with a 98th percentile of 14.4 µg/dL. For Tavros the geometric mean was 6.8 µg/dL with a 98th percentile of 12.1 µg/dL and for Lavrion the geometric mean was 23.4 µg/dL with a 98th percentile of 53.5 µg/dL.

The second study conducted in 1995-96 was expanded to include child populations of rural and urban areas of Greece. The mean blood lead level for Athens was 4.6 ug/dl, Aspropyrgos 5.2 µg/dL and 3.0 µg/dL for Vrahati.

Kapaki et al. (1998) measured blood lead levels in gas station employees, taxi drivers, bus drivers and a control group in Athens. The blood lead levels did not differ significantly between the study groups (5.64 ± 1.7 µg/dL, 5.96 ± 1.7 µg/dL, 5.88 ± 1.3 µg/dL and 5.76 ± 1.7 µg/dL, respectively).

All of the preceding studies were conducted while lead in gasoline phase-out policy had yet to be completed. Blood lead levels would be expected to decline as with the completion of lead in gasoline phase-out, but current data documenting this anticipated decline have not been identified.

Ireland

Richardson (1982) evaluated the blood lead levels in rural and urban children in the age groups of 3-5 and 6-8. The blood lead values of the urban children were significantly elevated with 56% of the children having concentrations greater than or equal to 10 µg/dL while in the rural children 100% of the samples were less than 10 µg/dL. More recent surveys conducted by the Office of Environmental Enforcement (2004) evaluated blood lead levels in primary and pre-school children in mining impacted areas (Silvermines area) with elevated levels of lead in soil. Surveys were conducted from 1999 through 2001 with apparent high participation rates from the five schools in the area. The actual number and ages of children tested is not reported in the published literature, nor was information on the distribution of blood lead levels in children been presented. Average blood lead levels at different schools ranged from 2 – 4 µg/dL at the different schools in 1999. In 2001 all schools reported an average of 2 µg/dL lead in blood. The monitoring program has been discontinued due to the low blood lead values.

Italy

Orlando et al. (1994) analysed blood samples from 657 adult subjects residing in the urban centres of Liguria to study the impact of air lead levels on human health. The mean blood lead level of all examined individuals was 9.39 µg/dL with a range of 2.0 to 46.0 µg/dL. The average value for individuals working in streets with very high traffic was 8.3 µg/dL. Somewhat higher blood lead levels were observed in a survey of 630 adult male blood donors (ages 26 – 69 years) residing in Verona and Brescia in 1985 (Micciolo et al., 1994). The median blood lead level observed was 14.8 g/dL (range 4.3 – 47 g/dL). Apostoli et al. (1992) surveyed a random sample of 254 adult males and 271 adult females. Males has a somewhat higher blood lead level (16.0 +/- 6.3 g/dL) then females (10.5 g/dL +/- 4.1 g/dL). Viti (1990) observed an average blood lead value of 20.7 +/- 5.6 g/dL in 200 adults in Aresso and noted a correlation between blood lead and level of wine consumption. L’Abbate et al. (1991) evaluated blood lead levels in 720 blood donors from a Bari hospital and observed average blood lead levels of 8.4 +/- 4,5 g/dL. Variation between the preceding studies may be part be related to intensity of exposure to vehicle exhausts. For example, Biava et al. (1992) observed average blood lead levels of 15.2 g/dL in 292 traffic wardens in Milan while the average blood lead levels of hospital workers was 11.7 g/dL. 

Blood lead samples were collected (Morisi et al. 1995) from adult subjects residing in ten cities throughout Italy during the period 1979 to 1986. From the data obtained, a lowering time trend in median blood lead levels was evident for subjects from most of the considered Italian regions. However, as shown in Table 4.168 all of the median blood lead values for the participants remained at or above 10 µg/dL. The most recent study conducted by Alberti-Fidanza (2003) measured the trace element intake of 44 adult subjects along with their blood lead levels. The median blood lead levels were highest in females ranging from 9.8 to 12.5 with a median value of 11.4 µg/dL. The blood lead levels for the men ranged from 6.4 to 10.2 with a median value of 8.1 µg/dL.

All of the preceding studies were conducted while lead in gasoline phase-out policy had yet to be completed. Perdelli et al. (1994, 1995) documented that blood lead levels declined as the phase-out of lead in gasoline was being implemented. Studies conducted in Liguria and Genoa between 1984 and 1990 evaluated adults living in urban areas with high traffic density. Significant declines in blood lead were observed in all locations studied. By 1990 blood lead levels in 213 adults in Liguria averaged 7.9 g/dL while 207 adult shopkeepers in Genoa averaged 9.5 g/dL Similarly, Guberti et al. (1998) determined that between 1984 and 1996 the average blood lead levels of residents of Bologna had declined from 12.9 g/dL to 5.0 g/dL. Neri and Palmieri (1998) evaluated trends in blood lead in 927 subjects residing in La Spezia with a special focus on traffic wardens. In 1992 adult males had blood lead levels of 10.2 g/dL while adult females averaged 6.9 g/dL. Of 74 children (45 boys and 29 girls) boys had average blood lead levels of 4.7 g/dL while girls averaged 3.8 g/dL In addition, 55 traffic wardens were successively evaluated in 1990, 1993 and 1996 and average blood lead levels declined in these individuals from 14 to 8.5 to 7.2 g/dL  Finally, Menditto et al. (1998) reviewed blood lead survey data for 7,749 individuals, 1170 of whom were children under the age of 15. The median blood lead was 8.6 g/dL for adult males, 5.3 g/dL for adult females, 5.0 g/dL for boys under the age of 15 and 4.3 g/dL in girls. From 1985 to 1996 blood lead levels were estimated to have declined by 40 – 50% as a result of reductions of lead in gasoline, lead in wine and lead in cigarettes. Blood lead levels would be expected to continue to decline with the completion of lead in gasoline phase-out, but current data documenting this anticipated further decline are limited. A recent survey of patients hospitalised in Rome for endocrine and metabolic disorders (Castelli et al. (2005) observed average blood lead levels of 2.2 g/dL (range 1.2 – 6.6 g/dL). These results must, however, be regarded with caution since it is not known if the patients are representative of the general population or if their medical conditions might have influenced their blood lead levels. An as yet unpublished study of 108 blood donors in Rome (Alimonti, A., personal communication) has observed an average blood lead of 3.9 +/- 2.0 g/dL and provides additional supportive evidence that the expected further decline in blood leads has been taking place.

Luxembourg

To date no data on the blood lead levels in the general population of Luxembourg was found in the literature search

The Netherlands

The blood lead levels of children attending special education schools in The Netherlands were investigated by Minder et al. (1998). The mean blood lead concentration of the children was 4.4 µg/dL. Only 2% of the children had blood lead levels slightly in excess of 10 µg/dL. Van Wijnen et al., (1996) determined the blood lead content in blood of young children in the city centres and suburbs of Rotterdam and Amsterdam. The mean blood lead level for the girls in the study was 4.9 µg/dL, slightly lower than that of the boys which was 5.3 µg/dL. The mean blood lead level of children in the city centres was 6.4 µg/dL and 4.5 µg/dL in children living in the suburbs. In the city centre 2.7% of children had blood lead levels in excess of 15 µg/dL and 6.7% were higher than 10 µg/dL.

Portugal

To date no data on the blood lead levels in the general population of Portugal were found in the literature search. One published study was identified that specifically evaluated blood lead levels in children residing in areas characterised by housing with deteriorating lead based paint in the Oporto area (Mayan et al., 2001). Blood lead levels in 240 children, aged 1 – 5 years, averaged 13.9 g/dL (range 4.7 to 42.5 g/dL) with 86% of the children having a blood lead level in excess of 10 g/dL. The presence of lead based paint in the homes of children with elevated blood lead levels was confirmed by swab tested. Father’s occupation, poor hygiene and pica were also risk factors for elevated blood lead. By design the studied focussed upon a survey of children residing in an area believed to have extensive problems with deteriorating lead based paint. The study results thus cannot be extrapolated to the population at large.

Spain

A study by Cabeza et al. (1991) conducted in 1989 reported on blood lead levels in children residing in a rural area of west Asturias. The mean blood lead value for these children was found to be 14.4 µg/dL. Schuhmacher et al. (1992) collected blood samples from 488 individuals living in either an industrial or agricultural area of Tarragona Province. The geometric mean blood lead levels between the two areas were not significantly different ranging from 11.4 μg/dL in the agricultural area to 13.2 μg/dL in the industrial area.

The blood lead concentrations in 2-3 year old children residing in the Greater Bilbao Area was investigated by Cambra and Alonso (1995) and compared to the level of lead in various environmental compartments.. The geometric mean blood lead value was 5.7 µg/dL. Two percent of the children were found to have blood lead levels in excess of 15 µg/dL and 14% of the children exceeded 10 µg/dL. The geometric mean for lead in house dust, park soil and park dust were 595, 299 and 136 µg/g, respectively. Only 3 of the 56 water samples exceeded 10 µg/l (i.e., 75, 33 and 23 µg/dL). Of all the environmental variables studied, dust ingestion was considered the source of exposure most responsible for the increased blood lead levels.

Rodamilans et al. (1996) investigated the effect of the reduction in petrol lead on blood lead levels of the population of Barcelona, Spain. Over the ten years when the levels of lead in petrol were reduced from 0.6 g/L to <0.15 g/L the blood lead levels in the adult population declined from a mean of 18.63 to 8.81 µg/dL. Torra et al. (1997) conducted a similar study in Barcelona monitoring the blood lead levels in the general population in 1984 and again in 1995. The mean blood lead level dropped from 18.6 µg/dL in 1984 to 7.8 µg/dL in 1995 in the adult population. The mean paediatric blood lead level in the 1995 study was determined to be 8.9 µg/dL with a range of 3.5 to 25 µg/dL.

During 1993, Solé et al. (1998) measured the blood lead concentrations in 1158 children who entered the paediatric hospital in Barcelona, Spain. The mean age of the children was 6.3 ± 4.6 years and they resided in both rural and urban areas. The mean blood lead level for all of the children was 5.0 ± 0.9 µg/dL. No differences were observed in the blood lead levels between the rural or urban sectors. The overall prevalence of lead intoxication was reported to be 4.2 percent. The blood lead levels in 254 individuals not occupationally exposed and living in Barcelona were reported by Solé et al. (1998). The mean blood lead level in 15-62 year old adults was 5.0 μg/dL.

All of the preceding studies were conducted while lead in gasoline phase-out policy had yet to be completed. Blood lead levels would be expected to decline as with the completion of lead in gasoline phase-out, but current data documenting this anticipated decline have not been identified.

Sweden

In 1980, Elinder et al. (1983) determined the concentration of lead in the blood of non-occupationally exposed adults in the cities of Stockholm and Vasteras. The blood lead values were in the range of 1.1 to 26.7 µg/dL with an overall median value of 7.9 µg/dL. In Stockholm, individuals living in apartments close to streets with heavy traffic were reported to have higher, but not significantly higher, blood lead levels when compared to residents living in low traffic density areas.

During the period from 1978 to 1982 Schütz et al. (1984) measured the concentration of lead in blood from 1068 children living around a smelter, in urban districts and in rural areas. The average blood lead for all children was 5.8 µg/dL with a range of 1.5 to 25.0 µg/dL. Boys had significantly higher average blood lead levels than girls in all groups. Children residing near the smelter were also reported to have higher blood lead levels than those in the urban or rural settings.

Vahter et al. (1991) carried out a pilot study to determine the major routes of exposure to lead. Over a 1-week period they measured the level of lead in the breathing zone of 17 women volunteers along with duplicate diets. The 1-week average air concentration of lead was 64 ng/m3, the mean dietary intake was 26 µg Pb/d and the average blood lead was 3.0 µg/dL on day one and 2.9 µg/dL on day 8 of the trial.

A decline in blood lead levels over a four year time period was reported by Elinder et al. (1986). They obtained blood lead data from approximately 100 adults in Stockholm on three different occasions, in 1980, 1983 and 1984. The average blood lead concentration for all the examined persons was 7.6 µg/dL, 5.4 µg/dL and 5.2 µg/dL for the years 1980, 1983 and 1984, respectively. Blood lead levels in children were also found to be declining during the same time period. Schütz et al. (1989) measured the concentration of lead in blood for 11 consecutive years in the south of Sweden. The geometric mean blood lead concentration of the 1,781 samples collected during this time period was 4.69 µg/dL. The mean blood lead level decreased from 5.96 µg/dL in 1978 to 3.29 µg/dL in 1987.

Willers et al. (1988) measured blood lead levels in 4 to 11 year old children residing in either a rural setting, an urban city or near a smelter. The children residing in the vicinity of a smelter had a mean blood lead level of 4.6 µg/dL compared with a mean blood lead level of 4.3 and 3.5 µg/dL for the urban and rural communities, respectively. Multiple blood lead surveys after this time demonstrated similar blood lead levels. Nordberg et al. (2000) survey 804 elderly subjects in 1994 – 1996 as part of an aging study in Stockholm and observed average blood leads of 3.7 +/- 2,3 g/dL. The average blood lead of 75 police officers studied by Lofstedt et al. (1999) was 5.0 g/dL ( range 1.0 – 18.2 g/dL). Individuals with higher blood lead levels were more active in terms of shooting range activity and this was judged to have produced a modest elevation of blood lead levels. Baecklund et al. (1999) surveyed 176 men and 248 women (49 – 92 years of age) and determined that men had a modestly higher level of lead in blood then women (3.0 vs 2.4 g/dL).

The blood lead level of preschool children in a community with high lead levels from mine waste in soil and dust was examined by Bjerre et al. (1993). The levels of lead in soil and dust were 1400 and 14,000 µg/g, respectively. The mean blood lead for the 49 children sampled was 3.1 µg/dL. The level of lead in soil and dust resulting from mine waste did not appear as strong determinants of lead in blood. Similar findings were reported by Berglund et al. (2000). They investigated the impact on blood lead concentrations in young children in an urban and mining area of Sweden. Although the lead in soil and dust for all areas studied was rather high ranging from <10-5,000 µg/g and <1-316 µg/g it did not have a significant impact on blood lead levels. Urban children had significantly higher blood lead concentrations than children in the mining area, despite higher concentrations of lead in soil in the mining area. The blood lead levels in the urban community were influenced by dust and parental smoking.

Andren et al (1988) studied 127 children residing in a village close to a glassworks and children in a reference area not impacted by none industrial lead emissions. No difference was observed between the two groups (average blood lead level 3.5 g/dL) although blood lead levels were observed to increase to 3.9 g/dL if one parent in the household smoked and 4.7 g/dL if both parents smoked. This increase is similar in magnitude to that observed by Mannino et al. (2003) and may be related to confounding by socio-economic status.

Strömberg et al. (1995, 2003) conducted two different time trend studies to assess the decrease in blood lead in Swedish children associated with the phase out of petrol lead. The first covered the period from 1978 to 1994 during which the level of lead in blood was determined in both a nonindustrialised urban and a smelter community. During this time period the lead quantity of petrol sold in Sweden was estimated to be 1,637 tons in 1976 and 133 tons in 1993. The emissions from traffic were presumed to be the same between the smelter town and the urban areas. In the smelter town the blood lead levels declined from 6.7 to 2.9 µg/dL, 5.9 to 2.4 µg/dL in the urban area.

The second was repeated during the years 1995 to 2001. The geometric mean blood lead for the children residing in the smelter town was 2.4 µg/dL while that in the urban community was reported to be 2.0 µg/dL. It was concluded that the blood lead levels in Swedish children, no longer exposed to lead, have stabilised at an average level close to 2.0 µg/dL assuming there is no nearby industrial lead emission.

United Kingdom

Blood lead concentrations of 5 and 6 year old children and their mothers were obtained in the autumn of each year in both central London and rural Suffolk for 3 years before and 2 years after the phase down of lead in petrol from 0.4 to 0.15 µg/L (Barltrop and Strehlow 1989). In 1983, the geometric mean blood lead concentration for urban children was 8.0 µg/dL and for the rural children was 6.8 µg/dL. The urban and rural mothers had mean blood lead concentrations of 6.6 and 5.3 µg/dL, respectively. In 1987, two years after phase down, the mean blood lead for urban children had fallen to 6.0 µg/dL and to 5.2 µg/dL for the rural children. The corresponding means for the mothers were 4.9 and 3.6 µg/dL.

Davies et al. (1990) measured the lead intake from environmental sources including air, dust, soil, diet and water for two-year-old children residing in Birmingham, England, and compared that to their blood lead levels. The range of the reported geometric mean concentrations for the various environmental pathways included 0.27-0.43 µg/m3 in air; 311- 615 µg/g dust, 313 µg/g soil, 96 µg/week food and 96 µg/l in drinking water. The geometric mean blood lead level was determined to be 11.7 µg/dL with a 95th percentile of 24 µg/dL. On the basis of the assumptions used by the Royal Commission on Environmental Pollution, the estimated total uptake of lead was 36 µg day-1 of which 97% was from ingestion from dust, food and water and only 3% from inhalation.

Macintyre et al. (1998) conducted a study to measure changes in house-water lead and blood lead in 14-17 year-olds in Edinburgh over a period of 8 years. The mean water lead levels fell from 34 to 4.3 μg/dL with a concurrent decline in blood lead levels from an average of 11.0 μg/dL to 4.0 μg/dL.

Moore et al. (1998) reported on the level of lead in blood in mothers in Glasgow following a reduction in the plumbosolvency of the drinking water system. In 1977, prior to treatment of the water supply to reduce the plumbosolvency, the geometric mean blood lead was 14.6 µg/dL. In 1980 following treatment the blood lead levels had declined to 8.1 µg/dL. The blood lead levels have further declined in 1993 to a geometric mean of 3.5 µg/dL which was attributed to efforts to reduce environmental lead exposure through such practices as elimination of the use of lead solder in canning and the elimination of lead in petrol. 

O’Donohoe et al. (1998) collected blood lead measurements from a sample of London schoolchildren from 1991-92. The geometric mean blood lead for the group was 3.7 µg/dL. A subset of 148 children from this study who were less than or equal to 7 years of age were compared with those obtained from 136 children from a previous study conducted during 1996-97. A trend analysis of the geometric mean lead values in 1986, 1987, 1991 and 1992 for boys and girls between the ages of 5-7 showed a significant negative trend with maximum values at 17, 21, 15 and 9 µg/dL, respectively.

In 1984 the UK Department of the Environment undertook a large program to monitor blood lead concentrations annually in the general population for the period 1984-1987. Over this four year period the geometric mean blood lead level for men from all geographic regions declined from 11.9 to 9.3 µg/dL; for women from 9.2 to 7.4 µg/dL, and for children the levels dropped from 9.9 to 7.3 µg/dL. 

In 1995 the UK Medical Research Council’s Institute for Environment and Health conducted another survey of blood lead levels in the general population in England. The population age ranged from 11 to 65 years and the blood lead levels for each of the age groups is shown in Table 4.168. The geometric mean for all age groups is 2.6 µg/dL. This comprehensive report also provides blood lead data broken out by age, sex, smoking status, social status, drinking habit, ethnic origin, area of residence and age of dwelling.

Finally, a subcohort (N=584) of the Avon Longitudinal Study of Pregnancy and Childhood (ALSPAC) born in 1992 were evaluated for blood lead levels at age 30-31 months (Golding et al. 1998). Observed blood lead levels ranged from 0.8 to 27.6 µg/dL with a geometric mean of 3.4 µg/dL. The prevalence of children with a blood lead of 10 µg/dL or greater was 5.4%. The prevalence of children with a blood lead in excess of 25 µg/dL was 0.3%.

Summary of EU Blood Lead Data

The blood lead levels from the preceding studies are depicted in Figure 4.43 and Figure 4.44. The figures demonstrate the variability evident between EU member states and the general declines in blood lead levels with time. Data have been divided between that obtained by adults and that for children and adolescents.
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Figure 4.43:
Blood leads of children through 17 years of age
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Figure 4.44:
Blood leads of adults 18 years and older

Table 4.168:
Blood lead levels [μg/dL] in general population of EU member states

	Country
	Year of Study
	N
	Age Group
	Sex
	Blood Lead
	95th Percentile
	Details
	Reference

	Austria
	1992

1994

1998
	250

250

250
	Children

Children

Children
	MF

MF
MF
	Some >10 µg/dL

Some > 10 µg/dL

None > 10µg/dL
	
	Blood samples from children residing in vicinity of Arnoldstein lead and zinc melting plant.
	OECD, 1999

	Belgium
	1974

1975

1976

1978
	37 Smelter

92 Rural

40 Smelter

45 Rural

38 Smelter

26 Urban

44 Rural

43 Smelter

36 Urban

42 Rural
	9-14

9-14

9-14

9-14

9-14

9-14

9-14

9-14

9-14

9-14
	MF

MF

MF

MF

MF

MF

MF

MF

MF

MF
	Mean 30.1 ± 5.7

Mean 9.4 ± 2.1

Mean 26.4 ± 7.3

Mean 9.1 ±3.1

Mean 24.6 ±8.7

Mean 10.4 ±2.0

Mean 9.0 ±2.0

Mean 27.8 ±9.3

Mean 12.7 ±3.1

Mean 10.7 ±2.8
	
	
	Roels et al.1980

	
	1975-1976
	503
	16-43
	F
	Mean 8.4 (2.7-27.3)
	14.6
	Pregnant Women were grouped according to level of lead in drinking water.
	Lauwerys et al. 1977

	
	1977
	70
	Unk
	F
	Mean 10.6 (5.1-21.6)
	
	
	Lauwerys et al. 1978

	
	1978
	70
	18-42
	F
	Mean 12.0

Median 10.9
	21.0
	Mothers divided into 2 groups with differing levels of lead in drinking water.
	Hubermont et al. 1978

	
	1978

1988
	227

703
	20-60
	
	17

7.8
	
	In the 1978 study the 11 areas were evenly distributed within Belgium. In the 1988 follow-up, samples were from the Cadmibel Study.
	Ducoffre et al. 1990

	
	1985-1989

1985-1989

1991-1995

1991-1995
	359

369

359

369
	20-82

20-82

20-82

20-82
	M

F

M

F
	GM 11.4

GM 6.6

GM 7.7

GM 4.8
	28.8

14.5

20.1

11.8
	The baseline and follow-up blood lead levels were from a random population sample collected in 4 areas (Liege & Charleroi – industrial and Kempen & Hechtel-Eksel-rural). Blood lead is the geometric mean.
	Staessen et al. 1996

	
	1992

1992

1995-1998
	533

111

162
	Children

0.5 – 6

0.5 - 6

Children
	
	48.8% - <10

28.2% - 10-14.9

11.8% - 15-19.9

5.2% - 20-24.9

4.6% - 25-44.9

1.4% - >45

GM 3.6

58.7% - <10

20.1% - 10-14.9

8.2% - 15-19.9

4.3% - 20-24.9

6.5% - 25-44.9

2.2% - >45
	
	Elevated blood lead was strongly associated with residence in older housing with lead paint, paint chip ingestion and iron deficiency

Urban controls for the above study of lead paint
	Sykes 1998, Claeys et al. 2003

	
	1999
	100 Rural

42 Urban

58 Smelter
	17

17

17
	MF

MF
MF
	GM 1.5 (1.3-1.6) 95 CI

GM 1.8 (1.6-2.1) 95 CI

GM 2.7 (2.4-3.1) 95 CI
	1.6

2.1

3.1
	
	Staessen et al. 2001

	Denmark
	1985

1985
	83

78
	9-10

9-10
	MF

MF
	AM 4.1

GM 3.7

(1.6-14.3)

AM 6.1

GM 5.7

(1.6-12.8)
	
	These children were in the low lead exposed group as determined by dentine lead levels.

These children were in the high lead exposed group. Study conducted in Aarhus, Denmark. Drinking water levels were reported to be 0.22 μg/L and did not correlate with blood lead values.
	Lyngbye et al. 1990

	
	1993
	99

90
	40-70

40-70
	F

M
	 GM 4.0 +/- 1.8

GM 5.4 +/- 2.4
	
	
	Kristiansen et al. 1997

	
	1994
	209
	20-89
	MF
	Mean 3.5 SD 2.1
	
	
	Nielsen et al. 1998

	Finland
	1972-1973
	286


	1-5


	MF


	6-6.7

(3-17)
	
	Comparison of three urban areas, rural and smelter area. No significant differences between groups
	Taskinen et al. 1981

	
	198?
	42
	Adults
	MF
	GM 5.6 +/- 2.4
	
	
	Louekari et al. 1991

	
	1983

1988
	52

35
	Day Care

Day Care
	MF

MF
	4.6

3.0
	
	Helsinki
	Pönkä et al. 1993

	
	1996
	18
	Day Care
	MF
	GM 2.6
	
	Helsinki
	Ponka, 1998

	
	1996 - 1998
	130

113
	19 – 42

Newborn
	F

MF
	GM 1.1 +/- 0.95

GM 0.8 +/- 0.7
	
	Northern Finland (Lapland) survey of maternal/child blood leads at birth
	Soininen et al. 2005

	France
	1979

1982

1995
	85

124

118

124

88

92
	18-65

18-65

18-65

18-65

18-65

18-65
	M

F

M

F

M

F
	14.1 ±6.1

12.6 ±5.1

15.0 ±6.1

12.5 ±5.9

7.3 ±3.6

6.3 ±3.4
	
	Children were residing in older buildings with lead based paint.
	Huel et al. 2002

	
	1991
	512
	1-3
	MF
	1.9% > 25

9.6% > 15
	
	Paris Maternal & Child Health Centres Prevalence Rates
	Alfaro et al. 1993

	
	1994
	145
	10 M-6 yr
	MF
	65% > 10

29% > 15

16% > 20
	
	
	Ginot et al. 1995

	
	1995

1995

1995

1995
	201

184

139

95
	6-10

11-13

20-49

50-66
	MF

MF

MF

MF
	4.7 ± 2.1

4.8 ±1.9

6.7 ± 1.9

8.7 ± 4.2
	
	
	Mauras et al. 1995

	
	1995
	365
	6 mo-6
	M
	3.7 ± 2.1
	
	Six children had blood lead levels > l0 but none above 20.
	Flurin et al. 1998

	
	1996-1997
	200 Control

200 Smelter
	8-11

8-11
	MF

MF
	3.1

4.0
	
	1979 & 1982 studies conducted in Bordeaux, Lille, Lyons, Marseilles, Nantes, Nice, Paris & Toulouse. 1995 study carried out in Paris, Lyons and Marseilles.
	Leroyer et al. 2000

	
	1997

1997
	298

300
	14-54

14-54
	
	GM 7.4

(1.1-55.5)

GM 4.9

(0.2-18.8)
	15.3 (90th)

10.5 (90th)
	Two lead smelters in vicinity. Study also analysed by blood lead & soil lead comparisons between three different areas. Soil lead levels ranged from greater 500 to 20 μg/g in non-polluted area.
	Leroyer et al. 2001

	
	200?
	101 Polluted

99 Control

101 Polluted

99 Control

155 Polluted

91 Control

169 Polluted

82 Control
	8.5-12.3

8.5-12.3

8.5-12.3

8.5-12.3

18-54

18-54

18-54

18-54
	M
M
F
F
M
M
F
F
	4.2 ± 2.0

3.4 ±1.9

3.7 ±1.7

2.7 ±1.6

6.8 ±1.7

7.1 ±1.8

5.3 ±1.8

4.2 ±2.0
	
	
	De Burbure et al. 2003

	
	2002-2004
	446
	0.5 – 6
	MF
	GM 2.5
	5 (90th)
	Survey of children hospitalised for reasons other than lead
	La Ruche et al. 2004

	Germany
	1983

1985

1986

1985

1986

1985

1985

1986

1986

1986

1986

1983

1982

1982

1983

1986

1986
	504

227

225

186

138

523

180

361

326

201

300

437

213

43

33

109

41
	7-11

6-7

6-7

6-7

6-7

6-7

6-7

6-7

6-7

6-7

6-7

7-11

4-5

3-17

4-13

7-9

13-15
	MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF
	GM 6.8

GM 6.1

GM 5.5

GM 6.1

GM 6.0

GM 7.0

GM 6.6

GM 6.6

GM 6.3

GM 6.6

GM 6.2

GM 8.4

GM 10.7

GM 21.2

GM 13.8

GM 7.4

GM 5.6
	10.8

9.7

8.9

10.6

9.7

11.0

10.4

10.4

10.4

10.6

9.8

15.7

19.7

36.2

22.4

13.0

10.4
	Goch - Suburban/Rural

Borken

Borken

Dulmen

Dulmen

Dortmund - Urban/Industrial

Lunen

Bottrop

Essen

Gelsenkirchen

Derne

Duisburg - Risk Areas

Stolberg

Stolberg

Stolberg

Stolberg

Stolberg
	Brockhaus et al. 1988

	
	1991
	93

185

124

157

147

127

195

227

426

260

113

110

147
	6

6

6

6

6

6

6

6

6

6

6

6

6
	MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF

MF
	GM 4.87

GM 5.08

GM 4.54

GM 4.47

GM 4.26

GM 4.29

GM 3.93

GM 5.08

GM 6.81

GM 2.79

GM 4.75

GM 4.5

GM 4.23
	9.55

9.70

91.5

7.70

7.20

7.45

6.35

9.20

12.9

8.38

8.90

6.90

7.05
	Duisburg-Nord - Western Germany

Duisburg-Sud

Essen-Zentrum

Gelsenkirchen

Dortmund=Nordwest

Dortmund-Noprdost

Borken

Halle - Eastern Germany

Leipzig

Magdeburg

Gardelegen

Osterburg

Salzwedel
	Begerow et al. 1994

	
	1985-1986
	2347
	25-69
	MF
	GM ≈16.0
	
	GerES I
	Seifert et al. 2002

	
	1990-1992

1990-1992
	713

3966
	6-14

25-69
	MF

MF
	GM 3.2

GM 4.5
	6.2

10.6
	GerES II


	Krause et al. 1996

	
	1998
	2342

2303
	18-69

18-69
	M

F
	GM 3.58

GM 2.63
	7.9

6.2
	GerES III
	Becker et al. 2002



	
	2001
	294
	3-14
	MF
	≈2.2
	
	GesER IV
	Seifert et al. 2002

	Greece
	1991-1994


	33

47

42

47
	43

46

44

46
	
	±1.0

±1.3

5.6 ±1.7

±1.7
	
	This study looked at four groups in Athens. The first was a control group, the second bus drivers, the third gas station employees and the final group were taxi drivers. 
	Kapaki et al. 1998

	
	1992?
	43

114

514
	Primary School

Primary School

Primary School
	MF
MF
MF
	GM 8.4 (5.9-15.9)

GM 6.5 (4.2-13.4)

GM 21.7 (7.4-79.8)
	P98=14.4

P98=11.7

P98=52.5
	Koroni

Tavros

Lavrion, smelter town
	Maravelias et al. 1994

	
	1995-1996
	Unk

Unk

Unk
	Children

Children

Children
	Unk

Unk

Unk
	4.6

5.2

3.0
	
	This study looked at children residing in 3 areas of Greece. The first is Athens, the second Aspropyrgos and the last Vrahati region in Peloponnisos.
	Maravelias et al. 1998

	Ireland
	1981
	21

70

43

61
	3-5 Rural

3-5 Urban

6-8 Rural

6-8 Urban
	MF
MF
MF
MF
	7.48 ±1.19

17.86 ±5.94

6.85 ±1.27

14.48 ±4.60
	
	
	Richardson, 1982



	
	1999

2000

2001
	?

?

?
	Primary School and pre-school children
	MF
	2–4 GM

2-3 GM

2 GM
	
	Survey of primary school children in areas of historical mining activity and elevated soil lead. Details of cohort size and PbB distributions not published.
	Office of Environmental Enforcement, 2004

	Italy
	1978-1979

1980-1981

1985-1986

1982

1982

1992

1992


	683

1029

651

639

2855

3806

25

34

235

211

25

18

40

36
	Adults

Adults

Adults

Adults

Adults

Adults

11

11

13

13

9

9

13

13
	M

F

M

F

M

F

M

F

M

F

M

F

M

F
	20.0 Median

14.0 Median

17.9 Median

12.2 Median

15.3 Median

10.0 Median

12.2 Median

9.6 Median

11.6 Median

9.0 Median

3.7 Median

3.5 Median

4.2 Median

3.7 Median
	
	
	Morisi et al. 1995

	
	1985
	630
	26 - 69
	MF
	14.8 Median
	
	Residents of Brescia and Verona
	Micciolo et al. 1994

	
	198?
	271

254
	Adults
	F

M
	GM 10.5 +/- 4.1

GM 16.0 +/- 6.3
	
	Data collected during a study of blood pressure in adults, generally aged 20 – 50 years.
	Apostoli et al. 1992

	
	198?
	720
	Adults
	MF
	GM 8.4 +/- 4.5
	
	Random survey of blood donor samples at a Bari Hospital
	Biava et al. 1992

	
	1990
	657
	15-78

56.3+13.8
	MF
	9.39
	25.1 (98th)
	Air lead data provided.
	Orlando et al. 1994



	
	1990
	213

207
	Adults

Adults
	MF

MF
	GM 7.9

GM 9.5
	
	Liguria shopkeepers

Genoa shopkeepers
	Perdelli et al. 1994, 1995

	
	199?
	21

23
	55.9+15.3


	M

F
	11.4 Median

(9.8-12.5)

8.1 Median

(6.4-10.2)
	
	
	Alberti-Fidanza et al. 2003

	
	1992


	927

74
	Adults

Children
	M

F

M

F
	GM 10.2

GM 6.9

GM 4.7

GM 3.8
	
	Survey of La Spezia residents 
	Neri and Palmieri, 1998

	
	1984

1996
	?
	Adults
	MF
	GM 12.9

GM 5.0
	
	
	Guberti et al. 1998

	
	2004
	108
	Adult blood donors
	MF
	3.9 ± 2.0
	
	Survey in Rome. Upper 75th % of 5.1 µg/dL
	Alimonti, A., personal communication

	Luxembourg
	
	
	
	
	
	
	
	

	The Netherlands
	199?
	313
	9-12
	M
	4.4 ±2.2 (0.08-16.0)
	
	
	Minder et al. 1998

	
	1992
	284

273
	1-6

1-6
	M
F
	5.3 (2.0-17.1)

4.8 (2.3-22.4)
	
	
	Van Wijnen et al. 1996

	Portugal
	
	
	
	
	
	
	
	

	Spain
	199?
	142

135

106

105
	Adults

Adults

Adults

Adults
	M

F

M
F
	GM13.2 ±1.8

GM12.1 ±1.6

GM11.2 ±1.6

GM11.4±1.9
	
	Non-occupationally exposed residing in industrial area

Non-occupationally exposed residing in industrial area

Non-occupationally exposed residing in agricultural area

Non-occupationally exposed residing in agricultural area
	Schuhmacher et al. 1992

	
	1984

1994
	112

228
	20-60

19-63
	MF
	18.6 ±6.6

8.1 ±4.5
	11.9
	This study conducted in Barcelona and contains info on air lead levels
	Rodamilans et al. 1996

	
	1984

1994

1995
	215

468

247
	20-60

19-63

18-65
	MF
MF
MF
	18.6

8.8

7.8
	
	Rural area of west Asturias
	Torra et al. 1997

	
	1989
	42
	2-14
	MF
	14.4
	
	
	Cabeza et al. 1991

	
	1992
	138
	1-3
	MF
	GM 5.7
	
	This study contains data on house dust, soil and water Pb levels.
	Cambra and Alonso 1995

	
	1993
	254
	15-62
	MF
	4.49 SE ± 0.22
	
	Also provides air lead data for various regions in Spain.
	Solé et al. 1998

	
	1993
	1158
	6.3 ±4.6
	MF
	4.49 SE ± 0.82
	
	Umbilical cord lead levels were reported to be 4.06 + 1.4 ug/dl and paediatric blood lead levels were 8.9 + 2.9 ug/dl. Study carried out in Barcelona.
	Solé et al. 1998

	Sweden
	1978-82
	522

546
	8-16

8-16
	M

F
	6.4 (2-25)

5.3 (1.5-16​)
	
	Study includes children residing in urban, rural & smelter areas.
	Schütz et al. 1984

	
	1978

1994
	142

156

215

49

44

42
	3-19

3-19

3-19

3-19

3-19

3-19
	MF

MF

MF

MF
MF
MF
	GM6.7 (2.4-21)

GM5.9 (2.4-18)

GM5.6 (1.8-25)

GM2.9 (1.3-9.7)

GM2.4 (1.2-4.9)

GM2.2 (1.2-12)
	
	Smelter town

Other urban

Rural area

Smelter town

Other Urban

Rural area
	Strömberg et al. 1995

	
	1978

1988
	1781

1781
	3-17

3-17
	MF

MF
	5.96 (1.4-25)

3.29 (1.5-7.1)
	
	
	Schütz et al. 1989



	
	198?
	15
	23-53
	F
	2.9 ± 0.8

(1.5-4.4)
	
	Study includes concurrent data on lead in air, dust, diet and faeces over the 7 day study period.
	Vahter et al. 1991

	
	1980
	473
	19-72
	MF
	7.2 Median
	
	
	Elinder et al. 1983

	
	1980-1984
	94
	Gen Popn
	MF
	2.5 ± 0.10
	
	Study participants were from Stockholm.
	Elinder et al. 1986

	
	1994 - 1996
	804
	Elderly adults
	MF
	GM 3.7 +/- 2.3
	
	
	Nordberg et al. 2000

	
	mid- 1990’s
	176

248
	49 – 92

49 - 92
	M

F
	GM 3.0

GM 2.4
	
	
	Baeckland et al. 1999

	
	1985
	127
	Children
	MF
	GM 3.5
	
	
	Andren et al. 1988

	
	1986
	133
	4-11
	MF
	GM 4.0 + 1.4

(1.4-8.4)
	
	
	Willers et al. 1988

	
	1992
	89 Urban

41 Reference

51 Mining

21 Reference
	25 months

18 months

46 months

50 months
	MF
MF
MF
MF
	3.1 ± 1.4 (.9-7.7)

2.7 ±1.2 (.9-7.3)

2.2 ±.89 (1.2-4.8)

2.1 ±.68 (1.1-3.3)
	P90=5.1

P90=3.9

P90=3.6

P90=3.1
	Capillary blood micro-sampling used.
	Berglund et al. 1994

	
	1991
	49
	0.7-7.4
	MF
	AM3.1 ±1.3

(13-79)
	
	Study also includes data on lead in soil and dust.
	Bjerre et al. 1993

	
	1992-1993
	89

14

51

21
	25 month

18 month

46 month

50 month
	MF
MF
MF
MF
	3.0 ± 1.4

2.7 ± 1.2

2.2 ± 0.89

2.1 ± 0.68
	
	Stockholm – urban community

Sundbyberg – urban reference community

Sala – mining community

Heby – Mining reference community

Study reports on soil and dust impact on blood lead levels for these 4 areas.
	Berglund et al. 2000

	
	1995-2001
	674
	7-11
	MF
	GM 2.1 (.6-8)
	
	No consistent change in blood lead reported between 1995-2001. Children residing near a lead smelter had GM blood lead levels of 2.4 ug/dl.
	Stromberg 2003

	UK
	1977

1980

1993

1984
	236

475

76

97
	21-44

21-44

21-44

2
	F
F
F

MF
	GM 14.7

GM 8.1

GM3.5

GM 11.7
	24
	Study contains data on lead in air, dust, soil, handwipes, diet and drinking water.
	Moore et al. 1998

	
	1983

1984

1985

1986

1987

1883

1984

1985

1986

1987

1983

1984

1985

1986

1987

1983

1984

1985

1986

1987
	113 Suffolk

96 Suffolk

72 Suffolk

80 Suffolk

72 Suffolk

116 London

91 London

66 London

71 London

65 London

118 Suffolk

101 Suffolk

109 Suffolk

115 Suffolk

94 Suffolk

138 London

105 London

92 London

94 London

70 London


	5-6

5-6

5-6

5-6

5-6

5-5

5-6

5-6

5-6

5-6

Mothers

Mothers

Mothers

Mothers

Mothers

Mothers

Mothers

Mothers

Mothers

Mothers
	MF

MF
MF
MF
MF

MF
MF
MF
MF
MF

F
F
F
F
F

F
F
F
F
F
	GM 6.8 ±1.4 (3-30)

GM 6.3 ±1.6 (2-23)

GM 6.4 ±1.4 (3-17)

GM 5.5 ±1.5 (3-16)

GM 5.2 ±1.5 (2-13)

GM 8.1 ±1.3 (4-18)

GM 7.6 ±1.5 (3-24)

GN 8.3 ±1.3 (5-19)

GM 6.5 ±1.4 (4-17)

GM 6.0 ±1.4 (4-17)

GM 5.3 + 1.6 (1-20)

GM 4.7 + 1.6 (1-20)

GM 4.9 + 1.5 (2-29)

GM 3.6 + 1.5 (2-11)

GM 3.7 + 1.5 (1-11)

GM 6.6 + 1.3 (4-16)

GM 6.4 + 1.5 (3-21)

GM 6.7 + 1.5 (3-21)

GM 5.6 + 1.4 (2-20)

GM 4.9 + 1.6 (2-20)
	
	Study designed to monitor blood lead levels 2 years before and 2 years after lead in petrol declined from 0.4 to 0.15 ug/l in 1986. Database contains data on levels of lead in air, drinking water, street dust, house dust and duplicate diet study.
	Barltrop and Strehlow, 1989

	
	1984-1985
	97
	2
	MF
	GM 11.7
	24
	
	Davies et al. 1990

	
	1984


	742

651

893
	16-75+

16-75+

6-7
	M
F
MF
	GM 11.9

GM 9.2

GM 9.9
	
	Study contains data on lead in air, soil & drinking water.
	UK DOE, 1986

	
	1985
	808

868

973
	16-75+

16-75+

6-7
	M

F

MF
	GM 11.4

GM 8.5

GM 9.2
	
	Study contains data on lead in air, soil & drinking water.
	UK DOE, 1987

	
	1987
	772

657

855
	16-75+

16-75+

6-7
	M
F
MF
	GM 9.3

GM 7.4

GM 7.3
	
	Study contains data on lead in air, soil & drinking water.
	UK DOE, 1989

	
	1991-1992
	380

249
	5-13.9

4.9-11.8


	M


F


	GM3.9±1.5

(1-15)

GM3.5±1.5

(1-10)
	
	
	O’Donohoe et al. 1998

	
	1992-1993
	93

78
	14-17

14-17
	M
F
	GM 4.71

GM 3.25
	
	Contains data on lead in drinking water.
	Macintyre et al. 1998

	
	1995


	204

324

1196

956

643

All

185

321

1276

1075

726

All
	11-15

16-24

25-44

45-64

65+

11-65

11-15

16-24

25-44

45-64

65+

11-65
	M

M

M

M

M

M

F

F

F

F

F

F
	GM 2.2

GM 2.7

GM 3.6

GM 4.1

GM 4.3

GM 3.6

GM 1.8

GM 2.1

GM 2.3

GM 2.9

GM 3.3

GM 2.6
	
	
	Primatesta et al. 1998

	
	1994
	146 Urban

139 Suburban

174 Rural

106 Industrial

All
	30-31 months
	MF
	GM 4.7

GM 2.8

GM 3.4

GM 3.2

GM 3.4
	10
	
	Smith et al, 1998

Golding et al. 1998


GM: Geometric mean; AM: arithmetic mean

Summary of Blood Lead Data

Blood lead levels appear to have declined in most countries over the course of the past decade. However, with a few exceptions, blood lead statistics reported are based upon relatively limited sample sizes. In addition, most blood lead were not conducted in accordance with randomised sampling protocols required to ensure that the values reported are indeed representative of the general population and/or that the frequency distribution of blood lead levels (where reported) is similarly representative. Studies conducted within the framework of the German Environmental Survey (GerES) program perhaps represent the most comprehensive and consistent sampling within the EU and provide a sound demonstration that adult blood lead levels in Germany have be in steady decline over the past 10 years and are now on the order of 2 – 3 µg/dL (geometric mean). The GerES program has also recently reported low blood lead levels for younger children. More limited, but informative, randomised surveys of reasonable size have also been conducted in Belgium, France, Italy, Spain, Sweden and the United Kingdom. In a number of instances these sampling programs suggest that current geometric meanadult blood lead levels are approximately 5 µg/dL or less.

Data for very young children is quite limited. The studies of Golding et al. (1998) specifically evaluated blood lead levels in children at an age (30 months) of potential heightened risk to both lead exposure and lead toxicity. The observed lead levels in this modern study were low (3.4 µg/dL), but whether such levels are representative of those throughout the EU is difficult to ascertain. Somewhat older children (age 3-6 years) have been included in other surveys, and equivalent blood lead levels observed, but generalizations regarding the typical blood lead levels of very young children are made difficult due to the limited data available.

Given the documented contribution of lead in gasoline to general population blood lead levels, trends in blood lead can further be interpreted within the context of the time frames during which the use of lead in gasoline was eliminated within each country. Figure 4.43 and Figure 4.44 depict blood lead data for adults (> 17 years of age) and children (0.5 – 17 years of age) as a function of time. Blood lead declines are readily apparent for children – geometric mean blood lead values in excess of 10 µg/dL were common through the mid 1980’s. Geometric mean blood lead levels of approximately 2 – 4 µg/dL are observed in the more recent studies in countries that have had long-standing policies for the phase-out of lead in gasoline. Higher blood lead levels (5 – 8 µg/dL) were evident in countries still engaged in lead in gasoline phase-out in the 1990’s, but may have declined since. Contemporary data are limited by the aforementioned caveats regarding the representativeness of the sampling strategies employed. Data are also extremely limited for children in countries that only recently eliminated the use of lead in gasoline.

Adult blood lead studies are more limited in number, but country specific trends in the data are evident. The most data, and the strongest downward trends, are evident for Sweden and the U.K. More limited trend data document declines in Belgium, France and Germany. Prior to the phase-out of dispersive lead applications, blood lead levels between 10 and 20 µg/dL were not uncommon, but now appear to have declined to between 2 and 5 µg/dL. Downward trends are least apparent for Spain and Italy, an observation potentially related to delayed phase-out of lead in gasoline, where geometric mean blood lead levels between 8 and 10 µg/dL were observed up through 2001. However, a recent unpublished study from Italy suggests that blood lead levels in these countries may be in rapid decline and may now be less than 5 µg/dL.

4.1.1.4.5 Bone Lead Measurements

Bone serves as a reservoir for lead and bone lead measurements can be interpreted as an indication of body burden. Analytical methods for measuring the level of lead in human bone have made significant advances over the past thirty years. Prior to the introduction of the non-invasive in vitro K-shell X-ray fluorescence (K-XRF) technique, bone lead measurements were limited to material collected from post mortem samples or ancient remains collected at archaeological sites and analysed by colorimetric methods or atomic absorption spectrometry following acid digestion (Barry & Mossman 1970, Barry 1975, Barry & Connolly, 1981, Jaworowski et al. 1981, Waldron 1981). However, with the introduction of in vivo X-ray fluorescence techniques, researchers have been provided with a tool to measure bone lead levels in both workers occupationally exposed to lead and within the general population.

While X-ray fluorescence can serve as a biological monitoring tool, its primary utility has proven to be in applications reserved for research and experimental studies. The analytical equipment required for K-XRF determinations is costly and expertise in measurement techniques is generally limited to the research community. Analytical sensitivity and precision can be problematic in analysis of bone lead levels resulting from current and recent environmental exposures in the general population. Accordingly, most studies conducted to date have focused on workers occupationally exposed to lead (Ahlgren et al. 1976, Christoffersson et al. 1986, Schütz et al. 1987, Tell et al. 1992, Börjesson et al. 1997, Gerhardsson et al. 1999, Berlin et al. 1995). Bone lead surveys are seldom conducted of the general population, although several occupational surveys have included bone lead determinations for referent groups that provide information on baseline bone lead levels resulting from environmental exposures (Roels et al. 1994, Drasch and Ott 1988, Erkkilä et al. 1992, Gerhardsson et al. 1993, Österberg et al. 1997, Börjesson et al. 1997, Bergdahl et al. 1998, Barry 1975, Somervaille et al. 1988, Morgan et al. 1990). Some caution should be exercised in the comparison of bone lead values made at different times and by different research groups, particularly as they pertain to absolute quantitation of lead levels in bone since methods for calculating the concentration of lead from K-XRF fluorescence spectra continue to be refined (Chettle et al. 2003). Such issues are of greatest importance in the interpretation of data reflecting relatively low general population blood lead levels.

EU Member States for which bone lead information was identified include Belgium, Germany, Finland, Sweden and the United Kingdom. These values are presented in the following Table 4.169. The levels of lead in bone reported in different studies, while of interest, are not strictly comparable due to differences in the analytical methods used, the date the studies were conducted, differences in the type of bone measured and the intensity and duration of lead exposure.

In consideration of the pharmacokinetics of lead, reference is frequently made to trabecular and cortical bone compartments – however, bones in the human body are composites of bone types. As a generalization, tibia is considered to mostly be cortical in nature while calcaneus is predominantly trabecular.

For workers occupationally exposed to lead, calcaneus lead levels range as high as 430 ppm while for tibia the observed upper limit is 167 ppm. On average, occupational bone burdens are usually less than 100 ppm. Where available the average blood lead level associated with the cohort under study is also provided. Progressive decreases in occupational exposure levels would be expected to decrease levels of lead in bone. The data presented are loosely consistent with this.

Bone lead levels in the general population are generally less than 5 ppm and would also be expected to decline over time. Whereas downward trends in general population blood lead levels have been very evident, the database for general population bone lead levels is far too limited to confirm exposure trends. Bone lead levels resulting from environmental exposure in the EU are, however, comparable to levels in the United States where the geometric mean bone lead from general population studies ranges from 4 to 6 ppm (Kosnett et al. 1994; Hu et al. 1996). Although limited toxicological significance can be attributed to bone lead levels per se., they can provide a useful index of historical exposure levels and may help verify the accuracy of physiologically-based pharmacokinetic model predictions of relationships between environmental exposures to lead and the development of lead body burden. The average bone lead levels observed will thus be of primary utility in Risk Characterization phases of the risk assessment.

Table 4.169:
Bone lead levels in occupational and general population of EU member states

	Country
	Study

Date
	N
	Age Group
	Exposure
	Average Blood Lead (μg/dL)
	Bone Lead

µg/g bone mineral
	Analytical

Method
	Comments
	Author

	Belgium
	1992
	68

76
	30-60

30-60
	Control

Occupational
	14.1

43.0
	21.4 (<15-69) Tibia 

65.8 (20-167) Tibia 
	XRF
	Geometric mean
	Roels et al. 1994

	Germany
	1984
	25

18

35
	<1

1-6

10-20
	General

population
	Unknown
	0.33 Temporal

0.33 Femur

0.26 Pelvic

0.62 Temporal

0.74 Femur

0.49 Pelvic

1.76 Temporal

1.18 Femur

0.63 Pelvic
	AAS
	Geometric mean
	Drasch and Ott 1988

	Finland
	<1992
	23

26

24

21

23

91

90

53

55
	36 Mean

41 Mean
	Control

Occupational
	3.7

30.0
	3.5 SD ± 10.8 Tibia

1.2 SD ±10.6 Calcaneal

10.3 SD ±28.6 Sternal

29.9 SD ±34.5 Ulnar

21.1 SD ±17.0 Tibia

76.6 SD ±55.3 Calcaneal

53.8 SD ±48.2 Sternal

54.6 SD ±34.3 Ulnar
	XRF
	Bone and blood lead levels are mean values
	Erkkilä et al. 1992

	Sweden
	<1976
	5


	67 Mean
	Occupational
	42
	55 SD ±8 Forefinger

66 SD ±5 Tibia
	XRF
	Bone and blood lead levels are mean values
	Ahlgren et al. 1976

	
	1979-82
	14
	49-64
	Occupational
	
	84 Finger
	XRF
	Bone and blood lead levels are mean values
	Christoffersson et al. 1986

	
	<1987
	27
	26-65
	Occupational
	
	29 (2-155) Vertebra

40 (<20-115) Finger
	XRF
	Bone and blood lead levels are median values
	Schütz et al. 1987

	
	1986
	20
	21-71
	Occupational
	36.6
	48 (-5-93) Tibia

130 (-8-430) Calcaneus

72 (9-180) Phalanx 
	XRF
	Bone and blood lead levels are mean values
	Tell et al. 1992

	
	1992
	137
	19-75
	Occupational
	
	30 (-13-131) Finger
	XRF 
	Bone and blood lead level are median values
	Borjesson et al. 1997

	
	<1999
	10

11
	47 Mean

71 Mean
	Occupational

Retired
	33

16.6
	38 (20-99) Finger

55 (26-88) Finger
	XRF
	Bone and blood lead levels are median values 
	Gerhardsson et al. 1999

	
	<1993
	70

30

31

10


	37.4 Mean

67.9 Mean

14.3 Mean

32.6 Mean
	Occupational

Retired

Reference

Reference
	31.9

9.9

4.1

3.5
	48.6 (0.4-218) Calcaneus

13 (-4-73) Tibia

100.2 (35-189) Calcaneus

39.3 2.9-73) Tibia

12.2 (-13-43) Calcaneus

3.4 (-9-13) Tibia

30.2 (-7-57) Calcaneus

12.0(-7-24) Tibia
	XRF 
	Bone and blood lead values are median values
	Gerhardsson et al. 1993

	
	<1997
	19

19

19
	45 Median

45 Median

Unknown
	Occupational

Occupational

Control
	37.3 

33.1

3.7 
	32 (17-101) Finger

16 (-7-49) Finger

4 (-19-18) Finger
	XRF 
	Bone and blood lead levels are median values
	Österberg et al. 1997

	
	1992
	71

18

27

8
	41

69

41

63
	Occupational

Retired

Reference

Retired
	33.1 

17.1 

3.7 

3.9 
	23 (-13-99) Finger

55 (3-88) Finger

3 (-21-16) Finger

1.5 -3-12) Finger
	XRF
	Bone and blood lead levels are median values
	Börjesson et al. 1997

	
	1986
	77

24
	43

49
	Occupational

Referent
	35

5.0
	25 (-5-193) tibia

52 (-20-458) calcaneal

10 (-6-36) Tibia

11 (-12-61) Calcaneal
	XRF
	Bone and blood lead levels are median values
	Bergdahl et al. 1998

	
	
	1
	36
	Occupational
	113.9
	20
	XRF
	Bone and blood lead levels are single measurements
	Berlin et al. 1995

	UK
	1966-73
	60

36

23

7
	Adult Male

Adult Female

Child <16

Adult Male
	Reference

Reference

Reference

Occupational
	20

16

12

31
	23.4 (3-73) Tibia

16.0 (1.5-45) Tibia

2.7 (0.2-6.2) Tibia

74.0 (16.6-221) Tibia
	Dithizone
	Bone and blood lead levels are mean values
	Barry, 1975

	
	<1987
	15

88

87

20
	49.3 Mean

41.3 Mean

45.5 Mean

27.7 Mean
	Occupational

Occupational

Occupational

Reference
	51.4

32.3

48.1

13.1
	30.9 ± 5.9 Tibia

18.2 ±1.7 Tibia

17.5 ±1.9 Tibia

9. 4 ±2.1 Tibia
	XRF
	Bone and blood lead levels are mean values
	Somervaille et al. 1988

	
	<1990
	59
	Adults
	Reference
	1.04
	7.2 (-2-42) Tibia
	XRF
	Bone and blood lead levels are mean values
	Morgan et al. 1990


4.1.1.4.6 Summary of Indirect Exposure Sources

As the preceding sections have indicated, no single set of indirect exposure estimates is applicable to all potentially exposed individuals. Available data suggest values specific to urban and rural environments for some environmental media such as soil or air. Age specific values are indicated for yet other exposure pathways. The following table summarised the exposure values that can be carried forward to Risk Characterization, but are exclusive of the estimates of impact that may be associated with local point source emissions:

Table 4.170:
Summary of typical and worst case indirect exposure estimates

	Exposure Media
	Typical Exposure
	Worst Case Exposure

	Air

- Rural

- Urban/Suburban

- Industrial
	0.01 µg/m³

0.05 µg/m³

0.10 µg/m³
	0.03 µg/m³

0.10 µg/m³

0.30 µg/m³

	Food

- Adult

- Child (post-weaning)

- Infant
	25 µg/day

4.2 µg/kg/week

4.0 µg/kg/week
	100 µg/day

7.0 µg/kg/week

7.0 µg/kg/week

	Water
	1.0 µg/L
	10 µg/L

	Soil and Dust Pb content

- Rural

- Urban
	40 mg Pb/kg

250 mg Pb/kg
	300 mg Pb/kg

1000 mg Pb /kg

	Soil and Dust Ingestion Rate

- Adult

- Child (12 – 72 months)*

- Infant (6 – 12 months)
	10 mg/day

40 mg/day

25 mg/day
	35 mg/day

135 mg/day

85 mg/day


* Variability in intake is expected as a function of age and is incorporated to modern exposure assessment models.

4.1.1.5 Combined exposure

Human exposures to lead are multi-media in nature and are the composite of exposure from food, water, air, soil and dust, products and (in some instances) occupational exposure. Assessment of the risk that may be associated with any single source of lead will thus be a function of the contribution of that source to the combination of all other exposure sources. Establishment of an exposure baseline is thus required if the relative impacts and importance of individual sources is to be assessed. Complicating any effort to establish an EU specific exposure baseline, as detailed in previous sections, is the changing level of exposure that has been occurring as individual countries have implemented policies to phase out dispersive applications of lead. These changes have occurred in accordance with different timetables in different countries, and have been mirrored by declines in monitored levels of lead in blood that vary on a country specific basis.

Two methods can be applied for establishment of the typical level of combined exposure that can serve as the exposure baseline for subsequent stages of this risk assessment. External lead exposure, as reflected by lead in different media and sources, can be summed for different sectors of the population and a typical combined exposure established. Alternatively, measures of lead in blood provide an indication of combined exposure from all sources. Ideally the two methods will yield comparable results in that the observed typical blood lead values for the population should be roughly concordant with estimates of that resulting from known exposure sources. If observed blood lead levels are higher than what would be expected based upon external exposure estimates, then major external exposure sources may have been underestimated or not detected. Conversely, if observed blood lead levels are significantly lower than the predicted composite impact of different exposure sources, erroneous assumptions may have been made in the quantification of exposures. 

The following table presents the typical lead exposures expected to be experienced by a 1-2 year old child (wt. 10.9 kg), a 5-6 year old child (19 kg) and an adult female (35 years of age) in the general population from all of the exposure sources described in the preceding sections. Separate estimates are derived for the urban and rural residential environments. Estimates of blood lead for children were made using the IEUBK lead exposure assessment model or children – with source apportionment as provided by the model. Model input parameter for soil and dust ingestion were as per the typical ingestion estimates made above and not the model default values. The exposure resulting from lead products for adults represents the total of all typical exposures described in Table 4.134. Estimates for 5 -6 year old children have been adjusted to eliminate contributions from lead crystal on the assumption the typical child does not consume alcoholic beverages. Adult blood lead levels were calculated using the O’Flaherty PBPK model and source apportionment estimated by comparison with slope factor estimates of exposure. Details regarding the derivation and use of these models is described in Section 4.225. Comparison of the predicted typical blood lead level to that observed in the EU then permits an assessment of the adequacy of the preceding exposure estimates.

Table 4.171:
Estimated Typical Combined Daily Lead Exposure and Incremental Blood Lead Increase

	Population
	Air
	Soil/Dust
	Water
	Food
	Products
	Total Pb

	Adult Urban
	0.05 µg/m3
0.15 µg/dL
	250 mg Pb/kg
0.092 µg/dL
	2 µg/d
0.18 µg/dL
	25 µg/d
2.3 µg/dL
	2.43 µg/d
0.24 µg/dL
	
3.00 µg/dL

	Adult Rural
	0.01 µg/m³
(0.032 µg/dL)
	40 mg Pb/kg
0.002 µg/dL
	2 µg/d
0.2 µg/dL
	25 µg/d
2.50 µg/dL
	2.43 µg/d
0.24 µg/dL
	
2.97 µg/dL

	Child 5-6 yr Urban
	0.05 µg/m³
0.01 µg/dL
	250 mg Pb/kg
0.71 µg/dL
	0.8 µg/d
0.08 µg/dL
	11.4 µg/d
1.59 µg/dL
	1.86 µg/d
0.26 µg/dL
	
2.7 µg/dL

	Child 5-6 yr Rural
	0.01 µg/m³
0.003µg/L
	40 mg Pb/kg
0.12 µg/dL
	1 µg/L
0.08 µg/dL
	11.4 ug/d
1.59 µg/dL
	1.86 ug/d
0.26 µg/dL
	
2.1 µg/dL

	Child 1-2 yr Urban
	0.05 µg/m³
0.01 µg/dL
	250 mg Pb/kg
1.0 µg/dL
	1.0 µg/L
0.03µg/dL
	6.5 µg/d
1.28 µg/dL
	0.16 µg/d
0.03 µg/dL
	
2.4 µg/dL

	Child 1 -2 yr Rural
	0.01 µg/m³
0.001 µg/dL
	40 mg Pb/kg
0.17 µg/dL
	1.0 µg/L
0.03 µg/dL
	6.5 µg/d
1.18 µg/dL
	0.16 µg/d
0.03 µg/dL
	
1.41 µg/dL


As expected, food is the major determinant of lead in blood for adults. Dietary lead is also an important source of lead for children, but soil and dust assume increasing importance for children as environmental concentrations of lead in soil and dust increase. Air, water and lead products are minor contributors to the blood lead of the typical adult or child, although greater importance is to be expected under some of the worst case scenarios that are being forwarded to Risk Characterisation. For example, air lead may be important around point sources, lead in water important where lead water pipe usage is common and individual product applications may be significant sources of exposure.

The preceding estimates of blood lead levels in adults and children compare favourably with observed blood lead levels in countries that have had long-standing policies on phase-out of dispersive gasoline uses (e.g. Germany, Sweden) and suggest that the baseline exposure estimates are reasonable. Higher blood lead levels are characteristic of countries late to phase out dispersive lead applications – the intricacies how exposure baselines may shift as patterns of product usage change will be explored more thoroughly in Risk Characterisation and the following sections on lead toxicokinetics.

4.1.2 Effects assessment: Hazard identification and dose (concentration) - response (effect) assessment

4.1.2.1 Introduction

In consideration of the overwhelming volume of data available on health effects of lead and its compounds, a clear preference has been given to the large number of human studies over those in animals. Use of animal data is made primarily for purposes of classification and labelling (acute toxicity, irritation and sensitisation) and for mechanistic studies.

Lead intoxication can adversely impact multiple organ systems and body functions, with effects varying as a complex function of exposure intensity and duration. In addition, there is considerable interindividual variability associated with susceptibility to lead toxicity, both with respect to the age of the exposed individual and yet to be adequately defined suspected genetic and nutritional determinants of susceptibility. However, generalizations can be offered with respect to the lowest levels of lead exposure associated with different aspects of adverse health effects. Assessment of the exposure duration and intensity profiles that will produce effects is also a complex function of lead pharmacokinetics that dictate the fashion in which lead is absorbed, retained and ultimately excreted from the human body.

Throughout this assessment it should be recognised that the primary substances for which this assessment is being conducted, lead metal (CAS no: 7439-92-1), lead oxide (CAS no: 1317-36-8), lead tetroxide (CAS no: 1314-41-6) and the lead stabilisers dibasic lead phthalate (CAS no: 69011-06-9), basic lead sulphate (CAS no: 12036-76-9), tribasic lead sulphate (CAS no: 12202-17-4), tetrabasic lead sulphate (CAS no: 12065-90-6), neutral lead stearate (CAS no: 1072-35-1), dibasic lead stearate (CAS no: 12578-12-0), dibasic lead phosphite (CAS no: 14141-20-7), polybasic lead fumarate (CAS no: 90268-59-0) and basic lead carbonate (CAS no: 1319-46-6) have seldom been studied in the toxicological literature. Their solubility is limited and bioavailability likely restricted. In contrast, studies with experimental animals have utilised soluble lead compounds such as lead acetate or lead nitrate. Occupational and general population studies monitor exposure to mixed forms of lead, often of unknown speciation. However, on the assumption that the lead ion released by these compounds to varying extents will behave similarly to that released by soluble or mixed environmental exposures, an assessment can be made of the toxicokinetics and health effects potentially associated with these substances. Compound specific adjustments for bioavailability are possible, but are not yet part of this assessment except under specific circumstances where lead release from specific consumer products has been characterised.

4.1.2.2 Toxicokinetics, Metabolism and Distribution

The toxicokinetics of lead has been reviewed in depth in the US Environmental Protection Agency Air Quality Criteria Documents for Lead (1977 and 1986), The International Programme on Chemical Safety-Environmental Health Criteria 165 for Inorganic Lead (IPCS 1995), and the US Department of Health and Human Service Toxicological Profile for Lead (ATSDR 1999). A summary of the toxicokinetics of lead is presented here based on literature cited in the above reviews where appropriate recent references are cited.

4.1.2.2.1 Absorption

4.1.2.2.1.1 Inhalation absorption

Inhalation of lead-containing aerosols increases lead exposure, but levels of systemic exposure realised will vary as a complex function of the particle size distribution, particle density and chemical speciation of the aerosol (IPCS, 1995; Spear et al. 1997; ATSDR, 1999). The mean mass aerodynamic diameter of inhaled particulate matter influences its pattern of deposition in the respiratory tract. This in turn affects mechanisms of systemic uptake. To date, most data characterizing lead-containing aerosols have focused upon total levels of airborne lead. However, the greatest biological relevance is exhibited by the inhalable fraction of the aerosol. The inhalable fraction of an aerosol is usually defined as the size fraction consisting of particles with a mean aerodynamic diameter of less than 100 µm. This size fraction is capable of entering the respiratory tract under realistic breathing conditions. The inhalable fraction of an aerosol can be further divided into fractions of smaller size, with each of these sub-fractions possessing differential physiological significance due to their patterns of deposition in the respiratory tract.

In general, inhaled particles greater than 20 µm mean aerodynamic diameter deposit in the upper airways with very limited penetration to the deep lung. Particles smaller than 20 µm constitute the “thoracic” fraction and are capable of penetrating to the tracheobronchial regions of the lung or deeper. The thoracic fraction also contains particles in the “alveolar” range (less than 10 µm) capable of deep lung penetration and deposition in the alveoli. Deposition patterns within the lung will vary as a function of breathing style (e.g., nasal vs. mouth breathing), but generalizations can be made as to the fate of different particle sizes (ICRP, 1994) as size diminishes below a mean aerodynamic diameter of 10 µm. Extrathoracic deposition predominates at 10 µm (approximately 50% of deposition) and gradually declines as particle size decreases to 1 µm (20% deposition) or 0.5 µm (10% deposition). Alveolar deposition increases as particle size decreases. Thus a 10 µm aerosol would yield 2% alveolar deposition, increasing to 8%, 15% or 20% as particle size decreases to 5, 1 or < 0.5 µm, respectively. Ambient air exposures to which the general population is exposed are typically 2.5 µm or smaller (PM 2.5) and result in significant alveolar deposition. In contrast, occupational aerosols (> 5 – 10 µm in diameter) will result in predominantly extrathoracic deposition.

The physiological fate of particles deposited in different regions of the respiratory system is quite different. Alveolar particles deposited in the deep lung generally undergo nearly complete dissolution over time and are available for systemic uptake with an efficiency that approaches 100%. The chemical speciation of such particles will influence dissolution rate but, within the context of long-term exposure, this rate will not significantly alter the quantity of lead absorbed by the body. Limited animal studies confirm that there is almost complete absorption of lead particles (0.1 to 0.5 μm in diameter) deposited in the lower respiratory tract. In rats, the clearance half-time from the lung is short (less than one hour) and 90 to 98% of the administered dose is absorbed within about 48 hours. As reviewed by Chamberlain (1983b) fine ambient particles that deposit in the deep lung of adult humans similarly undergo almost complete dissolution within 14 hr of deposition and are taken up into the blood.

Larger particles of the thoracic fraction, due to deposition in the tracheobronchial regions, are subject to mucociliary clearance and resultant transfer of the particles to the gastrointestinal system. The significance of this transfer process for the kinetics of lead absorption can be considerable. Instead of the nearly complete (~ 100%) absorption which occurs with alveolar deposition, the uptake of this size fraction will be governed by the 5 – 10% uptake efficiency within the gastrointestinal tract of adults and, accordingly, be 10 to 20-fold lower (higher gastrointestinal uptake rates would be expected for children so a smaller differential compared to uptake rates in the lung would be predicted). The chemical speciation of these particles may also affect their uptake in a fashion that has yet to be rigorously defined. Soluble lead species potentially can undergo partial dissolution during clearance and increase the efficiency of lead uptake.

Finally, larger particles of the inhalable fraction will deposit in the upper airways. Such particles will either be expelled from the body or enter the gastrointestinal tract. The uptake of lead from such particles will proceed in accordance with the kinetics of gastrointestinal uptake. Impacts of chemical speciation upon uptake are probable, as reviewed in the following section on ingestion uptake.

Air Lead/Blood Lead Relationship – General Population

Ambient exposures to airborne lead are usually to fine particles. The rate of deposition of particulate airborne ambient lead for the adult human, as likely encountered in the general population, is approximately 30-50% and is modified by factors such as particle size and ventilation rate. Forty to fifty percent of particles with a mean mass median aerodynamic diameter (MMAD) of 0.5 μm, such as that generated in the past by automobiles, are deposited primarily in the alveolar sacs or the lower respiratory tract of the lung. These small particles of inhaled lead, regardless of physiochemical form, (>90%) are almost completely absorbed after deposition in the lower respiratory tract.

There are two main approaches to measuring the relationship between blood lead concentration and direct exposure to lead in air: an experimental approach in which subjects are exposed to a measured concentration of lead in air and the change in blood lead is monitored, and an observational (epidemiological) approach in which population blood leads are correlated with environmental ambient lead in air concentrations. The relationship is expressed as a slope factor, which is the change in blood lead concentration (in micrograms of lead per decilitre of blood, μg/dL) for a change in air lead concentration of 1 μg per cubic meter (μg/m3).

The experimental approach gives a realistic measure of the air lead contribution to blood lead by the inhalation pathway only if lead exposure via the other pathways is kept unchanged. Another important limitation is that the experimental approach has only been used with adults, and results have to be extrapolated to children. Since several approaches have been cited in the literature for determining the air lead/blood lead relationship, an overview of these different analyses is provided here.

There have been no significant new experimental studies on the air lead/blood lead relationship. Most of the knowledge relates to work carried out before 1985. From studies of the air lead/blood lead relationship reported in the scientific literature, Snee (1981) concluded that the best estimate of the slope for the regression between air lead and blood lead was about 1 μg/dL blood lead per 1 μg/m3 air (a linear relationship). However, Hammond et al. (1981) described a curvilinear relationship between air lead and blood lead in which the value of the slope factor decreased as the blood lead increased. Hammond estimated the slope factor to be 1.26 for a blood lead of 15 μg/dL falling to 0.54 for a blood lead of 30 μg/dL. Hammond also found that the slope factors decreased with increasing air lead concentrations for the same blood lead levels. At a baseline blood lead level of 20 μg/dL, estimated slope factors are:

· 0.85 for an increase in lead-in-air exposure of 1 μg/m3

· 0.79 for an increase of 5 μg/m3
· 0.70 for an increase of 10 μg/m3
The data of Hammond showed that this divergence in slope factors with increasing lead exposure became more pronounced for baseline blood leads below 25 μg/dL.

Chamberlain (1983) examined both the available experimental and epidemiological evidence and noted that most published estimates of the slope lay between 1.5 and 3.0 μg/dL blood lead per 1 μg/m3 in air. The range reflects both the uncertainty associated with the study methodology and the biological variation in response over the ranges of air lead and blood lead covered in the studies. Chamberlain considered that a curvilinear relationship best described the data covering a wide range of blood lead concentrations.

The EPA (1986) reviewed the relevant literature and concluded that, for air lead exposures of 3 μg/m3 or less, there was no statistical difference between curvilinear and linear blood lead-inhalation relationships. EPA chose to use a linear slope factor of 1.64 to describe the change in blood lead for exposure to air lead levels in the range of 0.1 to 2.0 μg/m3 for adult individuals with blood leads below 30 μg/dL. This slope was an average of results from experimental studies on adults carried out by Kehoe (1961) slope 1.25; Griffin et al. (1975) slope 1.75; and Rabinowitz et al. (1973, 1976, 1977) slope 2.14. As EPA noted, inhalation slope estimates varied considerably both between individuals in a single study and between studies.

There are no quantitative data on the absorption of lead in children after inhalation exposure. It is known that young children weighing only one sixth of an adult inhale 40% of the daily volume of an adult and a proportionately higher daily air volume per unit measure (weight, body area) than do adults. A rate of deposition of lead particles in the children has been calculated, controlling for weight and taking into account differences in the anatomy of the respiratory tract, as 1.6 to 2.7 times that of adults. EPA derived a slope estimate for children of 1.96 μg/dL, based on observational population studies by Angle and McIntire (1979), Roels et al. (1980) and Yankel et al. (1977). This slope factor is for the direct impact of inhaled lead – elevation of air lead levels will also be associated with deposition of lead in soil and dust that children may ingest. The ingestion of this soil and dust will produce additional elevation of blood lead and to an extent that is comparable to the impact of direct inhalation. The magnitude of the contribution of indirect soil and dust deposition to the blood lead of a child will vary as a function of climate, hygiene and behaviour related factors. The combined impact of direct and indirect deposition pathways can increase the impact of 1 µg/m3 of lead in air to an elevation of blood lead by 3 – 5 µg/dL (IPCS, 1995).

Air Lead/Blood Lead Relationship – Occupational Exposure

Inhalation exposure to lead-containing aerosols represents a primary pathway for lead exposure in the workplace. A number of the industrial processes involved in lead production and use generate lead-containing aerosols. Aerosol generation can be due to fuming from pyrolytic processes (e.g., smelting) or physically abrasive process procedures (e.g., ore concentrate processing). The physical and chemical characteristics of lead-containing aerosols will vary significantly as a function of the processes that generate them.

Many occupational aerosols are relatively coarse and deposit in the upper airways. Clearance to the gastrointestinal tract then occurs where uptake kinetics are far less efficient than from the lung. As a result of this deposition pattern, the air lead – blood lead relationship in occupational settings is usually much different than that associated with general population exposures and is generally characterised by a far smaller slope factor. Process specific differences in lead-containing aerosols, even within the same facility, further mean that efforts to establish relationships between air lead levels and lead body burden in occupational exposure settings have difficulty generating consistent results. As a generalization, due to the coarse nature of occupational aerosols and resulting upper airway deposition patterns, increases in blood lead as a function of lead in air are usually much more limited than those observed in the general population as a result of ambient air lead exposure.

The use of lead in air measurements to monitor occupational lead exposure has a long history. Beginning as early as the 1920s the lead industry relied on voluntary standards to reduce their employees’ exposure to lead. Such practices generally consisted of engineering controls to reduce lead in air and the practice of good industrial hygiene principles (King et al. 1979). It was not until 1946 that the American Conference of Governmental Hygienists (ACGIH) established a guideline known as a threshold limit value (TLV) for establishing the acceptable level of lead in the workplace. The TLV was initially set at 150 µg/m3 for an 8-hour time weighted average (TWA). This TLV remained in place for 37 years, with the exception of the period between 1952 and 1972 when the TLV was raised to 200 µg/m3 (ACGIH 1996). Reduction of the ACGIH TLV to 50 µg/m3 has recently occurred. Air lead standards are now in place in most national jurisdictions.

In order to predict the effects on blood lead levels produced by changes in air lead levels, models were used that took into consideration the then known factors that affect blood lead levels. A physiological model developed by Bernard (1977), based upon experimentally determined properties of mammalian lead transport and lead exposure, has most frequently been employed in the derivation of current standards. Model predictions were compared to occupational studies that had evaluated the air lead/blood lead relationship. Efforts were then made to establish the mathematical relationship, or slope factor, defining the impact of air lead upon blood lead.

Numerous variables are now recognised to affect occupational exposure to lead and hence must be taken into consideration when evaluating the air/blood lead relationship. The studies initially used to test the Bernard model varied in their ability to control for these factors. Indeed, at the time the studies were conducted, the interaction of these factors was imperfectly understood. However, it is now recognised that the air lead-blood lead relationship can be influenced by the type of industry under study, the specific work area involved, individual work habits, respirator usage, length of job tenure, accuracy of the lead analysis, ingestion routes of exposure, the rigor of hygiene programs and the particle size and chemical speciation of the lead-containing aerosol.

One of the first detailed evaluations of the air lead – blood lead relationship was in a cross-sectional survey carried out by Williams et al. (1969) at an electric accumulator factory in the United Kingdom. This study yielded a relatively high slope factor and suggested an incremental increase of 0.19 µg/dL blood lead per µg/m3 air lead. The study was inherently limited by its design with small sample size (n-39) and a two-week observation period. This study reported that the average blood lead of the workers exposed to a 200 µg/m3 of lead in air would be 70 µg/dL with a range from 48-92 µg/dL. Reducing the air lead level to 150 µg/m3 was estimated to reduce the mean blood lead level to an average of 60 µg/dL.

In a later review of his study, Williams (1978) reported that the aerosol sampling results were not totally reliable due to possible calibration error of the personal monitors used in the study. He also noted that over one-third of the 39 individuals involved in the study were controls whose exposure to lead was minimal. The study also failed to consider particle size and solubility of the lead in the workplace. In light of these deficiencies and other factors, Williams subsequently concluded that “the derivation of air lead standards from blood lead standards is shown to involve fallacious reasoning”.

King et al. (1979) measured the air lead/blood lead relationship in three lead facilities in the United Kingdom. The plants included a lead-acid battery factory, a pigment manufacturer and a primary lead/zinc smelter. Particle size determinations and the solubility of the lead aerosol were determined for each facility. In all of the size/solubility fractions the lead in air versus blood lead correlation coefficients were relatively low. They reported a lower slope factor ranging from 0.03 µg/dL blood lead per µm3 air lead in the battery plant to 0.07 in the plant that manufactured pigments. A correlation between air lead and blood lead could not be determined for the primary lead/zinc smelter. In this facility, a large number of workers with high blood lead levels were observed in areas with low levels of air lead. While it is not stated, this may have resulted from the practice of transferring workers with elevated blood lead levels into areas of low workplace exposure. The authors concluded that lead in air measurements are not suitable for use as a primary hygiene standard for lead. However, they should be considered as useful indicators of changing conditions within the work environment and the potential for lead exposure.

Bishop and Hill conducted an unpublished cross-sectional study of 233 battery plant workers in six plants where the maximum air lead levels were below 200 µg/m3. When the results were analysed for each of the six plants, large differences were observed in the slope factors, ranging from 0.02 to 0.06 µg/dL blood lead per µg/m3 air lead. Bishop and Hill further calculated that a reduction in air lead from 150 µg/m3 to 100 µg/m3 would yield a blood lead reduction between 1.9 and 3.3 µg/dL. Moreover, only 2% of the variance in blood lead was attributable to air lead levels. The authors thus concluded that air lead levels are not the only determinant of blood lead levels. Rather, they suggested that pathways leading to the ingestion of lead might be the major determinant of exposure.

Gartside et al. (1982) monitored the air lead/blood lead relationship for approximately 900 battery plant workers in the United States over a three-year period (1974-1976). A statistically significant relationship was observed between air lead and blood lead for 1976, but only accounted for 9% of blood lead variance. No association between blood lead and air lead was evident for the 1974-1975 time frame. A decrease in blood lead and an increase in air lead characterised the 1974 period. In 1975, air lead levels decreased while blood lead levels remained stable. 

Based upon the 1976 data, Gartside et al. calculated a slope factor of 0.05 µg/dL blood lead per µg/m3 air lead. However, they cautioned that “two-thirds of the variability is not accounted for and must be attributed to other sources of variation as, e.g., direct ingestion, personal hygiene, smoking habits, individual biologic variability, outside sources of lead absorption, such as hobbies, activities and so forth. Even though the statistical model shows the anticipated reduction in blood lead due to a reduction in air lead, the relationship as shown in these data is not sufficiently strong to yield results which are meaningful for an individual worker.”

The preceding four studies uniformly concluded that there was a weak positive relationship between air lead and blood lead. Moreover, other sources of exposure variability (e.g., ingestion, personal hygiene, smoking habits) were noted to potentially be the primary determinants of blood lead.

Since these early seminal studies a number of other investigators have concluded that air lead is not the principal determinant of occupational exposure. Richter et al. (1979) evaluated the air lead-blood lead relationship in 62 battery plant workers. They reported that workers exposed to air lead levels between 50-190 µg/m3 had virtually identical blood lead levels (55-60 µg/dL). Based upon these observations, the authors concluded that, within the exposure range of 50 to 190 µg/m3, the contribution from personal work habits may outweigh the effects associated with airborne exposures.

Ibiebele (1994) recently reported a positive correlation between air lead and blood lead in workers employed at a lead-acid battery factory in the tropics. However, blood lead could not be predicted from measurements of air lead. This study had limited sample size (n=20) and some of the workers wore respirators. Overestimation of actual exposure for some workers thus probably occurred.

Kentner and Fischer (1994) evaluated the correlation between air lead and blood lead from a ten year retrospective study of 134 lead-acid battery production workers. Blood lead levels measured 39 µg/dL with a range of 1-98 µg/dL. Workplace air concentrations ranged from 15 to 289 µg/m3 with an arithmetic mean of 94 µg/m3. Little correlation was observed between air lead and blood lead. Air lead levels below the maximum allowable concentration (MAK) of 200 µg/m3 resulted in over proportionate increases in blood lead levels while the opposite was true when air lead levels exceeded the MAK. The authors concluded that any reductions in blood lead levels below 70 µg/dL need not entail lowering of the MAK value for lead.

However, several recent studies have suggested that there are circumstances where air lead may make a significant contribution to blood lead. Not surprisingly, these circumstances involve occupational settings with probable exposure to fine aerosols composed of soluble lead compounds. Døssing and Pauley (1983) evaluated workers employed at a lead/zinc ore processing mill in Greenland. The exposures in the mill were primarily to lead sulphide, with air lead levels being in excess 150 µg/m3 throughout the plant. Air lead levels were unrelated to blood lead levels and the authors concluded that lead in air measurements could not be relied upon as a primary standard for lead. Hygiene programs were instead found to be the preferred means of controlling blood lead levels. The authors had additional observations of interest regarding “guest workers” hired as welders to make structural changes in the facility. Although welding was not associated with air lead levels above those of the general facility, the welders experienced a sharp rise in blood lead levels over a relatively short period of time. Welding was suggested to result in exposure to fume containing lead oxide derived from lead sulphide dust contaminating the surfaces being welded. The generation of fume capable of alveolar deposition was hypothesised to pose atypically a high lead exposure risk.

Hodgkins et al. (1991) investigated the relationship between air lead and blood lead in 132 lead-acid battery plant workers from two manufacturing plants. The study was longitudinal in design, collecting air and blood lead samples from the workers over a 30 month period after the plants manufacturing technologies had been modernised. The improvements resulted in a reduction of mean air lead levels from greater than 100 µg/m3 to less than 30 µg/m3. After considering job category, seniority, age, ethnicity, gender and smoking habits there was a highly significant association of blood lead levels in one plant but not the other. Further analysis revealed that the most significant air lead-blood lead relationship was found in workers with less than 22 years of seniority. In workers exposed to >22 years, seniority, but not air lead, had a significant positive association with blood lead. The authors concluded that past high exposures to lead in air for more than 20 years may influence significantly the blood lead levels in workers with subsequent much lower exposures. This observation is of interest in light of what is now known about bone lead deposition and mobilization in long-term lead workers. The development of lead body burdens in workers with long-term occupational exposure introduces toxicokinetic considerations that have ramifications for management of the lead-exposed worker. With prolonged occupational exposure to lead, deposition of lead in bone will occur. The kinetics with which bone lead accumulation occurs have been characterised at European facilities (e.g., Roels et al. 1995). Such studies suggest that long-term occupational exposure to lead can result in bone levels on the order of 50 – 150 ppm. Bone lead is now known to be subject to mobilization as a function of normal bone remodelling processes and to contribute to the blood lead level of workers.

A follow-up analysis by Hodgkins et al. (1992) focused upon a subgroup of 44 workers who had been employed less than or equal to 22 years. For this subset of workers, an estimated average slope factor of 1.4 µg/dL blood lead per µg/m3 air lead was calculated. Several explanations were offered for this observation. Noting the non-linear nature of lead toxicokinetics, low air lead levels were suggested to make a proportionately greater contribution to blood lead than high air lead levels. Moreover, the technological improvements in engineering controls made to reduce air lead levels had a much higher capture efficiency for larger particles – selective capture of larger particles may have shifted the particle size distribution downwards, leaving a residual aerosol of lower concentration but consisting of smaller particles capable of deep lung penetration and absorption. Thus, reliance upon engineering controls may have increased the relative exposure risk posed by lead aerosols then might otherwise be assumed by comparison with other occupational exposure environments. The authors further suggested that previous studies were conducted at higher exposure levels and that “selection” made have occurred for individuals able to tolerate higher exposure. Finally, the longitudinal design of the study was suggested to impart greater reliability to estimates of the air lead-blood lead relationship.

Hodgkins et al. further assessed the impact of particle size upon subsequent blood lead levels. When the information on particle size distribution was applied to the Bernard model used by OSHA, no improvement was seen in the model’s ability to predict blood lead levels. Similarly, poor correlations were observed with ACGIH respirability models. However, when actual deposition models were used to predict blood lead and the lead aerosol was divided into the alveolar and extra-alveolar fractions, an impact of particle size upon worker blood lead levels was observed.

The majority of the studies evaluating air lead-blood lead relationships demonstrate that complex interactions between air lead, personal hygiene, personal habits, chemical speciation and particle size govern the exposure that is experienced by the individual worker. Although air lead contributes to occupational exposure, personal behaviour patterns that are determinants of ingestion have consistently been suggested to be the principle factor governing the development of lead body burden. Control of occupational exposures is thus best served by integrated procedures that seek to intervene in the multiple pathways that contribute to blood lead. Taken as a whole, the studies indicate that total air lead measures have limited predictive value for management of blood lead levels.

In many industrial settings, air lead-blood lead slope factors on the order of 0.05 are observed, suggesting that 200 µg/m3 air lead will contribute 10 µg/dL to blood lead. Such slope factor estimates are derived from industrial settings with high levels of lead-containing aerosols of mixed speciation and large particle size. In certain settings, where lead-containing aerosols are unusually fine and/or soluble, higher slope factors have been observed. Almost paradoxically, as suggested by the work of Hodgkins et al. (1992), the presence of ultra-fine aerosols posing greater exposure risk may be a product of reliance upon engineering controls to control exposure.

Estimation of air lead – blood lead relationships in the workplace would ideally be based upon considerations of particle size and chemical speciation. Unfortunately, only limited validation is available for efforts to do this. The particle size distributions that characterize different industry sectors, and indeed different processes within an industry sector, remain ill-defined. Uncertainty also exists with respect to the potential differential impact of chemical speciation upon the uptake of lead from different particle size fractions. Finally, inter-individual variability in lead uptake has been suggested, but experimental verification of this has been elusive.

Recent studies have confirmed the complexity of the factors dictating the characteristics of a lead-containing aerosol. Spear et al. (1997) determined particle size distributions and chemical speciation for lead aerosols at different locations within a US primary lead smelter. A personal inhalable dust spectrometer was used to collect 51 samples of lead aerosols generated by four different processes within the smelter. Significant process-specific differences occurred in the particle size distribution for the three relevant health-related fractions - inhalable, thoracic and alveolar. The coarsest aerosol occurred in the ore storage and milling areas and the finest in the sinter and blast furnace areas. The higher proportions of alveolar aerosol in the sinter and blast furnace areas suggest that lead exposure potential would be greatest in this area and different from that in the ore storage and milling areas.

Spears et al. also conducted speciation analysis of airborne samples and bulk samples collected in each of the departments. The study confirmed that lead aerosol mineralogy was diverse throughout the smelter. In general, lead sulphides were the predominant species in areas such as the ore storage and sinter plant while lead oxides were more common in the high temperature smelter areas. One can reasonably anticipate that aerosol characteristics will be similarly variable in other industry sectors that produce or use lead. This variability will be produced by the nature of the process generating the aerosol and the engineering controls that are used to limit aerosol dispersion.

Prediction of the air lead – blood lead relationship in the workplace is further complicated by the ingestion route of exposure. Exposure to lead in the workplace occurs via ingestion and inhalation, both of which can yield systemic exposure as evidenced by elevations in blood lead. Lead ingestion, generally of lead-containing dusts, will vary as a function of the personal hygiene practices of the individual worker and the overall cleanliness of the work environment. Personal habits such as frequent hand to mouth activity, smoking, and eating in the workplace provide opportunities for lead ingestion. The intensity of exposure resulting from such habits varies as a function of personal hygiene (e.g., hand washing frequency) and the levels of lead contamination on work surfaces. The extent of lead contamination in the work environment in turn varies as a process-specific function of the industrial setting. Industrial processes generating particulate lead products (e.g., lead oxide) can directly contaminate the work environment, with the level of workplace contamination being dependent upon the adequacy of production process controls and procedures used to handle and package product material. Contamination of the work environment will also occur as a function of aerosol generation and dust deposition from processes producing or using lead.

Ultimately, levels of lead ingestion in the workplace will be dependent upon lead loading on work surfaces, as modified by the behavioural patterns of the individual worker. Quantities of lead loading will in turn be dependent upon the rate at which lead deposition occurs and the rigor and frequency with which measures are employed to clean work surfaces and the general work environment.

A recent study by Askin and Volkmann (1997) investigated the relationship between personal hygiene and blood lead levels in a lead processing facility. Using wipe samples they measured the amount of lead remaining on the worker’s right hand after washing and then compared the results to the individual’s blood lead level. They found a highly significant association between the lead levels in blood and lead on the hand surface of the workers. Ulenbelt et al. (1991) also found that, in a secondary lead plant, hygienic behaviour was a major factor that modifies the relation between air lead levels and blood lead in groups of workers.

Lumens et al. (1994) studied the impact of hygienic behaviour and working methods on the uptake of lead in two lead processing factories. Each of the workers was evaluated to determine work habits such as tasks performed, respirator usage, removal of gloves, hand to mouth activity and their smoking, eating and drinking habits. Personal hygiene habits were further evaluated using a questionnaire. Behaviours related to ingestion of lead (i.e., smoking with contaminated hands, frequent hand to mouth contact and spitting) were significant predictors of lead exposure, suggesting that personal hygiene behaviours exert influence on the ingestion route of uptake.

Selection of a single value to characterize the air lead:blood lead relationship is not possible. In terms of a direct inhalation contribution to lead in blood, IPCS (1995) has suggested that exposure to 1 µg/m3 lead in air will most likely result in an increase in blood lead between 0.02 and 0.08 µg/dL. This range is thus adopted to characterize the occupational setting, with the understanding that deviations from this range are possible and that indirect uptake pathways (ingestion etc.) will potentially produce larger elevations in blood lead than might be predicted based upon measures of just air lead and predictions of air lead upon blood lead. These slope factor estimates are significantly lower than those used for assessing the impact of ambient exposures since 1) they are applicable to an 8 hr full shift exposure, not a 24 hr exposure; 2) upper airway deposition predominates in many occupational settings and uptake rates from the gastrointestinal tract are lower than occurs from the deep lung; and 3) non-linear toxicokinetics are more apparent at occupational exposure levels.

4.1.2.2.1.2 Oral absorption

Gastrointestinal (GI) absorption of lead mainly involves uptake from food and beverages, as well as lead deposited in the upper respiratory tract that is eventually swallowed. It also includes ingestion of non-food material, primarily in children via normal mouthing activity, which in the extreme, is the behavioural trait pica, which refers to the ingestion of such materials as soil, ash, paint chips and plaster. The extent and rate of gastrointestinal absorption can be influenced by age, fasting, nutritional calcium and iron status as well as by particle size, mineralogy, solubility, and lead species (IPCS 1995, ATSDR 1999, Mahaffey 1995).

Gastrointestinal absorption of lead occurs primarily in the duodenum. The exact mechanisms of absorption are uncertain, but appear to involve both active transport and diffusion through intestinal epithelial cells (transcellular uptake) or between cells (paracellular uptake), and may involve ionised lead and/or inorganic or organic complexes of lead. Observations of non-linear relationships between blood lead concentration and lead intake in humans suggest the existence of a saturable absorption mechanism or some other capacity-limited process in the distribution of lead in humans. These observations are confirmed in animal studies and mechanistic studies and indicate there is an effect of dose on absorption and upon other aspect of the biokinetics of lead. In general it is assumed that the saturable active transport pathways for lead uptake involve binding to receptors responsible for the uptake of calcium (and perhaps iron). Increased calcium requirements and active transport capacity have been one explanation offered for the enhanced uptake of lead by children. Passive uptake through a more general passive diffusion process is also presumed. As a consequence, the gastrointestinal uptake efficiency of lead will be highest at low lead exposure levels as an apparent reflection of active and passive transport uptake mechanisms. As lead intake increases, active transport pathways become saturated and further uptake is presumed to proceed through less efficient diffusion pathways. Exposure assessment computer models for lead (discussed in a later section) often adjust uptake efficiency from the gastrointestinal tract as a function of intake levels and decrease uptake efficiency as intake increases.

Although data are limited, gastrointestinal absorption appears to be higher in children than in adults. Estimates derived from dietary balance studies conducted in infants and children (ages 2 weeks to 8 years) indicate absorption of approximately 40-50% of ingested lead (Alexander et al 1974; Ziegler et al 1978). For reasons just discussed, this assumed uptake rate is only applicable to low exposure levels and must be adjusted downward as lead intake increases and saturation of active transport pathways occurs. In adults, estimates of absorption of ingested water-soluble lead compounds range from 20 to 70% in fasted subjects and 3 to 15% in fed subjects (Blake et al 1983; Heard and Chamberlain, 1983; James et al 1985). However, since most adult lead exposure is associated with the ingestion of food (and regular consumption of meals), the lower uptake estimates are most applicable in risk assessment. In general, uptake rates of 5 – 10% are most descriptive of dietary lead in adults with low blood lead levels. Whether fasting might increase lead uptake in young children is not known – uptake rates are only available for dietary lead sources. The difference in bioavailability of lead in fasted vs. fed subjects suggests that meal frequency could be a very important determinant of lead uptake in populations with irregular meal frequency (e.g. those with very low socio-economic status).

The mineral content of food is one contributing factor to the lower absorption of lead when lead is ingested with a meal. For example, the presence of calcium and phosphate in a meal will depress the absorption of ingested lead, perhaps by competition for binding sites that mediate uptake. Indeed, recent work has suggested that default assumptions of high (~ 50%) dietary lead uptake for very young children may be incorrect (Manton et al. 2000). Assumptions of high uptake are primarily derived from the older scientific literature and collected at a time of somewhat higher lead exposure. Lead uptake in very young children may increase as the ratio of lead to calcium decreases. This more recent work suggests that current estimates of dietary lead uptake for very young children are up to an order of magnitude too high. However, confirmation of this suggestion is needed before assumptions of lower uptake in children could be incorporated into risk assessment models.

There is very limited data on the absorption of lead in older children between the ages of 6-11 years; however, lead isotope profiles suggest that this age group of children may absorb a similar percentage of ingested lead as their mothers (Gulson et al. 1997). Experimental animal studies provide additional evidence for an age-dependency of gastrointestinal absorption of lead. The age at which children begin to exhibit the limited uptake kinetics of adults is uncertain but is likely at an age less than 6 years (Gulson et al. 1999).

A variety of factors are suspected to alter the uptake of lead from the gastrointestinal tract and are summarised in the following table:

Table 4.172:
Modifiers of gastrointestinal lead uptake

	Modifier of uptake
	Effect

	Age
	Uptake decreases as age increases in children; uptake in adults is lower than for children

	Fasting
	Increases lead uptake

	Iron deficiency
	Increases lead uptake

	Dietary calcium
	Inhibits lead uptake

	Calcium deficiency
	Increases lead uptake and bone lead mobilisation

	Lead speciation
	Higher uptake for soluble forms

	Particle size
	Uptake increases as particle size decreases

	Incorporation into soil
	Adsorption to soil decreases lead uptake


Lead absorption in children is affected by nutritional iron status. Children who are iron deficient have higher blood lead concentrations than similarly exposed children who have ample stores of iron (Wasserman et al. 1994). This suggests that iron deficiency may result in higher absorption of lead or, possibly, other changes in lead biokinetics that would contribute to lower blood lead concentrations. Animal studies indicate that iron deficiency increases the gastrointestinal absorption of lead, possibly by enhancing the binding of lead to iron binding proteins in the intestine. The magnitude of the effect of iron deficiency upon lead uptake in humans has been difficult to quantify. Wasserman et al. (1994), during the conduct of child development studies in Yugoslavia, observed that anaemic children in a heavily lead exposed area averaged 40.8 µg/dL while that of iron replete children ranged from 33.5 to 39.8 µg/dL, a potential indication that iron deficiency might increase lead uptake by approximately 10%. Wright et al. (2003) and Kordas et al. (2004) have further observed that iron deficient children are at increased risk of having a blood lead in excess of 10 µg/dL and although the differences have not been remarkable. For example, iron deficiency was observed by Kordas et al. in 27.8% of Mexican children with blood leads below 10 µg/dL and 35.5% of those above 10 µg/dL. However, interpretation of such differences is complicated by co linearity of the risk factors for lead exposure and iron deficiency – the two may be commonly associated because are markers of factors such as low socioeconomic status (Wright et al., 2003).

Nutritional intervention trials have been implemented to ascertain whether nutritional supplementation with iron and other micronutrients might be a useful adjunct to blood lead reduction efforts. Such intervention trials have generally observed that improved nutrition at best has limited beneficial effect upon levels of lead in blood. For example, Wolf et al. (2003) observed that children with initial blood lead levels of approximately 11 µg/dL had 10 – 15% declines in blood lead following iron supplementation. Other supplementation trials with iron and other mineral micronutrients proposed to modulate lead uptake have not produced blood lead reductions (Kordas et al., 2005; Rico et al., 2006) or produced modest elevations of blood lead (Sandstead et al., 1998). Under most circumstances, trace mineral deficiency and/or supplementation appear to have only limit effects upon lead in blood. However, given that nutritional deficiencies in and of themselves have adverse impacts upon child growth and development, such interventions are not to be discouraged,

Dietary calcium can also affects lead absorption if intake levels are inadequate and calcium deficiency results. Observations suggest that older children who are calcium deficient absorb more lead than children who are calcium sufficient with the magnitude of the effect being comparable to that of iron. Studies in adults and animals suggest that ingestion of calcium can lower the absorption of lead. Vitamin D, calcium, and phosphorus have complex and interrelated effects on lead absorption. Increasing the concentration of 1,25-dihydroxycholecalciferol, the active metabolite of vitamin D, increases the absorption of lead. However, this effect is dependent on the duration of lead exposure, the magnitude of the body lead stores, and the nutritional status of the child. This homeostatic mechanism for enhancing calcium uptake and its dependence on nutritional status, as well as body burden of lead, is complex and thus may explain the divergent results seen in children of both an association and lack of association of lead with vitamin D metabolism. As a generalization, calcium supplementation may offer little benefit in increasing lead uptake in older children who already have sufficient calcium in their diet (Markowitz et al. 2004).

Calcium supplementation may be beneficial for mothers during pregnancy and lactation. The calcium requirements of the developing foetus, or nursing child, place demands upon maternal calcium stores. Increased dietary uptake of calcium and lead was at first thought to result in women who were marginal for dietary calcium intake and to produce a 10% increase in blood lead in the third trimester (Rothenberg et al., 1994a). More recent studies suggest that calcium deficiency also enhances bone resorption and that releases of bone lead may occur as a consequence of changes in bone metabolism that occur to satisfy increased maternal calcium needs. Calcium supplementation appears to both decrease maternal blood lead during pregnancy and subsequent lactational transfer of lead by nursing mothers by decreasing mobilisation of lead from bone (Vega et al. 2002; Manton et al. 2003; Pires et al. 2002). Beneficial impacts of calcium supplementation upon pregnant woman are thus most mediated by the combined impacts of diminished lead uptake and decreased bone lead mobilisation. As noted earlier, and as will be discussed in greater depth within the context of lactational transfer, calcium may be somewhat more effective in limiting lead uptake in very young children.

The form of ingested lead will also influence the efficiency of uptake from the gastrointestinal tract. When particulate lead is ingested, uptake increases as particle size decreases. This is presumably due to differences in the relative dissolution of different sized particles as they transit the acidic conditions of the stomach. Different lead compounds also differ in bioavailability – higher uptake would be expected after the ingestion of soluble lead compounds (e.g., acetate) as opposed to insoluble forms such as the metal or the sulphide. The relative bioavailability of different lead compounds has been estimated by EPA to differ by an order of magnitude, with maximal uptake for soluble salts and minimal uptake for forms such as the metal.

Differences in relative bioavailability related to chemical speciation have also been well documented in studies of Superfund sites conducted by the United States Environmental Protection Agency (U.S. EPA, 2004). When placed within a soil or dust matrix, the bioavailability of compounds can be equal to, or only 1% of, that expected for soluble lead compounds such as lead acetate. However, little data exist for the specific lead compounds of concern to this Risk Assessment in terms of direct or indirect ingestion of pure compounds. Such compound specific information would be of particular value in assessments of exposure that might occur in the occupational setting.

Whereas water solubility can serve as a reasonable indicator of potential dissolution in some biological fluids (e.g. sweat or saliva), the highly acidic conditions of the stomach alter solubility properties and relative bioavailability. Animal feeding studies have observed that compounds with low water solubility at neutral pH, such as lead oxide (Barltrop, 1974) and basic lead carbonate (Barltrop et al. 1975), are taken up by rats with efficiency similar to soluble lead compounds. In contrast, lead metal powder has both low water solubility and lower gastrointestinal uptake rates, but the actual uptake rate will vary significantly as a function of particle size. Whereas 200 µm particles exhibit gastrointestinal uptake efficiency approximately one order of magnitude lower than for soluble compounds, a decrease in particle size to 6 µm (equivalent to the size of a particle that might be inhaled and subsequently translocated to the gastrointestinal tract) will increase uptake five-fold and largely mitigate potential impacts of speciation upon relative bioavailability (Barltrop and Meek 1979). Increases in uptake efficiency essentially occur as a function of increases in the surface area to volume ratio of the particle such that dissolution in the acidic conditions of the stomach is facilitated. Quantitative data for gastrointestinal uptake following the ingestion of metal particles > 200 µm in diameter are lacking, but relative bioavailability would be expected to decline as a function of increases in particle size.

The studies of Barltrop and colleagues were conducted prior to the development of current physiologic models for lead toxicokinetics – the treatment regimens employed were thus less than optimal in terms of establishing differences in bioavailability between different compounds. For example, modern studies of bioavailability would evaluate uptake of lead over the course of 14 days of lead administration whereas the studies of Barltrop utilised dosing regimens of two days. Thus, only limited confidence can be assigned to minor differences in bioavailability between compounds (e.g. lead oxide was suggested to be slightly less bioavailable than lead acetate while basic lead carbonate was somewhat more bioavailable). Large differences in bioavailability, such as that observed for lead metal and variations as a function of particle size, can be regarded with greater confidence. For purposes of risk assessment and exposure modelling in the occupational setting, in the absence of data to the contrary, the conservative assumption will be made that all water insoluble lead compounds will be taken up from the gastrointestinal tract with an efficiency equivalent to that for soluble lead compounds. Bioavailability adjustments for lead metal are feasible if adequate consideration is given to issues of particle size.

Given the preceding variables, and the non-linear nature of lead toxicokinetics, generalizations regarding the relationship between lead ingested in food or water and subsequent blood lead are difficult to make. However, as an approximation, observational data suggest a prolonged increase in ingested lead intake of 1 µg/day may elevate the blood lead of a child by 0.2 µg/dL. The corresponding increase for an adult would be 0.05 µg/dL (IPCS 1995). Due to nonlinearity in lead toxicokinetics, these estimates are only applicable to individuals in the general population with blood lead levels lower than 10 – 15 µg/dL.

The uptake of lead in ingested soil and dust is generally more limited than lead in food or beverages (U.S. EPA 2004). Several factors are suspected to be responsible for this. The speciation of lead in soil typically favours more thermodynamically stable forms (e.g., the sulphide). Lead in soil and dust also can be adsorbed to mineral particles and/or bound within the crystal matrix of such particles. Data further suggest that soil particles limit lead uptake through a competitive adsorption process wherein surface binding to soil particles restricts the amount of lead available for uptake. Stable isotope studies in human volunteers have confirmed the limited bioavailability of lead in soil (Maddaloni et al. 1998). Empirical modelling of soil and dust lead: blood lead relationships for children using the IEUBK model (see below) suggests that soil lead will exhibit relative bioavailability that is approximately 60% of that which occurs for dietary lead. Thus if the uptake rate of dietary lead is assumed to be 50%, the uptake rate from soil and dust is 30% (50% uptake multiplied by a 60% relative bioavailability factor).

The extent to which the bioavailability of lead is reduced by incorporation into the matrix of soil can vary considerably (Casteel et al. 2001, U.S. EPA 2004). An absolute bioavailability of 30% adequately describes soil lead – blood lead relationships in instances where soil lead levels have been elevated by anthropogenic emissions such as those from smelters or the recent use of leaded gasoline. However, bioavailability can be even lower in instances where lead in soil is elevated due to natural mineralization and/or from mining and ore processing sites (Cotter-Howells and Thornton 1991, Casteel et al. 1997, Rieuwarts and Farago 2000). Thermodynamically stable chemical species of lead appear form over time as a consequence of natural geochemical processes at many sites. Animal feeding studies (Freeman et al. 1994 and 1996), in vitro bioavailability studies (Oomen et al. 2002) and human exposure assessment surveys (TAC 1993) indicate that a further 50% or greater reduction in bioavailability can occur in such instances. In some circumstances, the uptake of lead from soil may be only 1% of that for soluble lead compounds (U.S. EPA 1994).

For purposes of assessing exposure risk, the simple uptake rate of ingested dietary lead can be presumed to be 50% in children and 5 - 10% for older children and adults. Lead ingested in the form of soil and dust can further be assumed to have an uptake rate of 30% in children and 3 - 6% in older children and adults. Further downward reduction of soil and dust lead uptake rates on a site-specific basis is feasible, but is best conducted with the support of in vivo or in vitro bioavailability studies. General correlations have been observed between lead in soil exposure risks at contaminated sites, soil lead bioavailability as reflected by animal feeding studies and bioavailability as determined by in vitro tests. The US EPA is in the process of preparing a guidance document that describes the conditions under which site specific adjustments to bioavailability can be made based upon the results of in vitro tests. It is anticipated that applicable test conditions will be defined within the context of relevant soil and contamination types for which sufficient validation has been conducted. Release of this guidance document was scheduled for 2005 but have been delayed.

The preceding uptake estimates are only applicable at general population blood lead levels lower than 10 – 15 µg/dL. Fractional uptake at higher levels of exposure would be lower. Since these uptake estimates do not reflect other variable and non-linear aspects of lead toxicokinetics, modification of uptake assumptions can be required when other aspects of lead toxicokinetics are taken into consideration. Compensation for nonlinear aspects of lead uptake is automatically made by the more sophisticated computer-based lead exposure assessment models to be discussed later.

4.1.2.2.1.3 Dermal absorption

Introductory comments

Dermal absorption of lead through unabraded human skin is considered to be minimal and thus absorption of inorganic lead compounds through the skin has previously been considered to be of less significance than absorption through the respiratory and gastrointestinal routes (Cohen and Roe 1991, IPCS 1995). The most recent guideline-conformed in-vitro dermal absorption study has established absorption of lead to be less than 0.1% (Toner & Roper, 2005). Other quantitative estimates of dermal absorption are limited (Hostynek 2003) in reliability, with the most rigorous study (Moore et. al. 1980) suggesting uptake on the order of 0.01 – 0.18%. However, the data from published studies on this aspect largely lack compliance with current guideline requirements, and their reliability and relevance for human health risk assessment is questionable.

Studies considered reliable for the assessment of dermal absorption

A recent in-vitro dermal absorption study (Toner & Roper, 2005) with human skin was conducted for lead oxide (litharge), according to OECD 428 and in consideration of OECD Guidance Document no. 28 for the conduct of Skin Absorption Studies (OECD, 2004), and in compliance with OECD principles of Good Laboratory Practice. Lead oxide was applied to skin samples at two different exposure rates corresponding to 100 µg/cm2 and 1000 µg/cm2, including a blank control. Only skin samples with a tritiated water permeability coefficient (kp) less than 2.5 x 10-3 cm/h were accepted in the study. Absorption was assessed by collecting receptor fluid samples in four 6 h fractions from 0‑24 h post dose. At 6 h post dose, the skin was washed with soap solution (2% v/v) and then dried with tissue paper swabs. At 24 h post dose, the underside of the skin was rinsed with receptor fluid. The skin was then removed from the flow‑through cells, dried and the stratum corneum removed by tape stripping. Receptor fluid, skin wash, 6 h tissue swab, stratum corneum, tape strips and skin samples were analysed by inductively coupled plasma‑mass spectrometry (ICP-MS). The analytical method had been fully validated in all sample matrices prior to conduct of the study. A full mass-balance was established for all test preparations. A summary of the mean results is provided in the table below. The parameters of interest; dislodgeable dose, unabsorbed dose, absorbed dose, dermal delivery and mass balance, are presented as ng/cm² and as % of the actually applied dose.

Table 4.173:
Summary of results, in-vitro dermal absorption study with lead oxide (Toner & Roper, 2005)

	Exposure level [µg/cm²]
	100
	1000

	Dislodgeable Dose (% of applied dose)
	95.63
	96.10

	Unabsorbed Dose (% of applied dose)
	99.51
	98.28

	Absorbed dose (% of applied dose)
	<0.01
	<0.01

	Dermal Delivery (% of applied dose)
	0.13
	0.05

	Mass Balance (% of applied dose)
	99.64
	98.32

	Dislodgeable Dose (ng/cm²)
	106,388
	993,173

	Unabsorbed Dose (ng/cm²)
	110,705
	1,015,669

	Absorbed dose (ng/cm²)
	5
	10

	Dermal Delivery (ng/cm²)
	148
	479

	Mass Balance (ng/cm²)
	110,853
	1,016,148


dislodgeable dose = skin wash + tissue swab; total unabsorbed dose = skin wash + tissue swab + stratum corneum
absorbed dose = cumulative content of receptor fluid after 24h
dermal delivery = skin samples + absorbed dose ; mass balance = total unabsorbed dose + dermal delivery

In conclusion, the absorbed dose (i.e., based on penetration to the receptor fluid) amounted to less than 0.01% of the applied amount, rendering dermal absorption as negligible. Lead retained in skin was reported between 0.05% and 0.13% of the applied dose.

Studies considered of limited reliability for assessment of dermal absorption

Moore et. al. (1980) reported dermal absorption rates in the order of 0.01 – 0.18%: Radiolabeled lead acetate solutions or creams were applied to the foreheads of human volunteers and absorption determined by measuring radiolabel in blood, whole body counting and 48 hr urine collection. Administration of an intravenous radiolabeled lead tracer was used to normalize results. On average 0.023% of administered dose was detected in blood and 0.177% by whole body counting – the latter value potentially being elevated due to skin abrasion during cleansing at the end of the treatment. Levels of urinary excretion were also low, but highly variable and deemed to be unreliable. Drying of the solution after lead acetate application reduced blood uptake levels to 0.01% but did not reduce whole body counts. Uptake increased if the skin were first scratched. Application in a cream yielded results comparable to wet application.

Bress and Bidanset (1991) compared the uptake of alkyl lead forms with that for lead oxide and acetate in human and guinea pig skin in vitro and in guinea pigs in vivo. Significant in vitro uptake levels (up to 6 %) were observed for alkyl lead compounds. Uptake in vitro could not be detected for lead oxide and was approximately 0.05% for the acetate. In vivo uptake of the acetate and oxide was not detected. Although these findings are quantitatively similar to those of Moore et al. descriptions of experimental procedures are limited, analytical quality control not specified and sensitivity limited.

Other investigators have offered higher estimates of dermal uptake. Stauber et al. (1994) reported that up to 26% of lead nitrate in solutions applied to the skin of human volunteers were taken up into or through the skin. This estimate is based upon differences between the amount of lead initially applied to the skin and that subsequently recovered – actual uptake was probably lower. Systemic lead levels (as measured by lead in blood) remained unchanged, although increases in lead excretion in sweat were observed. Application of lead metal, oxide and acetate (but not the carbonate) to the skin was similarly reported to increase the subsequent excretion of lead in sweat, although comparative dosimetry with the nitrate was not provided. Based upon analysis of stable isotopes, 0.2% of the skin-absorbed lead was reported to have appeared in blood. Follow-up studies in mice (Florence et al. 1998) estimated that 0.4% of aqueous lead acetate or nitrate applied to the skin of mice was absorbed through the skin to enter the circulatory system. Based in part upon earlier work on lead in sweat (Lilley et al. 1988; Florence et al. 1988), the authors postulate that lead uptake may involve uptake through sweat glands, or sequestration of lead within the skin, in a fashion that yields systemic partitioning different from that produced by ingested, injected or inhaled lead. By this rationale, traditional methods for body burden determination will underestimate the level of percutaneous lead absorption. The novel pharmacokinetic inferences implicit in this have not been reported elsewhere in the literature and are difficult to translate into alternate quantitative estimates of uptake suitable for risk assessment. When interpreted in accordance with standard models for lead metabolism and distribution, systemic uptake in these studies is comparable to that observed by Moore et al. (1980).

Sun et al. (2002) estimated that between 1.9 – 5.7% of insoluble lead forms (stearate, sulphate, oxide, and metal powder) applied to rat skin are taken up into the body. Higher uptake levels were suggested for the nitrate and the napthanate. However, the rodent uptake estimates are calculated values based on increased urinary excretion of lead for insoluble lead compounds relative to that observed for lead nitrate. The lead uptake rates for lead nitrate suggested by Stauber et al. were then used to estimate uptake – quantitative measure of systemic lead uptake in treated rats were not obtained by Sun et al. and the values presented are unlikely to be valid estimates of absolute uptake. Moore et al. (1980) had further observed that uptake estimates based upon urinary excretion were highly variable and unreliable. Sun et al. also observed a strong correlation between dermal exposure levels and blood lead levels in workers, with regression analyses suggesting that dermal exposure may yield systemic uptake 10 – 39% of that which results from inhalation exposure. However, this correlation was valid for hand lead levels and not for lead on body surfaces such as the lower back. The hand lead correlation was thus likely mediated, at least in part, by ingestion resulting from hand to mouth activity (Cherrie 2003) as others have suggested occurs in the workplace (Askin and Volkmann 1997, Karita et al. 1997).

Dermal absorption of lead was studied in several other studies, but these are of limited value in deriving quantitative estimates of uptake. Laug and Kunze (1948) reported that lead uptake through skin was too limited to be accurately quantitated. Lead napthanate contained in lubricating fluids elevated the blood lead levels of rabbits and human volunteers (Hine et al. 1969), but quantitative uptake estimates were not derived and analytical precision was limited. Similar inconclusive findings for both lead napthanate and acetate were reported by Rastogi and Clausen (1976). Finally, Marzulli et al. (1978) studied the effects of daily application of a hair dye containing 2% lead acetate to the scalp of human volunteers. Systemic uptake of lead was suggested by an increase in the lead content of hair in the pubic and underarm areas. However, hair lead levels are poor indicators of systemic exposure and blood lead levels were not measured. Estimates of dermal uptake rates cannot be derived from this study.

Published estimates of inorganic lead uptake through intact skin vary by some two orders of magnitude. However, the studies generating these divergent estimates are not comparable from a methodological standpoint. The majority of studies suggest dermal uptake of inorganic lead is extremely limited. The estimates of Moore et al. (1980) for lead acetate uptake in humans suggest an upper bound of uptake at 0.18% with some indications that uptake may actually be as low as 0.01%. This is consistent with the more limited, and less precise, findings of Bress and Bidanset (1991), Laug and Kunze (1948) and Rastogi and Clausen (1976). It is also in agreement with the studies of Florence and colleagues if traditional pharmacokinetics are assumed. Finally, in vitro dermal uptake studies conducted for the purposes of this assessment confirm the lower range of the uptake estimates made by Moore et al. Higher uptake rates have been suggested, but are based upon work with significant methodological shortcomings.

Based upon this analysis, dermal uptake of lead would appear to be extremely limited (i.e., less than 0.01% (for further use in risk characterisation, please refer to the general section in subchapter ). There is at present no basis to further adjust this estimate based upon solubility. Comparative uptake studies have been conducted with soluble and insoluble compounds but either have technical shortcomings (Sun et al. 2002) or do not present data adequate for comparison of possible compound specific uptake rates (Stauber et al. 1994). Complexation reactions on the skin surface may also minimize differences in uptake mediated by simple aqueous solubility. For example, the tendency of soluble compounds such as the acetate to form insoluble sulphide complexes upon application to the skin has been noted (Marzulli et al. 1978). Uptake rates higher than this would be expected for organolead compounds and potentially for inorganic species with large organic anions such as the napthanate. However, such compounds are not evaluated in this assessment. Finally, the cited uptake estimates were generally derived from the application of aqueous solutions or creams. Lower uptake might be expected if lead compounds were applied in a dry form.

4.1.2.2.1.4 Absorption summary

Based upon the preceding, the following generalisations can be offered regarding the uptake of lead from various environmental media and exposure routes. These summaries are put forward in recognition that the kinetics of lead uptake can be curvilinear in nature and subject to modification by a number of variables. The uptake estimates given are thus representative values that are only applicable to relatively low exposure levels yielding blood lead levels < 10 – 15 µg/dL. Modest deviations from these uptake rates can be made by various exposure assessment tools. For example, adult uptake rates of 8% are assumed by the O’Flaherty physiologically based pharmacokinetic model (see Section 4.1.2.2.5) to accommodate fluxes of lead into and from bone under chronic exposure conditions.

Table 4.174:
Representative lead uptake rates

	Intake route
	Adults
	Children

	Oral (food)
	10%
	50%

	Oral (soil and dust)
	6%
	30%

	Dermal
	<0.01%
	<0.01%

	Air (deep lung deposition)
	100%
	100%

	Air (upper airway deposition)*
	Variable
	NA


*Upper airway deposition is expected for many occupational aerosols and uptake will thus vary as a function of pulmonary deposition patterns and the extent of translocation to the gastrointestinal tract where GI uptake kinetics will predominate. Non-linearity as a function of exposure level imparts additional variability into upper airway uptake estimates. Given that upper airway deposition is expected primarily in the occupational setting, upper airway deposition is Not Applicable (NA) to children.

The following slope factor generalisations can be made to describe the impact of lead in different environmental media: higher or lower slope factors may be observed as a function of critical exposure variables that alter duration of exposure, the particle size distribution of lead (especially for air) or that modify the bioavailability of ingested lead. Curvilinear toxicokinetics will also tend to depress these slope factors at higher levels of exposure. The large slope factor difference between occupational and ambient air lead exposures is thus a function of eight hours of occupational exposure compared to 24 hr exposure to ambient air, non-linear toxicokinetics at elevated occupational blood lead levels, and predominantly upper airway deposition in the occupational setting that results in low GI uptake kinetics compared to the high rates of lead uptake that would result from alveolar deposition of lead in ambient air. Finally, slope factor relationships cannot be used in isolation to determine the impact of lead upon blood lead – they represent regression coefficients that define a best-fit line with a y intercept (blood lead) that is not zero. For example, slope factors for the impact of lead in air upon children do not consider indirect deposition pathways for exposure. Similarly, occupational air lead slope factors are only applicable when due consideration is given to the exposure baseline that results from uptake through other intake pathways.

Table 4.175:
Representative slope factors*

	Media
	Adults
	Children

	Ambient air (1 µg/m3)
	1.64 µg/dL
	1.92 µg/dL

	Occupational air (1 µg/m3)
	0.02 – 0.08 µg/dL
	NA

	Lead in Food (1 µg intake/d)
	0.05 µg/dL
	0.16 µg/dL

	Lead in Soil (1 µg intake/d)
	0.03 µg/dL
	0.10 µg/dL


* Blood lead increase from indicated incremental increase in exposure. The relationships are only valid for the exposure ranges at which they were derived. Impacts from ambient air, lead in food or lead in soil are thus applicable when baseline blood lead levels are 10 – 15 µg/dL or lower. Occupational air slope factors are relevant to occupational (e.g. > 30 µg/dL) blood lead levels. Occupational lead exposure is Not Applicable (NA) to children and slope factor estimates are not provided.

The toxicokinetic assumptions presented above are the “consensus values” suggested by agencies such as ATSDR (1999) and IPCS (1995) and are largely derived from empirical observation of lead-exposed populations. Deviations from these generalisations are to be expected, and higher or lower uptake rates may occur under specific circumstances as a function of lifestyle factors and/or and as a function of chemical speciation. Lead uptake will most likely to be influenced by such factors when ingestion is the primary route of exposure. For example, empirically derived estimates of lead in soil impact over- or under-estimate exposure if lifestyle factors (e.g., meal frequency) that have a significant modifying impact upon uptake were to differ for a specific exposed population of concern. These estimates also do not reflect potential impacts of chemical speciation upon uptake. Many of the compounds evaluated in this Risk Assessment are poorly soluble and would by way of conventional thinking be expected to have low bioavailability. However, with the possible exception of lead metal, available data are largely inadequate for estimating reductions in bioavailability as a function of chemical speciation. The toxicokinetic generalisations given here thus represent the most likely upper bound (worst case assumption) of what would be expected.

The imprecision implicit in the preceding generalisations can be addressed in situations where blood lead data are available to document the systemic exposure that results from a given lead compound or in a given exposure scenario. Thus, occupational exposure to individual compounds can be assessed and systemic exposures determined that reflect the net impact of exposure modifiers upon the air lead: blood lead relationship etc. In other situations (e.g., consumer exposures or indirect exposures via the environment), the initial speciation of lead compounds may be known and might be expected to have lower bioavailability than that observed for soluble lead compounds used in toxicokinetic studies. However, release into food, water or soil will be accompanied by changes in speciation that will be determined by the geochemical or physiochemical environment into which release occurs. The toxicokinetic parameters in the preceding tables represent the “worst case” assumption of exposure that will result under such circumstances. Revision of exposure estimates would be possible in situations where blood lead data or relative bioavailability data were available. In many instances, estimates of exposure would be reduced from those predicted based upon the toxicokinetic generalisations presented here.

4.1.2.2.2 Distribution

Once absorbed, inorganic lead appears to be distributed to both soft tissues (blood, liver, kidney, etc) and mineralising systems (bone, teeth) in a similar manner regardless of the route of absorption, implying the involvement of a common lead transport system. In general, the distribution of lead appears to be similar in children and adults, although a larger fraction of the lead body burden of adults resides in bone. The distribution of lead in the body is initially dependent on the rate of delivery by the bloodstream to various organs and tissues. A subsequent redistribution may then occur, based on the relative affinity of particular tissues for the element and its toxicodynamics there. For example, lead has a different half-life in the three distinct tissue pools. Blood lead is considered the most labile compartment with a half-life of 36 days, and bone lead the most stabile with a half-life of up to several decades but with significant variation with the type of bone in question. Lead in soft tissue has a half–life of approximately 40 days.

With consistent exposure for an extended period, a steady state of intercompartmental distribution is achieved; however, fluctuation can occur when short-term exposure is superimposed on the long-term uptake pattern. Several models of lead pharmacokinetics have been proposed to characterize the relative rates of distribution of lead to various tissue compartments, as well as the intercompartmental lead exchange rates, and retention of lead in various pools and these will be discussed further in a later section.

Blood and Other Soft Tissues

Lead in whole blood is situated in several distinct interconnected pools. More than 99% of blood lead in humans is associated with the erythrocytes (red blood cells containing haemoglobin) under steady-state conditions, but it is the very small fraction transported in plasma and extracellular fluid that provides lead to the various parts of the body. Within the red blood cell, 50% of lead has been traditionally viewed as being bound to haemoglobin A2, with approximately 5% bound to a 10,000-dalton fraction, 20% to a heavier molecule, and about 25% is considered “free” or bound to lower weight molecules. Recent studies (Bergdahl et al. 1997, Kelada et al. 2001) have suggested that binding of lead to the enzyme ALAD may be a predominant binding mechanism that sequesters lead within the erythrocyte.

In plasma, virtually all lead is bound to albumin and only trace amounts to high-weight globulins. The low concentrations of lead in plasma, relative to red blood cells, has made it extremely difficult to accurately measure plasma lead concentrations in humans, particularly at blood lead concentrations <20 μg/dL. Measurement of the “free lead ion” present in blood serum has been attempted and suggests that the free lead ion is only present at pM concentrations (Simons, 1993), far lower than the nM concentrations present in serum or the µM concentration in whole blood. For illustration purposes, at a lead level of 10 µg/dL (0.5 µM) in whole blood, serum lead levels would be expected to be approximately 0.1 µg/dL (5 nM) and free lead ions present in serum at a concentration of 20 pg/dL (1 pM). 

The fraction of lead present in blood that is available for transfer to soft tissues remains a matter of conjecture. While free lead ions are clearly available for transfer, and lead sequestered within the erythrocyte is not readily available for transfer, a significant fraction of the binding of lead to serum proteins is believed to be reversible. Biologically active levels of lead in the blood, as a worst case assumption, can be presumed to constitute 1% of the total concentration of lead in blood at lower blood lead levels (e.g. the entire pool of lead in serum).

At blood lead concentrations up to 40 - 60 μg/dL, whole blood and serum lead levels increase linearly in a positive manner (Manton et al. 2001). At higher blood lead concentrations, a curvilinear relationship is apparent and the serum lead to blood lead ratio increases dramatically. In vivo studies suggest that the departure from linearity at high blood lead levels may be caused by altered cell morphology, resulting in a reduced availability or stability of the lead binding sites in the erythrocytes. Alternatively, simple saturation of high affinity binding sites within the erythrocyte may occur.

Some studies have suggested that curvilinear relationships between blood lead and plasma lead will occur at lower levels. Smith et al. (2002) suggest that plasma lead nonlinearity will occur in women at blood lead levels above 25 μg/dL. However, only two individuals evaluated in their study had elevated blood lead levels and the limited sample size makes it difficult to generalize their findings. Some (Bergdahl et al. 1999) but not all (Abu Farsakh et al. 1987) studies have suggested departures from linearity in children at lower blood lead levels. The more recent work of Bergdahl et al. (1999) is the more rigorous from an analytical perspective and suggests that plasma lead levels at a blood lead level of 40 μg/dL will be 20% higher than if linearity is assumed. While of interest, particularly in the interpretation of dose response data for acute lead intoxication, suggestions of nonlinearity in the blood lead – plasma lead relationship for children appear to occur at exposure levels higher than those likely to be commonly observed.

As in red blood cells, lead in other soft tissues such as kidney, liver, and brain exists predominantly bound to proteins such as the lead binding proteins, metallothionein, and intranuclear inclusion bodies.

After age 20, most soft tissues (in contrast to bone where lead is stored) in humans do not show age-related changes. The absence of accumulation in most soft tissues results from a turnover rate for lead similar to that in blood. Based on autopsy studies, soft-tissue lead content for individuals not occupationally exposed is generally below 0.5 μg/g wet weight, with higher values for the aorta and kidney cortex. Brain tissue lead content is generally below 0.2 μg/g wet weight and shows minimal change with increasing age (Legget, 1993). Establishment of a precise relationship between blood lead and brain lead is difficult since the uptake rate from blood to the brain appears to be low but the retention time of lead in the brain is long with an estimated retention half life of 2 years. Moreover, distribution within the brain is not homogeneous with preferential retention in calcium rich areas (Legget, 1993). Selective accumulation in the hippocampus has been observed in both adults and children, but may be an artefact of dry rather than wet weight in the analyses (Widzowski and Cory-Slechta, 1994). Acute lead intoxication can be accompanied by disruption of the blood-brain barrier and will increase the uptake rate of lead into the brain.

In animals, lead is widely distributed to soft tissues initially, then redistributes and accumulates in bones. In general, the liver, lungs, and kidneys of rats show the highest tissue lead concentrations immediately after acute exposure by inhalation, oral, dermal, and intravenous routes. The lead content then gradually increases in the bones, while levels in soft tissues begin to decline and stabilize.

Placental transfer of maternal lead has been observed to begin in the 12th week of gestation and continues to term. Although modest elevations in lead concentration are found in foetal membranes, the correlations of membrane and antenatal lead are low suggesting that other factors in addition to environmental lead, such as stress, may influence the amount of lead accumulated in the placental membranes. It is the small amount of lead in plasma, which is not bound to large proteins which is presumed to cross the placenta to the foetus. Pregnancy can increase the total lead content of the plasma due to the normal 20-30% increase in the plasma volume. Although excretion of lead is increased during pregnancy, the plasma lead pool is still available to the foetus. Also, a general mobilization of lead stores during pregnancy may increase the lead pool available to the foetus from internal stores. An increase of lead levels in the latter half of pregnancy is potentially significant since the development of the brain and the nervous system occurs during this time period. As described in greater detail in the discussion of prospective studies of child development (see Section 4.1.2.7.1) umbilical cord blood lead levels at birth are usually about 85% of maternal blood lead levels. Variability in the cord blood lead:maternal blood lead relationship is observed and cord blood levels can be slightly higher than maternal blood lead levels in some pregnancies. However, the strong relationship between maternal blood lead and cord blood lead appears to be linear at least up to maternal blood lead levels of 40 µg/dL (Graziano et al. 1990).

Bone

In adults, approximately 94% of the body burden of lead is in mineralised tissues such as bone and teeth, whereas only 73% of the body burden in children is located in this compartment. Lead is not distributed uniformly in bone. Lead will accumulate in those regions of bone undergoing the most active calcification at the time of exposure. Lead forms highly stable complexes with phosphate and can replace calcium in the calcium-phosphate salt, hydroxyapatite, which comprises the primary crystalline matrix of the bone. As a result, lead deposits in bone during the normal mineralising process that occurs during bone growth and remodelling and is released to the blood during the process of bone resorption. Physiological states (pregnancy, menopause, advanced age) or disease states (osteoporosis, prolonged immobilization) that are associated with increased bone resorption will tend to promote the release of lead from bone which, in turn, may contribute to an increase in the concentration of lead in blood.

During infancy and childhood, bone calcification is most active in trabecular bone, whereas in adulthood, calcification occurs at sites of remodelling in cortical and trabecular bone. This suggests that lead accumulation occurs predominantly in trabecular bone during childhood, and in both cortical and trabecular bone in adulthood.

Two physiological compartments appear to exist for lead in cortical and trabecular bone. In one compartment, bone lead is essentially inert, having a half-life of up to several decades. A labile (unstable) compartment exists as well that allows for maintenance of equilibrium of lead between bone and soft tissue or blood. Labile lead is most likely that bound to bone surfaces by simple ion exchange processes. Inert lead likely represents material incorporated into the bone mineral matrix. The presence of labile lead may be a more accurate predictor of recent exposure or imminent toxicity than total body or whole blood burdens. Although a high bone formation rate in early childhood results in the rapid uptake of circulating lead into mineralising bone, bone lead is also recycled to other tissue compartments or excreted in accordance with a high bone resorption rate. Thus, most of the lead acquired early in life is not permanently fixed in bone. In general, bone turnover rates decrease as a function of age, resulting in slow attainment of steady state or increasing bone lead levels among adults.

The retention time of lead in bone has been best characterised for adults, but recent studies have emphasised the complexity inherent in calculating bone lead turnover rates. Bone lead is in a dynamic equilibrium with blood lead and calculation of retention times must take in account changes in ongoing exposure that influence levels of lead in different body compartments and the movement of lead between cortical and trabecular bone. Whereas early studies suggested retention halftimes on the order of 20-30 years in cortical bone, more recent work (Brito et al. 2000) suggests half-life in this compartment is on the order of 12 years. Retention times in trabecular bone have historically been estimated as being on the order of 16 years but is likely shorter as well (Bergdahl 1998) and just slightly less than that for cortical bone.

During pregnancy, the mobilization of bone lead increases, apparently as the bone is catabolised to provide calcium for formation of the foetal skeleton. The mobilization of bone lead during pregnancy may contribute, along with other mechanisms such as increased absorption, to the increase in blood lead concentration that has been observed during the later stages of pregnancy. Some evidence suggests that calcium supplementation will minimize mobilization of lead from bone, presumable due to decrease need for skeletal catabolism to supply calcium need for foetal bone development. Other physiological stressors that effect calcium balance will also likely increase bone lead mobilization. Thus lactation and osteoporosis may mobilize lead from bone.

Bone lead is a major source of blood lead concentration in people with a history of occupational exposure and it has also been reported to be a source of elevated blood lead levels in some older people with previous ambient exposures to lead. Although lead in bones has been thought to increase continuously with age, there is evidence that lead levels in some bones such as the mid-femur and pelvic bones decrease with age. Moreover, comparisons of bone lead concentrations have typically been cross-sectional in nature. Lead exposure has shown sharp downward trends in many countries, meaning that the older participants in cross-sectional studies likely exhibit higher bone lead levels as a result of higher levels of exposure earlier in life. Modern pharmacokinetic models (see below) suggest that bone is in dynamic equilibrium with lead in plasma and that under steady-state exposure conditions the concentration of lead in bone will remain relatively constant. If bone lead levels are increased by occupational exposure, these levels will decrease when exposure ceases (Nilsson et al. 1991).

Teeth

Lead deposition also occurs in human teeth and tooth lead levels have often been used as an index of exposure. Measurement of tooth lead is most conveniently done for the shed deciduous teeth of children and provides a convenient cumulative index of exposure in early life. Lead deposition begins in utero and continues at least through the eruption of the tooth. Levels and patterns of lead deposition in teeth vary (Franck et al. 1999) as a function of the type of tooth sampled and the portion of the tooth analysed (e.g., enamel, dentin or whole tooth) in relation to the intensity of lead exposure at the time of mineral matrix deposition. The ease with which teeth can be collected and analysed enhances use of tooth lead as a versatile exposure measure of cumulative exposure. In addition to studies of the health of contemporary children, tooth lead analysis can also be applied on an archaeological basis (Yoshinaga et al. 1998) to study historical sources and intensity of lead exposure. However, tooth lead data can be somewhat difficult to interpret since tooth lead levels serve as a cumulative index of exposure over a time frame of months to years - the timing and duration of any lead exposure peaks are can be difficult to detect. However, relationships between tooth lead levels and overall cumulative serial blood lead levels can be expected.. Comparisons of tooth lead levels between studies and/or groups of children are thus of optimal relevance when analytical methods, tooth types and temporal patterns of exposure are comparable.

Bone Lead Mobilisation

Bone lead burdens characteristic of both the general population and occupational setting make a contribution to blood lead levels. Bone remodelling processes are continuous and lead contained in bone can be released back into blood as bone mineral matrix is catabolised and then rebuilt. However, quantitative estimates of the contribution of bone lead to current blood lead are difficult to make and vary as a function of exposure history, the concentrations of lead in different bone compartments and the physiological status (e.g., calcium status) of the individual. Precise estimation of bone lead – blood lead relationships is further complicated by the large difference in lead turnover kinetics in the different body compartments.

Fleming et al. (1997) evaluated the relationship between bone lead (measured by XRF) and blood lead in occupationally exposed workers after reduction of exposure due to a prolonged labour strike. Regression models suggested that each ppm of lead in cortical bone mineral yielded 0.14 μg/dL of blood lead. The impact from lead in trabecular bone was approximately half of this value. Follow-up evaluations conducted after a resumption of exposure yielded similar positive correlations, though much reduced in statistical significance (Brito et al. 2000). As had been previously suggested by Bergdahl et al. (1998), correlations were strongest with cumulative estimates of blood lead. Bergdahl et al. have further suggested that the relationship between blood lead and bone lead will be complex in the occupational setting since there are non-linear relationships between blood lead and plasma lead, with plasma lead being the proximate body reservoir mediating the exchange of lead between bone and the soft tissues.

Bone lead levels in the general population are lower than those that can be measured with good accuracy by XRF, but Hu et al. (1996) observed bone lead – blood lead relationships similar to those seen in occupational studies (about 0.1 μg/dL for each ppm of lead in bone mineral). The significance of bone lead contributions to blood lead under conditions of general population exposure has also been assessed using stable isotope techniques. For example, individuals who move from one geographic region to another begin to exhibit blood lead isotopic signatures that reflect the isotopic fingerprint of current environmental exposures. However, the skeletal lead in these individuals will largely reflect the isotopic signature of their previous exposure. If there is sufficient difference between the isotopic ratios of skeletal and current environmental lead, the “mixed” isotopic signature for blood lead permits assessment of the relative proportion of blood lead from skeletal sources. Thus, in a preliminary study of four individuals undergoing hip or knee arthroplasty, Smith et al. (1996) estimated that between 40 and 70% of blood lead was of skeletal origin. Although the proportion of blood lead derived from bone was high, all individuals had blood lead levels less than 6 μg/dl.

Potential mobilization of lead from bone has been of particular concern (Silbergeld 1991) for populations with medical conditions (e.g., pregnancy, osteoporosis) that might increase bone resorption and increase bone lead mobilization. Stable isotope techniques have been useful in evaluating this. Gulson (2000) evaluated the isotopic signatures of lead in blood from14 pregnant women who had recently immigrated to Australia. Thirty-three percent (33%) of blood lead was estimated to have come from bone (range: 10 – 88%). The blood lead levels of the study subjects ranged from 1.9 to 4.0 μg/dL at the start of the study and decreased during the first half of pregnancy as a presumed effect of hemodilution. Blood lead levels then increased during the second half of pregnancy to reach pre-gestation levels. Initial decreases and subsequent decreases in blood lead during the course of pregnancy had been previously reported by Rothenberg (1994a) but these earlier studies could not preclude the possibility that a rise in blood lead during the second half of pregnancy might not be due to factors such as increased gastrointestinal uptake. Through use of stable isotope analysis, mobilization of lead from bone could be demonstrated to occur.

Others have reported similar changes of blood lead as a function of pregnancy. Rothenberg et al. (2000) reported average prenatal and postnatal blood lead levels in pregnant women of 2.2 and 2.8 μg/dL, respectively. Increases in postnatal blood lead levels correlated with levels of lead in calcaneus, but not tibia, bone. Independent studies (Hertz-Picciotto et al. 2000; Lagerkvist et al. 1996) further suggested that increases in blood lead during pregnancy were associated with limited dietary intake of calcium that increased maternal reliance upon bone lead stores of calcium to supply the needs of the rapidly developing foetus. Dietary calcium supplementation has thus been suggested to minimize bone lead resorption (and lead mobilization) during pregnancy (Johnson 2001). Overall, increases in blood lead during pregnancy are modest and are not reported to be accompanied by disproportionate increases in plasma lead (Gulson 2000).

As noted earlier, stress upon maternal calcium stores can also result during lactation with a subsequent increase in bone lead mobilization (Sowers et al. 2002; Tellez-rojo 2002; Gulson 2000). Calcium supplementation has similarly been suggested to minimize this effect (Pires et al. 2002).

Loss of bone mass occurs with aging and can be particularly evident during menopause and/or with osteoporosis, leading to concern that postmenopausal women might be at particular risk (Silbergeld et al. 1988). Consistent with this hypothesis is the general observation that blood lead levels increase with age, with increases being greatest among null-parous women. At current blood lead levels the observed differences can be small and on the order of 1 – 2 μg/dL or less (Hernandez-avila and Villalpando 2000; Weyermann and Brenner 1998) and alterations with parity are not always evident (Symanski and Hertz-Picciotto 1995). However, observed increases in blood lead in post-menopausal women not using oestrogen correlate with measures of bone lead (Korrick et al. 2002). Mobilization of lead from bone is reduced by hormone replacement (Webber et al. 1995) and biphosphonate (Gulson et al. 2002) therapy.

Disease states that dramatically increase rates of bone resorption may produce larger increases in blood lead, particularly if there is a history of occupational exposure. Case studies (Berlin et al. 1995) have documented sharp increases in blood lead in association with skeletal disease.

The sequestration of lead in bone also influences interpretation of blood lead trends during changing exposure conditions. As noted earlier, the phase-out of several dispersive lead applications has significantly reduced the current exposure of adults and children within the EU. The interaction between the bone pool and blood pool of lead plays a primary role in lead toxicokinetics and the rate at which blood leads decline after exposure reductions. In general, the higher and longer the exposure, the greater the bone pool (greater body burden), and therefore the longer the time required for a decline in blood lead. Modelling results suggest that bone-lead mobilization can impact blood-lead levels of young children for considerably long periods following an intervention. This may explain the seemingly contradictory fact that small declines in blood lead concentrations can observed despite the significant reduction in residential dust, paint, and soil-lead levels observed following lead hazard interventions. An intervention that reduces a 5 year-old-child’s total lead exposure by 50% might, due to mobilized bone-lead stores, produce only a 25% decline in the child’s blood-lead concentrations measured 12 months following the intervention. Also, those intervention strategies for which less than 25% declines were observed 12 months following the intervention likely eliminated less than 50% of the children’s total lead exposure (Rust et al. 1999; Rabinowitz 1991, O’Flaherty et al. 1995). In a prospective study, Manton et al. (2000) identified 6 children whose blood lead rose and declined under conditions that allowed for a known duration of exposure. Children with a brief exposure had a half-life for elevated blood lead between 8 and 11 months. Children with prolonged exposure exhibited a half-life of 20-38 months. Roberts et al (2001) determined how long it took for blood lead levels to fall below 10ug/dl in children under conditions of active case management without chelation. The study was designed as a retrospective analysis of venous blood lead data of lead-poisoned children followed in a case management program designed to decrease lead exposure. Blood leads of 25-29, 20-24, 15-19, and 10-14ug/dl required 24.0, 20.9, 14.3, and 9.2 months, respectively, to decline to less than 10ug/dl. The mean time for blood lead to decline was linearly related to the peak level of blood lead. The higher the peak of elevation, the longer it took to return to below 10ug/dl.

Adult declines are more complex and less amenable to study given the slower turn-over rate of adult bone stores. As summarized above, the relative contribution of bone lead to current blood lead will as a complex function of exposure history but will tend to be smaller in adults than in children (Brito et al., 2000). However, the modest elevations that do result would require a time frame of more than a decade to dissipate.

4.1.2.2.3 Metabolism

The inorganic lead ion in the body is not known to be metabolised or biotransformed. It does form complexes with a variety of proteins and non-protein ligands as discussed in the previous section. It is primarily absorbed, distributed, and then excreted, often in a complexed form.

4.1.2.2.4 Excretion

In both humans and experimental animals lead is eliminated from the body in both urine and in the faeces. Any dietary (including waterborne) lead not absorbed in the gastrointestinal tract is excreted in the faeces. Airborne lead that has been swallowed and not absorbed is also eliminated in this manner. Blood lead not retained in the body is excreted by the kidney through the urine or excreted through biliary clearance, some in the form of glutathione conjugates, into the gastrointestinal tract and then through the faeces.

Based on the human metabolic balance data and isotope excretion findings of various investigators, short-term lead excretion in adult humans amounts to 50-60% of the absorbed fraction, with the balance moving primarily to bone and some fraction (approximately half) of this stored amount eventually being excreted. This estimated overall retention figure of 25% necessarily assumes that isotope clearance reflects the clearance rates for body lead in all compartments. The rapidly excreted fraction has a biological half-life of 20-25 days, similar to that for lead removal from blood, based on isotope data. This similarity indicates a steady rate of lead clearance from the body. Comparison of data on lead kinetics for children and adults shows that children have a lower excretion rate than adults. This is not unexpected given the sequestration of lead in bone and the relatively rapid increase in skeletal mass associated with growth. In general, there is a greater excretion of lead in faeces than in urine in animals following acute, intermediate, and chronic exposure. Lead in faeces will reflect both unabsorbed ingested material and well as biliary excretion and this complicates estimation of the relative importance of different excretion routes. However, in rodents, faecal excretion is generally greater than that produced by urinary clearance. The relative importance of urinary excretion can increase in instances of short-term exposure, or following intravenous administration, that disproportionately increases serum lead available for urinary clearance. Humans exhibit a higher proportion of lead excretion through the urine (25 – 50%) than is observed in rodents and is roughly equivalent to faecal excretion in its quantitative importance as a route of elimination from the body (IARC, 2006). Precise quantitation of urinary vs faecal lead from observational studies in humans is somewhat limited due to the high proportion of dietary lead that passes through the gastrointestinal tract unabsorbed, the analytical difficulties associated with accurate quantitation of faecal lead relative to overall faecal mass and ethical issues associated with conducting controlled human experiments.

Release of lead from the body will also occur during lactation, although the actual concentrations of lead in breast milk tend to be low. As a result, accurate analysis and/or acquisition of samples free from exogenous contamination have been problematic. Most recent studies, exercising high levels of quality control, report lead levels of breast milk lower than 3 µg/L. The most reliable studies within this context are those that quantify blood lead, plasma lead and milk lead levels. Lead in breast milk is directly from lead in plasma - since most lead in blood is sequestered within the red blood cell measures of blood lead will not accurately reflect lead available for lactational transfer. As a generalization, less than 1% of lead in blood is present in plasma and thus directly available for transfer to breast milk. Analytical and contamination issues were recently reviewed by Gulson et al. (1998) and it was further noted that there had been a general decline in population blood lead levels as environmentally dispersive applications of lead had been eliminated. The decline in blood lead levels had been accompanied by a decline in breast milk lead levels. At average general population blood lead levels less than 10 µg/dL, the level of lead in breast milk is typically between 0.1 and 3 μg/L and usually below 1 µg/L. Subsequent studies have affirmed these estimates and further suggested that variations in the quantities of lead excreted in breast milk are in part dictated by calcium nutritional status and historical levels of lead exposure that determine the quantities of lead in bone that might be mobilised as a function of bone resorption during lactation (Ettinger et al. 2004; Gulson et al. 2001; Manton et al. 2003; Sowers et al. 2002; Vega et al. 2002). Although lead in breast milk may be the primary source of lead for a nursing infant, it’s bioavailability appears to be restricted by high calcium content of milk (Manton et al., 2000). The low levels of lead present in breast milk are generally assumed to present negligible exposure risk (Gulson et al. 2001; Manton et al. 2003).

4.1.2.2.5 Pharmacokinetic Models

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and distribution of chemical substances to quantitatively describe the relationships among critical biological processes. Physiologically based pharmacodynamic (PBPD) models use mathematical descriptions of the dose-effect function to quantitatively describe the relationship between target tissue dose and toxic endpoints. PBPK/PD models refine our understanding of complex quantitative dose behaviours by helping to delineate and characterize the relationships between: (1) the external/exposure concentration and target tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses. These models are biologically and mechanistically based and can be used to extrapolate the pharmacokinetic behaviour of chemical substances from high to low dose, from route to route, between species, and between subpopulations. The models offer the additional advantage of automatically compensating for non-linear toxicokinetics in lead uptake and excretion. Point estimates of lead uptake, or lead slope factors, are applicable to the exposure levels for which they were derived. Under- or over-estimation of exposure can result if factors are inappropriately applied outside the exposure range from which they were derived.

Classical pharmacokinetic models are similar to physiologically based models since both models employ mass balance equations with rate constants that have dimensions of flow rate. However, the fundamental distinction between these two models is that the PBPK models have a rate constant that is a physiologically based parameter whereas in the classical models precise physiological correlates to model parameters may not exist. Both the PBPK and classical pharmacokinetic models have valid applications in lead risk assessment. Both approaches can incorporate capacity-limited or non-linear kinetic behaviour in parameter estimates. An advantage of classical pharmacokinetic models is that because the kinetic characteristics of the compartments of which they are composed are not constrained, a best possible fit to empirical data can be arrived at by varying the values of the parameters. However, such models are not readily extrapolated to other species because the parameters do not have physiological correlates and they also do not simulate changes in bone metabolism, tissue volumes, blood flow rates, and enzyme activities associated with pregnancy, adverse nutritional states, aging, or osteoporotic disease. Therefore, extrapolation of classical compartmental model simulations outside the age and exposure ranges for which they have been calibrated is assumed to be less reliable than for PBPK model simulations.

Three pharmacokinetic models are currently being considered for broad application in lead risk assessment. (1) The O’Flaherty Model is a physiologically based pharmacokinetic (PBPK) model for children and adults (O’Flaherty 1993, 1995); (2) the Integrated Exposure Uptake Biokinetic (IEUBK) Model for Lead in children developed by EPA (1994a, 1994b); and (3) the Leggett Model for children and adults (Leggett 1993). Of the three approaches only the O’Flaherty Model uses physiologically based parameters to describe the volume, composition, and metabolic activity of blood and tissues that determine the disposition of lead in the human body. Both the IEUBK Model and the Leggett Model are classic multi-compartmental models; the values of the age-specific transfer rate constants are based on kinetic data from studies in animals and humans, and may not have precise physiological correlates. From a toxicological perspective, the O’Flaherty model should provide the more robust predictions of lead uptake and metabolism for the greatest range of ages and under the broadest spectrum of exposure conditions (Lakind, 1998).

The O’Flaherty Model

The O’Flaherty model is a physiologically based pharmacokinetic (PBPK) model of lead uptake and disposition in children and adults. The model includes the movement of lead from exposure media (i.e., intake via ingestion or inhalation) to the lungs and gastrointestinal tract, followed by the subsequent exchanges between blood plasma, liver, kidney, richly-perfused tissues, poorly-perfused tissues, bone compartments, and excretion from liver and/or kidney. The model does not contain a detailed exposure module; however, lead exposure estimates are incorporated into the model as age-specific point estimates of average daily intake (μg/day) from inhalation, or total ingestion via diet, dust, lead-based paint, soil, and water. Since many of the pharmacokinetic functions are based on body weight and age, the model can be used to estimate blood and bone lead concentrations across a broad age range, including infants, children, adolescents, and adults. As a consequence of the model’s incorporation of multiple body compartments and into its predictions of exposure impacts, in particular bone lead deposition and mobilization, deviations from the simplistic uptake assumptions noted earlier are adopted. Uptake of lead from the gastrointestinal tract in adults is assumed to be 8%. High uptake rates (58%) are assumed for children at birth but decline to adult uptake rates by eight years of age.

The model uses physiologically based parameters to describe the volume, composition, and metabolic activity of blood, soft tissues, and bone that determine the disposition of lead in the human body. The model may be modified to simulate the pharmacokinetics of lead in potentially sensitive subpopulations, including pregnant women and foetuses, as well as older adults. It can also be used to predict lead concentrations in bone and other tissue compartments, in order to evaluate correspondence between predicted tissue concentrations and observed concentrations in different populations of children and adults.

The O’Flaherty model has not been validated under the wide range of exposure conditions in which the IEUBK model has been applied. However, it would be anticipated that conditions which modulate the uptake of lead from environmental media (e.g. variations of lead in soil bioavailability) would require the model to be adjusted for site-specific conditions if accurate predictions are to be made for the impact of environmental lead in these compartments. This will be particularly true for young age groups whose blood lead levels are heavily influenced by lead in soil and dust. Model performance for exposure assessment will exhibit greater accuracy when applied to older age groups whose blood lead levels are primarily influenced by lead in air, water and food. Variations in bioavailability will be far less extensive and would not have a significant impact upon estimation of lead uptake. The accuracy of model predictions has been examined and validated under conditions of occupational exposure (Fleming et al., 1999), general population exposure conditions (O’Flaherty, 1995), and under altered physiological states such as pregnancy and osteoporosis (O’Flaherty, 2000; Inskip et al., 1997). Variations of the model adapted for rodents have further been used to back-calculate bioavailability of environmental lead based upon observed blood lead levels (Polak et al., 1996).

As a consequence of non-linearity’s in toxicokinetics, blood lead does not increase as a linear function of lead dose. Figure 4.45 below simulates the impact of increases in dietary lead ingestion for a 30 year old male. For the purposes of this simulation, increases in lead exposure were inputted as “lead in food” into the O’Flaherty model so as to avoid variations that might be produced by the variable bioavailability of lead contained within different matrices (e.g. soil vs. water vs. food etc). Exposure to lead contained within a matrix of higher or lower bioavailability would produce a similar curve, but shifted to the right if bioavailability were lower and to the left if it were higher. Approximately linear kinetics are observed at blood lead levels below 10 µg/dL, but proportionately greater levels of lead ingestion are required to increase blood lead above this point. For comparative purposes, a dashed line has been included to indicate the impact of ingestion upon blood lead strictly linear toxicokinetics were to occur. Similar non-linearities are predicted by all of the exposure assessment models described here. In addition, the relationship between lead exposure and blood lead will vary as a function of variables already discussed such as age (children will have higher lead uptake rates than adults) and exposure media (lead in soil and dust is not as available for uptake as dietary lead). The ability to factor all such variables into predictions of blood lead from multi-media exposure is one of the strengths of modern computer exposure assessment models.
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Figure 4.45:
Relationship Between Lead in Food Ingestion and Blood Lead for a 30 year old Adult Male Predicted by the O’Flaherty Model.

The IEUBK Model

The Integrated Exposure Uptake and Biokinetic (IEUBK) Model for Lead in Children is a classical multi-compartmental pharmacokinetic model linked to an exposure and probabilistic model of blood lead distributions in populations of children 0-7 years. The model has four distinct components: 1) exposure component, in which average daily intake of lead (μg/day) is determined from exposure to lead in air, diet, dust, lead-based paint, soil and water; 2) uptake component, which converts media-specific lead intake rates produced by the exposure component into media-specific uptake rates (μg/day) for the blood plasma; 3) biokinetic component, which simulates the transfer of absorbed lead between blood and other body tissues, or elimination of lead from the body via urine, faeces, skin, hair, nails; and 4) probability distribution component, which applies a geometric standard deviation to estimate the lognormal distribution of blood lead concentrations in the exposed population.

The IEUBK Model was developed to predict the probability of elevated blood lead concentrations in children. The model addresses three components of human health risk assessment: 1) the multimedia nature of exposures to lead; 2) lead pharmacokinetics; and 3) significant variability in exposure and risk. However, the model lacks the capacity to model the complex interactions that occur with the deposition and remobilisation of lead in bone as a function of growth through adulthood. Thus, the IEUBK model can only be used to predict the probability that children ages 6 months to 7 years exposed to lead in multiple environmental media will have lead concentrations exceeding a health-based level of concern (i.e., 10 μg/dL). These risk estimates can be useful in assessing the possible consequences of alternative lead exposure scenarios following intervention, abatement, or other remedial actions. Application of the model to adult exposures is not recommended.

Although restricted in its application to children, the IEUBK is the most widely validated exposure assessment model and has been applied under a variety of exposure conditions. The model accurately predicts the mean blood lead level of a population in situations where soil lead has high bioavailability (Biesiada and Hubicki, 1999; U.S EPA, 1994 a&b). The model further estimates the variability of blood lead levels in a population through application of a geometric standard deviation (GSD) to the estimated population average. Selection of an appropriate GSD can be problematic in that use of a GSD assumes homogeneity in exposure sources that may not exist (Griffin et al., 1999a). As a result, although the model may accurately estimate the average blood lead in a population of children, significant overestimation of the number of children with elevated blood lead levels (the upper tail of the distribution) may result (Bowers and Mattuck, 2001). Probabilistic methods have been proposed as alternatives to the use of a GSD for calculation of population variability (Griffin et al., 1999b), but have yet to be widely adopted.

IEUBK can significantly overestimate general population blood lead averages for children. The relative bioavailability of lead in soil can range from 1% to 100% of that assumed by the model (U.S. EPA, 2004), with lower relative bioavailability being characteristic of mining sites (Bowers and Mattuck, 2001; U.S. EPA, 2004) or sites of historical contamination (Cotter-Howells and Thornton, 1991). The IEUBK also calculates a relationship between the concentration of lead in soil and the concentration of lead in dust. In the absence of site specific dust concentration data, the default dust lead concentrations calculated can be overly conservative and result in significant overestimation of exposure risk (Griffin et al., 1999b). Accurate prediction of general population blood lead levels can thus require adjustment of assumptions regarding soil lead bioavailability and dust lead concentrations. Finally, IEUBK predictions are highly sensitive to amounts of soil ingestion that are presumed to occur. Combined soil and dust ingestion amounts assumed are age-specific and range up to 135 mg per day for very young children. This assumed level of soil intake will be a source of inaccuracy in urban environments where access to bare soils will be far more limited than in rural environments (Bowers and Mattuck, 2001) and result in overestimation of average blood lead levels.

IEUBK predictions resulting from default assumptions of high soil lead bioavailability, soil to dust transfer and soil ingestion rates will provide a conservative (protective) estimate of the impact of environmental lead upon the blood lead levels of children. Initial model predictions are thus often used as “screening levels” that trigger more in depth site investigations that generate data which permit the model to be calibrated to the exposure conditions under study.

The AALM Model

Since the IEUBK model lacks a biokinetic core that adequately predicts bone lead deposition and remobilisation, IEUBK is restricted in application to children of an age of up to six years. US EPA has recently attempted to remedy this situation through the development of the All Ages Lead Model (AALM), and released a “beta version” of the AALM for public comment and review by its external Science Advisory Board in October, 2005 (US EPA, 2005).

The model essentially consists of an exposure module similar to that of IEUBK coupled to one of two biokinetic cores based upon the O’Flaherty PBPK model (discussed in the preceding section) and the Legget model (to be discussed next). Both biokinetic cores model human bone lead metabolism and are used in an effort to impart the AALM with the ability to comprehensively model multi-pathway lead exposure in both children and adults.

Subsequent review of the AALM beta version by SAB and the public has indicated that the computer model is not yet ready for use as a tool in lead exposure assessment (Risk Policy Report Daily News, 2005). Problems cited include inadequate documentation, inadequately defined default exposure values and biokinetic parameters, a less than ideal user interface, apparently erroneous model predictions and potential coding errors. A formal report will be issued by SAB in April of 2006 and is expected to encouraging further model development.

EPA will then undertake revision of the model with the next prototype version expected to be available for external review in late 2006. Satisfactory review would then presumably be followed by validation exercises – actual availability of an AALM for lead exposure assessment studies and standard setting would not be expected, at the earliest, until 2007.

The Leggett Model

The Leggett Model is a classical multi-compartmental pharmacokinetic model of lead uptake and disposition in children and adults (Leggett 1993). The model includes the movement of lead from exposure media (i.e., intake via inhalation or ingestion) to the lungs and gastrointestinal tract, followed by the subsequent exchanges between diffusible blood plasma, soft tissues, bone compartments, and excretion from liver, kidneys, and sweat. As a classical compartment model, tissue compartments, kinetic constants, and model parameters may not all have physiological correlates. Unlike the IEUBK Model, the Leggett Model is not linked to a detailed exposure model. Instead, lead exposure estimates are incorporated into the model as age-specific point estimates of average daily intake (μg/day) from inhalation and ingestion.

The Leggett Model can be used to predict blood lead concentrations in both children and adults. The model allows the simulation of lifetime exposures, including assumptions of blood lead concentrations at birth (from which the levels in other tissues directly after birth are calculated). Thus, exposures and absorption of lead prior to any given period of time during the lifetime can be simulated with the Leggett model. The model does require assumptions regarding total lead intake from multiple exposure media and it does not contain a probabilistic modelling component and cannot, therefore, be used to predict blood lead distributions in exposed populations.

Since it lacks a detailed exposure input module, the Legget model has had minimal application in estimating exposure resulting from environmental lead. Model utility could, in theory, be similar to that of the O’Flaherty model. Like the O’Flaherty model it can be applied to predict lead metabolism in individuals of all ages. However, since an exposure input component has not been added to the model, it will not be used in this Assessment.

Summary of Pharmacokinetic Models
All of the pharmacokinetic models described have utility for assessing potential systemic lead levels resulting from environmental or occupational lead exposure. However, only two models have been routinely applied for exposure assessment. Evaluation of lead exposure for children is often conducted using the IEUBK model. IEUBK has been validated under a number of different exposure scenarios and a substantial data base has been developed that identifies exposure scenarios where the model’s default assumptions are likely to be applicable and situations where modifications to default assumptions are likely to be needed. The modelling of different exposure scenarios, and modification of default assumptions, can be readily accomplished through an accessible “user friendly” exposure interface. The model further generates blood lead frequency distributions that, within limits, can predict variability in the blood lead levels that will result under a given set of exposure conditions. The model cannot, however, be applied for the prediction of blood lead levels of adults since it’s biokinetic core does not accurately model bone lead deposition and mobilisation. For this reason, the model is usually restricted in its applications to predicting the blood lead levels of children 72 months of age or younger. The new All Ages Lead Model, through the incorporation of more sophisticated modelling of bone lead kinetics, seeks to expand the range of ages that can be modelled. However, the All Ages model had yet to be validated and remains in development.

Modelling of adult lead exposures can be conducted using the O’Flaherty or the Legget models, both of which simulate the complex kinetic behaviour of lead in bone. However, of the two models, only the O’Flaherty model has been validated with real world data sets and has an exposure interface that permits integrated assessment of systemic lead levels from multiple environmental exposure pathways. The O’Flaherty model is thus the model of choice for modelling exposures in adults. The model’s predictions can include paediatric blood lead levels, but IEUBK has been more extensively validated for this purpose and has an exposure interface that is more refined. O’Flaherty model predictions for children are thus most often used as an adjunct to the predictions of IEUBK.

4.1.2.3 Acute Toxicity

4.1.2.3.1 Acute Toxicity in Animals

Extensive searches were conducted of 24 published literature and toxicological databases for information regarding the acute toxicity in animals. Examples of databases searched included reference files such as RTECS, IRIS, HSDB, IUCLID, Medline, Toxline, Cancerlit, and Exerpta Medica that provided broad international coverage of toxicological studies. Inquiries were also made of private companies that might have generated test data for regulatory compliance purposes in non-EU jurisdictions.

The available acute animal toxicity data for lead compounds are summarised in Table 4.176 to Table 4.177. The cited data are generally unpublished, and were either generated for regulatory compliance purposes or specifically for this Voluntary Lead Risk Assessment. Where available, the protocols followed and the laboratories performing the tests are specified. Several studies, generally of an older nature, were IUCLID listed but the original study reports could not be retrieved. However, the majority of the studies were well-documented and corresponded to the requirements of the recommended Annex V test guidelines.

The acute oral toxicity data for lead and lead compounds in animals generally indicates a low toxicity via this route, with none of the results necessitating classification or labelling for any of the compounds covered by this report either for acute oral, dermal or inhalation toxicity. There was no evidence of any local or systemic toxicity associated with the oral administration of any of these compounds. The compounds tested include a variety of anions. Literature searches to date have not found information indicating that anions present in compounds not tested will impart properties or toxicity different from those that have been tested. These studies uniformly suggest low potential for acute toxicity via the oral route. Rationale for extension of test data to all compounds covered in this Risk Assessment will be made in a separate derogation document. These studies indicate that classification on the basis of acute oral toxicity is not warranted.

Similarly, acute toxicity resulting from dermal exposure is also low, as shown by experimental results for four different inorganic lead compounds.

Acute inhalation toxicity was tested in a well-documented GLP study according to EU method B.2 (Table 4.177). The exposure was nose-only for 4h, and particle size and actual test concentration were analytically verified. There were no signs whatsoever of any respiratory irritation or any other clinical observations. Lead oxide was selected for testing based upon dustiness testing (see Section 4.1.1.1.7) indicating that it would generate an aerosol with particle size properties intermediate to that expected for other compounds. Pulmonary deposition modelling showed that deposition patterns for all thirteen lead compounds will be rather similar. In detail, deep lung penetration would be minimal and upper respiratory tract deposition would predominate. Upper respiratory tract deposition would in turn be followed by clearance to the gastrointestinal tract. No signs of pulmonary toxicity, irritation or systemic toxicity were evident in the inhalation study. Extension of the lead oxide testing results to the other lead compounds evaluated in this assessment will be addressed in a separate derogation document. However, pulmonary deposition modelling and considerations of chemical properties do not provide a basis for believing that the inhalation toxicity of other compounds will be greater than that of lead oxide. In a separate document, derogation will be proposed for the other inorganic compounds, based on read-across from the existing data, dustiness testing and the similarities in aqueous solubility. The current data do not support classification on the basis of acute inhalation toxicity.

4.1.2.3.2 Acute Toxicity in Humans

Very limited data are available describing the acute toxicity of lead and lead compounds for humans and it is difficult to accurately establish the dosimetry for physiological effects caused by the inhalation or ingestion of lead and its inorganic compounds after the administration of a single dose. Most data for acute toxicity actually describes effects of ingestion or inhalation of lead compounds over a period of weeks or years – exposure time-frames that are more accurately regarded as being sub-acute to chronic in duration. As discussed in Section 4.1.2.3.2, confusion is created by traditional definitions of clinical lead intoxication in the medical literature which makes reference to acute and chronic lead intoxication (poisoning) syndromes, both of which are usually the result of subchronic or chronic exposure events over extended time frames.

Estimates of exposure levels that are immediately hazardous to health have been made, although the underlying toxicological data for the estimates are unclear. Legge and Goadby (1912) estimated that the lethal oral dose of lead for healthy adult humans was 50 grams for lead acetate and 25 grams for lead carbonate. The National Institute of Occupational Safety and Health in the United States have estimated the lethal dose of lead in humans to be 450 mg of lead per kg of body weight (approximately 21 grams). Based upon this, lethality from inhalation exposure over a time frame of 30 minutes was estimated to require lead in air concentrations of 21,000 mg/m3 (assuming a breathing rate of 50 litres per minute and 100% uptake). The Immediately Dangerous to Life and Health (IDLH) level for lead in air was set at 100 mg/m3. While these exposure levels for acute toxicity in humans are often cited, toxicological data supporting these estimates was not found. The limit is based instead on a statutory requirement that the IDLH levels for a substance be no higher than 2,000 times the occupational exposure limits. Multiplying the current air lead limit of 50 µg/m3 by 2000 thus derived the lead IDLH level. The actual severity of hazard associated with brief inhalation exposures to lead is noted to be “only moderate”.

A number of studies have been published that report on the “acute toxicity” of lead and are briefly summarised here with the proviso that exposure actually occurred over an extended, and generally poorly defined, time frame. Acute lead intoxication in children has been reported following the ingestion of lead paint chips containing one percent or higher of lead (NAS 1972, ATSDR 1999, Marino et al. 1990, Sand et al. 1985 and Lin-Fu 1992). The seriousness of the acute intoxication is evidenced in the fact that it can often be fatal, especially in children (MMWR 1991, MMWR 2001). Similar findings of acute intoxication have been reported in individuals who had habitually consumed acidic drinks from improperly glazed ceramics containing lead (Ziegler et al. 2002; Autenrieth et al. 1998) or following the ingestion of traditional folk remedies, some of which can contain as high as 60 % lead (Bayly et al. 1995, Ernst et al. 2001, MMWR 1993). Unfortunately, these studies do not provide information on the amount or frequency with which lead was consumed. Consumption in some cases was suspected to have occurred for up to one year. Thus, such reports of acute intoxication in fact reflect the results of chronic exposure.

Similar problems exist in evaluating observational data of “acute toxicity” in workers occupationally exposed to lead. Quantification of dose from the multiple pathways of exposure in the workplace has not been possible. Dose estimation is further complicated by the fact that while the level of lead in the workers’ personal breathing zone may be known, the actual exposure to lead may be reduced through the use of personal protective equipment. A number of case studies have been published, several of which are describe below for illustrative purposes.

Marino et al. (1989) described 15 workers who were involved in the demolition of a bridge coated with lead based paint. The workers were lead burners and therefore were exposed to ultrafine particulate lead oxide fumes generated by the lead burning. Measurements of airborne lead levels from personal air samples taken at the site after the cases of acute lead intoxication had been reported ranged from 600 to 4000 µg/m3. Although they were wearing positive-pressure air supplied respirators that should have provided adequate protection from the lead fumes generated, two workers reported symptoms of lead poisoning. One worker with a blood lead level of 120 µg/dL reported symptoms of muscle soreness, weakness, lack of appetite, nausea and vomiting. The second worker had a blood lead level of 105 µg/dL and reported symptoms of headache, tiredness and abdominal discomfort. Time from the start of job activity to the onset of symptoms was approximately 3 – 4 weeks. The workers had been periodically engaged in demolition work prior to the incident described and may have had significant existing lead body burdens. From a toxicological perspective, such instances of acute toxicity are more properly regarded as resulting from subacute exposures.

Symptoms of “acute toxicity” were also reported in four workers who were engaged in cutting apart steel beams coated with lead paint (MMWR 1993). Unlike the previous study the workers who were using oxy-acetylene flame-cutting torches to cut the beams were not provided respirators. Within two months all four workers reported light-headedness and shortness of breath from the metal fumes. Only one personal monitor sampling was obtained for one of the workers. This sample measured an airborne lead concentration of 535 µg/m3. The blood lead levels of the four workers ranged from 66 to 93 µg/dL. Unfortunately, because of the limited air sampling program, it is uncertain how representative this sample was of their actual exposure throughout their work history. However, in this case it does indicate that workers unprotected from exposure to lead fumes generated by the cutting of lead coated steel beams can result in the development of symptoms related to acute lead intoxication.

No studies were found that documented pulmonary toxicity of lead after inhalation exposure.

4.1.2.4 Irritation

4.1.2.4.1 Animal Studies

The acute animal toxicity data for lead compounds are summarised in Table 4.180 and Table 4.181. Recently performed, well-documented GLP and guideline-conform studies on eye and skin irritation in rabbits on lead oxide, dibasic lead phosphite and dibasic lead phthalate uniformly reported a lack of any irritating properties. A positive result for skin irritation was noted only in one undocumented IUCLID entry (lead oxide), for which however there is no experimental verification. In conclusion, the available data presented do not support classification on the basis of irritation. A separate derogation document will be submitted to support extension of test data findings to other lead compounds.
4.1.2.4.2 Human Studies

No studies were found that documented eye, skin or respiratory irritation in humans resulting from exposure to lead and its compounds.

4.1.2.5 Corrosivity

No studies were found that documented corrosivity to the eye, skin or lung in both humans and animals following exposure to lead or its compounds.

4.1.2.6 Sensitisation

The studies summarised in Table 4.179 clearly indicate an absence of any skin sensitising potential for the tested compounds. This evaluation is supported by a published study documenting that lead acetate (as an example of a lead substance with very high water solubility) lacked activity in the murine local lymph node assay, an alternative to guinea pig methods for the identification of skin sensitising agents (Basketter et al. 1999). The data do not support classification.

Table 4.176:
Summary of acute oral toxicity studies in animals

	Reference
	Substance
	Reported test method
	Vehicle
	Species (strain)
	Sex
	LD50 value (mg/kg bw)
	Study ratinga

	
	Identity
	Purity (%)
	Pb content (%)
	
	
	
	
	
	

	IUCLID (2000), study performed by LPT, 1972, Hamburg, Germany, report: not available
	Lead oxide
(CAS no: 1317-36-8)
	-b
	-b
	LD50 oral rat 
(not specified)
	1% Carboxy- ethyl- cellulose
	rat (Sprague Dawley)
	male/ female
	> 10000
	4

	Bien, E. (03.12.2003), Harlan, Walsrode, Germany, report no. 10-4-0165-03 (GLP)
	Lead oxide
(CAS no: 1317-36-8)
	99.8
	92.6
	EU B.1tris (92/69/EEC); OECD 423 (1997)
	peanut oil
	rat (Wistar)
	male/ female
	> 2000
	1

	IUCLID (2000), study performed by LPT, 1972, Hamburg, Germany, report: not available
	Lead tetroxide
(CAS no: 1314-41-6)
	-b
	-b
	LD50 oral rat 
(not specified)
	1% Carboxy- ethyl- cellulose
	rat (Sprague Dawley)
	male/ female
	> 10000
	4

	Klein, W. (February1992), Oesterreichisches Forschungszentrum, Seibersdorf, report OEFZS-A2199 (non-GLP)
	Dibasic lead phthalate (CAS no: 69011-06-9)
	> 99
	75.2
	OECD 401 (1987);
(corresponding EU method: B1)
	Peanut oil
	rat (Sprague Dawley)
	male/ female
	> 2000
	2

	IUCLID (2000), study performed 1992, report: not available
	Dibasic lead phthalate (CAS no: 69011-06-9)
	-b
	-b
	OECD 401 (1987)
	-b
	-b
	-b
	> 2000
	4

	Waterhouse, G (February, 1993) performed at Campbell Univ. North Carolina (GLP
	Dibasic lead phthalate (CAS no: 69011-06-9)
	> 99
	75.2
	OECD 401 (1987)
(correspond US 49CFR173.172
	25% Na Carboxy- methyl- cellulose
	Rat
(CD)
	male/ female
	> 2000
	2

	Bornatowicz, N. (October 1989), Oesterreichisches Forschungszentrum, Seibersdorf, report no. BBU8 (non-GLP)
	Tribasic lead sulphate (CAS no: 12202-17-4)
	-b
	-b
	OECD 401 (1987);
(corresponding EU method: B1)
	1% Na- Carboxy- methyl- cellulose
	Rat (Sprague Dawley)
	male/ female
	> 5000
	2

	Klein, W. (February1992), Oesterreichisches Forschungszentrum, Seibersdorf, report OEFZS-A2197 (non-GLP)
	Neutral lead stearate (CAS no: 1072-35-1)
	> 99
	26.5
	OECD 401 (1987);
(corresponding EU method: B1)
	Peanut oil
	rat (Sprague Dawley)
	male/ female
	> 2000
	2

	Waterhouse, G (February, 1993) performed at Campbell Univ, North Carolina (GLP)
	Dibasic lead phosphite (CAS no: 11141-20-7)
	. 99
	82.9
	OECD 401 (1987)
(corresponding US method 49CFR173.172)
	25% Na Carboxy- methyl- cellulose
	Rat
(CD)
	male/ female
	> 2000
	2

	Bornatowicz, N. (October 1989), Oesterreichisches Forschungszentrum, Seibersdorf, report no. BBU 9 (non-GLP)
	Dibasic lead sulphitec (CAS no: 62229-08-7)
	-b
	-b
	OECD 401 (1987);
(corresponding EU method: B1)
	1% Na- Carboxy- Ymethyl- cellulose
	rat (Sprague Dawley)
	male/ female
	> 5000
	2

	Klein, W. (February1992), Oesterreichisches Forschungszentrum, Seibersdorf, report OEFZS-A2198 (non-GLP)
	Basic lead carbonate (CAS no: 1319-46-6)
	> 99
	79.3
	OECD 401 (1987);
(corresponding EU method: B1)
	Peanut oil
	rat (Sprague Dawley)
	male/ female
	> 2000
	2


a Reliability grade assessed according to Klimisch et al. (1997) scale; b not stated in the report; c not marketed as substance alone, but instead only in mixtures with dibasic lead phosphate

Table 4.177:
Summary of acute inhalation toxicity studies in animals

	Reference
	Substance
	Reported test method
	Species (strain)
	Sex
	LC50 value (mg/L air)
	Study ratinga

	
	Identity
	Particle size (µm)b
	Purity (%)
	Pb content (%)
	
	
	
	
	

	Chevalier, F. (06.02.2004), LPT, Hamburg, Germany, report no. 17196/03 (GLP)
	Lead oxide 
(CAS no: 1317-36-8)
	5.834
	99.8
	92.6
	EU B.2 (92/69/EEC); OECD 403
	rat (CD)
	male/ female
	> 5
	1


a Reliability grade assessed according to Klimisch et al. (1997) scale; b mass median aerodynamic diameter determined by MAY cascade impactor; dust atmosphere generated by rotating brush dry powder feeder

Table 4.178:
Summary of acute dermal toxicity studies in animals

	Reference
	Substance
	Reported test method
	Vehicle
	Species (strain)
	Sex
	LD50 value (mg/kg bw)
	Study ratinga

	
	Identity
	Purity (%)
	Pb content (%)
	
	
	
	
	
	

	Bien, E. (09.12.2003), Harlan, Walsrode, Germany, report no. 10-4-0161-03 (GLP)
	Lead oxide 
(CAS no: 1317-36-8)
	99.8
	92.6
	EU B.3 (92/69/EEC); OECD 402 (1987)
	none
	rat 
(Wistar)
	male/ female
	> 2000
	1

	Bien, E. (09.12.2003), Harlan, Walsrode, Germany, report no. 10-4-0170-03 (GLP)
	Dibasic lead phthalate 
(CAS no: 69011-06-9)
	97.6
	74.15
	EU B.3 (92/69/EEC); OECD 402 (1987)
	none
	rat 
(Wistar)
	male/ female
	> 2000
	1

	IUCLID (2000) study performed 1987, report: not available
	Tribasic lead sulphate (CAS no: 12202-17-4)
	-b
	-b
	LD50 dermal rat 
(not specified)
	-b
	rat
	-b
	> 10000
	4

	Bien, E. (09.12.2003), Harlan, Walsrode, Germany, report no. 10-4-0166-03 (GLP)
	Dibasic lead phosphite 
(CAS no: 12141-20-7)
	99.3
	82.7
	EU B.3 (92/69/EEC); OECD 402 (1987)
	none
	rat 
(Wistar)
	male/ female
	> 2000
	1


a Reliability grade assessed according to Klimisch et al. (1997) scale; b not stated in the report

Table 4.179:
Summary of skin sensitisation studies in animals

	Reference
	Substance
	Reported test method
	Species
	Vehicle
	Skin response
	Study ratinga

	
	Identity
	Purity (%)
	Pb content (%)
	
	
	Induction
	Challenge
	
	

	Bien, E. (09.12.2003), Harlan, Walsrode, Germany, report no. 10-5-0164-03 (GLP)
	Lead oxide 
(CAS no: 1317-36-8)
	99.8
	92.6
	EU B.6 (92/69/EEC); 
OECD 406 (1992); (Magnusson & Kligman maximisation test)
	guinea pig
	peanut oil, petrolatum (topical)
	petrolatum
	None
	1

	Bien, E. (09.12.2003), Harlan, Walsrode, Germany, report no. 10-5-0173-03 (GLP)
	Dibasic lead phthalate (CAS no: 69011-06-9)
	97.6
	74.15
	EU B.6 (92/69/EEC); 
OECD 406 (1992); (Magnusson & Kligman maximisation test)
	guinea pig
	peanut oil, petrolatum (topical)
	petrolatum
	None
	1

	Bien, E. (09.12.2003), Harlan, Walsrode, Germany, report no. 10-5-0169-03 (GLP)
	Dibasic lead phosphite (CAS no: 12141-20-7)
	99.3
	82.7
	EU B.6 (92/69/EEC); 
OECD 406 (1992); (Magnusson & Kligman maximisation test)
	guinea pig
	peanut oil, petrolatum (topical)
	petrolatum
	None
	1


a Reliability grade assessed according to Klimisch et al. (1997) scale

Table 4.180:
Summary of dermal irritation toxicity studies in animals

	Reference
	Substance
	Reported test method
	Animal
	Dermal effectsb
	Persistent effects (duration)
	Study ratinga

	
	Identity
	Purity (%)
	Pb content (%)
	
	Species/ strain
	No.
	Erythema/ eschar
	Oedema
	
	

	Bien, E. (03.12.2003), Harlan, Walsrode, Germany, report no. 10-3-0162-03 (GLP)
	Lead oxide 
(CAS no: 1317-36-8)
	99.8
	92.6
	EU B.4 (92/69/EEC); OECD 404 (1992)
	rabbit (NZW)
	3
	0, 0, 0
	0, 0, 0
	none
	1

	IUCLID (2000), study performed 1975, report: not available; Source: PiOx Farbenwerk, Ohrdruf GmbH
	Lead oxide 
(CAS no: 1317-36-8)
	-
	-
	-
	rabbit
	-
	not irritating
	-
	4

	IUCLID (2000), study performed 1975, report: not available; Source: Metaleurope SA, Fontenay-Sous-Bois Cedex
	Lead oxide 
(CAS no: 1317-36-8)
	-
	-
	-
	rabbit
	-
	irritating
	-
	4

	Bien, E. (09.12.2003), Harlan, Walsrode, Germany, report no. 10-3-0171-03 (GLP)
	Dibasic lead phthalate (CAS no: 69011-06-9)
	97.6
	74.15
	EU B.4 (92/69/EEC); OECD 404 (1992)
	rabbit (NZW)
	3
	0, 0, 0
	0, 0, 0
	none
	1

	Bien, E. (03.12.2003), Harlan, Walsrode, Germany, report no. 10-3-0167-03 (GLP)
	Dibasic lead phosphite (CAS no: 12141-20-7)
	99.3
	82.7
	EU B.4 (92/69/EEC); OECD 404 (1992)
	rabbit (NZW)
	3
	0, 0, 0
	0, 0, 0
	none
	1


a Reliability grade assessed according to Klimisch et al. (1997) scale; b mean value of scores recorded at 24, 48 and 72 hours calculated for each of three animals separately, if more than 3 animals were used, mean value of scores recorded at 24, 48 and 72 hours calculated for all animals combined

Table 4.181:
Summary of eye irritation studies in animals

	Reference
	Substance
	Reported test method
	No. of animals
	Ocular effectsb
	Persistent effects (duration)
	Study ratinga

	
	Identity
	Purity (%)
	Pb content (%)
	
	
	Cornea
	Iris
	Conjunctiva
	
	

	
	
	
	
	
	
	
	
	redness
	chemosis
	
	

	Bien, E. (03.12.2003), Harlan, Walsrode, Germany, report no. 10-3-0163-03 (GLP)
	Lead oxide 
(CAS no: 1317-36-8)
	99.8
	92.6
	EU B.5 (92/69/EEC); OECD 405 (1987)
	3 rabbits (NZW)
	0, 0, 0
	0, 0, 0
	0, 0, 0
	0, 0, 0
	none
	1

	IUCLID (2000), report: not available; Source: PiOx Farbenwerk, Ohrdruf GmbH
	Lead tetroxide (CAS no: 1314-41-6)
	-
	-
	-
	rabbit
	not irritating
	-
	4

	Bien, E. (09.12.2003), Harlan, Walsrode, Germany, report no. 10-3-0172-03 (GLP)
	Dibasic lead phthalate (CAS no: 69011-06-9)
	97.6
	74.15
	EU B.5 (92/69/EEC); OECD 405 (1987)
	3 rabbits (NZW)
	0, 0, 0
	0, 0, 0
	1, 1, 2.33
	0.67, 0.33, 2.00
	none
	1

	Bien, E. (09.12.2003), Harlan, Walsrode, Germany, report no. 10-3-0168-03 (GLP)
	Dibasic lead phosphite (CAS no: 12141-20-7)
	99.3
	82.7
	EU B.5 (92/69/EEC); OECD 405 (1987)
	3 rabbits (NZW)
	0, 0, 0
	0, 0, 0
	0, 1, 1
	0, 0.67, 0.33
	none
	1


a Reliability grade assessed according to Klimisch et al. (1997) scale; b mean value of scores recorded at 24, 48 and 72 hours calculated for each of three animals separately, if more than 3 animals were used, mean value of scores recorded at 24, 48 and 72 hours calculated for all animals combined

4.1.2.7 Repeated Dose Toxicity

The toxicological literature has been searched for information pertinent to lead metal and the lead compounds of interest to the risk assessment. The majority of experimental studies detail findings made after the administration of soluble lead compounds (acetate, nitrate, etc.). Observational studies in humans (occupational or general population) are generally indexed to blood lead levels and usually make only passing mention to the form of lead that results in exposure. In most instances, exposure is likely to be mixtures of lead compounds. Analysis of health effects information is thus predominantly related to blood lead levels. Literature specific to individual lead compounds (albeit limited) is highlighted where available.

In many instances the toxic manifestations of lead are mediated by interaction of the lead ion with cellular proteins (e.g. metalloenzymes) in place of essential trace minerals such as calcium, zinc or iron. As such, the initial effects of lead upon the function of specific metabolic, cellular, or organ system processes will be detectable as increases or decreases in the activity of specific metalloenzymes. The biological and clinical significance of such interactions requires careful assessment of the extent of enzyme activity alteration and whether or not the alteration alters metabolic pathways to an extent that is of health significance. For example, inhibition of an enzyme present in excess may be evident as an effect of lead, but may not be considered as adverse if the affected enzyme is not involved in rate limiting steps of metabolism and the overall function of the metabolic pathway is not adversely impacted.

As the intensity of exposure increases, the magnitude of specific lead induced effects may increase and/or yet additional steps in specific biosynthetic pathways may be altered. An assessment must thus be made when the severity of impacts results in affects that are considered as adverse. Put another way, evaluation of the toxicological data base must attempt to discriminate between “effect levels” and “adverse effect” levels. This can, in some instances result in the identification of No Observable Effect Levels (NOELs), Lowest Observable Effect Levels (LOELs, No Observable Adverse Effect Levels (NOAEL’s) and Lowest Observable Adverse Effect Levels (LOAELs). In some instances the demarcation points between these different effect levels can be defined with both precision and with a high degree of certainty that the mechanistic basis of toxicity is sufficiently well understood.

In other instances lead may impact upon multiple metabolic processes within a given organ system and the critical metabolic alteration responsible for toxicity cannot be identified with certainty. Although it may be evident that lead toxicity is manifesting as a graduated continuum of effects which, at some point, make a transition from effects to adverse effects, identification of NOAEL’s for purposes of risk characterisation must instead be indexed to an assessment based just upon effects. NOAEL identification is further complicated if the effects under study are sufficiently subtle as to elude detection at the level of the individual. Effects of this nature may have no material impact upon the health or well-being of the individual, but may have significance if the effect represents a risk factor that statistically increase the risk of adverse outcomes in large populations. The risk to, or effect upon, the individual may not be significant but the prevalence of disease or other undesirable effects within, a population may be impacted. This situation is applicable to multiple health endpoints and significantly complicates identification of NOAEL’s.

Finally, there are health effects of lead that may not be mediated by specific interactions with cellular macromolecules. Toxicity may manifest as a secondary impact of effects upon other organ systems, as a relatively non-specific consequence of lead sequestration with individual cell types or as an indirect of lead resulting from perturbations the metabolism of other trace elements. Although dose-effect relationships can be harder to define under such circumstances, such effects are typically associated with extremely high exposure levels.

Health effects data have been collected for multiple endpoints of potential concern for repeated dose toxicity. Health endpoints reviewed include: haematological, renal, carcinogenic, genotoxicity, cardiovascular, reproductive, developmental and neurobehavioral effects. Given that lead and lead compounds have been extensively studied, multiple publications have evaluated potential impacts for each of the above endpoints. In order to assist in evaluation of the extensive scientific literature, detailed study quality criteria were developed a priori, and in consultation with external experts, for toxicological endpoints of principle concern. These study evaluation criteria were specific to individual health endpoints and the study designs that have evolved over the years to evaluate lead health effects. Examples of the study evaluation sheets used in this Risk Assessment are included in Appendix II of the report. Included in this annex is a comparative illustration of quality scoring for two studies. Examination of this annex should provide a more detailed example of how study quality metrics were applied to analyse the primary scientific literature.

For the critical health endpoints evaluated in Repeated Dose Toxicity, each study was scored for the extent to which key elements of study design met rigorous quality criteria. These criteria were different for each endpoint, but typically included study adequacy in terms of size and power to investigate the health effect of concern, the extent to which exposed and control populations were matched, care exercised in evaluating current lead exposure and lead exposure history, whether relevant co-exposures had been monitored, ascertainment and correction for important confounders, and quality of the techniques used to assess health endpoints. Each study was assigned a numerical score that increased as a function of the extent to which specific key elements of study design had been executed and described. Since the highest numerical value that a study could attain varied with each health endpoint and type of study, study quality scores were converted to percentiles that reflect the overall extent to which each study met the quality criteria. The perfect study would thus have an overall percentile score of 100%. The percentile quality scores are included in the summary tables presented at the end of each health effects endpoint section and should assist the reader in identifying the studies that were given greater weight in formulating overall conclusions.

This detailed review does not extend to evaluation of the extensive scientific literature describing the symptoms of clinical lead intoxication related to high levels of lead exposure. Instead, information has been summarised below from IPCS Environmental Health Criteria Document 165: Inorganic Lead to describe the characteristics of clinical intoxication and the 1999 ATSDR Toxicological Profile for Lead.

Lead intoxication can adversely impact multiple organ systems and body functions. The effects of lead vary as a function of exposure intensity and duration of exposure. In addition, there is considerable interindividual variability with respect to susceptibility to lead toxicity. However, generalizations can be offered with respect to the lowest levels of lead exposure associated with different aspects of intoxication. For the purpose of this discussion, acute intoxication will be distinguished from chronic intoxication. Moreover, distinctions are made between adults and children because of their differential susceptibility to lead toxicity. The distinction between acute and chronic intoxication has a historical basis, is loosely defined, and is not concordant with current toxicological definitions of acute and chronic exposure. Both acute and chronic lead intoxication are most properly regarded as effects of repeated dose toxicity. Acute lead intoxication refers to exposures that produce symptoms at elevated blood lead levels in the absence of significant body burden. Symptoms are most frequently associated with exposure over several weeks. The absence of significant body burden (e.g. high levels of lead in bone) dictates the exposure intervention and treatment strategies, such as length of chelation therapy, that will be employed. Since body burden is not significantly elevated, relatively rapid reduction in blood lead can be achieved. Chronic intoxication entails both elevated blood lead levels and body burdens, often developing after years of exposure. A high lead body burden means that more intensive and prolonged efforts will be required to reduce blood lead.

The clinical syndrome of acute lead intoxication described in the medical literature is the result of high-level exposures to lead, typically for several weeks or longer, that have severe impacts upon the central nervous system. Symptoms of acute lead intoxication can first manifest as relatively non-specific symptoms of colic that include abdominal pain, constipation, cramps, nausea, vomiting, anorexia, weight loss and decreased appetite. Such non-specific symptoms have been observed in workers with blood lead levels in the range of 100-200 µg/dL and are suggested to occur at exposure levels as low as 40 µg/dL in rare individuals. Colic-like symptoms in children are generally observed in the range of 60-100 µg/dL blood lead. Symptoms of colic are reversible and disappear when blood lead levels decline.

In adults, lead exposures that produce blood lead levels in excess of 80 µg/dL can result in severe encephalopathy (convulsions) and/or coma. Blood lead levels as low as 70 µg/dL can produce these effects in children. The onset of severe acute CNS symptoms can be associated with long-term neurological damage and impairment of cognitive performance. Lethality can result if acute exposures are sufficiently high and/or prolonged, but dosimetry for this is not well defined.

Acute lead intoxication has effects on multiple body systems – thus the manifestations of colic. Diminished kidney function has been suggested at blood lead levels in excess of 70 µg/dL. Anaemia is possible. Indirect effects upon the heart, mediated through impacts upon the autonomic nervous system, have also been suggested. High-level exposure of pregnant women can induce abortions, but the dosimetry for this effect is poorly defined.

Symptoms of acute lead intoxication have been observed at the blood lead levels indicated above, but it should be recognised that significant interindividual variability exists. Adults and children with extremely high blood lead levels can, at least initially, be asymptomatic.

Chronic lead intoxication from long-term high-level exposure has historically been best defined in occupationally exposed adults – effects in children are frequently detected while in the acute phase. Impaired central nervous system function and symptoms of colic can be observed in adults with a history of several years of exposure sufficient to produce sustained blood lead levels of 70 µg/dL. More sensitive neurobehavioral tests have observed subtle impacts upon central nervous function at lower blood lead levels (adults and children) and are discussed in later sections of this assessment. Peripheral neuropathy can also occur, generally with prolonged exposures in excess of 60 µg/dL.

Prolonged high-level exposure to lead can produce clinically significant reductions in kidney function. This effect is generally believed to require prolonged exposure to lead at blood lead levels in excess of 60 µg/dL. Studies have observed subtle changes in renal function at lower blood lead levels and are discussed later. Cardiovascular system impacts secondary to renal disease are possible.

Lead will interfere with enzymes involved in the production of haemoglobin incorporated into the red blood cell. Exposure levels that produce significant decreases in haemoglobin production are generally on the order of 50 µg/dL. Children are somewhat more sensitive to this effect, with decreases in haemoglobin levels being observed at 40 µg/dL. More detailed discussion of haeme system impacts is to be found in the following sections.

4.1.2.7.1 Haematological Effects

Studies of Haematological Effects

The effects of lead on the pathway of haeme synthesis have been widely investigated. It is agreed that reduced haemoglobin levels that may occur above 50 µg/dL lead in blood in adults (Lilis et al. 1977; Baker et al. 1979; Grandjean, 1979) and 40 µg/dL in children (Schwartz et al. 1990), and frank anaemia which may occur above 70 µg/dL (Chisolm and Barltrop, 1979), are both adverse effects. Anaemia (usually defined as a blood haemoglobin of less than 12) is generally presumed to arise as a function of both reduced haemoglobin formation and a reduction in erythrocyte survival times (Waldron, 1966; Valentine and Paglia, 1980).

Uncertainty has at times arisen over whether the effects of lead on the intermediate steps of the haeme biosynthesis pathway at lower exposure levels that do not result in reduced haemoglobin are actual adverse affects or biological changes that can be interpreted as an indicator (biomarker) of exposure. Most changes of this nature are now regarded as exposure biomarkers.

The process of haeme biosynthesis results in the formation of a porphyrin, protoporphyrin IX, starting with glycine and succinyl-coenzyme A. Haeme biosynthesis culminates with the insertion of iron at the centre of the porphyrin ring. Lead can interfere with haeme biosynthesis at several sites on the biosynthesis pathway. Some recent research has questioned whether enzyme inhibition occurs at all biosynthesis steps initially identified as sensitive to lead and suggests indirect haematopoietic system changes at low blood lead levels. Also, evidence for a genetic basis for observed inter-individual differences in susceptibility to lead involves components of the haeme pathway.

The first step of haeme biosynthesis is rate controlling and consists of the condensation of succinate and glycine to form d-aminolevulinic acid (ALA). The enzyme catalysing this reaction, ALA synthetase (ALAS), requires pyridoxal phosphate as a cofactor. ALAS is relatively unstable with a short half-life in vivo of about one hour in mammalian species, has low basal activity (Granick and Sassa 1971) and is found exclusively in mitochondria (McKay et al. 1969). With decreased haeme formation at downstream steps, or with increased haeme oxygenase activity, a compensatory increase of ALA-S activity occurs through feedback derepression and enhances the rate of haeme formation. Increased ALAS activity can result in excess ALA formation as a function of the rate of subsequent ALA metabolism by the enzyme ALA dehydratase (ALAD).

ALAD converts ALA to porphobilinogen and is very sensitive to inhibition by lead. Hernberg and Nikkanem (1970) demonstrated 50% ALAD inhibition at blood lead levels of 16 µg/dL and observed no demonstrable threshold for this effect with effects extending below 10 µg/dL. Inhibition appears to be freely reversible, meaning that ALAD activity increases and decreases as a function of current lead exposure (Tola et al. 1973, Haeger-Aronson 1974). Levels of ALAD activity appear to play little part in regulating the overall rate of haeme biosynthesis (Moore and Goldberg 1985). As a result, ALAD inhibition does not affect overall levels of haeme production and is thus not regarded as a clinically adverse effect. However, the sensitivity of ALAD to inhibition by lead has made it a useful biomarker of current lead exposure (IPCS 1995, ATSDR 1999).

As a result of ALAD inhibition and/or ALAS stimulation, elevated levels of ALA may appear in the blood and urine of lead exposed individuals. In most instances urinary ALA elevation will be reflective of ALAD inhibition – enhanced ALAS has generally been observed at high levels of occupational exposure (Meredith et al. 1978). In adults, elevated urinary ALA becomes evident at blood lead levels of about 40 µg/dL (Meredith et al. 1978, Takaku et al. 1979, Campbell et al. 1977, Solliway et al. 1996) with some indications that females may be more sensitive than males (Roels and Lauwerys 1987). Whereas evidence to be discussed suggests haeme synthesis in children is more sensitive to disruption by lead, this would not appear to be reflected at these early haeme synthesis steps.

Although changes in ALAS and ALAD in and of themselves may not represent toxicological changes of concern, elevation of plasma ALA at higher blood lead levels is potentially significant. ALA may undergo metal-catalysed aerobic oxidation at physiological pH to yield free radical species (e.g., superoxide radicals) that can increase levels of superoxide dismutase (SOD), methaemoglobin (metHb), and urine chemiluminescence (CL) in a possible indication of oxidative stress. Costa et al. (1997) observed that at blood lead levels greater than 40 µg/dL, increasing plasma ALA concentrations were accompanied by increased levels of SOD, metHb, and CL. The extent to which some of lead’s toxic effects are mediated by transport or accumulation of ALA in sensitive organs, such as the brain or the kidney, remains to be determined.

Lead also affects the incorporation of iron into protoporphyrin to form haeme. The subsequent accumulation of protoporphyrin in the erythrocytes of individuals with lead intoxication has been recognised since the 1930s (Van den Burgh and Grotepaus 1933) and is the result of impaired mitochondrial transport of iron and presumed ferrochelatase inhibition (Goyer and Rhyne 1973, Fowler 1978, Hart et al. 1980). In humans, under normal circumstances, about 85% of the protoporphyrin incorporated into circulating erythrocytes is zinc protoporphyrin (ZPP) in which an atom of zinc has taken the place of iron. The remaining 15 percent is "free" erythrocyte protoporphyrin (EP) (Chisolm and Brown 1979). ZPP and EP are bound within the erythrocyte for the 120-day average life of the cell (Lamola et al. 1975a, b). Detection of ZPP in blood can be routinely and easily performed using capillary blood samples and a hematofluorometer and in certain circumstances provides a useful biomarker for lead exposure.

ZPP/EP elevation occurs when blood lead levels are between 25-30 µg/dL in males and between 15-20 µg/dL in females (EPA 1986, Roels and Lauwerys 1987). Children tend to exhibit elevated ZPP at somewhat lower blood lead levels than adults. Use of elevated ZPP as an exposure biomarker is limited by nutritional confounding – iron deficiency in particular will result in ZPP elevation in the absence of lead exposure. As a result of the diminution of iron for the production of haeme, ZPP accumulates in iron deficiency much in the same way as it does with increasing exposure to lead. If a child or an individual has elevated ZPP, this could be a result of iron deficiency or an elevated blood lead or both. Furthermore, ZPP begins to rise in the state of iron deficiency prior to the appearance of anaemia (Smith and Rios 1974). When a growing child is in a state of negative iron balance, erythropoiesis continues for some time without iron sufficiency. During this stage, ZPP progressively becomes elevated prior to an actual decrease in the amount of haemoglobin. Since an elevated EP, with or without reduced haemoglobin levels, may be the result of iron deficiency screening programs utilizing EP will recommend confirmatory lead analysis on a sample of venous blood. In situations where lead exposure is low, elevated ZPP can be used as a screen for iron deficiency.

The prevalence of childhood iron deficiency is such that use of elevated ZPP as a biomarker for lead exposure will experience a significant rate of “false positives” until blood lead levels increase above 20 – 25 µg/dL and ZPP levels rise above fluctuating levels produced by normal dietary variables (EPA 1986). However, interactions between iron status and lead uptake can complicate biomarker interpretation for toxicokinetic reasons. For example, Carvalho et al. (1995) measured the dose-response relationship between erythrocyte protoporphyrin (EP) and blood lead (PbB) among children grouped by iron status. Mean PbB levels were higher among children with low iron status than among those with typical or high iron status. EP levels tended to increase as PbB dose increased in all subgroups of iron status. However, an increased EP was most marked among iron-deficient children at lower blood lead levels. Among children with PbB levels ( 60 µg/dL, the EP response became somewhat modified. Children with high iron status had a greater EP response than children with low iron status followed by children with typical iron status.

The delayed kinetics of ZPP formation should also be recognised. ZPP/EP formation occurs during the maturation of the erythrocyte and persists within the erythrocyte for the life of the cell. As such, with the onset on lead exposure, there will be a lag of several weeks before erythrocytes with significant levels of ZPP appear in the circulating blood. Conversely, if exposure decreases, ZPP will remain elevated until the erythrocytes in which it is bound disappear from the circulatory system.

Increased red cell ZPP seen in lead exposed subjects has long been thought to be due to inhibition of ferrochelatase (IPCS 1995). However, Bottomley and Muller-Eberhard (1988) and Labbé and Rettmer (1989) have pointed out that zinc protoporphyrin rather than free protoporphyrin accumulates in the red cells, suggesting that ferrochelatase activity is not inhibited but that the supply of iron becomes limiting. Rossi et al. (1993) suggest that if the increased red cell zinc protoporphyrin was due to inhibition of ferrochelatase by lead then other inhibitory metals should give rise to a clinically observed increase in ZPP. Labbé et al. (1987) have noted that although Hg (mercury) and Cd (cadmium) inhibit ferrochelatase, no increase in red cell protoporphyrin is observed in poisoning with these metals. Rossi et al. (1993) further note that many of the effects of lead on ferrochelatase have been demonstrated at in vitro concentrations of lead in the 50-100 µM (1042-2083 µg/dL) range. These results are not necessarily relevant to human lead exposure, where the maximum blood lead level with excessive exposure is about 5 µM (104 µg/dL). The authors suggest that iron transport inhibition may be more relevant than inhibition of ferrochelatase in the induction of ZPP.

Rossi et al. (1990) studied 88 subjects for whom the degree of occupational lead exposure was established by measuring erythrocyte lead and protoporphyria. Assay of lymphocyte coproporphyrinogen oxidase and ferrochelatase activities showed that these enzymes were unaffected by lead exposure, as was a related enzyme, lymphocyte NADH ferrocyanide reductase. The authors suggest that the mode of action of lead on these mitochondrial enzymes may not be due to simple enzyme inhibition.

Woods and Fowler (1987) have suggested that lead, through impairment of biochemical functions, can impair the structural integrity of organelles such as mitochondria. The authors suggest that lead may compromise enzyme activity through processes that do not involve direct binding at the active site of the enzymes. Coproporphyrin oxidase is located in the mitochondrial intermembrane space, whereas its substrate, coproporphyrinogen, is produced in the cytosol by uroporphyrinogen. If lead interferes with the movement of coproporphyrinogen either from the cytosol to the outer membrane or to the inner membrane, the excess substrate could be the source of increased urine coproporphyrin (Rossi et al. 1993).

1. Although the molecular mechanism for ZPP formation may be unclear, the formation of ZPP occurs in only a small proportion of haemoglobin molecules and does not impair the oxygen carrying capacity of the blood to any significant extent. Changes in the intermediates of haeme biosynthesis, or the enzymes that mediate the process, are not generally regarded as adverse health effects until there is an impact upon levels of functional haemoglobin production (Moore and Goldberg 1985). Diminished haemoglobin production can be observed at blood lead levels above 40 µg/dL in children and 50 µg/dL in adults. The risk of clinically significant anaemia increases if sustained blood lead levels are increased beyond this point and risk of anaemia becomes significant when blood lead levels exceed 70 µg/dL (ATSDR 1999). Interindividual variability is evident in the induction of this effect – 70 µg/dL represents the lower end of the exposure range at which this effect has been observed.

Other haematological effects

A number of other haematological system changes have been documented with lead exposure. Pyrimidine - 5' - nucleotidase (PYN) is an enzyme in human erythrocytes with a physiologic function during reticulocyte maturation. When ribonucleoprotein is progressively degraded to the 5' monophosphates of adenosine, guanosine, cytidine and uridine (AMP, GMP, CMP, UMP), PYN dephospholates the pyrimidine substrates (CMP, UMP) to their respective nucleosides that then leave the cell by passive diffusion. PYN is not as sensitive to lead inhibition as ALAD, but significant decreases in PYN activities have been observed at blood lead levels of approximately 10 µg/dL . Low level PYN inhibition is unaccompanied by any detectable effects on erythrocyte function or survival and is not easily measured on a routine basis. High levels of inhibition are suggested to cause basophilic stippling of red blood cells with frank lead intoxication at very high blood lead levels. Haematological alterations are associated with PYN deficiency at a threshold of 200 µg - lead/dl packed red cells or 84 µg/dL blood lead (Valentine et al. 1974, Paglia et al. 1977). Deformation of the red blood cell may contribute to increased red cell turn-over and anaemia (Valentine and Paglia, 1980).

A recent study has suggested subtle erythrocyte changes may occur at low levels of lead exposure. Jacob et al. (2000) collected data for 797 children aged 5-14 years with low blood lead levels (GM, 3.33 µg/dL; range 0.75-23.9 µg/dL) and observed that increasing blood lead levels were associated with a small increase in the number of red blood cells and in girls, a small increase in mean corpuscular volume (MCV) and mean corpuscular haemoglobin (MCH). The authors speculated that lead might interfere with haeme synthesis in susceptible individuals and impair the function of the haemoglobin protein and the erythrocyte - as indicated by its small size - rather than a quantitative reduction of haemoglobin levels. Reduced function could produce a compensatory increase in the number of red blood cells and possibly an initial increase of haemoglobin (as opposed to the reduction of overall haemoglobin levels observed at higher blood lead levels). Thus, the authors suggested that the morphology and function of erythrocytes might be sensitive indicators of subtle changes in the haematopoietic system at low lead exposure levels and that factors such as gender may influence susceptibility to lead toxicity. The changes observed have no known health significance and would benefit from confirmation by other investigators.

Grandjean et al. (1989) have described delayed blood regeneration capacity in lead-exposed workers who had exhibited normal haemoglobin concentrations and hematocrits prior to blood donation. Graziano et al. (1991) have further hypothesised that lead may inhibit the production of erythropoietin (EPO), a glycoprotein hormone that regulates both steady – state and accelerated erythrocyte production. More than 90% of EPO is produced in the proximal renal tubules, an anatomical site where lead may accumulate. The authors speculate that lead may interfere with the calcium trigger for EPO biosynthesis. In the course of a prospective study of lead exposure and pregnancy outcome in 1502 women in Yugoslavia, Graziano et al. (1991) noticed that in women with average blood lead levels at mid pregnancy of 29.7 µg/dL (range 23.1 - 36.2) depressed serum EPO was apparent as well as low haemoglobin levels. Although statistically significant correlations were observed between EPO and levels of lead and haemoglobin, the relationship between blood haemoglobin and blood lead was not significant.

Nutritional factors likely influenced the findings in Yugoslavia. In the absence of iron deficiency, anaemia resulting from lead typically occurs when blood lead exceeds 40 µg/dL in children and 50 µg/dL in adults. The blood lead levels in this population were lower and iron deficiency probably contributed to the depressed haemoglobin levels observed. However, decreased EPO levels may have also influenced observations of low blood haemoglobin. The authors suggest that the inhibition of haeme synthesis by lead may not fully explain anaemia resulting from lead toxicity and that inhibition of renal EPO production may contribute.

Further evidence for an influence of lead upon EPO production has been provided by Factor-Litvak et al. (1998) who measured blood lead, haemoglobin, and serum EPO at ages 4.5, 6.5, and 9.5 years in 211, 178, and 234 children, respectively. Based upon place of residence and proximity to a lead smelter, children were considered to be “exposed” or “nonexposed” to lead. At 4.5 years of age, mean blood leads were 38.9 µg/dL and 9 µg/dL in the exposed and nonexposed groups, respectively. Blood leads gradually declined to 28.2 µg/dL and 6.5 µg/dL, by age 9.5 years. No differences were found in haemoglobin at any age. At age 4.5 years a positive association (β=0.21;ρ=0.0001), controlled for haemoglobin, was found between blood lead and EPO. The magnitude of this association declined to 0.11 at age 6.5 years (ρ=0.0103) and 0.03 at age 9.5 years (ρ=0.39). These results were confirmed using repeated measures analyses. 

The authors concluded that for lead exposed children the maintenance of normal haemoglobin requires excess production of EPO. With advancing age (and continuing exposure), this compensatory mechanism may diminish as a function of a gradual lead-related loss of renal endocrine function. Alternatively, the declining positive association between EPO and blood lead could be due to the decline in blood lead levels with age. The EPO levels in exposed and nonexposed children were nearly all within published age-related norms and in and of themselves were not problematic. Nonetheless possible complex interactions between long-term lead exposure and EPO production merit further study.

ALAD Isoenzymes and the Genetics of Susceptibility

Inter-individual differences in susceptibility to lead toxicity have been well documented. Recent studies suggest that such differences may in part be related to the ability of lead to bind to, as opposed to act upon, the enzyme ALAD. A possible genetic basis for observed inter-individual differences in susceptibility to lead was first suggested by Petrucci et al. (1982) when they observed that the ALAD enzyme, a dimer of two polypeptide chains, is encoded by a single gene located in chromosome 9Q34, which has two co-dominant alleles, ALAD1 and ALAD2. The expression of these alleles results in three distinctly charged forms of the isozymes that are designated ALAD1-1, ALAD1-2, and ALAD2-2 and that can be separated by electrophoresis. The ALAD2 and the ALAD1 polypeptides differ by a substitution of asparagine for lysine at residue 59 as a result of a single nucleotide charge in position 177 of the coding region. This substitution changes the electrical charge of the molecule resulting in ALAD2 having a higher affinity for lead. (Wetmur 1991a and b).

Ziemsen et al. (1986) studied lead exposed workers and observed that individuals who were genotypically either ALAD1-2 or ALAD2-2 had higher blood leads than individuals with only the ALAD1 form of the gene. This was further investigated by Astrin et al. (1987) who tested 1277 blood samples from the New York City blood lead-screening program for ALAD isozymes. Individuals homozygous or heterozygous for ALAD2 had, on average, significantly higher blood lead levels than those homozygous for ALAD1. Among individuals with suspected excess lead exposure the presence of an ALAD2 elevated the risk of having a blood lead over 30 µg/dL. This finding supported the hypothesis that the presence of the ALAD2 allele increased blood lead levels in exposed individuals. Similar results were subsequently reported by Wetmur et al. (1991a) in studies of both lead exposed workers and children (1991b). Shen et al. (2001) similarly observed that, in 229 Chinese children, individuals carrying the ALAD2 allele were more likely to have increases in blood lead levels when in a lead contaminated environment.

Although early studies suggested the presence of the ALAD2 allele somehow predisposed to higher blood lead levels, the effect of genotype upon both exposure and toxicity has emerged to be more complex. Smith et al. (1995) investigated associations between the presence of ALAD2 and lead concentration in blood and bone, as well as between this allele and indices of kidney function in a population of workers with average blood lead levels <10 µg/dL. At this low blood lead concentration, individuals with the ALAD2 allele did not have significantly different blood or bone lead levels when compared to those with the ALAD1 allele. They argued that the effect of the ALAD allele genotype might only express when other high-affinity lead binding sites within the body had become saturated. Schwartz et al. (1995) similarly suggested that the contribution of ALAD genotype to the systemic lead levels would only be observable at high exposure levels.

Schwartz et al. (1997a) have proposed that ALAD genotype significantly influences the retention of lead within the erythrocyte. They observed that subjects with ALAD1-1 had higher DMSA-chelatable lead levels than did ALAD1-2 heterozygotes. Bergdahl et al. (1997a, 1998) studied erythrocyte lead-binding proteins and found that ALAD had the strongest affinity for lead and that there was little lead bound to haemoglobin. These studies suggested that 84% of the protein-bound lead in the erythrocyte was bound to ALAD in ALAD2, while 81% was bound to this same enzyme in ALAD1 homozygotes. Although small, this difference is statistically significant and provides a possible explanation for the earlier finding of higher blood-lead levels among carriers of the ALAD2 allele than among ALAD1 homozygotes in lead-exposed populations. These data further suggest that although both forms of the enzyme bind significant quantities of lead, ALAD2 may bind with the highest affinity (Onalaja and Claudio 2000).

As noted earlier, Smith et al. (1995) investigated associations between the presence of ALAD2 and lead concentration in blood and bone, as well as with indices of kidney function in a population of workers with average blood lead levels <10 µg/dL. Although blood lead levels were independent of genotype, the ALAD2 genotype was associated with higher trabecular and lower cortical bone lead, a finding suggestive of altered lead partitioning within the body. Their results also suggested a potential ALAD2 relationship with renal effects. Elevated BUN, uric acid and creatinine were all observed in ALAD2 versus ALAD1 individuals. Considered in isolation, BUN was statistically significant, but when potential confounders were taken into account, associations between BUN and uric acid remained at borderline statistical significance. Since the ALAD2 genotype had been reported to be associated with blood lead concentrations in excess of 30 µg/dL, the authors had anticipated that kidney effects related to transient past elevation of lead exposure would be more pronounced among those with the ALAD2 genotype. In a complementary study, Bergdahl et al. (1997b) observed lower levels of urinary creatinine accompanied by a tendency towards higher serum creatinine levels for the carriers of the ALAD2 allele as compared with homozygotes for the ALAD1 allele. The results of these studies indicate a variation in kidney function between individuals of the different ALAD genotypes.

Differences between cortical and trabecular bone lead levels as a function of ALAD1 and ALAD2 genotypes are further consistent with a reduction in lead uptake into long-term cortical bone storage sites, perhaps via enhanced binding of lead to ALAD2 within erythrocytes during periods of elevated occupational exposure to lead. The ALAD2 protein may thus increase the blood compartment half-lives of lead and decrease partitioning to the cortical bone compartment (long-term storage). However, the impact of this potential altered partitioning upon toxicity is less than clear. Decreased partitioning to long-term bone storage could increase the delivery of lead to other organ systems via the blood where the bound lead might be more available to cause toxicity. Alternatively, ALAD2 may serve to sequester lead in a form that is inaccessible to certain organs, i.e., the central nervous system and cardiovascular system, and thus protect against ultimate toxicity (Smith et al. 1995).

Evidence that the ALAD2 genotype may be a protective factor against the adverse health effects of lead is provided by Schwartz et al. (1995) who examined associations of the ALAD genotype with blood lead and zinc protoporphyrin levels, exposure, duration and sex in 308 currently exposed lead workers in three lead storage battery plants in the Republic of Korea. The overall prevalence of ALAD2 was 11%, but prevalence varied by plant (8.6% in plant A, 20% in plant B, and 22% in plant C). While ALAD2 was not associated with mean blood lead levels, the allele was associated with blood lead levels greater than or equal to 40 µg/dL and with exposure durations greater than six years. Among workers in the highest exposure plant, ALAD2 was associated with lower ZPP levels when controlling for blood lead levels. Alexander et al. (1998) has confirmed this in their observations of lead smelter workers. Despite having lower blood lead concentrations, workers with the ALAD1 genotype had, on average, higher ZPP levels compared to those with ALAD2. This difference was most pronounced at blood lead levels >40 µg/dL. This suggests that enhanced protein binding of lead in ALAD2 carriers results in a decrease in the amount of bioavailable lead to inactivate coproporphyrin oxidase or to inhibit the insertion of iron into protoporphyrin IX. This then would yield lower levels of ZPP. These data suggest that lead toxicokinetics may be modified by ALAD genotype and that ALAD2 may be protective against adverse health effects of lead. 

Additional recent studies provide evidence of protective effects. Sithisarankul et al. (1997) examined a small cohort of lead exposed workers with a mean blood lead level of 27.9 µg/dL. The presence of ALA in plasma (ALA-P) was about 30% higher in the ALAD1-1 subjects than in the ALAD1-2 heterozygous individuals. Bellinger et al. (1994) has suggested that ALAD2 carriers perform better in neuropsychological tests of attention than ALAD1 homozygotes exposed to the same levels of lead. These data suggest that ALAD2 may indeed have a protective role in lead neurotoxicity. Schwartz et al. (1997b) and Gerhardsson et al. (1999) observed that ALAD1-2 subjects excreted less lead during the four-hour urine collection period than did ALAD1-1 subjects, suggesting that ALAD1-2 subjects had lower levels of bioavailable lead. Fleming et al. (1998) have confirmed that ALAD2 is less likely to surrender lead to the skeletal system – and perhaps less likely to transfer lead to soft tissues.

VDR Genetic Polymorphism

A gene for VDR (vitamin D receptor), located at chromosome 12cen-12, has been the focus of additional recent research on genetic determinants of lead toxicity. The most critical role of the active form of vitamin D, 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), is the activation of genes involved in intestinal calcium transport. 1,25(OH)2D3 binds to the VDR, and the activated VDR regulates the rate of transcription of vitamin D-responsive genes. The VDR is found in intestine, bone, kidney, parathyroid glands, haematopoietic tissues, immune tissues, muscle, heart, skin, pancreas, and other sites, and 1,25(OH)2D3 has recognised actions in all these sites. Several genetic polymorphisms have been found within the VDR, and these may influence bone mineral density, the risk of primary hyperthyroidism, parathyroid hormone levels and tubular resorption of phosphate, and blood pressure and hypertension risk (Lee et al. 2001). Schwartz et al. (2000) has observed that the ALAD and VDR genotypes are associated.

Lee et al. (2001) suggests that evidence to date demonstrating a combined influence of ALAD and VDR polymorphisms on the relation between lead and health is somewhat inconsistent in terms of main effects and effect modification. Effects observed tend to be modest and their study is complicated by an incomplete understanding of the ramifications of altered pharmacokinetics and dose-effect relationships. Fleming et al. (1999) are currently working on revision of the O’Flaherty Model of Lead Kinetics to reflect polymorphisms in ALAD. Until such models are developed and validated with respect to toxicological outcomes, altered lead pharmacokinetics as a function of genetic polymorphisms will be difficult to incorporate into lead risk assessment.

Haematological Effects Conclusions

The effects of lead upon the haeme biosynthetic pathway have been extensively studied and provides one of the best illustrations of a graduated continuum of effects that can be defined with both mechanistic certainty and with precision for dose-effect relationships. Effects of lead can be detected at low levels of exposure but are not deemed to be adverse. As exposure intensity increases, the constellation of effects observed becomes increasingly diverse until impacts upon haeme synthesis are observed that would be considered as adverse. This progression of effects can be characterised as follows:

1. Relatively low levels of lead in blood (< 10 µg/dL) are associated with inhibition of enzymes such as ALAD and a corresponding increase in haeme biosynthetic intermediates such as ALA. These changes are not in rate limiting steps of the haeme biosynthetic pathway and have no adverse impact upon overall haematopoietic system function. As such, these enzymatic effects are not considered as adverse but are sometime used as biomarkers for lead exposure.

2. At somewhat high levels of lead in blood, inhibition of the insertion of iron into haeme molecules is modestly inhibited and increased levels of zinc protoporphyrin (ZPP) can be observed in the blood. Blood lead levels of 17 – 25 µg/dL are required to produce elevations of ZPP – below this level of exposure effects cannot be reliably distinguished from background levels of ZPP and/or changes related to nutritional confounding by dietary factors such as modest iron deficiency. Although elevated ZPP levels may be observed, the proportion of affected haeme molecules is small, overall levels of haeme production are constant and the oxygen carrying capacity of the blood is not affected. Effects such as increased ZPP are thus not deemed to be adverse but do have utility as biomarkers of exposure. Biological changes in substances that regulate haematopoiesis (e.g. increased or decreased EPO) can also be observed in this exposure range as a likely reflection of normal compensatory homeostatic changes that maintain normal levels of haeme production. Such compensatory changes are similarly not considered to be adverse effects.

3. At higher levels of lead exposure the cumulative impacts of lead upon multiple enzymes in the haeme biosynthetic pathway begins to impact upon the rate of haeme and haemoglobin production. Age dependence is observed in this effect. Decreased haemoglobin production can be observed at blood lead levels above 40 µg/dL in children and above 50 µg/dL in adults. Interindividual variability is evident in the induction of this effect – the exposure levels given represent the lower end of the exposure range at which this effect has been observed.

4. Impacts upon haemoglobin production sufficient to cause anaemia are associated with blood lead levels of 70 µg/dL or higher. Interindividual variability is evident in the induction of this effect – 70 µg/dL represents the lower end of the exposure range at which this effect has been observed.

5. A genetic basis for observed inter-individual differences in susceptibility to lead has been identified and includes polymorphisms in the haeme system enzyme ALAD that may affect lead pharmacokinetics and dose-effect relationships. However, the modification of lead toxicity by known polymorphisms is relatively modest and imperfectly understood. As such they cannot be factored into quantitative risk assessment at this time. Sensitivity to anaemia will also be confounded by nutritional factors such as moderate to severe iron deficiency.

6. Although clinical anaemia is an unambiguous adverse health effect, impacts upon the haematopoietic system that are clinical precursors to anaemia (diminished haemoglobin production) can be considered as adverse effects upon haeme biosynthesis. Diminished haemoglobin production thus serves as a conservative indicator of when the impacts of lead upon haeme biosynthesis make the transition from nonadverse biochemical effects to adverse effects. NOAEL’s for haematopoietic system function of 40 µg/dL for children and 50 µg/dL for adults are thus suggested by this analysis – exposures above these levels alter overall haeme synthesis levels and can therefore be distinguished from simple biochemical effects at lower levels of exposure. Selection of altered haeme synthesis levels as the basis of NOAEL derivation is in many ways a conservative assumption since the modest decrements in haemoglobin production observed are not sufficient to yield clinical anaemia.

7. NOAEL’s based upon haeme synthesis are not be the most sensitive endpoints for Risk Characterization but will be forwarded to Risk Characterisation since adult exposures in the occupational setting could exceed 50 µg/dL.

4.1.2.7.2 Renal System Effects

Studies of Renal Effects

The adverse effects of lead on the kidney have been well documented and described (Goyer 1971). Acute lead poisoning, both in man and in experimental animals, produces similar functional and morphological changes in the cells lining the proximal renal tubule. These changes may progress to diffuse nephropathy with tubular atrophy and dilatation. Wedeen (1982) has suggested that chronic lead exposure, associated with past heavy exposure to lead as indicated by the lead mobilization test, may result in end-stage renal disease. He also suggested that unrecognised lead toxicity may be responsible for gout and hypertension associated with renal disease.

As is noted in EPA (1986), however, chronic nephropathy such as described above requires relatively heavy exposure to lead. Goyer and Rhyne (1973) suggested that blood lead levels in the range of 40-80 µg/dL were associated with the formation of nuclear inclusions bodies in the renal tubular epithelium, the first manifestation of lead accumulation in the kidney. Nuclear inclusion bodies as well as cytomegaly, swollen mitochondria and increased number of iron-containing lysosomes in proximal tubule cells are reversible lesions. Irreversible lesions occur following chronic exposure to high doses of lead (EPA 1986). Fowler and Duval (1991) and Smith et al. (1998) have identified several lead binding proteins that may play a critical role in the intracellular bioavailability of lead in the kidney and other tissues. The specific role of these proteins in mediating cellular injury has yet to be determined, but their possible role in mediating the formation of inclusion bodies is obviously of interest.

Renal Function Parameters

Lead nephropathy is an acute form of kidney dysfunction and is usually not detectable until the early onset of renal failure with loss of 50-60% of renal function. Traditional methods of monitoring workers for detection of a lead effect on the kidney have been limited to serum creatinine, and protein and glucose in the urine measured by dipstick along with periodic blood lead measurements. The clinical criteria for renal failure is generally based on indicators of altered glomerular function (increased excretion of high molecular protein, albumin), increase in age-corrected serum creatinine above the normal range of 0.7-1.4 mg/dL, or severe loss of tubular function as reflected in early morning urine osmolality or creatinine clearance.

Recent studies have focused on the detection of kidney function biomarkers that could help identify the early onset of kidney disease. On the supposition that glomerular injury would be preceded by changes in the renal tubule, urinary biomarkers of tubular changes have been examined in both the general population and workers. The most intensively studied biomarkers include NAG, RBP, (2 microglobulin, kallikrein, (1 microglobulin, EPO and alkaline phosphatase.

Biomarkers for glomerular changes have also been evaluated and include measures of the GFR (glomerular filtration rate) such as BUN, serum creatinine, and creatinine clearance, alterations in substances (prostaglandins and eicosanoids) regulating glomerular blood flow, and urinary albumin. The physiological significance of these biomarkers at low blood lead levels is uncertain. At present, none of the preceding biomarkers has proved to be predictive of the onset of clinical renal disease resulting from lead exposure.

Studies of Occupational Exposure

IPCS (1993) has summarised the historical literature on occupational lead exposure and concluded that clinically significant renal impairment requires prolonged blood lead levels above 3 µmol/L (60 µg/dL). Extensive medical surveillance studies of extremely high quality have been conducted examining changes in renal function in response to different intensities and durations of lead exposure and demonstrate that maintenance of blood lead levels below this level protects renal function.

Buchet et al. (1980) evaluated renal function in workers occupationally exposed to lead, cadmium or mercury. Renal function in 25 lead exposed workers (mean PbB 44 µg/dL, range 34 – 66.9 µg/dL) was compared to that in 88 non-exposed controls (mean PbB 14 µg/dL). Duration of occupational lead exposure ranged from 3 to 30 years, with a mean exposure of 13 years. Renal function in the workers (assessed by a variety of biomarkers and clinical measures of renal sufficiency) was not altered unless blood lead levels had exceeded 62 µg/dL for an average of 14 years.

Gerhardsson et al. (1992) similarly compared renal function in 101 active and retired lead workers with that of 41 controls. Lead exposure (mean PbB 30 µg/dL; range 4 – 62 µg/dL) was not associated with impairment of clinical parameters for renal function. On average, renal function in workers was superior to that of controls.

Gennart et al. (1992) contrasted renal function in 98 lead acid battery workers (mean blood lead 51 µg/dL; range 40 – 75 µg/dL) with that of 85 controls. Duration of exposure averaged 11 years (range: 1 – 28 yr). None of the renal function parameters examined (urinary retinol-binding protein, beta-2-microglobulin, NAG, and albumin; serum creatinine or beta2-microglobulin) was adversely impacted by lead.

Verschoor et al. (1987) compared renal function in 155 lead workers with that of 126 controls. Blood lead levels in the exposed cohort average 43 µg/dL (range 20 – 90 µg/dL). Most renal function parameters were not impacted by occupational lead exposure, though the authors expressed some concern that biomarkers of renal tubular function (e.g., NAG) might be impacted. In a stratified analysis of the entire cohort, this increase was most apparent in workers with blood lead levels in excess of 60 µg/dL.

Cardenas et al. (1993) evaluated 20 renal function parameters in 50 workers exposed to lead (mean PbB 48 µg/dL; range 36 – 65 µg/dL) with an average duration of exposure of 14 years. Clinical indicators of renal function were similar between the two groups.

Finally, Weaver et al. (2003) evaluated impacts of lead exposure upon renal function in 798 current and former Korean lead workers (lead acid battery manufacturing, secondary lead production, lead crystal manufacturing, and lead oxide production. Blood lead levels averaged approximately 32 µg/dL while duration of exposure averaged approximately 8 years. The focus of the study was evaluation of potential genetic modifiers of lead toxicity and distributional statistics of the cohort as a whole were not presented. However, blood lead levels at the time of the study included multiple individuals with blood lead levels in excess of 60 µg/dL. Minimal impact upon renal function parameters (retinol binding protein excretion, calculated creatinine clearance, BUN) was observed as a function of lead exposure. Evaluation of effect modification by ALAD polymorphisms suggested that individuals with the ALAD1-2 genotype (PbB 34.2 +/- 29.5 µg/dL) had lower BUN, serum creatinine, and retinol binding protein excretion as a function of increasing blood lead. Creatinine clearance tended to increase as a function of exposure. Individuals with an ALAD1-1 genotype had lower blood lead levels (31.7 +/- 14.9 µg/dL) and measures of renal function either did not vary as a function of blood lead or showed less marked change.

Combined, these studies indicate that a biological threshold value of 60 µg/dL will prevent the onset of classically defined lead nephropathy. This does not preclude biological changes in sensitive kidney biomarkers at lower blood lead levels. Gerhardsson et al. (1992) and Cardenas et al. (1993) observed subtle alterations in renal function biomarkers below these threshold levels such as urinary concentrations of B2-microglobulin and NAG, and urinary concentrations of 6-keto PGF, thromboxane and sialic acid; however, there was no evidence of renal dysfunction at these low blood lead levels.

More recent studies on kidney biomarkers have highlighted the uncertainty inherent in interpreting biomarker changes. Lauwerys et al. (1995) have questioned the relationship between increased urinary activity of NAG and a decreased urinary kallikrein excretion under moderate lead exposure conditions. Studies that report such changes typically do not take into account simultaneous exposure to nephrotoxic metals such as cadmium that are present in non-ferrous metal processing facilities. Cardenas et al. (1993) and Roels et al. (1990) have found that, when the results of urinary NAG and kallikrein measurements were standardised for urinary cadmium, associations between blood lead or duration of exposure to lead and biomarker changes were no longer apparent. This suggested that the initial association was not causal but rather an artefact of confounding.

Chia (1995a) has concurred that where there is significant cadmium exposure, cadmium plays a greater part in increasing NAG activity than does lead. However, their data from 128 exposed workers in a polyvinyl chloride lead stabilizer plant suggests that lead may increase NAG activity in the absence of cadmium exposure and that cadmium exposure may mask minor effects of lead. Chia (1995b) also evaluated glomerular function in these same workers and a control group of 153 postal workers using serum (2-microglobulin, serum (1-microglobulin and urinary albumin as biomarkers. Urinary albumin and urinary (1- microglobulin were significantly higher in the unexposed group and creatinine clearance values were comparable. Serum (2-microglobulin was marginally higher among older exposed workers. The author concluded that prolonged duration of high blood lead values less than 70 µg/dL may be associated with decreased creatinine clearance among older workers, though it should be noted that the number of older workers with prolonged exposure and reduced creatinine clearance was small (N=4) and blood lead levels had at times exceeded 60 µg/dL.

Taylor et al. (1997) studied groups of industrial workers exposed to cadmium, mercury and lead or solvents together with corresponding control groups. Included in the study were lead exposed cohorts from Belgium and Germany (N=112 males). Eighty-one measurements were carried out on urine, blood and serum samples and the results of these analyses, together with questionnaire information on each individual, were entered into a central database. Renal function parameters measured included three urinary enzymes, six specific proteins, total protein, two extracellular matrix markers, four prostaglandins and anti-GBM antibodies, and β2-microglobulin in serum. The most sensitive renal biomarkers included the urinary enzymes N-acetyl-β-D-glucosaminidase (NAG) and intestinal alkaline phosphatase (IAP), brush border antigens, and urinary low-molecular-weight proteins.

In lead exposed workers (mean blood lead 34 µg/dL) statistically significant correlations were found between lead exposure and tubular biomarkers, including three antigens (brush border specific antigens-BBA; HF5- brush border and myocytes of renal arterioles specific antigens; and BB50- brush border and endothelial wall-specific antigens) and two enzymes (IAP- Intestinal alkaline phosphatase activity and NAG- N-Acetyl-ß-D-glucosaminidase). However, elevation of these biomarkers is also associated with cadmium and urinary cadmium levels were elevated. The authors note that the significance of urinary cadmium levels could not be assessed in the lead-exposed cohorts.

Several studies have examined the urinary excretion of prostanoids and eicosanoids that have a possible role in the regulation of the glomerular filtration rate. Fels et al. (1994) noted changes in biomarkers for function of the glomerulus (6 keto-prostaglandin, fibronectin) and the proximal tubule (brush border antigen BBA, and alkaline phosphatase). Biomarkers for the tubule or medullary cells (PGE2 and PGF2) were elevated at median blood lead levels of 42 µg/dL in exposed workers. Interpretation of this study is complicated by lack of specificity as to the actual work setting (the cohort consisted of “lead exposed workers”), lack of information regarding exposure duration or history, and extremely limited data collection for co-exposures and confounders. Hotter et al. (1995) examined the altered urinary excretion of prostanoids or eicosanoids in workers occupationally exposed to lead and noted changes at blood lead levels of 20 µg/dL. Roels et al. (1994) assessed whether changes in the urinary excretion of eicosanoids and prostanoids (a decrease of 6 - keto - PGF1a and PGF2 and an increase of thromboxane) previously found in lead exposed workers had any impact on the renal hemodynamic response to an acute oral protein load. A cross-sectional study was carried out in 76 male workers exposed to lead and 68 controls matched for age, sex and socio-economic state. The lead workers had been exposed to lead an average of 18 years and showed a 3 times higher body burden of lead than the controls as estimated by in vivo measurements of tibial lead concentration. Blood lead levels averaged 43 µg/dL and ranged from 26 to 68 µg/dL. The results led the authors to conclude that compliance with EC Directives for maintaining occupational blood lead levels below 70 µg/dL prevents the occurrence of adverse renal function changes in most adult male workers.

In another study Chia (1995c) proposed that urinary (1-microglobulin might be a sensitive early biomarker of kidney dysfunction because of its higher molecular weight and lower efficiency in its tubular reabsorption and because of its association with a time integrated blood lead index. These findings were similar to an earlier study by Endo et al. (1993) who suggested urinary (1 microglobulin is elevated among lead workers with blood leads over 20 µg/dL. However, this study also indicated that urinary (1-microglobulin was not affected by long-term exposure to lead. Chia (1995b), discussed previously, also found no relationship between increased urinary (1-microglobulin excretion and exposed workers and none of these studies showed any relation between (1-microglobulin excretion and a change in creatinine clearance.

The ATSDR (1997) carried out a study of female former workers at the former Bunker Hill Mining and Smelting facility to examine the long-term effects of lead exposures. All women who had been employed at the facility for at least 30 days during the 1970s and who could be contacted were invited to participate. A comparison population of women was chosen from the Spokane, Washington, area. A total of 261 interviews (108 exposed and 121 comparison) were conducted. One hundred and eight of the exposed women and 99 of the comparison group women were examined with K-XRF to determine bone lead levels. The participation rate for the interviews was 81% and 63% for the medical testing in the exposed group. In the comparison group the participation rate was 73% for the interviews and 60% for medical testing. The mean age of both the exposed and comparison group was 47 years. This cohort of women was unique in that they were heavily exposed to lead during their reproductive years, 15 to 20 years before the study.

Biomarkers for renal function were examined. Exposed workers had a fourfold increase in body burden of lead compared to the controls (13 µg Pb/g bone vs 3 µg Pb/g bone), but did not show any statistically significant changes in the urinary concentrations of albumin, RBP, or creatinine. BUN was similar in both groups. Urinary NAG was the only elevated biomarker in the exposed group, but cadmium was not measured as a possible confounder. The authors remark that these results are similar to the findings of Roels et al. (1994) in their study of lead exposed male workers.

Ehrlich et al. (1998) tested the association between inorganic lead exposure, blood pressure and renal function in 382 South African battery workers. Renal function measures included serum creatinine, urea and urate. Urinary biomarkers included NAG, retinal binding protein, intestinal alkaline phosphatase, tissue non-specific alkaline phosphatase, Tamm-Horsfall glycoprotein, epidermal growth factor and microalbuminuria. Mean current blood lead was 53.5 μg/dL (range 23-110), and mean historical blood lead was 57.3 μg/dL (range 14-96.3). The workforce had a mean duration of service of 11.6 years, with 65% of the workforce having had between five and 15 years of exposure, and 12% fewer than five years of exposure. Exposure to lead in jobs or activities outside of this company was uncommon.

After adjustment for age, weight and height, positive exposure response relations were found between current blood lead, historical blood lead, zinc protoporphyrin (ZPP) and serum creatinine and urate. Blood pressure was not associated with lead exposure. Among the urinary markers, only NAG showed a positive association with current and historical blood lead. The workforce was believed to have no exposure to cadmium, but concurrent measures of cadmium exposure were not obtained. An exposure-response relationship between lead and creatinine clearance was demonstrated across the blood lead range from <40 to >70 μg/dL blood lead. The authors note that the most plausible explanation for the serum creatinine exposure-response seen was the presence of a higher cumulative lead body burden and past (heavier) occupational exposure inasmuch as control legislation restricting lead exposure to 80 μg/dl had not been introduced until 1991.

Finally, Wang et al. (2002) evaluated renal function in 229 male (N=120) and female (N=109) lead battery workers in Taiwan. Workers were further classified as having low (44.7 +/- 19.3 μg/dL; N=70) or high (64.7 +/- 25.3 μg/dL; N=159) blood lead levels – in large part by job classification and lead in air. The absence of cadmium was said to have been verified by air measurement, but data were not presented and criteria for lack of cadmium in the workplace were not specified. The duration of lead exposure ranged from 0.2 to greater than 10 years. Renal function parameters measured included BUN, serum creatinine and uric acid.

Multiple regression analysis indicated a relationship between blood lead and all renal function parameters measured. Logistic regression was then applied to evaluate changes in renal function in workers with blood lead levels above and below 60 μg/dL. A blood lead greater that 60 μg/dL was associated with increased risk of having abnormal BUN or uric acid level, but not abnormal serum creatinine (>1.2 mg/dL). Criteria for normal and abnormal renal function values were based upon Government reference criteria – data for non-exposed matched controls was not collected. However, the percentage of workers with abnormal serum creatinine was unusually high in the < 60 (13.4%) and >60 (24.2) exposure strata and strong correlations were said to be present between duration of exposure and serum creatinine. Blood lead histories were apparently not available, but past exposures were likely in excess of those present at the time the study was conducted. While roughly confirmatory of other findings that renal dysfunction requires elevated blood lead levels in excess of 60 μg/dL, deficiencies in study design and statistical analysis limit the conclusions that can be drawn.

Studies have also evaluated possible effects of lead upon vitamin D metabolism that may be mediated through the kidney. Chalkley et al. (1998) measured vitamin D metabolites in smelter workers exposed to lead and cadmium. High cadmium concentrations were associated with decreased plasma 1α,25(OH)2D3 when lead concentrations were <40μg/dl and with above normal plasma 1α,25(OH)2D3, when lead concentrations were >40μg/dl. In a letter to the editor, Chettle and Mason (1999) noted that Chalkly et al. (1998) might indeed be seeing a lead effect rather than a cadmium effect. Mason et al. (1990) reported a significant association between blood lead concentrations and serum 1,25 dihydroxy vitamin D in lead workers, however, these particular subjects were not occupationally exposed to cadmium. In vivo measurements of tibial lead were also made. The data suggested that an increase in 1,25 dihydroxy vitamin D was associated with blood lead, reflecting recent or current exposure rather than tibial lead, and that the relation was only significant in those subjects with blood lead levels >60 μg/dL. There was no affect on serum calcium, phosphate or parathyroid hormone concentrations.

Studies conducted in experimental animals have attempted to affirm the pathogenesis of lead-induced nephrotoxicity but have met with only limited success. For example, although studies of lead-treated rats confirm that prolonged high-level exposure to lead (yielding blood lead levels > 60 µg/dL) are required to induce proximal tubule injury and functional alterations in the kidney (Goyer, 1989), others have suggested that the rat kidney provides a poor model for the induction of lead-induced renal function deficits (O’Flaherty et al., 1986) due to the high levels of lead administration required to produce effects and accompanying impacts upon food and drinking water consumption and weight gain. Further complications are introduced by the apparent sensitivity of the kidney of aging rats to cystic hyperplasia and interstitial fibrosis (Goyer, 1992).

Animal studies have further documented changes not amenable to study in humans. For example, Fowler (1980) reported that 0.5 ppm lead in drinking water may increase the weight of the rat kidney, but such changes have not been observed by others (Aviv et al., 1980), have been inconsistently produced as a complex function of altered food and water consumption and body weight gain (O’Flaherty et al., 1986) or to require far higher concentrations (1000 – 10,000 ppm in drinking water or 32 - 320 mg/kg/day) than those reported in earlier studies (Vyskocil et al., 1995; Fowler and Lipsky, 1999). Given the aforementioned limitations of the rodent kidney as a model for human lead nephrotoxicity and the poor reproducibility of such effects (even within the same laboratory), such changes are assigned secondary importance compared to observations of renal function in human medical surveillance studies.

General Population Studies of Adults

General population studies have observed correlations between increased blood lead and decreased creatinine clearance rates; increases in serum creatinine and changes in some biomarkers of kidney function (NAG, RBP, EPO), but the physiological significance of these alterations is difficult to interpret. Staessen et al. (1990) reported that men in London (N=398) had a 0.6 µmol/L rise in serum creatinine concentration for every 25% rise in blood lead concentration. Correlations were not observed for women, but the number of female subjects was smaller (N=133). Staessen et al. (1992), in a much larger general population cohort in Belgium (ages 20-88 years), found an inverse correlation between measured creatinine clearance rates and blood lead and zinc protoporphyrin values in men (N=965) and women (N=1016) after adjustment for covariates. Blood lead levels for men averaged 11 µg/dL (range 2.3 – 72.5) and 7.5 µg/dL (range 1.7 – 60.3) in women. Previous observations of effects upon serum creatinine were not replicated. A 10-fold increase in blood lead was associated with a 10 ml/min decrease in calculated GFR in men and a 13 ml/min decrease in women. Correlations were not observed with renal function biomarkers such as NAG. In a longitudinal follow-up on a subset of the Belgian cohort (208 men and 385 women), Hotz et al. (1999) did not observe a relationship between blood lead and creatinine clearance or tubular biomarkers. Blood lead levels had declined some 30% at the time of the second study.

Payton et al. (1994) studied the cross-sectional relationship between creatinine clearance and blood lead concentration in a population of 744 men participating in a Normative Aging Study of the Department of Veterans Affairs between July 1988 and April 1991. These men, aged 43-90 years, were recruited from communities in the greater Boston, Massachusetts area and were selected without regard to lead exposure. Mean values for blood lead concentration and creatinine clearance rate were 8.1 µg/dL (standard deviation 3.9 µg/dL) and 88.2 ml/minute (standard deviation, 22.0 ml/minute), respectively. In multivariate linear regression analyses, the rate of creatinine clearance was significantly and negatively associated with increasing levels of blood lead, after adjustment for age, body mass index, blood pressure, smoking status, alcohol intake and use of diuretic and analgesic medications. A rise in blood lead of 10.0 µg/dL was associated with a decrease in the (ln) creatinine clearance rate of 10.4 ml/min (or 9% decrease in the creatinine clearance rate).

In a retrospective cohort study of 459 men randomly selected from the participants of the above Normative Aging study, Kim et al. (1996) examined serum creatinine levels and blood lead levels for the period between 1979 and 1994. After adjustment for the confounders indicated above, a 10 fold increase in blood lead level predicted an increase of 7 µmol/L (0.08 mg/dL) in serum creatinine concentration, which is roughly equivalent to the increase predicted by 20 years of aging. The association was also significant among subjects whose blood lead concentrations had never exceeded 10 µg/dL throughout the study period. Blood lead levels in years prior to study inception had not been determined but, given the rapidly declining blood lead levels in the United States during the study period, were probably higher than those measured. The authors concluded that low-level exposure to lead may impair renal function in middle-aged and older men and that there may be an acceleration of age-related impairment of renal function in association with long-term low-level lead exposure. However, when placed within different clinical terms, the increase observed may be of limited importance. Persons with a serum creatinine concentration of 1.7 mg/dL or greater are at approximately three times greater risk of death (Shulman et al. 1989). The reported increase of 0.08 mg/dL serum creatinine per increase of 10 µg/dL is small when framed within this context.

A general population study was carried out on 504 randomly selected residents from Palmerton, Pennsylvania. Indices of kidney function, serum creatinine and blood urea nitrogen; kidney enzymes, alanine aminopeptidase (AAP), gamma glutamyl transferase (GGT), and N-acetyl-B-D-glucosaminidase (NAG) were measured. Blood lead levels ( 10 µg/dL were not significantly associated with any of the kidney biomarkers examined (ATSDR 1995). Alfven et al. (2002) similarly reported that (1 microglobulin excretion was not related to blood lead levels in 479 men and 542 women aged 16 – 81 years. The cohort included both general population (environmental) and occupational exposures. Blood lead levels in men averaged 3.5 µg/dL with 10th and 90th percentiles of 1.7 and 5.5 µg/dL, respectively. Women averaged 2.4 µg/dL with 10th and 90th percentiles of 1.1 and 3.7 µg/dL.

The preceding studies indicate that impacts upon urinary (tubular function) biomarkers are not observed at environmental exposure levels to lead. Several, but not all, of the preceding general population studies suggest that moderate blood lead levels can alter renal function parameters such as creatinine clearance. The effects observed are modest and it is unclear as to why studies of comparable design and blood lead levels should show inconsistent results. A negative relationship between creatinine clearance and blood lead at low blood lead levels is also difficult to reconcile with the results of occupational studies that find little impact of lead upon creatinine clearance until extremely high blood lead levels are experienced over a time frame of years. The “healthy worker effect” may have influenced occupational exposure studies to a certain extent – in a number of occupational surveys creatinine clearance in lead-exposed workers was superior to that in age matched controls. However, this alone seems unlikely to account for disparate findings in occupational and general population studies.

The correlations sometimes observed in general population studies are further difficult to interpret with respect to causality given emerging information on genetic determinants of lead toxicity. Polymorphisms in ALAD (section 3.1.2.7.1) appear to influence both blood lead and renal function – if both are impacted by genetic factors then interactions between the two can be difficult to evaluate and may not reflect causal associations. Studies of renal function, ALAD genotype, and bone lead have further suggested that renal function in the general population may be influenced by episodes of past acute high exposure not adequately reflected by measures of blood lead (Smith et al. 1995). The levels of lead in bone detected in some studies are not consistent with the low blood lead levels observed and suggest past heavy lead exposure occurred that was sufficient to elevate body lead burdens.

The complex interaction between ALAD genotype, blood and bone lead, and renal function was also evaluated by Wu et al. (2003) in a cross sectional survey of 710 male subjects aged 48 – 93 years. Measures of lead exposure included blood lead and lead in patella (trabecular) and tibia (cortical) bone as determined by K-XRF. Renal function measures included serum creatinine and uric acid. Blood lead levels in individuals homozygous for ALAD1 were slightly higher (6.3 +/- 4.1 µg/dL) than those heterozygous or homozygous for ALAD2 (5.8 +/- 4.2 µg/dL). Patella lead and tibia lead levels did not differ between the genotypes and averaged 32 (+/- 20) and 22 (+/- 13) µg/g, respectively. In contrast to the findings of Kim et al. (1996) who studied a subset of this same cohort, no correlation was found between blood lead and serum creatinine, calculated creatinine clearance or uric acid. Tibia and patella lead were positively associated with serum creatinine but not to statistical significance. However, a significant interaction between tibia lead, ALAD2 genotype and serum creatinine was found. Serum uric acid levels correlated strongly with ALAD genotype and patella lead levels – with effects being suggested above genotype specific patella lead threshold levels. For ALAD1 individuals serum uric acid increased when patella lead levels exceeded 101 µg/g. For ALAD1-2 and ALAD2-2 genotypes this increase occurred above a patella lead level of 15 µg/g. The results suggest that ALAD2 carriers may be more sensitive to renal effects from lead – but the finding that patella lead and not blood lead correlated with serum uric acid is difficult to interpret and suggests that past elevated exposure may play a role. The levels of bone lead observed are higher than would be expected based upon the observed blood lead levels and are more consistent with observations made of bone lead levels for some occupationally exposed cohorts. The suggestion that ALAD2 imparts susceptibility to lead toxicity is also at variance with previous observations that it may confer resistance, at least for haematological and neurological endpoints. The studies of Weaver et al. (2003) discussed earlier in this section are consistent with effect modification by ALAD genotype, but also seem to suggest that renal function is not adversely affected at blood leads below 60 µg/dL independent of ALAD genotype.

Finally, an impact of creatinine clearance rates upon the pharmacokinetics of lead metabolism may influence general population surveys. A significant portion of plasma lead is eliminated through urinary excretion. Decreases in GFR would be expected to produce a slight reduction in lead clearance rates that, over a time frame of years, could produce modest increases in bone lead burden and blood lead. A relationship between blood lead and renal function is thus predicted on the basis of lead pharmacokinetics. Alternatively, a decreased tubular excretion of creatinine mediated by tubular biochemical changes might also lead to a decreased excretion of lead or increase in blood lead, but may not be reflective of actual alterations in GFR.

Although pharmacokinetic models may predict a relationship between blood lead and creatinine clearance, data to support reverse causality in the blood lead – GFR correlation is limited. If true, patients with renal insufficiency would be expected to have increases in blood lead levels. A limited number of studies are available to test this hypothesis, but do not yield conclusive results. Haemodialysis patients are reported to have modest elevations of blood lead (Colleoni et al. 1993), as do patients being treated for chronic renal failure (Nuyts et al. 1995).

Lin et al. (1999) examined whether chelation therapy slows the progression of renal insufficiency in patients with mildly elevated body lead burden. The cohort included thirty-two (32) patients with chronic renal insufficiency (serum creatinine level greater than >132.6 μmol or 1.5 mg/dl; and less than < 353.8 μmol or 4.0 mg/dl; mildly elevated body lead burden (>0.72 μmol or 150 μg of lead per 72-hour urine collection and <2.90 μmol of lead per 72-hour urine collection [EDTA mobilization tests]), and no history of lead exposure. Patients were randomly assigned to the treatment group or the control group. The treatment group received two months of chelation therapy; the control group received no therapy.

The observation that some patients with renal insufficiency have elevated body burdens responsive to mobilization by chelation is consistent with reverse causality. Previous studies by the same researchers had similarly suggested increased levels of chelatable lead with renal insufficiency (Lin and Huang 1994, Lin and Lim 1992). However, while rates of progression of renal insufficiency were similar in the treatment group and the control group during a twelve month baseline observation period, in the 12 months after the treatment period improvement in renal function was greater in the treatment group than in the control group. The authors concluded that chelation therapy seems to slow the progression of renal insufficiency in patients with mildly elevated body lead burden, a finding consistent with long-term exposure to low levels of environmental lead being associated with impaired renal function. Additional studies with larger numbers of patients would be desired to confirm this finding.

Resolution of the significance that should be attributed to correlations between blood lead and renal function parameters such as creatinine clearance would best be addressed by longitudinal studies that define whether blood lead increases as a function of creatinine clearance. Longitudinal elements are contained in the sequential studies of the general population in Belgium (Staessen et al. 1992, Hotz et al. 1999) and the United States (Kim et al. 1996, Wu et al. 2003), although the cohorts evaluated changed somewhat over time and general declines in general population blood lead levels were occurring. Accepting these caveats, in each instance initial correlations between blood lead and renal function were not observed at follow-up. This suggests the lack of a relationship (by whatever mechanism) between blood lead and renal function at environmental exposure levels.

Renal Function During Pregnancy 

Relationships between renal function and blood lead have been evaluated during pregnancy, a circumstance not strictly comparable to other general population studies. A survey of 1502 pregnant women residing in two towns in Yugoslavia reported an increased rate of proteinuria, measured using urinary dipsticks, associated with increased blood lead levels. An elevation in the odds ratio for trace proteinuria was suggested by logistic regression analysis when PbB exceeded 6.4 µg/dL (Factor-Litvak et al. 1993). However, the relative inaccuracy of dipstick methods complicates interpretation of this study – this is at best a semi-quantitative method that provides no information regarding the nature of the protein being excreted in excess (e.g., albumin, tubular proteins). Moreover, transient proteinuria is commonly observed during pregnancy as a consequence of physiological changes and has no known clinical significance.

In a subgroup of the same population, it was also found that serum erythropoietin (EPO) level at mid-pregnancy and at delivery was usually lower in women with higher blood lead levels (23.1 - 36.2 µg/dL) than in those with low blood lead levels (3.0 - 4.4 µg/dL). More than 90% of EPO is produced in the proximal renal tubules. According to the authors, the inhibition of EPO production by lead may be an early and relatively sensitive indicator of lead nephrotoxicity (Graziano et al. 1991). However, the complex relationship between EPO, haemoglobin production and blood lead levels make it difficult to evaluate the relevance of this finding.

Renal Function in Children

Studies of children have generally evaluated renal function as sequelae of lead poisoning. Hu (1991) compared 22 untreated subjects who were survivors of childhood plumbism in 1930 to 1942 matched with 22 controls and found no evidence to support renal dysfunction. On the contrary, adjusted creatinine clearance rates for matched subjects with plumbism were unexpectedly found to be significantly high, perhaps due to the development of clinically significant hypertension in these subjects. Moel and Sachs (1992) examined renal function in 62 subjects, 17 to 23 years after chelation therapy. The study failed to demonstrate significant evidence of renal dysfunction, but the authors cautioned that a much larger cohort of subjects and controls and a longer follow-up may also be necessary to determine whether study subjects are at risk of developing nephropathy 25 or more years after childhood lead poisoning.

Bernard et al. (1995) conducted a cross-sectional study to determine whether environmental exposure of children to lead may cause renal effects. The study involved a total of 195 children aged 12 to 15 years. Elevated urinary excretion of retinol binding protein that paralleled the level of lead in blood was observed. Inconsistent correlations were observed between blood lead, NAG and Clara cell protein excretion. The authors conclude that environmental lead contamination (children lived in the vicinity of a lead smelter) may cause slight alterations in proximal tubule function in children at blood lead levels in the range of 3 µg/dL - 35 µg/dL, with the caveat that effects could be related to higher blood lead levels likely to have been present during early childhood (length of time in residence in the study areas is not, however, specified).

Interpretation of this study is difficult. Confounders such as ethnicity, lifestyle factors and other exposures that might be in the vicinity of a smelter were not carefully accounted for. Urinary cadmium was not measured and the criteria for abnormal retinal binding protein is not specified. Given that blood lead levels were not high, a strong biological effect, particularly with respect to retinol binding protein, is not easily reconciled with other general population studies on biomarkers – or with the fact that most adults surveyed in studies today had far higher blood lead levels as children. The authors also noted that the changes observed in this study corresponded to a minute decrease of the protein re-absorption capacity of the proximal tubule (less than 1%, Bernard and Lauwerys 1991) and is of uncertain physiological significance. Further studies are needed to confirm this finding under other circumstances of lead exposure, with more accurate and relevant exposure histories, and considering other possible confounding factors.

Buchet et al. (2003) conducted a study of 400 children (200 boys and 200 girls aged 8.5 – 12 years) and 600 adults (300 men and 300 women aged 18 – 54 years). Half of the children and two thirds of the adults had lived for a minimum of 8 years in the vicinity of two non-ferrous smelters. Although marked elevations of lead in soil and dust were found, the blood lead levels of the study population were low. Average blood lead levels for children ranged from 2.7 – 4.2 µg/dL – the highest blood lead observed was 16 µg/dL. Adult blood lead values averaged about 7 µg/dL for men and 4 – 5 µg/dL for women. Renal function parameters were assessed and included urinary NAG, retinol binding protein, beta-2-microglobulin, albumin and brush border antigen. No differences in renal function parameters were observed between the two study areas. Stepwise multiple regression analysis did not find a correlation between blood lead and any renal function parameter (correlations with NAG and urinary cadmium were observed).

Verberk et al. (1996) studied the effect of lead on 5 renal parameters in 151 children (3-6 year olds) who resided at different distances from a lead smelter in Baia Mare, Romania. The average blood lead for all children was 34.2 µg/dL ( 22.4 µg/dL. No relationship was found between albumin, (1-microglobulin, retinol binding protein or alanine aminopeptidase in urine and blood lead levels. Cadmium in blood was not elevated. NAG showed a 13.4% increase per 10 µg/dL of blood lead. As in earlier general population studies the physiological significance of the increase in NAG is unclear.

Studies of glomerular function in children are technically challenging. The ideal endogenous marker of glomerular filtration rate (GFR) should be produced at a constant rate and be eliminated by glomerular filtration. Under steady state conditions, its steady state serum concentration would reflect GFR. Serum creatinine is the metabolite most commonly used for this purpose, but is problematic to apply with children. Tubular secretion plays an important role in creatinine elimination with declining GFR, and creatinine production varies intra- and inter-individually. Creatinine production is also proportional to muscle mass, which significantly increases with linear growth. Therefore, creatinine values have to be adjusted for body height and body composition to reflect renal function in the paediatric age group (Schwartz et al. 1987).

As a consequence, alternate measures for GFR have been applied in children. Cystatin C is produced at a constant rate by all nucleated cells within the body (Abrahamson et al. 1990). Elimination of cystatin C from the circulation is almost exclusively by glomerular filtration. Like other low molecular weight proteins, filtered cystatin C is reabsorbed and catabolised in proximal renal tubular cells. (Jacobsson et al. 1995). Studies in adults have shown cystatin C to be a more sensitive marker of changes in GFR than serum creatinine (Newman et al. 1995, Kyhse-Andersen et al. 1994). Since creatinine concentrations are considerably lower and highly variable with body growth in children, cystatin C might be of special benefit as a marker of GFR for the paediatric age group.

Bokenkamp et al. (1998) compared cystatin C and creatinine as markers of GFR in children. The researchers concluded that for the following reasons cystatin C seems to be a promising alternative to creatinine as an endogenous marker of GFR in children. First, the serum concentration of cystatin C is independent of patient age, weight, height, gender and body composition. Unlike creatinine, Cystatin C has a constant reference range beyond the first year which facilitates the identification of renal insufficiency especially in toddlers and prepubertal children. Cystatin C also bears special promise in patients with alterations in body composition and creatinine production (i.e., muscle wasting, anorexia, liver cirrhosis, neuromuscular disease), in which creatinine-based formulae for the estimation of GFR often fail. Like all other endogenous markers tested so far, cystatin C cannot, however, replace exogenous clearance examinations for the exact quantification of GFR, when indicated for clinical research reasons (Bokenkamp et al. 1998).

Only one study of lead and renal function using cystatin C was identified. Staessen et al. (2001) recruited 200 17-year old adolescents (120 females, 50 males) from one rural control and two suburban areas in the vicinity of a lead smelter and waste incinerators in Belgium. Exposures to a wide range of environmental pollutants (heavy metals, polychlorinated biphenyls, volatile organics, polycyclic aromatic hydrocarbons) were assessed and related to renal function, sexual development and cytogenetic indicators of DNA damage. Blood lead levels averaged 1.6 µg/dL (95th CI: 1.4 – 1.7) in the control area. Blood lead levels in the two suburban areas averaged 1.9 µg/dL (95th CI: 1.6 – 2.2) and 2.9 µg/dL (95th CI:2.5 – 3.2). All blood lead values are adjusted for sex and smoking. Serum cystatin C averaged from 0.65 to 0.71 mg/L in the different study areas (+/- 0.08 SD) and urinary β2-microglobulin averaged from 5.22 – 9.09 µg/mmol creatinine. A correlation was observed between blood lead urinary cystatin C and β2-microglobulin, a surprising observation given the restricted range of blood lead and renal function parameter values. Values for the renal function parameters were quite low and well within clinical norms. Thus, while a correlation was observed between blood lead and renal function, clinical and/or physiological significance is uncertain.

Vitamin D Metabolism in Children

Questions have been raised about the possible effects of lead upon vitamin D metabolism, an effect that could be mediated through the kidney. Rosen et al. (1980) and Mahaffey et al. (1982) reported associations between blood lead and decreasing levels of vitamin D metabolite over blood lead ranges from 12-120 µg/dL. No threshold for this effect could be demonstrated and it was speculated that lead, at low exposure levels, may result in an interference with vitamin D metabolism with possible adverse effects on bone growth in children. However, Koo et al. (1991) measured indices of vitamin D metabolism in 105 children with average lifetime blood lead concentrations of 4.8-23.6 µg/dL. They concluded that there was no effect on vitamin D metabolism, calcium and phosphorus homeostasis or bone mineral content in children whose nutritional status is adequate and who possess blood lead levels of 25 µg/dL or less. They also suggested that the children examined in the earlier studies may have suffered from nutritional deficiency and chronically elevated blood lead concentrations.

Recent animal studies support the findings in the human studies. Interactions between dietary calcium and lead which influence serum levels of the vitamin D hormone, 1,25-dihydroxyvitamin D, intestinal calcium and lead absorption, and body lead retention were investigated in chicks (Fullmer 1997). Lead ingestion and calcium deficiency alone or in combination generally increased serum 1,25 (OH)2D levels over most of the range of dietary calcium and lead. However, in severe calcium deficiency, lead ingestion resulted in marked decreases in hormone concentration. Overall, similarities in response profiles for 1,25(OH)2D, intestinal Ca absorption and calbindin-D suggested that major interactions between Pb and Ca are mediated via changes in circulating 1,25(OH)2D concentrations, rather than direct effects on the intestine. The response profiles for Ca and Pb absorption differed, in part, suggesting that intestinal transport of the two cations may not be identical. Kidney and bone lead content also differed in response to varying Ca and Pb levels, providing evidence for additional tissue-specific interactions not related to 1,25(OH)2D.

Gruber et al. (1999) investigated bone changes in the adult rat exposed to low lead levels during intake of normal dietary calcium. The results confirmed an absence of interference with vitamin D metabolism, absence of secondary hyperparathyroidism and absence of osteopenia. These findings add validity to the Koo et al. (1991) data in children and also stress the importance of adequate calcium intake in elderly populations.

Renal Effects Conclusions

Numerous studies of high quality have evaluated the effects of lead upon renal function under environmental and occupational exposure conditions. A continuum of responses has been observed with enzymatic changes being reported at lower levels of exposure and clinical lead nephropathy at high levels of exposure. Clinical lead nephropathy exhibits slow onset after prolonged high level exposure to lead and is characterised by a progressive decrease in glomerular filtration rate and a subsequent rise in serum creatinine. These functional changes are associated with apparently irreversible degenerative changes in kidney (interstitial fibrosis) affecting the glomerulus. Early mortality resulting from these changes has been documented by several cohort mortality epidemiology studies of occupationally exposed individuals heavily exposed to lead prior to the promulgation of modern occupational exposure standards.

The precise mechanisms that mediate lead-induced renal nephropathy are not known, but likely begin with specific interactions with kidney cell macromolecules at low levels of exposure that may in part be responsible for occasional observations of renal function biomarker alterations in workers. High-level lead exposure results in relatively non-specific (but significant) sequestration of lead within kidney cells that affects multiple subcellular processes.

1. Most studies of adults in the general population find little relationship between blood lead and urinary (tubule) biomarkers of renal function. Inconsistent observations have been made of correlations with creatinine clearance or glomerular filtration rate that have not persisted in longitudinal follow-ups. Suggestions have been made of relationships between bone lead levels and renal function that further demonstrates the possible involvement of genetic polymorphisms in toxicity and the potential impact of unsuspected increased past lead exposures. However, dosimetric inferences are difficult to draw from bone lead measurements. A small number of recent studies have suggested a relationship between low levels of lead in blood and creatinine clearance at low (<10 µg/dL) levels of exposure, with suggestions that this effect might be more pronounced in individuals with additional risk factors such as hypertension or diabetes. At this point it remains to be determined whether correlations between lead in blood levels and renal function parameters at low blood lead levels reflect causal relationships or are the result of blood lead elevations caused by impaired urinary lead excretion. More significantly, the correlations from general population studies are difficult to reconcile with studies of occupationally exposed individuals that have not observed such effects at far higher levels of exposure. Risk of impaired renal function from environmental levels of lead exposure is thus not expected for adults.

2. Studies of children are more limited in number and scope. Occasional and inconsistent elevations of urinary biomarkers have been reported, but there appears to be no functional or physiological significance to these findings. Taken as a whole, the data indicate there is little relationship between environmental lead exposure and urinary biomarker excretion in children. One study has reported a relationship between paediatric lead exposure and GFR, but all values appear to have been well within clinical norms. While renal impairment secondary to lead poisoning (lead intoxication) at blood lead levels well above 40 μg/dL cannot be precluded, there is little evidence that common environmental exposure levels pose risk.

3. Impaired Vitamin D metabolism that may be mediated at the level of the kidney is of potential concern and could influence the growth and development of children. Blood lead levels below 25 μg/dL appear to be without affect, at least in children with adequate nutrition (Koo et al. 1991). The safety of blood lead levels above 25 μg/dL is unclear and, on a precautionary basis, should not be exceeded. However, although other health effects manifest at lower levels of exposure and the prevalence of children with blood lead levels in excess of 25 µg/dL is extremely low, this value will be carried forward to Risk Characterization as a NOAEL relevant for environmental paediatric exposures and impacts upon renal function in children.

4. Subtle alterations in renal function biomarker excretion have been observed below blood lead levels of 60 µg/dL in occupationally exposed adults, including increased urinary concentrations of (2-microglobulin, NAG, 6-keto PGF, thromboxane, sialic acid and (1-microglobulin. However, there is no evidence of clinical renal dysfunction at these blood lead levels and confounding by other nephrotoxins in the workplace has been suggested as the cause of biomarker elevations. Given that causal relationships between lead and these biomarker changes is questionable and that long-term follow-up studies have not detected declines in renal function in individuals manifesting such changes, these alterations are not judged as adverse effects that can be used for purposes of risk assessment.

5. Occupational studies further indicate that individuals with blood lead levels maintained below 60 µg/dL have renal function (e.g. glomerular filtration rates) equal or superior to individuals without occupational exposure. As initially observed by Buchet et al. (1980), and subsequently confirmed by Gerhardsson et al. (1992), Gennart et al. (1992), Verschoor et al. (1987), Cardenas et al. (1993), Roels et al. (1994) and Weaver et al. (2003) maintenance of blood lead levels at or below 60 µg/dL appears to guard against the onset of lead nephropathy. However, lead nephropathy has been observed in individuals with blood lead levels in excess of 60 µg/dL for five or more years. The collective studies indicate a threshold for significant renal effects that is in excess of 60 µg/dL lead in blood and with a requirement for prolonged (five years or more) lead exposure. A NOAEL of 60 µg/dL, combined with five years or more of lead exposure, is thus adopted for renal effects. 

6. Although a NOAEL of 60 µg/dL is not the most sensitive endpoint for Risk Characterisation, it will be carried forward on a provisional basis since current occupational exposures could exceed this level.

Table 4.182:
Kidney summary

	Reference
	Exposure setting
	Main characteristics of the population
	Exposure assessment, duration and Intensity
	Observations
	Covariates, examined
	Study quality score and comments

	a. Occupational studies

	Gerhardsson et al. (1992)
	Lead smelter
	70 active and 30 retired long term exposed Swedish lead smelter workers plus control group.
	Median cumulative blood lead index µmol/L for active lead workers was 17.85 (3.3-104) and 72.2 (21.3-98.2) for retired workers. No CBLI reported for referent group.
	Despite the exposure of this magnitude, no signs of adverse effects on the kidney such as early tubular or glomerulus damage was reported.
	Alcohol, tobacco usage, food intake, hobbies reported but extent of data collection on other confounders unclear.
	Score: 98%

Lead concentrations in calcaneus and tibia bone also reported.

	Gennart et al. (1992)
	Lead battery plant
	221 Belgian lead battery workers and 85 control workers
	Mean duration of exposed workers was 10.6 years (1-28.4). Mean PbB for control workers was 20.9 (4.4-39) and 51.0(40-75) in lead exposed workers. 
	No indicators of kidney function were correlated with lead exposure (blood lead or duration of exposure). Results support the biological threshold value of 60 µg/dL for the prevention of renal effects.
	Age, weight, height, smoking and drinking habits and urinary cadmium
	Score: 98%

	Cardenas et al. (1993)
	Lead smelter
	50 Belgian smelter workers and 50 control subjects.
	Average blood lead concentration of exposed workers was 48 µg/dL and their mean exposure was 14 years.
	Biochemical alterations in excretion of 6-keto-PGF and enhanced excretion of thromoboxane but they were not associated with any sign of renal dysfunction.
	Age, BMI, smoking, alcohol consumption, cadmium and mercury in urine.
	Score: 98%

	Roels et al. (1994)
	Lead smelter
	76 male workers and 68 matched controls
	The geometric mean PbB levels of exposed workers was 43.0 µg/dL (range 26 – 68 µg/dL) and 14.1 µg/dL (range 6 to 28 µg/dL) for the controls. The lead workers had been exposed on average for 18 years (range 6-36 years).
	Adverse renal changes are unlikely to occur in most adult male lead workers when their blood lead concentration is regularly kept below 70 µg/dL.
	Age, height, weight, occupational history should not show any excessive exposure to Cd, Hg or other nephrotoxins, blood pressure.
	Score: 98% Geometric mean tibial bone lead concentration was 66 Pb/μg bone.

	Buchet et al. (1980)
	Lead smelter and 2 cadmium smelters
	62 Belgian workers (14 lead smelter & 48 cadmium smelter workers) plus 88 control workers
	Average duration of employment was 15.5 years in exposed group and 8.4 in control. Mean PbB of control group was 16.4 µg/dL (5.5-34.2 and 38.7 µg/dL (19.8-66.9) in Pb/Cd exposed group 
	No alteration of renal function was evidenced in the small group of workers moderately exposed to lead (plumbemia <62 µg/dL for less than 14 years.
	Cadmium but extent of data collection on other confounders unclear.
	Score: 93%

	Verschoor et al. (1987)
	3 lead battery plants and 1 lead stabilizer plant
	155 male lead workers and 126 male controls
	30% of lead exposed workers were employed for less than two years, 40% 2-10 years and 30% >10 years. All non-exposed workers and only 3 exposed workers had PbB <1 µmol/L. Highest PbB in exposed group was 4.71 µmol/L.
	Data suggest that renal tubular parameter changes may occur at PbB <3 µmol/L. However, the tubular proteinuria observed did not indicate any manifest functional impairment. All urinary and serum parameters were within the normal ranges.
	Information provided as to age, residence, past and present illnesses, intake of therapeutics, smoking and drinking habits, exposure to nephrotoxic agents and ethnic origin.
	Score: 93% Workers with hypertension or renal disease or who used prescribed drugs were excluded from the study.

	Chia et al. (1995b)
	Lead stabilizer manufacturer
	137 lead exposed workers employed for at least 6 months and 153 postal workers without a history of exposure to lead.
	Unclear description of workers or controls actual blood lead history. Workers were classified based on a time integrated index of lead in blood or the number of times PbB were above critical level of 40, 50 or 60 µg/dL.
	PbB over 70 µg/dl over prolonged time may be associated with decreased creatinine clearance. Workers with reduced creatinine clearance was small (n=4) and blood lead levels had exceeded 60 µg/dL at times.
	Age, race, smoking, analgesics, antibiotics, blood pressure, medical conditions that could impact kidney function.
	Score: 92% 

A significant exposure to cadmium may result in playing a greater role than Pb in increasing NAG activity Chia et al. (1995a).

	Ehrlich et al. (1998)
	Battery plant
	382 South African battery production workers 
	The mean duration of employment was 11.6 years. Mean current PbB was 53.5 µg/dL (range 23-110) Mean historical PbB on 246 workers was 57.3 µg/dL (range 14-96.3).
	An exposure response relationship between PB and renal dysfunction was demonstrated across the blood lead range from <40 to > 70 µg/dL.
	Age, weight, height, smoking and alcohol
	Score 89%

Most plausible explanation for findings was due to past heavy exposures. 

	Wang et al. (2002)
	Battery plant 
	120 male and 109 female Chinese battery production workers employed for at least 2 months before study.
	PbB of workers classified as low (44.7 + 19.3 µg/dL ( or high (64.7 + 25.3 µg/dL). Duration of exposure ranged from 0.2 to > 10 years.
	A blood lead > 60 µg/dL associated with increased risk of having abnormal BUN or uric acid (p=0.001).
	Age, gender, milk intake, smoking status, no use of nephrotoxic drugs, gout medication, herbal drugs or exposure to nephrotoxic chemicals i.e., Cd & Hg. 
	Score: 89%

	Roels et al. (1990)
	Lead smelter and ceramic manufacturing
	37 workers exposed to lead dust & fume 
	Blood lead levels ranged from 40-67 µg/dl with an average duration of exposure of 8 years.
	There was no indication that moderate exposure to lead was associated with a reduction of kallikrein production by the kidney.
	Age, Cd & Hg in urine & medical history to kidney disease & sodium intake
	Score: 88%

	Chia et al. (1995)
	Lead stabilizer manufacturer
	128 male production workers and 93 unexposed controls 
	Unclear description of workers’ or controls’ actual blood lead history. Workers were classified based on a time integrated index of lead in blood or the number of times PbB were above critical level of 40, 50 or 60 µg/dl.
	Urinary A1 microglobulin might be a sensitive biomarker of kidney dysfunction because of its association with a time integrated PbB index.
	Age, height, race, smoking, cadmium, analgesics, antibiotics, blood pressure, medical conditions that could impact kidney function unclear.
	Score: 87%

	Weaver et al. (2003)
	26 different facilities i.e. lead battery, lead oxide, lead crystal, radiator manufacture and secondary smelting
	798 current and former Chinese lead workers
	Current and retired workers mean blood Pb for all workers was 32.0 ( 15 µg/dL.
	Higher Pb dose was associated with lower BUN, serum creatinine and RBP but higher creatinine clearances in workers with ALAD1-2 genotype.
	No known renal toxicants, adjusted for age, sex, BMI, hypertension, smoking and work status.
	Score: 83%

Sample size was large but number of workers with variant alleles was small leading to unstable estimations of coefficients.

	Taylor et al. (1997)
	Industrial workers 
	64 males and 8 female German workers and 48 Belgian males plus controls
	Mean PbB in control group was 10.2 µg/dL and 33.9 µg/dL in exposed workers.
	The lead exposed workers had statistically significant correlations between lead exposure and tubular biomarkers.
	Cadmium, mercury, lead, solvents, age, BMI, sex, smoking, alcohol, blood pressure, antibiotics, analgesics and other conditions that could impact kidney function.
	Score: 83% Significance of CdU levels could not be assessed in the lead-exposed group

	ATSDR (1997)
	Lead smelter
	108 females who had worked at least 30 days during 1970s and 121 controls 
	Mean PbB of women in production areas was 54 µg/dL and 36 µg/dL in clerical offices. 
	Only statistically significant difference in renal biomarkers between exposed and control group was for NAG 9R = 0.18, P=0.01).
	Age, employment history, weight, gynaecological surgeries, number of pregnancies, alcohol and smoking.
	Score: 81%

Workers exposed to lead for 15-20 years prior to study.

	Mason et al. (1990)
	
	63 UK male lead exposed workers.
	Blood lead levels in workers ranged from 15-94 µg/dL. The mean blood lead level of the exposed group was 63 µg/dL and 25 µg/dl in the low exposed group. Tibia bone levels ranged from 0-93 µg/g wet bone. Mean tibia lead in the exposed group was 60 µg/g and 11 µg/g in low lead group.
	An increased in 1,25-dihydroxyvitamin D was associated with recent or current blood lead (r=0.45, P=0.0002) rather than tibial lead and that the relation was only significant in those subjects with PbB > 60 µg/dl.
	Workers were not exposed to organic lead or to other toxic metals such as Hg and Cd but extent of data collection on other confounders unclear.
	Score:80%

	Hotter et al. (1995)
	Battery plant
	69 lead exposed workers, 62 controls and 29 workers as classified into a risk group
	Mean blood lead levels of control group as 6.6 +1.4 µg/dl, risk group was 23.2 +12.4 and for the lead exposed the PbB were 43.0 + 9.9.µg/dl. Mean years of exposure for risk group was 16.5 years and 9.4 for the lead exposed group.
	Reported altered urinary excretion of eicosanoids and prostanoids at blood lead levels of 20 µg/dL.
	Subjects with renal or cardiac disease, diabetes, hypertension, gout drug consumption and exposure to heavy metals not included.
	Score: 70%

	Endo et al. (1993)
	Lead solder factory and secondary lead refinery
	99 Japanese male workers and 16 controls
	Air lead levels ranged from 6.6-113 µg/m3. Mean duration of employment was 11.0 + 11.7 years. Mean PbB of control workers was 7.9 µg/dL. Mean blood lead levels of exposed workers ranged from 14.4 to 76.2.
	Urinary α1 microglobulin reported elevated among lead workers with PbB over 20 µg/dL.
	Age, duration of exposure.
	Score: 63%

	Chalkley et al. (1998)
	Lead smelter workers
	59 UK smelter workers occupationally exposed to lead and cadmium
	Blood lead levels ranged from 21-76 µg/dL. Blood cadmium levels ranged from 6-145 nmol/L and urinary cadmium levels ranged from 3-161 nmol/L.
	High Cd concentrations were associated with decreased plasma 1a25(OH)2D3 when Pb concentrations <40 µg/dL and with above normal plasma 1a25(OH)2D3 when lead concentrations were >40 µg/dL.
	None reported but extent of data collection on other confounders unclear.
	Score: 60%

Mason & Chettle (1999) suggested the effect might be due to lead rather than cadmium.

	Fels et al. (1994)
	Defined only as lead exposed workers
	81 males and 45 age-matched controls
	Median PbB were 2.0 µmol/Lfor the lead exposed workers and 0.34 µmol/L for the controls. No duration of exposure provided.
	Changes in biomarkers of the glomerulus and proximal tubule and the tubule or medullary cells.
	None reported but extent of data collection on other confounders unclear.
	Score: 57%

	b. General population (adult)

	Staessen et al. (1992)
	Belgian General Population
	965 men and 1016 women from the Cadmium in Belgium Study
	Age range of the population was from 20 to 88 years. The geometric mean blood lead concentration was 11.4 µg/dL (range 2.3 to 72.5) in men and 7.5 µg/dL (range 1.7-60.3) in women.
	Inverse correlation between creatinine clearance and blood lead concentrations in both men and women 10 fold increase in PbB associated with reduction of 10-13 ml.
	Age, BMI, urine cadmium, smoking, alcohol intake, age, analgesics, heavy metals and diuretic agents.
	Score: 83%

	Payton et al. (1994)
	Normative Aging Study
	744 men living in the Boston, MA area during period 1988-91. 
	The mean blood lead concentration was 8.1 μg/dL with a standard deviation of 3.9 µg/dL. The age of the cohort ranged from 43-90 years.
	A rise in blood lead of 10.0 µg/dL was associated with a decrease in the (ln) creatinine clearance of 10.4 ml/min.
	Adjusted for age, body mass index, smoking status, alcohol intake and use of diuretic and analgesic medications.
	Score: 80%

	Alfvén et al. (2002)
	Sweden general population
	479 men and 542 women residing in vicinity of battery plant
	The mean blood lead level for the men was 0.16 µmol/L (range 0.08-0.25) and 0.11 (range 0.05-0.17) for women. The age group ranged from 16-80 years.
	Found no association between blood lead and tubular proteinuria as measured as α1 microglobulin excretion.
	Age, weight, smoking, cadmium and other heavy metals.
	Score: 80%

	Staessen et al. (1990)
	London Civil Servants
	398 male and 133 female not subject to industrial exposure to heavy metals
	Blood lead concentrations ranged from 0.20 to 1.70 µmol/L with a GM of 0.58 µmol/L in men and 0.46 µmol/L in women
	In men serum creatinine concentration tended to rise by 0.6 µmol/l (95% CI –0.2-=1.36 umol/l for every 25% rise in blood lead concentrations.
	Age, BMI, height, weight, current smoking and alcohol intake.
	Score: 78%

	Hotz et al. (1999)
	Belgian general population
	5 year follow-up of 208 men and 385 women from a sub cohort of the cadmium in Belgium study.
	Age of the population was from 20 to 79 years. Blood lead levels had declined 30 percent over the past five years to a mean of 0.3 µmol/L in men and 0.2 µmol/L in women.
	Did not observe a relationship between blood lead and creatinine clearance or tubular biomarkers.
	Results adjusted for smoking, alcohol intake, age, BMI, analgesics, heavy metals, oral contraceptives and diuretic agents
	Score: 72%

Cohort was selected from highest exposed group from Staessen et al. (1992).

	Kim et al. (1996)
	Normative Aging Study
	459 randomly selected males living in the Boston, MA areas during period 1979-84
	The mean blood lead values for the cohort were 6.1 µg/dL (range 2.6-54). The age of the cohort ranged from 37.7 to 87.5 years.
	A ten fold increase in blood lead level predicted an increase of 7 µmol/L in serum creatinine concentration even in subjects whose PbB had never exceeded 10 µg/dL.
	Adjusted for age, body mass index, smoking status, alcohol intake and use of diuretic and analgesic medications.
	Score: 72%

	ATSDR (1995)
	U.S. general population residing near Zn/Pb smelter
	504 Randomly selected residents from target area and control community
	Three age groups assessed which were 6-71 months, 6-14 years and 15-75 years. Mean PbB of exposed groups were 6.6, 3.4 and 3.6 µg/dL respectively. There was no significant difference between exposed and control group.
	Blood lead levels >10- µg/dL were not associated with any of the kidney parameters examined.
	Cadmium and other heavy metals but extent of data collection on other confounders unclear.
	Score: 72%

No differences in the results of medical tests for blood, liver, kidney and immune system reported between two groups.

	Smith et al. (1995)
	Volunteers from International Brotherhood of Carpenters & Joiners
	691 predominately white males with a mean age of 48 years. 
	The mean blood lead levels averaged 7.78 ± 3.60 µg/dL. Bone lead measurements were 9.43 ± 8.93 and 13.82 ±11.77 µg/g for tibia and patella, respectively. The mean age of the cohort was 48 years. 
	ALAD-2 genotype may influence the pharmacokinetic distribution and chronic renal toxicity of lead.
	Age, alcohol and smoking.
	Score: 71%

	Nuyts et al. (1995)
	Belgian workers in chemical, metal-producing and metal construction
	272 men and women with chronic renal failure (CRF) and 272 controls matched for age, sex and region of residence.
	Blood lead concentrations were higher in cases than in controls 0.42 vs 0.36 µmol/L. The mean ages of the cases and controls were 59.9 and 59.6, respectively
	Reported significant increase risk of CRF were found for exposure to lead (odds ration 2-11 (95% CI 1.23-1.46).
	Smoking, alcohol and medication intake.
	Score: 70%

Also exposed to heavy metals, oxygenated hydrocarbons grain dust but extent of collection on other confounders unclear.

	Factor-Litvak et al. (1993)
	Pregnant women residing in vicinity of lead smelter & control area
	1502 women at approximately 12-20 weeks gestation
	The geometric mean blood lead levels for exposed group was 17.1 µg/dl (range 3.0-56.7) and 5.1 µg/dL (range 1.3-23.0) for controls. 
	An elevation in the odds ratio 4.5 (95% CI: 1.5,13.6) for trace proteinuria was suggested by logistic regression analysis when PbB exceeded 6.4 µg/dL.
	Exposed to cadmium, lead and other potential emissions from smelter but extent of data collection on other confounders unclear.
	Score: 67%

Semi-quantitative measure (dipstick) used to measure protein levels in urine. 

	Graziano et al. (1991)
	Pregnant women residing in vicinity of lead smelter & control area
	1502 women at approximately 12-20 weeks gestation
	The geometric mean blood lead levels for exposed group was 17.1 µg/dl (range 3.0-56.7) and 5.1 µg/dL (range 1.3-23.0) for controls.
	Erythropoietin level at mid-pregnancy and delivery usually lower in women with higher PbB in range of 23.1-36.2 µg/dL(p+0.55).
	Cadmium, lead and other potential emissions from smelter but extent of data collection on other confounders unclear.
	Score: 67%

	Wu et al. (2003)


	Normative Aging Study
	709 men living in the Boston, MA area during period 1991-95.
	The mean blood lead concentration was 6.2 μg/dL with a standard deviation of 4.1 µg/dL. The tibia bone lead mean blood lead value was 22 µg/g and the patella lead level was 32.1 µg/g.. The age of the cohort ranged from 48-93 years.
	Findings suggest that ALAD genotype may modify the effect of lead on the renal excretion of uric acid as well as overall renal function among middle-aged and elderly men.
	Adjusted for age, body mass index smoking status, alcohol intake and use of diuretic and analgesic medications
	Score: 62%

	Lin et al. (1999)
	Taiwanese general population
	32 patients with abnormal renal function who had been followed for one year.
	72 hour urine sample contained >150 μg of lead for lead cohort. For reference group the 72 hour EDTA mobilization test reported <600 μg Pb. Mean age of the treatment group was 54 and 55 for the control group. 
	Chelation therapy appears to slow the progression of renal insufficiency in patients with mildly elevated body lead burdens (1/Cr, 0.000033 µmol/L compared to 0.000045 µmol/L in controls).
	Age, sex, BMI
	Score: 53%

No exposure history data.

	Colleoni et al. (1993)
	Haemodialysis patients in Italy
	74 men and 41 women undergoing haemodialysis. The mean age was 51 ±12 years
	Questionnaire was used to collect information on personal and environmental factors thought to influence blood lead. Current mean PbB of cohort was 12 ± 6.6 µg/dL.
	Haemodialysis patients with environmental risk factors to lead (professional exposure, tap water and older houses) had modest elevations in PbB P=0.001).
	Age, Sex, duration of haemodialysis, alcohol, hematocrit, residence and drinking water.
	Score: 47%

	Lin & Lim (1992)
	Taiwanese general population
	10 patients with chronic renal failure and 10 controls
	Total body lead burden was assessed by 24 EDTA mobilization test. Pb values in urine for controls were 90 micrograms. For patients with CRF the Pb content in urine ranged from 98 to 360 micrograms.
	Reported a high prevalence of increased lead body burden in patients with chronic renal failure.
	None reported but extent of data collection on other confounders unclear.
	Score: 42%

No exposure history data.

	Lin & Huang (1994)
	Taiwanese general population
	40 male subjects with chronic kidney disease.
	All received EDTA mobilization tests and 72 hour urine collection. Pb values ranged from 60.6 to 252 micrograms per 72 hours
	Reported significant negative correlation between body lead stores and urate excretion in patients with chronic renal disease.
	None reported but extent of data collection on other confounders unclear.
	Score: 38%

No exposure history data.

	c. General population (children)

	Staessen et al. (2001)
	Children residing in urban area near smelter and waste incinerator and rural areas in Belgium
	200 17 year old adolescents who were lifelong residents of area
	The geometric mean PbB for the control group was 1.6 µg/dL and 1.9 and 2.9 in the two suburban areas.
	Biomarkers of glomerular or tubular renal dysfunction in individuals were positively correlated with blood lead.
	Age, height, weight, BMI, gender, smoking and alcohol.
	Score: 86%

Exposed to heavy metals, dioxins, PCB, volatile organics and possible other confounders.

	Hu (1991)
	US Population
	22 untreated subjects who were survivors of Pb poisoning as a child and 22 controls
	22 subjects had been identified with clinical lead poisoning during the years 1930-42. Their mean PbB level at time of the study was 0.29 µmol/L as compared to 0.36 µmol/L for the controls. The age range for both groups was 48-60.
	No evidence found to support association with renal failure.
	Age, BMI, sex, smoking, alcohol, education
	Score: 84%

	Moel & Sachs (1992)
	US population
	62 subjects who had received chelation therapy for childhood plumbism and controls
	62 subjects diagnosed with lead poisoning between 1966-72 (PbB>100 µg/dL) and their age-matched control siblings (PbB ,40 µg/dL.)
	There were no statistical differences in renal function between the two groups.
	Age, sex, BMI, weight, height.
	Score: 81%

	Bernard et al. (1995)
	Children residing in vicinity of Pb smelter near Prague.
	144 boys & girls 12-15 years of age recruited from local schools and 51 referents
	Mean PbB levels in children in control area ranged from 8.4 to 8.7 µg/dL and from 9.4 to 14.9 in the polluted areas. Lead in dust on school playground was 26 ppm in the control area and from 82-240 in the polluted area. 
	Lead contaminating the environment may cause slight effects on the proximal tubule function in this cohort RBP partial r2 = 0.046; regression coefficient 0.302 P = 0.005).
	Age, sex, cadmium, ZPP.
	Score: 78%

	Verberk et al. (1996)
	Children residing near lead smelter in Romania
	151 3-6 year old children
	The average PbB level for all children was 34.2 + 22.4 μg/dL.
	Relationship found between PbB and N-acetyl-beta-D-glucosaminidase in urine indicative of renal tubular damage (14% increase / 100 µg/dL PbB.
	Age, sex, Cd, level of father’s education, hand to mouth activity and food consumption from garden 
	Score: 76%


The relative quality of studies is indicated by a percentile score indicating the extent to which critical elements of study design were implemented and/or described. The highest possible quality score is 100%. Percentage score based on sample size and power, inclusion of control group, biological parameters, measured exposure history, laboratory quality control, endpoint definition and control for confounders.

4.1.2.7.3 Cardiovascular Effects

Studies of Cardiovascular Effects

Potential relationships between lead, blood pressure and cardiovascular disease have been evaluated under conditions of environmental exposure in the general population, occupational exposure and in studies of experimental animals. Recent reviews and meta-analyses of the scientific literature have concluded there is at best a weak positive association between blood lead and blood pressure at blood lead levels below 45 µg/dL. The causality of this statistical association has been questioned because the relationship is inconsistent among studies, the difficulties of controlling for powerful confounders that have larger effect sizes, the small pooled association sizes (< 1 mm Hg for both systolic and diastolic blood pressure with a doubling of blood lead), and the lack of a dose-effect relationship across the observational studies. Confounder correction can be particularly problematic in studies of the blood lead-blood pressure relationship. For example, heavy alcohol consumption is known to increase blood pressure and at the same time can serve as a source of lead sufficient to elevate blood lead levels. Correction for alcohol confounding can be questioned on the basis that a portion of alcohol’s impact upon blood pressure might be mediated by increased lead exposure.

The observational human data are summarised here. Animal studies are discussed first to the extent that they contribute to elucidation of potential mechanisms. Plausible pathophysiological mechanisms for lead-related blood pressure effects have been proposed based upon animal experiments. However, dose-effect relationships and mechanistic inferences from animal studies cannot be directly extrapolated to humans.

Blood Pressure Studies in Animals

Staessen et al. (1995) and ATSDR (1999) have reviewed the extensive array of animal literature examining potential impacts of lead upon blood pressure. Early studies produced inconsistent results and generally employed extremely high doses. Lead was generally administered in drinking water at concentrations in significant excess of 1 mg/L. The presence or absence of an effect of lead upon blood pressure can generally not be dissociated from systemic toxicity produced at such high doses.

Studies administering lead at lower levels have similarly produced an inconsistent response profile, although the majority of studies suggest that blood pressure increases as a function of lead exposure. Doses required to produce effects are generally on the order of 0.1 – 1.0 mg/L lead in water and are significantly in excess of those that can be tolerated by humans. As discussed by Staessen et al (1995) issues such as dosimetry complicate extrapolations to humans and do not permit a determination of whether the associations observed in human epidemiology studies are causal or not. However, such studies suggest potential mechanisms by which an effect of lead could be mediated. Studies that evaluate whether the mechanistic events observed in animals are thus possible but have yet to provide insights with respect to causality for effects that might be induced at current general population or occupational exposure levels.

Based upon effects observed in animals, mechanisms have been suggested by which lead might increase the blood lead levels of humans. Blood pressure elevation secondary to renal dysfunction has been suggested – with some evidence that this will occur in humans. However, an impact of lead upon blood pressure secondary to renal dysfunction in humans would require prolonged elevation of blood lead (> 60 µg/dL) for a number of years.

More subtle biological changes have been suggested that could mediate lead impacts upon blood pressure at lower levels of exposure. These include interference with the transport of ions such as sodium across cell membranes (via calcium dependent enzyme systems) and/or perturbations in other yet to be defined calcium dependent processes. Others have postulated that lead directly affects smooth muscle reactivity to adrenergic agonists and that this may induce vascular smooth muscle contraction. Impacts of lead upon autonomic nervous system function have also been suggested, with neuroendocrine shifts (e.g., in noradrenaline) perhaps increasing blood pressure. Finally, systems responsible for maintaining body fluid levels and vascular tone (e.g., the renin-angiotensin-aldosterone axis) and/or tissue blood perfusion and renal function (e.g., the kallikrein-kinin system) may be impacted.

Such studies suggested it is mechanistically plausible for there to be an impact of lead upon blood pressure. However, the data available from animal studies lend little insight into whether such effects will occur in humans and/or whether the levels of exposure that might produce effects in humans are physiologically relevant.

Blood Pressure Studies in Humans

General Population Studies of Adults

Large general population studies investigating the relationship between blood lead and blood pressure have shown conflicting results. Through 1990 five of these studies had shown no statistically significant association of blood lead with blood pressure (Elwood 1988a and 1988b, Grandjean et al. 1989, Neri et al. 1988, Staessen et al. 1990) while two studies suggested a significant association between environmental exposure to lead and a mild elevation in blood pressure (Pocock et al. 1988, Harlan et al. 1985). These mild elevations in blood pressure at low blood lead levels are supported by a limited number of animal experiments (Victery 1988). The effect size proposed for lead’s impact upon blood pressure was on the order of 1 mm Hg for a doubling of blood lead in most studies reporting an association after correction for confounders.

More recent studies have attempted to elucidate the nature of potential relationships between blood lead, blood pressure and cardiovascular disease. As a generalization, the technical sophistication of blood lead measurements has increased, more precise control of confounders has been attempted and prospective study designs are starting to be employed. This was accompanied by general declines in blood lead levels. These more recent studies are summarised below.

Dolenc et al. (1993) examined the association between lead exposure and blood pressure in 1,648 subjects (827 men and 821 women) from the Cadmibel study in Belgium whose mean age was 45 years. Blood lead levels in men averaged 11 µg/dL while that of women was 6 µg/dL. The subjects were randomly selected from the general population and were not being treated for hypertension at the time of the study. There was a negative correlation between blood lead levels and systolic blood pressure (blood pressure decreased as blood lead increased) in men and there was no significant relationship between blood lead levels and systolic pressure in women or between blood lead levels and diastolic blood pressure in either sex. The authors concluded lead exposure was not associated with increased blood pressure in the general population at large. The study was notable for the care taken in the collection of blood pressure data and efforts to accurately collect information on relevant confounders.

Staessen et al. (1996) conducted a longitudinal follow-up to the Cadmibel study, evaluating blood lead, blood pressure and risk of hypertension in 728 former Cadmibel participants (359 men and 469 women). The follow-up was conducted from 1990 – 1995, five years after the Cadmibel study, at which time average blood lead levels had declined to 7.7 µg/dL for men and 4.8 µg/dL for women. Blood pressure was assessed by conventional methods (average of five readings while at rest in the home). Blood pressure for 684 participants was also evaluated using automated 24 hr ambulatory monitors from which 24 hr blood pressure was calculated. No consistent correlations were observed between blood lead and blood pressure, with the precise nature of the statistical relationship varying as a function of confounders (e.g., body mass index, hematocrit, alcohol consumption) entered into the analysis. In the interval between the conduct of the Cadmibel study and the follow-up, 47 study subjects had developed hypertension. Blood lead levels at baseline or follow-up were not predictive of the development of hypertension. The authors concluded that blood lead levels less than 30 µg/dL (the upper end of the range of blood lead levels observed in the general population) did not increase blood pressure or the development of cardiovascular disease.

Somewhat different conclusions were reached in three other studies completed during this timeframe (Möller and Kristensen 1992, Apostoli et al. 1992 and Hense et al. 1993), in large part due to uncertainties over confounder correction. Möller and Kristensen (1992) reported findings from a longitudinal study in Denmark evaluating 1052 men and women from Copenhagen in 1976, 1981 and 1987 (only men were evaluated in 1987). Mortality and morbidity from cardiovascular disease was assessed through 1990. Over the course of the study mean blood lead levels for men declined from 13.6 to 8.3 µg/dL and from 9.6 to 6.8 µg/dL in women. Unadjusted regression analysis suggested a modest relationship between blood lead and blood pressure that attenuated as confounders (risk factors for cardiovascular disease) were entered into the analysis. In a similar fashion, the incidence of cardiovascular and coronary heart disease correlated with unadjusted blood lead levels, but the association attenuated with confounder control. Although confounder control attenuated the relationship, the authors expressed concern that over-control of confounding might occur and mask a potential relationship.

Apostoli et al. (1992) evaluated blood lead and blood pressure in 254 men (mean blood lead 16 µg/dL) and 271 women (mean blood lead 10.5 µg/dL) randomly selected from the general population in Italy. Diastolic blood pressure, systolic blood pressure and hypertension were related to blood pressure, but the relationship attenuated with confounder correction. However, the authors cautioned that correction for confounders such as alcohol might be inappropriate. Hense et al. (1993) similarly conducted a study of 1,703 men (median blood lead 8.3 µg/dL) and 1,661 women (median blood lead 8.3 µg/dL) in Germany and found that crude associations were present between blood lead and blood pressure and that confounder correction (especially for alcohol and hematocrit) largely attenuated the association. Once again correction for alcohol confounding was noted to be potentially problematic. Follow-up studies by the authors (Hense et al. 1993) confirmed a complex relationship between blood lead, blood pressure and alcohol consumption with the strongest suggestion of a blood lead blood pressure relationship in female heavy drinkers.

Several smaller scale studies are also of note. Micciolo et al. (1994) examined the cross-sectional association between blood lead and hypertension in 630 adult males in northern Italy without exposures to lead from work related activities. The blood lead concentrations ranged from 4.3-46.9 µg/dL (median 14.8 µg/dL). Hypertensive subjects showed significantly higher blood lead levels than normotensive ones. However, after adjusting for age and BMI (body mass index), statistical significance of the blood lead and hypertension relationship disappeared. Wolf et al. (1995), reported a relationship between blood lead and diastolic blood pressure in 507 men (mean blood lead 8.0 µg/dL). The relationship persisted, although diminished, after confounder correction.

The complexity of the issue of alcohol confounder correction is highlighted by the work of Linn et al. (1993) and others observing that subjects who tend to drink less often than weekly have lower blood pressure than abstainers or those who drink weekly or more often. In other words there is a “J-shaped dose response curve for the effect of alcohol upon blood pressure. Menditto et al. (1994), on the other hand noted that among drinkers there was a significant relationship between blood pressure and blood lead concentration and no significant relationship in non-drinkers. The authors suggested that, in this study, blood lead serves as a biochemical index of alcohol intake that (in the absence of occupational exposure) may be a better indicator of true alcohol use than alcohol consumption (for which under-reporting cannot be excluded). The authors further speculate that low levels of lead exposure associated with alcohol consumption could mediate at least a portion of the increase in blood pressure. These studies highlight the difficulties inherent in the statistical analysis of the small effect sizes in the midst of powerful confounding variables.

The most recent studies of blood lead and blood pressure serve to further demonstrate the complexity of the potential relationship. Den Hond et al. (2002) analysed blood lead and blood pressure data for participants in the National Health and Nutrition Examination Survey III (NHANES III) conducted in the United States between 1988 – 1994. This analysis is of particular interest since analysis of NHANES II data had provided some of the strongest early evidence of a relationship between blood lead and blood pressure. Data were available for white males (N=4,658; mean blood lead 3.6 µg/dL), white females (N=5138; mean blood lead 2.1 µg/dL), black males (N=1761; mean blood lead 4.2 µg/dL) and black females (N=2197; mean blood lead 2.3 µg/dL). In the absence of confounder correction, a positive relationship was observed between blood lead and systolic blood pressure; relationships with diastolic blood pressure were either weak or inversely correlated with blood lead. After covariate correction most associations between blood lead and blood pressure had attenuated, with the exception of systolic pressure in black males and females. The authors concluded that there was no consistent relationship between blood lead and blood pressure in the NHANES III database with the possible exception of a relationship for blacks. The extent to which this might be related to racial differences in uncontrolled socio-economic, dietary, lifestyle or other uncontrolled factors was noted to be uncertain. Independent analyses by Vupputuri et al. (2003) have recently confirmed the lack of a relationship between blood lead and blood pressure in whites but the presence of a significant correlation for blacks.

Bost et al. (1999) reported analyses of data from a cross-sectional survey in the UK in which 2564 men (mean blood lead 3.7 µg/dL) and 2767 women (mean blood lead 2.6 µg/dL) were available for study. Only a preliminary report of these analyses is available. After control for confounders, a correlation was observed with the diastolic blood pressure of both sexes. After exclusion of those on hypertensive medications, correlations for women were no longer significant. The authors noted that overall the relationship between blood lead and blood pressure was weak and inconsistent. The authors also elected to omit alcohol consumption as a confounder – the impact of this decision upon the analysis is not known.

Chu et al. (1999) studied 1471 males (mean blood lead 7.3 µg/dL) and 1329 females (mean blood lead 5.7 µg/dL) adults in Taiwan. Prior to adjustment for confounders no relationship was found between blood lead and blood pressure. After confounder correction, a borderline association was found for men but not women.

The statistical relationship between blood lead and blood pressure may in part be reflective of dietary variable, genetic factors and exposure history. Pizent et al. (2001) studied 267 women in Croatia, finding an association between lead and blood pressure that appeared in part to be mediated by effects of low calcium intake. However, Morris et al. (1990), Proctor et al. (1996) Hu et al. (1996) have observed that calcium intake does not modify the impact of lead upon the blood lead relationship in men. The interplay of nutrition, with possible independent impacts upon blood lead and blood pressure, could be an explanatory variable on a sex-specific basis in consideration of conflicting results between studies. Factors such as calcium intake levels could be expected to alter both blood lead and blood pressure. However, available studies are not adequate to factor such dietary considerations into the assessment.

Genetic factors may also modify the relationship between lead and blood pressure. Glenn et al. (2001) have observed that genetic polymorphisms in sodium-potassium adenosine triphosphatase (Na-K ATPase) may be important. In a study of 220 workers formerly engaged in the manufacture of organolead compounds (mean blood lead at the time of study = 5.2 µg/dL) there was a significant association of blood lead and blood pressure. This association was strongest for individuals with an unusual Na-K ATPase allele that had been previously identified to confer susceptibility to hypertension. Given the suspected greater prevalence of this allele in African Americans, racial differences in hypertension and/or impacts of lead could in part have a genetic basis. Polymorphisms of the vitamin D receptor seem to have a direct impact upon blood pressure and are suspected to alter lead metabolism. As such, indirect impacts upon the blood lead – blood pressure relationship may result (Lee et al. 2001). Variations in ALAD genotype did not have an impact. Such studies suggest that genetic polymorphisms both have an effect upon blood pressure and alter the observed relationship between lead and blood pressure. Impacts upon the blood lead – blood pressure relationship may be the product of underlying alterations in lead toxicokinetics and/or may directly influence whether or not an effect of lead upon blood pressure is seen. The extent to which such differences contribute to the different outcomes of published studies remains to be determined. As with nutritional factors, available data on genetic polymorphisms are not adequate to be considered on a quantitative basis in risk assessment.

Finally, studies of lead and blood pressure have begun to address cumulative exposure issues that might be reflected in bone lead. Hu and colleagues have been evaluating blood lead, bone lead and blood pressure relationships within the context of the Normative Aging Study in the United States (Hu et al. 1996, Proctor et al. 1996, Cheng et al. 2001). Male volunteers in the Boston area of the United States (N=833) were evaluated for bone lead, blood lead, blood pressure and hypertension in 1991 and 1997. Blood lead levels ranged from <1 to 35 µg/dL, with a mean of 6.1 µg/dL in 1991. Tibia lead levels were evaluated by K-XRF and averaged approximately 21 µg/g bone mineral (range < 1 – 96); the average for patella was 32 µg/g (range: 1 – 142). At baseline, no relationships were observed between blood lead and blood pressure (Hu et al. 1996) but a relationship with diastolic pressure became apparent if individuals on anti-hypertensive medications were included in the analysis (Proctor et al. 1996). Most prior observations of a relationship with blood pressure have found a correlation with systolic measures. The authors also reported a relationship between tibia lead and blood pressure, with an increase of tibia lead from 8 to 37 µg/g being associated with an increased odds ratio for hypertension of 1.5.

Aspects of the bone lead:blood pressure relationship observed were unusual. Age was not reported to be a significant covariate – inasmuch as bone lead increased linearly as a function of age (older individuals had higher exposure at early ages) it is probable that age-related increases in bone lead accounted for aspects of the relationship. Forcing age into the regression model reduced significance, although the authors expressed the belief that bone lead influenced blood pressure independent of age.

At follow-up in 1997 there was no relationship between blood lead and blood pressure (Cheng et al. 2001). Complex relationships with bone lead were observed. Of 519 subjects with no history of hypertension at baseline, 474 were available at follow-up. Among these, 74 new cases of hypertension were observed and could be related to baseline measures of tibia and patella lead. In a Cox proportional hazards model a respective increase in tibia lead and patella lead of 13.65 and 19.55 µg/g was associated with a rate ratio of 1.22. Overall relationships between bone lead and hypertension suggested odds ratios similar to those observed in the 1991 evaluation. An increase in bone lead from the mid-point of the lowest quintile to the mid-point of the highest quintile was associated with odds ratios from 1.49 (tibia lead) to 1.71 (patella lead).

The means by which bone lead levels (and not blood lead) might influence blood pressure is uncertain. As an endogenous lead source, bone lead could influence plasma lead in a disproportionate fashion. Alternatively, as yet undefined chronic exposure mechanisms, for which bone lead is a better exposure biomarker than blood lead, could be responsible. Given the significant levels of bone lead in many of the study participants, past heavy exposure to lead could be causally involved. Assessment of a quantitative relationship between bone lead and blood pressure for risk assessment purposes is also problematic. The intensity and duration of exposure required to produce the average tibia and patella lead levels reported is uncertain – the reported values are significantly in excess of the limited general population estimates available for the EU and in some cases exceed those expected in the occupational setting. Finally, the levels of lead characteristic of the general population are at the lower end of the sensitivity range of K-XRF measurement. A high level of uncertainty will be associated with individual bone lead measurements and bias against the detection of effects.

Bone lead and blood pressure evaluations have been extended to women (Korrick et al. 1999). As part of the Nurse’s Health Study in Boston, a case control study was conducted of women with hypertension. A total of 89 cases and 195 controls were evaluated for blood lead, tibia lead and patella lead. Blood lead and tibia lead averaged 3 µg/dL and 13.3 µg/g and were not found to be risk factors for hypertension. However, patella lead was 19.5 µg/g in cases, was 17.2 µg/g in women with borderline hypertension and 15.8 µg/g in normotensive controls. An odds ratio of 1.86 was calculated for a 25 µg/g increase in patella lead. Regression analysis indicated the strength of the association increased as a function of menopause, age and alcohol intake.

Blood Pressure During Pregnancy

Several studies have evaluated changes in blood pressure during pregnancy as a function of blood lead. Rabinowitz (1987) assessed 3851 pregnant women for pregnancy hypertension, blood pressure during labour and umbilical cord blood lead concentrations (Range 0-35 µg/dL). The authors observed a small association with pregnancy and blood pressure at the time of delivery, but not with preeclampsia. Rothenberg et al. (2002) studied 1,006 women at Los Angeles prenatal care clinic between 1995 and 2001. Hypertension and blood pressure were assessed in the third trimester and post-partum. Bone lead measures (tibia and calcaneus) were obtained postnatally by K-XRF. Blood lead levels were low (about 2 µg/dL) and did not correlate with prenatal or postnatal blood pressure measures; most associations were inverse. Tibia lead levels averaged 8.0 µg/g and similarly did not correlate with blood pressure. However, calcaneus lead levels (average 10.7 µg/g) correlated with blood pressure. A 10 µg/g increase in calcaneus lead was associated with a 0.7 mm Hg increase in mid-trimester blood pressure and a 0.54 mm Hg increase in post-natal blood pressure. The clinical significance of the transient blood pressure increase observed would pose minimal risk of hypertension for the individual.

Studies of Children

Since children are more susceptible to the effects of lead exposure than adults, a limited number of studies have evaluated blood pressure effects as both a function of current and past blood lead levels. Hu (1991) studied 21 survivors of childhood lead poisoning (documented between 1930-1942) with matched controls. The study subjects were classified into three categories based on clinical severity of lead intoxication with corresponding ranges of blood lead concentrations extending from 60 µg/dL to 120 µg/dL. Current blood lead levels of these subjects were in the normal range. A high risk of clinically significant hypertension was found developing among 50-year survivors of childhood plumbism in comparison with age, sex and a neighbourhood-matched group. Survivors were also found to have lower haemoglobin and hematocrit values and creatinine clearance rates that were significantly greater than controls.

Friedlander (1981) examined thirty-eight children who had undergone chelation therapy for lead poisoning and were being followed up two to five years after therapy. All subjects were asymptomatic at the time of observation. To determine the current level of body lead burden, a single-dose oral chelation with penicillamine was performed. Blood pressure and creatinine clearances were measured. Multivariate regression analyses of the data indicated that after adjustment for age, sex, height and weight, neither blood lead nor free erythrocyte protoporphyrin (FEP) were related to blood pressure or creatinine clearance rates.

De Castro (1989) observed 15 children who were 12-36 months of age with lead levels above 30 µg/dL and 15 matched controls and measured plasma catecholamine activity (PCA - related to vasomotor constriction). The authors noted a significant elevation of PCA in the lead exposed subjects and suggested that PCA elevation might possibly be a biomarker in the diagnosis of hyperactivity or hypertension in children with elevated lead levels.

Rogan et al. (1978) examined blood pressure in 67 black children aged one to eight years with average blood lead levels of 25.9 µg/dL. Since a significant negative correlation existed only for diastolic blood pressure and lead and because the correlation coefficients were so small, the authors felt that the data did not support a positive relationship between blood lead and blood pressure in children.

Selbst et al. (1993) measured blood lead levels and blood pressure in 149 children ages 1-10 years at a Philadelphia Children’s Hospital. Blood lead levels ranged from 7-70 µg/dL (mean 27 µg/dL). There were 65 patients with lead levels below 25 µg/dL, 71 patients between 25 and 49 µg/dL and 13 with lead levels between 50-70 µg/dL. There was a small, negative correlation between blood lead levels and systolic blood pressure and a positive but insignificant correlation between lead levels and diastolic blood pressure. The authors concluded that elevated blood lead levels were not associated with elevated blood pressure in children.

Finally, Factor-Litvak et al. (1996) evaluated relationships between blood lead and blood pressure at age 5.5 during the course of a prospective study of child development in Yugoslavia. Blood lead levels in the cohort of 281 children had ranged from 1 to 76 µg/dL. At the time of the blood pressure study average blood lead levels for children living in a lead contaminated city averaged 22.1 µg/dL while those in a nearby control city averaged 5.6 µg/dL. A small association between blood lead and blood pressure was observed after correction for confounding, with a 10 µg/dL increase in blood lead being associated with a 0.5 mm Hg increase in blood pressure. However, the dose response for this effect was weak, inconsistent and potentially non-linear. The difference was not judged to be biologically significant for the child, but could be of significance if the association continued into adulthood.

Taken as a whole, the limited data suggest at best a modest positive relationship between blood lead and blood pressure in children. There is some evidence that adults who were survivors of early lead poisoning have clinically significant hypertension, but other evidence that children who have undergone chelation have no symptoms of hypertension related to blood lead two to five years later.

Studies of Occupationally Exposed Adults

In retrospective mortality studies of lead workers, Cooper (1988) and Selevan et al. (1988) did not document an increased incidence of hypertensive disease or cerebrovascular disease; although Cooper (1988) did find an elevated SMR (standard mortality rate) among lead workers for “other hypertensive diseases.” With the exception of Fanning (1988), cohort mortality studies of lead-exposed workers (to be reviewed in detail in Section 4.1.2.9) typically find little evidence of increased risk of mortality from circulatory disease.

Ten early studies with cohorts of either white collar or blue collar workers with average blood lead levels less than 45 µg/dL showed mixed results similar to that found in general population studies. Three studies (Staessen et al. 1990, Maheswaran et al. 1993, Parkinson et al. 1987) showed no significant relationship of blood lead to blood pressure in multivariate analyses. Two other studies, Weiss et al. (1986) and De Kort et al. (1987) suggested effects on both systolic and diastolic blood pressure. Five studies, Kromhout and Lezanne (1985), Kromhout et al. (1988), Orssaud (1985), Neri et al. (1988), Sharp (1988, 1990) and Kirkby and Gyntelberg (1985) showed effects on either diastolic or systolic blood pressure but not both. A number of the preceding studies included exposed cohorts of less than 100 and failed to control for one or more important confounding variables.

Several recent occupational studies are of note but do not reflect the same increases in methodological sophistication evident in more recent general population studies.. Michaels et al. (1991) studied a population of 1261 typesetters with historic lead exposure levels below the PEL (permissible exposure limit) of 50 µg/m3. For printers employed for 30 years or more, the SMR for cerebrovascular disease (CVD) was significantly elevated suggesting CVD mortality may be associated with lead exposures below the current PEL. The results of this study are difficult to interpret since historical exposure monitoring data are lacking and there are no data on blood lead levels for the workers during the period studied. Schuhmacher et al. (1994) examined the blood lead - blood pressure relationship in 36 male welders and PCV workers and noted a significant association with systolic pressure. Interpretation of this study is also difficult since the cohort size is very small and the range of blood leads is very broad with the highest blood lead at 119.3 µg/dL.

Navah et al. (1996) monitored blood lead and blood pressure in 67 workers at a battery manufacturing facility in Israel. Although the cohort was relatively small, the workers were evaluated at 6 month intervals for 8 – 13 years for changes in blood lead and blood pressure. Monitoring appeared to have been initiated at the start of their employment, but pre-employment blood lead levels were not given. Blood lead levels during employment averaged 38 µg/dL. Serial blood lead measures were not predictive of subsequent significant increases in blood pressure or hypertension. However, the size of the cohort was such that study power would have been inadequate to detect a lead-related change in blood pressure smaller than 5 mm Hg.

Ehrlich et al. (1998), in a study of renal function in 382 battery workers in South Africa, did not find a correlation between blood lead and blood pressure. Reporting of experimental details was minimal, blood lead levels were quite high (mean blood lead 53 µg/dL) and exposure histories had not been collected during earlier times of excessive exposure. Wu et al. (1996) evaluated blood lead and blood pressure in male (N=112; mean blood lead 60 µg/dL) and female (N=110; mean blood lead 45 µg/dL) workers. After correction for confounding, no relationship was found between blood lead and blood pressure. However, historical blood lead levels were not available for analysis and blood pressure increased as a function of duration of employment. An increase in blood pressure as a function of past exposure cannot be precluded. Finally, Nomiyama et al. (2002) reported that a blood lead level in excess of 40 µg/dL was a significant predictor of both systolic and diastolic pulse pressure in a cohort of 123 lead-exposed women in China. Blood lead levels averaged 55 µg/dL and relationships by multiple regression analysis were not statistically significant in the cohort as a whole. However, mathematical modelling suggested a relationship for individuals with blood lead levels above 40 (for systolic blood pressure) or 60 (for diastolic blood pressure) µg/dL Duration of exposure was noted to have been for as long as 25 yrs., but historical blood lead data were not available.

The possible role of lead as a causal agent in hypertension associated with lead induced renal nephropathy has been discussed by Wedeen (1982). However, this effect is associated only with relatively high exposures to lead (EPA 1986) and is most properly viewed as being secondary to impaired renal function. Belknap (1936) could find no relationship among lead workers who would be considered heavily exposed by today’s standards.

Lin and Lim (1994) studied the urinary excretion of lead following the infusion of ethylenediaminetetraacetic acid (EDTA) in 12 healthy controls (group 1), 10 subjects with essential hypertension (group 2) and in 36 subjects with chronic renal insufficiency. Subjects with renal insufficiency were further divided into 3 groups: 12 patients with a 7-19 year history of essential hypertension who subsequently developed renal failure (group 3); patients with chronic renal failure alone (group 4); and patients with chronic renal failure due to causes other than hypertensive nephropathy (group 5). Subjects who suffered from essential hypertension with subsequent renal failure (group 3) excreted significantly more lead than group 1 (controls) and group 2 (hypertension with normal kidney function). The authors failed to find increased lead excretion in groups 4 and 5 suggesting that renal impairment did not cause excessive lead excretion in the subjects with essential hypertension and renal disease (group 3). These data suggest that among some patients with essential hypertension and renal functional impairment, lead may play a role in hypertensive nephropathy. The authors acknowledged the limitations in interpreting a study with a small cohort and suggested their findings should be substantiated with a larger number of cases.

Dos Santos et al. (1994) examined the possible correlation between chronic renal toxicity and blood pressure in a cross-sectional study of 166 lead exposed workers and 60 control workers. Forty percent of the exposed group had blood lead levels greater than 40 µg/dL. The highest blood lead level in the control group was 22.5 µg/dL. Uncertainty persists about whether chronic exposure to lead causes hypertension and hypertension induces renal damage, or whether lead accumulation in the kidneys induces subclinical renal dysfunction which in turn leads to hypertension or, whether these effects are not related to one another. In this study there was a significant difference between groups for diastolic pressure, but there was an absence of a correlation between enzymuria and blood pressure, suggesting to the authors that the effects of lead on blood pressure do not reflect renal involvement, at least during the initial stages of lead action. However, as previously discussed, biomarkers for renal dysfunction are not ideally suited for the detection of lead-induced nephropathy.

Blood Pressure Reviews and Meta-Analyses

Several critical reviews have attempted to assess the combined evidence from general population and occupational exposure studies. Hertz-Picciotto and Croft (1993) reviewed the epidemiological literature for general population and occupational cohorts, establishing several evaluation criteria for causality: consistency across multiple studies in different times and places; an appropriate temporal relation between exposure and outcome; the presence of a dose-response gradient; and biologic plausibility and coherence. Although the results of the studies reviewed were inconsistent, the authors judged that an overall suggestive pattern emerged from the small statistically significant associations seen in some well-conducted studies and frequently observed non-significant associations. A small dose-effect relationship was suggested for blood lead levels up to 30-40 µg/dL. There was insufficient data to detect a temporal relationship between lead exposure and elevations in blood pressure. The mechanistic clinical and experimental data were also reviewed and plausible biologic mechanisms identified (e.g., effects on vascular reactivity and on the renin-angiotensin system).

Nowack et al. (1992) reviewed the epidemiological and experimental literature on lead and hypertension and concluded that if lead has an effect on blood pressure it must be a minor one and the magnitude of the lead effect has probably been overestimated in recent epidemiological studies.

Staessen et al. (1994a, 1995) prepared a formal meta-analysis of 23 studies describing 33 groups of study subjects. A total of 33,141 subjects were included in the overall analysis. Included in the analysis were 13 studies of the general population and 10 studies of the occupational setting. In all studies combined, a twofold increase in blood lead concentration was associated with a 1mm Hg rise in systolic pressure (SBP) and a 0.6 mm Hg increase in diastolic pressure (DBP). The association was similar in both sexes.

In 25 of the 33 groups examined, blood lead concentrations averaged less than 20 µg/dL (1 µmol/L). In these studies, which included 24,583 subjects, the association size for SBP was 0.9 mm Hg and for DBP it was 0.6 mm Hg. In the eight other studies in which average blood lead levels were greater than 20 µg/dL but less than 45 µg/dL, the pooled association size tended to be larger (1.7 mm Hg for SBP and 1.3 mm Hg for DBP) but not significantly so.

The authors interpreted the human data to indicate there was only a weak positive association between blood pressure and lead exposure. The authors argued that this association did not play a major role in the pathogenesis of hypertension in human subjects for the following reasons: 1) the relation was inconsistent across the human studies; 2) the pooled association size averaged only 1mm Hg for SBP and 0.6 mm Hg for DBP; 3) a clear dose-effect relationship was not evident across the range of blood lead levels included in the analysis.

To further examine a possible causal relationship between lead exposure and blood pressure the authors reviewed animal studies (Staessen et al. 1994b, 1995). Mechanisms examined in these studies included interference of lead with ion transport across cell membranes, interactions with calcium homeostasis and calcium-mediated processes, direct vasomotor actions and the potentiation of sympathetic stimulation. In 15 studies in which the lead dose in drinking water or food exceeded 1 ppm the association between blood pressure and exposure was positive in seven, inconsistent in three, absent in four and negative in one. Of the six studies with exposures < 1 ppm, five found a pressor effect attributable to lead. Although there were plausible pathophysiological mechanisms seen in animal experiments, the authors questioned whether lead exposure levels in the animal studies are equivalent to human exposures and to what extent extrapolation from genetically heterogeneous animals to humans was justified. In terms of exposure, human exposures were generally an order of magnitude less than those producing results in animal studies.

IPCS (1995) conducted a similar review of existing evidence between lead and blood pressure, and similarly concluded there was only a weak statistical association between blood lead and both systolic and diastolic blood pressure. The magnitude of this association for any two-fold increase in blood lead (i.e., from 0.8 to 1.6 µMol/litre) was a 1.0 mm Hg increase in systolic blood pressure. The association with diastolic blood pressure, although smaller, was of similar magnitude (0.7 mm Hg). IPCS questioned the causality in the lead - blood pressure relationship because important confounding factors were not taken into account in many of the studies.

Schwartz (1995) reviewed much the same data as the preceding reviews, concluding that a doubling of blood lead would be associated with a change in blood pressure of 1.25 mm Hg. However, the evidence across studies was judged to be relatively consistent. Combined with evidence for biological mechanisms from animal studies, changes in blood pressure as a consequence of lead exposure seemed to be a modest but potentially significant risk factor for human disease. Although risk to the individual might be minimal, across a large population there might be a significant excess incidence of cardiovascular disease mortality and morbidity.

Nawrot et al. (2002) recently updated the meta-analysis of Staessen et al. (1994a, 1995) to include 31 studies with 58,518 subjects from the general population (19 studies) and the occupational setting (12 studies). This analysis, inclusive of the more recent general population studies in the UK and the US, suggests a doubling of blood lead will be associated with a 0.8 mm Hg increase in systolic blood pressure and a 0.5 mm Hg increase for diastolic pressure. As with the prior analysis of Staessen et al. there was no relationship between blood lead levels and the size of the association. The relationship was described as statistically significant but weak in biological terms.

Cardiovascular Disease

Increases in blood pressure as a function of blood lead are of concern because of potential increases in the incidence of hypertension. This in turn could increase the incidence of cardiovascular disease. Risk for the exposed individual might be small, but societal costs could be significant if a significant increase in disease rates were to occur in the general population.

Studies of the incidence of cardiovascular disease as a function of lead exposure have been few in number. Pocock et al. (1988) reported “no convincing evidence to support the claim that moderate elevations in body lead burden are of relevance to the risk of cardiovascular disease” in studies in the UK. Similarly, the general population study of Staessen et al. (1996) observed no correlation between blood lead level and cardiovascular disease in a longitudinal follow-up to general population studies in Belgium. Cooper (1988), Selevan et al. (1988) and Gerhardsson et al. (1995) noted that their retrospective mortality studies of lead workers did not demonstrate an excess of deaths due to cardiovascular disease.

Some suggestions of hypertension (as already discussed) have been observed in studies of bone lead and blood pressure and an interaction of lead in hypertensive nephropathy has been suggested. Case control studies have also been conducted of hypertensive patients. Kisters et al. (1993) examined 16 essential hypertensive and 15 normotensive patients, although the criteria used for diagnosis of hypertension were not described. Plasma lead levels observed were 5.2 (+/- 1.8) µg/dL in normotensive patients and 6.6 (+/- 3.2) µg/dL in hypertensive patients – the reported values were likely those for whole blood and were not significantly different. Lymphocyte lead levels were said to be elevated in six of the hypertensive patients, but the significance of this is difficult to assess. Bhardwaj et al. (1991) conducted a study of 200 hypertensive patients and 50 controls and noted that serum lead levels were higher in hypertensive patients. Measurements were most likely of whole blood since the average for controls was 22 (+/- 5) µg/dL for controls and 35 (+/- 7) for hypertensive patients. Among the hypertensive patients there was little dependence of blood pressure upon blood lead. Approximately half the cohort had associated underlying diseases such as diabetes, renal failure or congestive heart failure. Although interesting, such studies contribute little to assessing cardiovascular disease risks from lead exposure.

Schwartz (1991) reanalysed the NHANES II data set and concluded that there was a statistically significant relationship between blood lead levels and electrocardiogram evidence of left ventricular hypertrophy (a potential precursor to cardiovascular disease). Staessen et al. (1995) questioned the validity of the Schwarz analysis on both statistical and methodological grounds. For example, left ventricular hypertrophy is a continuous variable yet Schwarz elected to conduct the analysis with abnormality being defined in a dichotomous fashion. Cheng et al. (1998) subsequently published findings from the Normative Aging study detailing electrocardiographic (ECG) abnormalities amongst the 775 study subjects. Blood lead levels were not associated with ECG abnormalities, but associations were suggested between the ECG findings such as prolonged QT and QRS intervals and bone lead (tibia and patella). Elements of the analysis strategy were similar to that criticised by Staessen et al. (1995). Since correlations with blood lead were not observed, and bone lead levels are related to blood lead in an uncertain fashion relation of these findings to predictions of actual cardiovascular disease as a function of blood lead is difficult.

Lustberg and Silbergeld (2002) had detailed findings from analysis of mortality patterns in individuals studied in the United States as part of the National Health and Human Nutrition Examination Survey II (NHANES II) from 1976 – 1980. Data collected at that time included blood lead and a variety of other health related parameters. The vital status of NHANES II participants had been determined through 1992. Exclusionary criteria were applied to this cohort, one of which was the removal of any individual with a blood lead in excess of 30 µg/dL. Of 4,190 individuals available for inclusion in the cohort, 929 participants were deceased. Of these, 424 had ICD codings consistent with circulatory disease. Multivariate regression analyses were conducted to identify risk factors for mortality and multivariate proportional hazard models constructed. Risk of death from cardiovascular disease was then calculated for individuals with blood lead levels (in the time frame of 1976 – 1980) of 0 –9, 10 – 19 and 20 – 29 µg/dL. Covariate adjusted risks for circulatory disease were 1.10 (95% CI: 0.85 – 1.43) for the mid exposure group and 1.39 (1.01 – 1.91) for the high blood lead groups. Covariate adjustment for confounders such as age, body mass index and smoking status had reduced these estimates from the initial crude estimates.

The results of Lustberg and Silbergeld support a relationship between blood lead and cardiovascular disease, but aspects of the study are problematic. As noted in section 3.1.2.9, Lustberg and Silbergeld also found excess risk of cancer as a function of blood lead. Other independent analyses of the NHANES II mortality data had not observed this risk, suggesting that elements of the strategy used for cohort selection and analysis affected the presence or absence of a correlation with blood lead. Lustberg and Silbergeld further noted that, since blood lead levels in the United States had been in sharp decline, their results were primarily relevant to the occupational setting. From this perspective the decision to truncate the blood lead distribution of the cohort to blood lead levels less than 30 µg/dL was unfortunate. The mortality experience of those with blood lead levels higher than 30 µg/dL would have been very informative. Other aspects of the analysis are puzzling. All causes of mortality in the cohort were not related to well-known risk factors, such as body mass index and race (although these factors influenced blood lead) and creates concern with respect to database reliability and/or stability of explanatory variables over time. The findings are also difficult to reconcile with the absence of elevated cardiovascular disease risk in large cohort mortality studies that include individuals with far higher levels of occupational exposure to lead. In the assessment of risk for cardiovascular disease, the latter studies likely provide more reliable indications of the presence or absence of elevated disease incidence in the workplace.

Similar relationships have now been reported in mortality follow-ups to NHANES III. Schlober et al. (2006) reported correlations between blood lead measurement taken between 1988 and 1994 during NHANES III. A significant increase in relative risk for death from cardiovascular disease was observed for individuals with blood leads of 5 – 9 µg/dL (RR = 1.20) and > 10 µg/dL (RR = 1.55). The basic design limitations noted inherent in the mortality follow-ups to NHANES II apply to NHANES III follow-ups – observations are based upon single blood lead determinations and little knowledge of exposure history. The NHANES III data also provide enough information to indicate that confounding is occurring in this data set, but not enough information to correct for it accurately. Lifestyle factors such as smoking and alcohol consumption are important determinants of cardiovascular disease risk, but quantitative information required for accurate confounder correction is lacking. For example, instead of “pack year” estimates of smoking habits, only smoking status information such as “current”, “former” or “never” are used in the analysis. Given that contamination of tobacco crops by dispersive lead applications used to be associated with elevation of blood lead levels, the results of the paper may merely reflect blood lead serving as a surrogate for smoking intensity. In the case of alcohol, only weak associations between alcohol consumption and mortality were noted, but it is not clear if the authors were attentive to the well known J-shaped dose response curve relating alcohol consumption to cardiovascular disease. Finally, the observed relative risk effect is disproportionate to the hypothesized impact upon blood pressure. A doubling of blood lead to yield a 1 mm Hg increase in blood pressure, this would not explain the magnitude of the risk observed. Interpretation is further complicated by the lack of a relationship between blood lead and blood pressure in the NHANES III data set (Den Hond et al., 2002). This is either an indication that residual confounding is producing the observed results or that there is a mechanism by which lead increases cardiovascular disease risk that does not involve effects upon blood pressure and which does not express itself at occupational exposure levels.

The study summary table at the end of this section presents the findings of studies conducted in the general population and the occupational setting. Within each subsection, studies are presented in order of descending quality assessment scores which principally reflect the quality of the lead exposure and/or blood pressure assessments made and the adequacy of quantitative information collected on potential confounders. The trend in this table is striking in that most of the highest quality studies do not report a significant relationship between blood lead and blood pressure, but the frequency and size of significant associations increases as study quality declines. Meta-analysis techniques combine the results of studies to generate an overall estimate of effect size, but do not correct potential deficiencies in study design. A meta-analysis restricted to the highest quality studies conducted of the general population was thus conducted to determine if the nature of the blood lead – blood pressure relationship indeed varied as a function of study quality.  Studies included in this most recent meta-analysis (Nawrot, personal communication) were restricted to the nine highest quality studies conducted of the general population. The cut-point chosen (a study quality score of 79% or higher) was adopted so as to exclude studies older than those conducted of NHANES II, with NHANES II studies being excluded since they had been both superseded by NHANES III data and other studies were more germane to current exposure conditions within the EU. Of these nine studies, one (Vippituri et al., 2003) analyzed a subset of the cohort analyzed by den Hond et al (2002) and the base data were entered into the analysis only once to avoid duplication. Occupational exposure studies were excluded since the highest quality studies scored lower than the cut-point employed for general population. Restriction of studies included in a meta-analysis to the highest quality studies reduced the relationship between blood lead and blood pressure from 1.0 mmHg or greater to 0.38 mm Hg ((95% CI = 0.13 to 0.63) for a doubling of lead in blood. While still statistically significant (p=0.003), the effect size is approximately one-third or less of that found in earlier analyses. Relationships between blood lead and diastolic blood pressure also reduce in effect size from 0.5 mmHg or greater to 0.09 mm Hg (95% CI -0.20 – 0.38) and are no longer statistically significant (p=0.55).

Cardiovascular Effects Conclusions

Reviews and meta-analyses of the current literature on the blood lead/blood pressure relationship indicate that there is at best a weak positive association between blood lead and blood pressure in general population and occupational studies with average blood lead levels below 45 µg/dL. IPCS (1995), in reflecting upon the conclusions of most other meta-analyses) concluded that the magnitude of this association for a twofold increase in blood lead (i.e., from 0.8 to 1.6 µmol/l or 16-32 µg/dL) is a mean 1.0 mm Hg increase in systolic blood pressure and a 0.7 mm Hg increase in diastolic blood pressure. Slightly smaller estimates of the effect of lead upon blood pressure have been calculated in more recent meta-analyses. The increase in blood pressure statistically associated with an increase in blood lead is small and would not result in a meaningful increase in the risk of the individual to cardiovascular disease. However, it can be hypothesised that a modest increase in blood pressure would increase the overall incidence of cardiovascular disease in a large population of individuals. This consideration of “societal risk” as opposed to “individual risk” thus merits careful examination.

1. Evidence for causality in the relationship between blood lead and pressure is primarily derived from animal studies but the doses used in such studies are much higher than typical human exposures and are thus of uncertain relevance. Evidence of cardiovascular disease has not been found in most observational epidemiology studies, leading many to suggest that the association is not causal but rather the effect of residual confounding in statistical analyses of blood lead –blood pressure relationships. In the small number of studies reporting excess cardiovascular disease risk, relationships between blood lead and blood pressure were either absent or not reported. The absence of a defined causal relationship between blood lead and blood pressure, combined with suggestions of excess cardiovascular disease risk in studies where blood lead is not a determinant of blood pressure, precludes calculation of excess cardiovascular disease risk based upon assumptions that effects are mediated by impacts upon blood pressure.

2. In retrospective occupational mortality studies, where blood lead levels were higher than those that currently characterise most occupational settings, no consistent relationship between blood lead and cardiovascular disease has been observed. Limited evidence for ECG abnormalities and hypertension exists but has generally been related to bone lead levels and would benefit from confirmation and a determination of the blood lead histories associated with elevated bone lead levels.

3. Recent studies have further suggested that nutritional and genetic factors have impacted upon the results of observational epidemiology studies. Evidence for such associations is preliminary in nature and could serve to either impart statistical relationships in the absence of causality or to mask causal associations. While of interest, genetic and nutritional factors are not sufficiently well defined to permit their consideration in dose-effect relationships.

4. In general, the more recently conducted studies have used more sophisticated blood pressure measurement tools and attempted more precise correction for the multiple confounders known to impact upon blood pressure. These most recent studies have generally failed to observe a relationship between blood lead and blood pressure. Although it is tempting to attribute a diminished estimated effect size to increased technological sophistication (the studies of higher quality in the following table generally fail to find an effect), the most recent general population studies have also examined populations with low blood lead levels – at times well below 10 µg/dL. The lack of an association between blood lead and blood pressure in the most recent studies could thus also be a function of a lack of an effect at current environmental lead exposure levels. A meta-analysis conducted for the purpose of this Assessment restricted to the highest quality recent studies observed that the effect of lead upon systolic blood pressure declines from 1.0 to 0.38 mm Hg for a doubling of lead in blood No statistically significant associations with diastolic pressure are found with a reduction in effect size from 0.5 mm Hg or greater to 0.9 mm Hg. Such a significant shift in effect size as a function of study quality indicates that residual confounding, as opposed to causality, is most likely responsible for correlations observed in studies of humans.

5. Recent studies suggest that lead body burden may play a role in hypertensive nephropathy. However, the association remains hypothetical and needs to be substantiated with a larger number of cases. Cardiovascular effects secondary to renal damage have long been suggested as a consequence of high levels of occupational exposure, but cohort mortality studies do not provide independent evidence of risk for cardiovascular disease.

6. There is very little data to support a positive relationship between elevated blood lead levels and elevated blood pressure in children between the ages of one and ten. There is some evidence that adults who were survivors of early lead poisoning have clinically significant hypertension, but other evidence that children who have undergone chelation have no symptoms of hypertension related to blood lead 2-5 years later.
7. The limited strength of the relationship between blood lead and blood pressure and indications of residual confounding cast doubts upon the causal nature of the statistical correlation reported in a number of studies. As is summarised in Table 4.180, the highest quality studies in both the occupational and general population setting generally fail to define a correlation between blood lead and blood pressure. Relationships begin to appear as study quality and adequacy of confounder control declines. This suggests that the weak statistical correlations that are found in some studies and meta-analyses are the products of residual confounding. If meta-analysis is restricted to the highest quality studies, effect size for impacts upon systolic pressure are reduced from 1.0 to 0.38 mm Hg and no significant association is observed with diastolic blood pressure with a reduction in effect size to 0.09 mm Hg. This dramatic reduction in the strength of the association as a function of study quality,  combined with the other reasons noted above, indicates that effects of lead upon blood pressure, and hypothetical cardiovascular disease mediated by increases in blood pressure, should not be utilized as endpoints of concern for lead exposure in Risk Characterisation.
Table 4.183:
Cardiovascular summary

	Reference
	Exposure setting
	Main characteristics of the population
	Exposure assessment, duration and intensity
	Observations
	Covariates, examined
	Study quality score and comments

	a. Occupational studies – including cohort mortality epidemiology studies

	Parkinson et al. (1987)
	Battery plant
	288 lead exposed workers and 181 controls aged 18-60 exposed to lead one year
	Current PbB of workers was 39.9 ± 13.2 vs 7.4 ±4.7 for controls. TWA PbB (cumulative index for all PbB since date of hire) for lead workers was 48.8 ±11.9.
	After controlling for confounders the associations between exposure and blood pressure were small and insignificant.
	Age, education, income, cigarette usage, alcohol consumption, BMI and exercise.
	Score: 74%

	Staessen et al. (1990)
	London civil servants
	398 male and 133 female not subjected to industrial exposure to heavy metals
	Blood lead concentrations ranged from 0.20 to 1.70 µmol/L with a GM of 0.58 µmol/L in men and 0.46 µmol/L in women
	In men and women the correlations between PbB and systolic and diastolic blood pressure did not approach statistical significance.
	Age, BMI, height, weight, current smoking and alcohol intake.
	Score: 69%

	Ehrlich et al. (1998)
	Battery manufacturing
	382 male production workers over 37 years of age
	Mean current blood lead of workers was 53.5 (23-110) µg/dL with a mean exposure duration of 116 (0.5-45 years). Mean historical PbB on 246 workers was 57.3 (14-96.3) µg/dL.
	Blood pressure was not associated with PbB.
	None reported but extent of data collection on confounders unclear. Adjusted for age, weight and height.
	Score: 67%

	Glenn et al. (2001)
	Tetraethyl lead facility
	220 workers employed on or after 1950 between ages of 40-70 years.
	The mean blood lead level was 5.2 µg/dL & the mean tibia lead was 16.3 µg/g bone.
	Genotype was associated with hypertension (OR = 7.7; 95% CI: 1.9, 31.4). PbB also associated with increased SBP (r=0.2;p=0.0004) and DBP (r=0.2; p=0.004).
	Age, education, race, tobacco, alcohol and BMI.
	Score: 67%

	Lee et al. (2001)
	24 different lead using facilities in Korea
	798 male lead exposed and 135 controls in the age range of 17-65 years
	The mean PbB of the exposed workers was 32.0 (4-86) µg/dL and 5.3 (2-10) in the control group. Average duration of exposure in the exposed group was 8.2 (0.1-36) years.
	Lead workers with VDR B allele had a higher prevalence of hypertension than bb genotype [OR (95% CI) 2.0 (1.1,3.4). ALAD genotype was not associated with blood pressure measurements
	Age, BMI, haemoglobin, education, sex tobacco and alcohol.
	Score: 67%

	Sharp (1988)
	U.S city bus drivers
	342 males and 27 females with a mean age of 42.7 and 40.3 years, respectively
	The median PbB in the subjects was 6.4 µg/dL (range 2-15).
	The relationship between PbB and blood pressure was most apparent with diastolic (2-3 mm Hg/ln (µg/dL), 90% C.I. [0.1, 4.9] but uncertain with systolic [1-2 mm Hg/ln, approximate 90% C.I., -2-5]
	Age, BMI, sex, race and caffeine intake.
	Score: 65%

PbB based on single sample at time of recruitment.

	Nomiyama et al. (2002)
	Crystal toy makers
	127 Chinese female toy workers aged 17-44 years and 70 controls aged 16-58 years
	Current mean PbB levels in exposed workers was 55.4 (22.5-99.4) µg/dL and 6.4 (3.8-11.4) µg/dL in controls. Mean duration of exposure was 7.2 (0.8-25) years for exposed and 2.2 (0.1-11.4) years for controls.
	Systolic blood pressure in groups with PbB of 40-60 & > 60 µg/dL was elevated (4.2 mmHg 95% CI 0-8.5 and 7.5 mmHg 95% CI 3.0-12, respectively). Diastolic for same exposure groups was also elevated (4.1 95% CI 1.3-6.8 & 6.3 95% CI ¾-9.1, respectively)
	Study adjusted for 22 parameters related to blood pressure.
	Score: 65%

No historical PbB levels available.

	Maheswaran et al. (1993)
	Battery plant
	809 male UK battery plant workers
	Geometric mean PbB of workers was 31.6 µg/dL ± 6/5 with a GM duration of exposure of 8.7 ± 2.9 years. Average age of workers was 43.3 ± 10.4 years.
	Following adjustment for confounders, the effect of blood lead on systolic pressure was diminished (analysis of variance, F=1.3, not significant). There was no association between diastolic BP and PbB.
	Age, body mass index and alcohol consumption.
	Score: 63%

	Sharp (1990)
	U.S. city bus drivers
	249 black male and 117 nonblack male municipal bus drivers with a mean age of 42 years
	PbB concentrations ranged from 2-21 µg/dL.
	PbB correlates with both systolic (7.5 mmHg/ln µg/dL) and diastolic (4.7 mmHg/ln µg/dL) blood pressure in black males but negative relation in non-black males.
	Age, BMI, sex, race, caffeine and tobacco intake
	Score: 62%

PbB based on single sample at time of recruitment.

	Navah et al. (1996)
	Battery manufacturing
	67 workers who began employment during 1980-84
	An average of 13 PbB determined for each worker. 56% of cohort exceeded 35 µg/dL and 10% exceeded 70 µg/dL. Mean PbB
	PbB levels had no clinically significant effect of blood pressure.
	Age, BMI and drinking and smoking habits.
	Score: 62%

	Weiss et al. (1990)
	US (Boston, MA) policemen
	Longitudinal study of 89 policemen from 1969-1975
	PbB values only obtained during the second year of study. Mean PbB for age group <20 was 40.4; age 20-29 was 37.1 and for ages > 30 it was 22.5.
	After correction for confounders a high level of PbB was a significant predictor of elevated systolic pressure (p=0.036).
	Previous systolic blood pressure, BMI, age and smoking.
	Score: 60%

PbB data only available for a small number of individuals.

	deKort et al. (1987)
	Plastic stabilizer plant
	53 workers exposed to lead and cadmium and 52 controls aged 25-64 years
	Mean PbB for exposed group was 47.4 µg/dL (43.9-51.2 and 8.1 (7.5-8.7 for the control group). CdB cadmium levels were 1.32 (1.0-1.74) µg/gm creatinine in exposed and 0.54 (0.37-0.77) in controls. Mean duration of exposure for exposed group was 12.5 years versus 8.6 for controls.
	After controlling for age and pulse rate the correlation between PbB and systolic and mean blood pressure remained statistically significant (r=0.22, p < 0.05).
	Extent of data collection on confounders unclear. Possible confounders not corrected for include BMI and lifestyle outside work.
	Score: 58%

	Kirkby & Gyntelberg (1985)
	Lead smelter
	96 men and 4 women who had been employed for more than 9 years plus control group
	The mean PbB of exposed group was 51 µg/dL ± 16 and 11 µg/dL ±3 for the referent group employed between 9-45 years (mean 22 years).
	Lead workers had higher diastolic blood pressure (level of significance 0.4) than referents.
	Age, sex, height,. Weight, social grouping occupational status and alcohol and tobacco consumption
	Score: 57%

	Belknap (1936)
	Lead workers
	81 U.S. male lead workers
	68% of workers showed 0.2 mg or more of lead in 24 hour urine. 20% showed 0.5 mg or more. 64 % of cases had lead lines. Duration of exposure 1-47 years.
	No significant trend toward increase in systolic or diastolic blood pressure in these workers.
	None reported but extent of data collection on confounders unclear.
	Score: 57%

Workers were heavily exposed by today’s standards.

	Dos Santos et al. (1994)
	Battery manufacturing or rebuilding
	166 workers aged 18-60 years occupationally exposed to lead and 60 non-exposed aged 18-58 years.
	The median PbB in the lead workers was 36.8 µg/dL compared to 11.6 in the control group. The exposed workers had a median duration of exposure to lead of 4.5 years.
	Diastolic arterial pressure was higher in the exposed group (p < 0.05) but the two groups did not differ in systolic pressure.
	Age, weight, height, BMI

total protein.
	Score: 57%

No historical PbB data available.

	Wu et al. (1996)
	Battery manufacturing
	112 males and 100 female South African workers employed for at least 6 months.
	Average PbB was 56.9 ± 25.5 and the average concentration of Pb in air was 190 ± 331 µg/m3. Mean duration of exposure in men was 5.6 (0.5-35.5) years and 3.1 (0.5-17) in females.
	After considering all possible confounding variables PbB was not a significant predictor of either systolic or diastolic blood pressure.
	Age, weight, height BMI, alcohol and cigarette consumption.
	Score: 56%

	Kromhout and Lezanne (1985)
	Zutphen, Netherlands
	152 men aged 57-76 years who participated in the Zutphen study and lived in the same house since 1960.
	PbB levels above 30 µg/dL were present among 8.6% and levels above 40.0 µg/dL in 1.3% of the men. The mean PbB was 18.3 µg/dL.
	PbB was significantly positive and related to systolic (risk indicator 0.001 ≤ p< 0.01) and diastolic (RI 0.01≤ p<0.05) blood pressure.
	Age, total and high density lipoprotein, blood pressure, smoking habits and Quetelet index.
	Score: 54%

	Kromhout (1988)
	Zutphen, Netherlands
	152 men aged 57-76 years who participated in the Zutphen study and lived in the same house since 1960.
	PbB levels above 30 µg/dL were present among 8.6% and levels above 40.0 µg/dL in 1.3% of the men. The mean PbB was 18.3 µg/dL.
	PbB was not associated with coronary heart disease incidence in both univariate and multivariate analyses.
	Age, total and high density lipoprotein, blood pressure, smoking habits and Quetelet index.
	Score: 54%

	Schuh-macher et al. (1994)
	Welders, PCV workers
	26 males exposed to lead and 40 males exposed to cadmium plus 40 controls
	The mean PbB for Pb for lead exposed group was 39.5 µg/dL and 9.8 µg/dL for the controls. Mean age for exposed workers was 43.7 ± 6.7 and 46.3 ± 3.2 for controls
	No significant increases were observed in the diastolic BP for exposed workers but a significant rise (p < 0.05) for systolic
	Age, BMI and drinking and smoking habits
	†

	Lin and Lim (1994)
	Patients with essential hypertension
	12 health controls, 10 with essential hypertension & 36 with chronic renal disease.
	Mean urinary lead post EDTA test ranged from 76.64 – 182.91 µg/72h/1.73 m2.
	Five of twelve patients with hypertensive nephropathy had lead excretion in excess of 200 µg/72h suggesting lead may play a crucial role in hypertensive nephropathy.
	Age, sex, alcohol and other complications.
	†

	Cooper (1988)
	Battery plant and lead smelters which also included lead refineries and secondary smelters
	4,519 battery plant workers and 2,300 smelter workers employed at least one year from 1946-1980
	Average worker mean urinary lead values were 130 µg/dL for battery workers and 173 µg/dL for smelter workers. The average worker mean PbB for the battery plants was 63 µg/dL and 80 µg/dL for the smelter workers. No air concentration data were available.
	Statistically significant elevation of other hypertensive diseases in exposed workers (PMR 388) but no reports of increased incidence of hypertensive disease or cerebrovascular disease.
	None reported but extent of data collection on confounders unclear. No smoking histories were reported.
	Score: *

	Selevan et al. (1988)
	Lead smelter workers
	1987 US white males employed between 1940-1965 with at least 1 year employment at the smelter
	High lead exposure group had air lead levels in excess of 200 µg/m3 or 50% of jobs in area exceeded 2X standard. High lead/low other exposure groups included workers both exposed to high lead but 50% of jobs examined were exposed to airborne Cd, Zn or As at levels above the then current standards.
	Mortality from hypertension with heart disease had an SMR of 61 (CI: 22-133) and without heart disease an SMR of 117 (CI: 24-342).
	Other contaminants in the workplace including but not limited to Cd, Zn, As and silica. No smoking histories were obtained.
	Score: *

Airborne Pb levels ranged from 23-56,000 ug.m3; Cd from 1-3,200; Zn from <2-210,000 and As from <1-200 µg/m3

	Fanning (1988)
	International group of UK companies including battery, electrical, plastic & manufacturing
	Case control study of 867 deaths between 1926-85 who had high occupational exposures & 1,206 who died during same period with low exposure to lead
	PbB of high exposed workers in last 20 years ranged between 40-80 µg/dL and possibly higher in previous years. PbB of low exposed was less than 40 µg/dL.
	The odds ratio (1.94; p <0.05) for circulatory disease for the high exposed group was statistically significant for the years 1946-65.
	None reported but extent of data collection on confounders unclear. No smoking histories were reported.
	Score: *

	Michaels et al. (1991)
	Newspaper printers
	1261 US male typesetters employed in 1961 and followed until the end of 1984
	Historic lead exposures were below 50 µg/m3. No PbB were reported.
	Cerebrovascular disease was significantly elevated on the edge of statistical significance (SMR 135 CI: 0.98-1.82) for printers employed for 30 years or more.
	None reported but extent of data collection on confounders unclear.
	Score: *

	b. General population (adult)

	Staessen et al. (1996)
	Belgium Cadmibel study
	A 5 year follow-up on 359 men and 469 women from the Cadmibel study
	Blood lead levels had declined over the 5 year period from a time average PbB of 7.7 µg/dL to 4.8 µg/dL.
	PbB levels < 30 µg/dL is not associated with increased conventional or 24-hour blood ambulatory pressure or increased risk of hypertension.
	Age, BMI, total Ca, tobacco and alcohol use, exposure at work, physical activity, social class, and medication usage.
	Score: 96%

Longitudinal follow-up to Cadmibel study

	Vupputuri et al. (2003)
	U.S. NHANES III
	Survey of 10,548 white and 4,404 black men and women aged 18 years or older
	Mean PbB levels for white men and women were 4.4 and 3.3 µg/dL, respectively. For black men and women the mean PbB was 5.4 & 3.4 µg/dL, respectively.
	Each standard deviation higher PbB (3.3 µg/dL) was associated with a 0.82 (95% CI, 0.19-1.44) mm HG and a 1.55 (95% CI, 0.47-2.644) mm Hg higher systolic blood pressure among black men and women, respectively. PbB levels were not associated with blood pressure in white men or women.
	Age, education, BMI, alcohol, physical activity, dietary sodium and potassium.
	Score: 83%

	Den Hond et al. (2002)
	U.S. NHANES III database
	4,685 White males 5,138 females; 1,761 black males & 2,167 females greater than 20 years of age.
	The median PbB for white males, white females, black males and black females was 3.6, 2.1, 4.2 and 2.3 µg/dL, respectively.
	There is no consistent relationship between blood pressure and PbB in the NHANES III dataset.
	Age, BMI smoking alcohol, coffee, dietary calcium, haematocrit, serum protein, serum calcium, poverty.
	Score:83%

	Elwood et al. (1988a)
	Wales, UK
	1,721 males & females (<64 years) throughout Wales and 1,164 older men (45-69 years) in Caerphilly
	PbB levels in the Welsh study averaged 12.4 µg/dL in men and 9.6 in women. In the Caerphilly study the mean PbB was 13.5 µg/dL. Participants had no known occupational exposure to lead.
	In both studies there was no association between PbB and blood pressure.
	Age, gender
	Score: 82%

	Elwood et al. (1988b)
	Wales, UK
	1,721 Males & females (18-64 years) throughout Wales and 1,137 older men (49-65 years) in Caerphilly
	PbB levels in the Welsh study averaged 11.6 µg/dL in men and 9.0 in women. In the Caerphilly study the mean PbB was 12.7 µg/dL. Participants had no known occupational exposure to lead
	No significant relationship between blood pressure and blood lead was detected in either of the population studies.
	Age, gender.
	Score: 82%

	Grandjean et al. (1989)
	Glostrup area in Denmark
	861 men and women born in 1936 and followed for 5 years
	Median PbB levels were 13 and 9 µg/dL at age 40 years and 9 and 6 µg/dL at age 45 years in men and women, respectively.
	When corrected for confounders, all associations between blood lead and blood pressure became non-significant.
	Exercise, season, weight index, cholesterol, triglycerides, smoking, occupational exposure, haemoglobin and alcohol.
	Score: 79%

	Dolenc et al. (1993)
	Belgium Cadmibel study
	827 men and 821 women with a mean age of 45 years.
	The mean PbB levels in males were 0.5 µmol/L and 0.3 µmol/L in females.
	Systolic blood pressure was inversely correlated with PbB in males and there was no significant relationship between PbB levels and systolic in women and diastolic in the general population at large.
	Age BMI, pulse rate, serum creatinine and serum calcium, contraceptive pill intake and menopause in women.
	Score: 79%

	Hense et al. (1993)
	Germany
	Cross sectional study of 1,703 men and 1,661 women 25-64 years old
	The mean PbB levels of males was 16

µg/dL and10.5 µg/dL in women.
	Crude associations between PbB and blood pressure were reported but correction for confounders significantly reduced or eliminated statistical significance. However, concern express for over correction.
	Age, BMI, alcohol and hematocrit
	Score: 79%

	Harlan et al. (1985)
	U.S. NHANES II survey
	2569 men and 2,758 women aged 21-74 years.
	Mean blood lead in men ranged from 16.4 to 17.9 µg/dL and 11.5-13.1 µg/dL in women.
	PbB levels directly related to systolic and diastolic blood pressure in men and women aged 21-74 years.
	Age, BMI, race, serum zinc, dietary calcium, haemoglobin, alcohol, smoking and haemoglobin
	Score: 78%

	Moller and Kristensen (1992)
	Copenhagen, Denmark
	Longitudinal study of 1,052 men and women born in 1936 & examined in 1976, 1981 & men only in 1987.
	The PbB level for men over the three periods examined was 13.6, 9.6 and 8.3 µg/dL. For women the PbB levels declined from 9.6 to 6.8 µg/dL.
	Study supports the hypothesis for a weak causal association between PbB and blood pressure, coronary heart disease and cardiovascular disease.
	Tobacco and alcohol usage, BMI, physical activity and haemoglobin
	Score: 78%

	Korrick et al. (1999)
	Nurses Health Study, Boston, MA.
	89 women with hypertension and 195 controls in the age range of 47-74 years.
	The PbB levels ranged for cases and controls ranged from <1-14 µg/dL. The mean tibia and patella bone lead measurements were 13.3 and 17.3 µg/g, respectively.
	PbB and tibia lead were not reported to be a risk factor for hypertension. There was a substantial association with tibia lead (OR = 1.86 for each 25 µg/g increase in patella lead).
	Age, BMI, dietary calcium and sodium, smoking, alcohol and postmenopausal status.
	Score: 78%

	Bost et al. (1999)
	UK Health Survey 1995
	2,563 men and 2,763 women aged 16 and over.
	The geometric mean PbB was 3.7 µg/dL for men and 2.6 µg/dL for women with a mean age of 47 years.
	PbB was found to be significantly and positively associated with diastolic blood pressure in men and women. After adjustment for BP medication it was no longer significant in women.
	Age, BMI, smoking, social class, region of residence, hypertensive medication and alcohol intake.
	Score: 73%

	Cheng et al. (2001)
	Normative Aging Study (U.S.)
	833 subjects classified as free, borderline or definite hypertensives with a mean age of 65, 68 and 68 years, ,respectively
	The mean PbB for the normotensive, borderline and definitive hypertensive was 5.87, 6.00 & 6.37 µg/dL, respectively. Similarly the tibia lead was 20.27, 23.46 & 22/69 µg/g, respectively and for patella 28.95, 33,73 & 32.72 µg/g, respectively.
	An increase in patella lead from the midpoint of the lowest quintile to the highest quintile was associated with a rate ration of definite hypertension of 1.71 (95%CI 1.08-2.70).
	Age, age squared, BMI, family history of hypertension, alcohol, smoking dietary sodium and calcium intake.
	Score: 72%

	Schober et al. (2006)
	U.S. NHANES III
	9,757 US males and females enrolled in NHANES III
	PbB categorized in the 3 groups 

<5; 5 - <10 and >10 µg/dL
	Relative risk of cardiovascular disease was 1.20 (95% CI, 0.93-1.55) for those with PbB of 5-9 µg/dL and 1.55 (95% CI, 1.16-2.07) for PbB > 10 µg/dL
	Adjusted for age, poverty index, education, smoking, alcohol and census region
	Score: 72%

	Proctor et al. (1996)
	Normative Aging Study(U.S.)
	798 males with a mean age of 66.1 ±7.4 years (43-93) years
	The mean PbB was 6.5 µg/dL with a range of 0.5-35 µg/dL. 85% of the cohort had PbB levels < 10 µg/dL.
	No significant correlation between ln PbB or dietary calcium in overall cohort. When adjusted for covariates a unit increase in ln PbB predicted a 1.2 mmHg increase in DBP (95% CI: 0.11, 2.2; p+0.03 in older men.
	Age, BMI, dietary calcium intake, alcohol, sitting heart rate, exercise, hematocrit and smoking.
	Score: 71%

Calcium intake did not modify the impact of PbB on blood pressure.

	Miccioilo et al. (1994)
	Verona & Brescia, Italy
	630 adult males aged 20-69 years not occupationally exposed to lead
	Median PbB concentration was 14.8 (4.3-46.9) µg/dL for entire cohort. Mean PbB for Verona was 16.1 µg/dL and 16.2 µg/dL for Brescia.
	Hypertensive subjects had higher PbB than normotensive (17.7 vs 16.0 SD:7.1 & 6.0. After adjusting for age & BMI the relationship was lost.
	Age, BMI, smoking, alcohol, CdB, haemoglobin and hematocrit
	Score: 68%

	Hu et al. (1996)
	Normative Aging Study (U.S.)
	798 males with a mean age of 66.1 ±7.4 years

43-93) years
	The mean PbB was 6.3 µg/dL with a range of <1-28 µg/dL. Tibia lead had a mean value of 21.6 (<1-96) µg/g and mean patella lead was 32.1 (1-142) µg/g.
	An increase from 8-37 µg/g of tibia lead was associated with and increased odds ratio of hypertension of 1.5.
	Age, race, BMI, family history of hypertension, alcohol, smoking, dietary sodium intake and dietary calcium.
	Score: 67%

	Rabinowitz (1987)
	U. S.
	3851 pregnant women
	The mean blood lead was 6.9 ± 3.3 µg/dL with a range from 0-35 µg/dL.
	The correlation between PbB & SBP was small but significant (r=0.081 p+ 0.0001) but not with preeclampsia
	Age, parity, hematocrit, tobacco, coffee, alcohol, birth weight and gestational age.
	Score: 67%

	Chu et al. (1999)
	Taiwan nationwide population survey
	1,471 males and 1329 females with a mean age of 44 (15-85) years
	The mean PbB among all study subjects was 6.5 (0.1-69.1 µg/dL; among males it was 7.3 (0.1-69.1 µg/dL and among females it was 5.7 (0.1-40.1).
	Prior to adjustment for variables no association found between blood pressure & PbB. After adjustment the SBP was significantly associated with (β of 0.185 p=0.015).
	Age, BMI, milk intake, alcohol and cigarette smoking.
	Score: 66%

	Rothenberg et al. (2002)
	U.S.
	1,006 women in pre-natal care clinic between ages of 15-44 years
	Geometric mean prenatal and postnatal PbB were 1.9 and 2.3 µg/dL. The mean tibia lead level was 8.0 µg/g and 10.7 µg/g in calcaneus (heel) bone.
	Pre or postnatal PbB not tibia lead did not correlate with blood pressure. A 10 µg/g increase in calcaneus bone lead was associated with 0.7 mm increase in mid-trimester and 0.54 mm in post-natal blood pressure
	Age, BMI, nursing, smoking alcohol, race, education and income.
	Score: 66%

	Menditto et al. (1994)
	Rome, Italy
	1,319 men aged 55-75 years with no occupational exposure to lead.
	The median blood lead concentration was 11.3 µg/dL (range 4 to 44.2).
	A slight to moderate positive relationship exists between blood pressure and PbB in male drinkers after adjusting for confounders. Regression coefficients for SBP 5.6 mm Hg/ln(µg/L) & 2.5 mmHg/ln(µg/L) for DPB.
	BMI, age, heart rate, smoking skin-fold thickness, serum lipids, glucose and alcohol
	Score: 63%

	Pocock et al. (1988)
	Middle aged British men
	7371 men aged 40-49 years
	PbB levels obtained for 95% of participants. Mean PbB level was 0.737 µmol/L.
	Reported a weak but statistically significant positive association between PbB and both systolic (1.45 95% CI 0.47-2.43 mmHg) and diastolic (1.25 mmHg 95% CI 0.65-1.85) blood pressure for doubling of PbB.
	BMI, age, alcohol, smoking, social class and town of residence.
	Score: 61%

	Morris et al. (1990)
	U.S Population in Ca supplementation trials
	145 males and 106 females aged 18-80 years
	Baseline PbB levels in males was 0.39 ± 0.21 µmol/dL and 0.33 ± 0.17 µmol/dL in females.
	A 10 µg/dL increase in PbB was associated with a 5mm Hg increase in systolic BP in men. No effect on BP in women.
	Age, BMI, EPP, hematocrit, haemoglobin, serum and dietary calcium and dietary sodium
	Score: 61%

Calcium intake did not modify the impact of PbB on BP

	Wolf et al. (1995)
	Austrian law enforcement officers
	507 males from all states of the country with no occupational exposure to lead
	The mean PbB level was 8. 3. 0 ± 5 µg/dL with a mean age of 44.9 ± 8.2 years.
	PbB lead associated with increased diastolic pressure (R2 = 0.186, p = 0.0001) and persisted in a diminished fashion after adjusting for confounders.
	Age, weight, height, alcohol use and smoking
	Score: 59%

	Neri et al. (1988)
	Canada Health Survey
	2,193 subjects aged 25-64 years
	The mean PbB value not reported. The range was from 0-47 µg/dL.
	Reported a weak but positive relationship between PbB and diastolic blood pressure (RR 1.23).
	Age, body build, zinc and haemoglobin
	Score: 58%

	Pizent et al. (2001)
	Croatia
	267 peasant women 40-85 years of age in rural Croatia
	The median range of PbB values were 7.4 (2.9-25.1) µg/dL.
	Alcohol consumption and low Ca intake can increase PbB which may significantly contribute to an increase in SBP (z= 2.32; p<0.05)
	Age, BMI, height, body mass, BCd, area of residence and alcohol consumption.
	Score: 55%

All were non-smokers

	Apostoli et al. (1992)
	Italy
	Random sample of 254 males and 271 females not occupationally exposed to lead
	The mean PbB for females was 10.5 ± 4.1 µg/dL and 16.0 ± 6.3 in males.
	PbB level correlates with diastolic and systolic blood pressure and hypertension but attenuates when corrected for confounders.
	Age, BMI, alcohol, smoking, cholesterol, triglycerides, creatinine and haemoglobin
	Score: 52%

	c. General population (children)

	Factor –Litvak et al. (1996)
	Kosovo, Yugoslavia children
	282 children at the age of 5.5 years residing in an exposed and unexposed town.
	The mean PbB in exposed children was 37.3 ±13.4 µg/dL and 5.6 ± 3.6 µg/dL in unexposed group.
	After adjustment a 10 µg/dL increase in PbB was associated (95% CI = -0.2 - 1.3) mmHg increase in SBP and a 0.4 (95% CI = -0.1 - 0.9) mmHg in diastolic pressure.
	Sex, BMI, ethnicity, maternal education, socio-economic indicators and HOME scores.
	Score: 61%

	Hu (1991)
	U.S. population
	22 untreated subjects who were survivors of Pb poisoning as a child & 22 controls
	22 subjects had been identified with clinical lead poisoning during the years 1930-42. Their mean PbB at time of the study was 0.29 µmol/L as compared to 0.36 µmol/L for the controls. The age range for both groups was 48-60 years,.
	A risk of hypertension was significantly higher in subjects with plumbism (relative risk, 7.0; 95% CI: 1.2-42.3)
	Matched controls with respect to age, sex, race, BMI, education, alcohol and smoking status.
	Score: 60%

	Selbst et al. (1993)
	U.S. children
	149 children in the age range of 1-10 years
	Blood lead levels ranged from 7 to 70 µg/dL with a mean of 27 ug/dL.
	A small, negative correlation between PbB levels and systolic pressure (–0.299 p=.0003) and a positive but insignificant correlation with diastolic blood pressure (partial r =0.288, p=0.0005).
	Age, gender, height, weight, race, BMI and source of payment for medical care.
	Score: 57%

	Friedlander (1981)
	U.S. lead clinic
	Follow-up of 38 children who had previously received chelation therapy
	At time of follow-up the mean PbB level was 24.689 ± 6.72 µg/dL.
	After correction for background variables PbB level or FEP were significant contributors to the variations in blood pressure p > .05.
	Age, sex, height and weight
	Score: 54%

	Rogan et al. (1978)
	U.S. children
	80 children ranging in age from one to eight years
	The blood lead ranged from 7 to 66 µg/dL with a mean of 24.3 µg/dL.
	A significant correlation existed for PbB and diastolic pressure but the small coefficients did not support a positive relationship between PbB and blood pressure
	Age and sex
	Score: 35%

	DeCastro (1989)
	U.S. children
	15 lead poisoned children aged 12-36 months and matched controls.
	Children had chronic lead poisoning with mean PbB levels of 55 µg/dL. And matched controls mean PbB was 19 µg/dL.
	Plasma catecholamine activity (PCA) elevated in lead poisoned children and that may be a biomarker in clinical finding of hypertension associated with Pb poisoning.
	Matched controls.
	Score: 31%


*Results reported as Standard Mortality Ratios (SMR); †Cohort <50; The relative quality of studies is indicated by a percentile score indicating the extent to which critical elements of study design were implemented and/or described. The highest possible quality score is 100%. Percentage score based on sample size and power, inclusion of control groups, quality of examination, laboratory quality control, endpoint definition and control for confounders

4.1.2.7.4 Nervous System Effects 

Studies of Nervous System Effects in Adults

Manifestations of lead intoxication impacting the central nervous system of adults have been well documented and consist of ataxia, memory loss, and at the highest levels coma and death. Sustained blood lead levels in excess of 80 µg/dL are required to produce these effects. Moderate to high (<70 µg/dL) exposure has been associated with symptoms of malaise, fatigue, irritability, lethargy, headache, and decreased libido (Parkinson et al. 1986, Zimmerman-Tansella et al. 1983, Baker et al. 1983, Schottenfeld and Cullen 1984). Such exposure has also been reported to decrease neurobehavioural test scores in the cognitive or motor domains of psychomotor speed, manual dexterity, memory and learning ability. Peripheral nervous system impact can also become apparent (peripheral neuropathy) as manifested by weakness in the extremities.

With the progressive lowering of occupational exposure standards, studies attempting to evaluate the presence or absence of nervous system impacts have sought to detect increasingly subtle effects. Whereas previously the detection of nervous system effects could be documented through case study evaluation or small clinical studies, new research strategies were required to monitor potential adverse impacts of lead. This required the implementation of larger medical surveillance studies. Two basic study designs are possible to evaluate the effects of lead.

Cross-sectional studies investigate a group of individuals at a single point in time. The study sample may be chosen to represent a full range of lead levels (a continuous sample) or groups representing discrete exposure subgroups within the lead distribution can be studied (i.e., high exposure subjects are compared to low exposure subjects). In the study of occupational exposures, evaluation of an appropriate nonoccupationally-exposed control group would normally be conducted.

Prospective or longitudinal study designs are also feasible wherein a group (or groups) of individuals are monitored over a period of time with sequential measurements being made of both nervous system function and exposure to lead. This permits more accurate ascertainment of impacts of exposure history upon nervous system performance and the detection of cumulative impacts that may only manifest as the individual ages.

Proper conduct of studies also requires accurate measurement of confounders and covariates that may impact upon the study results. When performance of lead-exposed subjects is compared to that of controls, other factors that impact upon the performance measures being applied should be ascertained. Under ideal circumstances, control and exposed groups are screened and/or matched for parameters such as age, alcohol or substance abuse, sex, educational level.

Other elements of study design can be important and influence study outcome. Co-exposures to other potential neurotoxins in the workplace may occur but be unmonitored. Lead exposure measures can vary from imprecise air lead measures to more precise blood lead determinations. Finally, examiners are ideally well-trained, administer and score tests in an similar fashion (in the case of multiple examiners), are blind to the exposure status of the individual.

Finally, the nature of the tests administered can vary between studies. Aspects of cognitive function (neuropsychological function) can be monitored through a variety of different instruments – not all of which produce comparable results. Alternatively, physiological aspects of nervous system function can be monitored (e.g., nerve conduction velocity or evoked brainstem responses) but can be difficult to relate and compare.

In general, among the cross-sectional and prospective studies carried out before 1991, the primary effects of lead observed were in the area of sensory motor slowing coupled with difficulties in remembering incidental information. These effects were not seen at mean blood lead levels <40µg/dL. However, as a group, these studies possessed numerous deficiencies in both study design and methods of controlling for confounding factors (see Table 4.51)

Two reviews of 23 studies carried out before 1991 on Neuropsychological Performance of low to moderately exposed lead workers observed methodological inconsistencies and deficiencies that precluded clear definition of the neuropsychological effects of occupational lead exposure. Table 4.51 (Ehle and McKee 1990) and Tables 4.51 and 4.52 (adapted from Balbus-Kornfeld et al. 1995) summarize these inconsistencies among studies, with each author employing slightly different criteria for critiquing the studies.

Both sets of authors found it difficult to integrate all study results into a consistent dose-effect profile of lead-induced effects because of methodological inconsistencies and deficiencies in and among the studies. Ehle observed that the methodologies were so varied, and the cultures in which the studies were conducted so diverse, that it is impossible to generalize across findings and thus the issue of psychological and neuropsychological effects of low-level lead exposure in adults remained to be resolved. At best there was suggestive preliminary evidence for subtle changes in the ability to process information quickly. There was also suggestive but inconclusive evidence that lead exposure may affect the individual’s ability to input and integrate novel information and to store this information in short-term memory. Ehle notes, however, that most of the studies did not find neuropsychological effects outside the normal range of functioning.

Balbus-Kornfeld et al. (1995) similarly concluded that the current scientific literature provides inadequate evidence to conclude whether or not cumulative absorption of lead adversely affects neurobehavioural test performance in adults. This conclusion is based on inadequate estimation of cumulative absorption of lead and inadequate control for age and intellectual ability before exposure.

A number of studies were published after 1993 and were not reviewed by either Ehle and McKee (1990) or Balbus-Kornfeld et al. (1995), and are summarised here. This review is not meant to be all-inclusive, but rather to illustrate the nature and results of more recent studies. The conclusions of more recent comprehensive meta-analyses are then discussed.

Neuropsychological Effects

Stollery (1996) carried out a cross-sectional study measuring reaction times in seventy workers classified as low (< 20 µg/dL), medium (21 – 40 µg/dL) or high (41 – 80 µg/dL) lead exposed. The exposure descriptors used refer to relative degrees of exposure in the occupational setting and are not to be confused with environmental exposures in the general population. Slowing of reaction times achieved significance in the high lead group (n=22) whose mean blood lead values were 51.8 µg/dL. No data on confounding factors such as alcohol consumption were reported by the authors. Another cross-sectional study conducted by Murata et al. (1995) on a small cohort of 36 female workers exposed to lead and 15 female textile workers measured effects of lead on autonomic and central nervous system functions, electrocardiography, R-R interval variability as well as visual and brainstem auditory evoked potentials (VEP and BAEP). The mean blood lead levels in the exposed workers were 55.6 µg/dL. The findings of the study indicated that all parameters of the autonomic nervous system measured, except heart rate, were significantly depressed when compared with the unexposed workers. No effects on visual and auditory nervous functions were found. Effects in both these studies were observed at PbB levels >40 µg/dL.

Tang et al. (1995) conducted a cross-sectional study among 23 workers from a storage battery manufacturing plant with mean blood lead levels of 70 µg/dL and 23 control workers from a garment factory with mean blood lead levels of 3.67 µg/dL. Monoamine neurotransmitters (HVA - homovanillic acid) and neurobehavioural impairment was evaluated using the WHO Neurobehavioural Core Test Battery. Zinc protoporphyrin levels (ZPP a weak measurement of cumulative exposure) were significantly higher in the exposed group compared to controls. The neurobehavioural performance of the lead-exposed group was poorer than that of controls in tests measuring attention/response speed, manual dexterity, perceptual-motor speed, visual perception/memory and motor speed/steadiness. The score of the negative mood state of fatigue-inertia was also significantly higher in the lead-exposed group. Interestingly, there was no significant correlation between blood lead levels and various indicators of neurobehavioural function which suggests that uncontrolled factors such as age, sex, education, alcohol consumption, etc. could have influenced the neurobehavioural status of the cohort. The authors note that the lead exposed group had increased levels of HVA in the urine, a possible signal of increased release of dopamine resulting from the impairment of the dopamine system in the brain. Positive correlations were observed between PbB, ZPP and HVA, but the relationship of this correlation to performance is not clear.

Maizlish et al. (1995) assessed neurobehavioural function in 43 workers from a lead smelter with mean blood lead levels of 42 µg/dL and 45 workers from a glass factory with mean blood lead levels of 15 µg/dL using the World Health Organization neurobehavioural core test battery in a cross-sectional study. Historical blood lead concentrations were used to classify exposure based on current, peak and time weighted average. Although the exposed workers performed less well than the non-exposed in 10 of 14 response variables, only profile of mood states, tension-anxiety, hostility and depression mood scales showed a significant dose-response relation to current, peak and time weighted average (TWA) blood lead levels in multiple linear regression models that included age, education, medical conditions, site and alcohol intake as covariates, Control for previous jobs exposed to solvents was included, but neither subjects nor the interviewer were blinded to exposure status. Although, the study was limited in its power to detect small differences because of a relatively small sample size, an important strength of the study was the availability of current and historical measurements of blood lead concentration so that dose-response relations could be evaluated.

Lindgren et al. (1996) examined the association between cumulative exposure to inorganic lead and neuropsychological test performance in 467 Canadian male lead smelter workers. Separate analyses were performed on current PbB (blood lead), and measures of chronic exposure (TWA – a weighted average of blood lead over the duration of exposure) and a time integrated blood lead (IBL - a measure of cumulative blood lead concentrations over the period of exposure). In contrast with earlier research, this study did not find an association between neuropsychological performance and current blood lead and TWA. The authors suggested that this might be due to relatively low mean blood lead values in the current study (36 µg/dL) and the fact that the TWA is not sensitive to exposure duration or peak exposures. The Maizlish et al. (1995) study, which had mean blood leads of 42 µg/dL and a mean TWA of 31.5 µg/dL, also observed no significant association between neuropsychological performance and current blood lead or TWA measures of lead exposure. The IBL or integrated blood lead exposure measure was also not related to neuropsychological test performance. However, when years of employment, recognised as a suppressor variable (a variable which improves the overall predictive validity of another variable by removing irrelevant variance) was included as a covariate, IBL exposure groups were positively related to neuropsychological functioning – that is, greater years of employment were associated with improved test performance. The authors suggested that years of employment represents continuing education for older employees since the company was committed to educating its employees over time. Also, men with greater years of employment were more likely to have worked up through the ranks to managerial positions. This pattern was only recognised in regression equations with IBL as an independent variable and not TWA. This is because IBL and years of employment are strongly related even after controlling for age and education (partial r = 0.81). In contrast TWA and years of employment have a partial correlation of r = 0.41 after controlling for these variables.

Bleecker et al. (1997) examined measures of lead dose that reflect intensity of exposure and cumulative exposure in association with neuropsychological function and performance by age. Eighty current lead smelter workers were assessed for verbal memory and visuometric skills at a mean age of 44 years (range 24-64 years), duration of employment of 20 years (4-26 years), education of 8 (0-13) grades, current blood lead 26 µg/dL (13-43 µg/dL) working lifetime weighted average blood lead (TWA) of 42 µg/dL (17-57), working lifetime integrated blood lead (IBL) of 903 µg Pb/yr/dl-1 (81-1, 436) and bone lead of 41 µg Pb per g bone mineral (12-90).

Bleecker et al. (1997) hypothesised that verbal memory was primarily affected by current lead exposure since it required significant attention that might be more easily disrupted by current blood lead levels. Slowness in visuomotoric speed was found to be a chronic effect of lead. Block design completion was unrelated to exposure. Overall TWA (working lifetime weighted average blood lead or past average dose) was the most frequent predictor of performance, suggesting that the nervous system is more sensitive to average lead dose intensity than cumulative lead dose. Bone-lead did not correlate significantly with any of the neuropsychological tests, except for an association between bone-lead and the grooved peg board (visuomotoric ability) score in older workers. The authors concluded that elevated bone-lead levels cannot be automatically equated with neurotoxic sequelae. The relationship between bone-lead and the grooved peg board score was curvilinear in older workers, with increasingly slower performance above a bone-lead threshold of 20 µg/Pb (g bone mineral). Examination of age-related change in the grooved peg board score with exposure using integrated blood lead (IBL) or cumulative lead dose showed enhanced age-related changes in older workers with a high cumulative lead dose. These findings suggest that the older nervous system provides a substrate more susceptible to the effects of chronic lead exposure. However, blood lead levels at the smelter had been trending downward for several decades, complicating dose-effect assessments. TWAs in older workers average 49 µg/dL during the first 12 years of smelter operation while that for younger workers was 42 µg/dL. By contrast, over the timeframe of 1980 – 1993, TWA in older workers had declined to 37 µg/dL and to 38 µg/dL for younger workers.

Lucchini et al. (2000) assessed neurotoxic effects with a two-hour neurological screening battery on a group of 66 exposed workers from 3 small-medium sized companies producing lead products (including accumulators and bullets) and 2 lead smelters located in Northern Italy. A group of 86 control subjects was formed with maintenance and auxiliary workers from the Civil Hospital of Brescia not occupationally exposed to neurotoxins. Four performance tests were administered: Addition, Digit Span, Finger Tapping and Symbol Digit. Five timed motor tests were also given: open-closed dominant hand, open-closed nondominant hand, alternative open-closed hands, thumb-fingers touch dominant hand and thumb-fingers touch nondominant hand. A near visual contrast sensitivity threshold was assessed and serum prolactin levels (impaired modulation of pituitary secretion by the tubero-infundibular dopaminergic system) were determined. Several questionnaires on neurological symptoms, Parkinsonian symptoms, and on general health state as well as an interview were also administered. Current lead exposure was estimated with PbB, and cumulative lead exposure was estimated from repeated measurements of PbB from the company records for the period of employment. Multiple regression analyses indicated that no changes regarding any of the neurobehavioural tests were evident for the exposed subjects. A decrease in visual contrast sensitivity was noted as well as a marked increased of prolactin secretion. The alterations observed were associated with a mean current blood lead level of 27.5 µg/dL but not to the cumulative indices.

Chia et al. (1997) studied the association of neurobehavioural test performances of a group of lead-exposed workers and a referent group, with concurrent blood lead levels and cumulative blood lead levels (defined as the area under the curve for the number of years each worker was exposed to lead). Fifty lead battery workers and 97 non-exposed (referent) workers from a vehicle maintenance workshop were evaluated for neurobehavioural performance using the World Health Organization Neurobehavioural Core Test Battery. The geometric mean concurrent blood lead (ConPb) of the exposed group was 37.1 µg/dL and the unexposed group, 6.1 µg/dL. The exposed group had significantly poorer manual dexterity, perceptual-motor speed, and motor steadiness compared to the referents. The standardised partial regression coefficients were higher for CumPb than ConPb for most of the neurobehavioural test results, especially in the group >35 years old. There were no significant associations between the various neurobehavioural test scores and ConPb and Cum Pb in the age group <35 years old. The >35 year group had CumPb significantly associated with Digit Symbol and Trail Making Part A results. The study provides some evidence that lead can affect perceptual and motor skills in adults >35 years of age.

Neurophysiological Effects

Yeh et al. (1995) performed nerve conduction velocity and electromyography studies on a small cohort of 31 lead workers of a battery recycling factory and 31 sex and age matched controls. Such techniques monitor the speed with which nerve impulses are conducted within the peripheral nervous system and the extent of enervation of muscle tissue. Twenty-five cases with mild distal extensor weakness of the upper limbs were classified as the lead neuropathy subgroup and the rest of the lead workers as the lead exposure subgroup. Blood lead concentrations and haematological and biochemical data were recorded. The mean PbB of both groups together was 63 µg/dL (17 to 186 µg/dL). An index of cumulative exposure to lead was calculated by the summation of multiplying the average blood concentration of lead with the duration of exposure at various jobs. Compared with the control group, the distal motor latency of the median nerve was significantly prolonged in the lead neuropathy subgroup and 83.5% of normal in the lead exposure subgroup. Electromyographic abnormality was observed in workers with blood lead concentrations between 17.5 and 58 μg/dL. There was a positive linear correlation between the index of cumulative exposure to lead and the distal motor latencies of the tibial nerve as well as a negative correlation with conduction velocities of the sural nerve after multivariate analysis and control of potential confounding of age and sex. Only six of 31 workers had nerve conduction abnormalities, whereas electromyographic evidence of denervation was found in 93.5% of the lead neuropathy subgroup. No correlation could be found between the electrophysiological values and a simple duration of exposure or concentration of blood lead. A non-parametric analysis suggested there was a trend of higher index of cumulative exposure to lead with more severe electromyographic changes.

Two studies have evaluated the impact of long-term occupational exposure to lead on the function of the peripheral nervous system as reflected by vibration perception threshold (VPT). Kovala et al. (1997) estimated exposure to lead of 60 workers from a lead battery factory from historical blood lead measurements and analysis of lead in the tibia and calcaneus bones with K-X-ray fluorescence. Peripheral and central nervous system functions were assessed by measuring conduction velocities, sensory distal latencies, sensory amplitudes and vibration thresholds as well as by quantitative measurement of the absolute and relative powers and mean frequencies of different electroencephalograph (EEG) channels. Mean body burden concentrations were 26 mg/kg for tibial lead and 88 mg/kg for calcaneal lead. Mean long-term blood lead was 33 µg/dL, mean maximal blood lead was 52 µg/dL and highest recorded blood lead, 102 µg/dL. During the past three years the corresponding figures were 29 µg/dL, 35.4 µg/dL and 58 µg/dL.

There were weak negative correlations between indicators of exposure to lead and conduction velocities, and sensory amplitudes of median, radial, peroneal and sural nerves, but most of them did not reach significance. After controlling for the effect of age, the effect of tibial lead concentration was not significant. Current PbB concentration did not correlate with conduction velocity results but showed a correlation with the vibration thresholds. It is difficult to assess what is clinically significant from these results.

Chuang et al. (2000) evaluated the impact of long-term occupational exposure to lead on function of the peripheral nervous system as reflected by vibration perception threshold (VPT). Two hundred and six workers in a lead battery factory were required to have an annual blood lead measurement during each of the 5 years preceding this study and were invited to take a VPT test. The associations between VPTs and current blood lead concentration, mean concentration of blood lead over the past 5 years, maximum blood lead concentration during the past 5 years, index of cumulative blood lead (ICL), time weighted index of cumulative blood lead (TWICL) and percentage of lifespan spent at work in the plant, as well as other potential confounders, such as smoking, drinking, history of nerve disorders and limb injuries, age, etc. In multiple linear regression analyses the mean of the blood lead concentration and the TWICL were significantly associated with VPT of the feet. The relation between VPT of the feet and mean blood lead was shown to be a T shaped curve with a generalised additive model and local smoothing techniques. In a hockey stick regression model, there was evidence of a threshold effect at a mean blood lead concentration of 31 µg/dL. Above this threshold it was estimated that each increase of 1 µg/dL mean blood lead over 5 years would increase VPT of the feet by 0.29 (10-2g) or 0.028 m/s2 (at a frequency of 220 Hz) with other potential confounders held constant. The study suggests that workers with a 5-year mean blood lead concentration more than 30 µg/dL should have their peripheral nerve function examined, including fast sensory nerve fibre. Again, as with the Kovala study, the clinical significance of the vibration thresholds is difficult to assess. Effect reversibility above this threshold was not addressed, but has been a feature of other studies.

Six studies examine current and cumulative blood lead levels and postural sway in workers. The clinical significance of postural sway is difficult to assess since correlations between current and cumulative blood lead are low, cohorts are small and effects are inconsistent. Several studies show no association between blood lead and postural sway and several show effects when workers’ eyes are closed. One study shows effects with eyes open and closed. Chia et al. (1996) suggest that blood lead levels >40 µg/dL can affect the nervous system resulting in some postural instability but the effects are reversible during periods of low exposure levels. Thus, effects on postural stability may be related to recent increases in concentrations of blood lead among exposed workers rather than cumulative body burden with opportunities for recovery during lower periods of exposure.

Chia et al. (1994) investigated postural stability with a computerised postural sway measurement system in 60 workers exposed to lead, with a duration of exposure of 84 months, and 60 controls. The mean current blood lead concentration was 36 µg/dL for the exposed workers and 6.3 µg/dL for the controls. Differences between the exposed and control postural sway parameters were tested by analysis of variance with adjustment for height, weight, age, and drinking habits. No significant differences were noted between the exposed and control groups for the sway parameters obtained with the eyes open except for one of the parameters. Significant differences were found between the exposed and control groups for 9 of the 11 parameters when measured with the eyes closed. The findings indicated that the exposed workers needed visual input for greater stability. The authors were unable to establish a significant relation between current blood lead concentrations and postural sway parameters.

Chia et al. (1996) studied the association in a group of battery manufacturing workers between computerised postural sway parameters and present concentrations of blood lead, an index of cumulative blood lead years, and cumulative blood lead at different years of exposure. Sixty workers exposed to lead, with an exposure duration of 84 months and mean blood lead levels of 36 µg/dL, were compared to 60 control workers with blood lead levels of 6.3µg/dL. Differences between the exposed and control subjects’ postural sway parameters were tested by analysis of covariance. The study suggested that workers exposed to lead had significantly poorer postural stability than a control group when the eyes were closed. No significant differences were noted between the exposed and control groups for sway parameters obtained with the eyes open. The authors felt that lead may affect certain parts of the somatosensory system resulting in postural instability when the visual input is cut off. Present blood lead concentrations and cumulative blood lead years were poorly correlated with the postural sway parameters. The cumulative blood lead in the two years prior to the date of the postural assessment was significantly associated with most of the postural sway parameters. This suggested that an earlier increase in the blood lead concentration might be related to an increase in postural instability. From 1988 until 1991, the mean blood lead concentrations of the workers were above 40 µg/dL. It was only from 1991, two years from the date of the postural test, that the mean blood lead concentrations had declined. The authors suggest that higher blood lead concentrations (>40 µg/dL) may have affected the nervous system resulting in some postural instability. On the other hand, the lack of relation between index of cumulative blood lead and various postural sway parameters suggested that the effects of lead on postural stability are reversible and therefore, not associated with the index of total cumulative lead exposure. Although none of the workers exposed to lead were chelated, there were periods in their employment history, especially from 1992 onwards, when their exposures to lead were lower. This may have provided the opportunity for recovery. In summary, effects of lead on postural stability may be related to recent increases in concentrations of blood lead among the exposed workers rather than cumulative body burden.

Observations similar to those of Chia et al. were made by Ratzon et al. (2000). Sixty-three male, lead battery workers with a mean age of 41.5 years were compared with 48 age matched male controls. Current PbB concentrations among lead workers ranged from 16 to 77 μg/dL with a mean of 42.5 μg/dL. Mean concentrations of lead exposure over the total years of employment ranged from 55 μg/dL with a mean of 37.5 μg/dL. Current mean blood lead among the controls was 4.5 µg/dL. Workers standing straight with eyes open on the bare plates had sway and total movements that were not notably different from controls. Significantly increased movements were needed when eyes were closed. Significant but small correlations were found between the chronic lead dose and 3 of 10 postural control measurements and with one of the 10 measurements and present blood lead concentrations.

Yokoyama et al. (1997) also examined postural sway in 49 male chemical factory workers exposed to lead stearate and mean concurrent blood lead levels of 18 µg/dL. In the past, their mean maximum blood lead had been 47.7 µg/dL. At the time of the study mean blood lead was 23.5 µg/dL and cumulative blood lead, defined as mean blood lead x years of exposure was 390.6 µg.year/dL. Control subjects were 23 healthy male workers who had never been occupationally exposed to lead. Results of stepwise multiple regression analysis indicated that the sway with frequencies of 0.5-2 Hz with eyes open was related to concurrent blood lead in the anterior-posterior direction. With eyes closed the sway of high frequency in the medio-lateral direction was significantly related to mean past blood lead. These results differ from the studies already discussed since effects were seen with the eyes open and closed, making the concept of postural sway difficult to interpret in terms of its clinical significance. However, several factors may have influenced study outcome. Cumulative blood lead, maximum blood lead and mean past blood lead were correlated with concurrent blood lead, suggesting that indicators used in the study were not sufficiently independent so as to permit discrimination between past and present lead exposure. Also, some outlier data are evident in the scatter plots and may have influenced correlations with the lead exposure metrics. Smoking and caffeine were not considered as confounders and alcohol intake was based on self-reporting by subjects. Considering the small cohort and low blood lead levels in this study, a better designed study taking into account the above-mentioned deficits would have been useful in defining relationships between lead and postural sway.

Dick et al. (1999) carried out postural sway testing on a group of 145 workers exposed to lead in a secondary lead smelter and 84 workers not exposed to lead from a hinge manufacturing plant. All workers were measured for blood lead levels and erythrocyte zinc protoporphyrin (ZPP) concentrations at the time of testing. The mean blood lead value at the time of testing was 38.9 µg/dL and the non-exposed was 2.3 µg/dL. Total cumulative blood lead averaged 83476 µg/dL days for the exposed workers, with a mean time-weighted average blood lead of 35.1 µg/dL. No significant associations between six tests of postural stability and four, two-leg conditions and two, single leg conditions were found with current blood lead of lead exposed workers and no statistically significant associations were present with the cumulative measures of long-term exposure.

Ishida et al. (1996) studied the effect of low level lead exposure on somatic and autonomic peripheral nerve functions in ceramic painters, 58 males and 70 females, aged 29-75 years (mean 53.3 years), with lead concentrations in blood ranging from 2.1 to 69.5 µg/dL (geometric mean 13.3 µg/dL). Median nerve maximal conduction velocity was determined as a measure of motor nerve function, the coefficient of variation of R-R interval on electrocardiography as a measure of parasympathetic function, and postural changes in finger blood flow volume and changes in finger blood flow drop velocity from the supine to standing position as a measure of sympathetic function. No significant association was found between blood lead levels and the results of the neurophysiological tests. A change in finger blood flow volume was decreased linearly with increasing blood lead levels, but this association could not be concluded to be a reflection of sympathetic nerve dysfunction due to lead exposure in the subjects, since (FBF was not a specific parameter of sympathetic nerve function.

Organolead Workers

Nervous system impacts have also been observed in workers at organolead production facilities. These studies are briefly mentioned since, although organolead compounds are not within the scope of the risk assessment, exposure to inorganic lead can occur during the production process. Organolead compounds are also converted to inorganic lead within the body. However, organolead compounds are extremely neurotoxic and are subject to different uptake and distribution patterns than inorganic lead compounds. Studies of organolead workers must thus be evaluated with caution and with recognition that there may be manifestations of toxicity that would not be representative of that which would occur with inorganic lead exposure.

Schwartz et al. (2000) examined 535 former organolead manufacturing workers with a mean age of 55.6 years, a mean duration of 16 years since last occupational lead exposure, and low blood lead levels at the first study visit (4.6 µg/dL) and 118 controls with neurobehavioural tests two to four times over 4 years. During the third year of the study, current tibia lead levels were measured and a mean peak tibia lead level of 22.6 µg/g (range 2.2 to 98.7 µg/dg) was found.

Compared to controls, former lead workers, performed worse over time for three tests of visuo-constructive ability and verbal memory and learning (p<0.05). In former lead workers, peak tibia lead predicted declines for six tests of verbal memory and learning, visual memory executive ability and manual dexterity (p<0.05 for four tests and <0.10 for two additional tests). On average, for these six tests, an increase of 15.7 µg/g of peak tibia lead was equivalent in its effects on annual test decline to 5 more years of age at baseline.

Many of the effects seen in this study were in tests that involved declarative new learning, which is known to require the hippocampus and related structures. Taken as a whole, the study results suggest that manual dexterity and executive functions are primarily affected early and without progressive decline, verbal memory and learning are affected early with progressive decline, and visual memory is affected later with progressive decline. Over a relatively short follow-up period of 3 years, the magnitude of the effect of lead on the annual change in scores was comparable to the effect of aging itself, but the authors felt that the lead effect was large, relative to the age effect. It should be noted that non-exposed controls did not have blood lead or tibia lead measurements, making it difficult to assess the significance of the study findings in terms of lead exposure.

Using the same cohort of organolead workers, Stewart et al. (1999) evaluated the associations between tibial lead, and DMSA chelatable lead and neurobehavioural function in former organolead manufacturing workers with past exposure to organic and inorganic lead. Data were collected from 543 subjects with a mean age of 58 years and an average of 17.8 years since last exposure. Years since last exposure to lead was used to estimate tibial lead levels in the year of last occupational lead exposure, termed “peak tibial lead.” Current tibial lead levels, measured by x-ray fluorescence, were extrapolated back using a clearance half-time of lead in tibia of 27 years. Peak tibia lead levels ranged from 2.2 to 105.9 µg Pb/g bone mineral, (22.6 µg/g mean) and DMSA-chelatable lead levels were between 1.2 and 136 µg. After adjustment for confounding variables, peak tibial lead was consistently associated with poorer neurobehavioural test scores, particularly in the domains of manual dexterity, executive ability, verbal intelligence and verbal memory.

Seeber et al. (1990) observed a small cohort of 38 workers employed at a factory producing antiknock additives for gasoline. The concentration of lead in blood and total lead in urine was monitored and neurobehavioural parameters were measured after an exposure of about 14 years. The concentration of lead in the blood of the workers averaged 21 µg/dL. No suspicious clinical neurological and neurobehavioural findings were noted. A pattern of correlations between indicators of exposure and neurobehavioural parameters showed some relations with the neurotoxicity of lead alkyls, but these associations were not consistent and could therefore not be validated. The exposure level to lead alkyls in this study appeared to be below a harmful effect level, which the authors suggested would be 35-40 µg/dL for inorganic lead.

Correlations with Bone Lead Levels

Six recent cross-sectional studies have examined associations between bone lead concentrations and neurobehavioural function in adults. These studies had a median sample size of 110 and differed widely in terms of study populations, control groups, neurobehavioural methods, age of study subjects, and bone and blood lead levels.

Osterberg et al. (1997) reported no associations of any measures of lead exposure, including finger bone lead, with neurobehavioural function. Average blood lead levels were 37.5 µg/dL. Bleecker et al. (1997) reported associations of several blood lead measures with neurobehavioural test performance that were stronger and more consistent than associations with tibia lead. Hanninen et al. (1998) reported no associations of tibia or calcaneus lead levels with neurobehavioural test scores. Payton et al. (1998), in a normative aging study, reported significant associations of blood lead, patella lead and tibia lead with five, zero and one neurobehavioural measures, respectively. Stokes et al. (1998) reported no significant associations of tibia or calcaneus lead levels with neurobehavioural test scores in young adults 20 years after childhood lead exposure. It is possible that these studies did not observe associations with bone lead levels because of inadequate power, a restricted range of bone lead level or low bone lead levels. Stewart et al. (1999) on the other hand, reported that current and peak tibia lead levels were consistent predictors of neurobehavioural decrements in former organo manufacturing workers (a retrospective study). Overall, however, recently published studies indicate that blood lead may be a better predictor of neurobehavioural test scores than bone lead in cross-sectional studies. 

Schwartz et al. (2001) supports this conclusion in his findings from a South Korean cross-sectional study of neurobehavioural function in 803 lead exposed workers and 135 controls without occupational lead exposure, comparing and contrasting associations with blood lead, tibia lead and dimercaptosuccinic acid (DMSA)-chelatable lead levels. Study subjects had a wide range of all three lead dose measures, which allowed for a complete evaluation of a dose-effect relationship.

Central nervous system function was assessed with a modified version of the WHO Neurobehavioural Core Test Battery. Peripheral nervous system function was assessed by measuring pinch + grip strength and peripheral vibration thresholds. After adjustment for covariates, the signs of the B-coefficients for blood lead were negative for 16 of the 19 tests and blood lead (32 µg/dL mean) was a significant predictor of worse performance on eight tests. On average, for the eight tests that were significantly associated with blood lead levels, an increase in blood lead of 5 µg/dL was equivalent to an increase of 1.05 years in age. In contrast, after adjustment for covariates, tibia lead level was not associated with neurobehavioural test scores.

Associations with DMSA-chelatable lead were similar to those for blood lead. In currently exposed workers, blood lead was a better predictor of neurobehavioural performance than was tibia or DMSA-chelatable lead mainly in the domains of executive abilities, manual dexterity and peripheral motor strength. The authors concluded that blood lead may be a better predictor of neurobehavioural test scores than bone lead in cross-sectional studies.

In contrast to these findings, Lee et al. (2000) evaluated whether DMSA-chelatable lead, an estimate of current bioavailable lead stores, is a better predictor of lead-related symptoms than are other lead biomarkers (blood lead and bone lead). A total of 95 male lead workers from the lead industries and 13 workers without occupational lead exposure were studied. Blood lead, ZPP, DMSA chelatable lead, urine lead, δ-aminolevulinic acid levels were evaluated as predictors of 15 lead-related symptoms, assessed by self-administered questionnaire, with linear and logistic regression controlling for covariates. DMSA-chelatable lead was found to be the best predictor of lead-related symptoms.

Most recent studies examining the neuropsychological effects of lead under occupational exposure conditions emphasize the importance of considering cumulative and past average lead dose exposure metrics in addition to concurrent blood lead determinations. Various functional domains of neuropsychological importance may be differentially associated with lead exposure metrics that reflect current vs. cumulative vs. past peak exposure situations. Such complexities of dose effect relationships remain to be fully defined and validated. Studies carried out before 1993 have methodological deficiencies and do not examine whether cumulative absorption of lead adversely affects neurobehavioural test performance in adults. More recent research suffers from similar methodological deficiencies, but begins to address the impact of cumulative exposure.

Meta-Analyses

Three recent meta-analyses have comprehensively reviewed the literature on nervous system effects associated with occupational exposure to lead.

Araki et al. (2000) reviewed 102 articles that evaluated the effects and dose-effect relationships of lead on peripheral, central and autonomic nervous system function. Issues of effect reversibility were also addressed. The data suggest that, on a group basis, a reduction in NCV (nerve conduction velocity) together with the effects on event related potential (p-300) latency, postural balance and impacts upon spectral and autonomic nervous system function may occur at mean blood lead concentrations as low as 30-40 µg/dL. Effects on the latencies of somatosensory evoked potentials (SEP), visual evoked potential (VEP) and brainstem auditory evoked potentials (BAEPs) as well as the distributions of nerve conduction velocities start at blood lead levels between 40-50 µg/dL. However, Araki et al. (1980), Kajiyama et al. (1993), Linz et al. (1992), and Yokoyama et al. (1998) suggest that the effect of lead on the nervous system at the lower levels of exposure represent subclinical impacts and are reversible upon the cessation of exposure.

As the duration and intensity of lead exposure increases, impacts upon nerve conduction velocity become more severe and begin to manifest as a peripheral neuropathy characterised by muscle weakness in the upper limbs. The precise intensity and duration of lead exposure required to induce lead neuropathy is somewhat unclear in that most cases were observed prior to the 1920’s and thus before the development of modern occupational exposure standards and blood lead monitoring techniques (Ehle, 1986). This older literature suggests that elevated lead exposure for a duration of at least one year is required for neuropathy. The exposure intensity required to produce effects was likely significantly in excess of 70 µg/dL. Even at these exposure extremes, neuropathies were reported to be reversible although recovery was not always complete.

Meyer-Baron and Seeber (2000) conducted a meta-analysis of 22 studies covering exposure conditions at <70 µg/dL blood lead concentrations. As a consequence of different test procedures and insufficient documented test results only 13 tests out of 12 studies were included in the analysis. Statistically unambiguous effects were noted for those tests showing impairment of central information processing, especially for the functions of visuo-spatial organization and short-term memory for verbal material. Effects upon manual dexterity further indicated that peripheral processes are affected. With few exceptions, the effect sizes on nerve conduction velocity increased with the level of exposure. The authors concluded that there was clear evidence of neurobehavioural deficits at blood lead levels <70 µg/dL and at blood lead concentrations as low as 40 µg/dL.

The findings of the preceding meta-analyses stimulated considerable discussion. Goodman et al. (2001) criticised the findings of Meyer-Baron and Seeber on issues such as the selection of studies and tests included in the analyses; the statements related to the level of exposure <70µg/dL; the use of models for fixed and random effects to calculate effect sizes for tests, as well as the clinical meaning of the results. Goodman et al. had earlier elaborated an opinion on behalf of the German Battery Association (Exponent 2000) that suggested a second approach for a meta-analysis to establish the dosimetry for neurobehavioural effects from occupational lead exposure. In accordance with this opinion, Goodman et al. (2002) subsequently conducted a meta-analysis of occupational studies evaluating the association between results of neurobehavioural testing and moderate blood lead concentrations (<70 µg/dL). The 22 studies were selected from 140 papers following inclusion criteria and were assessed for the following criteria:

· Evaluation of the pre-exposure performance status

· Adjustment for age

· Adjustment for other occupational exposures

· Adjustment for alcohol use

· Adjustment for socio-economic confounding factors such as income level, education, etc.

· Use of blind testing procedures

A quantitative meta-analysis of the pooled data was carried out using both a fixed effects model and a random effects model. The authors concluded that the data available are inconsistent and do not provide adequate information on the neurobehavioural effects of exposure to moderate blood concentrations of lead (<70 µg/dL). Lack of true measures of premorbid status, observer bias, and publication bias affect the results.

Seeber et al. (2002) summarised the results of alternate approaches to meta-analysis in order to identify agreements and differences between different methodological approaches. Three questions arose from the different points of view:

· What type and degree of possible cognitive impairment can be concluded?

· What interpretation in terms of health impairment is appropriate for the analysed relationships between lead exposure and behavioural functions?

· What consequences for risk assessment of inorganic lead exposure in occupational settings can be derived from the summary of both reviews?

In addressing these questions Seeber et al. concluded the following:

· Memory functions, attention, visuospatial information processing and psychomotor functions are slightly but reproducibly affected. 

· The degree of impairment can be classified as being between levels 3 and 4 out of a possible 5 according to a definition for adverse health effects by a European expert group (SEG 1994). These levels are described as follows: level 3 “early effects of doubtful significance without adverse consequences for health” and level 4 “early impairments of health.” This means that the impairments can be regarded as signs of neurotoxicity from a substance at this level of exposure. Unfortunately, the question of reversibility could not be answered by the meta-analyses included in the summary. The data provide relevant information to evaluate such deficits as a possible risk for employees working at levels of lead exposure above ~40 µg/dL.

The contrasting conclusions of the Goodman et al. and Meyer-Baron and Seeber meta-analyses are in part related to differing criteria for inclusion and exclusion of study results and in part to differing opinions as to the extent to which causality can be inferred in light of inherent weaknesses in both the testing protocols and exposure assessments provided in individual studies. Meyer-Baron and Seeber included fewer study results in their analysis (12 studies were included as opposed to 22 included by Goodman et al.), but this would in part appear to be reflective of more rigorous inclusion criteria for study quality. Indeed, the studies included in their analysis are generally those judged to be of the highest quality by the independent quality assessment made for this risk assessment and presented in the following tables. Restriction of the analysis to higher quality studies likely contributed to suggestions of an effect at lower blood lead levels. The exposure histories (and peak exposures) for many of the cohorts included in the analyses remain uncertain and influences of past peak exposures cannot be precluded. Similarly, effects observed may or may not be reversible, but the available data are not adequate to assess this possibility. Such situations are not uncommon in medical surveillance studies and due caution must accordingly be exercised in inferring causality. Whereas Goodman et al. felt such deficiencies precluded definitive conclusions, Meyer-Baron and Seeber did not believe these deficiencies were of sufficient magnitude so as to preclude inference of effects at blood lead levels of approximately 40 µg/dL.

Both analyses were conducted based upon cohort performance as opposed to the performance of individuals or assessments of dose response within a cohort. This is to say, estimates of effect are indexed to average levels of exposure and neurobehavioural performance within a cohort. Within each cohort individuals have concurrent and past lead exposures above and below the cohort average at the time of psychometric testing. As a generalisation, effects seen in a given study will be greater in those individuals with blood lead levels above the cohort average. For cohorts with blood lead averages < 70 µg/dL, the 95th percentile confidence interval for “lead effect size” includes “zero” for performance on most neurobehavioral tests. For those tests with effect sizes significantly different from zero, the magnitude of the effect generally increases as the average blood lead level of the cohort increases. Conversely, effects generally attenuate as lead exposure decreases and, within individual studies, the performance of lead exposed cohorts with average blood lead levels of 40µg/dL is similar to that of controls. Few, if any effects are seen in cohorts with mean blood lead levels of 40 µg/dL or less at the time of testing even though individuals with blood lead levels significantly higher than the average are present in the cohorts. Subtle effects upon cohort performance become evident as average cohort blood lead levels approach 50 µg/dL. Effects observed at this average exposure level may be reversible, have little clinical significance for the individual and are likely largely reflective of effects in individuals with blood lead levels higher than the average (e.g. 60 µg/dL). Nonetheless, these effects can be interpreted as the initial manifestations of lead neurotoxicity in the central nervous system and thus can be considered adverse effects. Given the relative absence of effects in cohorts with average blood lead levels of 40 µg/dL or less, despite the presence of individuals with higher blood lead levels, a blood lead level of 40 µg/dL appears to constitute the level of exposure at which effects upon the central nervous system can no longer be detected.

Nervous System Effects in Adults Conclusions

Overall, prospective and cross-sectional studies, and associated meta-analyses of neurological function and neuropsychological performance suggest that effects of lead in the areas of sensory motor slowing, coupled with difficulties in remembering recently acquired information will be the most sensitive indicators of impact upon the nervous system of adults. As with other health endpoints, the severity of the effect observed appears to increase as a function of the intensity and duration of exposure. Observations of nervous system effects in adults are seldom conducted at environmental levels of exposure and appear to require exposures of at least 30 µg/dL. For this reason, studies of lead effects upon nervous system function in adults have primarily been evaluated in occupationally exposed cohorts.

Effects upon both peripheral and central nervous system function have been reported, the extensive literature on both having been the focus of several recent critical reviews and meta-analyses. Peripheral nervous system effects (as reviewed by Araki et al., 2000) are first detected as subtle decreases in nerve conduction velocity at blood lead levels as low as 30 µg/dL. Effects observed in the blood lead range of 30 – 40 µg/dL are subtle and well within clinical norms – no known decrements in performance (e.g. changes in reaction time, loss of motor coordination or strength) are associated with these changes induced by lead exposure. Effects further appear to be freely reversible upon the cessation of exposure. Effect reversibility, combined with the absence of functional changes and a lack of long-term clinical sequelae indicates that peripheral nervous system effects in this exposure range should not be considered as adverse effects.

As the duration and intensity of lead exposure increases, impacts upon nerve conduction velocity become more severe and begin to manifest as a peripheral neuropathy characterised by muscle weakness in the upper limbs. The precise intensity and duration of lead exposure required to induce lead neuropathy is somewhat unclear in that most cases were observed prior to the 1920’s and thus before the development of modern occupational exposure standards and blood lead monitoring techniques (Ehle, 1986). This older literature suggests that elevated lead exposure for a duration of at least one year is required for neuropathy. The exposure intensity required to produce effects was likely significantly in excess of 70 µg/dL. Even at these exposure extremes, neuropathies were reported to be reversible although recovery was not always complete. For the purposes of this assessment, peripheral nervous system effects are not considered further since the central nervous system appears to be more sensitive to the effects of lead and thus provides the basis of NOAEL’s to be forwarded to Risk Characterisation.

The effects of lead upon the central nervous system have been evaluated in numerous studies, most of which have been comprehensively evaluated in recent meta-analyses by Meyer-Baron and Seeber (2000) and Goodman et al. (2001). These evaluations of neurobehavioural testing have reached disparate conclusions. Whereas Goodman et al (2001) conclude that there is little consistent evidence of lead effects at blood lead levels below 70 µg/dL, Meyer-Baron and Seeber (2000) maintain that effects can be observed in cohorts with average blood lead levels that approach 40 µ/dL. The presence or absence of effects detected by the two different analyses in part varies as a function of the mathematical models used to combine the results of different studies as well as the criteria used to judge whether data from individual studies was suited to inclusion in the analysis. Combination of results of different studies is further complicated by the different degrees of sophistication evident in each study for the correction of appropriate confounders and a lack of baseline measurements of neurobavioural function prior to the onset of lead exposure. Thus, while differences can be observed between control and lead-exposed cohorts, there is inherent uncertainty as to the relative impact of confounding and cohort selection bias upon the results of both individual studies and the meta-analyses. Finally, effect sizes are generally small and, as observed by Seeber et al. (2002), a number of the differences observed represent “early effects of doubtful significance without adverse consequences for health”. A comparative analysis of the two different sets of findings permits the following conclusions to be drawn.

1. Meyer-Baron and Seeber (2000) included fewer study results in their analysis (12 studies were included as opposed to 22 included by Goodman et al., 2001), but this would in part appear to be reflective of more rigorous inclusion criteria for study quality. Restriction of the analysis to higher quality studies likely contributed to suggestions of an effect at lower blood lead levels.

2. The exposure histories (and peak exposures) for many of the cohorts included in both analyses remain uncertain and influences of past peak exposures cannot be precluded. In other words, effects being attributed to relatively low recent blood lead measurements may in fact be the result of far higher past exposures. Some effects observed may be reversible if exposure is reduced, but the available data are not adequate to assess this possibility.

3. Both analyses were conducted based upon cohort performance as opposed to the performance of individuals. This is to say, estimates of effect are indexed to average levels of exposure and neurobehavioural performance within a cohort. Within each cohort individuals have concurrent and past lead exposures above and below the cohort average at the time of psychometric testing. As a generalisation, effects seen in a given study will be greater in those individuals with blood lead levels above the cohort average.

4. Assessment of effects is similarly based upon cohort averages. Inter-individual variability in test performance can be extreme and the effect of lead generally makes a small contribution to this inherent variability. Many of the effects observed would not be detectable at the level of the individual but only become evident in a comparison of the performance of control and exposed cohorts.

5. For cohorts with blood lead averages < 70 µg/dL, the 95th percentile confidence interval for “lead effect size” includes “zero” for performance on most neurobehavioral tests. For those tests with effect sizes significantly different from zero, the magnitude of the effect generally increases as the average blood lead level of the cohort increases. Conversely, effects generally attenuate as lead exposure decreases and, within individual studies, the performance of lead exposed cohorts with average blood lead levels of 40µg/dL is similar to that of controls.

6. Few, if any effects are seen in cohorts with mean blood lead levels of 40 µg/dL or less at the time of testing even though individuals with blood lead levels significantly higher than the average are present in the cohorts. Subtle effects upon cohort performance become evident as average cohort blood lead levels approach 50 µg/dL. Effects observed at this average exposure level may be reversible, have little clinical significance for the individual and are likely largely reflective of effects in individuals with blood lead levels higher than the average (e.g. 60 µg/dL). Nonetheless, these effects can be interpreted as the initial manifestations of lead neurotoxicity in the central nervous system and thus can be considered adverse effects.

7. Given the impacts of confounding, small effects sizes and other technical limitations, precise definition of a LOAEL for lead effects upon the adult central nervous system is difficult. Nor is there agreement as to what level of impact can be considered as adverse. However, adverse effects upon the individual likely require exposures in excess of 50 µg/dL.

8. Given the relative absence of effects in cohorts with average blood lead levels of 40 µg/dL or less, despite the presence of individuals with higher blood lead levels, a blood lead level of 40 µg/dL is identified as a NOAEL for nervous system impacts in adults. This NOAEL is derived on a cohort exposure basis and thus provides a robust NOAEL for effects upon the individual. This value will be carried forward to Risk Characterization.

Table 4.184:
Methodological factors reviewed across studies (from Ehle and McKee, 1990)

	
	Arnvig et al.

19809
	Baker et al.

198410
	Bleecker et al.

198212
	Campara et al.

198413
	Grandjean et al.

197814
	Hanninen et al.

197815
	Hogstedt et al.

198316
	Johnson et al.

198017
	Mantere et al.

198418
	Parkinson et al.

198619
	Repko et al.

197720
	Valciukas et al.

197821
	Valciukas et al.

198022
	Williamson et al.

198623

	Sample size
	E = 9

C = 0
	E = 99

C = 61
	E = 13

C = 20
	E = 40

C = 20
	E = 42

C = 22
	E = 49

C = 24
	E = 49

C = 27
	E = 403

C = 305
	E = 24

C = 33
	E = 288

C = 181
	E = 85

C = 85
	E = 90

C = 25
	E = 141

C = 265
	E = 59

C = 59

	Similar geo-graphic areas
	+
	+
	?
	+
	?
	?
	?
	+
	?
	+
	-
	-
	-
	?

	Alcohol/substance abuse screen
	+
	+
	?
	+
	+
	?
	?
	+
	+
	+
	?
	?
	?
	?

	Blood alcohol and urine drug screens
	?
	+
	-
	?
	?
	?
	?
	?
	?
	+
	?
	?
	?
	?

	Neuropsychiatric disease screens
	+
	+
	+
	+
	+
	?
	+
	+
	+
	+
	?
	?
	?
	?

	All tests completed
	-
	-
	?
	?
	?
	+
	+
	+
	+
	+
	+
	-
	-
	?

	Current blood lead level
	-
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+

	Cumulative blood lead level
	-
	+
	-
	+
	-
	+
	+
	-
	+
	+
	?
	?
	?
	+

	Control age
	NA
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	?
	+

	Sex matched
	NA
	?
	+
	+
	+
	+
	+
	+
	+
	+
	-
	+
	+
	-

	Control education level
	NA
	+
	+
	+
	+
	+
	+
	?
	+
	+
	+
	+
	?
	+

	Control income/job quality
	NA
	?
	?
	?
	?
	+
	?
	?
	?
	+
	-
	+
	?
	+

	Control past lead exposure
	NA
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+

	Blind examiners
	-
	-
	?
	+
	-
	+
	-
	?
	+
	+
	-
	-
	-
	?

	Control test conditions
	+
	-
	?
	+
	+
	?
	+
	?
	?
	+
	?
	?
	?
	?

	S=Selected, V=Volunteers
	S
	S
	?
	S
	?
	?
	V
	S/V
	E = S

C = V
	S
	V
	?
	?
	?


Note: + = yes; - = no; / = or; ? = not stated; NA = not applicable; E = exposed; C = control; Ehle and McKee (1990)

Table 4.185:
Methods of control for confounding variables - prospective studies (adapted from Balbus-Kornfeld et al. 1995).

	Study
	n
exposed/non-exposed
	

 PbB µg/dL exposed/ non‑exposed
	Tests performed
	Age
	Ability before exposure
	Alcohol
	Previous exposures
	Study quality score and conclusions

	Baker et al. (1984)
	99/61
	32.8/-
	17


	adjusted
	adjusted for education
	restricted
	restricted
	Score: 91%

Workers with PbB levels between 40-60 µg/dL showed impaired performance on tests of verbal concept for-mation, visual/motor performance, memory and mood.

	Parkinson et al.(1986)
	288/181
	40/ <35 µg/dL
	10
	unknown
	unknown
	matched
	unknown
	Score: 90%

Cumulative and current exposures were unrelated to neuropsychological performance.

	Baker et al. (1985)
	36/14
	1980-47/25

1981-34.4/23

1982-30/21.5
	12
	adjusted
	adjusted for education
	restricted
	restricted
	Score: 88%

Reductions in blood lead concentrations over three years with improved hygienic conditions resulted in improvement in indices of tension, anger, depression, fatigue, and confusion. This investigation confirms the importance of compliance with workplace standards to lower exposures to ensure that individual PbB concentrations remain below 50 µg/dL.

	Mantere et al. (1984)
	11/10
	31.5/-
	10
	unknown
	?
	?
	unknown
	Score: 80%

Although impairment of the lead workers performance was rather slight and the dispersion in the psychological changes wide it was evident that some higher nervous functions were affected by lead levels > 30 µg/dL.

	Stollery et al. (1991)
	70/
	1. 41-80

2. 21-40

3. <20
	5
	adjusted
	adjusted for age,

left school
	high Pb group had signifi-cantly higher recent intake
	?
	Score: 73%

The primary psychological profile of lead impairment is one of sensory motor slowing coupled with difficulties in remembering incidental information.

	Yokoyama et al. (1988)
	17/10
	I.      II.

1. 40     38

2. 34.5   28

Nonexposed

3. 12     11.5
	5
	unknown
	unknown
	unknown
	none

-except for previous exposure to lead.
	Score: 60%

In the first examination, the score on picture completion (performance) was significantly lower in lead workers with blood lead concentrations between 40-64 µg/dL. No significant difference was found in scores on four other subtests. After PbBs were reduced in the second examination, no significant difference was observed in any subtest score. Effect of lead on performance is reversible at PbB levels below 65 µg/dL.


Table 4.186:
Methods of control for confounding variables - cross sectional (adapted from Balbus-Kornfeld et al. 1995)

	Study
	Exposure
	n
exposed/ non‑exposed
	Tests performed
	Age
	Ability before exposure
	Alcohol
	Previous exposure to neurotoxins besides lead
	Study quality score and conclusions

	Bleecker et al. (1997)
	Current PbB 26 µg/dL (13-43), Working lifetime avg PbB (TWA) 42 µg/dL (17-57), Working lifetime integrated PbB 903 µg/dPb-yr/dL (81-1, 436), Bone lead 41 µg Pb/g bone mineral
	80/-
	1. Key Auditory Verbal Learning Test

2. Verbal Pair Associates

3. Block Design

4. Digit Symbol

5. Grooved Pegboard
	
	Education
	Not included
	Unknown
	Score: 79%

Overall TWA was the most frequent predictor of performance, suggesting that the nervous system is more sensitive to average lead dose intensity than cumulative lead dose. In older coworkers, there was increasingly slower performance above a bone lead threshold of 20 µg Pb (g bone mineral). The older nervous system provides a substrate more susceptible to chronic lead exposure.

	Kamel et al. (2002)
	Cases: Blood Pb 5.2 µg/dL, Controls: 3.4 µg/dL, Cases: Patella Pb 20.5 µg/gm, Controls: 16.7 µg/gm, Cases: Tibia Pb 14.9 µg/gm, Controls: 11.1 µg/gm
	Altogether 109 exposed, 215 controls, Blood samples 107 cases and 39 controls, Bone Pb measurements 104 cases and 41 controls
	1. Odds ratio with categorical and continuous variables

2. Measured association of Amyotrophic Lateral Sclerosis (ALS) with self report occupational exposures to lead-case control study
	Matched
	Adjusted for education, cigarette smoking, region, and income
	Assessed with a questionnaire and controlled
	Unknown
	Score: 77% 

Risk of ALS was associated with self-reported occupational exposure to lead with a dose response for lifetime days of lead exposure. Risk of ALS was associated with elevations in both blood and bone lead levels. Odds ratios were 1.9 (95% CI=1.4-2.6) for each µg/dL increase in blood lead; 3.6 (95% CI=0.6-20.6) for each unit increase in log-transformed patella lead, and 2.3 (95% CI=0.4-14.5) for each unit increase in log-transformed tibia lead. Results suggest a potential role for lead exposure in the aetiology of ALS.

	Yeh et al. (1995)
	63 µg/dL (17-186)
	31/31
	1. Nerve Conduction Velocity

2. Electromyo-graphy study
	Matched
	Unknown
	Restricted in the control group
	?
	Score: 69%

Only 6 of 31 workers had nerve conduction abnormalities whereas electromyographic evidence of denervation was found in 93.5% of the lead neuropathy subgroup and 83.5% in the lead exposure subgroup. Electromyographic abnormality also occurred in workers with blood lead concentrations between 17.4 and 58 µg/dL compared with the control group, the distal motor latency of the median nerve was significantly prolonged in the lead neuropathy subgroup (mild extensor weakness in the upper limbs (25 workers) but not in the lead exposure subgroup (the rest of the lead workers, 6).

	Ishida et al. (1996)
	PbB mean 13.3 µg/dL (2.1-69.5 µg/dL, Male 16.5 µg/dL, Female 11.1 µg/dL
	58 males and 70 females
	1. Median Nerve Maximal Conduction Velocity, 2. coefficient of variation of R-R internal on electrocardiography as a measure of parasympathetic function, 3. Postural changes in finger blood flow
	Included in multiple regression analyses Related to MCV, CVRR and D-CVRR
	Not assessed
	Alcohol consumption assessed by questionnaire
	Unknown
	Score: 61%

No significant association was found between PbB levels and the results of the neurophysiological tests; however, postural changes in finger blood flow volume ((FBF) decreased linearly with increasing PbB levels. This association could not be concluded to be a reflection of sympathetic nerve function due to Pb exposure in the subjects, since (FBF was not a specific parameter of sympathetic nerve function. Other variables included in analyses included sex, Pb exposure duration index (EDI), body mass index (BMI), blood pressure, cigarette consumption.




The relative quality of studies is indicated by a percentile score indicating the extent to which critical elements of study design were implemented and/or described. The highest possible quality score is 100%. Percentage score based on sample size and power, study and cohort definition, inclusion of control group when applicable, quality of exposure measure, quality of examination, quality of measurement method, laboratory-quality control, endpoint definition and control for appropriate confounders.

Table 4.187:
Adult occupational neurological effects summary

	Reference
	Exposure setting
	Main characteristics of the population
	Exposure assessment, duration and intensity
	Observations
	Confounders, examined
	Study quality score and comments

	a) Occupational studies

	Chia et al. (1997)
	Lead Battery Manufacturing Factory
	50 workers involved in the smelting of Pb ingots, Pb pasting, forming, assembling and welding of the battery connectors. The non-exposed group consisted of 112 volunteers out of 120 workers from a vehicles workshop where solvents were not used. None of the referents had any significant history of exposure to Pb or any known neurotoxic substances. The exposed subjects had no history of any metabolic diseases, were clinically normal and were teetotalers or occasional drinkers.
	The geometric mean concurrent PbB (ConPb) of the exposed group was 37.1µg/dL and the unexposed group was 6.1µg/dL. Cumulative PbB index was computed for each worker by calculating the area under the curve of PbB against time.
	 The study provides some evidence that Pb can affect perceptual and motor skills in adults >35 years of age. In this study, cumulative PbB appears to be a better predictor of neurobehavioural effects than concurrent PbB levels.


	Age, education, occupational history, current and previous smoking habits. Actual amount of alcohol consumption per day and number of years of drinking.
	Score: 91%

Concurrent PbB and cumulative PbB used in the study.

	Stokes et al. (1998)
	Environmental exposure around the Silver Valley Lead Smelter
	281 young adults who had been exposed environmentally to Pb as children and 287 age and sex frequency matched unexposed subjects. Age 18-29 years.
	Mean PbBs of children from 9 months to 9 years of age were 50µg/dL in 1974 and 39,6µg/dL in 1975( mean 49.3µg/dL). Exposed and referent bone Pbs were similar.
	No significant associations of tibia or calcaneus Pb levels with neurobehavioural test scores in young adults 20 years after childhood Pb exposure.
	Age, sex, height, BMI, and skin temperature, education, visual acuity, cigarette and alcohol consumption
	Score: 87%

	Hanninen et al. (1998)
	Lead Storage Battery Factory
	54 workers (43 men and 11 women) with a mean age for the men of 43 years and 48 years for the women. The cohort was homogeneous in respect to ethnic background, native language, socioeconomic group, and type of job and education.
	Two subgroups: Those whose PbB had never exceeded 2.4µMol/L (the low group) (<50μg/dL) and those with higher exposure (>2.4µMol/L) (>50 μg/dL) about 10 years earlier. In both groups, the recent exposure had been low. Tibial Pb low group-19.8mg/kg; high group 35.3. Calcaneal Pb low group 78.6 mg/kg; high group 100.4mg/kg
	No associations of tibia or calcaneal Pb with neurobehavioural test scores. Analyses within the low PbB group showed a decrement in visuospatial and visuomotor function, verbal comprehension and increased reporting of subjective symptoms. The performance of the high PbB group was worse for digit symbol, memory for design and embedded figures, but there was no reporting of symptoms related to exposure. Neuropsychological decrements found in subjects with high past and low present exposure indicate that PbB concentrations rising to 2.5-4.9µMol/L (52-101μg/dL) cause a risk of long lasting or even permanent impairment of central nervous system function.


	Age sex and education
	Score: 87%

History of PbB gives a more accurate prediction of the neuropsychological effects of Pb than do measurements of bone Pb

	Maizlish et al. (1995)
	Lead Smelter exposed

Glass factory - unexposed
	43 workers from a Pb smelter and 45 controls from a glass factory. Exposed workers hired between 1986 and 1992 and who were still employed in July 

1993 during the study.
	Exposed workers had a mean PbB level of 42 µg/dL; unexposed- 15µg/dL. Historical PbB concentrations were used to classify exposure based on current, peak and time weighted average. 
	Although exposed workers performed less well than the non-exposed in 10 of 14 response variables (WHO neurobehavioural core test battery), only profile of mood states, tension-anxiety, hostility and depression mood scales showed a significant dose-response relation to current, peak and time weighted average (TWA) PbB levels in multiple linear regression models.
	Control for age, education, medical conditions, site and alcohol intake was included in the multiple linear regression analyses. Control for previous jobs exposed to solvents was included, but neither subjects nor the interviewer were blinded to exposure status. 
	Score: 84%

Cross-sectional study. The study was limited in its power to detect small differences because of a relatively small sample size. An important strength of the study was the availability of current and historical measurements of PbB concentration so that dose- response relations could be evaluated.

	Dick et al. (1999)
	Secondary Lead Smelter
	145 workers

85 controls from Hinge Manufacturing Plant
	Mean PbB value at time of testing was 38.9µg/dL and the non-exposed was 2.3µg/dL. Total cumulative PbB averaged 83476µg/dL days for the exposed workers, with a mean time-weighted average

PbB of 35.1 µg/dL.
	No significant associations between six tests of postural stability and four, two-leg conditions and two, single leg conditions were found with current PbB of Pb exposed workers and no statistically significant associations were present with the cumulative measures of long-term exposure.
	Age, height, mass, amount of sleep, race, shift, injuries or surgery, smoking, alcohol
	Score: 84%

	Lindgren et al. (1996)
	Lead Smelter
	467 Canadian male workers; mean age 43.4 years; education level, 9.8 years. Bilingual, French/English
	Workers were employed on average for 17.7 years. Current PbB concentration was 27.5 µg/dL. Time weighted average (TWA) and time integrated blood levels (IBL) were developed from PbB records obtained through regular medical monitoring. TWA – 40.1µg/dL; IBL – 765.2 μg-y/dL. Three exposure groups: Low – 17.6 µg/dL; Medium 27µg/dL; High 36.5µg/dL.
	The study did not find an association between neuropsychological performance and current PbB, TWA, and IBL. The authors suggested that this was due to relatively low

mean PbB values and the fact that TWA is not sensitive to exposure duration or peak exposures. When years of employment, a suppressor variable, was included as a covariate, IBL exposure groups differed significantly on digit symbol, logical memory, Purdue dominant hand and trails A and B. A dose-effect relation was found between cumulative exposure (IBL) and neuropsychological performance at a time when current PbB concentrations were low and showed no association with performance.
	Control for age, education, language, score on a measure of depression, head injury or other neurologic disorder, and alcohol use.
	Score: 83%

The relation between IBL and neuro-psychological performance was clarified once a suppressor variable, years of employment, a surrogate for education, was included in the model.

	Chia et al. (1994)
	Lead Storage Battery Manufacturing Factory
	60 workers and 60 controls
	Mean current PbB conc. 36µg/dL for the exposed workers and 6.3µg/dL for the 14 controls whose PbBs were taken
	No significant differences were noted between the exposed and control groups for the sway parameters obtained with the eyes open except for one of the parameters. Significant differences were found between the exposed and control groups for 9 of the 11 parameters when measured with the eyes closed. The findings indicated that the exposed workers needed visual input for greater stability. The authors were unable to establish a significant relation between current PbB concentrations and postural sway parameters.
	Height, weight, age, and drinking habits.
	Score: 82%

	Payton et al. (1998)
	VA Normative Aging Study
	141 middle-aged and elderly men from a longitudinal study on aging.
	Mean PbB levels - 5.5µg/dL

Mean patella and tibia lead levels were 31.7µg/g and 22.5µg Pb/g bone mineral.
	Significant associations of blood lead, patella Pb and tibia Pb with five, zero, and one neurobehavioural measures, respectively.
	Age and education
	Score: 81%

	Chuang et al. (2000)
	Lead Battery Factory
	206 male and female workers (in Taiwan) who had entered the plant before or during 1991 or who had worked in the plant for at least 5 years. 35% (64 male and 12 female) of the workers were current or former smokers. (Similar to adult smoking rate in Taiwan.) 
	Current PbB conc., Mean PbB conc. maximum PbB conc. over the past five years, Index of cumulative PbB (ICL), Time weighted index of cumulative blood lead (TWICL), Percentage of lifespan spent at work at the plant
	The mean of the PbB concentration and the TWICL were significantly associated with VPT (vibration perception threshold) of the feet. Study suggests that workers with a 5-year mean PbB concentration more than 30µg/dL should have their peripheral nerve function examined, including fast sensory nerve function.
	Age, height, history of nerve disorders and limb injuries, smoking, drinking.
	Score: 81%

The clinical significance of the vibration threshold is difficult to assess. Effect reversibility above this threshold was not addressed.

	Ratzon et al. (2000)
	Lead Battery Production Plant
	63 male workers

Mean age – 41 years

48 age matched controls
	Mean past PbB concs. of 37.5µg/dL

And 11.2µg/dL years of employment

Current PbB concs. ranged from 16-77µg/dL, mean 42.5µg/dL. PbB of controls was 4.5µg/dL
	Workers standing straight with eyes open on bare plates had sway and total movements not notably different from controls. Signifi-cantly increased movements were needed when eyes closed. Signifi-cant but small correlations were found between the chronic Pb dose and only 3 of 10 postural control measurements and with only one of 10 measurements and present PbB concentrations.
	Age matched; similar sex and education
	Score: 81%

	Bleeker et al.. (1997)
	Lead Smelter
	88 workers;

mean age –44 years (range 24-64 years); 8 years of education; bilingual.
	Current PbB 26µg/dL (13-443µg/dL);

Working lifetime weighted average PbB (TWA) 42µg/dL (17-57); Working lifetime integrated PbB (IBL) 903μg Pb/yr/dL ; and bone Pb of 41 μg Pb per g bone mineral.


	Slowness in visuomotoric speed was found to be a chronic effect of Pb. Block design completion was unrelated to Pb exposure. Overall, TWA was the most frequent predictor of performance, suggesting that the nervous system is more sensitive to average Pb dose intensity than cumulative Pb dose. Bone-lead did not correlate significantly with any of the neuropsychological tests, except for an association between bone-Pb and the grooved peg board (visuomotoric ability) score in older workers. The authors concluded that elevated bone-Pb levels cannot be automatically equated with neurotoxic sequelae. The relationship between bone-Pb and the grooved peg board score was curvilinear in older workers, with increasingly slower performance above a bone-Pb threshold of 20 µg/Pb (g bone mineral). Examination of age-related change in the grooved peg board score with exposure using IBL or cumulative Pb dose showed enhanced age-related changes in older workers with a high cumulative Pb dose. These findings suggest that the older nervous system provides a substrate more susceptible to the effects of chronic Pb exposure
	Age, education were included in the analyses. Depression, alcohol, smoking, and head injury did not correlate with the independent or dependent variables and, therefore, were not included in the model.
	Score: 79%

PbB levels at the smelter had been trending downward for several decades, complicating dose-effect assessments. TWAs in older workers averaged 449µg/dL during the first 12 years of smelter operation while that for younger workers was 42µg/dL. By contrast, over the timeframe of 1980-1993, TWA in older workers had declined to 37µg/dL and to 38µg/dL for younger workers/

	Osterberg et al. (1997)
	
	
	Average PbB levels were 37.5µg/dL
	No associations of any measure of Pb exposure, including finger bone Pb with neurobehavioural function
	
	Score: 77%

	Schwartz et al. (2001)
	1. Battery Manufacturing

2. Secondary Smelting

3. Lead Oxide Manufacturing 4.Car radiator manufacturing 

5. Retired workers

controls – Air conditioner manufacturing and university employees
	803 Pb-exposed workers and 135 unexposed controls in South Korea
	Mean PbB levels – 32µg/dL

Tibia Pb level (μg Pb/g bone mineral) 37.1

DMSA chelatable Pb-185.7μg


	After adjustment for covariates, the signs of the B-coefficients for PbB were negative for 16 of the 19 tests and PbB (32µg/dL) was a significant predictor of worse performance on eight tests. On average, for the eight tests that were significantly associated with PbB levels, an increase in PbB of 5μg/dL was equivalent to an increase of 1.05 years in age. In contrast, after adjustment for covariates, tibia Pb levels were not associated with neurobehavioural test scores.
	Age, gender, job duration, education,

Tobacco and alcohol consumption
	Score: 77%

The authors concluded that PbB may be a better predictor of neurobehavioural test scores than bone Pb in cross-sectional studies.

	Stewart et al.

(1999)
	Chemical Manufacturing 

Facility that produced tetraethyl and tetramethyl Pb
	543 former organolead manufacturing workers with a mean age of 58 years. 
	A mean duration of 17.8 years since last occupational Pb exposure. Peak tibia Pb ranged from –2.2 to 105.9ug Pb/g bone mineral (22.6µg/g mean) and DMSA chelatable Pb levels were between 1.2 and 136ug.
	After adjustment for confounding variables, peak tibial Pb was consistently associated with poorer neurobehavioural test scores, particularly in the domains of manual dexterity, executive ability, verbal intelligence and verbal memory.
	Age, education, testing technician visit number, depression status score
	Score: 75%

Since PbB data was not available at the time of worker exposure, it is difficult to assess whether levels >40µg/dL may have caused nervous function damage in the workers related to the effects seen. However, one can infer from these studies that current PbB levels may be better biomarkers of exposure in cross-sectional studies and bone Pb or cumulative measures of Pb coupled with PbB levels at the time of exposure are preferable biomarkers in longitudinal or retrospective neurobehavioural studies.

	Schwartz et al. (2000)
	Chemical Manufacturing 

Facility that produced tetraethyl and tetramethyl Pb.
	535 former organolead manufacturing workers with a mean age of 55.6 years. 93.1% white 

118 controls
	A mean duration of 16 years since last occupational Pb exposure. Low PbB levels at first study visit (4.6µg/dL). Peak tibia Pb levels were estimated from current levels measured by X-ray fluorescence were used to predict changes in cognitive function over time. Peak tibia Pb ranged from –2.2 to 98.7ug Pb/g bone mineral (mean 22.6µg/g).
	Compared to controls, former Pb workers performed worse over time for three tests of visuo-constructive ability and verbal memory and learning. Peak tibia Pb predicted declines for six tests of verbal memory and learning, visual memory executive ability and manual dexterity. An increase of 15.7 µg/g of peak tibia Pb was equivalent in its effects on annual test decline to 5 more years of age at baseline. Taken as a whole, the study results suggest that manual dexterity and executive functions are primarily affected early and without progressive decline, and visual memory is affected later with progressive decline.
	
	Score: 74%

Controls did not have PbB or tibia Pb measurements, making it difficult to assess the significance of the study findings in terms of Pb expo-sure. Organolead compounds exhibit uptake and distribution kinetics that are fundamentally different from inorganic Pb com-pounds. Studies of organolead workers must thus be evaluated with caution and recognition that there may be mani-festations of toxicity that would not be representative of that which would occur with inorganic Pb exposure.

	Murata et al. (1995)
	Glass Factory Workers
	36 female workers aged 21-35 years, who worked in Beijing for 2-17 (mean 7.8) years

15 female textile workers served as the control
	Mean blood lead (PbB) levels were 55.6 µg/dL

Concentrations of Pb in air at the workplace were between 0.4 and 1.2 mg/m³

Exposure between 2-17 (mean 7.8) years. 
	All parameters of the autonomic and central nervous system, except heart rate, were significantly depressed when compared with the unexposed workers. No effects on visual and auditory nervous functions found. 
	Workers rarely alcohol and had never smoked. They were not occupationally exposed to local vibration or other chemicals such as cadmium, arsenic, zinc or organic solvent. None ever suffered from cardiovascular, neurologic, or other confounding disorders such as ischemic heart disease, diabetes mellitus, multiple sclerosis, or alcoholic dependency.
	Score: 71%

Cross-sectional study.

Small cohort.

	Lee et al. (2000)
	Pb using facilities: Secondary Pb smelting, Poly-vinyl chloride-stabilizer manufacturing plant, Pb-acid storage battery factory
	95 male Pb workers and 13 subjects without occupational Pb exposure. Mean age – 42.8 years.- exposed; 35.1 years - unexposed
	Mean PbB – 44.6µg/dL, Work duration mean 8.3 years, Urinary ALA 3.0mg/l, Zinc Protoporphyrin 108.2 µg/dL, Spot urine Pb conc. 97.6µg/l, DMSA chelatable Pb 288.7μg
	DMSA-chelatable Pb was found to be the best predictor of Pb-related symptoms, particularly of both total symptom scores and neuromuscular symptoms, than were the other Pb biomarkers.
	Age, tobacco and alcohol consumption
	 Score: 71%

	Lucchini et al. (2000)
	3 Lead manufacturing plants (accumulators, bullets, etc.);

2 Pb Smelters
	66 male workers in the exposed group and 86 in the unexposed group, all from Northern Italy.
	The mean PbB level of the exposed workers was 27.50 ±11µg/dL; the time-weighted PbB was 31.66µg/dL ± 14.14µg/dL and the median cumulative PbB was 290.12 ± 360.84µg/dL x year. The median duration of exposure was 8.13 (range 1-33) years.
	Multiple regression analyses indicated that no changes regarding any of the neurobehavioural tests were evident for the exposed subjects. Significant differences were observed between exposed and controls regarding neurotoxic symptoms such as the reporting of more frequent mood changes and abnormal fatigue. A decrease in visual contrast sensitivity was noted as well as a marked increase in prolactin secretion. The alterations observed were associated with a mean current PbB level of 27.5µg/dL, but not to cumulative indices.
	Age, number of school years, smoking habits, alcohol & coffee consumption, number of children and general health state were reviewed by a questionnaire and a brief interview and controlled in the analyses. The subjects were not currently or previously ex-posed to neuro-toxic substances, including mercury, manganese and organic sol-vents. None of the exposed and control subjects were on night shifts at time of survey.
	Score: 71%

Both current PbB level and cumulative PbB levels were used. Current Pb exposure was estimated with PbB, and cumulative Pb exposure was estimated from repeated measurements of PbB from the company records for the period of employment.

	Linz et al. (1992)
	Case-study
	37 year old construction carpenter was evaluated over a period of several months at the University of Cincinnati’s Occupational Health Clinic (OHC) for possible Pb intoxication. Two years previously he had been working for several months cutting steel to dismantle a bridge. He noted progressive symptoms of cramping abdominal pain, nausea, arthralgia, myalgias, “bone pain,” frequent and incapacitating headaches, vertigo, visual problems, and difficulty concentrating.
	PbB level – 109µg/dL

Baseline 15µg/dL
	Neuropsychologic and postural sway test performance improved following Ca EDTA chelation.
	Cigarettes and alcohol, medical history
	Score: 69%

	Yeh et al. (1995)
	Battery Recycling Factory


	31 workers and 31 sex and age matched controls. Mean age 39.4 years (24-62) years. 25 Pb workers had mild distal extensor weakness of the upper limbs and were classified as the Pb neuropathy sub-group. The remaining Pb workers (6) were the exposure subgroup.
	The mean (range) duration of Pb exposure was 30.4 (6-81) months. The ICL was calculated by multiplying the average concentrations of PbB in various jobs with the duration of each job. The mean index of cumulative exposure to Pb (ICL) was 2018 (227-5214) month x µg/dL. The mean (range) PbB was 63µg/dL (17 to 186µg/dL).
	Electromyographic abnormalities occurred in workers with PbB concentrations between 17.5µg/dL and 58µg/dL. No correlation could be found between the electro-physiological values and a simple duration of exposure or concen-tration of PbB. A non-parametric analysis suggested there was a trend of higher index of cumulative exposure to Pb with more severe electromyographic changes.
	Sex and age matched controls
	Score: 69%

Authors conclude that electromyographic study in the distal extensors of the upper limbs may be used as a tool for biological monitoring of effect in Pb workers

	Yokoyama et al. (1997)
	Chemical Factory producing Lead Stearate
	49 male workers aged 27 to 63 (mean 48) years. Controls were 23 healthy workers who had never been occupationally exposed to Pb
	Concurrent PbB levels were 18µg/100g (7 to 36µg/100g). In the past, maximum PbB values ranged from 11 to 113 µg/100g (mean 47.7µg/100g). Mean values were 7-36µg/100g (mean 23.5µg/100g). Cumulative values defined as Mean PbB x years of exposure were 15 to 1268 (mean 390.6) ug.year/100g.
	Significant effects were seen with both the eyes opened and closed.
	Age, height, body weight and alcohol consumption (based self-reporting by subjects. Smoking and caffeine not considered as confounders.
	Score: 69%

Results differ from other postural sway studies, since effects were seen with eyes open and closed making the concept of postural sway difficult to interpret. Cumulative PbB, maximum PbB and mean past PbB were correlated with concurrent PbB, suggesting that indicators used were not sufficient-ly independent so as to permit discrimination between past and present Pb exposure. Outlier data is evident in scatter plots which may have influenced correla-tions. Small cohort and low PbB levels. Need better designed study to define relationships between Pb and postural sway.

	Chia et al. (1996)
	Lead Storage Battery Factory
	60 workers exposed to Pb and 60 controls.
	Exposure duration of 84 months and mean PbB levels of 36µg/dL. 6.3µg/dL for the controls. 
	Workers exposed to Pb had significantly poorer postural stability than the control group when the eyes were closed. No significant differences were noted between the exposed and control groups for sway parameters obtained when the eyes were opened. Present PbB concentrations and cumulative PbB years were not significantly correlated with the postural sway assessment. Cumulative PbB for the past two years before postural sway assessment was significantly correlated with all the postural sway parameters. Effects on postural stability may be related to recent increases in concentrations of PbB among the exposed workers rather than cumulative body burden.
	Age, height, alcohol consumption
	Score: 67%

The cumulative PbB in the two years prior to the date of postural assessment was significantly associated with most postural sway parameters. This suggested that an earlier increase in PbB concentration might be related to an increase in postural instability. From 1988 until 1991, the mean PbB concentrations of the workers were above 40µg/dL. It was only from 1991, two years from the date of the postural test, that the mean PbB concentrations had declined. The authors suggest that higher PbB concentrations (>40µg/dL) may have affected the nervous system resulting in some postural sway instability. On the other hand, the lack of relation between index of cumulative PbB and various sway parameters suggested that the effects of Pb on postural stability are reversible and therefore, not associated with the index of total cumulative Pb exposure.

	Yokoyama et al. (1998)
	Gun-metal Foundry
	17 male gun-metal foundry workers

Control subjects - 20 workers from factories near the gun-metal factory and members of the university staff.
	PbB concs. Mean 40.2µg/dL (22-59µg/dL). Urine Pb 0.15-2.09mg/24h after CaEDTA administration.
	Yearly changes in the conduction velocities of faster fibers were significantly correlated with the corresponding change in urine Pb, but not with the change in PbB.
	Alcohol consumption and age, yearly changes in skin temperature
	Score: 65%

	Stollery (1996) 
	Battery Manufacturing

And Printing
	70 workers 

Age range – 23-64 years
	Occupational exposure classified into three groups: low (<20µg/dL); medium (21-40 µg/dL); and high (41-80µg/dL).
	Slowing of reaction times achieved significance in the high Pb group (n=22). (Mean PbB values were 51.8µg/dL. 
	No data on confounding factors such as alcohol consumption, etc.
	Score: 63%

Cross-sectional study

	Tang et al. (1995)
	Battery Manufacturing

and Pb smelter in Shanghai
	23 workers. Mean age was 35.7 years old ranging from 24 to 53 years. Controls – 23 workers from a garment factory and paper-box making factory in Shanghai. Education level was scored as one point per one-schooling year. The mean score was 6.17.
	Air Pb concentration between 9AM and 4:30 PM varied from 0.011 to 0.301 mg/m³. Exposed group had worked with Pb from 0.5 to 10 years (5.1 ± 3.7 years). Lead exposed workers had a mean PbB level of 70.55µg/dL and mean ZPP levels of 294.92µg/dL. Controls had 3.67 and 38.32 µg/dL respectively.
	Zinc protoporphyrin (ZPP) levels were significantly higher in the exposed group compared to controls. The neurobehavioural performance of the Pb-exposed group was poorer than that of controls in tests measuring attention/response speed, manual dexterity, perceptual-motor speed, visual perception/memory and motor/speed steadiness. The score of the negative mood state was also significantly higher in the Pb-exposed group. There was no significant correlation between PbB levels and various indicators of neurobehavioural function which suggests that other factors besides Pb such as age, sex, education, alcohol consumption, etc. could have influenced the neurobehavioral status of the cohort.
	There is no indication that control for confounding factors was included in the design of the study.
	Score: 62%

Cross-sectional study suffers from design problems including a small cohort and it is unclear whether control for confounding factors has been carried out.

	Kovala et al.

(1997)
	Lead Battery Factory
	48 men

12 women

mean age – 43 years


	Mean long term PbB – 1.6μmol/l (33µg/dL)

Mean maximal PbB – 2.5μmol/l (52µg/dL)

Highest recorded PbB –4.9μmol/l (102µg/dL)

Tibial Pb 25mg/kg

Calcaneal Pb 88mg/kg
	There were weak negative correlations between indicators of exposure to Pb and conduction velocities, and sensory amplitudes of median, radial, peroneal and sural nerves, but most of them did not reach significance. After controlling for the effect of age, the effect of tibial Pb concentration was not significant. Current PbB did not correlate with conduction velocity results, but showed a correlation with vibration thresholds.
	Age
	Score: 62%

It is difficult to assess what is clinically significant from these results. Ten exposure values were entered into the analysis yet multiple comparison issues were not addressed in the data analysis.

	Ishida et al. (1996)
	Ceramic Painters
	58 male and 70 female workers 

Mean age 53.3 years (29-75 years) 
	Geometric mean PbB 13.3µg/dL (range 2.1 – 69.5 µg/dL).
	No significant association was found between PbB levels and the results of the neurophysiological tests. A change in finger blood flow volume was decreased linearly with increasing PbB levels, but this association could not be concluded to be a reflection of sympathetic nerve dysfunction due to Pb exposure in the subjects, since a change in finger blood flow volume was not a specific parameter of sympathetic nerve function.
	Subjects requested to refrain from smoking for 12 hours before and until the completion of the examinations.

Hours worked per day, alcohol and cigarette consumption.
	Score: 61%

	Seeber et al. (1990)
	Factory producing antiknock additives for gasoline
	38 male workers. Mean age was 41.9 years
	Duration of exposure was 14.6 years Average PbB level was 21 µg/dL.
	No suspicious clinical neurological and neurobehavioural findings were noted. A pattern of correlations with the neurotoxicity of Pb alkyls, but these associations were not consistent and could not therefore be validated. The exposure level to Pb alkyls appeared to be below a harmful effect level, which the authors suggested would be 35-40µg/dL for inorganic Pb.
	Intelligence, age, job years
	Score: 56%

Alkyl Pb toxicity is different from inorganic toxicity. Small cohort.

	Kajiyama et al. (1993)
	Case-study
	25 year old man engaged for 2 years at a vinyl chloride resin factory where he had been exposed to Pb stearate, a stabilizer of resin
	PbB level was 100µg/dL, Urinary coproporphyrin conc. 4503µg/liter, Urinary ALA conc. 138mg/liter

Urine Pb following CaEDTA infusion was 3938µg/day.
	Following CaEDTA therapy, continued recovery of conduction velocities, amplitude of compound muscle action potential, and diminution of conduction block at elbow were observed within a few months.
	
	Score: 53%

	Araki et al. (2000)
	
	
	
	Review of 102 articles that evaluated the effects and dose-effect relationships of Pb on peripheral, central and autonomic nervous system function. The data suggest that, on a group basis, a reduction in NCV ( nerve conduction velocity) together with the effects on event related potential latency, postural balance and impacts on spectral and autonomic nervous system function may occur at mean PbB concentrations as low as 30-40µg/dL. Effects on the latencies of somatosensory evoked potentials (SEP), visual evoked potential (VEP) and brainstem auditory evoked potentials (BAEPs) as well as the distributions of nerve conduction velocities start at PbB levels between 40-50µg/dL
	
	*

	Ehle and McKee (1990)
	Review
	14 studies
	
	Detection of effects requires adequate sample size, control for confounding variables, precise, sensitive outcome measures, appropriate statistical analysis, and cautious interpretation of results. Most studies or trends do not find neuropsychological effects outside the normal range of functioning.
	
	*

	b) Meta-analyses and reviews

	Balbus-Kornfield et al. (1995)
	Review
	21 studies
	
	The authors concluded that the current scientific literature provides inadequate evidence to conclude whether or not cumulative absorption of Pb adversely affects neurobehavioural test performance in adults. This conclusion is based on inadequate estimation of cumulative absorption of Pb and inadequate control for age and intellectual ability before exposure. According to the authors, the failure to estimate cumulative exposure to or absorption of Pb does not allow for the separation of acute and chronic effects of Pb. More recent research suffers from similar methodological deficiencies although a few studies do attempt to measure cumulative measures of exposure.
	
	*

	Exponent (2000)
	Meta-analysis of occupational studies
	22 studies
	PbB concentrations <70 μg/dL
	The data available to date lack consistency and are unable to provide adequate information to draw any conclusion with respect to biological effects of Pb exposure at current PbB levels of <70 μg/dL. None of the individual studies is conclusive or adequate in providing information on the subclinical neurobehavioural effects of Pb exposure.
	
	*

Disagrees with German threshold limit value of 40 μg/dL.

	Meyer-Baron and Seeber (2000)
	Meta-analysis of occupational studies
	22 studies
	PbB concentrations<70µg/dL.
	Statistically unambiguous effects were noted for those tests showing impairment of central information processing, especially for the functions of visuo-spatial organization and short-term memory for verbal material. Effects upon manual dexterity further indicated that peripheral processes are affected. With few exceptions, the effect sizes on nerve conduction velocity increased with the level of exposure. Authors concluded there was clear evidence of neuro-behavioural deficits at PbB levels <70µg/dL and at PbB concs. as low as 40µg/dL.
	
	*

	Seeber et al. (2000)
	Summary of three meta-analyses
	Three studies Goodman et al. (2001) and Meyer Baron and Seeber (2000). Also, Exponent (2000) prepared for the German battery industry.
	
	Degree of impairment can be classified as being between the levels of 3 and 4 out of a possible 5 according to a definition for adverse health effects by a European expert group (SEG 1994). These levels are described as follows; Level 3 “early effects of doubtful significance without adverse consequences for health” and level 4 “early impairments of health.” This means that impairments can be regarded as signs of neurotoxicity from a substance at this level of exposure. Unfortunately, the question of reversibility could not be answered by the meta-analyses included in the summary. But reversibility is plausible. The data provide relevant information to evaluate such deficits as a possible risk for employees working at levels of Pb exposure above ~40µg/dL.
	
	*

	Goodman et al. (2002)
	Meta-analysis of occupational studies
	22 studies 
	PbB concentrations were < 70µg/dL.
	A quantitative meta-analysis of the pooled data was carried out using both a fixed effects model and a random effects model. The authors concluded that the data available are inconsistent and do not provide adequate information on the neurobehavioural effects of exposure to moderate blood concentrations of Pb (70µg/dL). Lack of true measures of premorbid status and observer bias affect the results.
	
	*


* Reviews and meta-analyses not scored; The relative quality of studies is indicated by a percentile score indicating the extent to which critical elements of study design were implemented and/or described. The highest possible quality score is 100%. Percentage score based on sample size and power, study and cohort definition, inclusion of control group when applicable, quality of exposure measure, quality of examination, quality of measurement method, laboratory-quality control, endpoint definition and control for appropriate confounders.

Nervous System Effects in Children

The primary target organ for lead toxicity in young children is the brain. High levels of lead exposure can have serious effects on the intellectual and behavioural development of individual young children. Blood lead levels of 80 µg/dL or greater can result in clinical encephalopathy characterised by ataxia (inability to coordinate movements), coma and convulsions and can be fatal. In the absence of encephalopathy, children with symptomatic lead poisoning may show more subtle neurological and behavioural impairments.

Lower levels of lead exposure will affect the nervous system of the child, but the impacts to be expected are qualitatively and quantitatively different from impacts upon the nervous system of the adult. Although the mechanism(s) of neurotoxicity in children have yet to be elucidated, studies of experimental animals (See Section 4.1.2.10.2) suggest that lead can alter developmental and maturation processes that are important to cognitive function. Thus, the dose effect relationships and cognitive impacts observed in adults are not representative of the most sensitive cognitive alterations that have been observed in children.

Methodological Issues in Child Development Studies

The effects of lower lead exposure have generally been investigated through large paediatric population monitoring studies. As with the study of adult nervous system impacts, studies have been conducted using different types of study design. Studies can be cross-sectional in nature, measuring blood lead levels and development status of children at one point in time. Many of the earlier, and some current, studies have been of this type. However, the effects of lead upon cognitive development at low exposure levels are subtle and secondary in magnitude to influences from factors such as parental IQ, social disadvantage and quality of the home environment. The level of lead exposure can also vary with time and, since lead has been postulated to impact upon developmental processes in the central nervous system, there could (at least in theory) be key developmental periods that are particularly vulnerable to lead exposure. The desire to incorporate potential age-dependent variables into evaluation of lead’s impact upon cognitive development provided the impetus for the initiation of longitudinal studies to document lead exposure histories and neurobehavioural measurement over time and to provide a comprehensive measurement of covariates and confounders suspected to influence child development.

As reviewed by Smith (1989), determination of the dose response and qualitative nature of lead’s effect upon cognition in children has proved to be a formidable challenge. Many conditions that predispose to lead exposure also impact upon child development. Lead exposure is often associated with lower socioeconomic status, lower parental intelligence, decreased quality of the home environment and lower quality health care. The impacts of these covariates upon the development of cognitive ability is considered, albeit to varying extents, in studies of low level lead exposure and statistical adjustments are usually made in an attempt to isolate the effects of lead from those of social and genetic variables. Thus, in most studies, significant negative correlations are observed between measures of lead exposure (such as blood lead or tooth lead) and measures of cognitive development such as intelligence prior to covariate adjustment. Adjustment for the effects of other determinants of IQ will generally result in attenuation of the correlation between lead exposure and cognitive development. In some studies correlations between lead exposure and cognition are reduced to such an extent that statistical significance is lost. In most, a statistically significant relationship is retained. In a small number of studies a negative correlation is not initially observed with lead exposure. In these latter studies adverse impacts can emerge after adjustment for covariates, though this is not always observed.

The precision with which the qualitative and quantitative effects of lead exposure can be determined is limited by the relatively small impact of lead when compared to other covariates. Statistical models can generally only account for less than 40% of the variance observed in the cognitive ability of children. Higher levels of explained variance, approaching 50%, have been reported in a small number of studies. Generally speaking, 1-5% of this variance can be attributed to lead and the balance to covariates. The majority of the variance accounted for in statistical models is contributed by parameters such as maternal IQ, factors associated with socioeconomic status, educational attainment of the parents, quality of the home environment, family size and history of illness. Quality of the home environment can be assessed by formalised questionnaire and home observation procedures (HOME scores), but such formalised procedures can be highly culture specific and have not been used by all investigators. Other measures of marker variables for the home environment can be applied and are noted in the discussion of individual studies.

The remainder of the variance in children’s intelligence is related to unknown, and perhaps unknowable, genetic and social variables or to variables that are difficult to assess with precision. Imperfect understanding of the factors that determine cognitive outcome in children, and their relationship to lead exposure, complicates study analysis. Residual (uncorrected) confounding could impart a correlation with lead exposure that is inaccurate or not causal in nature. The nature and relevance of unidentified covariates that might contribute to residual confounding has long been the subject of debate, but several factors have been suggested to require further investigation. Paternal intelligence contributes to child development but is rarely assessed in lead studies. Nutrition varies as a function of social class (Harrell et al. 1955) and appears to impact upon development (Benton and Roberts 1988; Schoenthaler 1991a, b), but has never been comprehensively taken into account in studies of lead impacts upon child development. Elucidation of nutritional interactions is of interest due to the presumed role of nutrition in modulating lead exposure. Additional social factors, such as maternal depression or morale are known to have a significant impact upon cognitive development (Sciarillo et al. 1992) but have been included in only a small number of studies of lead. Finally, other environmental toxicants, such as active or passive exposure to tobacco smoke, may have both an impact upon child development (Eskanazi et al, 1999; Habek et al., 2000; Yolton et al., 2005) and lead exposure (Stromberg et al., 2003; Mannino et al. 2003). Resolution of how these factors impair the precision with which lead effects are studied and defined will obviously require additional research. Moreover, the fashion in which covariate correction should be applied also deserves study since social and genetic influences cannot be presumed to act independently. For example, maternal IQ is not independent of paternal IQ and both will impact upon covariates such as educational attainment. Other factors, such as smoking, are also markers of social disadvantage. Over-correction for covariates could mask effects of lead upon child development and result in failure to detect, or underestimation of, effects that might be present. Equally, under correction for covariates could result in erroneous attribution of cognitive impacts to lead exposure.

The consistent observation of statistical associations between lead exposure and negative cognitive development outcomes under a broad range of cultural and socioeconomic circumstances supports, but does not in and of itself prove, that adverse correlations are, at least in part, causal in nature. As will be discussed, the absolute magnitude of this adverse correlation, as well as the shape of the dose response curve at low levels of exposure, remains the subject of ongoing research and continues to be complicated by uncertainties related to the impact of, and adjustment for, covariates.

Assessment Methods

The assessment tools used most often in studies of children are different from those studied in adults and have focused upon measurement of cognitive ability, developmental indices and measures of behavioural endpoints. Such tests vary with respect to the information provided regarding the development of an individual child. Most of the literature concerns effects upon “global measures” of development and intelligence. Some studies have evaluated more specialised neurological functions (e.g. hearing acuity) that might be specifically impacted by lead. The essential elements of the more commonly applied global assessment tools are reviewed here. More specialised tests are described within the context of the studies that have applied them.

The Bayley Scales of Infant Development are most often used to assess development during infancy (1-30 months). The test is composed of both a mental and a motor scale. The mental scale yields a Mental Development Index (MDI) that is standardised to have a mean of 100 and a standard deviation (SD) of 15. The motor scale yields a Psychomotor Development Index (PDI) with the same mean and SD. The mental scale tests the infant’s responsiveness to environmental stimulation (sound and sight), manipulatory skills, perceptual skills, perceptual motor skills and language skills. The motor scale assesses abilities in the areas of gross motor coordination (sitting without support and rolling over), reaching and grasping, and locomotion. Although widely used as indicators of developmental status, these tests have somewhat limited predictive capability for outcome measures later in life such as IQ when applied to extremely young children (e.g., 12 months of age or younger). Correlations between developmental indices and later measures of intelligence improve as children become older.

The McCarthy Scales of Children’s Abilities (MSCA), while not strictly an intelligence test, provides an assessment of cognitive development for children between the ages of 36 to 60 months. Separate scales measure the cognitive, quantitative, verbal, memory, perceptual, performance and motor skills of the child. In addition, the MSCA yields an overall index of cognitive functioning - the General Cognitive Index (GCI) that can be reliably interpreted in the same manner as the IQ score from the Stanford-Binet or from the WISC (see below).

For children above the age of 4.5 years the Wechsler series (Wechsler Preschool and Primary Scale of Intelligence(WPPSI), or the Wechsler Intelligence Scale for Children (WISC) are most often used in recent studies to test intelligence. Other tests, such as the Stanford Binet or the British Ability Scales (now known as the Differential Ability Scales), have been occasionally applied by investigators. Intelligence tests are typically administered in a fashion tailored to the age of the child, supplying tasks that are of increasing difficulty to complete. Initial tasks are ones that the child, based upon age, would be expected to successfully complete. Increasingly difficult tasks, appropriate for successively older age levels, are administered until the child reaches a level where none of the tasks are successfully completed.

The Wechsler tests are divided into 2 scales: verbal and performance. Each scale is composed of a set of 5-6 subtests. The subtests on the WPPSI and the WISC are generally the same, but those on the WISC reach a higher level of difficulty since they are geared for children between 6 and 16. The WPPSI is geared for the 4½ to 6 year-old child. The child’s IQ is based on the age normed raw scores on these subtests, with scores being standardised to an average of 100 and a standard deviation of plus or minus 15. Three IQ scores are thus generated: a verbal, a performance and a full scale or global IQ. Some studies have attempted to determine whether lead might preferentially impact upon specific subtests and thus provide a more precise indication of the specific neurological functions that are impacted.

The nature of the IQ test score is often imperfectly understood. Standardisation of test scoring is conducted on a regular basis such that the average IQ in a population is always 100 and characterised by a normal distribution with a standard deviation of 15. The actual raw test scores required to produce an IQ score of 100 will thus change over time and vary from country to country. The IQ score is thus dimensionless (without units) and indicates the ordinal ranking of individuals within a population at a given point in time. The precision of most tests is such that the standard error of measurement is 4 – 5 IQ points. This is the best estimate of the amount of error associated with the IQ test score obtained for an individual child. Within the context of lead studies, the size of the lead effect under study can thus be less than the precision of the tests being used to detect it. Finally, repeated testing of children will result in “practice effects” that can inflate test scores. This complicates the conduct of longitudinal studies that administer multiple intelligence tests over time. Methods exist for statistical correction of practice effects, but are complicated by the fact that the size of the practice effect can decrease as a function of the initial IQ score.

Some investigators have applied tests that assess more specific aspects of cognitive function. The Bender-Gestalt, Beery Visual Motor Integration Test (VMI) and the Ham’s Draw-A-Person (DAP) have been used in some lead studies to assess perceptual motor functioning. The first two tests are often used as tools to measure brain damage and the DAP assesses perceptual-motor integrity and is sometimes inappropriately regarded as a complementary measure of intelligence (Bornschein et al. 1980). Such tests evaluate skills and attributes that are elements of intelligence tests, but do not evaluate the wide range of functional domains included in an intelligence test.

Concern that lead might also impact upon child behaviour has resulted in assessments being made of diverse endpoints such as juvenile delinquency rates, crime rates and scores on Child Behaviour Checklists administered by parents or teachers. Whereas the initial focus of Behaviour checklist efforts was upon endpoints such as hyperactivity, more recent concerns have focused upon anti-social or violent behaviour patterns. Behavioural attributes, and assessment methods for these attributes, are discussed later in Section 4.1.2.7.4 since they are different from composite measures of performance such as intelligence.

Interpretation of Study Results

Interpretation of dose-effect estimates from individual studies and meta-analyses has been complicated by the apparent absence of a “signature impact” of lead. Exposure to a neurotoxicant would generally be expected to impact upon nervous system function in a specific fashion that produces a characteristic syndrome of neuropsychological deficits. Bellinger (1995a) and Pocock et al. (1994) note that the epidemiology studies have failed to date to identify a lead associated “behavioural signature”, or a coherent and reasonably specific “syndrome” of neuropsychological deficits. In some studies the effect is associated with verbal skills, in others nonverbal skills and in still others the associations are equivalent for both verbal and nonverbal subtest scores.

Bellinger (1995a) has offered several possible interpretations for the failure of low-level lead exposure to exhibit a “behavioural signature” in its associations with cognitive deficits. He suggests that it is premature to accept confounding or chance as the explanation for lack of a behavioural signature. Rather, he questions the adequacy with which exposure is characterised in studies and the need for development of new and more sensitive tests of specific neuropsychological functions, and factors pertaining to the circumstances of exposure and outcome assessment. He advocates modelling the approach taken to interpreting human epidemiological studies on that taken to interpreting animal studies, drawing attention to aspects of the experimental system that animal studies suggest may materially affect study findings. The relative merits of this approach provoked a lively scientific debate as to the adequacy of existing research tools and whether a signature effect indeed existed (Needleman 1995; Cory-Slechta 1995; Dietrich 1995; Ernhart 1995; Laughlin 1995; Baghurst 1995a; Wasserman 1995; Winneke 1995; Cooney 1995). Some researchers believe the longitudinal epidemiology studies have already identified a visual-motor integration effect of lead. Others are sceptical of this and feel the limits of the epidemiology method have been reached without providing evidence of the existence of such an effect and are concerned that effects being observed in some studies are non-specific products of residual confounding. Still others believe that the impact of lead varies with time of exposure and exposure duration and intensity. In this situation, lead could exert different effects in different studies.

Animal behaviouralists and researchers studying the mechanism(s) of lead neurotoxicity find it difficult to identify relevant toxicological impacts without signature neurobehavioural effects that specify the nature and/or timing of relevant insults to the nervous system. Lead alters numerous aspects of central nervous system function in animals, but thus far it has not been possible to determine which of the numerous effects observed has functional relevance to the effects of lead upon children. Conversely, interpretation of epidemiological data and dose-effect inferences are impeded by lack of mechanistic information that establishes the biological plausibility of observational data. The field is clearly at a crossroads as researchers determine how and whether to pursue definition of a small neurotoxic effect.

In an effort to resolve a sub-set of these scientific uncertainties, statistical tools have been applied to further dissect the combined epidemiological data. Meta-analysis techniques have recently been applied to analyse the “pooled results” of different studies evaluating children with low (< 30 µg/dL) blood lead levels. Such analyses show a statistically significant association between blood lead and IQ, most likely between a 1 to 3 IQ point deficit, for a change in mean blood lead level from 10 to 20 µg/dL. Evidence exists for effects below the range of 10-15 µg/dL, but has been difficult to interpret because of limitations in analytical and psychometric measurements. Although meta-analysis is useful in efforts to integrate the data from existing studies, such statistical tools can do little to resolve issues such as impacts of residual confounding and the presence or absence of a “signature” neurobehavioural impact characteristic of lead.

Against this background, a summary is now provided that reviews the results of representative cross-sectional and longitudinal epidemiology studies as well as more recent data in the neurobehavioural effects literature.

Cross-Sectional Studies

A cross-sectional study investigates one group of children, usually in a fairly narrow age range, at one point in time. The study sample may be chosen to represent a full range of lead levels (a continuous sample) or groups of children selected from a larger population sample to focus upon discrete exposure subgroups (i.e., two or more discrete groups distinguished by different extents of exposure to lead). Most cross-sectional studies have followed one or the other of these designs, but there have been variations. For example, Hansen et al. (1985) used a matched pair design where two lead groups were selected, with the pairs of children differing in lead level but matched on a number of other variables. Smith et al. (1983) used a discrete design with three lead groups each stratified by social grouping. Fulton et al. (1987) studied high lead exposed children and a random one-in-three sample from the rest of the distribution (Smith 1989). 

Table 4.188 (EPA 1990) summarizes the findings of numerous cross-sectional studies of lead exposure and neurological and developmental effects in children. Comments formulated during this review and by EPA concerning methodological and design adequacies and deficiencies in each study are included in the table.

The large number of cross-sectional studies described in the preceding table will not be reviewed in detail. Rather, several representative cross-sectional studies will be discussed as a function of their historical importance to the evolution of research on the paediatric effects of lead and/or because they serve to illustrate issues of study design important to lead-related research.

Although not the first to describe lead effects upon cognitive development in children, two of the more widely discussed and debated early studies conducted were by Perino and Ernhart (1974) and Needleman et al. (1979). Perino and Ernhart (1974) measured cognitive performance in 81 preschool children. The children in the cohort with blood lead levels between 10 and 39 µg/dL served as the controls and those with levels between 40 and 70 µg/dL were the exposed group. The controls were found to do significantly better than the exposed group on intelligence tests. These differences remained after the effects of age, maternal IQ and birth weight were controlled. In a five-year follow-up study, Ernhart et al. (1981) examined 63 of the children from the original cohort. Analyses conducted of “low” (10-30 µg/dL) and “moderately” (40-70 µg/dL) exposed preschool children and “low” (<26 µg/dL) and “moderately” (27-40 µg/dL) exposed school age children suggested that the “moderate” lead group at both ages performed poorly on cognitive function tests. However, the analyses also revealed that variables such as the child’s sex and parental IQ were significantly related to one or more of the outcome measures. When these two variables were controlled in the analyses, preschool blood lead level was not related to any neurological outcome measures. School age blood lead was significantly related only to General Cognitive Index scores and to the verbal and motor subscales of the intelligence tests. Dentine lead levels in shed deciduous teeth were not significantly related to any outcome measures, even when control variables were ignored. It should be noted that even the “moderately” exposed children in this cohort would be considered to be excessively exposed by many of today’s standards.

Needleman et al. (1979) sampled tooth-lead concentrations in 3329 children attending the first and second grades in Chelsea and Sommerville, Massachusetts, during the years 1975 to 1978. Children with tooth (dentine) lead concentrations in the highest 10% of the distribution (>24 ppm) and in the lowest 10% of the distribution comprised high and low lead groups. Blood lead levels in the high lead group were likely in excess of 35 µg/dL. The 58 subjects in the high lead group and 100 subjects in the low lead group were given a battery of tests to assess their functional status. The results of the analyses showed that the low lead groups performed significantly better than the high lead group on a variety of intelligence tests. Higher levels of lead exposure were also associated with behavioural problems as assessed by teacher’s ratings. The authors concluded that moderate lead exposure affects verbal and auditory processing ability as well as attention abilities. Although aspects of study design and interpretation were the subjects of early criticism (Bornschein et al., 1980), and more recent work has highlighted the need for more precise control of study design, confounders and analytical precision for lead in teeth, this study was one of the first to suggest that exposure to lead at “sub-clinical levels” could have an adverse impact on a child’s intelligence. However, it should be recognised that even the “low exposure” group likely had blood lead levels that would be classified as elevated today.

A recent follow-up study of 132 children from the original cohort (Needleman et al. 1990a) found that early indicators of lead burden and behavioural deficits are strong predictors of poor school outcome (high risk of dropping out of high school, reading disability, low class standing, increased absenteeism, lower verbal scores). This study suffers from the same deficiencies as the earlier study and can be interpreted as a demonstration that IQ is a good predictor of later performance in life. The extent to which IQ deficits were caused by lead was not adequately addressed by either study. Moreover, since early academic performance is a strong predictor of later performance, continuities in outcome measures are to be expected and do not necessarily indicate a causal relationship with lead.

The Edinburgh Lead Study (Fulton et al. 1987) was a cross-sectional study of 855 children aged 6-9 years in central Edinburgh with a mean blood lead of 10.4 µg/dL. Its main aim was to investigate the association between blood lead levels and mental abilities in a population of school children taking into account a wide range of influences. The results of the study indicated that low levels of lead exposure had a harmful effect on the performance of children in ability and attainment tests, but the authors felt that the effect of lead was much smaller (accounting for 0.9% of the variance) than that of other influences such as the parental ability and social background variables. This is a key study in the cross-sectional literature, since, although the effect size is small, much of the early exposure to lead likely occurred via drinking water and as such was relatively immune to problems of “reverse causality”. In much of the lead literature there is often uncertainty as to whether lead exposure causes decrements in performance or whether existing decrements in performance are associated with behaviours (e.g., ingestion of non-food items) that produce an increase in blood lead. The results of the Edinburgh study provide an illustration of effects observed under conditions where opportunities for reverse causality present in other studies, while not entirely eliminated, were less likely to have occurred. Lead exposure mediated through drinking water also probably occurred with greater independence from the influence of confounders. The study also illustrates one of the deficiencies inherent in cross-sectional studies – a reliance upon concurrent blood lead as a measure of exposure and a lack of detailed exposure histories. Although the concurrent blood lead levels in the study were relatively low, subsequent analysis of tooth lead levels in some of the study participants suggested that peak exposure levels were significantly higher during infancy and early childhood (Delves and Campbell, 1993). There is thus uncertainty as to the lead exposure levels to which effects should be attributed.

The most important methodological shortcoming of the early cross-sectional studies is their failure to take adequate account of potentially confounding factors. One study, which proved exemplary in terms of incorporating a wide range of confounding variables in the multiple regression analysis, was that of Smith et al. (1983). The principal confounding factors used in this study were chosen a priori because of their potential relationship with child IQ, rather than any direct association with lead exposure per se: sex, social group, family size, mother’s IQ, marital relationships, family characteristics, mother’s mental health, social background, parental education, parental interest and parental attitude. This approach was designed to reduce the potential to over-control for variance that might be attributable to lead, and to maximize the precision of control for social and other variables relevant to performance on the outcome measures. The overall finding from this study was that moderate elevations in body lead burden play only a minor role, if any, in determining a child’s IQ when compared with parental and socio-environmental factors. Mother’s IQ made by far the greatest contribution to child IQ in this study. This study highlighted the importance of choosing a comprehensive set of confounders in elaborating the effects of childhood lead exposure and significantly influenced the subsequent design of longitudinal lead studies.

Longitudinal Studies

In the 1980s, researchers realised that lead effects were small relative to other influences upon child development. Variability in study outcome was also thought to potentially arise as a result of factors unrelated to lead exposure. The selection of covariates, and their treatment in data analyses, was judged to be very important. There was also a need to better document lead exposure histories.

In September 1981, a conference was convened in Cincinnati to exchange information about study design and it was decided that the measurement of covariates and confounders, better documentation of the lead exposure variables and more detailed exposure histories could be obtained by undertaking longitudinal studies. In 1984, a second conference was held in Cincinnati and reports were given on longitudinal studies that were being planned or conducted. Ten prospective studies have attempted to detect a relationship between prenatal and postnatal blood lead levels and IQ deficits. Five of these studies, conducted in Boston, Cincinnati, Sydney, Port Pirie and Cleveland were designed similarly and were conducted around the same period. These studies obtained data on blood lead and neurobehavioural measurements from birth, six months or annual intervals up to 7-10 years.

Two other studies, conducted in Mexico City and Yugoslavia, have similar designs to the above but were initiated at later dates. The Glasgow and Nordenham studies are longitudinal, but have different study designs and measurement methodologies. Results have also been recently published from an ongoing study in Rochester, New York. Initiated as a study of relationships between lead in soil, dust and blood, this longitudinal study also differs from earlier studies in aspects of study design. All the longitudinal studies use multivariate analysis to take into account effects of possible confounding covariates upon the outcome measures. The studies have produced varying results that may reflect differences in the covariates used in the analysis, types of statistical measures used and nature of the subject population.

Although the longitudinal studies have not produced results fundamentally different from those obtained in cross-sectional studies, they have produced information at different stages of child development and further defined effects potentially related to exposure at different ages (including prenatal exposure). For this reason, the results of the longitudinal studies are discussed at some length.

Developmental Effects of Prenatal Lead Exposure

The relationship between maternal or cord blood lead levels and IQ deficits has been evaluated in nine prospective studies. The Cincinnati, Sydney, Port Pirie prospective studies examined children up to 7-13 years of age and found no effect of prenatal lead exposures on global IQ measures. The Cleveland study measured General Cognitive Index (GCI), full scale, verbal and performance at 57 months of age and found no IQ deficit (Ernhart et al. 1988). The Boston study reported an adverse prenatal effect upon Mental Development Indices (MDI) up to 24 months of age in children with blood lead levels between 10 and 25 µg/dL. This effect was no longer statistically significant at 57 months of age (Bellinger 1991) or at 10 years (Bellinger et al. 1992). However, attenuation of this association varied as a function of social class standing and postnatal lead exposure profiles. Lack of attenuation was most evident in children of low social standing whose pre-natal (cord blood) measures had been in excess of 10µg/dL. Bellinger proposed that environmental enrichment facilitated recovery from early effects of lead (Table 4.189).

Four other prospective studies should be noted. The Nordenham (Winneke et al. 1989) and Glasgow (Moore et al. 1989) studies, although longitudinal in nature, have different study designs and measurement methodology. Regardless, the Nordenham study found no significant relationship of maternal or cord lead level with full scale, verbal or performance IQ at age 6-7 years. The Glasgow study found no significant effects of maternal lead level on the MDI (Mental Development Index) at one and two years and there was no follow-up beyond two years of age.

In the Yugoslavia study (Wasserman et al. 1994) a weak effect on the four-year GCI was noted. Global IQ had not yet been measured in this study and there was some question as to whether there might be some confounding from ethnicity differences and other exposures at the smelter site. The study cohort was derived from two towns – one with a smelter and elevated lead exposures (average cord blood lead of 22 +/- 8 µg/dL) and one without a smelter (average cord blood lead of 5.5 +/- 3.3 µg/dL). The presence of the smelter provided employment and a social environment more conducive to favourable child development outcomes. Prior to adjustment for covariates, no association was evident between pre-natal lead exposure and GCI scores. However, after covariate adjustments, an adverse impact of lead was observed. Wasserman et al. (2000b) examined the timing of lead exposure on early intelligence and found that a 50% rise in prenatal blood lead was associated with a 1.07-point decrement in IQ at 5 and 7 years of age. This effect was approximately one-third of the impact of post-natal lead exposure. Considering the high average blood lead levels in the residents of the smelter included in this cohort, this would be considered a very weak effect and might possibly be related to residual confounding from the factors mentioned above. Definition of the levels of prenatal exposure that are associated with deficits is complicated by the analysis of study data as a combined cohort only – given the separate geographic locations and social differences between the high and low exposed sections of the cohort adequate control of confounding would be difficult to achieve. Separate analysis of dose effect relationships for the children in each town might have helped resolve issues of residual confounding. Subsequent descriptions of lead impacts upon intelligence, as measured by the WISC at ages 10 – 11 years, (Wasserman et al. 2003) did not include analysis of associations with prenatal lead exposure, further raising question as to whether the early deficits associated with prenatal exposure retained significance as the children aged.

Other Effects of Prenatal Exposure Upon Development

Several other measures of development have been examined. Ernhart and Greene (1990) studied the relationship of maternal and cord blood lead and birth and venous blood lead at 6 months, 2 years, and 3 years with language measures at 1, 2 and 3 years of age. The sample consisted of disadvantaged urban children, approximately half of which were born to mothers with significant problems with drug and alcohol abuse. Multivariate analyses revealed no statistically significant relationship of either prenatal blood lead or early preschool blood lead with language measures after control of cofactors. Supplementary partial correlations revealed a marginal relationship of cord blood lead and mean length of utterance, which describes a child’s ability to form meaningful word combinations. Because this analysis was one of 30 analyses with both positive and negative regression coefficients, the possibility that this was a chance effect could not be discounted. Early language development is also highly associated with birth order, gender and parenting variables that were not well controlled in the analysis.

Ernhart et al. (1986) evaluated infants using the Brazelton Neonatal Behavioural Assessment Scale (NBAS) and a portion of the Graham/Rosenblith (G/R) Behavioural Examination for Newborns. Three scales were of particular interest. The NBAS abnormal reflexes scale (walking, standing, plant or ankle clonus, etc.); the G/R Neurological Soft Signs Scale (jitteriness, high pitched and/or weak cry, hypersensitivity to stimulation and sharp state swings); the G/R Muscle Tones Scale. There was no evidence of a lead related effect on fourteen of the seventeen neonatal measures, including minor neonatal anomalies. The three independent measures of neurological status were significantly related to either, but not both, maternal or cord Pb. Because of variations in sampling, reanalyses were conducted for 132 complete pairs. In reanalysis, the contrast between maternal and cord Pb results was robust for the G/R Neurological Soft Signs. A significant effect of cord, but not maternal Pb was obtained.

In the Mexico City Pilot Study, Rothenberg et al. (1989) administered the Brazelton Neonatal Behavioural Assessment Scale (NBAS) and found a relationship between a rise in blood lead levels from 36 weeks of pregnancy to birth of child and the ability of the baby to self-quiet and to be consoled during the first 30 days of life (regulation of state). A shortcoming of the study was the small sample size of 42 mother-baby pairs. Interestingly, both Ernhart and Rothenberg hypothesised that perinatal and prenatal stress of the mother could confound any lead effect seen at birth or later development.

Emory et al. (1999) administered the Brazelton Neonatal Behavioural Assessment Scale on 103 African American neonates with maternal blood lead levels <10 μg/dL (most values were in the lower half of this range). Two statistical analyses failed to find group differences according to a median split and failed to detect significant differences across Brazelton Scale clusters. Individual items were then assessed comparing subjects in the lowest to highest lead groups (< 1 μg/dL; 1.0-1.5 μg/dL; 1.6-2.0 μg/dL; 2.1-2.5 μg/dL; >2.5 μg/dL and < 10 μg/dL).

The reanalysis revealed a significant effect for lead on hand to mouth activity (1-tailed P< .01; 2 tailed P= .02) and a significant effect on general tonus (1 tailed p< .01; 2 tailed p= .03) using statistical tests. The dose-concentration effect trend was linear for hand to mouth activity and curvilinear for the tonus item. Several issues need to be considered with this study. First, a major limitation of the study was the many omitted statistics, (i.e., omitted p values for non significant comparisons and the omission of all t values). Second, only two extreme lead groups were compared, excluding the middle lead groups, which is a method known to inflate effect sizes and probability values. Mean differences were repeatedly and incorrectly called effects. The authors acknowledge that their dose-effect trends are in need of replication and verification by others. Only a small number of cord blood samples were available, so it was not possible to determine the relationship between umbilical cord lead levels and behavioural performance. Thus, comparison of maternal and cord blood/behaviour results could not be done properly.

Further studies by Emory et. al. (2003) evaluated 79 mother infant pairs from a larger study of economically disadvantaged African-Americans in the Atlanta, Georgia area of the United States. As noted by Koller et al (2004), this study utilised extensive and sensitive calibration procedures to measure low maternal blood lead levels (mean 0.72 µg/dL) in a effort to relate prenatal lead exposure to subsequent infant memory performance at age 7 months as assessed by the Fagan preferential looking test. Fagan scores were then used to assign infants to high, medium and low risk groups for future risk of mental retardation. Although significant negative relationships were reported between maternal blood lead and infant Fagan test scores, Koller et al note that this is based upon small number of infants classified as being of high or low risk. The published study also lacks information on important confounders that should have been factored into the analysis. The findings of the study, while of interest, are difficult to interpret and are not definitive.

A series of recent studies have been carried out on neonates in Chinese cities such as Shanghai, Beijing, and Daquing (Shen et al. 1998, Zhang et al. 1997, Ma et al. 1997) exploring the relationship between umbilical cord lead and neonatal neurobehavioural development. Effects on MDI at 3, 6 and 12 months and the Neonatal Behavioural Neurological Assessment (NBNA) were observed at blood lead levels < 10 μg/dL. It should be noted that similar effects between 0-24 months were also seen in some of the prospective studies discussed earlier and attenuated between 2-4 years of age. In addition, although the Chinese studies controlled for some confounding factors, important variables such as maternal and paternal IQ and potentially important social variables were not considered.

Gomaa et al. (2002) measured maternal bone lead levels and cord lead levels in 197 mother-infant pairs and related them to the Mental Development Index (MDI) scores of the Bayley scale at 24 months of age. In relation to the lowest quartile of trabecular bone lead, the second, third, and fourth quartiles were associated with 5.4, 7.2 and 6.5 point decrements in the adjusted MDI score at 24 months. A two-fold increase in cord blood lead level was associated with a 3.1-point decrement in MDI score. Although similar effects were seen with MDI scores and cord blood levels between 0-24 months in the prospective studies discussed earlier, these effects disappeared between 24-48 months. In addition, the HOME score that assesses the care-taking environment was not factored into the regression analysis – this omission likely inflated the estimates of effect size. Data for later ages needs to be obtained in order to compare this study with the results of the earlier prospective studies.

Prenatal Lead Exposure and Neurological Outcomes

In the Mexico City study, Rothenberg (1994b, 1995) reported a relationship between mid pregnancy maternal blood lead levels and altered sensory functions involving spatial localization of sound and auditory function. This relationship was confirmed in a large group of children (N=100-113) from the same study at 5-7 years. Maternal blood lead at 20 weeks of pregnancy (geometric mean = 7.7 μg/dL) was the only prenatal blood lead level significantly associated with I-V and III-V interpeak interval in a multiple regression model controlling for head circumference and age at time of testing (Rothenberg et al. 2000). However, when the change of lead effects on GCI with age (within subjects) and the effect of lead on GCI (between subjects) was measured, no significant effects were found using prenatal and perinatal blood lead measures (Schnaas et al. 2000).

Schnass et al. (2006) subsequently used generalized linear mixed models with random intercept and slope to analyze the pattern of lead effect of the cohort from pregnancy through 10 years of age on child IQ from 6 to 10 years. A cohort of 175 children, 150 of whom had completed data for all included covariates attended the National Institute of Perinatology in Mexico City from 1987 through 2002. Geometric mean blood lead during pregnancy was 8.0ug/dl, from 1 through 5 years it was 9,8ug/dl, and from 6 through 10 years was 6.2ug/dl. IQ at 6-10 years decreased significantly only with increasing natural-log third trimester PbB, controlling for other PbB and covariates. The dose-response for the PbB-IQ relationship was log-linear, not linear-linear. The authors conclude that lead exposure around 28 weeks gestation is a critical period for later child intellectual development, with lasting and possibly permanent effects being associated with maternal blood lead levels less than 10 µg/dL.

The most recent findings of the Mexico City Study, suggesting a highly significant impact of prenatal lead exposure, are at variance with the results of most other studies. The reason for this is not known, but a strong inverse relationship was observed between maternal IQ and maternal blood lead. In contrast, social confounders that should have been correlated strongly with IQ did not evidence significant relationships. This suggests imprecise ascertainment of social confounders which may have influenced study results. Also in contrast to other studies, post-natal blood lead levels were not significantly correlated with intelligence at ages 6 – 10. These disparate findings suggest that covariate data collection during pregnancy may have been less than precise in this study.
Although the Port Pirie study reported no relationship between prenatal lead exposures and full scale IQ at seven years of age and 11-13 years of age (Tong et al. 1996), Baghurst et al. (1992) noted a sensitivity of visual-motor integration to lead exposure. Baghurst et al. (1995b) further explored this developmental parameter and demonstrated an inverse association between prenatal and postnatal blood lead concentration and children’s visual-motor performance. The average prenatal blood lead level in this cohort was 9.5 µg/dL (cord) and 8.4 µg/dL (maternal). Although Baghurst et al. (1995b) indicated that the visual-motor integration index may be a more sensitive indicator than global IQ as a measure of developmental impact, it is unclear if the observed relationship is relevant to impacts upon intelligence. Moreover, measures of visio-spatial skills by others, albeit with other test indices, have not exhibited reliable associations with lead exposure.

Summary of the Effects of Prenatal Lead Exposure

Most studies on the effects of low-level (< 30 µg/dL) intrauterine lead exposure tend to show little effect. In the studies that observe effects, impacts are predominantly upon Motor and Mental Development Indices of the Bayley. Such impacts are not synonymous with effects upon IQ, but have some predictive capability of later IQ. A portion of the associations reported at early ages appear to attenuate with time (Table 4.190) or are weak and/or the product of residual confounding. If effects subsequently manifest upon global measures of IQ at lower (< 30 µg/dL) blood lead levels it would most likely be under circumstances of high prenatal and postnatal lead exposure combined with economic disadvantage. Some evidence further suggests that endpoints of uncertain significance (e.g., neurological soft signs) may change as a function of prenatal lead exposure. The significance of these alterations is uncertain and has no known long-term consequence. However, such findings are of concern since they suggest subtle effects mediated by prenatal lead exposure at blood lead levels as low as 10 µg/dL.

Developmental Effects of Postnatal Lead Exposure to Age Seven Years

Ten prospective studies have examined the relationship between postnatal lead exposure and IQ deficits. The published results up to age 5 years emerging from the Boston, Cincinnati, Cleveland, Sydney and Port Pirie prospective studies were reviewed by Volpe et al. (1992) who concluded that the possible effects of lead at general population exposure levels were not strong enough to be observed under the different conditions examined by the prospective studies. Inconsistencies among the different study data sets seemed to indicate that lead effects were small compared with other factors controlled for in the studies, such as parent-child interactions, physical environment, and the care taking and family environment. As study updates continued, and additional studies were conducted, a more coherent pattern of associations with lead exposure emerged.

Recent data on postnatal effects of lead emerging from the longitudinal studies are summarised in Table 4.190. Note that data from the recently conducted Rochester study are included in this table, but that the evaluation of children has not progressed beyond ages 3 – 5 years. Data from this study have significance for the presence of effects at very low blood lead levels (< 10 µg/dL) – details from this study are thus discussed separately later in this section.

In the Cleveland study at four years and ten months there is no association between blood lead and neurobehavioural effects (Ernhart et al. 1988); however, a tooth lead relationship is reported with the Verbal IQ and Full Scale IQ scores (Greene and Ernhart 1993). Interestingly, the Boston study at 57 months shows no effect with tooth lead levels, but shows a negative association with 24-month blood lead levels (Bellinger 1991). The Cincinnati study shows an effect on performance IQ only at 6 years of age in children with life-time average exposure blood leads in excess of 20 µg/dL (Dietrich 1993a). Children in this cohort with lifetime average blood lead levels of 10 µg/dL also experienced deficits on the Bruininks Performance Test (Dietrich 1993b). In the Port Pirie Study, deficits are seen in verbal and Full Scale IQ at seven years of age. Girls, however, were more sensitive to these effects than boys (Baghurst 1992). In the Boston study, 24-month blood lead level (average 6.5 µg/dL) of ten year-olds was associated with a deficit in verbal and full scale IQ (Bellinger et al. 1992). No IQ deficits were observed in the Sydney study at seven years. Some positive correlations were found with the British Ability Scales involving non-verbal memory and accuracy; however, the correlations were sporadic and inconsistent and thus the authors placed little significance on these effects (Cooney et al. 1991).

Postnatal studies from the Mexico City cohort do not examine the effect of serial blood lead levels on GCI at specific ages, but rather the temporal pattern of effect, or the magnitude of the effect of postnatal blood lead level, on the general cognitive index (GCI) of the McCarthy Scales of Children’s Abilities and describes how the effect varies with the time between the blood lead measurements and the intellectual assessments (Schnaas et al. 2000). Given the novel methods of data analysis used, this study is discussed in somewhat greater detail.

Data from 112 children of the Mexico City Prospective Lead Study with complete evaluations from 36 to 60 months of age at 6-month intervals were used in the analysis. Controlled covariates included: 5-min Apgar, birth weight, birth order, sex, socio-economic level, maternal IQ and maximum maternal educational level in repeated measures of ANCOVA using child blood lead level grouped by 6-18 month range (geometric mean 10.1 μg/dL, range 3.5-37.0 μg/dL), 21-36 month (geometric mean 9.7 μg/dL range 3.0-42.7 μg/dL), and 42-54 month (geometric mean 8.4 μg/dL, range 2.5-44.8 μg/dL) averages. HOME scores were unfortunately not included in the analysis. Significant and changing interactions were observed between GCI and the age 6-18 month blood lead levels and those at age 24-36 months and later.. The regression coefficient between blood lead and GCI at 6-18 months became more negative with age until 48 months when the rate of decline moderated. The regression coefficient for blood lead and GCI at 24-36 months became more negative as well from 36 to 48 months but then started decreasing toward zero from 48 to 60 months. Significant between subjects lead effects on GCI were found for 24-36 month blood lead level at 48 months (0.021) and at 54 months (p=0.073). The greatest effect (at 48 months) was a 5.8 point GCI decrease with each maternal log unit increase in blood lead. Significant between subjects lead effects in GCI were found for 42-54 month blood lead level at 54 months (p=0.040) and at 60 months (p=0.06). The authors concluded from this complex analysis that the effect of postnatal blood lead level on GCI reaches a maximum approximately 1-3 years later (i.e. there is a lagged effect), and then becomes less evident. In addition, four to five years of age appeared to be the principle period during which effects of earlier postnatal exposure began to manifest. The most recent results from the study (Schnaas et al., 2006) have, however, unexpectedly found that IQ and blood lead at age 6 – 10 years are not significantly related after confounder correction. Indeed, IQ rises as post-natal blood lead increases. However, as discussed in greater detail in the preceding review of relationships between pre-natal blood lead levels and IQ, this study is unusual in its finding that prenatal blood lead levels are the most important determinants of outcome. Imprecise control of social confounders, combined with an unusually sharp inverse gradient between maternal IQ and lead exposure, may explain aspects of these discrepant findings.

Electroencephalogram (EEG) activity was also evaluated in a small subset of children (N=42) from the Mexico City Study (Poblano et al. 2001). Multiple regression models of theta power at each scalp electrode showed that increasing postnatal blood lead from 6 to 96 months correlated with increasing relative theta power, adjusted for age, sex and foetal suffering at delivery, in occipital derivations. The most significant increases in theta power were associated with blood lead levels (geometric mean=10.3 μg/dL) measured between 54 and 72 months, suggesting a critical period during which lead exposure appears to alter the developmental course of theta activity, producing a clear electroencephalographic soft sign. However, the limited size of the study cohort suggests that further clarification and validation of this effect needs to be conducted.

Wasserman et al. (1992) reported on the Yugoslavian Study with respect to lead exposure, iron status, and infant development among 392 two-year-old children. The Yugoslavia Study is one of a small number of studies in which correlations between lead exposure and development are not initially evident but emerge upon correction for social confounders. Conducted in two towns, one with elevated lead exposure due to the presence of a smelter and a low exposure control town lacking a smelter, cognitive performance of the exposed children was superior to that of controls as a probable function of higher levels of maternal education and social factors associated with higher socio-economic status. At age two years, after covariate adjustment, an estimated 2.5 point decrement in Mental Development Index (MDI) was noted with a rise in blood lead concentration from 10 to 30 µg/dL. A decrease in haemoglobin concentration at 18 months of age from 12 to 10 µg/dL was associated with an estimated 3.4 point decrement in MDI. The authors suggested that this decrement was due to iron deficiency anaemia independent of lead exposure and indicated that the consequences of anaemia may exceed those of lead exposure. Wasserman et al. (1994) examined the same cohort of children at age four but after iron supplementation. The authors noted that intelligence deficits from iron deficiency anaemia at age two appeared to be reversible at age four in response to iron supplementation. Following adjustment for confounders and concurrent haemoglobin, blood lead was significantly associated with a decrease in the General Cognitive Index (GCI) at age four. GCI scores declined an estimated four points as blood lead measured between 24-48 months increased from 10-25 µg/dL. The perceptual-performance subscale of the GCI was most sensitive to lead exposure. The authors noted a similarity with the Boston and Port Pirie studies in this regard.

The unusual pattern of association between social variables and lead exposure in the Yugoslavia Study, such that adverse effects of lead emerge only after confounder correction is both noteworthy and problematic at the same time. The detection of an adverse effect of lead in the absence of the usual confounding by social disadvantage adds diversity to the range of circumstances under which lead impacts are observed. However, the systematic social and ethnic differences between the exposed and control populations makes identification and control of appropriate confounders difficult.

As the children in the previously described cohorts have aged, the qualitative expression of the lead effect observed, in studies showing an effect, has remained somewhat inconsistent. Some studies show verbal IQ effects, others show performance IQ effects. Some effects occur above 20 µg/dL, others between 10-20 µg/dL. Some show effects related to tooth lead levels but not to blood lead levels and vice versa. In one study, girls exhibit a greater postnatal effect than boys, and in still others, no IQ effect is seen at all. The age at which children are most susceptible to lead exposure is similarly difficult to evaluate. Whereas the Boston study has suggested that age two may be the most sensitive period for exposure, other studies have observed that the best correlations between blood lead and IQ are obtained with cumulative indices of exposure over several years. However, it is important to recognize that the identification of specific ages that have unique susceptibility to lead exposure is made difficult by the tendency of blood lead levels to “track” over time. Blood lead levels usually vary significantly as a function of age, being quite low in very young children, reaching a maximum at 18 – 36 months and then slowly declining with time. Children with elevated blood lead levels at age two (relative to other members of the study cohort) will tend to be elevated relative to other members of the cohort at later ages. Besides complicating efforts to determine age ranges of greatest vulnerability to lead exposure, tracking and age-dependent changes in blood lead make it difficult to define the effects that might be associated with a specific level of lead in blood. Definition of an accurate effect profile for low-level lead exposure is difficult if the age(s) of exposure, and associated blood lead levels, most relevant to adverse effects of lead cannot be defined. Such definition will likely require further research to both develop new “experimental systems” for detecting lead effects and to define factors that may be causing apparent inconsistencies between studies.

Developmental Effects of Postnatal Exposure – Age 7-13 Years – Continuation of the Prospective Study Analyses

Two of the prospective studies, the Yugoslavia and Port Pirie studies, have published additional analyses at later ages using a lifetime average blood lead variable instead of the serial blood lead analyses used in the earlier studies. The results of more recent studies are similar to the results of recent meta-analyses (discussed later) combining results of cross-sectional and longitudinal epidemiology studies that observed a small statistical association between blood lead and IQ, most likely between a 1 to 3 IQ point deficit for a change in mean blood lead from 10 to 20 μg/dL. In the Port Pirie Study, Full-Scale IQ declined by 3.0 points for an increase in lifetime average blood lead concentrations from 10 to 20 μg/dL at age 11-13. It should be noted, however, that the geometric mean blood lead concentration varied with age, showing a sharp increase in blood lead during the first two years of life from a geometric mean of 8.3 µg/dL at birth to 21.2 µg/dL at age 2 followed by a gradual decline, with the mean concentration at 11-13 years (7.9 µg/dL) slightly lower than the level recorded at birth. In the Yugoslavia study, a change in lifetime blood lead from 10-30 μg/dL was associated with an estimated decrease in 4.3 points in Full Scale IQ (Verbal IQ – 3.4 and Performance IQ 4.5). Consistent with the earlier lead intelligence studies, the IQ/lead association in these later studies is small relative to more powerful social factors. Also, perceptual-motor skills may be significantly more sensitive to lead exposure than are the language-related aspects of intelligence and offer support for a possible lead behavioural signature.

Continuation of the analyses of the Port Pirie cohort was carried out by Tong et al. (1996), who re-evaluated 375 children in the same cohort at age 11-13 years. Statistical analyses were conducted and, after adjustment for potential confounders, inverse associations found between blood lead concentrations over the age range 15 months to 7 years and IQ (mainly verbal and full scale IQ) remained statistically significant or marginally significant. The stronger associations were found between lifetime average blood lead concentrations at various ages and IQ. It was estimated that the mean score for full scale IQ declined by 3.0 points for an increase in lifetime average blood lead concentrations from 10 to 20 μg/dL at age 11-13 (range 5-32 μg/dL). However, as noted above, the geometric mean blood lead concentration varied significantly with age and it is difficult to ascribe a specific blood lead level to the any of the effects observed. Tong et al. (2000) subsequently examined possible interactions between lifetime average blood lead concentration and sociodemographic factors (including gender, parents occupational prestige, quality of home environment, and maternal intelligence quotient) on child’s IQ. Although no statistically significant interaction between blood lead concentration and any of these covariates was found, the results prior to covariate adjustment suggested children from socially disadvantaged backgrounds were more sensitive to the effects of lead than those of a higher socio-economic status. This effect became non-significant after covariate adjustment, although it should be noted there had been significant attrition from the initial cohort of 723 children. Earlier observations such as sex specificity in vulnerability to lead toxicity were not observed at 11 – 13 year follow-up as a probable function of this attrition.

Wasserman et al. (1997) considered associations between lifetime lead exposure, estimated by the area under the blood lead versus time curve (AUC 7) and intelligence, with particular concern for identifying lead’s behavioural signature. The Wechsler Intelligence Scales for Children – Version III (WISC-III) was administered to 309, 7 year-old children, 261 of whom had complete data on intelligence, blood lead, and relevant sociodemographic covariates (Home Observation Scales, birth weight, gender, sibship, size, maternal age, ethnicity, intelligence and education). These showed anticipated associations with 7-year intelligence, explaining 44-50 % of the variance in Full Scale Performance and Verbal IQ. Before covariate adjustment, AUC 7 was unrelated to intelligence. After covariate adjustment, AUC 7 was significantly and negatively associated with Full Scale, Performance, and Verbal IQ explaining 4.2, 4.3 and 2.8%, respectively of the variance in these measures. After covariate adjustment, a change in lifetime blood lead from 10-30 μg/dL was associated with an estimated decrease in 4.3 points in Full Scale IQ; corresponding estimated decreases for Verbal and Performance IQ were 3.4 and 4.5 points, respectively. Analyses for AUC 5 had similar results. As mean lifetime blood lead rose from 10 to 30 μg/dL, 5-year Full Scale, Verbal and Performance IQ decreased by 3.6, 2.4 and 3.9 points, respectively.

AUC 7 was also significantly and negatively related to three WISC-III factor scores: freedom from distractibility, perceptual organization, and verbal comprehension; the association with perceptual organization was the strongest. Consistent with previous lead intelligence studies, the IQ/lead association was small relative to more powerful social factors. Also, perceptual-motor skills appeared more sensitive to lead exposure than the language-related aspects of intelligence.

Wasserman et al. (2000a) investigated lead exposure and motor functioning in 4 ½ year-old children. The Bruininks-Oseretsky Test of Motor Proficiency and Beery Developmental Test of Visual-Motor Integration was administered at age 54 months to 283 children from the Yugoslavia cohort. Multiple regression analysis showed that taken together, anthropometric measures (birth weight, body mass index) and markers of a stimulating and organised home life (HOME Scale, parental education and intelligence, availability of siblings) explained a significant 10% to 18% of the variance in motor functioning. Beyond these contributions, blood lead was modestly but significantly associated with poorer fine motor and visual motor function, but was unrelated to gross motor coordination. With covariate adjustment, an increase in average blood lead from 10-20 μg/dL was associated with a loss of 0.62 and 0.42 points, respectively, in fine motor composite and visual motor integration (VMI). For all measures of motor development, the contribution of social factors was substantially larger than that of blood lead.

Wasserman et al. (2000b) investigated associations between the timing of lead exposure on early intelligence and the results of psychometric evaluations at ages 3, 4, 5 and 7 years, from 442 children in the Yugoslavia cohort. The relative contribution of prenatal blood lead was compared with the relative increase in blood lead in either the early (0-2 years) or the later (from 2 years on) postnatal period to child intelligence measured longitudinally at ages 3 and 4 (McCarthy BCI), 5 (Wechsler Preschool and Primary Scale of Intelligence-Revised, WPPSI-RIQ) and 7 (Wechsler Intelligence Scale for Children-Version III, WISC-III IQ), controlling for the HOME observation scales, maternal age, intelligence, education, and ethnicity; and birth weight and gender. With adjustment for covariates, a 50% rise in prenatal blood lead was associated with a 1.07 point decrement in IQ. Adjusting for prenatal blood lead, postnatal blood lead elevations, whether they occur in either the early postnatal or later postnatal period, were also associated with decreases in intelligence. A 50% increase in postnatal blood lead in both early and late postnatal periods, relative to prenatal PbB, was associated with a significant 2.71 point IQ loss. A 50% increase confined to the later postnatal period was associated with a 1.78 point loss in IQ; this was not statistically significantly different from the loss due to either increased prenatal blood lead or that resulting from an increase in both postnatal periods. However, while associations were strongest for increase in blood lead in both postnatal periods, they are also present for children with elevations that occur only in the later postnatal period. These results suggest that prenatal and postnatal exposures that occur at any time during the first 7 years of life are likely to be independently associated with small decrements in later IQ scores. The authors acknowledge that these findings are inconsistent with those from other lead intelligence studies, because an association between prenatal blood lead and childhood IQ is observed to be independent of changes in postnatal blood lead concentration. Previous studies, including studies on this cohort, examined serial blood lead levels, one at a time, rather than controlling for one time period (prenatal) while examining changes in other periods.

Wasserman et al. (2003) recently extended their analysis to Yugoslavian children at ages 10 – 12 years. Intelligence was assessed by a modified WISC III in 290 children, the WISC being modified so as to eliminate the Vocabulary subtest due to ambiguities that might exist upon test translation prior to administration to Serbian or Albanian children. IQ test results were also not standardised for the Yugoslavian population. In the absence of norming, IQ test scores (mean IQ of 75) cannot be compared to those in other studies but are adequate to establish ordinal ranking of children within the cohort if the assumption is made that lack of test standardization does not impart a bias based upon ethnicity. Blood lead levels in the exposed cohort remained high (mean blood lead 30.9 µg/dL) compared to that of children in the control town (mean blood lead 6.1 µg/dL). As in previous analyses made during earlier phases of the study, no association between blood lead and IQ was evident in the unadjusted data, but negative associations were evident after confounder adjustment. Whereas previous results from this cohort had suggested that lead exposure preferentially impacted performance IQ, both performance and verbal IQ were equally impacted at ages 10 – 12. The overall effect size of lead’s effect upon IQ remained similar with a decrement in full scale IQ of 1.6 points being associated with a doubling of blood lead. Associations between blood lead and IQ were similar if analyses considered either concurrent blood lead or a new measure of cumulative lead exposure calculated as the mean of the log10 serial blood lead determinations taken from birth to time of testing. Bone (tibia) lead level were also determined by K-XRF for 167 members of the cohort. As expected, bone lead levels in the highly exposed cohort were significantly elevated (40.1 µg Pb/g bone mineral) relative to those in the control town (1.4 µg Pb/g bone mineral). Tibia lead levels were strongly, and perhaps more robustly, associated with IQ after adjustment for confounders.

In order to further examine the nature of the dose response for lead’s impact upon IQ, IQ was also evaluated after division of the cohort into tertiles of exposure determined by bone lead, average blood lead or concurrent blood lead. The largest differences in IQ were observed in transitions between the first and second exposure quartiles, corresponding to bone lead levels of 1.85 µg Pb/g bone mineral and 7.0 µg/dL and 5.6 µg/dL average and cumulative blood lead, respectively. The authors suggest that the effects of lead are greatest at low blood lead levels, but interpretation of this observation is difficult since this mode of analysis essentially divides the cohort in a fashion that that may accentuate social and ethnic differences between the highly exposed and control populations (e.g. the lowest quartile would have a high proportion of Serbian children from the low exposure control town). As will be discussed later in a review of evidence for effects of lead at blood lead levels less than 10 µg/dL, this unusual dose response may be a signature effect of residual confounding amplified by the method of analysis.

Overall results from the Yugoslavia study, in which exposures are largely stable and prenatal blood lead was controlled, suggest elevations in blood lead that occurred either prior to or after age 2 years were associated with lower IQ scores. While these effects were small in comparison to those of known social risk factors, the authors state that the findings suggest that the current focus of screening for elevated blood lead in children only through age 2 years may not be sufficient, since post-infancy elevations may confer risk even if they occur up through later ages. This finding differs from studies that have suggested exposures early in life are most important and consideration must be given to the impact of “blood lead tracking” upon the study results – the highly exposed population has remained highly exposed from birth to 12 year of age with exposures in the control cohort have remained consistently low.

Recent Postnatal Child Development Studies and Other Neurological Effects

a) Chinese Studies

Several studies carried out in China have examined the blood lead IQ relationship in children. These studies have not followed the basic prospective study or cross-sectional designs in the studies just discussed. Each study suffers from methodological deficiencies such as not controlling for parental IQ or social factors that contribute to development, small cohorts, poor matching of control and exposed populations, use of non-standardised intelligence assessments, as well as other design problems, making the validity of their conclusions suspect. This characterization is applicable to studies by Wang et al. (1989), Wang et al. (2002), and Shen et al. (1992). The severe deficiencies in these studies are such that they make little contribution to understanding the effects of lead upon child development and they will not be discussed further.

b) Reversal of Cognitive Deficits

Several studies in the literature have examined whether declining blood lead levels may be associated with a partial reversal of presumed cognitive deficits.

Tong et al. (1998) assessed the reversibility of apparent effects of lead on cognitive abilities in early childhood by testing whether declines in blood lead concentrations beyond the age of 2 years were associated with improvements in cognition. None of the analyses provided definitive evidence that the effect of early lead exposure persisted throughout childhood. However, additional analyses indicated that any cognitive deficits associated with exposure to environmental lead in early childhood appeared to be partially reversed by a subsequent decline in blood lead level.

Soong et al. (1999) examined the reversibility of cognitive impairment caused by a mild increase in lead absorption among children. In an initial study, 34% of children in a kindergarten near a lead recycling plant had blood lead levels between 10 μg/dL and 15 μg/dL, 53% had levels between 15 and 20 μg/dL and 9% had levels between 20 and 35 μg/dL. Approximately 2.5 years after the children were removed from the exposure source, the average blood lead level dropped 6.9 μg/dL and the average intelligence quotient increased 11.7 points. The average blood lead level of a referent group of children, who were comparable with respect to age, sex, birth order, sibling number and parental education level, also decreased by 1.7 μg/dL, and the average intelligence quotient increased by 4.2 points. The authors noted that although there was a significant difference in IQ between the two groups during the initial study, the difference subsequently disappeared during the follow-up. The authors concluded that IQ impairment caused by exposure to 30 μg/dL of lead for a period of 1-3 years in 3-5 year-olds is at least partially reversible. The study suffers from a small cohort size (32 exposed; 35 reference group) and a lack of control of parental IQ and social variables, as well as a clear definition of the learning environment in each of the schools.

Rogan et al. (2001) enrolled 780 children with blood lead levels of 20 to 44 μg/dL in a randomised, placebo-controlled, double-blind trial of up to three 26-day courses of treatment with succimer, a lead chelator that is administered orally. The children lived in deteriorating inner-city housing and were 12 to 33 months of age at enrolment; 77% were black and 5% were Hispanic. Follow-up included tests of cognitive, motor, behavioural, and neuropsychological function over a period of 36 months. Treatment with succimer lowered blood lead levels but did not improve scores on tests of cognition, behaviour or neuropsychological function in children with blood lead levels below 45 μg/dL. Liu et al. (2002) did a separate analysis of the data from the clinical trial using change in blood lead level as the independent variable. By 6 months after randomisation, blood lead levels had fallen by similar amounts in both chelated and placebo children, despite the immediate drops in the chelated group; there was no association between change in blood lead level and change in cognitive test score. Blood lead levels continued to fall. At 36 months follow-up, in the placebo group only, cognitive test scores had increased 4.0 points per 10 μg/dL fall in blood lead level from baseline to 36 months follow-up and 5.1 points from 6 to 36 months. The authors conclude that the improvement in scores in the placebo group only implies that factors other than declining blood lead levels per se are responsible for cognitive improvement; it is possible but less likely that succimer, the active drug, impairs cognition.

c) Hearing Loss

Several recent studies have examined the association between lead and hearing loss. An earlier study by Schwartz and Otto (1991) confirmed a link observed between blood lead level and hearing threshold in Schwartz and Otto (1987), in examined data from the Second National Health and Nutrition Examination Survey in the United States (NHANES II). An increase in blood lead, from 6 μg/dL to 18 μg/dL was associated with a 2db loss in hearing at all frequencies, and 15% of children appeared to have hearing thresholds that were below the standard at 2000 Hz. The effect size in this study was small and the regression coefficient for blood lead was of secondary magnitude relative to confounders such as socio-economic status (SES). In a later study, Osman et al. (1999) investigated the relationship between lead exposure and hearing in children in the Katowice region, an industrial area in Poland. The concentrations of lead in blood in 155 children, aged 4-14 ranged from 1.9 to 28.1 μg/dL, with a median of 7.2 μg/dL. The authors noted that hearing thresholds increased significantly with increasing blood lead levels at all investigated frequencies (0.5, 1, 2, 4, 6 and 8 kHz) and remained significant for blood lead levels below 10 μg/dL. There was a high frequency of ear infections and ear pathology in the cohort, but a relationship with lead exposure persisted when these individuals were excluded from the analysis. Family income for only 69 of the 155 children was included in the analyses, and since control for SES did not appear to influence the association, the proper control of the SES variable in this study can be questioned. Moreover, there were no significant associations between blood lead levels and Brainstem Auditory Evoked Potential (BAEP) latencies for the study group as a whole, although latencies in children with the highest blood lead levels were greater than those with the lowest. Taken as a whole, these studies suggest a negative impact of lead upon hearing acuity down to, and perhaps lower than, blood lead levels of 10 µg/dL. Precise definition of dosimetry for this effect is difficult since the blood lead levels of the children studied were believed to have been higher in the past. The functional significance of these impacts is difficult to ascertain, but a relationship to deficits in cognitive development can be plausibly proposed.

Counter et al. (1997) investigated blood lead and mercury levels and auditory sensory-neural function in 62 Andean school children living in a lead-contaminated area of Ecuador and 14 children in a neighbouring gold mining area with no known lead exposure. The mean blood lead level in the exposed group was 52.6 μg/dL (range 9.9-110.0 μg/dL) compared with 6.4 μg/dL (range 3.9-12 μg/dL) for the children in the non-lead exposed group. Auditory thresholds for the lead-exposed group were normal at the pure tone frequencies of 0.25-8 kHz over the entire range of blood lead levels. Auditory brain stem response tests in seven children with high blood lead levels showed normal absolute peak and interpeak latencies.

Buchanan et al. (1999) obtained distortion product oto-accoustic emissions (DPOAEs) from a small cohort of 28 ears of 14 children and 10 ears of 5 adults living in a highly lead-contaminated environment in remote villages in the Andes Mountains of Ecuador. Blood lead levels for the children (ages: 5-14 years) ranged from 33.4 to 118.2 μg/dL with a mean blood lead of 51.5 μg/dL. Despite the high blood lead levels, the children had normal hearing thresholds. Although there was a tendency for the children to have diminished DPOAEs, no consistent correlation of DPOAEs with blood lead level was found. The adults had diminished DPOAEs that were consistent with their observed, probably noise-related hearing loss. The authors remarked that contrary to some reports in the literature, the current results show no unequivocal clinical or subclinical evidence that high blood lead levels have a toxic effect on the cochlea.

d) Recent Cross-Sectional Studies

Three recent cross-sectional studies have examined the lead/IQ relationship. Cross-sectional studies, as discussed earlier, are limited because they only provide concurrent levels of exposure at one point in time and do not include exposure histories or intelligence measures over time. In addition, parental IQ and Home Scores are often not included in the analyses making interpretation of negative lead/IQ associations difficult. Prpic-Majic et al. (2000) performed a study of 275 pupils from the third and fourth grade of three elementary schools in three different areas of Zagreb, Croatia with different traffic conditions. Lead exposure was environmental, mostly through leaded gasoline. The aim of the study was to clarify the relationship between characteristic biological indicators of lead absorption with psychological functions. Mean blood lead levels were low, 7.08 μg/dL. General cognitive development was evaluated with the WISC-R (Wechsler Intelligence Scale for Children – Revised). Visual Motor Integration was measured using the Bender Gestalt Test and attention and complex psychomotor reactions were assessed using the Complex Reactionmeter Drevnovac(CRD), a series of computerised psychodiagnostic instruments not used widely elsewhere. A Parent-Teacher Questionnaire contained an assessment of child’s abilities: perseverance, attention, work without constant urging, resistance to distraction, coping with setbacks, concentration, awareness of duty, sitting still, etc. The socio-economic background of the family was assessed through the parents’ educational status. After adjusting for age, parental education, and gender, lead appeared to have no association with cognitive or psycho-motor measures. This study was well designed and uses a large cohort; however, a number of important confounding factors were not included in the analyses such as parental IQ.

Mendelsohn et al. (1999) studied toddlers with low-level lead exposure to determine whether adverse developmental effects were evident. The study cohort consisted of 68 children aged 12 to 36 months who had blood lead levels lower than 25 μg/dL. The Bayley Scales of Infant Development were used as the psychometric measure. An increase of 10 μg/dL in blood lead level was associated with a 6.2 point decrease in adjusted MDI score. Although mother’s verbal IQ was controlled for in this study, no consideration of the influence of the home environment was included. In addition, capillary blood lead samples were used, instead of venous samples.

Walkowiak et al. (1998) conducted a study in the cities of Leipzig, Gardelegen and Duisburg, Germany. Psychometric tests included vocabulary, block design as well as pattern comparison, pattern memory, tapping, simple reaction time and the continuous performance test. Visual functions and contrast sensitivity were also measured. The overall average blood lead in the study cohort of 384 children was 4.25 μg/dL. Although the verbal subtest of the WISC was significantly affected by lead in this study, the performance subtest BD was not. The authors noted however, that neither parental IQ or quality of the home environment were controlled for in this study, so the time causative nature of the observed negative association between blood lead levels below 10 μg/dL and WISC performance remained equivocal. The non-IQ measures of sustained attention were negatively affected by lead at blood lead levels below 10 μg/dL even after adjustment for intelligence and contrast sensitivity and were not mediated through general intelligence. Since non-IQ measures are less affected by confounders such as parental IQ and quality of the home environment, they may represent more precise and stable indicators of neurological impacts from lead exposure.

Postnatal Effects at Blood Lead <10 μg/dL

Canfield et al. (2003) reported findings from a longitudinal study in Rochester, New York of child development in which blood lead concentrations were measured in 172 children at 6, 12, 18, 24, 36, 48 and 60 months of age. Additionally, the Stanford-Binet Intelligence Scale was administered at the ages of 3 and 5 years. As noted by Koller et al. (2004) the Stanford-Binet test is heavily weighted towards verbal skills (thereby being influenced by English proficiency) and has largely been supplanted by the Wechsler scales (WPPSI and WISC) for this reason. Correlations between the WPPSI (used by most other prospective studies) and the Stanford Binet are not robust, and this should be noted in consideration of the study results. The relation between IQ and blood lead concentration was estimated with the use of linear and non-linear regression models with adjustment for nine prespecified covariates, namely gender, birth weight, iron status, quality of the home environment (HOME), maternal IQ (short Stanford-Binet), years of mother’s education, race, smoking in pregnancy and household income. The study was embedded in a larger study on household dust lead control, although there is no indication that dust lead abatement activity affected either blood lead levels or measures of intelligence to any significant extent.

The authors reported a significant overall negative relationship (p = 0.004) between post-natal PbB and IQ with an effect size of 0.46 point IQ-decrease for each µg/dl increase in lifetime (up to 3 or 5 years) average blood lead concentration. For a subgroup of children (N = 101) whose blood-lead levels had never been observed to exceed 10 µg/dl the effect size was even larger, namely a 1.37 point IQ-decrease for every 1 µg/dl PbB-increase. (p = 0.03). Pre-natal blood lead levels were not obtained.

Canfield et al. (2003) acknowledged “our findings suggest that children with blood lead concentrations below 10 μg/dL merit more intensive investigation.” Rogan and Ware (2003) in an accompanying editorial, noted that additional studies of children with low blood lead levels are needed to confirm the adverse effects of lead on IQ at these levels. This cautious interpretation is reinforced by recent reviews that have noted (Koller et al, 2004; US Centers for Disease Control 2004) there are aspects of study design and analysis that create uncertainty regarding appropriate interpretation of the study results, particularly those concerning the nonlinearity of dose response.

The study of Canfield et al. has multiple noteworthy strengths, including: (1) the availability of 7 consecutive valid blood-lead determinations between 6 and 60 months of age, (2) adequate, though not comprehensive, control for confounding, and (3) the careful statistical data-analysis by means of mixed linear and non-linear regression models. Less than optimal aspects of the study include: (1) For 30 out of the 101 children with PbBs below 10µg/dl IQ-determinations were obtained only at age 3 or 5; (2) No information is given on the sample characteristics of the subgroup of low-level children, which may well differ from those of the full cohort; (3) There is a cluster of 10 children with low PbB and high IQ (> 110) which may have contributed to the non-linearity of the dose-response curve although, according to the authors, the presence of this cluster was not “unduly influential” in the statistical model; (4) the data collection procedure for the HOME-variable is not described in detail, but would appear to be a maternal questionnaire developed for the HOME-assessment during infancy; (5) the study participants were involved in a long-term dust abatement study – interpretation of the study would have benefited if additional information had been provided regarding the distribution between “control” and “abatement” homes for children with high or low blood lead levels and IQ measures; (6) the shape of the dose-response curve with larger effects at lower blood-lead concentrations is unexpected and, as noted by the authors, may appear counterintuitive. US CDC (2004) has suggested this nonlinearity likely reflects, at least in part, residual confounding and not effects of lead exposure.

Despite some methodological deficiencies, this study appears to have been well conducted and carefully analysed. The reported non-linear nature of the dose-response curve lacks biological plausibility, and may be a methodological “artefact” related to residual confounding. However, the study indicates the probable presence of cognitive deficits associated with blood lead levels below 10 µg/dL. The study data are not, however, adequate to accurately define the magnitude of this effect or the shape of the dose response curve below 10 µg/dL. It should further, be noted that while other studies have suggested nonlinearity of dose response at low levels of lead exposure (Fulton et al. 1987; Lanphear et al. 2000; Wasserman et al. 2000; Wasserman et al. 2003), such nonlinearity has not been observed in experimental systems or for any other neurotoxic substance. At present, such data have been deemed as inadequate by CDC to support lowering the current “level of concern” for blood lead levels in children from its current value of 10 µg/dL.

Recent analyses by Stone and Reynolds (2003) and Lanphear et al. (2000) have highlighted some of the complexities inherent in efforts to elucidate impacts of lead upon cognition at low blood lead levels. The most recent National Health and Nutrition Examination Survey (NHANES III) conducted in the United States collected information for blood lead levels and intelligence in children. Earlier analysis of this database (Lanphear et al. 2000) analysed this data and concluded there was evidence for an impact of lead upon intelligence at blood lead levels less than 10 µg/dL and is cited in confirmation of the observations of Canfield et al. Following a review of NHANES III data and study design, Stone and Reynolds (2003) conclude that there are shortcomings implicit in NHANES III. These deficiencies include missing or incomplete information for key variables, unusual distributions of blood lead levels and probable shortcomings in the administration of intelligence tests. The NHANES III database is further noted to lack information on confounding variables that should be considered in analysis of lead’s impact upon intelligence. They conclude that deficiencies in sampling and data collection are insurmountable and that little can be inferred on the relationship between lead exposure and cognitive test scores based upon NHANES III. Such disparate conclusions resulting from analysis of the same database is perhaps moot since children evaluated for IQ in the NHANES III study were between 6 and 16 years of age. Given that the average blood lead level of children in the United States some 10 years earlier was well in excess of 10 µg/dL, most children evaluated during NHANES III cannot be properly described as being relevant to analysis of effects at blood lead levels < 10µg/dL.

Potential impacts of blood lead levels less than 10 µg/dL upon child development have been suggested by other recent studies, including those of Al-Saleh et al. (2001), Emory et al (2003), Gomaa et al. (2002), Shen et al. (1998), and Chiodo et al. (2004), Tellez-Rojo et al. (2006), Kordas et al. (2004), Lanphear et al. (2006). While collectively the results of these studies are consistent with the findings of Canfield et al. (2003), each study has significant methodological deficiencies that limit the inferences that can be drawn regarding the impact of lead at blood lead levels less than 10 µg/dL.

Al-Saleh et al. (2001) conducted a cross-sectional study examining the association between blood lead levels and neuropsychological and behavioural problems of 533 schoolgirls (6-12 years of age) who attended public schools in Riyadh, Capital of Saudi Arabia. Regression models were used to determine the best predictors of the Beery-Visual- Motor Integration test and the Test Of Non-Verbal Intelligence (TONI) and rank percentiles. The results of these tests showed an inverse relationship with blood lead levels and the Beery VMI and rank percentiles, but not the TONI at blood lead levels greater >9µg/dL. Neither of these tests was significantly correlated with blood lead levels <9µg/dL. A teacher questionnaire on student achievement by rank did show a negative association <9µg/dL. However, such questionnaire data are poor surrogates for assessments of intelligence made using standardized IQ tests. Although the study reported control for confounding variables, neither parental IQ or HOME score data were used for confounder correction. Parental education was instead used as a proxy for parental IQ. In addition, this was a cross-sectional study with no history of blood lead levels taken for the children. Higher exposures in early life were probable but were not assessed. Given the lack of confounder control and blood lead histories and the nature of the tests used to assess intelligence, this study contributes little to the characterization of low level lead effects upon IQ.

Emory et al. (2003) evaluated 79 mother infant pairs from a larger study of economically disadvantaged African Americans in the Atlanta, Georgia area of the United States. As noted by Koller et al. (2004), this study utilized extensive and sensitive calibration procedures to measure low maternal blood lead levels (mean 0.72µg/dL) in a effort to relate prenatal lead exposure to subsequent infant memory performance at age 7 months as assessed by the Fagan preferential looking test. Fagan scores were then used to assign infants to high, medium and low risk groups for future risk of mental retardation. Although significant negative relationships were reported between maternal blood lead and infant Fagan test scores, Koller et al. note that this is based upon small number of infants classified as being high or low risk. The published study also lacks information on important confounders that should have been factored into the analysis. The findings of the study, while of interest, are difficult to interpret and are not definitive.

Gomaa et al. (2002) measured maternal bone lead levels and cord lead levels in 197 mother-infant pairs and related them to the Mental Development Index (MDI) scores of the Bayley scale at 24 months of age. In relation to the lowest quartile of trabecular bone lead, the second, third, and fourth quartiles were associated with 5.4, 7.2 and 6.5point decrements in the adjusted MDI score at 24 months. A two-fold increase in cord blood lead level was associated with a 3.1-point decrement in MDI score. Although similar effects were seen with MDI scores and cord blood levels between 0-24 months in the prospective studies, these effects disappeared between 24-48 months. An impact upon subsequent IQ thus is unlikely. In addition, the HOME score that assesses the care-taking environment was not factored into the regression analysis and likely inflated the estimate of effect size of lead upon MDI scores.

Shen et al. (1998) is one of a series of recent studies carried out in China exploring the relationship between umbilical cord lead and neonatal neurobehavioral development. Effects on MDI at 3, 6 and 12 months and the Neonatal Behavioral Neurological Assessment (NBNA) were observed at blood lead levels < 10µg/dL. This observation is similar to the effects observed in prospective studies of children aged between 0-24 months. Given that the effects observed in those studies attenuated between 2-4 years of age, the significance of these findings for IQ is doubtful. In addition, although there was some control for confounding factors, important variables such as maternal and paternal IQ and potentially important social variables were not considered in the analysis. Lack of adequate confounder control thus diminishes the significance that can be attached to the study’s observations.

Chiodo et al. (2004) studied the relationship between blood lead concentrations and IQ in a sample of 237 African American inner-city children at 7.5 years of age with a current mean blood lead level of 5.4ug/dl. This cohort was derived from a larger study of ETOH exposure on child development. However, approximately 83% of children for whom blood lead levels were obtained had either low or no gestational exposure to ETOH. The Wechsler Intelligence Scales for Children-III (WISC-III) was administered. The range of blood lead levels was low (1-25ug/dl). Following covariate adjustment there was a statistically significant relationship between blood lead concentrations and full-scale, verbal and performance IQ. The relationship between blood lead concentration and IQ was strongest for performance IQ. Significant effects of lead on full-scale and performance IQ were still evident at blood lead concentrations below 7.5ug/dl. However, there was no control for Parental IQ in this study although proxies for parental IQ were considered. As a cross-sectional study, no history of blood lead levels was available and no assessment of the impact of earlier higher blood lead levels can be made. A prenatal questionnaire was used to establish potential maternal drug and alcohol abuse, but no assessment of Home scores and other important social confounders was made. Finally, the training of the examiners used to administer the psychological tests (qualified trained professionals or trained professionals) is not specified and no details are provided concerning inter-observer reliabilities. The technical deficiencies of the study are numerous and preclude definitive analysis for potential effects of lead exposure.

Tellez-Rojo et al. (2006) examined the longitudinal relationship between blood lead concentrations <10ug/dl and neurobehavioral development at 12 and 24 months of age. In addition to a cohort of children recruited at the time of birth, an additional prenatal cohort was recruited. The study population consisted of 294 children whose blood lead levels at both 12 months and 24 months of age were <10ug/dl. Blood lead levels at 24 months were inversely associated with Mental Development Index and Psychomotor Development scores at 24 months. Blood lead level at 12 months of age was not associated with concurrent Mental Development Index (MDI) or Psychomotor Development Index (PDI) scores or with MDI at 24 months of age, but was significantly associated with PDI score at 24 months. The relationships were not altered by adjustment for cord blood lead level or, in the analyses of 24-month MDI and PDI scores, for the 12-month MDI and PDI scores. For both MDI and PDI scores at 24 months of age, the coefficients that were associated with concurrent blood lead level were significantly larger among children with blood lead levels <10ug/dl than it was among children with levels >10ug/dl. The authors concluded that these analyses indicate that children’s neurobehavioural development is inversely related to their blood lead levels even in the range of <10ug/dl and that these findings are consistent with a supra-linear relationship between blood lead levels and neurobehavioral outcomes.

The psychological measures applied in this study are the MDI and PDI from the Bayley Scales of Infant Development - these tests have somewhat limited predictive capability for outcome measures later in life such as IQ and similar effects seen in other studies have attenuated with age. The major finding of this study is that among infants whose blood lead levels did not exceed 10ug/dl at 12 or 24 months of age, scores on both the MDI and the PDI of the Bayley Scales were inversely related to blood lead at 24 months, but it remains to be determined if an impact upon IQ will be observed. Furthermore, although adjustments for covariates such as maternal IQ, birth weight, and gender were made, HOME score data (or its equivalent) were not collected.

Kordas et al. (2004) examined the relationship between lead exposure and various indices of intelligence in a cohort of 602 first grade children attending public schools in Torreon, a highly industrialized city in Northern Mexico. The study measured mental distractibility, sequencing skills, memory, visual-spatial skills and stimulus discrimination. Blood lead levels were only significantly associated with performance on the memory test and impacts were suggested to be greater for concurrent blood levels below 10ug/dl. However, confounder control in this study was far from robust with no control for Maternal or Paternal IQ or Home Scores. Surrogate measures were applied for control of parental IQ and some attempt was made to control for parental involvement, but the probability of residual confounding in this study is high. Torreon is also the site of a large lead smelting facility that had recently undertaken a successful emission reduction effort – blood lead levels in the study cohort were likely much higher at younger ages.

Lanphear, et al., (2005) have reported on a pooled analysis of seven prospective studies that were initiated prior to 1995. The analysis involved 1,333 children with complete and complimentary data on confounding factors that were essential in the multivariable analyses. The participating sites included Boston, Cincinnati, Cleveland, Mexico City, Port Pirie, Australia and Kosovo, Yugoslavia. A study conducted in Sydney, Australia was not included because the authors were unable to contact the investigators (Cooney, et al., 1989).

The primary outcome measure in the pooled analysis was full-scale IQ measured at school age. All children were assessed with an age-appropriate version of the Wechsler scales. Four measures of exposures were examined: concurrent blood lead (blood lead level closest in time to the IQ test), and early childhood blood lead (defined as the mean blood lead from 6 to 24 months). A pooled analysis of the relationship between cord blood lead levels and IQ was also conducted for those studies, which collected these samples at birth. Multivariate regression models were developed adjusting for site as well as ten common covariates assessing factors likely to be correlated with development such as HOME scores, birth-weight, maternal education and IQ, and prenatal substance abuse. A thorough statistical analytic strategy was employed to determine the linearity or non-linearity of the dose-effect relationships as well as regression diagnostics to ascertain whether lead coefficients were affected by colinearity or influential observations.
Lifetime average blood lead concentration was 12.4ug/dl with about 18% of the children having peak blood lead levels below 10ug/dl. The mean IQ of all children was 93 but this varied greatly between studies. All four measures of postnatal exposure were highly correlated. However, the concurrent blood lead level exhibited the strongest relationship with IQ, as assessed by R². The shape of the log-linear model and the spline function indicated that the steepest declines in IQ were at blood lead concentrations below 10ug/dl. The log-linear model estimated a decrement of 6.9 IQ points (95% CI 4.2-9.4) for an increase in concurrent blood lead from 2.4 to 30ug/dl. However, the lead-associated decrement in IQ was greatest in the lower ranges of exposure. For example, the estimated IQ decrements associated with an increase in blood lead from 2.4 to 10ug/dl, 10 to 20ug/dl, and 20 to 30ug/dl were 3.9, .9, and 1.1 respectively. For the entire pooled data set, the observed decline of 6.2 points for an increase in blood lead levels from 1-10ug/dl was comparable with the 7.4 point decrements for an increased in lifetime mean blood lead levels from <1ug/dl to 10ug/dl observed in the Rochester Longitudinal study (Canfield, et al., 2003).

The existence of a supra-linear dose response curve for lead remains controversial. Bellinger (2004) and the U.S. Centers for Disease Control (CDC, 2004) have concluded that the precise shape of the dose-effect relationship in the lower portion of the exposure remains uncertain” and that “a convincing mechanism has not been proposed” to account for a steeper dose response slope for low-level lead exposures. Residual confounding, present in previous studies over a wide range of blood leads but present in more recent work over a more restricted range of exposures, has been suggested to mediate aspects of this supra-linear response (CDC, 2004). Although Lanphear et al. (2005) note mechanistic data from several cell culture and biochemical studies as offering a potential explanation for increased lead-associated deficits at lower lead levels (e.g., Lidsky and Schneider, 2003; Markovac and Goldstein, 1988; and Schneider et al., 2003), extrapolation of such effects to intact organisms remains speculative (Schneider et al., 2003). Bowers and Beck (2006) have similarly noted lack of a biological plausibility and further suggested statistical artefacts that would impart seeming supra-linearity to composite blood lead – IQ relationships. Ernhart (2006), in a commentary on this and other aspects of the combined analysis, notes the difficulties of merging data from different studies and the complexities of achieving adequate confounder control in the merging of disparate data sets obtained in studies of populations with different ethnicities and cultures. Furthermore, although Lanphear et al (2005) report a statistically significant relationship between concurrent blood lead and IQ for children at age 6, a number of other lead exposure measures (cumulative exposure indices or blood lead at younger ages) were apparently not significantly related to IQ. The adequacy of confounder corrections, conducted using data obtained at early ages, for IQ measures in older children can thus be questioned. The conclusions of the combined analysis regarding effects at blood lead levels less than 10 µg/dL were also largely based upon children derived from the study of Canfield et al. (2003) and thus do not provide independent confirmation of the findings of that study. Accordingly, while an effect of lead may occur at blood lead levels below 10 µg/dL, available data are not adequate to define the magnitude of the effect that might be exerted or the shape of the dose-effect relationship curve.

The probable existence of lead effects at blood lead levels lower than 10 µg/dL is problematic to interpret within the context of traditional NOAEL’s used in risk assessment. Although effects may occur at blood lead levels less than 10 µg/dL, and a threshold for a lead effect cannot be defined, the magnitude of the effects is such that they would not be considered as adverse for the individual. However, manifestation of a small effect within a large population of individuals can be hypothesized to have impact societal cognitive resources in a fashion difficult to define. Although there may be inherent uncertainty concerning the significance of effects at low exposure ranges, it is possible to note the lower range of population exposures where effects have been suggested and assess (based upon expert judgement) the magnitude of effects relative to both the analytical precision of the tools used to assess both exposure and effects and importance of other factors that impact upon the cognitive development of children. Such an exercise permits identification of an epistemic threshold for effects. Epistemic thresholds are not absolute effect thresholds per se. Rather, they are a practical determination of where potential effects are highly uncertain, of doubtful biological significance and secondary in magnitude to other factors that have an adverse impact upon the endpoint of concern(Crawford-Brown et al., 2004; Crawford-Brown, 2005).  Thus the following factors need be considered:

1) The available data are suggestive the existence of an effect down to 5 µg/dL. Should any effects occur at lower blood lead levels, they are not detectable with current technology. 

2) Effects at blood lead levels between 5 and 10 µg/dL account for 1 – 2% or less of the variance in multiple regression models and are thus secondary in magnitude (by a factor of 50-fold or greater) to other factors that influence child development.

3) Measurement accuracy of blood lead, in accordance with the routine laboaratory procedures currently used for general population monitoring, are such that the limit of detection is approximately 1 µg/dL and the standard deviation associated with measurement is +/- 4 µg/dL.  A blood lead value of “1” is thus equivalent to a blood lead level anywhere between 1 and 5 µg/dL.

4) Average societal blood lead levels must also give consideration to the inherent variability of blood lead in the general population and minimize the probability that a child will have a blood lead value of 10 µg/dL or greater.  For example, under worst case exposure conditions, it can desired that 95% of at risk populations (e.g. children two years of age) have blood lead levels less than 10 µg/dL.  Assuming a geometric standard deviation of 1.6, the probability of exceeding 10 µg/dL is reduced to 5% at average blood lead levels of 5 µg/dL.

The preceding considerations display a convergence upon 5 µg/dL as a blood lead level below which effects cannot be measured while at the same time the fraction of children with blood lead levels above 10 µg/dL is minimised.  A blood lead level of 5 µg/dL can thus be regarded as representing an epistemic threshold for the impacts of lead upon societal cognitive resources.

Reviews and Meta-Analyses

Several recent reviews incorporating the results of cross-sectional and longitudinal studies discussed above provide further understanding of the association between low-level lead exposure and neurobehavioural effects (South Australian Health Commission 1993; Pocock et al. 1994; IPCS 1995).. The studies included in each analysis vary somewhat, and this must be considered in a comparison of such studies. Ideally, meta-analyses are conducted in accordance with scientifically justified a priori criteria that define the studies to be included in, or excluded from, the analysis. Such criteria, if employed, are not evident in a number of the studies discussed below. In general, the results from these reviews suggest a small statistical association between blood lead/tooth lead and IQ of between one to three IQ points for a 10 µg/dL increase in blood lead and 10 µg/g increment in tooth lead.

The Australian Government (South Australian Health Commission 1993) and the International Program on Chemical Safety (IPCS 1995) conducted separate reviews of the lead neurobehavioural literature. At the Australian Conference (October 1992), the Neurobehavioural Working Group evaluated all major cross-sectional and prospective studies. For most studies, the size of the estimated effect of lead exposure on measures of cognitive ability was a decrement in the range of 0 to 5 points for each 10 µg/dL increment in lifetime average integrated blood lead level with the most likely IQ deficit in the region of two to three points. The working group felt that it was not possible to draw any conclusions concerning an impact of lead on IQ with blood lead levels less than 10 µg/dL because of measurement errors involved in assessing exposure outcome and confounding variables as well as small effect sizes that complicate detection of effects that might occur in the 0-10 µg/dL blood lead range. It was also felt that there was only a slight possibility there was no effect on intelligence in the range of 10-25 µg/dL.

In regard to prenatal effects, published studies suggested that, when effects of low-level intrauterine lead exposure had been observed, the effects tended to attenuate over time (Table 4.57). The group felt that more sensitive research measures were needed to determine whether the lead effect was indeed reversible or just lost in the “noise” of other confounding effects. For postnatal effects, the Working Group could not determine if the effects of early childhood exposure were persistent beyond childhood because the current data were insufficient. However, it was felt that neurobehavioural effects detected at age seven or later would likely “persist” since age seven performance was largely predictive of performance at later ages in most studies of child development.

The International Program on Chemical Safety (IPCS 1995) in its Environmental Health Criteria Document for Inorganic Lead concluded that the statistical association between blood lead and IQ assessed in children at ages four and above with blood lead levels below 25 µg/dL, is small, and most likely between a one to three IQ point deficit for a change in mean blood lead level from 10 to 20 µg/dL. Below the range of 10-15 µg/dL the evidence for an effect was thought to be difficult to interpret because of limitations in analytical and psychometric measurements. However, there was some evidence for an effect of lead below this range. IPCS (1995) further noted that it is difficult to define lead effects with the existing human evidence of observational epidemiology data because the key statistical association (between blood lead and IQ) is weak, the temporal relationship between exposure and effect is unclear and there are major confounders present. Animal data help to support a causal association in observational studies of children, but provide limited assistance in establishing quantitative dose-effect relationships. Dosages of lead, or corresponding blood lead levels that produce neuropsychological effects in animals, cannot be equated to the doses or blood lead levels that would produce comparable effects in humans.

Pocock et al. (1994), in what was essentially an updated and more comprehensive version of the meta-analysis that served as the basis of IPCS (1995) conclusions, reviewed 26 epidemiological studies published since 1979, inclusive of prospective studies of birth cohorts, cross-sectional studies of blood lead, and cross-sectional studies of tooth lead. Criteria for study inclusion and exclusion were precisely defined. The objective of the review was to quantify the magnitude of the relation between full scale IQ in children aged five or more and their body burden of lead. The five prospective studies, with over 1100 children, showed little association of cord blood lead or antenatal maternal blood lead with subsequent IQ. Blood lead at age two (the time of peak exposure) had a small and significant inverse association with IQ. Associations with mean blood lead over several years were also significant, but with a smaller effect size and less robust statistical association. However, as noted in the discussion of individual studies, blood lead at age 2 is not the best predictor of IQ decrements in all studies. The 14 cross-sectional studies, with 3,499 children, showed a significant inverse association overall, but demonstrated a great variability in their results and ability to allow for confounders. The seven cross-sectional studies of tooth lead, with 2095 children, were more consistent in finding an inverse association, although the magnitude was smaller. A meta-analysis of all the data suggested that a doubling of blood lead from 10 to 20 µg/dL or from 5 to 10 µg/g tooth lead was associated with a mean deficit in full scale IQ of around one to two IQ points.

In considering possible reasons for finding a small effect, Pocock et al. considered the influence of imperfect measurement of confounders, blood lead and tooth lead as imperfect markers of the underlying body burden of lead, selection biases, reverse causality (children of lower IQ have increased lead exposure or uptake) and whether full scale IQ is an appropriate measure of the kind of neuropsychological performance that is impaired by lead. Because of the inherent limitations of observational epidemiology in pinpointing the reasons for the blood lead/development association, which is a small, but potentially important, deficit in full scale IQ among children with raised body lead burden, the authors felt that uncertainty remains as to the real impact that lead makes on children’s neuropsychological development.

Several other smaller scale meta-analyses also deserve mention. Schwartz (1994) related blood lead to full scale IQ in school age children in eight cross-sectional and longitudinal studies. He found that an increase in blood lead from 10-20 µg/dL was associated with a decrease of 2.6 IQ points. He also showed, using a statistical method called nonparametric smoothing, no evidence of a threshold down to blood lead concentrations of 1 µg/dL. The studies used by Schwartz in his analysis all measure full-scale IQ. However, each one has methodological flaws such as lack of measurement of parental IQ, improper control for other confounding variables, not accounting for multiple comparisons, etc. IPCS (1995) addresses the issue of threshold of effect in its discussion of the neurobehavioural effects of lead on children. It is noted that while existing epidemiological studies do not provide definitive evidence of a threshold below the blood lead range of 10-15 µg/dL, the effect of confounding variables and limits in the precision of analytical and psychometric measurements increases the uncertainty attached to any estimate of effect.

Needleman et al. (1990b) quantitatively analysed 12 cross-sectional studies chosen from a larger group of 24 studies and concluded that low-dose lead exposure is causally associated with deficits in intelligence. However, the summary evaluation of this study is based on accumulated p-values rather than accumulated effect sizes which is unusual in meta-analysis. Winneke et al. (1990) reported on the WHO/CEC collaborative study on the neurobehavioural toxicity of lead carried out in eight different European countries. The spectrum of lead effects found in the various centres was consistent with what had been found in previous cross-sectional research; however, the poor consistency of lead related IQ deficits across the studies and the small effect size did not agree with the results of the Needleman meta-analysis.

Intervention Strategies and the Search for More Sensitive Cognitive Tests

Cooney (1995) has suggested that intervention strategies to reduce lead levels in children should be tested to determine whether clinical benefits will accrue and if indeed lead effects are reversible. Ruff et al. (1993) have attempted to determine whether chelation therapy or biochemical changes during a lead-lowering intervention was associated with changes in cognitive functioning of moderately lead-poisoned children. The results demonstrated that changes in blood lead levels were not related to changes in cognitive scores in the short-term. Over the long-term (six months) after controlling for confounders, the standardised cognitive score increased one point for every decrease of three µg/dL in blood lead (range 13-46 µg/dL). The authors cautioned, however, that there is still a possibility that some unmeasured variable may have caused an independent but parallel change in blood lead level and cognitive performance and that further research into the cognitive effects of chelation treatment and other forms of intervention is clearly needed. The absence of a control group to measure changes in cognitive function over a six-month period in normal children is a design deficiency and may be the unmeasured variable (see discussion on Reversal of Cognitive Deficits).

Baghurst (1995a) offered the suggestion that effects on visual-motor integration could contribute to the identification of a behavioural signature. Winneke et al. (1990) observed in the European Multicentre Study positive associations between blood lead and the error-score of the Bender Gestalt test which tests for visual-motor integration. Based on this finding of a visuomotor deficit, Winneke et al. (1994) selected four subtests from the computer-based “Neurobehavioural Evaluation System - NES1” (Baker et al. 1985) and visual evoked potentials (VEP’s) and tested 367 six year-old children in Leipzig (N=179) Gardelegen (M=68), and Duisburg (N=120) with average blood lead concentrations of 5 µg/dL and average tooth lead concentrations of 2 µg/dL. Most blood lead levels were below 10 µg/dL with no blood leads exceeding 16 µg/dL. Two of the four subtests, tapping and pattern recognition were significantly related to blood lead, but not tooth lead. No such association could be established for VEP latencies. The authors felt that the study indicates that average blood lead levels as low as 5 to 7 µg/dL with extremes not exceeding 16 µg/dL are associated with subtle neurobehavioural impairment. The lack of association of lead levels and VEP’s indicated to the authors that visual system functions may not be affected at very low blood lead concentrations or that pattern reversal VEPs are not a sufficiently sensitive measure of lead effect. The finding that blood lead levels were more closely associated with neurobehavioural impairment than was true for tooth lead concentrations suggested to the authors that blood lead measured at the time of testing cannot be interpreted as being representative for the past internal exposure to be related to the observed impairment.

There have been several recent attempts to apply animal behavioural methodologies to human cohorts. Evans et al. (1994) performed a historical cohort study of twins aged 6 to 15 years with blood lead levels between 30-50 µg/dL and 43-80 µg/dL. This study had several goals: 1) to determine whether nonverbal, computerised tests would be acceptable to young children; 2) to investigate whether the unexpected reversal of stimulus-response-reinforcement rules can magnify lead-related effects in children, as has been reported in non-human primates (Bushnell and Bowman 1979 and Rice 1985); 3) to address concerns that many studies of lead-linked cognitive and behavioural disorders in children have failed to account for numerous confounding variables: parental education and achievement, health and nutrition, parental drug use, socio-economic status, parental child-rearing practices.

The results of the study indicated a reduced cognitive performance in visual discrimination and reversal learning related to subclinical exposure to lead much earlier in life. There was no evidence that sensory (visual acuity or tactile sensitivity), motor or motivational function impairment contributed to the cognitive deficit. The study, although provocative, must be evaluated cautiously. The true exposure history of the controls is uncertain since their blood lead levels were quite high and one must wonder about the nature of the behavioural differences between two siblings in a twin pair that would allow one child to be highly exposed, but not its sibling. However, the study offers a new approach to behavioural epidemiology for understanding neurotoxicology, by applying rigorous modern tools of behavioural science that can be taken on portable computers to evaluate people in schools, clinics or the workplace.

Behaviour Endpoints

A number of the prospective lead studies have included evaluations of behaviour in relation to lead exposure. In addition, a small number of studies have separately attempted to evaluate lead impacts upon behaviour. As a generalization, studies of behaviour endpoints are difficult to conduct and interpret. Endpoints such as “problem behaviour” or “antisocial behaviour” are complex endpoints for which only crude measurement tools are available. Issues of reverse causality also cloud the interpretation of most studies conducted to date. Finally, in contrast to more rigorously defined endpoints such as intelligence, confounders that should be factored into analyses of behaviour are poorly defined.

Behaviour endpoints were assessed in earlier studies by direct observation in a controlled environment (i.e. Winneke, 1979; Harvey, et al. 1984), or by short economical questionnaires such as that used by Needleman et al. 1979 or modifications of it (Yule et al., 1984; Hatzakis et al. 1985); or standardised behaviour rating scales completed by the mother or the teacher. The Conners scales (Conners, 1969,1973) and the Rutter Scale (Rutter, 1967) are two standardised scales that have been most often used in behaviour studies. In general, the reproducibility and reliability of behaviour rating scales tends to increase as a function of the length of the questionnaire.

Questionnaire approaches such as the Rutter scales attempt to distinguish neurotic and antisocial behaviours, allowing for the classification of behaviour disturbances associated with organic disorders such as phenylketonuria. Under ideal circumstances, assessments would be made in more than one situational environment (e.g. home and school) since there is evidence that the characteristics of children showing pervasive behaviour disorders (organically determined) are different from those showing situation specific behaviours. Tools such as the Rutter scales have proven to be valid screening instruments for the presence or absence of psychiatric disorders in children. (Rutter, 1967), and the Conner scales have been demonstrated to be sensitive to drug-induced changes in behaviour over time. However, there is limited information regarding the sensitivity of such tests to small differences in behaviour in normal children. Such assessment methods tend to focus upon negative behaviours and do not adequately discriminate between “normal” behaviour and “good” behaviour.

A variety of other assessment tools have been applied. The longitudinal studies of child development usually collected data on the Behaviour Rating Scale (BRS) of the Bayley Scales of Infant development, Second Edition (Bayley, 1993). Other behavioural assessments used in studies include those that seek to assess specific functional deficits related to endpoints such as hyperactivity. Attention Deficit Hyperactivity Disorder (ADHD) scales such as Child Attention Profile and the ADHD Rating Scale (as cited in Kahn et al., 1995) and the ADD-H Comprehensive Teacher Rating Scale (ACTeRs; Ullmann et al., 1984) are among the tests sometimes applied.

Some recent studies have attempted to evaluate lead and behaviour relationships using relatively crude measures such as delinquency rates, crime rates, and scores on Child Behaviour Checklists administered by parents or teachers. Whereas the initial focus of Behaviour Checklist efforts was upon endpoints such as hyperactivity, more recent concerns have focused upon antisocial or violent behaviour patterns. Dietrich et al. (2001) used the Drinking and Drug History Questionnaire (DDHQ), the Self Report of Delinquent Behaviour (SRDB) and the Parental Report of Predelinquent and Delinquent Behaviour (PRDB). Needleman et al. (2002) used the Self-Report of Delinquency (SRD). Nevin (2000) used murder rates from 1960-1997, teen unemployment rates, unwed birth rates, abortion rates and crime rates for murder, rape, robbery, aggravated assault, and violent crimes.

Much of the data generated on possible impacts of lead upon behaviour consists of weak or inconclusive associations. Several studies have asserted more significant effects may exist – a summary and analysis of these latter studies is provided here.

Bellinger et al. (1994) have evaluated the association of early lead exposure and later problem behaviours in a cohort of eight year-old children. Bellinger suggested that animal studies have shown that lead exposure affects early mother-infant interactions and early social play in rat, mouse and rhesus monkeys. The authors noted that cord blood lead level was not associated with the overall prevalence or nature of problem behaviours. Tooth lead level however, was significantly associated with total problem behaviour (TPB) scores (although far less than 1% of the variance). This study is difficult to interpret because confounders such as family history of psychiatric illness and the family microenvironment were not taken into account.

In a novel approach studying behaviour in children, Needleman et al. (1996) have evaluated the association between body lead burden and social adjustment in a sample of 301 boys in primary schools using bone lead measurements as a measure of cumulative exposure. Bone lead concentrations were measured by in vivo x-ray fluorescence (XRF) and the relationship of bone lead burden to reports of antisocial behaviour were examined from three separate sources: parents, teachers, and the subjects themselves. Attentional function, neurobehavioural, and academic performance were also evaluated in relation to bone lead. The authors observed that bone lead exposure was associated with an increased risk for antisocial and delinquent behaviour, but positively and significantly related to IQ. However, the results of this study must be interpreted with caution. Bone lead and psychological measures were taken concurrently at two testing periods two years apart; however, bone lead data from the second testing period were analysed with neuropsychological data from the first testing period. Blood lead measurements were not taken despite the imprecision of XRF measurement in children and the novelty of using XRF measurements in lead behavioural epidemiology studies. Although the study purports to show a relationship between bone lead levels and behaviour, no actual bone lead data were provided. There is no way of determining from the journal article the actual levels of lead exposure involved or their relevance to current exposure levels. Bone lead levels in children will vary as a function of age, growth rate and physical maturity. Factors which influence bone lead levels with thus likely impact upon behaviour.

Several recent studies have speculated that behavioural impacts might impose a greater financial burden upon society than impacts upon IQ. These studies are summarised here, but in general the limited nature of these studies is unlikely to shift current concerns away from the better defined associations between lead and intelligence. Needleman et al. (2002) carried out a case-control study of 194 youths aged 12-18, arrested and adjudicated as delinquent by the Juvenile Court of Allegheny County, Pennsylvania and 146 nondeliquent controls from high schools in the city of Pittsburgh. Bone lead was measured by k-line x-ray fluorescence (XRF) spectroscopy of tibia. Logistic regression was used to model the association between delinquent status and bone lead concentration. Covariates entered into the model were race, parent education and occupation, presence of two parental figures in the home, number of children in the home, and neighbourhood crime rates. Separate regression analyses were also conducted after stratification on race. Cases had significantly higher mean concentrations of lead in their bones than controls (11.0 vs. 1.5 ppm). This was true for both Whites and African Americans. The unadjusted odds ratio for a lead level >25 vs. <25 ppm was 1.9. After adjustment for covariates and interactions and removal of noninfluential covariates, adjudicated delinquents were four times more likely to have bone lead concentrations >25 ppm than controls (OR=4.0). The authors concluded that elevated body lead burdens, measured by bone lead concentrations are associated with elevated risk for adjudicated delinquency.

As intriguing as this study may be, interpretation of the findings is difficult. No blood lead data are provided and dose-effect relations were not defined. Explicit information on SES factors was not provided. All mean differences were large and the standard deviations for the bone lead data were even larger suggesting a need for additional independent variables to account for the remaining variation. In addition, it is not clear why bone lead was dichotomised at 25 ppm. In terms of the cases vs. controls, there are large differences in the social confounders, and yet correction in the regression analysis increases the effect size. Ramsey et al. (in press) further criticised the study on other methodological grounds. Forty-nine percent of the overall sample were youths adjudicated as delinquent. This percentage is undoubtedly many times higher than in Pittsburgh or Allegheny County population. Thus, the variation of the delinquency variable was artificially increased, leading to inflation of results. Another subtle limitation was the removal of middle values for the delinquency variable. Cases were youths who had been arrested and adjudicated as delinquent in a juvenile court. Controls were apparently “nondelinquent youths.” A large middle ground, youths who engaged in delinquent behaviour but who had not been arrested, was absent from the sample. The removal of a middle range increases associations and correspondingly, chances of finding statistical significance. Additional limitations revolved around premature causal inference. The observed associations were referred to as effects and risk factors, despite the limitations of a quasi-experimental design and absence of control for relevant confounders. In addition, the authors asserted that “if other studies find a similar association between lead and delinquency, a sizeable segment of this important societal problem of delinquency and violence would become accessible to primary prevention.” Yet, the study provided little interpretable evidence for a causal or sizeable association between lead and delinquency.

Nevin (2000) examined temporal United States trends in IQ, violent crime and unwed pregnancy and suggested a striking association with changes in blood lead levels and gasoline lead exposure for very young children. Lead variables used in the study included consumption of lead in gasoline from 1941 to 1987 and of white lead in paint from 1914 to 1978. However, in the absence of actual individual exposure measurements or any meaningful means of confounder control, the results of such “ecological” epidemiology studies are essentially meaningless.

Burns et al. (1999) monitored prospectively the association between lifetime blood lead exposure and the prevalence of emotional and behavioural problems experienced by children. Lead exposure data along with ratings on Child Behaviour Checklist were obtained for 322 11-13 year-old children from the lead smelting community of Port Pirie, Australia. Multiple regression analyses were carried out and after controlling for a number of confounding variables including the quality of the child’s HOME environment, maternal psychopathology and the child’s IQ, regression modelling predicted that for a hypothetical increase in lifetime blood lead exposure from 10 to 30 μg/dL, the externalising behaviour problem score would increase by 3.5 in boys and by 1.8 in girls. Internalising behaviour problem scores were predicted to rise by 2.1 in girls, but by only 0.8 in boys. The authors indicated that any deleterious effect of environmental lead is not likely to be large and that only a small fraction of the overall variation in childhood emotional and behavioural problems can be attributed to past lead exposure. A critical limitation of this study was the fact that parents were aware of their child’s blood lead exposure which may have influenced parent’s reports of their child’s behaviour by, a) over reporting behaviour problems, because they were anticipating adverse effects of lead exposure; b) denying the existence of problems because of a sense of guilt or responsibility for allowing their child to be exposed to an adverse environmental influence; c) not acknowledging that children were exhibiting emotional and behaviour problems because families have lived in Port Pirie for several generations without exhibiting “obvious” adverse health effects of lead exposure.

Dietrich et al. (2001) assessed relationships between prenatal and postnatal exposure to lead (serial blood lead determinations) and antisocial and delinquent behaviours (self and parental reports) in a prospective longitudinal birth cohort of 195 urban, inner city adolescents recruited between 1979 and 1985. Prenatal exposure to lead (
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=8.9 μg/dL) was significantly associated with a covariate-adjusted increase in the frequency of parent-reported delinquent and antisocial behaviours, while prenatal and postnatal (78 months) exposure to Pb was significantly associated with a covariate-adjusted increase in frequency of self-reported delinquent and antisocial behaviours, including marijuana use. Interestingly, and most relevant to the later prospective study data, average childhood lead exposures were not related to parental reports, and when treated categorically (high >20 μg/dL; medium 16-20 μg/dL; low 10-15 μg/dL; lowest <10 μg/dL) average childhood lead exposures were not related to self reports of delinquent behaviour.

Limitations of this study include the following: The researchers selected 9 variables for the covariate analyses; however, only 4 variables were included in the covariate analyses. As a result, adequate control of confounders was probably not achieved. Marijuana use was moderately associated with delinquent behaviour, but was not covaried, “because the use of controlled substances itself constitutes illegal conduct” (Dietrich et al., 2001). Only total SRDP scores and total PRDP scores were reported, omitting the results for all delinquency variables. The researchers estimated blood lead at four ages, ranging from shortly after birth to 5 years, but reported it only for 78 months and a childhood average, suggesting that non-significant associations were omitted. In addition, only maternal blood lead levels were used for the analyses and not cord lead levels and 92% of the adolescent population in the cohort was black.

Meaningful studies of potential lead effects upon behaviour are difficult to conduct. Fundamental questions further remain regarding the fashion in which such data should be analysed and the confounders that are appropriate for assessment and control. Given the complexity of behaviour, and the relatively crude nature of current assessment tools, existing data are not suitable for use in Risk Assessment. For this reason, more established endpoints such as intelligence will continue to be the principle endpoint of concern to Risk Characterization for central nervous system effects in children.

Mechanistic Studies

Considerable difficulty has been encountered in defining the underlying mechanisms of lead-induced learning impairments because there is as-yet an incomplete understanding of the behavioural mechanism of this deficit. The more precisely defined the behavioural aberration, the greater the specificity with which studies of cellular and molecular mechanisms of action can be directed. Research efforts in the area of behavioural epidemiology should help to unravel these unknowns. To date, experimental in vitro studies have suggested that effects of lead on the developing brain can be roughly divided into morphological effects and pharmacological effects (Silbergeld 1992). Bull et al. (1983) noted that lead affected the timed programming of cell:cell connections resulting in a modification of neuronal circuitry. Cookman (1987) suggested that this morphological effect was caused by a decrease in sialic acid production of neural cell molecules producing altered synaptic structuring. Cookman et al. (1988) found that lead induces precocious differentiation of the glia that is integrally involved in brain structuring. Cookman and Regan (1991) suggested that this effect on the glia is due to the lengthening of the cell cycle through the perturbation by lead of regulatory events. Tiffany-Castiglioni (1993) has reported that glia can also sequester lead, and that glutamine synthetase, an enzyme in glia, is reduced with lead exposure and may signal a disruptive mechanism.

Alternatively, or in addition, lead may function pharmacologically by interfering with synaptic mechanisms for neurotransmitter release. Researchers have observed that lead can substitute for calcium and possibly zinc in ion dependent events at the neuron synapse and impairment of various neurotransmitter systems: cholinergic, noradrenergic, GABAergic and dopaminergic (Silbergeld 1993, Alkondon et al. 1990, Boykin et al. 1991, Drew et al. 1990, Uteshev et al. 1993, Cory-Slechta et al. 1993). Markovac and Goldstein (1988) found that very low concentrations of lead can activate protein kinase C, which is an important component in the regulation of cellular metabolism. Lead may also replace calcium in calmodulin-dependent reactions (Goldstein 1990), inhibit membrane-bound Na, K-ATPase (Bertoni and Sprenkle 1991), and interfere with mitochondrial release of calcium with impairment of enzyme metabolism (Silbergeld 1992).

It should be noted that extrapolation of experimental studies to man is problematic not only because of a lack of similarity in blood lead or lead in other tissues across species at equivalent doses, but it is also difficult to translate in vitro studies into a real life situation. As a divalent cation, lead would be expected to interact with almost any system in which other divalent cations are involved. The challenge for neurobiology is the identification of effects that are physiologically relevant to human exposures.

Nervous System Effects in Children Conclusions

The impacts of both pre-natal and post-natal lead exposure upon the development of children have been studied. Although multiple endpoints have been evaluated, some (e.g. changes in behavioural patterns such as anti-social tendencies) can only be assessed with crude psychometric tools. Confounding factors that influence such behaviours are also imperfectly understood, making any estimate of lead’s effect upon such outcome measures difficult to quantitate. With the exception of impacts upon hearing acuity, data for such changes is generally inconsistent and/or of uncertain functional significance. Use of such secondary endpoints in quantitative risk assessment is not possible. The primary focus of this analysis is thus the impact of lead upon intelligence (IQ), the endpoint for which the most robust measurement tools are available and for which confounder correction can be most comprehensively attempted. Defining the underlying mechanisms of lead-induced learning impairments has been difficult because there is as yet an incomplete understanding of the nature of the lead-induced IQ deficit. Epidemiology studies to date have failed to identify a lead associated “behavioural signature”, or a coherent and reasonably specific “syndrome” of neuropsychological deficits, to serve as a focus for mechanistic research. The lack of such a signature has been interpreted by some as evidence that residual confounding continues to influence estimates of the impact of lead upon IQ. Others suggest that lack of a signature may be due to modification of lead’s effects by either the timing of lead exposure (thus influencing different developmental processes) or social factors that modify manifestations of toxicity.

The neurobehavioural effects of lead upon children are thus summarised as follows:

1. Meta-analyses of human observational epidemiology data show a statistical association between post-natal blood lead and IQ that is small and most likely between a one to three IQ point deficit for a change in mean blood lead level from 10 µg/dL to 20 µg/dL. Meta-analyses performed by Pocock et al. (1994) and IPCS (1995) serve as the basis for this estimate of effect size.

2. IQ decrements on the order of 1 – 3 points are smaller than the standard error of measurement of IQ tests. As such they cannot be detected at the level of the individual and have no known functional significance for the individual. Although effects upon the individual may occur in the blood lead range of 10 – 20 µg/dL, designating effects that cannot be detected or measured in an individual as adverse is inappropriate.

3. Evidence is further suggestive of an effect of blood lead upon IQ at blood lead levels less than 10 µg/dL but is difficult to interpret because of limitations in analytical and psychometric measurement techniques. In the absence of adequate data defining the nature and extent of effects at blood lead levels lower than 10 µg/dL, such effects cannot be applied to risk assessment in a quantitative fashion.

4. The level of lead in blood that can be considered as adverse for the individual child is difficult to define with precision. Based upon an estimated effect size of 1 – 3 IQ points, and a Standard Error of Measurement of 5 IQ points, effects hypothetically discernable at the level of the individual may not occur until blood lead levels exceed 20 µg/dL. The extent to which such an effect would be considered as adverse for the individual remains a matter of conjecture. Although discrimination of an effect of lead amongst the multiple variables that contribute to IQ would likely preclude detection of an effect of lead upon IQ in the individual, effects that fall within the precision range of existing psychometric measurement tools can be considered as evidence of lead neurotoxicity for the individual. Given that effects could, at least in theory, be detected in the individual at a blood lead level of 20 µg/dL, but not at 10 µg/dL, a NOAEL of 10 µg/dL is established for the individual child and will be forwarded to Risk Characterisation. 

5. However, interpreted from a population standpoint, available evidence suggests that IQ decrements may occur at blood lead levels at and below 10 µg/dL. Although such effects may lack significance for the individual, an impact upon the cognitive resources of large groups of individuals can be hypothesized. The societal significance of IQ decrements below 10 µg/dL cannot be defined with precision. Nor is it possible to define the shape of the dose response curve for lead effects upon IQ at blood lead levels below 10 µg/dL. 

6. Available data do not permit the identification of a threshold for lead’s effects upon children. Observational data suggests that population effects may occur at blood lead levels approaching 5 µg/dL. This level of exposure also represents a point where current science is not capable of resolving further effects and any effects that might occur are secondary in magnitude relative to other factors that influence child development. A blood lead level of 5 µg/dL can thus be considered as an epistemic threshold that adequately recognizes the high degree of scientific uncertainty regarding effects at blood lead levels less than 10 µg/dL and at the same time is protective of public health in that the hypothetical effects of lead upon population cognitive resources are largely avoided.

7. Designation of 5 µg/dL as an epistemic threshold and a “societal blood lead target” serves to both provide a population benchmark for blood lead levels in children and to dramatically reduce the probability that individual children might exceed a blood lead level of 10 µg/dL. Maintenance of blood lead levels for the majority of the population below 10 µg/dL would require average population blood lead levels less than 5 µg/dL.  For purposes of Risk Characterisation, 10 µg/dL post-natal lead in blood can be considered as a NOAEL for the individual child but that a general population blood lead average of 5 µg/dL is required to minimize the probability that individual blood lead levels will exceed 10 µg/dL. 

Table 4.188:
Summary of studies on neurobehavioural functions of lead-exposed children

	Reference
	Population studied
	N / group
	Age at testing, year (range)
	Exposure
	Psychometric tests employed
	Summary of results
	Study quality scores and comments

	Smith et al. (1983)
	Urban 

(London, UK)
	Hi=155

Med=103

Low=145
	6.7

6.7

6.7
	PbT>8.0

PbT=5-5.5

PbT<2.5

(All in μg/g)

Mean PbB=12.8 μg/dL+/- 4 (SD); range = 7 – 27 µg/dL in a subset of 91 children selected from the main study cohort and after exclusion of one child with a blood lead of 43 µg/dL
	WISC-R Full Scale

 Verbal IQ

 Performance IQ

Word Reading Test

Seashore Rhythm Test

Visual Sequential Memory

Sentence Memory

Shape Copying

Mathematics

Mean Visual RT (secs)

Conners Teacher Ratings
	Significant associations between lead and full-scale IQ before correction for social factors; after controlling confounding variables, no statistically significant associations between blood lead and IQ. (EPA)
	Score: 97%

“Despite the wealth of data, and including data from experimental studies with animals, it is still not possible to conclude with any certainty that lead at low levels is affecting the performance or behaviour of children.” (Smith 1987).

	Fergusson et al. (1988) Part I and Part II
	Birth cohort of New Zealand children studied until age 9
	Original cohort: 1265 

1) 724 have complete data on dentine Pb values, IQ and word recognition tests and all covariates.

2) 886 have dentine Pb values, teacher ratings of school performance and all covariates

3) 664 have dentine Pb values, measures of intelligence and reading and all covariates

4) 853 have complete data on dentine Pb values, teacher ratings of school performance and all covariates
	8-9 yr
	Tooth leads analysed similar to Needleman (1979) 2 estimates of dentine Pb available for each child from separate samples (chips) of dentine (average chip value) 
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x

= 6 μg/g


	WISC-R

Burt Reading Test

Teacher Ratings Test
	No statistically significant lead effect on intelligence after correcting for confounding variables; small but significant correlations between tooth lead and school performances.
	Score: 91%

Control for confounding not systematic.

	Schnaas et al. (2006)
	Birth cohort of the Mexico City children at the National Institute of Perinatology
	321 infants comprised the original cohort

175 children were tested, but 150 with complete data were actually studied
	Pregnancy through 10 years of age
	G mean PbB during pregnancy 8.0 µg/dL (range 1-33µg/dL) 

G mean PbB 1-5 yrs 9.8 µg/dL (range 2.8-36.4 µg/dL)

G mean PbB 6-10 yrs 6.2 µg/dL (range 2.2-18.6 µg/dL)


	Spanish WISC-R - IQ

CDC Quality Assurance

 Program Lab - PbB
	IQ at 6-10 yrs decreased significantly only with increasing natural-log third trimester PbB, controlling for other PbB and covariates. Dose response was log-linear. Lead exposure around 28 weeks gestational is a critical period for later child intellectual development. The strongest effect of Pb on IQ occurred within the first few micrograms of PbB.
	Score: 86%

Covariate control during pregnancy is a significant deficiency in this study.

	Winneke et al. (1985)
	Smelter area (Nordenham, FRG)
	122
	6.5
	8.2(4.4-22.8) μg/dL
	German WISC

 Short form

 Verbal IQ

 Performance

Bender Gestalt Test

Signalled Reaction Time

 Short 

 Long

Wiener Reaction Time

 Easy 

 Difficult
	No significant associations between cord or current PbB levels and verbal performance or total IQ scores. Significant deficits found in reaction behaviour with lead exposures PbB <25-30 μg/dL.
	Score: 85%

	Shen et al. (1998)
	Urban inner-city children in Shanghai
	Hi 69

Lo 64

Total = 133

208 in the original cohort
	Birth, 3, 6 and 12 months
	GM PbB cord 9.2 µg/dL

 Hi 13.4 µg/dL

 Lo 5.3 µg/dL

3 mos.

 Hi 10.4 µg/dL

 Lo 10.8 µg/dL

6 mos

 Hi 11.4 µg/dL

 Lo 11.4 µg/dL

12 mos.

 Hi 14.9 µg/dL

 Lo 14.4 µg/dL
	Mental Development Index and Psychomotor

Development Index of the Baby Scales of Infant Development
	A weak effect on MDI at 3,6 and 12 months observed at PbB levels <10 µg/dL.
	Score: 84%

No IQ correction and No home scores. MDI and PDI scales are soft when compared to measures of global IQ.

	De la Burde and Choate (1972)
	Richmond, VA 
	144
	4 yr 
	Blood lead >40 μg/dL
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x

= 40-100 μg/dL
	Stanford-Binet Short Form L-M

Fine Motor Tests

Gross Motor Development Tests

Graham-Ernhart Block Sort Test

Behaviour Profile
	IQ motor skills measured. Findings included indications of neurological dysfunction and CNS impairment.
	Score: 83%

Some statistical problems and inadequate control of confounding covariates. (EPA)

	Harvey et al. (1989)
	Urban 

(Birmingham, UK)
	189
	2.5
	15.5(6-30) μg/dL
	British Ability Scales

 Naming

 Recall

 Comprehension

 Recognition

 IQ

Stanford-Binet Items

 Shapes

 Blocks

 Beads

Playroom Activity
	No significant associations between lead and full-scale IQ before correcting for social factors. After controlling confounding variables, no statistically significant associations between lead and IQ.
	Score: 83%

“The fact that this study shows statistically non-significant relationships between lead and IQ suggests that at the levels of lead found in most inner-city children the effect of lead on IQ is relatively unimportant compared with that of other influences on a child’s behaviour and cognitive performance.” (Harvey 1984)

	Tellez-Rojo et al. (2006
	Low-middle income populations from Mexico City metropolitan area
	294 children
	Pb and psych test - Birth, 12 and 24 mos
	Cord lead M-5.49 µg/dL

12 mos M-4.66 µg/dL

24 mos M-5.78 µg/dL
	Bayley Scales of Infant Development II

Maternal IQ calculated from subtests of the Spanish Wechsler Adult Intelligence Scale
	PbB at 24 mos significantly associated, in an inverse direction, with both MDI and PDI at 24 mos. 12 mo PbB not associated with concurrent MDI or PDI scores or with MDI at 24 mos., but was significantly associated with PDI score at 24 mos. MDI and PDI scores at 24 mos. for both the coefficients that were associated with concurrent PbB level were significantly larger among children with PbB levels <10 µg/dL than among children with levels >10 µg/dL
	Score: 82% 

MDI and PDI are soft when compared to measures of global IQ. Neither home score or estimation of quality of home life was included in the regression analyses. No control for nutrition with serum ferritin or hematocrit levels.

	Winneke et al. (1983)
	Smelter area

(Stolberg, FRG)
	89
	9.4
	PbT: 6.16 ppm

PbB: 14.3 μg/dL
	German WISC

 Full Scale IQ

 Verbal IQ

 Performance IQ

Bender Gestalt Test

Standard Neurological 

Conners Teacher Ratings

Wiener Reaction Performance
	Significant associations between lead and measures of perceptual motor integrations, reaction-time performance, and behaviour. No significant effect on WISC verbal IQ after social factor control.
	Score: 82%

	Schroeder and Hawk (1987)
	Low SES 

Black Children

Screened by County Health Depts in North Carolina
	75
	3-7 
	20.8 μg/dL

(6.3-47.4 μg/dL)
	Multiple Regression Analysis

Stanford Binet Intelligence Scale

Maternal IQ

Peabody Picture 

 Vocabulary Test

Electrophysiological Testing

Caldwell’s Home Observation

 Measurement of the Environment

Fautus Clinic Pb Poisoning

 Questionnaire
	Highly significant relationship between contemporary blood lead level and IQ. Analysis of a variety of covariates in replication of 1985 study.
	Score: 82%

Improper control for confounding.

	Hansen et al. (1989)
	Aarhus Denmark

Cross sectional study school children 1st grade
	162
	6-7 yr
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x

= 10.7 μg/g

in circumpulpal dentin

(range 0.4-168.5 μg/g)

8% of children or n=110 had a lead level above 18.7 μg/g (high),

Controls <5 μg/g
	WISC

Bender Visual Motor Gestalt Test

Seashore Rhythm Test

Trail Making Test

Sentence Repetition Test

Visual Sequential Memory from

 Illinois Test of Psycholinguistic 

 Abilities

Continuous Performance Test

Behavioural Rating
	High lead children scored lower on the WISC (Verbal and Full Scale IQ). No significant effect upon performance IQ. Lead exposure also associated with impaired function on Bender Visual Motor Gestalt. Adverse associations remained significant after correction for a limited range of confounders.
	Score: 82%



	Lansdown et al. (1986)
	Children living near an urban motorway in London, UK
	194
	9 yr
	First testing: 12.75 μg/dL

Second (20 mo. later) testing: 15.0 μg/dL
	Multiple Regression Analysis

WISC R Intelligence and Attainment

Teachers Ratings 

 Behaviour Ratings

WAIS Subtests for Social Variables
	Found no significant effect for lead on IQ, reading accuracy and comprehension with or without adjustment.
	Score: 81%

Careful control of covariates.

	Ratcliffe (1977)
	
	47

(24 boys, 23 girls)
	4-5.5 yr
	Boys 
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x

= 37 μg/dL

(range 23-64 μg/dL)

Girls 
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x

= 35.8 μg/dL

(range 18-61 μg/dL)
	Griffiths Scales

Frostig Eye and Hand 

 Coordination

Pegboard Test

Behaviour Ratings
	No significant associations found between blood lead and mental development.
	Score: 80%

Small sample size, methodological problems with exposure groupings. (EPA)

	Schroeder et al. 

(1985)
	Low SES

Black Children

Screened by local community health depts. In North Carolina
	104
	10 mo – 6.5 yr
	6-59 μg/dL (initial PbB)

< 30 μg/dL 5 yr later
	Fautus Clinic Pb Poisoning 

 Questionnaire

Stanford Binet IQ Test

Hollingshead Two-Factor Index

 (SES)

Maternal IQ

Caldwell Home Inventory

Electrophysiological Tests
	Lead was found to be a significant source of effect on IQ scores after controlling for a number of socio-economic factors.
	Score: 80%

Improper control for confounding.

	Fulton et al. (1987)
	Children in grades 3-4 in education authority primary schools in a defined area of central Edinburgh
	855 boys and girls

501 children completed individual tests of cognitive ability and educational attainment from the British Ability Scales (BAS)
	6-9 yr
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x

= 10.4 μg/dL
	British Ability Scales (BAS)

Interview with Parent

Multiple Regression Analyses with BMDP programs.
	Significant negative relationship between low blood lead and British Ability Scales scores, number skills, and word reading with thirty-three possible confounding variables taken into account.
	Score: 80%

Effect size is small. Slope of overall regression line is influenced by two extreme points.

	Hatzakis et al. (1987)
	Children living near a smelter in Lavrion, Greece attending 4 primary schools during 1984-85
	509
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x

=23.7 μg/dL

(range 7.4-63.9 μg/dL)
	WISC Revised

RTD –reaction time under intervals of delay

WRD – Wiener reaction device
	PbB was significantly associated with full-scale IQ (WISCpR). Verbal and performance IQ’s were both measured and almost equally affected.
	Score: 80%

Control for 17 potential confounding variables. This study has never been peer-reviewed. No evidence for effects <25 μg/dL.

	Silva et al. (1988)
	Children born in Obstetric Hospital

Dunedin, New Zealand

From 4/1/72-3/31/73
	579
	11 yr
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x

= 11.1 μg/dL

(range 4-50 μg/dL)

Only 2 children had blood lead levels above 30 μg/dL (31 μg/dL, 50 μg/dL)
	WISC-R Full Scale IQ

Reading Score

Parents’ Rutter Questionnaire

Teacher’s Rutter Questionnaire
	No significant effects of lead on IQ; statistically significant adverse effect of lead exposure on child behaviour, including inattention and hyperactivity.
	Score: 80%

Controlled for social background.

	Gomaa et al. (2002) 
	Low-moderate income mothers recruited from 3 maternity hospitals in Mexico City
	197 mother-infant pairs
	a. PbB cord & maternal between birth & 12 hrs

Also at 12 & 24 mos.

b. Maternal bone (tibia, patella)-4 wks after birth

c. Psych at 24 mos
	Cord Pb M-6.7 µg/dL

12 mos. M-7.2 µg/dL

24 mos. M-8.4 µg/dL
	Spanish - Bayley Scales of Infant Development II 
	In relation to lowest quartile of trabecular bone Pb, the second, third and fourth quartiles were associated with 5.4, 7.2 and 6.5 point decrements in the adjusted MDI score at 24 mos. A twofold increase in cord PbB level was associated with a 3.1 point decrement in MDI score.
	Score: 78%

No control for home scores.

	Kordas et al. (2006)
	First grade Mexican children living near a metal foundry.
	N=593

Boys=321

Girls=272
	7 yrs
	10.2 µg/dL (range 2-43.8 µg/dL)
	14 paper and pencil or computer-based tasks that assess specific and global aspects of cognition (list in Table 1).
	PbBs were significantly associated with only performance on memory test. Steeper slopes were generally observed for PbB <10 µg/dL.
	Score: 77% 

No control for parental IQ or home scores. Proxies are used for IQ and some attempt is made to control parental involvement. Steeper slopes seen at PbBs <10 µg/dL may be due to residual confounding.

	Lanphear et al. (2000)
	NHANES III- cross-sectional, random household survey of the civilian, non-institutionalized US population
	N=4,853

Original NHANES III cohort = 5,365
	6-16 yrs
	PbB M-1.9 µg/dL
	Arithmetic and Reading Subtests of the WRAT-R and the Block Design and Digit Span subtests of the WISC-R.
	Deficits in cognitive and academic skills associated with lead exposure at PbB <10 µg/dL.
	Score: 77%

Shortcomings implicit in NHANES III. Missing or incomplete information for key variables, unusual distributions of PbB levels and probable shortcomings in the administration of intelligence tests. Lacks information on confounding variables. Children in NHANES III study were 6-16 yrs old when evaluated for IQ. PbB levels 10 yrs earlier were in excess of 10 µg/dL and therefore children evaluated in NAHNES III cannot be properly described as being relevant to analysis of effects at PbB levels <10 µg/dL.


	Winneke, Hrdina, & Brockhaus (1982) 

(pilot study)
	Smelter 

(Duisburg, FRG)
	C=26

Pb=26
	8

8
	PbT=2.4 ppm

PbT=9.2 ppm

No PbB
	German WISC Full Scale

Verbal IQ

Performance IQ

Bender Gestalt Test

Standard Neurological 

Conners Teacher Ratings
	Some significant effects on IQ and perceptual-motor integration, but not in hyperactivity.
	Score: 77%

Inadequate control of social background and parental IQ. Small sample size.

	Chiodo et al. (2004)
	African American inner city children
	Original cohort=337 children

PbB taken for 246 and 9 children were excluded

N=237
	7.5 yrs
	GM 5.4 µg/dL (range 1-25 µg/dL)
	WISC-III
	Following covariate adjustment there was a statistically significant relationship between PbB concentrations and full-scale verbal and performance IQ. The relationship between PbB concentration and IQ was strongest for performance IQ. Significant effect of lead on full-scale and performance IQ were still evident at PbB concentrations below 7.5 µg/dL.
	Score: 76%

No control for parental IQ, however, proxies were used. No history of PbB levels (cross-sectional study). No assessment of home scores or other parenting confounders. No assessment of co-exposures. No discussion on examiners qualifications.

	Ernhart et al. (1981)
	Follow-up same subjects
	Low Pb=31

Mod Pb=32
	8-13
	21(+4) μg/dL

32(+5) μg/dL
	McCarthy Scales 

 Gen. Cognitive

 Verbal

 Perceptual

 Quantitative

 Memory

 Motor

Reading tests

Conners teacher ratings

Misc. experimental tests
	Control of covariates in follow-up to above study, resulted in substantial reduction of significant differences between high-lead and control groups.
	Score: 76%

Sample size small. Controlled for confounders. Statistical methods satisfactory.

	Bergomi et al. (1989)
	Sassuolo, 

northern Italy

school aged children
	237
	7-8.5 yr
	*See following table
	WISC-R

Bender Gestalt Test

Trail Making Test

Toulouse Pieron Cancellation Test

Delayed Reaction Time

ANOVA
	Total and verbal WISC-R IQ and Toulouse Pieron Test results were significantly affected by the levels of lead in teeth.
	Score: 76%

Inadequate control for confounding. Parental IQ and home scores not controlled.

	

	
	
	* Biochemical Measures
	N
	Geometric Mean
	Percentile Distribution
	

	
	
	PbB (μg/dL)
	216
	11 μg/dL
	11
	15.7
	17.9
	

	
	
	Hair Lead (μg/g)
	212
	6.79
	7.6
	20.3
	25.1
	

	
	
	Tooth Lead (μg/g)

Ewers (1982) deciduous teeth
	115
	6.05
	6.0
	11.2
	12.7
	

	

	Needleman et al. (1979)
	Urban

(Boston, MA)
	C=100

Pb=58
	7

7
	PbT:<10 ppm

>20 ppm

PbB of the high exposure group approx. 35µg/dL
	WISC Full Scale IQ

 Verbal IQ

 Performance IQ

Seashore Rhythm Test

Token Test

Sentence Repetition Test

Delayed Reaction Time

Teacher Ratings
	Significant association found between elevated dentine lead levels and decrements in IQ.
	Score: 75%

Inadequate control of confounding.

Child’s age at time of testing not included.

Examiner differences not taken into account. 

Selective and improper exclusion criteria.

Failure to control for an extremely large number of outcome variables.

Findings for variables that did not reach statistical significance not reported.

Findings are only for children in high lead group (30-50 μg/dL).

Difficult to find any other dose-response relationships.

	Perino and Ernhart (1974)
	Inner City 

(New York, NY)
	Low Pb=50

Mod Pb=30
	3-6

3-6
	10-30 μg/dL

40-70 μg/dL
	McCarthy Scales:

 Gen. Cognitive

 Verbal

 Perceptual

 Quantitative

 Memory

 Motor
	Findings of significant cognitive differences (using McCarthy IQ) between high lead group and controls.
	Score: 73%

Confounding variables not adequately controlled. Parental IQ used. Wrong degrees of freedom for significance.

	De la Burdé and Choate (1975)
	Research conducted within the framework of the Child Dev. Study at the Medical College of Virginia, a participant in the collaborative study on Cerebral Palsy, Mental Retardation and Other Neurological Disorders, directed by the Nat’l Inst. Neurological Diseases and Stroke
	137
	7-8 yr
	The test group consisted of 67 children who had a history of eating plastics and paint between 1 and 3 years of age. At that time they had elevated PbB levels of 40 μg/dL and above.


	WISC (1949)

Bender Gestalt Tests

 (Koppitz system)

 wide range achievement test

 (1965)

Goodenough-Harris Drew-a-person

Auditory Vocal Association subtest of the 1961 Illinois test of Psycholinguistics

Tactile Finger Recognition from 

 Reiton Indiana Battery

Behaviour Profile of Fifteen 

 Five-Point Scales
	
	Score: 73%

	Kotok, Kotok and Heriot (1977)
	Children receiving medical care at three health centres and two hospital clinics in Rochester, NY
	67
	Exposed:
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x

= 43.4 mo

(range 20-65 mo)

Control:


[image: image59.wmf]_

x

= 42.6 mo

(range 23-67 mo)
	Exposed:
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x

= 79.6 μg/dL

(range 61-200 μg/dL)

Control: PbB < 40 μg/dL

21 control children had PbBs below 30 μg/dL
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x

= 28.3 μg/dL

(range 11-40 μg/dL)
	Vineland Social Maturity Scale

Bayley Blue Board

Hiskey Blocks

WPPSI Block Design

Bayley Vocabulary

Binet Picture and Vocabulary

WPPSI Vocabulary

Binet Objects

Binet Parts of Body

WPPSI Comprehension

Bayley Peg Board

Hiskey Beads

Knox Cubes

ITPA Digits
	No clear statistically significant differences found in a variety of tests of cognitive and sensory functions, but mean scores for high-lead group consistently lower.
	Score: 73%

Study group comprised of 31 subjects with a range of blood lead levels from 61 to 200 μg/dL.

	Yule et al. (1981)
	Urban

(London, UK)
	Group 1=34

Group 2=48

Group 3=49

Group 4=35
	9

9

8 (6-12) 

8
	8.8 (7-10) μg/dL

11.6 (11-12) μg/dL

14.5 (13-16) μg/dL

19.6 (17-32) μg/dL
	WISC-R Full Scale IQ

 Verbal IQ

 Performance IQ

Vernon Spelling Test

Vernon Math Test

Neale Reading Accuracy

Neale Reading Compre.
	Found no significant associations between blood lead and decrements in IQ scores, reading and spelling, but not math. Controlled age, sex, father’s occupation.


	Score: 69%

Did not have adequate control of relevant confounding variables such as social factors, i.e., parent’s IQ and others. (EPA)

	Rummo, Routh, Rummo and Brown (1979)
	Cohort chosen from neighbourhoods in Providence, 

Rhode Island
	90 

(45 controls)
	4-8 yr
	Exposed >40 μg/dL

Controls <40 μg/dL
	McCarthy Scale of Children’s Abilities

Audiometric Screening

Werry-Weiss-Peters Activity Scale

Neurological Examination
	McCarthy General Cognitive Index scales assessed; findings of significant neurobehavioural deficits for post-encephalopathic children, findings not significant for moderate blood lead.
	Score: 68%

These are children with high to moderate blood lead levels.

	Al-Saleh et al. (2001)
	1st and 2nd grade pupils from 33 public primary schools in Riyadh, Saudi Arabia
	N=533
	Cross-sect. 6-12 yrs 
	M-8.11 µg/dL

(range 2.3-27.36 µg/dL)

Medium 7.39 µg/dL
	Beery-Visual-Motor-Integration Test 

Test of Non-Verbal Intelligence
	An inverse relationship with PbB levels and the Beery VMI was observed, but not with the TONI at PbB levels >9 µg/dL. Neither test was significant at PbB levels <9 µg/dL.
	Score: 65%

No control for parental IQ or home scores. Parental education used as a proxy. Cross-sectional study – no history of PbB levels or early high exposures. Difficult to interpret results in terms of Full Scale IQ.

	Emory et al. (2003)
	African American infants in Atlanta, Georgia
	79

An independent sample drawn from larger population of 7500 subjects in an ongoing study of Pb exposure.
	Mat PbB-6-7 mos. gest. and birth. Cord PbB-birth.
	M-0.72 µg/dL

(range 0.05-3.3 µg/dL)

5%-1.18 µg/dL

15%-0.94 µg/dL

85%-0.44 µg/dL

95%-0.28 µg/dL
	Fagan Test of Infant Intelligence
	Infants who scored in the 85-95% had lower Pb values than those scoring in the lower 5-15%.
	Score: 63%

Very small cohort. No control for any confounders. Study difficult to interpret.

	McNeil and Ptasnik (1974)
	Children came from Smeltertown, El Paso, which was adjacent to a large smelter in operation for 8 years and found highly contaminated with lead. PbB screening test indicated 67% of the 206 children residing there had lead values over 40 μg/dL. Control groups were chosen from children residing outside of Smeltertown (142).

Second control group of preschool age children was obtained from rural community approximately 12 miles from the smelter (69).
	Exposed: 138

(68 male and 70 female)

Controls: 

1st group: 142

2nd group: 69
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x

= 9 years

(range 21 months to 18 years)


	101 children had PbBs >40 μg/dL

37 children had PbBs <40 μg/dL
	WISC

McCarthy Scales

Peabody Test

Draw-a-Person 

WRAT

Wepman

Bender Gestalt

Oseretsky
	
	Score: 63%

	McBride et al. (1982)
	Urban/suburban

(Sydney, Australia)
	Low Pb=>100

Mod Pb=>100
	4,5

4,5
	2-9 μg/dL

19-20 μg/dL
	Peabody Picture

 Vocabulary Test

Fine Motor Tracking

Pegboard

Tapping Test

Beam Walk

Standing Balance

Rutter Activity Scale
	No statistically significant differences found on cognitive, behavioural, and motor skills tests.
	Score: 60%

Methodological weaknesses. (EPA)

	Kotok (1972)
	Yale New Haven Hospital

New Haven, Connecticut
	49
	Exposed:
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x

= 34 mo

(range 12-69 mo )

Control:
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x

= 32 mo

(range 13-66 mo)
	Exposed: > 58 μg/dL
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x

= 81 μg/dL

(range 38-137 μg/dL)

Control:
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x

= 38 μg/dL

(range 20-55 μg/dL)


	Denver Developmental 

Screening Test
	Found no significant developmental differences between two groups.
	Score: 59%

Problems with high lead levels in both control and experimental groups. (EPA)


The relative quality of studies is indicated by a percentile score indicating the extent to which critical elements of study design were implemented and/or described. The highest possible quality score is 100%. Percentage score based on sample size, power, study and cohort definition, inclusion of control group when applicable, quality of the exposure measure, quality of examination, laboratory-quality control definition, endpoint definition, and control for appropriate confounders.

Table 4.189:
Prenatal lead effects on child development in seven longitudinal studies

	Cohort name
	Cohort size
	Exposure
μg/dL
	G/R neuro soft signs
	NBAS
	Language development
	3 month
MDI PDI
	6 month
MDI PDI
	12 month
MDI PDI
	18 month
MDI PDI
	24 month
MDI PDI

	Cincinnati
	n = 292
	Pre. 8.4; Neo. 4.8
	-
	-
	-
	((1) 0(8)
	((1) 0(8)
	0(8) 0(8)
	-     -
	0(2)  Inc

	Port Pirie
	n = 548
	Mat. 9.5; Cord 8.4
	-
	-
	-
	-     -
	-     -
	-     -
	-     -
	0     0

	Sydney
	n = 274
	8.4
	-
	-
	-
	-     -
	0     0
	0     0
	-     -
	0     0

	Boston
	n = 249
	Cord 6.8; 28.6% > 10; 1. < 4.7; 2. 4.8-6.3; 3. 6.4-8.4; 4. 8.4+
	-
	-
	0
	-     -
	0(5)  (4)
	(    (4)
	((6)  (4)
	(    (4)

	Cleveland
	n = 260
	Mat 6.22; Cord 5.63
	((12)
	0
	0(13)
	-     -
	*(3) *(3)
	0     -
	-     -
	0      -

	Yugoslavia
	n = 392
	Mid. Preg.: Non Pb Pristina: 5.2; Exposed Town Mitrovica: 18.3

Cord PbB: Non Pb Pristina: 4.9; Exposed Town Mitrovica: 20.8
	
	-
	
	-     -
	0     -
	0     -
	0     -
	0      -

	Mexico
	n = 436
	7.5 (range 2.3-36.9)
	0
	((11)
	-
	-     -
	-     -
	-     -
	-     -
	-     -

	Cohort Name
	Cohort size
	Exposure
μg/dL
	36 month
MDI PDI
	48 month
GCI
	57 month
GCI/WISCR
	72 month
GCI/WISCR
	84 month
WISCR
	120 month
WISCR
	132-156 month
WISCR

	Cincinnati
	n = 292
	Pre. 8.4; Neo. 4.8
	-     -
	0(7) (K-ABC)
	-
	0
	-
	-
	-

	Port Pirie
	n = 548
	Mat. 9.5; Cord 8.4
	0     0
	0
	-
	-
	0
	-
	0

	Sydney
	n = 274
	8.4
	0     0
	0
	-
	-
	0
	-
	-

	Boston
	n = 249
	Cord 6.8; 28.6% > 10; 1. < 4.7; 2. 4.8-6.3; 3. 6.4-8.4; 4. 8.4+
	-     -
	-
	0
	-
	-
	0
	-

	Cleveland
	n = 260
	Mat 6.22

Cord 5.63
	0     -
	-
	0
	-
	-
	-
	-

	Yugoslavia
	n = 392
	Mid. Preg.: Non Pb Pristina: 5.6; Exposed Town Mitrovica: 19.9

Cord PbB: Non Pb Pristina: 5.5; Exposed Town Mitrovica: 22.2
	-      -
	(
	((14)
	-
	((14)
	?
	?

	Mexico
	n = 436
	7.5 (range 2.3-36.9)
	GCI: 0(9)
	0(10)
	0(10)
	-
	-
	-
	-


Source: ILZRO; (1) Relationship partly mediated through lead’s effect on birth weight, growth and maturation. (2) Neurobehavioural catch-up response. (3) Maternal blood leads significantly related to MDI, PDI and Kent Infant Development (KID) scores. Cord leads not related. Additionally, 6 month PbB’s not related to 6 month MDI and PDI and positively related to 6 month MDI and PDI and positively related to 6 month KID. (4) Analysis done, but no results reported. (5) p = 0.095 (6) p = 0.049 (7) Kaufman Assessment Battery for children. (8) Indirect effect through birth weight and/or gestation. (9) No effect on GCI at 36 months (n = 112). (10) No effect on GCI at 54 and 60 months (n = 112). (11) Effect on regulation of state. Rothenberg questions whether this is a lead effect or due to stress at birth (n = 42) (pilot study) (Rothenberg et al. 1989). (12) Cohort size was 132. (13) One out of 30 language tests was significantly related to cord blood-mean length of utterance; however, concurrent 2 year PbB levels were positively related to a decrease in “unintelligible utterances’. (14) A 50% rise in prenatal blood lead was associated with a small 1.07-point decrement in IQ. (= Effect, p < 0.05; 0=No effect, p > 0.05; * = Questionable effect; - = Analysis not done; Inc = Data incomplete, SO = Study ongoing. MDI = Mental Development Index; PDI = Psychomotor Development Index; GCI = General Cognitive Index, n = Number, PbB = Blood lead.
Table 4.190:
Postnatal lead effects on child development in eight longitudinal studies

	Cohort name, size & study quality score
	Exposure
	6 month
MDI PDI
	12 month
MDI PDI
	18 month
MDI PDI
	24 month
MDI PDI
	36 month
MDI PDI
	48 month
GCI/ WISC-R
	57 month
GCI/ WISC-R
	72 month
WISC-R
	84 month
WISC-R
	120 month
WISC-R
	132-156 month
WISC-R

	Port Pirie

n = 548

Score: 100%
	2 year PbB: 21.2 μg/dL

Mean lifetime average PbB Concentration at 

7 years: Quartile 1: (low): 10.8 μg/dL

Quartile 2: 15.7 μg/dL

Quartile 3: 19.7 μg/dL

Quartile 4 (high): 24.8 μg/dL

Mean lifetime average PbB concentration 0-13 years: 14 μg/dL
	 -     -
	 -     -
	 -     -
	0(1)   0
	 0     0
	((2)
	-
	-
	((8)
	-
	((14)

	Cincinnati 

n = 292

Score: 99%
	2 year PbB: 17.1 μg/dL

Cumulative Blood Lead

PbB’s obtained quarterly for children divided into four quartiles based on average lifetime PbB concentrations. 87 (35.5%) children had at least one PbB level > 25 μg/dL during the first 5 years of life, while 195 (79.6%) had at least one PbB level > 15 μg/dL.
	 0     0  
	 0     0  
	 -     -
	 0    Inc
	 -     -
	0(5)

(K-ABC)
	-
	((7)
	-
	-
	-

	Boston

n = 249

Score: 96%
	24 month 7.0 μg/dL (± 6.6):

Low <3 μg/dL: 75%: 8.8 μg/dL

Med 3-9.9 μg/dL: 90%: 13.7 μg/dL

High > 10 μg/dL: 99%: 23.6 μg/dL

57 month 6.3 μg/dL (3.8) 

Deciduous tooth: 
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x

= 3.4 μg/dL
	 0     0
	 0     0
	 0     0
	 0     0
	 -     -
	-
	0((3)
	-
	-
	((10)
	-

	Cleveland

n = 260

Score: 96%
	2 year: 6.22 μg/dL

4 year 10 months: 14.22 μg/dL

PbD: 42.3 μg/dg
	0(4)   0
	0      -
	 -     -
	 0      -
	 0      -
	-
	0((6)
	-
	-
	-
	-

	Sydney

n = 274

Score: 95%
	2 year: 15.8 μg/dL

7 year: 7.7 μg/dL
	 0     0
	 0     0
	 -     -
	 0     0
	 0     0
	0
	-
	-
	0(9)
	-
	-

	Yugoslavia

n = 392

Score: 93%
	24 mo.: Non Pb Pristina: 8.5 μg/dL

Exposed Town Mitrovica: 

18.3 μg/dL

7 year PbB: Non Pb Pristina: 

8.5 μg/dL

Exposed Town Mitrovica: 

34.0 μg/dL

(AUC 7):

Non Pb Pristina: 0.87

Exposed Town Mitrovica: 1.52

(PbB x time)

(area under PbB x time curve at age 7)
	 -     -
	 -     -
	 -     -
	 (     -
	 -     -
	(
	0(11) ((13)
	-
	((12)
	(
	-

	Mexico

n = 436

Score: 93%
	6-24 months 13.4 (range 5.6-44.8)

30-48 months 12.0 (range 2.8-48.3)

54-72 months 10.3 (range 5.0-26.2)

78-96 months 8.0 (range 3.9-21.9)
	  -     -
	  -     -
	  -     -
	  -     -
	  -     -
	((15)
	((16)
	-
	-
	-
	-

	Rochester

n= 172

Subset <10µg/dL

n = 101

Score: 88%
	6 mo PbB: 3.4 µg/dL

2 yr PbB: 9.7 µg/dL

5 yr PbB: 6 µg/dL

Lifetime average PbB:

At 3 yr: 7.7 µg/dL

At 5 yr: 7.4 µg/dL

86 children had a peak PbB <10 µg/dL at 3 and 5 years. 71 had such a concentration at both ages. 30 had such data at either 3 or 5 years.
	  -     -
	  -     -
	  -     -
	  -     -
	 (  (17)
	-
	((18)
	-
	-
	-
	-


(1) After control of covariates, 6 month PbB related negatively at p = 0.07. (2) Significantly related to 6, 24 and 36 month blood leads. Effect stronger for girls than for boys. (3) Significantly associated with 24 month blood lead level. GCI not related to dentine Pb. (4) Concurrent blood lead is significantly and positively related to Kent Infant Development (KID) scores. (5) Kaufman Assessment Battery for children. (6) No association with PbB. Tooth lead effect manifested almost entirely for verbal IQ (p = 21). Effect with Full Scale IQ is of borderline significance. (7) 7 pt. Decrement with Performance IQ. Mean PbB concentrations during 5th and 6th years of life associative with Full Scale IQ. Group with avg. lifetime exposure in excess of 20 μg/dL most compromised. Children with lifetime average exposures of 10 μg/dL experience deficits on Bruininks motor test. (8) As PbB goes from 10-30 μg/dL, 5.5-6.5 point decrement on verbal IQ and 4.4-5.3 point decrement on Full Scale IQ. Girls more sensitive than boys. (9) Positive correlation found with British Ability Scales. Effects sporadic and inconclusive. Authors place little significance on effects. No discernible effects below 20 μg/dL. (10) PbB at 24 mos. Associated with Verbal IQ and with 5 WISC-R subtest scores. PbB at 24 months also associated with Kaufman Test of Educational Achievement – 8.9 IQ decrement for each 10 μg/dL increase. (11) After covariate adjustment, AUC 5 was significantly and negatively associated with Full Scale, Performance IQ and Verbal IQ. As mean lifetime PbB rose from 10 to 30 μg/dL, 5 year Full Scale, Verbal and Performance IQ decreased by 3.6, 2.4 and 3.9 points, respectively. (12) After adjustment for covariates AUC 7 was significantly and negatively associated with full scale, performance and verbal IQ. A change in lifetime PbB was associated with an estimated decrease of 4.3 points in full scale IQ, 3.4 for verbal and 4.5 for performance IQ. (13) With covariate adjustment, an increase in average PbB from 10-20 μg/dL was modestly associated with a loss of 0.62 and 0.42 points respectively in fine motor composite and visual motor integration. There was no association with gross motor development and PbB. For all measures of motor development, the contribution of social factors was larger than that of PbB (Bruiniks Oseretsky test of Motor Proficiency). (14) Mean Full-Scale IQ declined 3.0 points (95% confidence interval 0.07 to 5.93) for an increase in lifetime average blood lead concentration from 10 to 20 μg/dL. (15) Significant effect with 24-36 month PbB level (n = 112). (16) Significant effect with 42-54 month PbB levels at 54 months (0.040) and 60 months (0.060) GCI (n = 112) (17) (18) The lifetime average PbB concentration was estimated at 3 and 5 years by computing area under the PbB curve (AUC) from 6-36 months of age and from 6-60 months of age, respectively, and by dividing by the corresponding age span to yield average concentration (µg/dL). Stanford-Binet Intelligence Scale, 4th ed. (abbrev.) was used to assess IQ. Linear relations of IQ scores to lifetime average, concurrent, peak, and infancy average PbB concentrations were estimated in the full sample and a second parallel set of analyses estimated the relation between IQ and PbB concentration for children whose peak Pb concentration was <10 µg/dL. A significant overall negative relationship (p=0.004) was reported between PbB and IQ with an effect size of 0.46 pt IQ-decrease for each µg/dL increase in lifetime (up to 5 years) average PbB concentration. For a subgroup of children (n=101) whose PbB levels had never exceeded 10 µg/dL, the effect size was even larger, namely a 1.37 point IQ decrease for every µg/dL PbB increase (p=0.03). (= Effect, p < 0.05; 0 = No effect, p > 0.05; * = Questionable effect; - = Analysis not done; Inc = Data incomplete, SO= Study ongoing. MDI = Mental Development Index; PDI = Psychomotor Development Index; GCI = General Cognitive Index, n = Number, PbB = Blood lead. The relative quality of studies is indicated by a percentile score indicating the extent to which critical elements of study design were implemented and/or described. The highest possible quality score is 100%. Percentage score based on sample size, power, study and cohort definition, inclusion of control group when applicable, quality of the exposure measure, quality of examination, laboratory-quality control definition, endpoint definition, and control for appropriate confounders.

4.1.2.7.5 Immune System Effects

Immune System Effects Studies

Lead is not generally regarded as toxic to the immune system, (IPCS 1995), but effects have been reported at high exposure levels. Such effects may be secondary manifestations of systemic toxicity.

Studies in Animals:

Exposure of cultured mouse T cells to lead chloride (10-100 μM) produces subtle alterations in T-helper cell function and may modulate antigen presentation on the cell surface membrane (McCabe and Lawrence 1991). Exposure of nine week old Fisher 344 rats to lead in drinking water (0, 100, 250 and 500 ppm) modulates cytokine excretion functions and may suppress cell-mediated immunity (Miller et al. 1998). Treatment related effects were associated with blood lead levels of 70-112 μg/dL.

Studies in Humans:

Inconsistent effects of lead upon the immune system have been reported in humans. Alterations in neutrophil chemotaxis in 39 workers at a storage-battery plant in Brazil (Queiroz et al. 1993a) compared to non-occupationally exposed controls. Approximately half of the workers had blood lead levels greater than 60 μg/dL; control blood lead levels were not reported. There appeared to be an inverse dose response for this effect – effects decreased as blood leads increased.

Follow-up studies of the same cohort (Queiroz et al. 1993b) observed normal phagocytic function in neutrophils from the workers, but the ability of neutrophils to lyse some strains of yeast was reported as impaired.

Borella and Giardino (1991) observed that lead chloride (207-1035 μg/L) enhanced Ig production in human lymphocytes. The results suggested enhanced B cell responsiveness after lead treatment (McCabe and Lawrence 1990).

Other studies have reported limited effects. Ündeger et al. (1990) evaluated 25 male storage battery workers (mean PbB 75 + 18) and found few differences in peripheral lymphocytes or serum immunoglobulins compared to 25 controls (mean PbB 17 + 5). A modest suppression of T-helper lymphocytes was suggested. Sata et al. (1998) similarly reported a modest T-helper lymphocyte suppression in 71 workers of a lead stearate production facility. Blood lead levels were generally less than 30 μg/dL. In both studies the changes observed were of modest magnitude and doubtful functional significance.

Finally, Pinkerton et al. (1998) and Yücesoy et al. (1997) monitored T cell function and other immune parameters finding little effect. In 145 workers examined by Pinkerton et al. (mean PbB 39 μg/dL; range 15-55 μg/dL) B cell number and some T-helper cell populations increased with blood lead. Yücesoy et al. found little change in workers (mean PbB 59; range 42-94) with respect to NK cell activity or T lymphocyte function.

Lutz et al. (1994a and b) evaluated immune system function in 193 environmentally exposed children with blood lead levels ranging from 1 to 50 μg/dL. No consistent effect upon immune system was seen, although a modest decrement in antibody titre to rubella and diphtheria may have been present. Overall human immune system function was not affected.

Immune System Effects Conclusions

There is no consistent impact of lead upon immune system function reported in the literature. Effects, when observed, tend to be small in magnitude, of doubtful functional significance and associated with high lead exposure. Immune system impacts are not appropriate endpoints for risk assessment and will not be forwarded to Risk Characterisation.

4.1.2.7.6 Endocrine System Effects

Endocrine Effects Studies

Effects of lead upon endocrine system function have been suggested, largely in studies of reproductive impacts associated with high-level lead exposure such as might occur in the occupational setting. Whether these effects are specific endocrine impacts, or secondary manifestations of systemic toxicity, is oftentimes uncertain. The principle studies summarizing endocrine system impacts are summarised below. The functional significance of many of the studies is discussed in greater detail in Section 3.1.2.10 Reproduction.

Effects in Animals – Primates

Franks et al. (1989) characterised patterns of circulating levels of progesterone in female rhesus monkeys in which treatment with lead resulted in aberrant menstrual cycles. In particular, it was determined whether ovulation was occurring and whether luteal function was adequate. In a previous study, lead acetate was administered between 2 and 8 mg/kg/day in drinking water during 4 different exposure periods totalling 75 months. No significant differences were detected between control and experimental animals in body weight, hematocrit, or general health. Female monkeys receiving lead exhibited longer and more variable menstrual cycles and shorter menstrual flow. In the present study, circulating amounts of progesterone were determined to evaluate luteal function during the final 7 months of treatment with lead. Several characteristics were altered as a result of lead treatment: circulating amounts of progesterone were reduced, maximal amounts of progesterone were reduced, and progesterone levels were >1 ng/ml on fewer days. There were no significant differences between groups in mean percent anovulatory cycles. Therefore, although chronic treatment with the levels of lead used in this study did not prevent ovulation, luteal function was suppressed.

Foster (1992) studied the effect of chronic lead exposure on menstrual function and circulating concentrations of luteinizing hormone (LH), follicle stimulating hormone (FSH), estradiol (E2) and progesterone (P4) in female nullparous cynomolgus monkeys (n=32). Lead acetate (1.5 mg/kg BW/day) was administered by capsule to monkeys in the following groups; exposure from birth to 10 years (lifetime, n=8), and postnatal day 300 to 10 years (adolescent, n=8), and postnatal days 0 to 400 (childhood, n=8). Monkeys in the control group (n=8) received gelatin capsules containing the vehicle only. No overt signs of lead-induced toxicity were found in the general health or menstrual function. However, lead treatment significantly suppressed circulating levels of LH, FSH and E2 during the menstrual cycle. Lead treatment had no effect on plasma concentrations of progesterone. These data indicate that chronic lead exposure results in subclinical suppression of circulating concentrations of LH, FSH, and E2 without producing overt signs of menstrual irregularity.

Foster et al. (1996a) investigated luteal function in cynomolgus monkeys aged 15-20 years. At birth, monkeys were randomly assigned to one of five dose groups: Control; 50 μg/kg/day (lead acetate); 100 μg/kg/day; 500 μg/kg/day; and 2000 μg/kg/day. During early infancy the dose was mixed with infant formula; but when the monkeys were several months old the doses were administered in gelatin capsules. Monkeys in the control group received the vehicle only. Exposure was continued through 15-20 years. The 50-100 μg/kg/day produced low blood lead levels of 10-15 μg/dl and the 500-2000 μg/kg/day produced moderate blood lead levels of 25-30 μg/dl. Sampling was performed daily beginning with day 10 of the menstrual cycle and concluding on the first day of the subsequent menstrual cycle.

Circulating levels of estradiol (E2), progesterone (P4) and 20α-hydroxyprogesterone (20-OHP) were normalised to the day of the ovulatory E2 surge. The area under the concentration curve (AUC) for P4 was significantly lower in monkeys with exposures to 500-2000 μg/kg/day compared to the control group. The number of days for which circulating levels of P4 were greater than 1.0 ng/ml were also significantly fewer in monkeys with these same exposure levels. There was no statistical evidence of a lead effect on circulating levels of E2, 20-OHP or menstrual cycle characteristics. These data suggest that chronic lead exposure suppresses corpora luteal production of P4 in the monkeys at moderate lead exposures of 500-2000 μg/kg/day.

Foster et al. (1998) determined the effects of chronic lead exposure to testis ultra-structure in the male cynomolgus monkey. Lead acetate (1500 μg/kg BW/day) was administered by capsule to monkeys in the following groups; exposure from birth to 10 years (lifetime, n=8), postnatal day 300 to 10 years (post-infancy), and postnatal day 0 to 400 (infancy); monkeys in the control group received only the vehicle (95% glycerol and 5% distilled water). Ultra-structural changes were observed in the sertolic cells of the testis. However, changes in semen characteristics were not evident. In addition, an effect of lead on circulating testosterone levels or on serum LH and FSH concentrations was not observed. In conclusion, this study showed no endocrine impact and no semen quality impact indicating no real effect. No quantitative analysis of pathology changes was done.

Effects in Animals – Rodents

Sourgens et al. (1987) exposed Wistar rats to three different concentrations (0.0045% - 4 mg/kg/day; 0.09% ~ 75 mg/kg/day; 0.45% - 377 mg/kg/day) of lead acetate via drinking water and were compared with a control group to determine the interdependence between the lead-burden of individual organs and blood as compared with endocrine changes. The 4 mg/kg/day dose of lead was sufficient to produce a significant depression of PFL and LH although the histological pictures of testes and ovaries were unaltered as well as circulating testosterone and 17 β-estradiol. The results are in favour for a specific interaction of lead with the central regulation of endocrine functions and are in agreement with the observation that lead easily enters the brain but not the gonads. An interdependence between lead burden and endocrine function was observed.

Ronis et al. (1996a) examined the effects of developmental state and cumulative body burden on the interaction of lead with the hypothalamic-pituitary-gonadal axis in both male and female animals. The effects of post pubertal, prepubertal, and in utero lead exposure on reproductive physiology, endocrinology and growth in rats was also characterised as well as the effects of lead on hepatic testosterone metabolism.

Lead acetate was administered in drinking water at 0.6% or about 502 mg/kg/day. Three series of experiments were conducted in which lead exposure was initiated beginning in utero, prepubertally, or post-pubertally. In male animals, secondary sex organ weights were significantly decreased only in animals exposed prepubertally. In addition, serum testosterone levels were significantly suppressed, most severely in animals exposed in utero. Little effect was observed in adult female rats. However, in female animals exposed prepubertally, delayed vaginal opening and disrupted oestrus cycling was observed. More severe reproductive disruption was accompanied by suppression of circulating estradiol in the in utero group. Effects on circulating sex steroids were accompanied by variable effects on circulating luteinizing hormone (LH) levels, pituitary LH and pituitary LHβ mRNA, suggesting a dual site of lead action: a) at the level of the hypothalamic pituitary unit, and b) directly at the level of gonadal steroid biosynthesis. Prepubertal growth in both sexes was suppressed 25% in the in utero group. However, pubertal growth rates were significantly suppressed only in male animals and post pubertal growth was not significantly different from controls in any of the experiments, despite continued exposure to high lead levels in the drinking water. In addition, at age 85 days, male-specific hepatic hydroxylation of testosterone at positions 2 ( and 16 (, which is catalysed by a cytochrome p450 isozyme CYP 2C11, itself regulated by sexually dimorphic growth hormone secretion, was unaffected. This suggests that the growth effects of lead are possibly due to a delay in the development of sex-specific pituitary growth hormone secretion patterns rather than a persistent developmental defect. Thus, the reproductive and growth effects of lead are complex and sex dependent, and appear to involve multiple sites on the hypothalamic-pituitary-axis.

Ronis et al. (1996b) exposed pregnant Sprague Dawley rats to lead acetate in drinking water at levels of 0%, 0.05%, 0.15% and 0.45% beginning on day 5 of gestation. Exposure of dams to lead was continued until weaning, following which exposure of pups was continued until age 85 days. At birth, litters were culled to 4 male and 4 female pups. One male and one female pup/litter were sacrificed at age 21, 35, 55 and 85 days. In male pups, relative prostate weights were significantly reduced at age 35 days, but had caught up to control values by 85 days. In female pups, a dose response delay in vaginal opening up to 20 days was accompanied by a loss of regular oestrous cycling in up to 50% of the pups (LOAEL 0.05% Pb in drinking water or 42 mg/kg/day). These disruptions in reproductive physiology were accompanied by reduced circulating sex steroid levels at birth and a significant dose responsive decrease in plasma testosterone (male) and estradiol (female) during puberty. In male pups, significantly reduced serum luteinizing hormone (LH) was also observed at puberty. However, by age 85 days, plasma sex steroid levels and epididymal sperm counts did not differ from controls even at the highest lead dose. This suggests that the reproductive axis is particularly sensitive to lead during specific developmental periods with the major effect being pubertal delay. These experiments, suggest that lead acts at different sites in the male and female pups. In male pups, a significantly enhanced LH response to LHRH challenge was observed. In female pups, LHRH challenge resulted in a significantly reduced LH response in lead animals.

Ronis et al. (1998b) examined the effects of lifetime lead exposure on the development of the reproductive system and the endocrine mechanisms underlying these effects. Sprague Dawley rats were exposed to lead acetate in the drinking water at levels of 0.05%, 0.15%, or 0.45% initiated on gestational day 5. Lead treatment produced a significant decrease in neonatal sex steroid levels and suppression of the plasma concentrations of testosterone (male) and estradiol (female) during puberty. In male pups, this was accompanied by a significant decrease in plasma testosterone/LH ratios at the highest dose. In female pups, although no effects were observed on plasma LH concentration, a similar significant elevation in pituitary LH content was observed during early puberty. Post-puberty, plasma LH and sex steroid concentrations were unaffected at any dose in spite of continued lead exposure. No significant effects were observed on epidydimal sperm count in male pups at 85 days of age. In female pups, oestrus cycling was only significantly disrupted at the highest lead dose. These data suggest that the reproductive axis is particularly sensitive to lead during specific developmental periods, resulting in delayed sexual maturation produced by suppression by sex steroid biosynthesis. The mechanisms underlying this appear to involve lead actions on LH release and gonadal function. A no threshold level at 42 mg/kg/day (0.05% Pb in drinking water) was apparent for reproductive effects.

Sierra and Tiffany-Castiglioni (1992) gave pregnant guinea pigs a daily oral dose of 0, 5.5 or 11 mg lead acetate per kg body weight during days 22-52 or 22-62 of gestation. Maternal serum progesterone levels were measured at the end of treatment, as well as hypothalamic levels of gonadotropin-releasing hormone (GnRH) and somatostatin (SRIF) in both the mothers and foetuses. Lead-treated dams had lower serum concentrations of progesterone at the end of treatment than did vehicle-treated animals. This effect was statistically significant for the higher lead dose only. Hypothalamic levels of GnRH and SRIF were reduced in a dose-dependent manner by lead treatment in both dams and foetuses. The reduction of SRIF levels in 52-day-old foetuses was particularly severe (92%) in the 11 mg group. However, neither litter size nor body and organ weights, including placental weight of the dams and foetuses was significantly affected. The relevance of these hormonal decreases is unknown, but whether decreased reproductive capacity in both the dams and foetuses becomes apparent later in the lifecycle needs to be examined.

Effects in Humans

El-Zohairy et al. (1996) studied 55 Egyptian men, aged 20 – 40, in a case control study of environmental and occupational exposure effects upon fertility. Thirty infertile subjects were identified, 15 of whom were deemed to have occupational lead exposure (mean blood lead 37 µg/dL; range 15 – 70) and 15 exposures only from environmental sources (mean blood lead 29 µg/dL, range 6 – 46). Testosterone levels did not vary between the different groups. FSH levels were higher in the infertile than the fertile subjects, but this did not appear to vary as a function of lead exposure.

Ng et al. (1991) evaluated male endocrine effects of exposure to lead in 122 current lead workers and 49 non-exposed workers. The mean blood lead concentration was 35.2 µg/dL in the exposed workers and 8.3 µg/dL in the non-exposed workers. Concentrations of plasma luteinizing hormone (LH) and follicle stimulating hormone (FSH) were both significantly higher in the exposed workers, but testosterone (T) was not significantly different between the two groups. In older exposed workers (> 40 years) plasma T concentrations were significantly lower, but LH and FSH concentrations were not significantly different. Compared with non-exposed workers, those exposed for less than 10 years had significantly raised LH and FSH concentrations whereas those exposed for 10 or more years had significantly lower T, and normal LH and FSH concentrations. The concentrations of LH and FSH showed a moderate increase in relation to blood lead concentrations in the range of 10 µg/dL to 40 µg/dL and thereafter reached a plateau and declined. There was no apparent trend for plasma T concentrations and no significant difference in prolactin (PRL) concentration. The authors concluded that moderate exposure to lead was associated in a dose related fashion with small but measurable changes in male endocrine functions that reflect both primary and secondary effects of lead on the testes and the hypothalamus-pituitary-testicular axis. The changes observed are qualitatively similar to those reported in rodents and primates. However, the magnitude of the alterations was felt by the authors to lack clinical significance. In evaluation of this study, it should be noted that the exposure levels were lower than those believed to impact upon sperm density or morphology - the limited nature of the endocrine alterations could thus be a reflection of dose. However, the study provides indications of the complexities that may exist in the human response to elevated lead levels. Such response may vary as a complex function of age, duration of exposure and level of exposure.

This suggestion is reinforced by the work of McGregor and Mason (1990) who studied effects of moderate lead exposure on testicular endocrine function in 90 males occupationally exposed to inorganic lead (mean blood level 45.9 µg/dL, range 17-77 µg/dL). The alterations were not observed until blood lead levels exceeded 47 µg/dL. Modest subclinical depression of testosterone levels was also observed in some individuals. The overall spectrum of alterations was consistent with lead-induced alterations in the hypothalamic-pituitary-testicular axis.

Studies of the effects of still higher lead exposure have been reported by Rodamilans et al. (1988), who evaluated testicular endocrine function in a small cohort of 23 men. The cohort, stratified by years of lead exposure, had average blood levels between 66 and 76µg/dL. Increases in luteinizing hormone and follicle stimulating hormone and decreases in testosterone were evident in the workers with the longest duration of exposure. However, the workers with longest exposure duration also had the highest blood lead levels, complicating determination of whether the effects observed are the results of exposure intensity or duration. Effects of lead upon the hypothalamic-pituitary-testicular axis are also consistent with the observations of Braunstein et al. (1987) who utilised clomifene to test testicular function in six chronically-lead exposed men.

Erfurth et al. (2001) studied endocrine system function in 77 secondary lead smelter workers, 62 of who had active exposure and 15 of who were retired. Blood lead levels averaged 33 µg/dL (range 8 – 93) in those with active exposure and 19 µg/dL (range 10 – 50) in those who were retired. A comparison referent group (N=26) was also studied and had an average blood lead level of 4.1 µg/dL (range 0.8 – 6.2). Circulating hormone levels were determined and included serum free thyroxine, serum total thyroxine, testosterone and thyroid stimulating hormone. Basal and stimulated FSH, prolactin, testosterone and LH hormone secretion were evaluated in a subset of the cohort (9 exposed and 11 referent) by administration of gonadotropin-releasing hormone. Basal levels of hormones in the main cohort were generally unrelated to blood lead, plasma lead or bone lead. In the subcohort studied for pituitary stimulation, basal and induced levels of FSH were reduced in lead workers and a tendency noted for lower LH noted that was not statistically significant. However, there was a poor correlation between these findings and measures of lead in blood, serum and bone. The authors concluded that lead exposure may be associated with minor changes in the hypothalamic-pituitary axis. Semen quality was not evaluated and could not be related to the hormone alterations observed.

Somewhat conflicting findings have been presented by other investigators. Gustafson et al. (1989) reported decreases (as opposed to increases) in follicle stimulating hormone in 25 lead exposed workers (mean blood lead level 40 µg/dL) compared to 25 controls. The decreases in FSH were not clinically significant. Alterations in testosterone were not observed. However, the levels of lead exposure in this study were not as high as studies reporting more substantive hormone alterations. In addition, the previously discussed semen quality studies of Assennato et al. (1987) also evaluated various parameters of endocrine function. In this study, modest increases (lacking statistical significance) in FSH and LH were observed in the lead exposed cohort. Testosterone levels were essentially unaltered. The severity of the endocrine alterations in this study were not believed by the investigators to be capable of producing the apparent lead-induced decrement in sperm density observed. Gennart et al. (1992) also failed to observe significant alterations in endocrine function in a cohort of 98 lead exposed workers (mean blood lead 51 µg/dL; range 40 - 75 µg/dL).

Endocrine Effects Conclusions

High level-lead exposure appears to impact upon reproductive hormones in experimental animals and humans. Disruption is frequently seen of the hypothalamic-pituitary-testicular axis and may account for some of the reproductive impacts of lead in men. Effects at moderate levels of lead exposure (e.g., 50 µg/dL) are modest – more severe impacts appear to require exposures of 70 µg/dL or higher. Whether this is a specific effect of lead upon endocrine system function or a secondary manifestation of more generalised systemic toxicity is not certain. Endocrine effects from lead exposure are high-dose effects and are not to be confused with the impacts of “endocrine disruptors” that perturb endocrine function at low concentrations and typically via mechanisms that entail the mimicking of the action of endogenous hormones.

Impacts of lead upon endocrine system function appear to be high dose effects that manifest at levels which are higher than those expected to be seen in the occupational setting. Due to this, and the presence of other health effects that manifest at lower exposure levels, endocrine impacts will not be carried forward to Risk Characterization.

4.1.2.7.7 Summary of Repeated Dose Toxicity Effects

The scientific literature has been surveyed for repeated dose toxicity impacts of lead. The following summary conclusions have been reached for each of the endpoints evaluated. The section reference provided refers to the section of the risk assessment where the main discussion of studies pertaining to each health effects endpoint can be found.

In many instances the toxic manifestations of lead are mediated by interaction of the lead ion with cellular proteins (e.g. metalloenzymes) in place of essential trace minerals such as calcium, zinc or iron. As such, the initial effects of lead upon the function of specific metabolic, cellular, or organ system processes will be detectable as increases or decreases in the activity of specific metalloenzymes. The biological and clinical significance of such interactions requires careful assessment of the extent of enzyme activity alteration and whether or not the alteration alters metabolic pathways to an extent that is of health significance. For example, inhibition of an enzyme present in excess may be evident as an effect of lead, but may not be considered as adverse if the affected enzyme is not involved in rate limiting steps of metabolism and the overall function of the metabolic pathway is not adversely impacted.

As the intensity of exposure increases, the magnitude of specific lead induced effects may increase and/or yet additional steps in specific biosynthetic pathways may be altered. An assessment must thus be made when the severity of impacts results in affects that are considered as adverse. Put another way, evaluation of the toxicological data base must attempt to discriminate between “effect levels” and “adverse effect” levels. This can, in some instances result in the identification of No Observable Effect Levels (NOELs), Lowest Observable Effect Levels (LOELs, No Observable Adverse Effect Levels (NOAEL’s) and Lowest Observable Adverse Effect Levels (LOAELs). In some instances the demarcation points between these different effect levels can be defined with both precision and with a high degree of certainty that the mechanistic basis of toxicity is sufficiently well understood.

In other instances lead may impact upon multiple metabolic processes within a given organ system and the critical metabolic alteration responsible for toxicity cannot be identified with certainty. Although it may be evident that lead toxicity is manifesting as a graduated continuum of effects which, at some point, make a transition from effects to adverse effects, identification of NOAEL’s for purposes of risk characterisation must instead be indexed to an assessment based just upon effects. NOAEL identification is further complicated if the effects under study are sufficiently subtle as to elude detection at the level of the individual. Effects of this nature may have no material impact upon the health or well-being of the individual, but may have significance if the effect represents a risk factor that statistically increase the risk of adverse outcomes in large populations. The risk to, or effect upon, the individual may not be significant but the prevalence of disease or other undesirable effects within, a population may be impacted. This situation is applicable to multiple health endpoints and significantly complicates identification of NOAEL’s.

Finally, there are health effects of lead that may not be mediated by specific interactions with cellular macromolecules. Toxicity may manifest as a secondary impact of effects upon other organ systems, as a relatively non-specific consequence of lead sequestration with individual cell types or as an indirect of lead resulting from perturbations the metabolism of other trace elements. Although dose-effect relationships can be harder to define under such circumstances, such effects are typically associated with extremely high exposure levels.

Haematological Effects (Section 4.1.2.7.1)

The effects of lead upon the haeme biosynthetic pathway have been extensively studied and provides one of the best illustrations of a graduated continuum of effects that can be defined with both mechanistic certainty and with precision for dose-effect relationships. Effects of lead can be detected at low levels of exposure but are not deemed to be adverse. As exposure intensity increases, the constellation of effects observed becomes increasingly diverse until impacts upon haeme synthesis are observed that would be considered as adverse. This progression of effects can be characterised as follows:

1. Relatively low levels of lead in blood (< 10 µg/dL) are associated with inhibition of enzymes such as ALAD and a corresponding increase in haeme biosynthetic intermediates such as ALA. These changes are not in rate limiting steps of the haeme biosynthetic pathway and have no adverse impact upon overall haematopoietic system function. As such, these enzymatic effects are not considered as adverse but are sometime used as biomarkers for lead exposure.

2. At somewhat high levels of lead in blood, inhibition of the insertion of iron into haeme molecules is modestly inhibited and increased levels of zinc protoporphyrin (ZPP) can be observed in the blood. Blood lead levels of 17 – 25 µg/dL are required to produce elevations of ZPP – below this level of exposure effects cannot be reliably distinguished from background levels of ZPP and/or changes related to nutritional confounding by dietary factors such as modest iron deficiency. Although elevated ZPP levels may be observed, the proportion of affected haeme molecules is small, overall levels of haeme production are constant and the oxygen carrying capacity of the blood is not affected. Effects such as increased ZPP are thus not deemed to be adverse but do have utility as biomarkers of exposure. Biological changes in substances that regulate haematopoiesis (e.g. increased or decreased EPO) can also be observed in this exposure range as a likely reflection of normal compensatory homeostatic changes that maintain normal levels of haeme production. Such compensatory changes are similarly not considered to be adverse effects.

3. At higher levels of lead exposure the cumulative impacts of lead upon multiple enzymes in the haeme biosynthetic pathway begins to impact upon the rate of haeme and haemoglobin production. Age dependence is observed in this effect. Decreased haemoglobin production can be observed at blood lead levels above 40 µg/dL in children and above 50 µg/dL in adults. Interindividual variability is evident in the induction of this effect – the exposure levels given represent the lower end of the exposure range at which this effect has been observed.

4. Impacts upon haemoglobin production sufficient to cause anaemia are associated with blood lead levels of 70 µg/dL or higher. Interindividual variability is evident in the induction of this effect – 70 µg/dL represents the lower end of the exposure range at which this effect has been observed.

5. A genetic basis for observed inter-individual differences in susceptibility to lead has been identified and includes polymorphisms in the haeme system enzyme ALAD that may affect lead pharmacokinetics and dose-effect relationships. However, the modification of lead toxicity by known polymorphisms is relatively modest and imperfectly understood. As such they cannot be factored into quantitative risk assessment at this time. Sensitivity to anaemia will also be confounded by nutritional factors such as moderate to severe iron deficiency.

6. Although clinical anaemia is an unambiguous adverse health effect, impacts upon the haematopoietic system that are clinical precursors to anaemia (diminished haemoglobin production) can be considered as adverse effects. Diminished haemoglobin production thus serves as an indicator of when the impacts of lead upon haeme biosynthesis make the transition from nonadverse biochemical effects to adverse effects. NOAEL’s for haematopoietic system function of 40 µg/dL for children and 50 µg/dL for adults are thus suggested by this analysis – exposures above these levels alter overall haeme synthesis levels and can therefore be distinguished from simple biochemical effects at lower levels of exposure. Selection of altered haeme synthesis levels as the basis of NOAEL derivation is in many ways a conservative assumption since the modest decrements in haemoglobin production observed are not sufficient to yield clinical anaemia.

7. NOAEL’s based upon haeme synthesis are not be the most sensitive endpoints for Risk Characterization but will be forwarded to Risk Characterisation since adult exposures in the occupational setting could exceed 50 µg/dL.

Renal Effects (Section 4.1.2.7.2)

Numerous studies have evaluated the effects of lead upon renal function under environmental and occupational exposure conditions. A continuum of responses has been observed with enzymatic changes being reported at lower levels of exposure and clinical lead nephropathy at high levels of exposure. Clinical lead nephropathy exhibits slow onset after prolonged high level exposure to lead and is characterised by a progressive decrease in glomerular filtration rate and a subsequent rise in serum creatinine. These functional changes are associated with apparently irreversible degenerative changes in kidney (interstitial fibrosis) affecting the glomerulus. Early mortality resulting from these changes has been documented by several cohort mortality epidemiology studies of occupationally exposed individuals heavily exposed to lead prior to the promulgation of modern occupational exposure standards.

The precise mechanisms that mediate lead-induced renal nephropathy are not known, but likely begin with specific interactions with kidney cell macromolecules at low levels of exposure that may in part be responsible for occasional observations of renal function biomarker alterations in workers. High-level lead exposure results in relatively non-specific (but significant) sequestration of lead within kidney cells that affects multiple subcellular processes. 

1. Most studies of adults in the general population find little relationship between blood lead and urinary (tubule) biomarkers of renal function. Inconsistent observations have been made of correlations with creatinine clearance or glomerular filtration rate that have not persisted in longitudinal follow-ups. Suggestions have been made of relationships between bone lead levels and renal function that further demonstrates the possible involvement of genetic polymorphisms in toxicity and the potential impact of unsuspected increased past lead exposures. However, dosimetric inferences are difficult to draw from bone lead measurements. A small number of recent studies have suggested a relationship between low levels of lead in blood and creatinine clearance at low (<10 µg/dL) levels of exposure, with suggestions that this effect might be more pronounced in individuals with additional risk factors such as hypertension or diabetes. At this point it remains to be determined whether correlations between lead in blood levels and renal function parameters at low blood lead levels reflect causal relationships or are the result of blood lead elevations caused by impaired urinary lead excretion. More significantly, the correlations from general population studies are difficult to reconcile with studies of occupationally exposed individuals that have not observed such effects at far higher levels of exposure. Risk of impaired renal function from environmental levels of lead exposure is thus not expected for adults.

2. Studies of children are more limited in number and scope. Occasional and inconsistent elevations of urinary biomarkers have been reported, but there appears to be no functional or physiological significance to these findings. Taken as a whole, the data indicate there is little relationship between environmental lead exposure and urinary biomarker excretion in children. One study has reported a relationship between paediatric lead exposure and GFR, but all values appear to have been well within clinical norms. While renal impairment secondary to lead poisoning (lead intoxication) at blood lead levels well above 40 μg/dL cannot be precluded, there is little evidence that common environmental exposure levels pose risk.

3. Impaired Vitamin D metabolism that may be mediated at the level of the kidney is of potential concern and could influence the growth and development of children. Blood lead levels below 25 μg/dL appear to be without affect, at least in children with adequate nutrition (Koo et al. 1991). The safety of blood lead levels above 25 μg/dL is unclear and, on a precautionary basis, should not be exceeded. Although other health effects manifest at lower levels of exposure and the prevalence of children with blood lead levels in excess of 25 µg/dL is extremely low, this value will be carried forward to Risk Characterization as a NOAEL relevant to renal effects in children.

4. Subtle alterations in renal function biomarker excretion have been observed below blood lead levels of 60 µg/dL in occupationally exposed adults, including increased urinary concentrations of (2-microglobulin, NAG, 6-keto PGF, thromboxane, sialic acid and (1-microglobulin. However, there is no evidence of clinical renal dysfunction at these blood lead levels and confounding by other nephrotoxins in the workplace has been suggested as the cause of biomarker elevations. Given that causal relationships between lead and these biomarker changes is questionable and that long-term follow-up studies have not detected declines in renal function in individuals manifesting such changes, these alterations are not judged as adverse effects that can be used for purposes of risk assessment.

5. Occupational studies further indicate that individuals with blood lead levels maintained below 60 µg/dL have renal function (e.g. glomerular filtration rates) equal or superior to individuals without occupational exposure. As initially observed by Buchet et al. (1980), and subsequently confirmed by Gerhardsson et al. (1992), Gennart et al. (1992), Verschoor et al. (1987), Cardenas et al. (1993), Roels et al. (1994) and Weaver et al. (2003) maintenance of blood lead levels at or below 60 µg/dL appears to guard against the onset of lead nephropathy. However, lead nephropathy has been observed in individuals with blood lead levels in excess of 60 µg/dL for five or more years. The collective studies indicate a threshold for significant renal effects that is in excess of 60 µg/dL lead in blood and with a requirement for prolonged (five years or more) lead exposure. A NOAEL of 60 µg/dL, combined with five years or more of lead exposure, is thus adopted for renal effects.

6. Although a NOAEL of 60 µg/dL is not the most sensitive endpoint for Risk Characterisation, it will be carried forward on a provisional basis since current occupational exposures could exceed this level.

Blood Pressure and Cardiovascular Effects (Section 4.1.2.7.3)

Reviews and meta-analyses of the current literature on the blood lead/blood pressure relationship indicate that there is at best a weak positive association between blood lead and blood pressure in general population and occupational studies with average blood lead levels below 45 µg/dL. IPCS (1995), in reflecting upon the conclusions of most other meta-analyses) concluded that the magnitude of this association for a twofold increase in blood lead (i.e., from 0.8 to 1.6 µmol/l or 16-32 µg/dL) is a mean 1.0 mm Hg increase in systolic blood pressure and a 0.7 mm Hg increase in diastolic blood pressure. Slightly smaller estimates of the effect of lead upon blood pressure have been calculated in more recent meta-analyses. The increase in blood pressure statistically associated with an increase in blood lead is small and would not result in a meaningful increase in the risk of the individual to cardiovascular disease. However, it can be hypothesised that a modest increase in blood pressure would increase the overall incidence of cardiovascular disease in a large population of individuals. This consideration of “societal risk” as opposed to “individual risk” thus merits careful examination as to whether this health endpoint should be forwarded to Risk Characterisation. The following summary observations factor into this consideration.

1. Evidence for causality in the relationship between blood lead and pressure is primarily derived from animal studies but the doses used in such studies are much higher than typical human exposures and are thus of uncertain relevance. Evidence of cardiovascular disease has not been found in most observational epidemiology studies, leading many to suggest that the association is not causal but rather the effect of residual confounding in statistical analyses of blood lead –blood pressure relationships. In the small number of studies reporting excess cardiovascular disease risk, relationships between blood lead and blood pressure were either absent or not reported. The absence of a defined causal relationship between blood lead and blood pressure, combined with suggestions of excess cardiovascular disease risk in studies where blood lead is not a determinant of blood pressure, precludes calculation of excess cardiovascular disease risk based upon assumptions that effects are mediated by impacts upon blood pressure. 

2. In retrospective occupational mortality studies, where blood lead levels were higher than those that currently characterise most occupational settings, no consistent relationship between blood lead and cardiovascular disease has been observed. Limited evidence for ECG abnormalities and hypertension exists but has generally been related to bone lead levels and would benefit from confirmation and a determination of the blood lead histories associated with elevated bone lead levels.

3. Recent studies have further suggested that nutritional and genetic factors have impacted upon the results of observational epidemiology studies. Evidence for such associations is preliminary in nature and could serve to either impart statistical relationships in the absence of causality or to mask causal associations. While of interest, genetic and nutritional factors are not sufficiently well defined to permit their consideration in dose-effect relationships.

4. In general, the more recently conducted studies have used more sophisticated blood pressure measurement tools and attempted more precise correction for the multiple confounders known to impact upon blood pressure. These most recent studies have generally failed to observe a relationship between blood lead and blood pressure. Although it is tempting to attribute a diminished estimated effect size to increased technological sophistication (the studies of higher quality in the following table generally fail to find an effect), the most recent general population studies have also examined populations with low blood lead levels – at times well below 10 µg/dL. The lack of an association between blood lead and blood pressure in the most recent studies could thus also be a function of a lack of an effect at current environmental lead exposure levels. A meta-analysis conducted for the purpose of this Assessment restricted to the highest quality recent studies observed that the effect of lead upon systolic blood pressure declines from 1.0 to 0.38 mm Hg for a doubling of lead in blood No statistically significant associations with diastolic pressure are found. Such a significant shift in effect size as a function of study quality indicates that residual confounding, as opposed to causality, is responsible for correlations observed in studies of humans.

5. Recent studies suggest that lead body burden may play a role in hypertensive nephropathy. However, the association remains hypothetical and needs to be substantiated with a larger number of cases. Cardiovascular effects secondary to renal damage have long been suggested as a consequence of high levels of occupational exposure, but cohort mortality studies do not provide independent evidence of risk for cardiovascular disease. 

6. There is very little data to support a positive relationship between elevated blood lead levels and elevated blood pressure in children between the ages of one and ten. There is some evidence that adults who were survivors of early lead poisoning have clinically significant hypertension, but other evidence that children who have undergone chelation have no symptoms of hypertension related to blood lead 2-5 years later.
7. The limited strength of the relationship between blood lead and blood pressure and indications of residual confounding cast doubts upon the causal nature of the statistical correlation reported in a number of studies. As is summarised in Table 4.180, the highest quality studies in both the occupational and general population setting generally fail to define a correlation between blood lead and blood pressure. Relationships begin to appear as study quality and adequacy of confounder control declines. This suggests that the weak statistical correlations that are found in some studies and meta-analyses are the products of residual confounding. If meta-analysis is restricted to the highest quality studies, effect size for impacts upon systolic pressure are reduced from 1.0 to 0.38 mm Hg and no significant association is observed with diastolic blood pressure. This dramatic reduction in the strength of the association as a function of study quality,  combined with the other reasons noted above, indicates that effects of lead upon blood pressure, and cardiovascular disease mediated by increases in blood pressure, should not be utilized as endpoints of concern for lead exposure in Risk Characterisation.

Nervous System Effects in Adults (Section 4.1.2.7.4)

Overall, prospective and cross-sectional studies, and associated meta-analyses of neurological function and neuropsychological performance suggest that effects of lead in the areas of sensory motor slowing, coupled with difficulties in remembering recently acquired information will be the most sensitive indicators of impact upon the nervous system of adults. As with other health endpoints, the severity of the effect observed appears to increase as a function of the intensity and duration of exposure. Observations of nervous system effects in adults are seldom conducted at environmental levels of exposure and appear to require exposures of at least 30 µg/dL. For this reason, studies of lead effects upon nervous system function in adults have primarily been evaluated in occupationally exposed cohorts.

Effects upon both peripheral and central nervous system function have been reported, the extensive literature on both having been the focus of several recent critical reviews and meta-analyses. Peripheral nervous system effects (as reviewed by Araki et al., 2000) are first detected as subtle decreases in nerve conduction velocity at blood lead levels as low as 30 µg/dL. Effects observed in the blood lead range of 30 – 40 µg/dL are subtle and well within clinical norms – no known decrements in performance (e.g. changes in reaction time, loss of motor coordination or strength) are associated with these changes induced by lead exposure. Effects further appear to be freely reversible upon the cessation of exposure. Effect reversibility, combined with the absence of functional changes and a lack of long-term clinical sequelae indicates that peripheral nervous system effects in this exposure range should not be considered as adverse effects.

As the duration and intensity of lead exposure increases, impacts upon nerve conduction velocity become more severe and begin to manifest as a peripheral neuropathy characterised by muscle weakness in the upper limbs. The precise intensity and duration of lead exposure required to induce lead neuropathy is somewhat unclear in that most cases were observed prior to the 1920’s and thus before the development of modern occupational exposure standards and blood lead monitoring techniques (Ehle, 1986). This older literature suggests that elevated lead exposure for a duration of at least one year is required for neuropathy. The exposure intensity required to produce effects was likely significantly in excess of 70 µg/dL. Even at these exposure extremes, neuropathies were reported to be reversible although recovery was not always complete. For the purposes of this assessment, peripheral nervous system effects are not considered further since the central nervous system appears to be more sensitive to the effects of lead and thus provides the basis of NOAEL’s to be forwarded to Risk Characterisation.

The effects of lead upon the central nervous system have been evaluated in numerous studies, most of which have been comprehensively evaluated in recent meta-analyses by Meyer-Baron and Seeber (2000) and Goodman et al. (2001). These evaluations of neurobehavioural testing have reached disparate conclusions. Whereas Goodman et al (2001) conclude that there is little consistent evidence of lead effects at blood lead levels below 70 µg/dL, Meyer-Baron and Seeber (2000) maintain that effects can be observed in cohorts with average blood lead levels that approach 40 µ/dL. The presence or absence of effects detected by the two different analyses in part varies as a function of the mathematical models used to combine the results of different studies as well as the criteria used to judge whether data from individual studies was suited to inclusion in the analysis. Combination of results of different studies is further complicated by the different degrees of sophistication evident in each study for the correction of appropriate confounders and a lack of baseline measurements of neurobavioural function prior to the onset of lead exposure. Thus, while differences can be observed between control and lead-exposed cohorts, there is inherent uncertainty as to the relative impact of confounding and cohort selection bias upon the results of both individual studies and the meta-analyses. Finally, effect sizes are generally small and, as observed by Seeber et al. (2002), a number of the differences observed represent “early effects of doubtful significance without adverse consequences for health”. A comparative analysis of the two different sets of findings permits the following conclusions to be drawn.

1. Meyer-Baron and Seeber (2000) included fewer study results in their analysis (12 studies were included as opposed to 22 included by Goodman et al., 2001), but this would in part appear to be reflective of more rigorous inclusion criteria for study quality. Restriction of the analysis to higher quality studies likely contributed to suggestions of an effect at lower blood lead levels.

2. The exposure histories (and peak exposures) for many of the cohorts included in both analyses remain uncertain and influences of past peak exposures cannot be precluded. In other words, effects being attributed to relatively low recent blood lead measurements may in fact be the result of far higher past exposures. Some effects observed may be reversible if exposure is reduced, but the available data are not adequate to assess this possibility.

3. Both analyses were conducted based upon cohort performance as opposed to the performance of individuals. This is to say, estimates of effect are indexed to average levels of exposure and neurobehavioural performance within a cohort. Within each cohort individuals have concurrent and past lead exposures above and below the cohort average at the time of psychometric testing. As a generalisation, effects seen in a given study will be greater in those individuals with blood lead levels above the cohort average.

4. Assessment of effects is similarly based upon cohort averages. Inter-individual variability in test performance can be extreme and the effect of lead generally makes a small contribution to this inherent variability. Many of the effects observed would not be detectable at the level of the individual but only become evident in a comparison of the performance of control and exposed cohorts.

5. For cohorts with blood lead averages < 70 µg/dL, the 95th percentile confidence interval for “lead effect size” includes “zero” for performance on most neurobehavioral tests. For those tests with effect sizes significantly different from zero, the magnitude of the effect generally increases as the average blood lead level of the cohort increases. Conversely, effects generally attenuate as lead exposure decreases and, within individual studies, the performance of lead exposed cohorts with average blood lead levels of 40µg/dL is similar to that of controls.

6. Few, if any effects are seen in cohorts with mean blood lead levels of 40 µg/dL or less at the time of testing even though individuals with blood lead levels significantly higher than the average are present in the cohorts. Subtle effects upon cohort performance become evident as average cohort blood lead levels approach 50 µg/dL. Effects observed at this average exposure level may be reversible, have little clinical significance for the individual and are likely largely reflective of effects in individuals with blood lead levels higher than the average (e.g. 60 µg/dL). Nonetheless, these effects can be interpreted as the initial manifestations of lead neurotoxicity in the central nervous system and thus can be considered adverse effects.

7. Given the impacts of confounding, small effects sizes and other technical limitations, precise definition of a LOAEL for lead effects upon the adult central nervous system is difficult. Nor is there agreement as to what level of impact can be considered as adverse. However, adverse effects upon the individual likely require exposures in excess of 50 µg/dL.

8. Given the relative absence of effects in cohorts with average blood lead levels of 40 µg/dL or less, despite the presence of individuals with higher blood lead levels, a blood lead level of 40 µg/dL is identified as a NOAEL for nervous system impacts in adults. This value will be carried forward to Risk Characterization.

Nervous System Effects in Children (Section 4.1.2.7.4) The impacts of both pre-natal and post-natal lead exposure upon the development of children have been studied. Although multiple endpoints have been evaluated, some (e.g. changes in behavioural patterns such as anti-social tendencies) can only be assessed with crude psychometric tools. Confounding factors that influence such behaviours are also imperfectly understood, making any estimate of lead’s effect upon such outcome measures difficult to quantitate. With the exception of impacts upon hearing acuity, data for such changes is generally inconsistent and/or of uncertain functional significance. Use of such secondary endpoints in quantitative risk assessment is not possible. The primary focus of this analysis is thus the impact of lead upon intelligence (IQ), the endpoint for which the most robust measurement tools are available and for which confounder correction can be most comprehensively attempted. Defining the underlying mechanisms of lead-induced learning impairments has been difficult because there is as yet an incomplete understanding of the nature of the lead-induced IQ deficit. Epidemiology studies to date have failed to identify a lead associated “behavioural signature”, or a coherent and reasonably specific “syndrome” of neuropsychological deficits, to serve as a focus for mechanistic research. The lack of such a signature has been interpreted by some as evidence that residual confounding continues to influence estimates of the impact of lead upon IQ. Others suggest that lack of a signature may be due to modification of lead’s effects by either the timing of lead exposure (thus influencing different developmental processes) or social factors that modify manifestations of toxicity.

The neurobehavioural effects of lead upon children are thus summarised as follows:

1. Meta-analyses of human observational epidemiology data show a statistical association between post-natal blood lead and IQ that is small and most likely between a one to three IQ point deficit for a change in mean blood lead level from 10 µg/dL to 20 µg/dL. Meta-analyses performed by Pocock et al. (1994) and IPCS (1995) serve as the basis for this estimate of effect size.

2. IQ decrements on the order of 1 – 3 points are smaller than the standard error of measurement of IQ tests. As such they cannot be detected at the level of the individual and have no known functional significance for the individual. Although effects upon the individual may occur in the blood lead range of 10 – 20 µg/dL, designating effects that cannot be detected or measured in an individual as adverse is inappropriate.

3. Evidence is further suggestive of an effect of blood lead upon IQ at blood lead levels less than 10 µg/dL but is difficult to interpret because of limitations in analytical and psychometric measurement techniques. In the absence of adequate data defining the nature and extent of effects at blood lead levels lower than 10 µg/dL, such effects cannot be applied to risk assessment in a quantitative fashion.

4. The level of lead in blood that can be considered as adverse for the individual child is difficult to define with precision. Based upon an estimated effect size of 1 – 3 IQ points, and a Standard Error of Measurement of 5 IQ points, effects hypothetically discernable at the level of the individual may not occur until blood lead levels exceed 20 µg/dL. The extent to which such an effect would be considered as adverse for the individual remains a matter of conjecture. Although discrimination of an effect of lead amongst the multiple variables that contribute to IQ would likely preclude detection of an effect of lead upon IQ in the individual, effects that fall within the precision range of existing psychometric measurement tools can be considered as evidence of lead neurotoxicity for the individual. Given that effects could, at least in theory, be detected in the individual at a blood lead level of 20 µg/dL, but not at 10 µg/dL, a NOAEL of 10 µg/dL is established for the individual child and will be forwarded to Risk Characterisation. 

5. However, interpreted from a population standpoint, available evidence suggests that IQ decrements may occur at blood lead levels at and below 10 µg/dL. Although such effects may lack significance for the individual, an impact upon the cognitive resources of large groups of individuals can be hypothesized. The societal significance of IQ decrements below 10 µg/dL cannot be defined with precision. Nor is it possible to define the shape of the dose response curve for lead effects upon IQ at blood lead levels below 10 µg/dL. 

6. Available data do not permit the identification of a threshold for lead’s effects upon children. Observational data suggests that population effects may occur at blood lead levels approaching 5 µg/dL. This level of exposure also represents a point where current science is not capable of resolving further effects and any effects that might occur are secondary in magnitude relative to other factors that influence child development. A blood lead level of 5 µg/dL can thus be considered as an epistemic threshold that adequately recognizes the high degree of scientific uncertainty regarding effects at blood lead levels less than 10 µg/dL and at the same time is protective of public health in that the hypothetical effects of lead upon population cognitive resources are largely avoided.

7. Designation of 5 µg/dL as an epistemic threshold and a “societal blood lead target” serves to both provide a population benchmark for blood lead levels in children and to dramatically reduce the probability that individual children might exceed a blood lead level of 10 µg/dL, Maintenance of blood lead levels for the majority of the population below 10 µg/dL would require average population blood lead levels less than 5 µg/dL. For purposes of Risk Characterisation, 10 µg/dL post-natal lead in blood can be considered as a NOAEL for the individual child but that a general population blood lead average of 5 µg/dL is required to minimize the probability that individual blood lead levels will exceed 10 µg/dL.

8. Immune System Effects (Section 4.1.2.7.5)

There is no consistent impact of lead upon immune system function reported in the literature. Effects, when observed, tend to be small in magnitude, of doubtful functional significance and associated with high lead exposure. Immune system impacts are not appropriate endpoints for risk assessment and will not be forwarded to Risk Characterisation.

Endocrine Effects (Section 4.1.2.7.6)

High level-lead exposure appears to impact upon reproductive hormones in experimental animals and humans. Disruption is frequently seen of the hypothalamic-pituitary-testicular axis and may account for some of the reproductive impacts of lead in men. Effects at moderate levels of lead exposure (e.g., 50 µg/dL) are modest – more severe impacts appear to require exposures of 70 µg/dL or higher. Whether this is a specific effect of lead upon endocrine system function or a secondary manifestation of more generalised systemic toxicity is not certain. Endocrine effects from lead exposure are high-dose effects and are not to be confused with the impacts of “endocrine disruptors” that perturb endocrine function at low concentrations and typically via mechanisms that entail the mimicking of the action of endogenous hormones.

Impacts of lead upon endocrine system function appear to be high dose effects that manifest at levels which are higher than those expected to be seen in the occupational setting. Due to this, and the presence of other health effects that manifest at lower exposure levels, endocrine impacts will not be carried forward to Risk Characterisation.

4.1.2.8 Genotoxicity

4.1.2.8.1 Genotoxicity Effects Studies

Summary of Test Systems Applied in Assessment of Lead Genotoxicity

In vitro and animal studies of lead genotoxicity have been conducted almost exclusively using soluble lead compounds. Studies using lead chromate are excluded from this review due to the possible interfering effects of the chromate anion. Similarly, studies with lead bromide have been excluded since bromination of DNA is generally regarded to mediate any effects observed. In vitro responses to lead compounds are generally weak, inconsistent and usually require high concentrations that lack physiological relevance. Recent data have been summarised by ATSDR (1999) and IARC (2006), both of which concluded that lead lacks direct genotoxic potential and that occasional weak responses observed were likely produced by indirect mechanisms. Tabular presentation of studies evaluated is included in this review and is provided at the end of this section. Not all of the studies contained in the tables are explicitly discussed in the text. Studies not specifically discussed are either of low quality or are largely confirmatory of other studies reviewed in detail.

The nature of the test system used for the study of lead and lead compounds must be considered in assessing the relative weight of the evidence for or against genotoxic activity. A variety of endpoints can be assessed in vivo or in vitro, but are not equivalent with respect to assessment of genotoxic potential. A review of the principle test systems used in the study of lead compounds follows.

Mutagenicity Assays

Genotoxic effects are often assessed in assays for gene mutations. Gene mutation assays detect changes in the primary sequence of DNA that result in altered enzyme protein function. Mutagenic effects in somatic cells can be an indication of cancer risk. Germ cell alterations indicate risk of heritable adverse genetic changes. Although some mutagenicity assays can be conducted in vivo, in vitro mutagenicity tests are more commonly used. The most common test systems study cultured bacteria, yeast or mammalian cells. Properly conducted assays (IPCS 1985) employ both positive and negative controls, evaluate the impact of multiple concentrations of the test substance, and seek to define dose-dependent increases in mutation frequency in the absence of high levels of cytotoxity. Cell survival is most commonly monitored in mammalian cell test systems via colony formation assays. Induction of mammalian cell mutations in the absence of high levels of cytotoxicity is regarded to provide the most relevant indication of mutagenic potential for humans.

Different cell types or gene loci differ in their sensitivity to genotoxic agents for mechanistic reasons. For example, some test systems are primarily sensitive to specific nucleotide base change alterations - only a limited range of mutagenic changes may thus be detected. This limitation is particularly relevant to reverse mutation assays in bacteria (e.g. the Ames test with Salmonella typhimurium). This assay assesses the ability of a substance to reverse the impacts of a prior known mutation that has inactivated a gene. Different strains of S. typhimurium, each with a specific reverse mutation requirement, must thus be used in the study of a given substance to ensure sensitivity to a spectrum of genetic changes.

Mutagenicity studies with mammalian cells are usually forward mutation assays that assess the ability of a substance to inactivate a cell protein (e.g. thymidine kinase). Forward mutation assays are sensitive to a broad array of genetic changes, including point mutations, small deletions and large deletions. The sensitivity of forward mutation assays to very large genetic deletions is suspected to be limited by the presence of essential genes near the target gene evaluated in the mutagenesis assay. Large deletions that inactivate the target gene may also result in damage to genes that are essential to cell survival. If cell viability is lost, the induction of large deletions may not be detected. For this reason, genetically modified test systems are sometimes used to assess mutagenic potential. The cells used in such test systems contain a bacterial gene (e.g. gpt) inserted in a chromosome region not adjacent to essential genes. Mutagenic events affecting large regions of DNA that also eliminate activity in the bacterial gene can thus be detected with greater ease. While genetically modified cells may have sensitivity to a broader subset of genetic alterations, assays using such cells have been only recently developed and have not been as extensively validated as traditional forward mutation assays.

Each mutation assay has it’s own specific recommended protocols for treatment, expression time, mutant selection and acceptable rates of background mutation frequency. Detailed specification of the technical nuances associated with each type of assay will not be provided here.

Chromosome Changes 

Alterations in DNA sequence also result from changes in the structure or number of chromosomes. Using cells exposed in vitro, or cells (e.g. bone marrow from animals or peripheral blood lymphocytes from humans) harvested and placed in cell culture after in vivo exposure, metaphase chromosomes can be routinely screened for numerical and structural chromosome aberrations (CA). The frequency of CA in peripheral blood lymphocytes is the only genotoxic biomarker that correlates with future cancer risk in humans. There is approximately a two-fold risk among subjects with high frequencies of CA (Hagmar et al. 2004a).

CA are divided into two types: 1) chromatid-type aberrations, which affect only one sister chromatid; and 2) chromosome-type aberrations, which affects the same locus on two sister chromatids. Agents that produce double strand breaks, such as ionising radiation, produce mainly chromosome aberrations and these are independent of DNA replication. Chromosome-type aberrations represent unrepaired or incompletely repaired double strand breaks. Agents that produce other DNA lesions (adducts, crosslinks, pyrimidine dimers, single strand breaks) produce chromatid-type aberrations and these are DNA replication-dependant and form in vitro during S-phase. Although they are induced by different mechanisms, both types are associated with increased cancer risk (Hagmar et al., 2004b). CA can also result from cellular events such as topoisomerase action or repair of endogenous lesions.

Chromosome-type aberration types include: chromosome breaks, ring chromosomes, marker chromosomes, and dicentrics. Chromatid-type aberrations include chromatid breaks and chromatid exchanges (these are not the same as sister chromatid exchanges). The “gaps” that were sometimes reported in earlier cytogenetic studies are now thought to be artefacts and are not in and of themselves regarded as reliable indicators of genotoxic effects.

In the 1990’s attention was focused on CA as a result of extreme conditions such as high osmolarity, high ionic strength and low pH. These conditions, as well as some non-genotoxic chemicals (e.g. aphidicolin, an inhibitor of DNA polymerase) caused interference with cellular functions that could lead to CA (Galloway et al., 1998). It was found that compounds that induced CA at <50% toxicity were more likely to be genotoxic in other assays than compounds that only caused CA at >50% toxicity. It is now recommended that chromosome aberration assays should incorporate some measure of cytotoxicity, although this is often not done adequately (Komissarova et al., 2004). Also, there is often a dose-related delay in appearance of aberrations, due to cell cycle delay, so dose-response experiments assayed at one time point may not yield a dose-related effect (Kirkland 1998). Some agents require recovery times after treatment. Conversely, decreased cell cycle times may be associated with an increase in aberrations. Cells harvested from the bone marrow or other in vivo sites tend to accumulate aberrations during successive cell divisions in vitro. Accordingly, increases in aberrations associated with increased mitotic indices or decreased cell cycle times must be interpreted with caution.

The micronucleus (MN) assay was developed as a short-term screening assay for human genotoxic exposure and cytogenetic effect. In comparison with CA, the scoring of MN’s is simpler, less expensive, and less time consuming. In principle, the MN assay can be expected to be more sensitive than the CA assay, because of the increased statistical power when large numbers of cells are analysed (1000 per culture is recommended) compared with a hundred or a few hundred cells usually scored for CA. The in vivo bone marrow MN test is now accepted as being equivalent to the bone marrow CA test in identifying clastogens, and the in vitro MN assay shows good potential to replace the in vitro CA test (Kirkland 1998; Kirsch-Volders et al., 2003b).

MN are defined as small, round, DNA-containing cytoplasmic bodies formed during cell division by loss of either acentric chromatin fragments or whole chromosomes. The two basic phenomena leading to the formation of MN are chromosome breakage (double strand breaks associated with clastogenesis) and dysfunction of the mitotic apparatus (aneugenesis). Aneuploidy is defined as a change in chromosome number from the normal diploid or haploid number other than an exact multiple (polyploidy). MN as a result of clastogenesis contain acentric chromosome or chromatid fragments and MN associated with aneuploidy contain whole chromosomes that lag behind in anaphase and are left outside the daughter nuclei in telophase. Lagging chromosomes cannot move to the poles, because they are detached from the mitotic spindle.

Because cell division is necessary for the generation of MN, the cytokinesis block micronucleus (CBMN) assay is recommended for use with human lymphocytes and is optional for use with cell lines (Kirkland et al., 2003). In this assay, cultures are treated with cytochalasin B, an inhibitor of actin polymerisation. Cytochalasin B prevents cytokinesis but allows nuclear division, resulting in cells with multiple nuclei. It is thus possible to identify cells that have divided once, because they contain two nuclei. By restricting scoring of micronuclei only to cells with two nuclei, problems caused by variations in cell division due to exposure to toxicants are eliminated.

Attempts have been made to distinguish between the aneugenic and clastogenic action of test compounds. Currently, the most widespread and reliable assays identify whole chromosomes in MN by labelling their kinetochores or centromeres. Kinetochore proteins can be identified by immunofluorescence with anti-kinetochore antibody (labelled MN are termed K+) while centromeric DNA sequences can be identified by FISH using repetitive DNA sequence probes (labelled MN are termed C+). However, only a few laboratories routinely use these techniques because they are very costly. When these techniques are used, the in vitro MN assay is considered a suitable alternative to in vitro chromosome aberrations tests for detection of clastogenic and aneugenic agents.

It is recommended that this assay should be performed under conditions of high survival (an increase of >90% in number of viable cells). It is also recommended that markers for apoptosis and necrosis be included (Kirsch-Volders et al., 2003b). At least 2000 cells should be scored per concentration (1000 per culture, in duplicate).

”IndicatorTests” for Genotoxicity

A number of test systems do not actually assess mutagenic effects and are best regarded as “indicators” of genotoxic potential. These test systems monitor cellular changes thought to occur in association with mutagenic change, but the changes are not in and of themselves proof that mutagenic change has occurred. In a number of instances, positive responses in indicator tests can occur via mechanisms that are not consistent with mutagenic change. As such, results from such test systems are often assigned secondary priority in genotoxicity assessments. A variety of indicator tests exist – only those applied most frequently in the study of lead are discussed here.

Sister Chromatid Exchange

Sister Chromatid Exchange (SCE) frequency is a commonly used index of chromosomal stability in response to environmental or genetic mutagens. SCE’s are induced during DNA replication most likely as a result of homologous recombination (HR). The highly conserved HR pathway uses the nascent sister chromatid to repair potentially lethal DNA lesions accompanying replication (Sonoda et al., 1999). This might explain the lethality or tumourigenic potential associated with defects in HR or HR-associated proteins. SCE are stimulated by DNA damage, but also by replication fork arrest (Matsuoka et al., 2004). Thus, one cannot conclude from SCE data alone that an agent causes DNA damage, particularly if the SCE response is only seen in the toxic dose range where replication fork arrest might be occurring.

The toxicity of lead concentrations inducing SCE’s, and whether DNA replication is inhibited at those doses, must be ascertained in order to interpret SCE induction data properly. The most relevant responses will be those that 1) occur at concentrations with minimal toxicity; 2) exhibit dose dependence; and 3) result in a greater than two-fold increase in SCE frequency above baseline.

Single Cell Electrophoresis (COMET assay)

In the Comet assay, individual cells are electrophoresed, stained and visualised microscopically. The alkaline version of this assay (pH>13) is accepted as the optimal technique. When there is DNA damage, stained cells appear as a nucleus (the “head”) with a “tail” like that of a comet. This tail consists of broken DNA strands that are released by the cell lysis and DNA unwinding stages of the procedure. Undamaged DNA does not migrate and remains in the head. The parameters measured in the Comet assay are “tail length”, “% DNA in tail” or “tail moment” (% DNA in tail x Tail length). Tail moment is regarded as the best index of effect.

The Comet assay detects both single and double strand DNA breaks as well as alkali-labile sites. As a result of this sensitivity to DNA stand breaks, results in the Comet assay often correlate with the chromosome aberration assay. However, assay validation efforts have produced results. The effect of tobacco smoking on the Comet assay has produced mixed outcomes, with 9 reports finding increased damage in smokers and 16 reports not finding such an effect (Faust et al., 2004). The failure of the comet assay to detect such a potent mixture of genotoxicants as tobacco smoke, and its high sensitivity in picking up DNA damage by weak mutagens such as some pesticides, casts doubts about the true sensitivity and specificity of this assay (Faust et al., 2004). Age may also be a confounding factor (seen in 3 out of 15 studies).

The mixed performance of the Comet assay in validation exercises may reflect sensitivity to biological effects not necessarily relevant to genotoxicity. Single strand breaks are quickly repaired and are not regarded as significant premutagenic lesions. Alkali-labile sites can result from some DNA adducts which spontaneously depurinate (or depyrimidinate) leaving AP sites which are cleaved by alkali. Also, base excision repair of adducts can create AP sites and breaks as intermediates. Nucleotide excision repair also creates breaks. In order to avoid false positive responses, Henderson et al. (1998) suggest that the concentration of test substance should produce >75% viability since necrotic cells also display DNA damage (Fairbairn et al., 1996). Given that cytotoxicity can require time to manifest, assessment by clonogenicity assays (when possible) is preferred over methods such as trypan blue exclusion.

False positive Comet assay results can occur as a reflection of apoptosis induction. DNA fragmentation into segments of 180 base pairs occurs as a consequence of apoptosis. Apoptosis can also give a positive comet response even when induced by non-genotoxic agents. Extremes of pH, ionic strength and osmolarity, and fas ligand binding may induce apoptosis (Henderson et al. 1998; Choucroun et al., 2001). Thus, it is advisable to evaluate apoptosis in the population of cells being used in the Comet assay although this is not usually done. Comet assay results reflective of apoptosis can be detected by evaluating the distribution of DNA damage amongst cells (e.g. by calculating the tail moment in each cell). If apoptosis is occurring, a bimodal distribution will be seen with a population of cells that show no damage and a population of cells that show extensive damage. This occurs with compounds like dexamethasone and camptothecin (Lee et al., 2003). One can also use an Annexin V affinity assay or caspase-3 activation assay to detect apoptosis induction within the target cell population (Roser et al., 2001; Komissarova et al., 2004). When the Comet assay is performed in combination with an apoptotic assay, it has a higher specificity than the Comet assay alone (Lee et al., 2003).

In Vitro Microbial Test Results

Mutagenesis in microbial test systems (e.g. S typhimurium, E. coli and B. subtilis) has not been observed. Compounds such as lead acetate (Bruce and Heddle, 1979; Dunkel et. al., 1984); Nishioka, 1975; Simmon et al., 1979a), lead nitrate (Kharab and Singh, 1985), and lead chloride (Nishioka, 1975) have all failed to produce responses in the presence or absence of metabolic activation. Concentrations tested have been variable, extending up to 25 mM and a variety of bacterial stains have been tested. The same compounds have similarly failed to induce gene conversion or mitotic recombination in the yeast S. cerevisiae (Fukanaga et al., 1982; Kharab and Singh, 1985; Nestmann et al., 1979, Simmon et al., 1979b). Only lead bromide produces any consistent positive response, likely due to bromination of DNA and not as an effect of lead. For this reason, studies with lead bromide have been excluded from further consideration here.

Lead chloride and lead acetate, however, appear to bind noncovalently to purified DNA (or perhaps to polymerases) and decrease the fidelity of DNA and RNA synthesis using purified enzymes (Hoffman and Niyogi, 1977; Sirover and Loeb, 1976). Given the essential role of divalent cations in maintaining DNA tertiary structure and the activity of polymerases, the physiological relevance of these effects upon purified DNA and enzymes is of uncertain significance given the negative results of bacterial mutagenesis assays.

Lead acetate (1 mM) increased the level of DNA strand breaks induced by the presence of hydrogen peroxide (Roy and Rossman, 1992), but lacked effects of its own. Hydrogen peroxide by itself does not produce strand breaks, but needs to be converted to hydroxyl radicals or singlet oxygen. Lead may be able to catalyse this reaction although it cannot be precluded that other metals present as contaminants (e.g. iron) might have contributed to this conversion. Yang et al, (1999) found that lead acetate in Hepes buffer could break DNA by an unknown mechanism and that singlet oxygen scavengers were more effective than hydroxyl radical scavengers. The physiological relevance of these indirect mechanisms of action is unknown.

In Vitro Mammalian Cell Test Results

The genotoxic effects of lead compounds have also been evaluated in mammalian cell test systems for endpoints such as mutagenesis, chromosome aberrations, sister chromatid exchange induction and micronucleus induction. The testing of soluble lead compounds such as the acetate and the chloride in cell culture systems, at concentrations up to 10 mM, is problematic in that the cell culture media employed utilize bicarbonate or phosphate buffering systems. Complexation of lead with buffer components occurs to form insoluble precipitates, complicating efforts to observe dose-dependent responses. Physical effects mediated by crystal formation may also complicate the induction and/or interpretation of effects observed.

Assays for mutagenesis in mammalian cells have produced conflicting results with reports of both no effects (Hartwig et al., 1990; Hwua and Yang, 1998) and weak mutagenic responses (Ariza and Williams, 1996; Yang et al., 1996; Zelikoff et al., 1988; Roy and Rasmussen, 1992). When responses are observed they are generally weak, demonstrate poor dose dependence and usually require prolonged incubation at elevated concentrations with high levels of cytotoxicity. Such a response profile is generally not regarded as possessing physiological relevance. Mutagenic potential is thus generally regarded to be extremely low, although comutagenic activity mediated by indirect mechanisms has been demonstrated (Hartwig et al., 1994; Ariza et al., 1998; Yang et al., 1999). The recent work of Ariza and Williams (1996) and Ariza et al. (1998) with Chinese hamster cells containing a gpt insert is noteworthy for several reasons. Mutagenesis was observed at lower concentrations than most other studies (e.g. at about 1 µM) and more closely approximates concentrations with physiological relevance. However, treatment was restricted to brief lead exposure in a saline solution that was likely conducive to spontaneous oxygen radical formation. DNA damage produced by a Pb-induced modulation of oxygen radical formation has been suggested (Roy and Rossman, 1992; Yang et al., 1999; IARC, 2006). Serum deprivation has further been shown to induce a hypermutable state in Chinese hamster cells with a gpt insert (Goncharoya et al., 1996). Cytotoxicity of lead was similarly observed under serum-free conditions and at concentrations far lower than that required to induce cytotoxicity in studies employing treatment protocols in complete medium. Verification of this positive response at such low concentrations by other laboratories, and determination of the impact and relevance of the treatment conditions to the induction of a mutagenic response, would be desirable.

Other in vitro genetic endpoints in mammalian cells display a similar inconsistent pattern of response. Assays for sister chromatid induction are often negative (Beek and Obe, 1975; Zelikoff et al., 1988; Hartwig et al., 1990; although weak SCE induction has been observed (Lin et al., 1994; Cai and Arenaz, 1998). Assays for in vitro micronucleus formation have detected negative (Lin et al., 1994) or weak (approximate doubling of micronuclei) dose-dependent positive responses (Their et al., 2003; Bonacker et al., 2005) following treatment with relatively low, noncytotoxic concentrations of lead acetate (0.05 – 10 µM) and lead chloride (1.1 – 100 µM). Many of the micronuclei induced in cell culture stain positive for centromere proteins, suggesting aneuploidy induction as opposed to chromosome breakage. Aneuploidy induction in the absence of cytotoxicity is somewhat surprising, but other aspects of the dose responses observed (apparent thresholds followed by a rapid rise to a response maximum are consistent with this interpretation.

There have been observations of weak chromosome aberration induction by some (Cai and Arenaz, 1998; Beek and Obe, 1974; Bauchinger and Schmid, 1972; Deknudt and Deminatti, 1978), but not all (Lin et al., 1994; Gasiorek and Baushinger, 1981) studies. As a group these latter studies are generally difficult to evaluate due to deficiencies such as lack of positive controls, limited (or only one) tested concentration of lead compound and the low level of response seen. Positive responses further for chromosome aberrations tend to be characterised by chromosome gaps (likely staining artefacts) as opposed to true structural aberrations.

In Vivo Studies with Experimental Animals

Numerous studies have been conducted of lead genotoxicity in experimental animals. Results between studies have been inconsistent, but at least a portion of this is mirrored by the route of lead administration employed. Studies conducted using i.p. or intravenous injection appear to produce positive findings with greater consistency while studies conducted using oral routes of administration are quite often negative. As reviewed in the Toxicokinetics Section of this document, lead taken up into the body via physiological routes undergoes compartmentalisation such that 99% of lead in blood in contained within the red blood cell. Of the 1% of lead that is present in serum, most of this is reversibly bound to serum proteins and only 0.02% of serum lead is present as the free lead ion. For illustration purposes, at a lead level of 10 µg/dL (0.5 µM) in whole blood, serum lead levels would be expected to be approximately 0.1 µg/dL (5 nM) and free lead ions present in serum at a concentration of 20 pg/dL (1 pM). Non-physiological routes of exposure are employed to maximize exposure of internal tissues in efforts to define the intrinsic properties of a substance. However, there is recognition that some consideration should be given to the physiological plausibility of the results obtained via i.v. and i.p administration routes. For this reason, in vivo genotoxicity studies summarised in the tables at the end of this section are divided by route of administration. It should further be noted that, although numerous in vivo studies have been conducted, many are less than robust with respect to study quality. Studies conducted prior to the development of current OECD protocols often score endpoints of questionable relevance (e.g. chromosome gaps) and many administer only a single dose of test substance. The adequacy of many studies is thus questionable. Formal assessment of study quality is being undertaken of these studies, but establishment of consistent and meaningful quality assessment guidelines is problematic given the variety of assays and endpoints studies. For the present time studies presented in the study summary tables are group by assay type, with assays for mutagenic change (gene mutation or chromosome change) being listed prior to results for so-called indicator assays (e.g. SCE or Comet assay).

In Vivo Animal Studies conducted Using Oral or Inhalation Administration Routes

Kristensen et al (1993) reported that lead chloride administered to male mice in drinking water (1.33 mg/L) for six weeks did not induce dominant lethal mutations in sperm. However, only a single dose of lead was tested and did not produce inordinately high blood lead levels (~ 25 µg/dL). A lack of effects upon germ cells is consistent with the observational human data, but the adequacy of the exposure levels used for this study are questionable.

Oral administration of lead acetate has generally failed to produce significant chromosome aberrations in mice, monkeys and rats, although caution must be exercised in interpreting study results since most were conducted some time ago and not in compliance with GLP. Muro and Goyer (1969) did not observe increased aberrations in lymphocytes cultured from mice administered 1% lead acetate in the diet, although increased chromatid gaps were found. Levels of lead in blood were not monitored, but the dose and duration of exposure to lead acetate would be expected to have produced high levels of lead in blood. Deknudt and Gerber (1979) maintained mice on a calcium-deficient or a calcium sufficient diet and then exposed them to 0.5% lead acetate in the diet. Blood lead levels were not provided, the treatment protocol noted to be an LD50 dose for calcium deficient animals. If true, excessive systemic toxicity may have been occurring. Analysis of bone marrow cells indicated an increase in cells with chromosome abnormalities, but only in animals on calcium deficient diets. Most of the aberrations seen were chromatid gaps to which significance is not generally attributed. True structural aberrations were not increased. Similar responses were induced by zinc. Similar results were obtained when cynomolgus monkeys were administered 0, 1.5, 6 or 15 mg of lead acetate per day in orange syrup for up to sixteen month (Deknudt et al, 1977). Treatment resulted in blood lead levels ranging from 47 to 134 µg/dL The authors report that aneuploid cells and cells with structural aberrations increased in calcium-deficient animals, but that only minor alterations were seen in animals on a calcium sufficient diet. However, the number of treated animals was small, inter-animal variability large and the actual differences between treatment groups were not large.

Jaquet et al (1977) administered mice 0.0, 0.25%, 0.5% and 1% lead acetate in the diet for up to 3 months in one of the few oral administration studies to include multiple dosing levels. No increases in bone marrow cell chromosome aberrations or micronuclei were observed, although chromatid gaps increased at the highest two doses. Blood lead levels ranged from 20 µg/dL in controls to 76, 80 and 83 µg µg/dL with increasing levels of lead administration. Levels of systemic lead exposure were thus significant did not exhibit increase as great as expected as a function of lead dose. Oral administration of 1 or 5 mg/day of lead to monkeys for 12 months was reported to increase the incidence of aberrations in lymphocytes (Jacquet and Tochon, 1981), but most of the abnormalities observed were chromosome gaps. The incidence of structural aberrations did not appear to be increased. Blood lead levels of approximately 200 µg/dL were observed and did not increase as a function of administered dose.

Kowalska-Wochna et al. (1988) exposed Wistar rats to 500 ppm lead acetate in drinking water for six weeks. The authors reported increased chromosome “erosion” and “pulverization”, but no effect on the induction of chromosome aberrations with the exception of a most increase in gaps. A “slight increase” in sister chromatid exchanges was observed but were not statistically significant.

Several studies have reported clastogenic changes after oral lead administration.  Dhir et al. (1985) administered mice (strain not specified) lead nitrate by gavage in single dose (15 or 57 mg/kg body weight) or in three doses at seven day intervals (1200, 150, 75 and 57 mg/kg body weight per dose).  A variety of standard and non-standard endpoints were assessed (spindle disturbances, irregularly staining chromosomes and structural chromosome alternations).  These alterations were observed in bone marrow cells, but data are not presented for the individual endpoints scored.  Only aggregated data inclusive of all endpoints assessed are presented and suggested an increase in mitotic abnormalities from 10% in controls up to 60% in lead exposed animals.  Details of experimental procedures and statistical analysis are sparse and preclude evaluation the of endpoints being scored.  Measures of systemic exposure were not collected and toxicity not evaluated other than to note that actual chromosome aberrations were not increased until doses with high toxicity were administered.

Celik et al. (2005) administered female Wistar rats 140, 240 or 500 mg lead acetate/kg body weight once per week for 10 weeks and then evaluated the presence of MN’s in polychromatic erythrocytes (PCE’s).  Treatment with  1000 mg/kg lead acetate had been attempted but could not be tolerated by the animals.  Small but statistically significant increases in PCE’s with MN’s were observed, a finding the authors interpreted as indicative of genotoxicity.  However, Proudlock (2006) noted that the treatment protocols entailed high lead exposures likely to have caused anaemia and that anaemia induction was known to produce artifactual increases in PCE MN’s, a concern recently reinforced by the International Working Group on Genotoxicity Testing (Tweats et al. 2007).  Celik et al (2006) acknowledged the concerns noted and concurred that further cytogenetic studies were needed.  However, they also suggested that lead induced oxidative stress associated with anaemia may have been responsible for the MN induction.  

Aboul-Ela (2002) administered white male Swiss mice single doses of 200 and 400 mg/kg lead acetate in food for five days and evaluated chromosome aberrations in bone marrow cells harvested 1, 7 and 14 days after lead treatment.  A dose dependent increase in chromosome aberrations was observed at all time points with chromosome gaps being most prevalent.  However, increased aberrations were statistically significant after exclusion of gaps.  Aberrations were also increased in spermatocytes.  Administration of calcium chloride 24 hr before conduct of the cytogenetic evaluations essentially reduced aberrations to the levels observed in controls in both tissues.  Study interpretation is somewhat clouded by lack of measures of cytotoxicity or systemic lead levels.

Robbiano et al (1999) evaluated lead acetate in both in vitro and in vivo genotoxicity assays. Primary cultures of both rat and human kidney cells were exposed to lead acetate (0.56, 1.0 or 1.8 mM) for 20 hr. Immediate testing for single-strand DNA breaks with the Comet assay suggested dose-dependent DNA damage in the treated cells. Cells cultured for an additional 48 hr and examined for micronuclei exhibited statistically significant increases in micronuclei. Parallel studies evaluated effects in rats administered 160 mg/kg lead acetate or three successive doses daily doses at 107 mg/kg. Increased DNA fragmentation was suggested in kidney cells (Comet assay) and an 8-fold increase was observed in micronuclei after a single lead acetate dose that declined to a 3-fold increased after three doses. Blood lead levels were not provided, but the doses administered were said to be ½ of the LD50 for single dosed animals or 1/3 of the LD50 for those receiving three doses. The decline in micronucleus frequency suggests significant organ toxicity was occurring, but the authors cite relatively unchanged levels of binucleated cells in the kidney as evidence of the lack of cytotoxicity. Reliance on % of binucleated kidney cells as an index of cytotoxicity for a substance known to be a potent kidney mitogen (Choie and Richter, 1972) is questionable.

In the only study noting numerical chromosome changes after oral lead acetate administration, Nehez et al. (2000) administered Wistar rats 10 mg/kg lead acetate by gavage five times a week for four weeks. Twenty lymphocyte metaphase plates were then examined from each of 10 treated animals. The percent of aberrant metaphases increased to 18% in cells from treated animals compared to 5.5 – 10% observed in various solvent-treated controls. Structural aberrations were said not to be increased, but rather the increase due to numerical aberrations. The criteria used for definition of numerical aberrations was not entirely clear, but data presented suggests that chromosome loss accounted for the majority of the alterations observed. While this could be an indication of aneuploidy, a failure to observe significant chromosome gain suggests technical difficulties in the preparation of metaphase spreads and/or excessive cytotoxicity. No measures of cytotoxicity, including mitotic index, were reported in the published paper.

In contrast to studies of chromosome aberrations, positive Comet assay results have been reported by several investigators. As noted above, Robbianno et al. (1999) obtained a positive Comet assay response in reliance upon binucleated cells to determine that excessive cytotoxicity was not occurring is potentially problematic. Controls for apoptosis were not included. Valverde et al (2002) observed increased Comet assay responses in CD-1 mice after inhalation exposure to 6800 µg/m3 lead acetate for 60 minutes, two days per week for up to four weeks. Tissues exhibiting the greatest damage varied as a function of treatment length, but in general terms lung tissue was most responsive while kidney was the least. Cytotoxicity was assesses by trypan blue exclusion and not controls run for apoptosis. A bimodal response profile was noted to have been observed in several tissues but is not defined – whether or not this is indicative of apoptosis cannot be ascertained. Finally, Yuan and Tang (2001) administered 1 µg/ml lead acetate in drinking water to Kumming mice over three generations and monitored. No response was observed in the first generation, but increasing levels of Comet assay response were said to occur in the second and third generation. Numerous technical details are not reported, making this study difficult to evaluate. No blood lead levels were reported, nor were cytotoxicity or apoptosis monitored. Data were further reported as % of cells with tails as opposed to the more traditional measures of tail length etc. As presented, the data are not actually amenable to meaningful interpretation.

Taken as a whole, in vivo genotoxicity studies conducted via oral routes of administration show predominantly negative results in assays for chromosome aberrations. As is summarised in the tabular presentation at the end of this section, quality is highly uneven in studies conducted using physiological exposure routes. However, several studies of cytogenetic effects, although conducted some years ago, are rigorous by current standards and have failed to provide evidence of mutagenic activity (Jaquet et al., 1977; Deknudt et al., 1977; Jaquet and Tachon, 1981).. A suggestion of activity in studies of chromosome aberrations was generated  under nonstandard test conditions of calcium deficiency that also causes aberrations to be induced by essential nongenotoxic metals such as zinc (Deknudt et al, 1977). Another study (Aboul-Ela, 2002) with relative rigor has suggested cytogenetic changes as a consequence of lead treatment that, curiously enough, reversed within 24 hr of admininistration of excess calcium.  This positive finding was produced by administration of lead at levels comparable to those in studies with negative findings, but Aboul-Ela did not monitor cytotoxicity or systemic lead levels that would permit comparison of internal dosimetry across the studies.

A single dominant lethal study was conducted of lead produced negative results. Micronucleus induction was reported in two studies.  Robbiano et al (1999) observed MN induction but utilized high doses that were likely highly cytotoxic but the measure of cytotoxicity used was of questionable validity. Similarly Celik et al. (2005) observed low level MN induction in rat PCE’s but the significance of this observation is complicated by the known ability of anaemia to result in artifactual increases in PCE MN’s.

The primary suggestions of genotoxic activity for lead come from the application of indicator assays. The Comet assay produced the most consistent responses with positive responses being reported by three investigators. The technical study of one of the studies in highly suspect and the remaining two, while better conducted, did not adequately control for apoptosis or cytotoxicity. The appropriate interpretation of positive Comet assay results when most assays for mutagenic endpoints are negative is problematic, but negative studies of cytogenetic effects are assigned higher priority in a weight of evidence evaluation.

In vivo studies conducted by injection

A number of studies have evaluated the effects of soluble lead compounds after i.p., i.v. or s.c. injection. As summarised by ATSDR (1999) and IARC (2006) these studies provide conflicting indications as to the genotoxic effects of lead compounds. Nayak et al. (1989a) administered lead nitrate to pregnant mice by intravenous injection at day 9 of gestation at doses of 100, 150 and 200 mg/kg. A modest increase was observed in maternal bone marrow SCE’s but not in foetal cells. Complex chromosome alterations were observed in a small number of maternal bone marrow and foetal liver cells, but uncertainty was expressed as to whether this might be a cause or an effect of embryo toxicity. Follow-up studies were conducted at lower doses (Nayak et al., 1989b) of 12.5, 25 and 50 mg/kg that did not produce embryo lethality and foetal chromosome aberrations were still observed. However, the frequency of aberrations appeared to decrease as the dose of lead administered increased.

Tachi et al (1985) administered i.p injections of lead acetate to male and female rats at doses of 0, 10.4, 51.8, 77.6 and 103.5 mg/kg. No impact upon aberrations was observed in bone marrow cells of male rats while a small, statistically significant and dose-dependent increase in aberrations was observed in female rats. Most of the aberrations observed were chromatid gaps of uncertain significance – no complex aberrations were observed. A modest increase in micronucleated cells was also observed in a weak dose dependent fashion.

Jagetia et al. (1998) studied micronucleus induction in male and female mouse bone marrow 12, 24 and 36 hr after i.p administration of lead nitrate at doses of 0, 0.625, 1.25, 2.5, 5.0, 10, 20, 40 and 80 mg/kg. Micronucleus induction was observed in both sexes in polychromatic and normochromatic erythrocytes to a level approximately twice that observed in controls. The induction of micronuclei exhibited poor dose dependency with comparable levels of response at the upper and lower range of the more than 100-fold spread of administered doses. The authors interpreted this finding as an indication that any clastogenic properties of lead nitrate were quite weak.

Willems et al (1982) administered lead acetate to male rabbits by subcutaneous injection three times per week at doses of 0, 0.25 and 0.50 mg/kg for 16 weeks. No increases were observed in sister chromatid exchanges or micronuclei in bone marrow cells.

Devi et al. (2000) evaluated the genotoxic effects of lead nitrate in mice using the “comet assay” to detect DNA strand breaks and alkali labile sites which also produce breaks. Mice were orally administered lead at multiple doses that ranged from 0.7 to 89.6 mg/kg and single-stranded DNA breakage evaluated after 24 hr, 48 hr, 72 hr, one week and two weeks. DNA damage in blood cells, as detected by the Comet assay, peaked 48 hr after treatment and was then subsequently repaired. Although the authors conclude that the data indicated genotoxic damage, no significant dose dependent increase in damage was evident (as measured by Comet tail length) over the 100-fold of exposures studied.

Finally, studies by Dhir and colleagues have evaluated lead genotoxicity from the perspective of fruit extracts and vitamins that might protect against the effects of lead.  Dhir et al. (1990) administered Swiss albino mice lead nitrate by i.p. injection at dosage levels of 10, 20 and 40 mg/kg body weight.  A dose dependent increase in chromosome aberrations (primarily chromatid breaks) was observed in bone marrow cells.  Oral administration of fruit extracts decreased the incidence of aberrations although the protective effect was not statistically significant until the highest level of lead administration.  Ascorbic acid decreased aberration frequencies at low lead doses but increase them at the highest dose.  All doses of lead administered also suppressed mitotic indexes to an extent indicative of significant cytotoxicity.  Follow-up studies (Roy et al., 1992) evaluated the impact of ascorbic acid and fruit extract upon micronucleus induction in polychromatic erythrocytes following the administration of lead nitrate (two dose of 10 or 20 mg/kg body weight lead 24 hr apart).  A dose dependent increase of MN in PCE’s was observed.  As before, fruit extract decreased the frequency of lead induced MN while ascorbic acid decreased MN’s at low lead doses but increased them at the high dose.  As discussed in the preceding section, the interpretation of MN induction in PCE’s is problematic with substances know to induce anaemia.  Finally, i.p. administration of lead nitrate (5, 10, 20 mg/kg) produced dose dependent increases in chromosome aberrations that were partially inhibited by the administration of iron (Dhir et al., 1992).  Interpretation of study findings is complicated by aggregated presentation of the incidence of chromatid breaks, chromosome breaks and complex chromosome rearrangements.  The authors noted that the doses administered were a proportion of an unspecified LD50 for lead nitrate, but treatment cytotoxicity was not monitored, nor were systemic lead levels determined.

The overall picture that emerges from in vivo injection studies is inconsistent, though positive responses seem to be observed with a frequency greater then oral administration studies. When observed, and multiple doses are evaluated, the magnitude of responses observed is generally weak and the dose dependency for genotoxicity is either not observed or extremely weak. Compared to studies conducted via oral administration, the doses used in injection studies most likely result in serum lead levels orders of magnitude higher then could possibly be achieved via oral administration. For example, a single 10 mg/kg i.v. administration of soluble lead would likely result in an initial level of lead in serum and soft tissues of 1000 µg/dL or 1000 µg Pb/100 g soft tissues. This is approximately 10,000 times higher than normal levels of lead in serum or 1,000 times higher than the serum lead level that would be associated with lethal levels of lead in blood. The accompanying systemic and tissue specific toxicity expected would be significant and both impede the observation of dose dependent increases in genotoxicity and raise questions as to the mechanistic relevance of any responses seen. Unfortunately, precise measures of systemic lead levels, cytotoxicity and/or apoptosis were not conducted in most studies. Setting aside the issue of physiological relevance, some, but not all, injection studies provide evidence of weak genotoxicity under extreme exposure circumstances.

Studies in Humans

The effects of lead exposure have been evaluated in humans, most often in occupational exposure scenarios. The results of these studies are conflicting and often difficult to interpret. Impacts upon chromosomal endpoints are generally examined – other genotoxic endpoints are not readily amenable to evaluation. As such, cytogenetic studies can be complicated by confounding exposures in the workplace as well as by age and lifestyle confounders (e.g. smoking habits, alcohol consumption). In particular, co-exposures to known carcinogens and genotoxic substances are known or suspected in many of the work environments evaluated. Potential co-exposures are particularly problematic in the evaluation of studies of smelter workers where significant levels of exposure to substances such as arsenic and cadmium are to be expected. Co-exposures of concern also exist in studies of occupational cohorts in work environments expected to produce more homogenous exposures to lead. For example, battery production primarily entails exposure to lead and lead oxide, but the grid alloys used (and sometimes cast) within the facilities can contain or produce known or suspected genotoxic agents such as cadmium, arsenic or polycyclic aromatic hydrocarbons. Co-exposures to these materials is seldom assessed.

Forni and colleagues conducted some of the earliest studies of effects upon peripheral lymphocytes, observing increased rates of abnormal mitosis (Forni et al, 1976) and chromosome aberrations (Forni and Secchi, 1972; Forni et al., 1976, 1980). These studies have been of workers engaged in lead-acid battery manufacture, lead smelting, ceramics manufacturing and plastics manufacture. Forni and Secchi (1972) evaluated the incidence of aberrations in 15 workers with preclinical lead intoxication, 37 workers exhibiting symptoms of lead intoxication, and in 13 workers with a history of lead poisoning but no occupational exposure for the past 18 months. Aberration frequency was compared to that in age-matched controls with “no known” exposure to clastogens. Average blood lead levels in the three groups were 64, 78, and 56 µg/dL respectively. Blood lead data were not provided for the controls. Increased incidence of chromosome aberrations was observed in all exposed groups, but was predominantly chromatid alterations (type not specified) and not more complex structural changes. The presence of hypodiploid cells was similar between exposed and control subjects, while there was a slight increase in hyperdiploid cells. Lack of specificity with respect to the nature of the changes observed and whether confounding exposures in the workplace were considered complicated interpretation of the findings.

Forni et al. (1976) subsequently conducted serial chromosome evaluations of 11 workers prior to, and after the start of, employment at a lead acid battery facility. Pre-employment blood lead levels averaged 34 µg/dL and increased to 45 µg/dL after one month of occupational exposure. This was accompanied by an approximate doubling of chromosome aberrations (mostly chromatid breaks and gaps). Aberrations did not increase as occupational exposure continued and blood lead levels increased. This latter finding is somewhat surprising given the relatively small difference between pre- and post-employment but cohort attrition was significant over the 18 month study (1 remaining case at the end of the study). Forni et al. (1980) compared aberrations in 18 exposed women employed in battery manufacturing with that of 12 age matched controls. The blood lead levels of exposed women averaged 42 µg/dL (range: 24 – 59) while that of the controls was 28 µg/dL (range: 22 – 37). Aberrations were approximately 4-fold higher in the exposed population, a surprisingly large difference given the relatively small differential in blood lead between the two groups. More significantly, the frequency of aberrations did not appear to increase as a function blood lead concentration within the exposed group.

Several other investigators have reported associations between occupational lead exposure and chromosome aberrations. Al-Hakkak et al. (1986) evaluated 19 workers (blood lead range 38 – 96 µg/dL) and 9 controls (blood lead range 6 – 30 µg/dL) at a storage battery facility in Iraq and reported a two-fold increase in aberrations in workers. Most of the aberrations reported were chromatid gaps – unambiguous structural chromosome alterations were only modestly elevated. Relationships between aberration frequency and blood lead levels were not reported – data presented did not suggest that aberrations increased as a function of increased length of exposure. Nordenson et al. (1978) also reported an increase in aberrations in smelter workers in Sweden (blood lead levels > 50 µg/dL) that appeared to increase as a function of blood lead. Schwanitz et al (1970) evaluated aberrations in peripheral lymphocytes of 8 workers (blood lead range 62 – 89 µg/dL) at a lead oxide production facility and 15 controls (blood lead not reported). An increased incidence of chromatid gaps and breaks and other more complex aberrations was found. Deknudt et al. (1973) examined 14 workers exposed to lead in the presumed presence or absence of concomitant zinc and cadmium exposure and compared them to 5 controls. Increased chromatid aberrations, and a limited number of complex structural aberrations, were observed in lead-exposed workers but did not appear to increase as a function of lead exposure intensity. Unfortunately the only biological monitoring data presented was restricted to urinary lead levels. Blood lead levels were said to be elevated, but no details were provided. Even though differences in lead exposure were presumed, all workers were said to evidence unspecified clinical symptoms of lead intoxication. The presence or absence of co-exposures was based upon job descriptions and not confirmed by biological monitoring. Based upon the job descriptions, co-exposures to metals such as cadmium could not in fact be precluded.

Other studies conducted with similar methods failed to observe a relationship between occupational lead exposure and chromosome aberrations over blood lead levels that range from 38 – 120 µg/dl. Bauchinger et al. (1977) studied 30 children exposed to emissions from a lead smelter in Germany (blood lead levels > 30 µg/dl) and did not observe effects upon peripheral lymphocytes. Maki-Paakanen et al. (1981) observed no effects in 18 smelter workers (average blood lead 49µg/dL) compared to 12 controls (blood lead not reported). O’Riodan and Evans (1974) observed no significant chromosome damage in 35 lead-exposed shipyard workers in Scotland (blood lead 40 - > 120 µg/dL) relative to 31 controls although a slight increase in chromatid breaks was suggested. Schmid et al. (1972) reported no increased aberrations in lead production workers in the Netherlands (blood lead not reported).

One of the more novel studies of lead and chromosome aberrations was conducted by Bijlsma and De France (1976). Eleven male volunteers (aged 20 – 30 years) ingested daily quantities of lead acetate to achieve average blood lead levels of 40 µg/dL after 49 days. Aberrations were then compared to those in age matched controls. No significant differences were found between the two groups.

As with studies of chromosome aberrations, sister chromatid exchange (SCE) induction studies have produced mixed results. Grandjean reported a modest increase in SCE induction in 10 long-term lead exposed men (blood lead 29 – 75 µg/dL). Slightly higher SCE incidence was observed when compared to controls, but a significant relationship between blood lead and SCE frequency was not observed. However, SCE’s in 6 workers were lower after a vacation that lowered blood lead levels. Eighteen newly employed workers were also studies, but increased SCE’s were not observed in the first four months of lead exposure.

Huang et al. (1988), in a study of 21 lead battery plant workers, observed an increase in SCE’s when blood lead levels exceeded 80 µg/dL Chromosome aberrations, primarily chromatid alterations, were a more sensitive indicator, increasing when blood lead levels exceeded 50 µg/dL. Although the number of worker evaluated was relatively small, selection criteria minimised potential impacts of lifestyle confounders such as alcohol and smoking. Bilban (1998) observed increases in SCE’s in lead/zinc mine workers in Slovenia, but concomitant exposure to radon and other metals complicated study interpretation. Occupational exposure to lead in Turkey was associated with slightly increased SCE’s in 32 lead powder production workers studied by Donmez et al. (1998). Blood lead levels were reported to be only 14 µg/dL (implausibly low). Methodological deficiencies were probable in both blood lead and SCE analyses. Duydu et al. (2001) studied 31 exposed (mean blood lead 36 µg/dL) and 20 control (mean blood lead 11 µg/dL) workers and observed increased SCE’s. The increases correlated with blood lead levels, but stronger correlations were observed with urinary ALA, leading the authors to postulate that SCE induction was an indirect effect of lead mediated by ALA. Rajah and Ahuja (1995) evaluated printing press workers (blood lead not reported). SCE induction in lead exposed workers was comparable to that of controls. SCE’s increased as a function of smoking status, and may have increased even further in workers who were both smokers and lead exposed. Finally, Dalpra et al. (1983) studied SCE induction in 19 children exposed to lead smelter emissions (blood lead range 30 – 62 µg/dL) and observed no effects upon SCE induction as compared to 12 controls (blood lead range 10 – 21 µg/dL).

Micronucleus induction has also been studied as another indicator of clastogenic or aneugenic (induction of aneuploidy) activity. Hamurcu et al. (2001) reported elevations of lymphocyte micronuclei in 31 male Turkish workers exposed to lead, zinc and/or cadmium (mean blood lead 40 µg/dL) relative to that in 20 controls, but it is unclear how potential lead effects were statistically evaluated relative to the other measured metals. Although micronucleus frequency was increased in lead workers, this increase did not vary as a function of lead exposure intensity or duration. Smoking increased micronucleus frequency in controls, but not in lead-exposed workers. Martino-Roth et al. (2003) reported an approximate 3-fold increase of micronuclei in buccal cells of “battery renovators” and car painters in Brazil. Blood lead levels were apparently not determined, nor were exposures to other potential toxicants in the workplace considered. The relatively novel cell type studied, the surprisingly low frequency of micronuclei in controls and lack of control for cytotoxicity further complicate interpretation of the study. Centromere staining was not conducted to determine the fraction of induced micronuclei that might be intact chromosomes. The induction of micronuclei was accompanied by responses in the comet assay, suggesting that DNA damage might be responsible. Minozzo et al. (2004) evaluated peripheral blood lymphocyte micronucleus induction in 26 men employed at a battery recycling facility in Brazil (mean blood lead 35 +/- 14.8 µg/dL) compared to 29 age matched controls (mean blood lead 1.95 +/- 1.87 µg/dL). Occupational exposure to lead ranged from 6 months to 30 years. An approximate 2.5-fold increase in micronucleus frequency was observed in those men occupationally exposed to lead, but did not vary as a function of duration of employment or blood lead levels. Possible co-exposures were not assessed and, somewhat contrary to expectation, smoking status did not influence micronucleus induction in the lead-exposed cohort. Effects of smoking were not reported for the controls.

Palus et al. (2003) evaluated a battery of genotoxicity indicators in 44 lead exposed male workers (mean blood 50.4 µg/dL; range 28.2 to 65.5 µg/dL) compared to 52 controls (35 men and 17 women, mean blood lead 5.6 µg/dL; range 1.7 to 18 µg/dL). Blood cadmium levels in the workers, most of whom were smokers, were similar to those of the controls (1.6 µg/L; range 0.2 to 5.1 in the workers, 1.9 µg/L, range 0.2 to 5.7 µg/L in controls), but the extent of matching on other lifestyle factors other than age (well-matched) and gender (poor matching) was not specified. Co-exposures to other materials in the workplace were either not noted or measured. Endpoints evaluated included micronucleus induction in peripheral blood lymphocytes (including FISH staining), SCE induction and DNA damage (Comet assay). Micronucleus and SCE data were obtained for 30 workers (viable cultures apparently could not be established from 14 subjects) but the blood lead levels of this subset of the cohort were not specified. Viable cultures were established from 43 of 44 controls. Lead exposed subjects evidenced a slight increase in SCE’s, an approximate 2.5-fold increase in micronuclei, and a modest response in the Comet assay. Approximately half of the micronuclei were FISH positive, indicative of probable aneuploidy induction combined with clastogenesis. Regression analysis did not indicate a relationship between blood lead levels and genotoxicity response, but the range of blood lead levels encompassed by this analysis is unclear. Lack of dose response complicates study interpretation. Given the elevated blood lead levels of the cohort, the high failure rate for establishing cultures from workers raises concern over possible toxicity resulting in artefacts during the conduct of genotoxicity assays.

Zhijian et al. (2006) similarly evaluated a panel of genotoxicity endpoints in 25 workers in a storage battery production facility (mean blood lead 32 +/- 2.5 µg/dl) compared to 25 non-exposed controls (mean blood lead 2.0 +/- 0.3 µg/dL) matched to the workers on the basis of age, sex and smoking habits.  Cytokinesis block micronucleus assays of lymphocytes cultivated from workers showed higher levels of MN’s than controls (cells with MN’s 2.4% in controls vs. 9.0% in workers) but MN frequency did not appear to increase as a function of lead exposure.  Although it can be hypothesized that MN frequency would correlate with past as opposed to concurrent Pb exposure, no effort was reported to relate assay responses to exposure histories (if such data were available). Application of the Comet assay to lymphocytes similarly revealed increased mean tail length and tail moment in workers compared to controls, but responses also did not vary as a function of lead exposure level.  Assays for responses in the T-cell receptor gene mutation test did not show a difference between the exposed and control cohorts.  Although aspects of this study are technically sound, likely co-exposures to mutagens in the work environment were not monitored and data were not collected on other lifestyle factors that may have affected MN frequency.  Combined with the failure to observe a relationship between exposure intensity (blood lead) and genotoxicity responses, the results of this study are difficult to interpret within the context of assessing the genotoxic properties of lead compounds. 

More significant are a series of studies by Vaglenov and colleagues. Vaglenov and Karadjov (1997) evaluated 73 workers engaged in lead-acid battery manufacture in Bulgaria compared to 23 office workers from the same plant. Workers were divided into exposure groups based upon job description and the anticipated intensity of air lead exposure. However, each group had similar average blood lead levels (overall average of 68 µg/dL), with 62% of the workers with blood lead levels in excess of 60 µg/dL. The blood lead levels of controls averaged 24 µg/dL – some level of exposure of the controls from the battery plant cannot be excluded. An approximate doubling of micronucleated lymphocytes was evident in the lead exposed groups – smoking was controlled but did not materially impact this observation. Although all exposed groups had similar blood leads, micronucleus induction tended to decrease with air lead. Although elevated over controls, the correlation between blood lead level and micronucleus frequency was poor. Approximately half the cohort had markedly elevated micronucleus frequencies – separate analysis of these individuals suggested that micronuclei increased as a function of blood lead. However, the ages of this subset of the cohort were not specified as they related to lead exposure. Separate studies by the authors (Vaglenov and Karadjov, 1997) had observed that micronucleus frequency in the Bulgarian general population increased as a function of age and the magnitude of this effect was well within the range of variation seen within lead workers.

Follow-up studies (Vaglenov et al., 1998) evaluated the impact of a vitamin mineral intervention upon micronucleus induction in 20 heavily exposed workers. At the start of the study micronucleus levels and blood lead levels (mean blood lead 62 µg/dL) were similar to those reported earlier. Four months of administration of a commercially available vitamin and mineral supplement (two Centrum brand tablets per day) significantly decreased micronucleus frequency to a level lower than that in controls. The authors postulated that the indirect oxidative mechanisms may underlie the genotoxic effects of lead and that this effect is blocked by the anti-oxidant properties of the vitamin supplements. The findings are also reminiscent of the dependence of lead genotoxicity upon calcium deficiency reported by Deknudt and Gerber (1979). Data on blood lead levels after vitamin supplementation were not presented – nor was there information on the micronutrient status of the cohort prior to the intervention.

Further studies (Vaglenov et al., 2001) evaluated a second larger cohort of 103 exposed workers (mean blood lead 57 µg/dL) and 78 control subjects (mean blood lead 19 µg/dL) at a second lead-acid battery facility. Data were generated during three independent biomonitoring studies conducted during 1992, 1993 and 1996. Dose dependent increases in micronuclei were evident when the cohort was stratified by blood lead level and in more sophisticated regression analyses that included analysis of potential confounders such as age and alcohol consumption. From the data presented in the paper, however, it is unclear whether the dose dependent increases depicted represent data before or after confounder correction. As observed in the earlier study, a two-fold increase in micronuclei was observed from highest to lowest blood lead levels.

Potential Mechanisms of Genotoxicity

The observation of responses in some assays for genotoxicity, combined with the general observation that lead does not directly interact with DNA, has stimulated research on indirect pathways by which lead could produce an effect. A variety of hypotheses have been offered and are summarised here. These hypotheses are not mutually exclusive.

The importance of oxidative damage to DNA to mutagenesis and carcinogenesis has been extensively studied with respect to lead. Oxygen is present as 20% of the atmosphere and is the terminal oxidant for aerobic organisms. All forms of aerobic life are subjected to oxidant pressure from molecular oxygen and reactive oxygen species (ROS). Most of the potentially harmful effects of oxygen are due to the formation and activation of ROS. Oxidative stress can be defined most simply as the imbalance between the production of ROS capable of causing cellular damage and the body’s antioxidant defences. ROS include singlet oxygen, hydrogen peroxide (H2O2), superoxide radical (O2-), nitric oxide (NO), organic oxyradicals, and organic peroxyradicals. Many of these are free radicals, i.e. molecules with one or more unpaired electrons and therefore unstable and highly reactive. Seeking stability, radicals attack nearby molecules to obtain another electron, causing damage to the molecule. If free radicals are not inactivated, their chemical reactivity can damage all cellular macromolecules, including proteins, carbohydrates, lipids and nucleic acids. Upon reaction with DNA, ROS produce more than 30 different base adducts as well as various amino acid, protein and lipid addition products, strand breaks, and crosslinks (Marnett and Burcham, 1993). Although 8-OHdG is only one of a plethora of oxidised bases, it has been extremely useful as a marker for oxidative DNA damage. Hydroxyl radical attack on the deoxyribose in DNA induces strand breaks that might be expected to contribute to the deletions and structural chromosome changes (Joenje, 1989).

Free radicals and other reactive oxygen species can be derived from normal metabolism in the human body as well as from external sources, such as exposure to radiation, ozone, cigarette smoking, certain drugs, pesticides, air pollutants and industrial chemicals. Mitochondria represent the greatest source of cellular oxidants because their electron transport system consumes approximately 85% of the oxygen utilised by the cell (Shigenaga et al., 1994). 1-2% of oxygen molecules are converted to superoxide by autooxidation [one electron transfer to O2 (Sohal and Dubey, 1994)]. Through dismutation, this is the major source of H2O2 in cells, although smaller amounts of ROS are also contributed by other oxidant-producing systems (cytochrome p450, peroxisomes, NO synthetase, and cytoplasmic oxidases). Levels of oxidative damage to mitochondrial DNA are at least 10-fold higher than to nuclear DNA in the same cell, a fact consistent with the higher evolutionary mutation rate of mitochondrial DNA compared with nuclear DNA (Shigenaga et al., 1994).

H2O2 itself does not react with DNA, but requires a metal ion that can produce the DNA-damaging hydroxyl radical via Fenton reactions with H2O2 (Joenje, 1989). Since iron and copper ions are powerful Fenton agents generating hydroxyl radicals, a complex system of storage and transport proteins exist to sequester these ions. Iron bound to ferritin, its storage form, or transferrin, its transporter, will not take part in Fenton reactions (Halliwell and Gutteridge, 1989). If superoxide escapes dismutation, it too can damage DNA.

A favourable condition for uncontrolled oxidative reactions exists in cell membranes because of their unsaturated lipids. Mutagens such as malondialdehyde and unsaturated aldehydes (e.g. acrolein) can be formed endogenously as a result of lipid peroxidation. These compounds modify DNA bases with propano and etheno adducts (Marnett, 1994). Among these adducts so far found as endogenous DNA lesions, the acrolein- and the crotonaldehyde-derived 1,N2-propano deoxyguanosines are most ubiquitously detected at relatively high levels in tissue DNA (Nath and Chung, 1994). It is suggested that these adducts could represent the main DNA damage resulting from lipid peroxidation. It stands to reason that agents increasing lipid peroxidation in cells should increase the abundance of malondialdehyde, acrolein, and their DNA adducts.

In many cases, the conclusion that free radical production is part of a genotoxic mechanism follows the observation of increased amounts of free radical damage products, particularly markers of lipid peroxidation. It is important to remember, however, that lipid peroxidation inevitably accompanies cell death from any cause. Lead may cause oxidative stress as a result of cell death, or as a result of Fenton-type reactions with H2O2. Mitochondria are also centres of haeme production and use and as such are sensitive targets of lead toxicity. More is needed to understand the chemical and biochemical determinants of lead’s interactions with cellular oxidants. For example, does lead cause a Fenton reaction or does it displace iron from some molecules, resulting in iron-induced Fenton reaction? Does lead affect mitochondrial function to produce more ROS and, if so, does this occur at lead concentrations that are not lethal to the cell?

As noted in the preceding sections, some authors have conducted studies demonstrating that genotoxic effects could result from indirect oxidative mechanisms (Ariza et al., 1998; Yang et al., 1999; Vaglenov et al. 1998; Roy and Rossman, 1992). In vivo responses might be mediated by ALA increases (Huang, 1988), but this mechanism would not be applicable to in vitro studies. Fracasso et al. (2002) have similarly suggested that the production of reactive oxygen species may underlie genotoxic potential and have further suggested linkage to effects upon protein kinase C and/or a lowering of glutathione-S-transferase. The Comet assay was used to study DNA strand breaks and alkali labile sites in the lymphocytes of 29 occupationally exposed battery plant workers with an average blood lead level of 40 µg/dL. DNA strand breaks, glutathione depletion and increases in reactive oxygen species seemed to begin to manifest in the blood lead range of 25 – 35 µg/dL – but the study results subject to the aforementioned caveats regarding artifactual responses related to apoptosis. Positive micronucleus studies of Martino-Roth et al. (2003) were also accompanied by comet assay responses, suggesting that micronucleus production may have been the result of DNA damage. Valverde et al. (2001) have suggested that DNA strand breaks occur in experimental animals via indirect mechanisms, with lipid peroxidation being hypothesised as the means by which oxygen radicals induce DNA damage. The linkage between DNA strand breaks and lipid peroxidation is less then clear, however, since the latter would normally be expected to produce DNA adducts.

Hartwig et al (1994) have postulated that lead may interfere with the fidelity of DNA repair – and through this mechanism increase the effects of genotoxic substances. While an impact through oxidative stress and/or decreased repair fidelity cannot be precluded, the lesions so generated (adducts or base pair changes) would most likely elicit responses in assays for point mutations. However, evidence for mutagenic activity is quite limited.

Novel mechanisms for clastogenic activity have recently been proposed. Thier et al (2003) and Bonacker et al. (2005) examined micronucleus induction by lead chloride, lead nitrate and lead/or acetate in cultured V79 hamster cells. Dose dependent induction of micronuclei was observed – with up to 20-fold differences in the concentration required to produce an effect by each compound. Lead acetate had no effect at a concentration of 0.05 µM while the no effect concentration for lead chloride was 1.1 µM. The authors suggested that the higher potency of lead acetate could be related to the action of solubilised lead-aceto complexes, but the exact basis for this supposition is not clear. Maximum micronucleus frequency was approximately twice that observed in control cultures up to the maximum concentration tested for each compound (10 µM and appeared to attain a response plateau over a narrow concentration range. The level of cytotoxicity associated with this effect is not clear. Toxicity was assessed by neutral red exclusion (as opposed to clonogenicity) and the data not reported except to note lack of toxicity. Additional studies suggested that the micronuclei observed were entire chromosomes as opposed to chromosome fragments. The authors then characterised the impact of lead upon tubulin polymerisation events that occur during the assemblage of mitotic apparatus during cell division. Lead was found to inhibit this process, although inhibition was relatively modest (10-15%) compared to that produced by other compounds tested and required lead concentrations of approximately 10 - 20 µM. Although the dosimetry between the two effects are not concordant, the mechanism hypothesised represents yet another indirect pathway through which lead might act. Moreover, it would suggest that lead could induce aneuploidy, as opposed to DNA damage, that might manifest as micronuclei. However, this mechanism would not be expected to result in the comet assay or mutation responses observed in some studies.

4.1.2.8.2 Genotoxicity Conclusions

The genotoxic profile of lead is mixed. Bacterial mutagenesis assays produce negative results while conflicting (positive and negative) observations have been made in mammalian cell mutagenesis systems. In the absence of confirmation that lead was in fact taken up by bacteria, negative results in bacterial systems will not be assigned significance in a weight of evidence evaluation.

With few exceptions, in vitro studies of lead’s effects upon eukaryotic cells in vitro have employed high concentrations of soluble lead compounds producing significant levels of cytotoxicity and only weak genotoxic responses. A central issue that requires resolution is whether mechanisms for in vitro genotoxicity possess physiological relevance, by virtue of the mechanisms involved or the concentrations required to produce effects. For example, induction of genotoxic effects in cultured cells at lead concentrations in the µM or mM range would have limited relevance to in vivo exposures wherein the concentration of lead available for transfer to the soft tissues is in the nM range or lower. Extrapolation of the effects of soluble lead compounds to the compounds that are the subject of this risk assessment is further complicated by the sparingly soluble nature of the metal and its’ compounds. The compounds, while largely untested for mutagenicity in vitro, will not undergo dissolution in neutral aqueous media to an extent that will yield lead ion concentrations adequate to induce the weak effects reported for soluble compounds. In vitro mutagenicity assay results would thus be expected to be negative.

Similarly, multiple indirect mechanisms have been proposed for lead genotoxicity in vitro but not all are concordant with the genotoxicity response profiles observed. For example, although some studies have suggested that noncytotoxic lead concentrations can interfere with the mitotic spindle and induce aneuploidy that manifests as micronucleus induction, the concentrations required to disrupt spindle formation are higher than those that induce micronuclei.    Neither would interference with spindle formation  produce the DNA damage or point mutations that have been reported to accompany micronucleus induction in other studies. There is thus poor consistency between the dose responses for genotoxic effects observed and some of the underlying mechanisms that have been proposed to produce them. Although lead may be capable of inducing genotoxicity by multiple mechanisms, it is not yet possible to ascertain which mechanism, or group of mechanisms, is of greatest importance and/or of physiological relevance in producing the spectrum of changes suggested by in vito studies.

In vivo studies using experimental animals are similarly characterised by conflicting results for endpoints such as DNA damage, chromosome aberrations, micronuclei and sister chromatid exchange induction. In most studies responses have occurred after lead compounds were administered via exposure routes (e.g. i.v., i.p. or s.c. injection) that have limited relevance to normal exposure routes and/or that are difficult to compare on a dosimetric basis to lead administered via ingestion. Furthermore, in many instances, only single doses have been studied and dose response relationships that help to validate the significance of a positive finding cannot be evaluated. When multiple doses have been evaluate, especially in injection studies, the dose response for genotoxic effects has either been weak, non-existent or inverse. Poor dose dependency under such circumstances is likely an indication of systemic or tissue toxicity that limits response. Injection routes of administration also bypass the normal toxicokinetic processes responsible for the uptake and distribution of lead – 99% of the lead taken up into the blood following oral or inhalation exposure is bound within the red blood cell and only a small fraction (~1%) of lead in the blood is available for transfer to the soft tissues. Studies have not documented the free or biologically available lead in blood concentrations that result from i.p. or i.v. administration routes but the concentrations are likely far higher, perhaps by three orders of magnitude, than those that can be achieved via physiological routes of administration prior to the onset of lethality or other severe manifestations of systemic toxicity. For this reason, the dosimetry for genotoxic effects from injection studies is difficult to compare to other effects of concern such as carcinogenicity.

Given the preceding concerns regarding dosimetry for effects and the induction of indirect mechanisms with physiological relevance, studies conducted using physiologically relevant routes of exposure are especially important. Oral or inhalation exposure to high levels of lead soluble lead compounds produce negative or equivocal responses in all but one study. Assays for chromosome damage are either negative or report effects (e.g. weak induction of chromosome gaps) that are not now believed to be true indicators of a mutagenic response or under non-standard test conditions (e.g. extreme calcium deficiency) that are difficult to interpret. A single study reported aberrations in bone marrow cells and spermatocytes, but the levels of Pb administration were high and cytotoxicity not monitored.  Lack of information regarding systemic lead levels precludes comparison of the study results with similar dosing levels but negative findings.  In this instance, the weight of evidence derived from four negative studies of higher or comparable study quality would indicate that chromosomal aberrations are not induced by oral lead administration.

Several findings of micronucleus induction were reported but are difficult to interpret.  One observed a low level response in polychromatic ethrythrocytes after prolonged exposure to high levels of lead – the response observed may have been an artifactual positive produced by anaemia.  Other studies observed micronuclei following the administration of high levels of lead but did not adequately control for cytotoxicity.  Only one germ cell mutagenesis assay was found reported in the literature, but although the administration of lead in drinking water did not produce a response in the dominant lethal assay, the dose applied only produced a modest elevation of blood lead. 

When studies are ranked by overall study quality, negative response are generally seen in the higher quality studies and suggestions of effects generally are relegated to low quality studies. Responses in so-called indicator assays (SCE induction or the Comet assay) have been reported as positive with greater but are difficult to interpret in light of the mostly negative findings of true mutagenicity assays and a failure to adequately monitor apoptosis and, in many instances, cytotoxicity.

This inconsistent response profile extends to observational studies in humans where endpoints such as chromosome aberrations, micronuclei and sister chromatid exchange induction have been evaluated. Both positive and negative studies exist, but even positive studies are characterised by weak or non-existant dose responses and small effects. Furthermore, almost without exception, studies in humans have failed to monitor potential impacts of lead upon apoptosis or cellular toxicity and measurements are generally lacking of co-exposures to other substances in the workplace that may have genotoxic potential. The lack of a cohesive response profile, combined with technical inadequacies in most studies, does not support the presence of significant in vivo genotoxic activity in humans. In summary, while it is not possible to ascribe genotoxic activity to lead in vivo, soluble lead compounds appear to have weak genotoxic activity in vitro. Effects observed usually, but not always, require treatment with highly soluble compounds at cytotoxic concentrations several orders of magnitude higher than that which could reasonably be expected to occur in vivo. There is further general agreement that if lead produces genotoxicity it likely occurs via indirect mechanisms. The ability to directly damage DNA appears to be lacking. Rather, a diverse range of indirect mechanisms have been proposed such as increased production of oxygen radicals, depletion of glutathione, impaired DNA repair and interference with components of the mitotic apparatus during cell division. Which, if any, of these hypothesised mechanisms explains lead’s effects cannot be determined at this time. However, indirect mechanisms imply potential non-linear dose response and the presence of apparent thresholds below which effects will not be observed. Some indirect mechanisms may thus lack physiological relevance and be artifactual in nature. There is as yet little evidence suggesting that the indirect effects suspected of mediating lead genotoxicity occur at lead concentrations that can be reasonably maintained in experimental animals or humans without rapid systemic toxicity resulting in lethality. On both a mechanistic and a dosimetric basis, the results of most in vitro studies cannot be readily extrapolated to in vivo exposure scenarios.

Tabular presentation of the responses observed in different genotoxicity test systems follows. The studies presented in the table were for genotoxicity results obtained using physiologically relevant exposure routes for lead are perhaps the most relevant and have been evaluated for data quality and compliance with GLP guidelines. The tables include studies not discussed in the text, but the results of these excluded studies are largely redundant of those discussed in detail in the text.

Based upon a weight of evidence  evaluation, genotoxicity is not an endpoint appropriate to be carried forward to Risk Characterization. Although some positive findings have been reported, the exposure conditions employed in these studies were extreme and approximately 1000-fold higher than those that can be tolerated by humans prior to the onset of clinical lead poisoning.  Similarly, classification of the substances that are the subject of this risk assessment with respect to mutagenic potential does not appear to be supported. Lead compounds appear to express genotoxicity in vitro, but at high concentrations and via mechanisms that appear to lack physiological relevance. The fact that in vivo mutagenicity studies conducted using physiologically relevant exposure routes are generally negative factors heavily into this weight of evidence evaluation – although it should be recognised that several reports of chromosomal aberrations and/or micronucleus induction exist.  These positive findings are potentially artifacts of cytotoxicity or other systemic effects such as anaemia.  Additional studies that adequately control for the suspected artifacts in these papers would be beneficial for the purpose of a weight of evidence evaluation.  Several reports of positive responses in indicator assays are also of interest but the studies published to date have technical deficiencies that complicate their interpretation. The negative findings of most mutagenicity studies are further assigned higher relevance than positive findings from indicator assays. Reconciliation of the results from indicator assays with that of mutagenicity assays would be desirable but would similarly require additional research.

Table 4.191:
Genetic effects of lead in prokaryotic or cell free systems, modified from IARC (2006)

	Test system
	Compound
	Result
	Dose or concentration
	References

	Salmonella typhimurium TA100 reverse mutation
	Pb Chloride
	-
	0.58 mg/plate
	Nestmann et al. (1979)

	Salmonella typhimurium TA100, TA1535, TA1537, TA1538, TA98, reverse mutation
	Pb Acetate
	-
	333 μg/plate
	Dunkel et al. (1984)

	Salmonella typhimurium TA1535, reverse mutation
	Pb Acetate
	-
	250 μg/plate
	Rosenkranz and Poirier (1979)

	Salmonella typhimurium TA1535, reverse mutation
	Pb Chloride
	-
	1 mM
	Nestmann et al. (1979)

	Escherichia coli Gal forward mutation, Trp reversion plate test
	Pb Chloride
	-
	1 mM
	Nestmann et al. (1979)

	Escherichia coli WP-2 uvrA, reverse mutation
	Pb Acetate
	-
	333 μg/plate
	Dunkel et al. (1984)

	Escherichia coli WP2, rec-assay
	Pb Acetate
	-
	50 mM
	Nishioka (1975) 

	Escherichia coli WP2, rec-assay
	Pb Chloride
	-
	50 mM
	Nishioka (1975)

	Saccharomyces cerevisiae D7, mitotic gene conversion, reverse mutation Allium cepa L, chromosomal aberrations
	Pb Nitrate
	-
	0.06 mg/mL
	Kharab and Singh (1985)

	Saccharomyces cerevisiae D3, mitotic recombination
	Pb Acetate
	-
	5% wt/vol
	Simmon (1979)

	Saccharomyces cerevisiae D7, mitotic crossing over
	Pb chloride
	(+)
	0.3 mM
	Fukunaga et al. (1982)

	DNA strand breaks, isolated plasmid DNA (with H2O2)
	Pb Acetate
	+
	1 mM
	Roy and Rossman (1992)

	DNA strand breaks, isolated plasmid DNA
	Pb Acetate
	+
	0.1 mM
	Yang et al. (1999)


Table 4.192:
Genetic effect of lead in eukaryotic systems, modified from IARC (2006)

	Test system
	Compound
	Result
	Dose or concentration
	References

	Gene mutation, Chinese hamster ovary (CHO K1) cells, hprt locus in vitro
	Pb Acetate
	+
	0.5 mM
	Yang et al. (1996)

	Gene mutation, Chinese hamster V79 cells, gpt locus in vitro
	Pb Acetate
	(+)
	1.7 mM
	Roy and Rossman (1992)

	Gene mutation, Chinese hamster V79 cells, gpt locus in vitro
	Pb nitrate
	-
	1.7 mM
	Roy and Rossman (1992)

	Gene mutation, Chinese hamster V79 cells, gpt locus in vitro (in combination with UVC and MNNG)
	Pb Acetate
	+
	0.4 mM
	Roy and Rossman (1992)

	Gene mutation, Chinese hamster V79 cells, hprt locus in vitro
	Pb Acetate
	-
	5 mM
	Hartwig et al. (1990)

	Gene mutation, Chinese hamster V79 cells, hprt locus in vitro
	Pb nitrate
	+
	500 μM
	Zelikoff et al. (1988)

	Gene mutation, Chinese hamster V79 cells, hprt locus in vitro
	Pb sulfide
	+
	376 μM
	Zelikoff et al. (1988)

	Gene mutation, Chinese hamster V79 cells, hprt locus in vitro (in combination with UVC)
	Pb Acetate
	+
	500 μM
	Hartwig et al. (1990)

	Gene mutation, diploid human fibroblasts, hprt locus in vitro
	Pb Acetate
	-
	2 mM
	Hwua and Yang (1998)

	Gene mutation, human AS52 cells, gpt locus in vitro
	Pb chloride
	+
	1.0 μM 
	Ariza and Williams (1996); Ariza et al. (1998); Ariza and Williams (1999)

	Gene mutation, human G12 cells, gpt locus in vitro
	Pb nitrate
	-
	1.7 mM
	Roy and Rossman (1992)

	Chromosomal (structural) aberrations, Chinese hamster ovary (CHO) cells in vitro
	Pb Acetate
	-
	1 mM
	Bauchinger and Schmid (1972)

	Chromosomal aberrations (gaps), Chinese hamster ovary (CHO) cells in vitro
	Pb Acetate
	+
	100 μM
	Bauchinger and Schmid (1972)

	Chromosomal aberrations, Chinese hamster ovary (CHO) cells in vitro
	Pb glutamate
	(+)
	1 mM
	Wise et al. (1994)

	Chromosomal aberrations, Chinese hamster ovary (CHO) cells in vitro
	Pb nitrate
	-
	30 μM
	Lin et al. (1994)

	Chromosomal aberrations, human lymphocytes in vitro
	Pb Acetate
	-
	1 mM
	Schmid et al. (1982)

	Chromosomal aberrations, human lymphocytes in vitro
	Pb Acetate
	-
	1 mM
	Gasiorek and Bauchinger (1981)

	Micronucleus formation, Chinese hamster ovary (CHO) cells in vitro
	Pb nitrate
	-
	30 μM
	Lin et al. (1994)

	Micronucleus formation, Chinese hamster V79 cells in vitro
	Pb Acetate
	+
	0.05 μM
	Their et al. (2003)
Bonacker et al. (2005)

	Micronucleus formation, Chinese hamster V79 cells in vitro
	Pb chloride
	+
	1.1 μM
	Their et al. (2003)
Bonacker et al. (2005)

	Nucleotide excision repair capacity (incision step and DNA damage recognition); human cell free extracts
	Pb chloride
	+
	1.0 mM
	Calsou et al. (1996)

	Sister chromatid exchange, Chinese hamster ovary (CHO) cells in vitro
	Pb nitrate
	-
	3 μM
	Lin et al. (1994)

	Sister chromatid exchange, Chinese hamster ovary (CHO) cells in vitro
	Pb nitrate
	+
	100 nM
	Cai and Arenaz (1998)

	Sister chromatid exchange, Chinese hamster ovary (CHO) cells in vitro
	Pb nitrate
	-
	1 μM
	Cai and Arenaz (1998)

	Sister chromatid exchange, Chinese hamster V79 cells in vitro
	Pb Acetate
	-
	10 μM
	Hartwig et al. (1990)

	Sister chromatid exchange, Chinese hamster V79 cells in vitro
	Pb nitrate
	+
	3 mM
	Zelikoff et al. (1988)

	Sister chromatid exchange, Chinese hamster V79 cells in vitro
	Pb sulfide
	+
	938 μM
	Zelikoff et al. (1988)

	Sister chromatid exchange, human leukocytes in vitro
	Pb Acetate
	-
	10 μM
	Beek and Obe (1975)

	DNA single- and double-strand breaks, DNA-protein crosslinks, human lymphocytes in vitro
	Pb Acetate
	(+)
	1 μM
	Wozniak and Blasiak (2003)

	DNA strand breaks, Chinese hamster ovary (CHO) cells in vitro
	Pb Acetate
	(+)
	1 mM
	Robison et al. (1984)

	DNA strand breaks, Chinese hamster V79 cells in vitro
	Pb Acetate
	+
	1.7 mM
	Roy and Rossman (1992)

	DNA strand breaks, Chinese hamster V79 cells in vitro
	Pb nitrate
	+
	1.7 mM
	Roy and Rossman (1992)

	DNA strand breaks, human G12 cells in vitro
	Pb Acetate
	+
	1.7 mM
	Roy and Rossman

	DNA strand breaks, human G12 cells in vitro
	Pb nitrate
	+
	1.7 mM
	Roy and Rossman (1992)

	DNA strand breaks, human HeLa cells in vitro
	Pb Acetate
	-
	500 μM
	Hartwig et al. (1990)

	DNA strand breaks, human kidney cells in vitro
	Pb Acetate
	+
	1 mM
	Robbiano et al. (1999)

	DNA strand breaks, primary rat kidney cells in vitro
	Pb Acetate
	+
	560 μM
	Robbiano et al. (1999)

	Achromatic lesions, chromatid breaks and isochromatid breaks, human leukocytes in vitro 
	Pb Acetate
	+
	10 μM
	Beek and Obe (1974)

	Effect on cell cycle progression, Chinese hamster ovary (CHO) cells in vitro
	Pb sulfate
	+
	20 μM
	Costa et al. (1982)

	Effect on the resealing of X-ray induced DNA single-strand breaks, human HeLa cells in vitro
	Pb Acetate
	-
	100 μM
	Snyder et al. (1989)

	Enhancement of UVC-induced sister chromatid exchange, Chinese hamster V79 cells in vitro
	Pb Acetate
	+
	1μM
	Hartwig et al. (1990)

	Effect of pyrimidine dimer removal induced by UVC, human HeLa cells in vitro
	Pb Acetate
	-
	10 mM
	Snyder et al. (1989)

	Inhibition of UVC-induced DNA repair, human HeLa cells in vitro
	Pb Acetate
	+
	500 μM
	Hartwig et al. (1990)


Table 4.193:
Genetic effects of lead compounds in animals in vivo  after non-physiological dosing

	Test system
	Compound
	Result
	Dose or Concentration
	References

	Intravenous or other injection
	
	
	
	

	Chromosomal aberrations, female and foetal Swiss-Webster mouse bone marrow
	Pb nitrate 
	+
maternal toxicity effect?
	100, 150 and 200 mg/kg iv
	Nayak et al. (1989a)

	Chromosomal aberrations, female and foetal Swiss-Webster mouse bone marrow
	Pb nitrate
	+
inverse dose response
	12.5, 25, 50 mg/kg iv
	Nayak et al. (1989b)

	Chromosomal aberrations, female Sprague-Dawley rat bone marrow
	Pb acetate
	+/-
gaps only
	10.4, 51.8, 77.6, 103 mg/kg ip
	Tachi et al. (1985)

	Chromosomal aberrations, albino mice, strain not specified.
	Pb nitrate
	Multiple non-standard endpoints
	10, 20 and 40 mg Pb/kg body weight
	Dhir et al. (1990)

	Micronucleus formation in polychromatic erythrocytes, Swiss albino mice
	Pb Nitrate
	+

No controls for naematopoetic toxicity artifacts
	Two doses, i.p. 24 hr apart at 10 or 20 mg Pb/kg body weight
	Roy et al. (1992)

	Chromosomal aberrations, Swiss albino mice
	Pb nitrate
	+
	5, 10 and 20 mg/kg bw i.p.
	Dhir et al. (1992)

	Micronucleus test, male and female Swiss albino mice
	Pb nitrate 
	+
poor dose response
	0.625 - 80 mg/kg ip
	Jagetia and Aruna (1998)

	Micronucleus formation, male and female Sprague-Dawley rat bone marrow
	Pb acetate
	+
	10.4, 51.8, 77.6, 103 mg/kg ip 
	Tachi et al. (1985)

	Micronucleus formation, female C57BL/6xC3H/HeF1 mouse bone marrow
	Pb acetate
	-
	1000 mg/kg ip
	Bruce and Heddle (1979)

	Micronucleus formation, rabbit bone marrow erythrocytes
	Pb acetate
	-
	0.5 mg/kg sc 3x/wk, 14 wk
	Willems et al. (1982)

	Micronucleus formation, female C57BL mouse bone marrow
	Pb acetate
	-
	25 mg/kg ip x 2
	Jacquet et al. (1977)

	Aneuploidy, female and foetal Swiss-Webster mouse bone marrow
	
	+
	100 mg/kg iv
	Nayak et al. (1989)

	Sister chromatid exchange, rabbit lymphocytes
	Pb acetate
	-
	0.5 mg/kg sc 3x/wk, 14 wk
	Willems et al. (1982)

	Sister chromatid exchange, bone marrow of offspring of female Swiss-Webster mice
	Pb nitrate
	-
	150 mg/kg iv
	Nayak et al. (1989)

	Sister chromatid exchange, male Swiss albino mouse bone marrow
	Pb nitrate 
	+
	10 mg/kg ip
	Dhir et al. (1993)

	Sister chromatid exchange, female Swiss-Webster mouse bone marrow
	Pb nitrate
	+
	150 mg/kg iv
	Nayak et al. (1989)


Table 4.194:
Genetic effects of lead compounds in animals in vivo after oral or inhalation exposure

	Test system
	Compound
	Result
	Dose or Concentration
	References
	Quality Score and Comments

	Mutagenicity Studies
	
	
	
	
	

	Micronucleus induction in polychromatic erythrocytes, Wistar rat
	Pb acetate
	+?
	140, 250 and 400 mg/kg p.o. once per week for 10 weeks
	Celik et al. (2005)
	Low level response consistent with anaemia induction and artifactual positive response

92%

	Chromosomal aberrations, female C57BL mouse bone marrow
	Pb acetate
	-
	0.5% - 1% diet x 3 mo
	Jacquet et al. (1977)
	88%

Although an older study, well conducted.

	Chromosomal aberrations, cynomolgus monkey lymphocytes
	Pb acetate
	+ (Ca deficient)
- (Ca sufficient
	1.5 mg/d po x 3 mo with calcium deficient and sufficient diets
	Deknudt et al. (1977)
	83%

Most alterations were gaps, no longer considered to be significant. Calcium deficiency also associated with increases in blood lead and potential systemic toxicity

	Chromosomal aberrations, cynomolgus monkey lymphocytes
	Unspecified (but probably Pb acetate)
	-
gaps only
	1 or 5 mg/day po x 12 mo
	Jacquet and Tachon (1981)
	79%

Increase in chromosome gaps – an endpoint no longer considered as significant.

	Micronucleus test, male Sprague-Dawley kidney
	Pb acetate
	+
	Single dose of 117 mg/kg or 78 mg/kg po x 3
	Robbiano et al. (1999)
	79%

High dose likely to induce first mitogenesis and then toxicity in the kidney tissue sampled.  No histopathological evaluation of toxicity

	Dominant lethal mutations, NMRI mice
	Pb chloride
	-
	1.33 g/L dw

Dosing only gives 25 µg/dL PbB
	Kristensen et al. (1993)
	71%

Single dose yielding relatively low blood lead. Adequacy of dosing can be questioned.

	Chromosomal aberrations, male white Swiss mouse
	Pb acetate
	+
	200 and 400 mg/kg, two doses p.o.
	Aboul-Ela (2002)
	No measures of cytotoxicity or systemic exposure.  Aberrations disappear within 24 hr of calcium administration

71%

	Chromosomal aberrations, male C57BL mouse bone marrow
	Pb acetate
	+/-
	No response with normal diet + 0.5% in diet x 1 mo; response w/ Ca deficiency
	Deknudt and Gerber (1979)
	71%

Single dose study with effects only in calcium deficient animals. Non-genotoxic metals (e.g. zinc) were also positive in this protocol

	Aneuploidy, Wistar rat bone marrow
	Pb acetate
	+?
	10 mg/kg po
	Nehez et al. (2000)
	71%

No measures of toxicity and poor description of results and endpoints measures.  High incidence of abnormality in solvent controls

	Chromosomal aberrations and other non standard alterations in cell division.
	Pb nitrate
	+?
	57, 75, 150 and 1200 mg/kg po
	Dhir et al. (1990)
	Inadequate description of methods and results – actual endpoints scored are unclear

62%

	Chromosomal aberrations, A/sw mouse leukocytes
	Pb acetate
	+/-
gaps only
	1% diet x 2 wk
	Muro and Goyer (1969)
	54%

Sparse experimental details and short treatment time.

	Chromosomal aberrations, Wistar rat bone marrow
	Pb acetate
	+?
Non-standard criteria
	500 ppm dw x 6 wk
	Kowalska-Wochna et al. (1988)
	50%

Sparse detail. Unclear what the endpoint being measure (pulverization) actually was.

	Indicator Assay Responses
	
	
	
	
	

	DNA damage, male CD-1 mouse testicle (Comet assay)
	Pb acetate
	-
	6800 μg/m3, inhal., 60 min twice a week for up to 4 weeks
	Valverde et al. (2002)
	83%

Positive responses – with some bimodal distributions (not defined) likely indicative of apoptosis. Little response is target tissues for cancer and no histopathological evaluation of toxicity

	DNA damage, unilaterally nephrectomised Sprague-Dawley rat kidney (SCGE)
	Pb acetate
	+
	117 mg/kg po
	Robbiano et al. (1999)
	79%

Positive response but inadequate details as to results. No histopathological evaluation of toxicity.

	DNA damage, blood cells of offspring of female Kunming mice (Comet assay)
	Pb acetate
	+
	1 μg/mL water
	Yuan and Tang (2001)
	54%

Sparse experimental detail renders interpretation all but impossible.

	DNA damage, female Kunming mouse blood cells (Comet assay)
	Pb acetate
	-
	1 μg/mL water
	Yuan and Tang (2001)
	54%

Sparse experimental detail renders interpretation all but impossible.

	Sister chromatid exchange, Wistar rat bone marrow
	Pb acetate
	-
	500 ppm dw x 6 wk
	Kowalska-Wochna et al. (1988)
	50%

Poor experimental detail reporting renders interpretation all but impossible.


Table 4.1955:
Genetic effects of lead compounds in humans occupationally and non-occupationally exposed to lead, modified from IARC (2006)

	Test subjects
	Endpoint
	Result
	Mean PbB (μg/dL)
	References

	Occupational Exposure

	Lead oxide workers, 8 exposed, 14 controls
	Chromosomal aberrations
	Significant increase in various types of chromosome damage (p<0.01)
	74.7 +/- 9.4

(controls, 14.9 +/- 4.1)
	Schwanitz et al. (1970)*

	Lead manufacturing workers, 32 exposed, 20 controls
	Chromosomal aberrations
	No significant effect
	Not reported
	Schmid et al. (1972)

	Ship-breaking workers

35 exposed, 31 controls, 285 historic controls
	Chromosomal aberrations
	No significant effect
	40-> 120

(control, <40)
	O’Riordan and Evans (1974)

	Steel plant workers, 105 exposed, no control group
	Chromosomal aberrations
	No significant effect
	Mean, 37.7 +/- 20.7
	Schwanitz et al. (1975)

	Battery plant workers (prospective study)

11 exposed (same subjects, pre-employment)
	Chromosomal aberrations
	Significant increase of chromosome aberrations (p<0.05)
	Before: 34 +/- 12.6

After 1 mo: 45 +/- 17.3
	Forni et al. (1976)

	Lead smelter workers, 18 exposed, 12 controls
	Chromosomal aberrations
	No significant effect
	48.7 +/- 1.7

(controls, <10)
	Mäki-Paakkanen et al. (1981)

	Smelter workers (exposed to Pb, As)

26 exposed, Historical controls
	Chromosomal aberrations
	Chromosome-type aberrations increased in high-exposure group only
	Low: 22.48 +/- 1.77

Med: 39.19 +/- 7.13

High: 64.77 +/- 10.95
	Nordenson et al. (1978)

	Battery plant workers 19 exposed, 9 controls
	Chromosomal aberrations
	Significant increase in chromosomal aberrations
	Not Reported
	Al-Hakkak et al. (1986)

	Battery plant workers, 21 exposed, 7 controls
	Chromosomal aberrations
	Significant dose-related increase in abnormal cells
	Low: 33.7 +/- 5.9

Med: 52.1 +/- 7.3

High: 86.9 +/- 16.5
	Huang et al. (1988)

	Battery plant workers, 73 exposed, 23 controls
	Micronuclei
	Significant increase (p<0.001), no dose-response
	65 +/- 22
	Vaglenov and Karadjov (1997)

	Battery plant workers

22 exposed

19 external controls

19 internal controls
	Micronuclei
	Significant increase (p<0.001)
	59 +/- 3 (SE) 

18 +/- 0.6 (SE)

21 + 2 (SE) 
	Vaglenov et al. (1998)

	Metal powder factory (exposure to Pb, Zn, Cd)

31 exposed, 20 controls
	Micronuclei
	Significant increase (p<0.01) vs controls but no dependence upon exposure intensity or duration
	Mean, 40 +/- 18

(controls, 12 +/- 4)
	Hamurcu et al. (2001)

	Battery plant workers (may include some previous subjects) 103 workers, 78 controls (43 internal, 35 external)
	Micronuclei
	Significant increase (p<0.02), dose-related
	Mean, 54 +/- 2

18 +/- 1
	Vaglenov et al. (2001)

	Battery plant workers

25 exposed

25 controls
	Micronuclei, Comet assay and TCR gene mutation
	MN increase and Comet assay response in exposed vs controls,  No correlation between response and blood lead.  TCR mutations negative
	Exposed: 32 +/- 2.5 

Control: 2.0 +/- 0.3
	Zhijian et al. (2006)

	Battery plant workers

44 exposed, 52 controls
	Micronuclei, SCE and Comet assay
	Significant increase for all endpoints, but no dose-response; viable cultures could not be established from 1/3 of the exposed cohort. 
	50.4 +/- 9.2

(controls, 5.6 +/- 2.8)
	Palus et al. (2003)

	Battery reconditioners (N=10) and automotive painters (N=10)
	Micronuclei and comet assay
	Significant increase reported for both endpoints
	No exposure information
	Martino-Roth et al (2003)

	26 male workers in a lead recycling facility
	Micronuclei
	Significant increase in micronuclei relative to controls, but not related to blood lead or exposure duration. No impact of smoking.
	35.4 +/- 14.8

(controls 1.95 +/- 1.43
	Monozzo et al. (2004

	Lead smelter workers

18 exposed, 12 controls
	Sister chromatid exchange
	Increased frequency in smokers (p<0.05)
	48.7 +/- 1.7

(controls <10)
	Mäki-Paakkanen et al. (1981)

	Battery plant workers

10 long-term exposed, 18 new employees
	Sister chromatid exchange
	Long-term exposed: lower frequency after 4 wk vacation. New employees: no significant increase after 2-4 months employment
	Long-term exposure, 29 - 75

Controls (newly hired), 6 – 29
	Grandjean et al. (1983)

	Battery plant workers, 21 exposed, 7 controls
	Sister chromatid exchange
	Significant increase in high-exposure group
	High: 86.9 +/- 16.5
	Huang et al. (1988)

	Printers, 13 exposed, 16 controls
	Sister chromatid exchange
	No significant increase
	Not Reported
	Rajah and Ahuja (1995)

	Metal powder factory workers

32 exposed, 20 controls
	Sister chromatid exchange
	+ (no dose-response and lack of adequate statistical evaluation. Blood lead levels far lower than expected for occupational setting) 
	Mean, 13.81

(controls, .237)
	Dönmez et al. (1998)

	Battery plant workers

57 exposed, 30 controls
	Sister chromatid exchange
	Significant increase (p<0.01) in high-exposure group
	32.5 +/- 14.5

9.3 +/- 2.9

(controls 4.2 +/- 1.4)
	Wu et al. (2002)

	Battery plant workers

71 exposed, 20 controls
	Sister chromatic exchange
	Significant increase (p<0.05) with dose-response
	34.5 +/- 1.5

(control, 10.3 +/- 0.5)
	Duydu and Süzen (2003)

	Secondary lead smelter

45 exposed, 36 controls
	DNA damage (Comet assay)
	Significant increase in tail length (p<0.01); dose-response
	24.8 +/- 14.7

(controls, 2.75 +/- 1.52)
	Danadevi et al. (2003)

	Secondary lead smelter workers

46 exposed, 28 controls
	DNA damage (Comet assay)
	Significant increase in tail length, dose-related
	<13- >37

(controls, 9)
	Ye et al. (1999)

	Battery plant workers

37 exposed, 29 controls
	DNA damage

(Comet assay)
	Significant increase in tail moment (p=0.011), dose-related
	39.6 +/- 7.6

(controls, 4.4 +/- 1.7)
	Fracasso et al. (2002)

	Battery plant workers

43 exposed, 13 controls
	DNA damage

(Comet assay)
	Significant increase in tail length, no dose-response
	98.5 +/- 25.3

(controls, 5.4 +/- 3.6)
	De Restrepo et al. (2000)

	Battery plant workers

44 exposed, 52 controls
	DNA damage (Comet assay)
	Significantly increased DNA damage (p<0.05), not dose-related
	50.4 +/- 9.2

(controls, 5.6 +/- 2.8)
	Palus et al. (2003)

	Battery plant workers

57 exposed, 30 controls
	Other DNA damage
	Increased DNA-protein cross-links in highest exposure group
	32.5 +/- 14.5

9.3 +/- 2.9

4.2 +/- 1.4
	Wu et al. (2002)

	Workers exposed at 10 facilities in Germany (Cd-exposed)

78 exposed, 22 controls
	Other DNA damage
	No significant effects
	Median, 4.41
	Hengstler et al. (2003)

	Non-Occupational Exposure

	Male volunteers

11 injected, 10 controls
	Chromosomal aberrations
	No significant effect
	Pb acetate injected for 14 d to yield blood lead of 40
	Bijlsma and de France (1976)

	Children living near lead smelter

20 exposed, 20 controls
	Chromosomal aberrations
	No significant effect
	>30 

(controls, 7-19)
	Bauchinger et al. (1977)

	Children living near a lead smelter (same as Forni et al., 1981)

19 exposed, 12 controls
	Sister chromatid exchange
	No significant effect
	29.3-62.7

(controls, 10.0-21.0)
	Dalpra et al. (1983)

	Citizens of Bremen

139
	Oxidative DNA damage
	No increase of BPG-sensitive sites
	Median, 4.6
	 Merzenich et al. (2001)


*exposed have significantly increased mitotic index

4.1.2.9 Carcinogenicity

The evaluation of the carcinogenic risk from lead exposure has been based primarily on observations from epidemiological studies, experimental animal studies and short term tests. In 1987 IARC classified lead and inorganic compounds as Category 2B – agents possibly carcinogenic to humans, indicating inadequate evidence for carcinogenicity in humans but sufficient evidence for carcinogenicity in experimental animals. Organolead compounds are assigned by IARC to Category 3 or not classifiable as to carcinogenicity. Existing data were again evaluated in 2004. Inorganic lead compounds were classified as Category 2A (probable human carcinogens). The classification of lead metal remained at Category 2B and organolead compounds remained at Category 3.

Epidemiological studies, taken as a whole, do not provide evidence of an association of lead exposure and an increased incidence of cancer. Limited animal carcinogenicity studies have been conducted of lead oxide (inhalation) and lead metal powder (ingestion and injection) but have not provided evidence of carcinogenic potential. Experimental animal studies have demonstrated that some soluble lead compounds can give rise to benign and malignant tumours in rats and mice when administered either orally or parentally in a sufficiently high dose. Only three of these studies have provided information on dose response relationships and the relevance of the studies for humans remains uncertain. The possible mechanisms whereby lead may induce tumours are for the most part based on experimental animal studies and short-term tests and include comutagenicity or cocarcinogenicity, cellular proliferation, cystic hyperplasia and a nuclear protein effect.

4.1.2.9.1 Animal Studies of Carcinogenicity

One inhalation carcinogenicity study was found. Monchaux et al. (1997) exposed 50 male Sprague Dawley rats to 5 mg/m3 lead monoxide powder 6 hr/day, 5 days per week for one year. The dose was chosen to be equivalent to 3 – 4 g of lead acetate given by gavage – a dose capable of inducing renal tumours. After inhalation exposure rats were held until moribund. Histopathologic examination included all major organ tissues, with a particular emphasis upon the lung. No treatment related tumours were noted. Another group of lead oxide treated rats was subsequently exposed to benzoflavone (a tumour promoter) to enhance expression of “initiated” tumour cells. Increased incidence of neoplastic lesions was not observed. Lack of carcinogenicity by inhalation, with or without benzoflavone, is difficult to interpret given uncertainty as to whether lead oxide treatment duration or intensity adequately approximated a maximum tolerable dose and due to the fact a single dose of lead was applied.

Limited studies have evaluated the carcinogenicity of lead metal powder. Furst et al. (1976) administered groups of 25 male and 25 female rats lead metal powder (99.9% pure) in corn oil (10 mg per dose) twice a month for 12 months. The animals were observed for an additional 12 months, although survival data were not reported. No treatment related tumours were observed. The same authors also administered groups of 25 male and female rats nine monthly intramuscular injections of lead metal powder (10 mg per injection). Injection site tumours were observed in one treated and one control rat – no other treatment related neoplasms were observed.

Experimental studies have demonstrated that long-term administration of some soluble lead compounds (lead acetate and lead phosphate) in food or drinking water can produce renal tumours in rodents. These studies have shown that renal carcinoma can occur on a background of proximal tubular cell hyperplasia, cytomegaly and cellular dysplasia. Development of renal adenocarcinoma is dependent on length and severity of lead exposure. Males tend to be more susceptible to tumours than females (EPA 1989, Moore and Meredith 1979, Beck 1992). Synergistic effects of lead compounds and effects of lead compounds with calcium have been observed in a number of studies. In addition, disturbances in components of the immune system in animals have been noted with exposure to lead, but such changes and their relationship to the development of cancer are not well understood at present. Although still hypothetical, the identification of lead binding proteins in the kidney may help elucidate mechanisms for the induction of renal adenocarcinoma.

Only three studies have provided detailed information on dose response relationships. In Azar et al. (1973), a two-year study, rats were fed lead acetate at dose levels up to 2000 ppm in their diet. At dose levels of the order of 500, 1000 and 2000 ppm, 10%, 50% and 80% kidney tumours were observed in male rats; only at the highest dose were tumours seen in female rats with a 35% incidence. Of particular interest in this study are the observations on lead concentration in the male rat kidney at different oral dose levels, which suggest an association between the concentrations of lead in the kidney and tumour formation. This study, which is perhaps the strongest evidence in animals for carcinogenic effects from lead, was never published in a peer-reviewed journal.

In a more recent study, Waalkes et al. (1995) administered pregnant female mice lead acetate (0, 500, 750 and 1000 ppm lead) in their drinking water starting on gestation day 12 and continuing to 4 weeks post partum. Offspring were then weaned and divided into same-sex groups of 23-25 and observed for a maximum of 112 weeks. Other groups received lead and then continuous barbital sodium (BB) (a renal tumour promoter) in their drinking water from weaning onward. In control male offspring renal proliferative lesions (RPL), defined as atypical tubular hyperplasia or tumour, occurred rarely (4%) and did not include tumours. RPLs increased in a dose-related fashion with lead exposure (500 Pb/0-BB, 4/25, 16%; 750 Pb/0-BB, 6/25, 24%; 1000 Pb/0-BB, 12/25, 48%) in male offspring and were often multiple. All lead-treated groups had renal tumours, including carcinomas, but these were most common at the highest dose (1000 Pb/0-BB, 5/25). Lead-induced renal tumours arose in the absence of extensive chronic nephropathy and lead inclusion bodies typically seen with lead carcinogenesis in rodents exposed chronically as adults.

This study of Waalkes et al. is difficult to interpret and is not consistent with existing mechanistic hypotheses concerning lead and cancer. Goyer (1993) notes that the available literature from both human and experimental studies suggests that renal cyst formation occurs in chronic renal failure induced by lead or from a variety of other causes (genetic or acquired) and contributes to an increase in renal adenocarcinomas. In such cases, the adenocarcinoma is a consequence of the cystic change in the renal cortex that follows chronic lead nephropathy. Additional observations (Waalkes et al. 1995) were that post-natal BB exposure had no effect on RPL incidence and lead-treated female offspring also developed RPLs including adenoma and carcinoma, but at a much lower rate than males.

The recent, though unpublished, study by Fowler and Lipsky (1999) represents a careful study of the time- and dose-dependent induction of renal lesions in the male rat kidney. While more limited in scale than Azar et al. in terms of the number of animals and total number of doses studied, the study provides detailed information on the histopathological changes associated with renal carcinogenesis in the rat. Male rats were administered lead in drinking water at concentrations of “0”, 50, 250 and 1000 ppm, with serial sacrifices at six month intervals. Basic elements of study design sought to elucidate the cellular and molecular underpinnings of lead carcinogenesis in the rat kidney. Tumours were induced in the 250 and 1000 ppm dosage groups, with lesions in 13% and 92% of the animals, respectively. Tumours were preceded by a sequence of forced cell proliferation and preneoplastic lesions. In their discussion of the histopathological changes observed in male rats as a function of time and dose, the authors conclude “this study demonstrated a clear dose-dependence for the development of renal adenomas and carcinomas. It also demonstrated a possible threshold for adenomas and carcinomas with no effect being observed at the 50 ppm exposure level of lead or in the control animals.” The authors also acknowledge the uncertainties inherent in determination of whether or not a “threshold” exists.

For purposes of comparison, the dose response for kidney tumour induction in the Azar et al bioassay are presented below. Estimates are also provided of the total administered dose and the daily administered dose on a body weight basis. On an administered dose basis, the potential threshold for kidney cancer induction in rats is approximately three orders of magnitude higher than the doses that characterise general population exposures and two orders of magnitude higher than the occupational setting. Consideration of the total dose required to induce tumours also demonstrates why the potency of lead as a carcinogen is considered to be weak.

Table 4.196:
Kidney Tumour Incidence in the Azar et al. Bioassay

	Pb Dose (ppm1)
	Male Rats2
	Female Rats2
	Dosing3 mg/kg/day
	Total Pb3

	3
	0/120
	0/120
	0.23
	0.06

	18
	0/50
	0/50
	0.78
	0.2

	62
	0/50
	0/50
	3.1
	0.8

	141
	0/50
	0/50
	7.8
	2

	548
	5/50 (10%)
	0/50
	27
	7

	1130
	10/20 (50%)
	0/20
	55
	14

	2102
	16/20 (80%)
	7/20 (35%)
	103
	26


1Dosage expressed as Pb content of food. 
2Results given as number of animals with tumours/number of animals per treatment group %. Animals at 7 tumours given in parenthesis. 
3Calculated on the assumption of 350 g adult weight and that daily food consumption is 5% of body weight. 

Carcinogenicity in rodents had been observed in a number of other studies with lead acetate/subacetate. Most of these studies were limited in terms of doses administered and/or the number of treated animals Koller (1985) administered lead acetate drinking water to male rats (37 mg Pb/kg/day) for 76 weeks. Kidney tumours were observed in 13 of 16 lead treated rats. Boyland et al. (1962) observed renal tumour in 14 of 16 surviving male rats fed 1% lead acetate in the diet. Mao and Molnar fed male rats 1% lead subacetate in the diet and observed tumours in 31 of 40 treated rats. Zawirska and Medras (1972) administered 3 mg of lead acetate per day and observed renal tumours in 12 of 94 treated male and female rate. A variety of other lesions (e.g., gliomas and pituitary tumours) were also suggested as a result of lead treatment. Van Esch and Kroes (1969) fed male mice 0/1% lead acetate in food for two years and observed renal tumours in 7 of 25 animals. A renal tumour developed in one female mouse administered 1% lead acetate.

Lead phosphate carcinogenicity has also been studied, largely by subcutaneous or i.p. injection. Although the relevance of this administration route can be questioned, the profile of tumours observed is consistent with that for the acetate and subacetate. Renal adenomas were observed in 29 of 80 albino rats administered 1.3 g of lead phosphate by s.c. injection (20 mg/wk) – no carcinomas were reported (Balo et al. 1965). Roe et al. (1965) reported that combined s.c. and i.p. injections (29, 145, 450 mg) of lead phosphate induced benign and malignant tumours in 60 – 70% of male rats in the top two treatment groups.

Synergistic effects of lead compounds in rat kidney and hamster lungs have been reported in a number of studies (Hiasa et al. 1983, Tanner and Lipsky 1984, Shirai et al. 1984, Kobayashi and Okamoto 1974). Bogden et al. (1991) examined the potential of increased calcium in the diet to modify the effects of lead on the incidence of renal tumours. Forty-eight, five-week old male Wistar rats were assigned to one of six treatment groups. They were fed a low (0.2%) or high (4.0%) calcium diet for 31 weeks and given 0, 1.0 or 100 µg Pb/ml in drinking water. Precancerous and cancerous renal lesions occurred to the greatest extent in the rats receiving 100 µg Pb/ml and the high calcium diet. These results suggest that high dietary calcium in the presence of lead may increase the incidence of renal tumours.

A number of metals, including lead, cause perturbations in components of the immune system, but the significance of this potential effect for the development of cancer is not well understood. Two recent studies have observed an association between tumour necrosis factor-( (TNF-() and lead exposure in animals. Zelikoff et al. (1993) noted a disruption in macrophage function important for maintaining pulmonary immunocompetence. Rabbits exposed to 30 µg/m3 lead oxide aerosol (2 µm particle size) for four days, were sacrificed and the lungs lavaged immediately, 24 hours or 72 hours after the final exposure. Uptake of lactate dehydrogenase (a marker of lysosome permeability) and lysozyme activity (a marker of lysosome permeability) measured in the lavage fluid, were significantly increased 24 and 72 hours after exposure. Effects on macrophage functions were as follows. Phagocytic uptake of latex particles was reduced with increasing post exposure time reaching a maximum inhibition at 72 hours. Inhalation of lead oxide enhanced hydrogen peroxide and superoxide anion radical production in a time-dependent manner. Effects on tumour necrosis factor-( release/activity (TNF-() appeared earliest and were persistent up to 72 hours. Immediately and 24 hours after exposure, lipopolysaccharide-stimulated activity of TNF-( was depressed by 62 and 50%, respectively; after 72 hours, TNF-( released was significantly enhanced compared to controls. Although the effects observed are consistent with altered pulmonary macrophage function, the relevance to considerations of carcinogenicity are limited.

Shinozuka et al. (1994) observed that lead nitrate enhanced the expression of tumour necrosis factor-( (TNF-() in the liver at a time preceding the onset of hepatocyte DNA synthesis, indicating that TNF-( may trigger the lead nitrate-induced proliferation of hepatocytes. However, the liver is not generally regarded as a target for experimental lead carcinogenesis in animals.

Fowler et al. (1993) have identified lead binding proteins in the kidney and brain of monkeys and have noted functional similarities between the kidney and brain lead binding proteins of both rats and monkeys. These data provide important biochemical information supporting the monkey as a valuable intermediate species animal model for assessing the effects of low-dose lead exposure in humans relative to the effects observed in rodents. Fowler et al. (1994) suggest that the renal lead binding protein may be the mechanism by which lead enters renal proximal cell nuclei and aggregates with other protein complexes to form nuclear inclusion bodies that may bind to DNA to cause an alteration in renal gene expression. These hypotheses need further validation in rodents and primates.

Mechanisms for Lead Carcinogenesis in Rodents

The possible mechanisms whereby lead may induce tumours are for the most part based on experimental animal studies and short-term tests. They include comutagenicity or cocarcinogenicity, cellular proliferation, cystic hyperplasia and a nuclear protein effect. These mechanisms are not mutually exclusive.

Mutagenicity:

Lead is thought to have weak “genotoxic” properties, but lead-induced gene mutations in cultured mammalian cells have, until recently, only been observed at highly toxic concentrations (Beck 1992). Studies for point mutations in bacterial systems have been generally negative (Beck 1992, Goyer 1993). Zelikoff et al. (1988) investigated the activity of insoluble and soluble lead compounds in inducing mutagenesis, cell transformation and sister chromatid exchange in mammalian cells. Both insoluble lead sulphide and more soluble lead nitrate were mutagenic when added to Chinese hamster V79 cells. They also found that lead acetate induces morphological transformation in Syrian hamster cells. However, both compounds failed to induce SCE and DNA single strand breaks, which suggests that lead induced mutations may not be a result of direct damage to DNA but may occur via indirect mechanisms including disturbances in enzyme functions important in DNA synthesis and/or repair, or in DNA-helical structure. These effects may also be influenced by synergistic factors such as calcium deficiency. Both Hartwig (1994) and Roy and Rossman (1992) as well as Winder and Bonin (1993) confirm this and suggest that at biologically relevant doses lead could act as a comutagen and possibly a cocarcinogen in combination with other DNA-damaging agents, but is not likely to act as an initiating genotoxic carcinogen. A more detailed evaluation of genotoxicity is presented separately.

Tumour Promotion:

Markovac and Goldstein (1988) observed that picomolar concentrations of lead acetate can activate partially purified protein kinase C from rat brain, suggesting that lead may be acting as a cocarcinogen or tumour promoter. This enzyme is regulated by the availability of both calcium and diacylglycerol, is activated by a number of known tumour promoters, and is thought to be the primary cellular target for phorbol esters. The activated enzyme phosphorylates a number of cellular protein substrates including growth factor receptors and oncogenes. Others have failed to confirm this effect of lead and/or observed that intact cells were much less susceptible to protein kinase C activation from lead (Laterra et al. 1992).

Beck (1992) and Goyer (1993) note in vivo evidence that lead may act as a tumour promoter. Lead increases lung tumour incidence and lung tumours per mouse in a mouse lung adenoma model (Stoner et al. 1976) and cerebral gliomas in rats (Oyasu et al. 1970). Addition of lead acetate to the diets of rats exposed to (N-4-fluorobiphenyl) 4-acetamide, a known carcinogen, increases renal tumours to 100%, suggesting that lead may be a promoter (Hinton et al. 1979). Monchaux et al. (1993) evaluated the ability of 5 mg/m3 lead oxide inhalation exposure (6 hr/day, 5 d/wk for one year) to promote pulmonary and renal carcinogenesis in rats following initiation with fission spectrum neutrons. Irradiation resulted in pulmonary and renal carcinomas in 6% and 2% of the animals, respectively. Lead oxide inhalation did not increase tumour incidence at any site, but the duration and intensity of exposure did not meet the criteria of a maximum tolerable dose – the absence of tumour promoting activity is thus difficult to interpret.

Cellular Proliferation:

Lead is a rodent mitogen. Choie and Richter (1972) observed that exposure to a single intraperitoneal injection stimulates a 40-fold increase in renal cell proliferation in rats and is further increased by unilateral nephrectomy. DNA synthesis in kidneys, as measured by [3H] thymidine incorporation, is increased 15-fold and mitotic index 45-fold following a single intracardiac injection of lead acetate in mice (Choie and Richter 1974). Columbano et al. (1984) observed cell proliferation and hyperplasia in liver of rats given a single intravenous injection of lead nitrate. Beck (1992) notes that in both of these models increases in cell proliferation occurred in the absence of cellular necrosis suggesting this is a mitogenic response rather than a regenerative response. Calabrese and Baldwin (1992) note, however, that an apparent single-dose threshold for mitogenicity in rat liver was 6.75 mg/kg for lead nitrate while this was as low as 0.01 mg/kg in the mouse kidney (i.e., a 675-fold difference). Of relevance is that the non-responsiveness of the liver to lead-induced carcinogenicity was associated with significantly less capacity of lead to induce the mitogenic response in the rodent liver. Finally, Fowler and Lipsky (1999) observed forced cell proliferation in the kidneys of male rats preceding tumour development.

Cystic Hyperplasia:

Cystic hyperplasia is a late morphologic feature of chronic lead nephropathy in humans and experimental animals and imposes an increased risk of malignancy (Bernstein et al. 1987). Goyer (1993) suggests that one of the hypotheses relating disordered epithelial cell growth to renal cyst formation suggests that cells lining cysts become transformed and proliferate abnormally, presumably in response to increased intracystic fluid volume. The available literature from both human and experimental studies suggest that renal cyst formation as occurs in chronic renal failure induced by lead or from a variety of other causes, genetic or acquired, contributes to an increase in renal adenocarcinomas. The adenocarcinoma, in such cases, is a consequence of the cystic change in the renal cortex that follows chronic lead nephropathy. Lead exposure levels required to induce nephropathy in humans are significantly higher than the occupational exposure limits in most countries. However, as noted above, renal tumours have sometimes been observed in the absence of nephropathy.

Nuclear Protein Effect:

The occurrence of nuclear inclusion bodies or lead protein complexes in proximal tubular cells of lead exposed animals and humans has prompted speculation that nonhistone proteins involved in the formation of these bodies alter genetic function in some way (Beck 1992; Goyer 1993). As noted earlier Fowler et al. (1994) suggest that the renal lead binding protein aggregates with other protein complexes in the renal proximal cell nuclei to form nuclear inclusion bodies that may bind to DNA to cause an alteration in renal gene expression ultimately leading to renal adenocarcinoma. These hypotheses need further validation in rodents and primates.

4.1.2.9.2 Epidemiology Studies of Carcinogenicity in Humans

Epidemiological studies have focused on occupationally exposed groups who have experienced higher lead exposures than encountered in the general environment. Many of these studies have found no association between lead exposure and cancer incidence. Some have observed an association with lead exposure and a modest excess incidence of stomach, kidney, bladder, lung or nervous system cancer. As a group, the epidemiological database (positive and negative) is problematic due to deficiencies in study design, potential confounding factors (e.g., smoking, other occupational exposures such as arsenic and dietary habits), as well as limited information defining lead exposure levels. These methodological issues have precluded interpretation as evidence for lead carcinogenicity, as typified by IARC’s classification of lead and inorganic lead compounds as category 2A/2B., indicating limited to inadequate evidence for carcinogenicity in humans but adequate evidence from animal studies. Epidemiology studies and recent reviews are summarised here in rough chronological order of publication.

Dingwall-Fordyce and Lane (1963) examined the mortality of men aged 65 years and over who had worked 25 years or more in lead related industries. There were 27 deaths from all cancers where 31.0 were expected. In an update of this study (Malcolm and Barnett 1982) expanded to include battery workers employed between 1926 and 1976, a statistically significant excess of cancer of the digestive system was observed. The excess was confined to those in employment in the years 1963 to 1966 and was not seen in pensioners. The authors concluded that the excess mortality was unlikely to be related to lead exposure.

Fanning (1988) carried out a case control mortality study that included the battery factories studied by Dingwall-Fordyce and Lane (1963) and Malcolm and Barnett (1982). The study showed a statistically significant excess of malignant neoplasms of the digestive tract (largely accounted for by stomach cancer) before 1966, but no excess over the most recent 20 year period. No excess mortality in lung cancer or other potentially relevant sites was found.

Selevan et al. (1985) studied the mortality of 2000 U.S. male smelter workers employed for at least one year between 1940 and 1965 compared to the U.S. white male population. Cancer mortality in this study was not increased overall; however, the authors took note of a statistically nonsignificant excess mortality for cancer of the kidney, cancer of the bladder and cancer of the respiratory system. No relationship was found between duration of lead exposure and cancer.

Steenland et al. (1992) updated the Selevan et al. (1985) study. The update showed nonsignificant elevations in lung cancer and bladder cancer; however, neither cancer was particularly elevated in the subcohort with high lead exposure. The authors noted that both cancers were related to smoking and excess smoking in the cohort may have contributed to their elevations. The most important findings in the update were the persistence of the kidney cancer excess and the lowering of the nonmalignant renal disease excess. The kidney cancer excess was based on small numbers (SMR=1.93, n=9) and accompanied by an increase in the standardised mortality ratio (SMR=2.39) in the sub-cohort with high lead exposure. The kidney cancer excess was not clearly related to duration of exposure. The study also lacked detailed data on lead exposures, potential confounding factors such as exposures to cadmium and arsenic, smoking data and dietary habits.

The most extensive mortality study related to occupational exposure was performed by Cooper and Gaffey (1975) on 7000 workers in battery plants and lead production facilities. This cohort was followed up, and in an update Cooper et al. (1985) examined the cause of death in a total of 2339 men between 1947 and 1980. In the update, a significant excess of stomach cancer and respiratory cancer was seen in the battery plant workers, but no significant excess of stomach or respiratory cancer was seen in the production workers. A nested case control study was carried out on the 30 workers who died of gastric cancer and no evidence was found of an association between gastric cancer and any of the indices of probable lead exposure (Cooper 1988).

In a Swedish study done of 437 men working for three years or more at very high lead exposure sites from 1950 to 1974, increased mortality was seen for lung cancer but was not statistically significant. There was no evidence of a dose response pattern in comparisons of high lead and low lead exposure groups. High concentrations of lead in the smelter were also associated with high concentrations of other metals such as arsenic. The investigators concluded that prolonged exposure to lead, under conditions currently considered unacceptable, had not given risk to a significant excess of neoplasms (Gerhardsson et al. 1986).

Ades and Kazantzis (1988) performed a case control study of lung cancer at a lead/zinc/cadmium smelter in Britain as part of a nationally based cohort mortality study of cadmium-exposed workers. The cohort comprised 4393 hourly paid male workers employed at the smelter for a minimum period of one year before 1970. A statistically significant excess mortality was found for lung cancer, particularly evident for those employed for 20 years. The case control study confirmed the increasing lung cancer risk with duration of employment, but this could not be accounted for by cadmium. A logistic regression analysis showed lung cancer mortality associated with estimates of cumulative exposure to arsenic and to lead, but it was not possible to determine whether the increased risk might be due to arsenic, lead, to a combination of the two, or to other contaminants in the smelter.

McMichael and Johnson (1982) studied 140 lead smelter workers and concluded that a previous history of lead poisoning had not increased the risk of cancer. Davies (1984a, b) studied lung cancer in workers engaged in the manufacture of zinc chromate and lead chromate at three English factories. Those exposed to both zinc chromate and lead chromate experienced a significantly increased lung cancer risk, while those exposed to lead chromate alone showed no evidence of an increased cancer risk. In a further mortality study of those workers from the three factories who had experienced clinical lead poisoning, no excess mortality from cancer was found.

Two studies of workers engaged in the production of tetraethyl lead showed no significant excess mortality at any site, (Robinson et al. 1974; Sweeney et al. 1986).

Michaels et al. (1991) examined the mortality experience of a cohort of newspaper printers to determine the effects of low-level exposure to lead (<50 µg/m3). There was no excess mortality in any cancer related disease.

Fu and Boffetta (1995) performed a meta-analysis of case control and cohort studies carried out through 1992. Most of the studies discussed earlier were included in the analysis as well as some smaller studies from smelters, the glass manufacturing, pigment, plumbing and printing industries. (Sheffet et al. 1982, Goldstein 1990, Pasternach and Erlich 1972, Bertazzi and Zocchetti 1980, Cordioli et al. 1987, Wingren and Axelson 1987 and 1993, Wingren and Englander 1990, Sankila et al. 1990, Risch et al. 1988, Mallin et al. 1989). These latter studies had many confounding exposures or had limited data on lead exposures. The results of the meta-analysis showed a significant excess risk of overall cancer, stomach cancer, lung cancer and bladder cancer. The relative risk for kidney cancer was elevated, but did not reach significance. A separate analysis of studies of heavily exposed workers (battery and smelter workers) provided slightly increased relative risks for stomach and lung cancers.

The authors concluded that the findings from workers with heaviest exposure to lead (battery and smelter industries) provided limited evidence to support the hypothesis of an association between stomach and lung cancer and exposure to lead. However, the authors cautioned that the analysis did not take into account potential confounders such as other occupational exposures, smoking and dietary habits. The authors suggested that tobacco smoking and other occupational carcinogens might explain the risk of lung cancer. The excess risk of stomach cancer might be explained by nonoccupational factors such as excessive salt intake, deficient intake of fresh fruits and raw vegetables, consumption of smoked or salted meat and fish, noncentralised water supply and bacterial infections. Bladder cancer risk may be explained by cigarette smoking, occupational exposures to aromatic amines, PAHs, dust and heat risk factors. Also the excess risks for both bladder and kidney cancer may only be suggestive of a true effect because of possible publication bias.

The epidemiological studies discussed so far have been inconsistent with regard to cancer mortality related to lead exposure, and where increased risks have been observed, their magnitude has been small. Data were inadequate or nonexistent on speciation or intensity of lead exposure and a number of possible confounders (smoking, dietary habits, occupational carcinogens, dust, heat factors and publication bias) likely explain the increased risks observed.

Since the conduct of the Fu and Boffetta (1995) meta-analysis data have become available from several new studies and/or from updates of existing cohort mortality studies. A registry-based analysis of occupational exposure to lead and lung cancer in Finland by Anttila et al. (1995) evaluated workers from the battery industry, lead smelting, metal foundries, railroad machine shops and chemical manufacturing sectors. Overall mortality for the cohort was less than expected (SMR 84) while the SMR for cancer mortality, all causes, had an SMR of 93. An internal cohort analysis of cancer incidence rates was conducted and a small excess of total cancer and lung cancer was found among workers who had blood lead levels above 21 μg/dL. However, the incidence of cancer did not vary with increasing lead exposure level and strong interactions were observed with concomitant exposures to engine exhaust. Approximately 90% of the cases were also long-term smokers although, oddly enough, no relationship between lung cancer and smoking was found. Such registry-based studies are best regarded as hypothesis-generating due to the lack of precision they possess with respect to actual work history and/or exposures experienced by the study subjects. Altogether, the results of the study add little to the existing epidemiological database.

A similarly inconclusive registry-based study of occupational lead exposure and brain cancer was conducted by Cocco et al. (1998) and suggested an association between the two. However, the authors note that poor detail in the occupation and industry coding system and incomplete working histories are major limitations of their study. Little actual lead exposure data was available for the study subjects, further limiting the power of the study. Excess risk was heavily influenced by mortality patterns within the “printing industry” and undefined manual occupations. As is appropriate for such a registry-based study, the authors frame their results as being hypothesis generating. The significance to be attached to this observation is questionable, particularly in light of the general absence of excess risk for brain cancer in cohort mortality studies.

Anttila et al. (1996) followed nervous system cancer incidence among 20,741 workers monitored for blood lead concentrations. A nested case-referent study was performed on 26 male cases of nervous system cancer. Those cases with blood lead levels greater than 29 µg/dL had a twofold increase in the odds ratio of nervous system cancer (16 of which had gliomas) as compared with those employees whose blood lead had not exceeded 14.6 µg/dL. The excess was confined to gliomas and associated with lifetime exposure to lead. The authors suggest that there may be an association between occupational lead exposure along with or in combination with other agents (i.e., gasoline components and electromagnetic fields) that may be associated with an increased risk of gliomas. These results are difficult to interpret because of the very small number of cases, the short follow-up time, low response rate and the difficulty in reliably distinguishing the effects of potential confounding factors.

Gerhardsson et al. (1995) evaluated a cohort of 664 male lead battery workers. A non-significant increase in cancer of the gastrointestinal tract was evident in the cohort as a whole and increased to a “barely significant level” in the exposure quartile with the highest cumulative lead exposures. However, no clear dose response pattern was evident upon more refined analysis of the database nor was cancer incidence related to latency. The authors indicated that the results “must also be interpreted with caution because of limited numbers, and lack of information on dietary and smoking habits.” Given the results of other studies, it is relevant to note that cancer of the respiratory tract, brain, kidney and bladder were not elevated in response to occupational exposure to lead.

A study by Cocco et al. (1997) evaluated patterns of mortality at a lead smelter in Italy. This study reported a possible association between lead exposure and kidney cancer, although these findings were based upon a relatively small number of observations. Cancer of the stomach, brain and lung were not elevated, but as was noted by Vainio (1997), there was a 4.5 fold excess mortality from nonmalignant diseases of the respiratory system in the cohort which could have masked a small lung cancer excess.

A second Swedish study by Lundström et al. (1997) evaluated relationships between cumulative lead exposure and mortality from lung cancer. Interpretation of this study is difficult since lead production was occurring as a co-generation product of copper smelting and a significant elevation of lung cancer rates was evident at the entire facility. However, the authors report that there appeared to be a dose-dependent relationship between indexes of cumulative lead exposure and the incidence of lung cancer. Cancers of the gastrointestinal tract, brain, kidney and bladder were not elevated. The suggestion of a dose-dependent relationship between lead exposure and lung cancer was noted by Vainio (1997) to be a finding of some significance.

The excess lung cancer risk reported by Lundström et al. was the focus of more detailed investigations by Englyst et al. (2001). Analysis of mortality at the facility is complex in that it is primarily a copper smelting facility with a small volume of lead production as a co-generation product. The 1997 publication of Lundström et al. had focused upon 14 cancers of the lung reported in the “lead subcohort.” This cohort was defined not so much by job activity as by blood lead measurements. A substantial proportion of the lung cancers were found to have occurred in maintenance personnel, builders and truck drivers who worked in all departments of the facility and/or had extensive exposure to arsenic and other carcinogens. In contrast to the earlier paper, which concluded that a dose-dependent correlation between lead and lung cancer was evident in this cohort, the more recent study concluded that “arsenic exposure, which occurred among these workers, is probably a main contributing factor to the development of lung cancer.” A case control study has also just been completed at this smelter. The results of the study are as yet unpublished, but have determined that there is a strong interaction between arsenic and cigarette smoking for the incidence of lung cancer in the “lead cohort” at this smelter. A relationship between lead exposure and lung cancer is not evident. These findings are presently in preparation for publication (V. Englyst, personal communication).

Wong and Harris (2000) described results of an update for a large cohort mortality study of employees at US lead acid battery production plants and smelters. The cohort consists of 4518 workers at battery plants and 2300 workers at lead smelters. The latest results document a deficit, just lacking in statistical significance, for kidney cancer and a statistically significant deficit in bladder cancer mortality. No elevation of central nervous system cancer was seen. Increased incidence of thyroid cancer was statistically significant based on a small number of cases. However, the authors noted that potential confounding exposures in some of the deaths cannot be ruled out and that excess cancer of the thyroid and other endocrine glands has not been reported in other studies of lead exposed workers. An excess of stomach cancer was evident in the cohort as a whole. Given the known impact of lifestyle confounders and socio-economic factors upon stomach cancer incidence, the authors conducted a nested case-control study of stomach cancer. Odds ratios were calculated for multiple lead exposure indices and none were found to correlate with the incidence of stomach cancer. The lack of an exposure-response relationship is not consistent with causality. Instead, it was observed that a disproportionate number of the stomach cancer cases were present in foreign-born workers. In particular, 40% of the cases were born in Ireland or Italy, countries that have a higher rate of stomach cancer than is present in the US population. The excess of stomach cancer in this study is thus likely, at least in part, a product of factors such as country of origin.

Wong and Harris (2000) further observed a small but statistically significant increase in lung cancer (SMR 116). This increase was on the order of that consistent with correction for confounding by smoking and was statistically significant due to the large size of the study cohort. The authors cautioned that the risk of lung cancer did not increase with the length of employment and further noted that the excess in lung cancer was present in workers hired after 1946 but not in workers hired before 1946. Excess lung cancer thus occurred in those individuals presumed to have lower levels of lead exposure. In support of this assumption, death from nephritis (likely lead related) increased as a function of both exposure duration and intensity. However, a lack of detailed exposure information precludes definitive evaluation of mortality trends and limits the analysis to use of exposure surrogates.

Further information from epidemiology studies is generally restricted to reviews, meta-analyses, and registry based evaluations. Ojajarvi et al. (2000) conducted a meta-analysis of occupational risk factors for pancreatic cancer. Exposure to lead or lead compounds was not associated with excess risk of pancreatic cancer. Infante-Rivard et al. (2001) conducted a case control analysis of relationships between drinking water contaminants and the incidence of childhood leukaemia. No relationship was observed between the incidence of leukaemia and the presence of lead in drinking water. Given that previous studies had not suggested a relationship between lead and leukaemia or pancreatic cancer, these negative findings are not unexpected.

De Roos et al. (2001) conducted a case-control study relating parental occupation to cases of neuroblastoma in offspring. Cases consisted of 538 children aged 19 years who were diagnosed with neuroblastoma in 1992 – 1994 in the United States and Canada. Occupational exposure to metals (including lead) was not a risk factor. Feychting et al. (2001) conducted a cohort study of cancer in 235,635 children in Sweden, relating cancer incidence to paternal occupation. Based on one case, risk of leukaemia was associated with occupational lead exposure by a RR of 1.04. The relative risk for nervous system tumours was 2.37 (95% CI: 0.59 – 9.58), but was based upon only two cases and was not deemed significant. These studies are contrasted by similar registry-based analyses of brain cancer suggesting elevated risk of brain cancer (odds ratio 2.1; 1.1 – 4.0) amongst men with occupations deems to pose risk of high lead exposure as assessed by a job exposure matrix (Cocco et al. 1998).

Jemal et al. (2002) analysed relationships between general population blood lead for 27,801 Caucasian persons surveyed during the National Health and Nutrition Examination Survery II (NHANES II) conducted 1976 – 1980 and subsequent mortality. After 13.3 yr of follow-up, 203 cancer deaths were available for analysis. Log transformed blood lead levels, grouped on a quartile or a continuous variable basis, were related to cancer incidence. Among men and women combined, or among men only, there were no relationships between blood lead and cancer – cancer incidence generally declined as blood lead increased. Quartile analysis did not show elevated risk for women, but analysis with lead as a continuous variable suggested increased risk as blood lead increased above 24 µg/dL. Observing that blood lead levels were higher in men than in women, and the lack of site specificity or biological mechanism for the findings in women, the authors concluded that there was no evidence of risk of cancer mortality in the NHANES II database.

Lustberg and Silbergeld (2002) similarly analysed mortality follow-up data for NHANES II but concluded that blood lead levels during NHANES II were related to subsequent mortality from cancer. Multivariate adjusted odds ratios for cancer mortality was 1.46 (95% CI: 0.87 – 2.48) for those with a blood lead of 10 – 19 µg/dL and 1.68 (95% CI: 1.02 – 2.78) for blood leads of 20 – 29 µg/dL relative to those with blood lead levels less than 10 µg/dL. The number of cancer cases included in the analysis (N=240) is somewhat greater than those evaluated by Jemal et al. (N=203), but substantive overlap between the two cohorts, and similarity of results, would have been expected. Direct comparison of these contradictory findings with the analysis of Jemal et al. is not possible due to differences in cohort selection and analysis strategy. Lustberg and Silbergeld analysed all ethnicities and restricted the cohort to those with blood leads less than 30 µg/dL. Jemal et al. restricted their analysis to Caucasians but did not limit the range of blood lead levels analysed.

The significance of either study is difficult to determine. NHANES studies are conducted via weighted sampling strategies that over-sample specific demographic and ethnic groups. Unweighting of the database is required if observed incidence rates for cancer at any site is to be compared to national rates, other risk factors for disease and/or the results of cohort mortality studies. The estimates of Lustberg and Silbergeld for general population exposures would not appear to be consistent with mortality patterns observed at much higher levels of exposure in the occupational setting.

Steenland and Boffetta (2000) updated the Fu and Boffetta meta-analysis of 1995 to reflect more recent data from cohort mortality studies. Overall cancer mortality was found to present a RR of 1.04 (1.00 – 1.09), “a negligible increase and not suggestive of a true association”. Separate assessments were also conducted for cancer at specific tissue sites. Kidney cancer was not elevated on a consistent basis (RR 1.01; 0.74 – 1.42). Lung cancer incidence was perhaps most significant with a RR of 1.30 (1.15 – 1.46), inclusive of the copper smelter data of Lundstrom et al. Exclusion of this study reduced the RR to 1.14 (1.04 – 1.25) and the authors concluded that the studies “show only a weak evidence of effect, and heterogeneity and possible confounding limit inference”. Data for stomach cancer (RR 1.34; 1.14 – 1.57) was similarly deemed to be suggestive but not conclusive. Finally, only a modest elevation of brain cancer was evident (RR 1.06; 0.80 – 1.40). However, the authors noted that this estimate did not include data from registry-based studies suggesting an association. Across the dataset as a whole, lack of adequate exposure assessment information was noted to impede efforts to assess the presence or absence of causality.

If one were to assume that lead did indeed have carcinogenic properties in humans, the nature and does response of the effects that might be expected is difficult to determine. If risk of kidney cancer is presumed, mechanistic studies suggest that responses would be secondary to the induction of nephrotoxicity. Accordingly, lead exposure levels that did not induce nephropathy would not be carcinogenic. Lead-induced nephropathy requires lead exposure greater than 60 µg/dL for a period of time that exceeds five years. However, the largest studies, with highest exposure levels (e.g. Wong and Harris, 2000) observe increase mortality from nephritis and yet have a relative deficit of kidney cancer that approaches statistical significance. Alternatively, studies have suggested that induction of ROS, or modulation of their metabolism, may mediate the carcinogenic effects of lead. Few studies have evaluated ROS metabolism in humans, but this major alterations would similarly appear to be a high dose effect potentially mediated by increases in ALA (Costa et al., 1997). Oxidative stress in workers begins to manifest as blood lead levels rise above 40 µg/dL and blood ALA levels rise. Increases in the activity of enzyme systems responsive to oxidative stress begin to increase, depending upon the system examined, as blood lead levels rise beyond 40 to 70 µg/dL. Whether such high dose effects are relevant to human carcinogenesis remains to be determined. Other aspects of lead effects have a mechanistic link to carcinogenesis (e.g. mitogenicity) were not described in any of the human health literature examined.

4.1.2.9.3 Carcinogenicity Conclusions

Lead has been evaluated for carcinogenicity in multiple animal species, oftentimes producing positive results. A number of epidemiology studies have further documented the mortality experience of general population and occupationally exposed cohorts. The following conclusions are drawn from an evaluation of these studies:

1. Although a number of human epidemiology studies have been conducted or updated over the past several decades, there remains no consistent observation of a relationship between occupational lead exposure and cancer. Sporadic increases of lung, kidney, stomach, brain and bladder cancer have been reported. However, the findings between studies are disparate and fail to provide a consistent pattern of elevated cancer mortality. Increases in cancer for lung, kidney and stomach are modest and within the range of that which might be attributed to uncontrolled confounding. Registry-based suggestions of a linkage to brain cancer are of interest, but have not been verified by cohort studies. Studies of general population exposures are both limited in number and contradictory in outcome. Given the findings from the study of occupationally exposed cohorts, risk at general population exposure levels would not be expected. There is thus insufficient epidemiology evidence to indicate that inorganic lead or lead compounds pose human cancer risk at most tissue sites studied.

2. IARC (2006) has recently affirmed that most of the epidemiological literature is not consistent with a causal relationship between human lead exposure and cancer at most tissue sites (i.e. studies are not adequate to support classification in Category 1 or known human carcinogen). Sites of initial concern (brain, lung and kidney) were ultimately judged to be the likely result of confounding. Only a modest excess observed in stomach cancer was judged to be of potential significance. Although impacts of co-exposures and other confounding factors (e.g. ethnicity, particulate matter and H. pylori infection) seemed to explain a proportion of the cancer excess observed in some studies, some impact of lead exposure could not be precluded. A limited association was thus judged to exist, but was inadequate for classification as a known human carcinogen. In accordance with the IARC preamble, the observation of cancer in animals results in a default classification of category 2B (possible human carcinogen) that is elevated to category 2A (probable human carcinogen) based upon limited epidemiological findings for stomach cancer for inorganic lead compounds. 

3. Evidence from studies with rats, and to a lesser extent mice, provide consistent evidence that soluble lead compounds are carcinogenic in laboratory animals. Renal tumours, most often in the male rat, have been reproducibly induced by high-level lead administration in water or food. Limited data suggest that other tissue sites (e.g., the brain) might be impacted. One inhalation study with lead oxide was identified and did not provide evidence of pulmonary carcinogenicity. However, design deficiencies limit the strength of this negative finding. Limited studies of lead metal powder (ingested and injected) were also negative. Carcinogenicity from a poorly soluble lead compound (lead phosphate) has been demonstrated following subcutaneous and i.p. injection. However, the relevance of this route of administration is questionable. Overall, IARC concluded that animal evidence indicated that evidence for the carcinogenicity of most lead compounds in animals was adequate. However, evidence for the carcinogenicity of lead oxide and lead metal powder in animals was noted to be inadequate.

4. The mechanism by which lead induces tumours in rodents has been actively researched and may entail mechanisms that are of uncertain relevance to humans (IARC, 2006). A number of studies have suggested carcinogenesis in the kidney is secondary to nephropathy and the induction of sustained compensatory cell proliferation. However, tumours have also been induced in the absence of detected degenerative changes in a single study of intrauterine exposure. Given the weak and conflicting nature of genotoxicity studies, indirect mechanisms of carcinogenesis remain the most probable mode of action have been hypothesised. However, until such time as such hypotheses have been validated, mechanistic information based upon effects in the rodent kidney are difficult to apply to an assessment of risk for humans. Mechanistic inferences are even more difficult in consideration of human cancer at tissue sites (e.g. stomach) that are not sites affected by lead in animals.

Existing EU carcinogenicity classification applies to only lead acetate (Category 3 R40) indicating adequate evidence for animals but not for humans. The existing classification for lead acetate is supported by this evaluation and can likely be extended to all lead compounds that will exhibit significant bioavailability after ingestion. Given the large doses of soluble lead compounds required to induce tumours in animals, only compounds with significant bioavailability will likely elicit a carcinogenic response. The bioavailability of most of the lead compounds evaluated in this risk assessment is not known, but the sparingly soluble nature of some of the compounds under consideration does not equate with limited bioavailability under the acidic conditions of the stomach. For example, both lead oxide and lead carbonate exhibit high bioavailability in animal feeding studies and when tested in in vitro gastric simulation systems. While not all of the lead compounds may exhibit high bioavailability, extension of Category 3 R40 classification to all inorganic lead compounds is proposed. This classification would not be extended to lead metal since the bioavailability of lead metal has been demonstrated to be limited and lead metal powder has been tested in an animal carcinogenicity study and did not produce effects.

Since classification is proposed for Carcinogenicity, this endpoint will be forwarded to Risk Characterisation with specific attention given to cancer of the kidney observed in animal studies and cancer of the stomach suggested by some human epidemiology studies.

Table 4.197:
Lead cancer summary

	Reference
	Exposure, setting
	Main characteristics of the population
	Exposure assessment, duration and intensity
	Observations
	Covariates, examined
	Study quality score and comments

	a. Occupational Studies

	Englyst et al. (2001)
	Copper/Lead Smelter
	Two cohorts selected from 3979 Swedish smelter workers employed for at least l year between 1928-79. One cohort consisted of 710 workers employed at the lead departments and the other of 383 employed in lead department but never at other works where an excess lung cancer risk was previously identified.
	Airborne lead and arsenic values same as reported by Lundstrom. Cohort 1 cumulative blood lead index was 24 µmol/L. CBLI for cohort 2 was 28.5 µmol/L.
	The case control study did not report a relationship between lead exposure and lung cancer. Reported cases of lung cancer found in workers who had extensive exposure to arsenic and other carcinogens. SIR in subcohort 1 was 2.4; 95% CI 1.2-4.5 and in cohort 2 the SIR was 3.6; 95% CI 1.2-8.3.
	Same as reported above for Gerhardsson. Follow-up of Gerhardsson (1986) & Lundstrom (1997). 
	Score: 92%

Reported a strong relationship interaction between arsenic and cigarette smoking for the incidence of lung cancer in the “lead cohort”.

	Lundstrom et al. (1997)
	Copper/Lead Smelter
	A cohort of 3979 Swedish workers employed at least 1 yr between 1928-79 and a subcohort of 1992 workers employed in lead exposed departments
	Annual arithmetic mean PbB in lead workers declined from 3.0 µmol/L in 1950 to 1.6 µmol/L in 1987. Workers in other metal producing plants declined from 2.7 to 0.8 µmol/L in same time period. Airborne lead levels could have exceeded 1 mg/m3 in lead plant during the 1940s. Arsenic levels ranged between 0.35-1.5 mg/m3 in roaster area.
	Appeared to be a dose-dependent relationship between indexes of cumulative lead exposure and the incidence of lung cancer. Cancers of GI tract, brain, kidney and bladder were not elevated.

lung cancer SIR for total cohort was 2.8 and 3.1 for the highest exposure group. Workers hired before 1950 had an SIR of 3.6 and those hired later had an SIR of 1.3. Lead only exposed group had higher SIR of 5.1.
	Same as reported above for Gerhardsson (1986). Follow-up of Gerhardsson (1986).
	Score: 88%

Elevated risk cannot solely be explained by smoking. But probably mainly caused by synergism between lead and other carcinogenic exposures, including arsenic.

	Gerhardsson et al. (1986)
	Copper/Lead Smelter
	3832 Swedish males first employed before 1967 and a cohort of 437 males employed for at least three years during 1950-1974 in heavy lead exposure areas
	Median cumulative blood lead dose from 1950-74 was 478.5 µg Pb/ 100 ml. for long term exposed lead workers.
	Under high lead exposure conditions considered unacceptable by today’s standards there were no significant excesses of neoplasms nor was there evidence of a dose response pattern between high and low exposed groups. Raised SMR (162) noted in lead exposed group but not significant.
	Workers exposed to several contaminants in workplace including As, Sb, Cd, Cr, Co, La, Se, Zn organic and inorganic carcinogens, polyaromatics such as benzo(a)pyrene and short lived free radicals. Smoking histories were not determined.
	Score: 83%

	Gerhardsson et al. (1995)
	Lead Battery Workers
	664 Male workers employed for at least 3 months in 1942-87
	The PbB of the workers declined from 3.0 µmol Pb/l in 1969 to 1.6 µmol/L in 1985.
	Non-significant increase in cancer of the GI tract in entire cohort and “barely significant” at highest cumulative lead exposure (SIR 2.34, 95% CI 1.07-4.45). No cancers reported of respiratory tract, brain, kidney and bladder
	Workers not exposed to certain metals such as arsenic, cadmium, chromium, nickel but limited exposure to PAHs & irritating gases. No data for dietary or smoking habits within cohort.
	Score: 79%



	Anttila et al. (1995)
	Cohort from battery industry, lead smelters, metal foundries, railroad machine shops and chemical manufacturing
	18,329 Finnish men and 2,412 women whose blood lead levels were monitored between 1973-1983
	The geometric mean PbB for men decreased from 1.4 to 0.7 µmol/L for the men and from 1.0 to 0.3 µmol/L for the women.
	Overall cancer mortality for all causes had an SMR of 93. Internal cohort had a small excess of total cancer (1.4 fold increase) and lung cancer (1.8 fold increase).
	Asbestos, arsenic, cadmium, chromates, nickel, organic solvents, gasoline, PAHs engine exhaust. Smoking histories obtained through questionnaire.
	Score: 74%

No relationship between lung cancer and smoking was found.

	Anttila et al. (1996)
	See Antilla et al. (1996)
	20, 741 Finnish workers aged 18-74 years
	Cohort placed into groups based on PbB (0-0.9, 1.0-1.9 and 2.0-7.8 µmol/L).
	Cases with PbB >29 µg/dL has two fold increase in the odds ratio OR 11; 95% CI 1-630) for nervous system cancers.
	Gasoline, cadmium, smoking and alcohol
	Score: 74%

Adjusting for confounders did not essentially change the risk estimates for lead.

	Malcolm & Barnett (1982)
	Battery Factories
	1,898 UK Male/Female Pensioners
	Limited data on 3 exposure categories (none, normal & high). No duration of exposure provided but pensioners generally worked 25 years or more. During this study the PbB for low exposure ranged from 20-100 µg/dL. The high exposed group in 1965 ranged from 20-200 µg/dl in 1965 and fell to 20-100 µg/dL in 1976.
	A statistically significant excess of cancer of the digestive system was observed in high exposed group (21 observed vs 12.56 expected). There was no significant excess of overall cancer deaths in the exposure groups with mean PbB of 57 µg/dL 5.2% of which had PbB exceeding 80 µg/dL.
	None reported but extent of data collection on confounders unclear. No smoking histories were reported. 
	Score: 73%

Follow-up of Dingwall-Fordyce & Lane Study. Study covering pensioners for period 1926-1976.

	Selevan et al. (1985)
	Lead Smelter Workers
	1,987 US white males employed between 1940-65 with at least 1 year employment at the smelter
	High lead exposure group had air lead levels in excess of 200 µg/m3 or 50% of jobs in area exceeded 2X standard. High lead/low other exposure groups included workers both exposed to high lead but 50% of jobs examined were exposed to airborne Cd, Zn, or As at levels above the then current standards.
	Cancer mortality was not increased overall. However, there was a statistically non significant excess mortality for cancer of the kidney SMR 204, bladder SMR 144 and respiratory system SMR 111. 
	Other contaminants in the workplace including but not limited to Cd, Zn As and silica. No smoking histories were obtained.
	Score: 73%

Airborne Pb levels ranged from 23-56,000 μg/m3; Cd from <1-3,200; Zn from <2-210,000 and As from <1-200 µg/m3.

	Steenland et al. (1992)
	Lead Smelter Workers
	1,980 US white males employed between 1940-65 with at least 1 year employment at the smelter
	High lead exposure group had air lead levels in excess of 200 µg/m3 or 50% of jobs in area exceeded 2X standard. High lead/low other exposure groups included workers both exposed to high lead but 50% of jobs examined were exposed to airborne Cd, Zn, or As at levels above the then current standards
	Non-significant elevations in lung SMR 1.18 and bladder cancer SMR 1.93 but neither reported in sub-cohort of high lead exposure. Both cancers related to smoking and excess smoking may have contributed to elevations. Kidney cancer persisted in both cohorts with highest in high lead cohort SMR 2.39.
	Other contaminants in the workplace including but not limited to Cd, Zn, As and silica. No smoking histories or dietary habits were obtained.
	Score: 73%

Study extended Selevan et al. from 1977-1988.

	Cooper & Gaffey (1975)
	Battery plant and smelters which also included lead refineries and secondary smelters
	7,032 males employed for at least one year between 1946-1970
	Average worker mean urinary lead values were 130 µg/L for battery workers and 173 µg/L for smelter workers. The average worker mean PbB for the battery plants was 63 µg/dL and 80 µg/dL for the smelter workers. No air concentration data were available.
	Deaths from all neoplasms were in slight excess in smelters SMR 133, but not significantly increased in battery plants SMR 111.
	None reported but extent of data collection on confounders unclear. No smoking histories were reported
	Score: 73%



	Cooper et al. (1985)
	Battery plant and smelters which also included lead refineries and secondary smelters
	4,519 battery plant workers and 2,300 smelter workers employed at least one year from 1947-1980
	Average worker mean urinary lead values were 130 µg/L for battery workers and 173 µg/L for smelter workers. The average worker mean PbB for the battery plants was 63 µg/dL and 80 µg/dL for the smelter workers. No air concentration data were available.
	A significant excess of stomach cancer SMR 168 and respiratory cancer SMR 124 was seen in the battery plant workers but not in the production workers.
	None reported but extent of data collection on confounders unclear. No smoking histories were reported.
	Score: 73%

Follow up to Cooper & Gaffey (1975)

	Wong & Harris (2000)
	Battery plant and smelters which also included lead refineries and secondary smelters
	4,519 battery plant workers and 2,300 smelter workers employed at least one year from 1947-1980
	Average worker mean urinary lead values were 130 µg/L for battery workers and 173 µg/L for smelter workers. The average worker mean PbB for the battery plants was 63 µg/dL and 80 µg/dL for the smelter workers. No air concentration data were available.
	Mortality significantly raised for stomach cancer (SMR=147.4) but a nested case control study indicates it is probably not related to lead exposure. Lung cancer slightly elevated (SMR 116.4) which could be due to confounding due to smoking. Cancer of the thyroid and other endocrine glands (SMR 308) high but finding should be viewed with caution due to small number of deaths. 
	None reported but extent of data collection on confounders unclear. No smoking histories were reported.
	Score: 73%

Follow-up to Cooper & Gaffey (1975 & 1985)

	Ades & Kazantzis (1988)
	Zinc-lead-cadmium smelter
	4393 UK males employed for at least one year from 1927-1979.
	Exposure histories for workers in the lead plant were extremely limited. The more recent biological monitoring data from 1981-83 indicated the average PbB of workers in the furnace area was 59 µg/dL and 56 µg/dL in the sinter plant. Prior PbB levels would be anticipated to be higher as a result of recent hygiene improvements at the plant.
	A statistically significant excess mortality was found for lung cancer SMR 124.5 (CI: 107-144) associated with a cumulative exposure to arsenic and lead.
	Other contaminants in the workplace including but not limited to polycyclic hydrocarbons, Cd, Zn, As, SO2.
	Score: 73%

The authors concluded it was impossible to determine if increased risk of lung cancer was due to arsenic, lead, a combination of the two, or to other contaminants in the smelter.

	Cocco et al. (1997)
	Lead Smelter
	1338 Italian lead male smelter workers hired from 1932-71 whose vital status was followed from 1950-1992
	Geometric mean respirable air lead for all areas was 47.6 µg/m3 with a range of 1-1650 µg/m3. No blood lead data available.
	Reported limited evidence for increase in kidney cancer in production workers (SMR 337 95% CI 70-985) but no excess risk of stomach or lung cancer.
	Other contaminants in the workplace including but not limited to silica, cadmium, arsenic, antimony . No smoking histories obtained.
	Score: 69%



	Fanning (1988)
	Battery Factories
	2,276 UK male/female pensioners
	Limited data on 3 exposure categories (none, normal & high). The mean duration of exposure for the low exposed group was 28.6 years and 29.7 for the non-exposed group. During this period the low exposed group mean PbB was < 40 µg/dl with high exposure group PbB between 40-80 µg/dL.
	Statistically significant excess of malignant neoplasms of the digestive tract with an odds ratio of 1.13 and stomach cancer OR 1.34 before 1966, but no excess over the recent 20 year period.
	None reported but extent of data collection on confounders unclear. No smoking histories were reported.
	Score: 68%

Follow-up of Dingwall-Fordyce & Lane through 1985.

	Cocco et al. (1998)
	Lead exposed workers
	27,060 US male and female workers who died of brain cancer between 1984-92
	Lead exposure estimated based on computer exposure databases, unpublished IH reports and personal experiences.
	Study suggests that lead exposure may be associated with brain cancer (OR 2.1; 95% CI 1.1-4.0).
	Marital status, residence, SES, EMF, solvent and metal dusts.
	Score: 65%



	Dingwall-Fordyce & Lane (1963)
	Battery Factories
	425 UK Male Pensioners
	Limited data on 3 exposure categories (none, normal & high). Mean exposure duration of low exposed group was 26.8 yrs and 21.8 yrs for the high exposed group. The mean urine lead values for the high exposed group were 100-250 µg/L.
	No increase in mortality for all exposure groups due to malignant disease. 
	None reported but extent of data collection on confounders unclear. No smoking histories were reported
	Score: 62%

Study covered pensioners for period 1926-1960.

	Davies (1984 a,b)
	Chromate Pigment Factory
	57 UK male chromate pigment workers employed between 1930-1945
	No industrial hygiene data available but all workers in cohort had been diagnosed with lead poisoning.
	Workers exposed to both Pb and Cr (chromate) experienced an increase in lung cancer risk (O/E Ratio of 1.45) associated with only Pb chromate workers.
	None reported but extent of data collection on confounders unclear. Smoking histories were not determined. 
	Score: 61%

A follow-up study of workers from the 3 factories found no excess mortality from cancer. 

	McMichael & Johnson (1982)
	Lead Smelter
	241 lead poisoned Australian males and 695 non-poisoned production workers employed during 1928-1959
	No PbB data provided or definition offered of what defined lead poisoning. Industry practice during this time period was to maintain PbB below 80 µg/dL to prevent lead poisoning. 
	No increased risk of cancer reported in both lead poisoned or lead production workers.
	None reported but extent of data collection on confounders unclear. 
	Score: 60%



	Michaels et al. (1991)
	Newspaper Printers
	1261 US male typesetters employed in 1961 and followed until the end of 1984
	Historic lead exposures were below 50 µg/m3. No PbB’s were reported.
	No excess mortality in any cancer related disease.
	None reported but extent of data collection on confounders unclear.
	Score: 58%



	b. General Population

	Jemal et al. (2002)
	General population
	3592 white US males and females enrolled in NHANES II
	The median blood lead level over four quartiles ranged from 7.3 to 19.7 µg/dL.
	Individuals with blood lead levels in the ranges reported in NHANES II do not appear to have increased risk of cancer mortality.
	Adjusted for age, poverty index, alcohol intake, smoking and region of residence,
	Score: 83%

Did not limit the range of PbB analysed.

	Lustberg & Silbergeld (2002)
	General population
	9,250 US males and females enrolled in NHANES II
	The mean blood lead levels for the overall cohort as 14.1 + 5.1 and 14.9 + 5.2 µg/dL in the mortality follow-up cohort.
	Multivariate adjusted odds ratios for cancer mortality was 1.46 (95% CI:0.87-2.48 for those with blood lead levels of 10 to 19 µg/dL and 1.68 (95% CI: 1.02=2.78 for blood leads of 20-29 µg/dL.
	Adjusted for age, sex, race, education, income, smoking, BMI exercise and location (urban, rural or suburban.
	Score: 83%

Restricted the cohort to those with blood leads less than 30 µg/dL.

	Schober et al. (2006)
	General population
	9,757 US males and females enrolled in NHANES III
	PbB categorized into 3 groups <5; 5 - <10 and > 10 µg/dL
	Relative risk of cancer morbidity for all ages was 1.44 (95% CI 1.12-1.86)
	Adjusted for age, poverty index, education, smoking, alcohol and census region
	Score: 73%

	DeRoos et al. (2001)
	Siblings of parents with occupational exposure to chemicals including metals
	538 US and Canadian children under 19 years of age and diagnosed with confirmed neuroblastoma in 1992-94.
	No measured exposure data available. Exposure assessment based on self-reported exposures based on employment record and later adjusted by an industrial hygienist.
	Occupational exposure to metals (including lead) was not a risk factor.
	Childs age and maternal demographic factors.
	Score: 67%



	Feychting et al. (2001)
	Siblings of parents with occupational exposure to chemicals including metals
	235,635 Swedish children followed from birth to 14 years
	No measured exposure data available. Exposure history based on occupation from censuses data and then classified by Industrial Hygienists as to no exposure, possible exposure and probable exposure based on their knowledge of the industry.
	Based on one case, risk of leukaemia was associated with occupational exposure to lead (RR 104). The relative risk for nervous system cancer was 2.37 based on two reported cases.
	Exposures considered were asbestos, arsenic, pesticides, Cr, Ni, Hg, oil, general chemicals, benzene, PAH’s lead, textile dust
	Score: 61%


The relative quality of studies is indicated by a percentile score indicating the extent to which critical elements of study design were implemented and/or described. The highest possible quality score is 100%. Percentage score based on sample size and power, inclusion of control group, quality of examination, laboratory quality control, endpoint definition and control for confounders.

4.1.2.10 Toxicity for Reproduction

Impacts of lead upon reproduction have been among the endpoints of most careful evaluation. A significant body of literature exists and a step-wise analysis has been conducted. Animal literature on reproductive impacts was compiled, with a focus upon studies potentially useful in the derivation of LOAEL and NOAEL’s. Separate analyses have been made of effects upon reproduction (fertility), physical developmental effects (pregnancy outcome), and behavioural effects associated with prenatal lead exposure. Compilation of the animal literature was initiated with collection of studies identified by ATSDR as being indicative of LOAEL’s or NOAEL’s. This literature list was then supplemented with more recent publications. Review of this literature was undertaken with recognition that the dosimetry of studies in experimental studies is difficult to relate to human exposures and that a very large body of literature exists describing lead effects upon these endpoints in humans. Reference lists are provided of this animal literature.

Although it is problematic to extrapolate the results of experimental studies to man because of a lack of comparability in blood lead or lead in other tissues across species at equivalent doses, effects of lead on female and male reproduction, development and behaviour have been observed in numerous animal species. The following sections summarize experimental studies particularly relevant to the human health effects of lead on reproduction, development and behaviour as discussed in ATSDR (1999) “Relevance to Public Health” section and the ATSDR LOAEL and NOAEL tables on (ATSDR pages 127-159). The more recent relevant literature is also addressed herein. Charts summarizing LOAEL and NOAEL data for each study as well the exposure period, dosage levels and indication of response accompany the written discussion. In both the discussion and the charts mg/kg are calculated based on Ronis (1996) and Johansson and Wide (1986) in the ATSDR (1999) Tables 2-4, pp. 134 and 143.

Animal to human dosimetry extrapolations are further complicated by species-specific differences in toxicokinetics. Uptake of lead from the water or the diet can be lower in animals than for humans and the clearance time of lead from the blood and soft tissues of animals can be much faster than will occur in humans. Thus, higher lead doses may be required to produce effects in animals than will be required in humans. In consideration of blood lead levels, it must further be recognised that toxicity is primarily mediated by the non-erythrocyte bound (plasma lead) lead in the blood. While the partitioning between blood lead and plasma lead is well characterised for humans, this partitioning has seldom been attempted for animals. Dosimetric comparisons between the human and animal studies described here must be undertaken with these caveats in mind.

4.1.2.10.1 Toxicity for Reproduction – Effects upon Fertility

Effects Upon Male and Female Fertility

Multiple endpoints can be assessed to evaluate the impacts of a male reproductive toxicant. Parameters typically evaluated in association with lead exposure include fertility (the ability to conceive), spermatogenesis (the development of sperm), organ effects (testes and prostate) and hormonal effects. Spermatogenesis is used as an indicator of fertility and is assessed through measurement of sperm count, sperm morphology and sperm motility (ability to move). For females, maturation of the sexual organs and/or the ability to conceive are frequently monitored measures of fertility. Spermatogenesis may be affected by direct action on the sperm producing process or by action on the cells supporting the development and maturation of sperm. Reproductive function may also be affected by the disruption of hormonal regulation. Follicle Stimulating Hormone (FSH), produced by the pituitary gland, is a hormone involved in control of the sperm development process. Testosterone is also essential to the development of sperm and the growth and function of reproductive organs. Luteinizing hormone (LH), produced in the pituitary gland is the hormone to control testosterone production.

Foster et al. (1996b) investigated the effect of chronic lead treatment on semen quality in healthy cynomolgus monkeys aged 15-20 years. Monkeys were treated orally from birth with four different dosage levels of lead acetate in gelatin capsules: 50 μg/kg/day; 100 μg/kg/day; 500 μg/kg/day and 2000 μg/kg/day. The monkeys were then assigned to three groups: 1) control; 2) low exposure (50-100 μg/kg/day); and, 3) high exposure (500-2000 μg/kg/day). There were no effects of lead treatment on sperm count, viability, progressive motility, non-progressive motility and non-motile sperm. Similarly lead treatment did not induce any changes in circulating levels of testosterone for any of the sampling periods using traditional methods of analysis. Flow cytometric analysis, however, revealed that “low” lead exposure levels (50-100 μg/kg/day) induced changes in sperm chromatin structure in the monkey in the absence of demonstrable effects on traditional measures of reproductive function such as circulating T levels and semen characteristics. It is unclear if the chromatin changes seen can be considered as adverse effects.

Fowler et al. (1980) undertook studies to characterize the changes in organ weights and subsequent changes in the reproductive system, spleen, kidney and haematological profile of rats after long-term lead exposure from gestation through the ninth month of life. Male and female rats whose mothers had been exposed to lead before and during pregnancy and lactation at exposure levels of 0, 0.5, 5, 25, 50 and 250 ppm lead as lead acetate in drinking water were continued on the respective regimens for 6 or 9 months. Body weights of males and females were not significantly different from controls at 6 months of age; however, female body weights were significantly decreased at 250 ppm at 9 months of age. In males at 9 months of age, spleen weights were significantly increased at 250 ppm. Lead and kidney weights were increased at 0.5 ppm lead and above, in females the liver, pituitary, and heart weights were affected at 250 ppm lead. No significant lead effects were found in sperm counts or sperm morphology, haematology profiles, or serum chemistries at these exposure levels.

Blood, brain, femur and kidney lead levels as well as urinary ALA excretion were all significantly dose related. Histopathological lesions were noted in the spleen at 250 ppm and in the kidney as evidenced by cytomegaly karyomegaly (beginning at 5 ppm in males; 25 ppm in females) nuclear inclusion body formation and increased numbers of iron-positive granules within renal proximal tubule cells. These effects were more marked after 9 months exposure. Inhibition of renal mitochondrial respiration for both succinate and NAD-linked substrates was found in 50 and 250 ppm lead exposure groups at 9 months but not at 6 months. Mitochondrial δ-aminolevulinic acid synthetase and ferrochelatase, but not δ-aminolevulinic dehydratase, were also found to be inhibited at these lead levels at 9 months. The lowest exposure level resulting in a detectable effect of lead (cytomegaly/karyomegaly in renal proximal tubule cells) was 5 ppm.

Ronis et al. (1998a) studied growth suppression associated with developmental lead exposure in rats and the endocrine mechanisms underlying these effects. Beginning at gestational day 5, groups of 10-15 animals were given drinking water ad libitum containing 0.05%, 0.15% or 0.45% lead acetate. Lead exposure of the dams was continued until weaning at age 21 days. Thereafter, lead exposure of the pups was continued until sacrifice at day 21, 35, 55 or 85. Although growth rates were suppressed to a much greater degree in male as compared to female pups, decreased growth was accompanied by a significant increase in pituitary growth hormone (GH) content during puberty in both sexes; a delay in the developmental profiles of the GH-dependent male-specific liver enzymes cytochrome P450 CYP2C11 and N hydroxy-2-acetylaminofluorene sulfotransferase, and continued suppression of these enzymes in lead exposed adult male pups. In addition, significant decreases in plasma sex steroid, testosterone (male) and 17-estrdiol (female), were observed during puberty. Post-puberty, at age 85 days, both IGF, and sex steroid levels were indistinguishable from control pups despite continued lead exposure. Growth rates were also similar in control and lead-exposed pups between age 57 and 85 days. The greater somatic growth observed at puberty in lead exposed male offspring may be due to additional hypoandrogenization produced by the action of lead on the hypothalamic-pituitary-testicular axis. The LOAEL for reproductive effects was 0.05% and the NOAEL was <0.05% (0.05% = 42 mg/kg/day).

Ronis et al. (1998b) examined the effects of lifetime lead exposure on the development of the reproductive system and the endocrine mechanisms underlying these effects. Sprague Dawley rats were exposed to lead acetate in the drinking water at levels of 0.05%, 0.15%, or 0.45% initiated on gestational day 5. Exposure of dams to lead was continued until weaning. Thereafter, the offspring were exposed through the drinking water until sacrifice at age 21, 35, 55 and 85 days. There was a significant dose-responsive decrease in birth-weight and crown-to-rump length in all lead-exposed litters. However, no marked effects were observed on anogenital distance/crown to rump. Male secondary sex organ development and female vaginal opening were delayed with increasing lead dose, with statistically significant delays appearing to begin at 0.15% lead acetate.

Ronis et al. (1998c) assessed reproductive, endocrine, and growth effects of developmental lead exposure using a rat model in which 0.6% (502 mg/kg/day) lead acetate was administered in the drinking water ad libitum during different developmental periods to determine if lead actions were a result of direct effects of continuous exposure to the metal ion or secondary to disrupted neonatal “endocrine imprinting.” Sprague Dawley rats were exposed to lead: 1) from gestational day 5 through birth; 2) during pregnancy and lactation; 3) during lactation only; 4) from birth through adulthood; or 5) from gestational day 5 through adulthood. Lead effects were measured on the developmental aspects of the reproductive system, adult sex steroid levels, and growth rates in both male and female animals.

Lead decreased birth weight in all animals exposed in utero and mean body weights were significantly decreased in all lead-treated groups up to weaning. Analysis of growth curves revealed that all lead-treated groups had significantly reduced growth rates during lactation. In male pups exposed to lead during pregnancy and lactation, from birth through adulthood or from gestational day 5 growth rates were also significantly reduced during puberty. Post pubertal growth rates were unaffected in any lead-treated group. It was further observed that delayed female reproductive development and suppression of adult male serum testosterone concentration required continuous exposure to the heavy metal. Little evidence was obtained for an alteration of “endocrine imprinting” by lead on either reproductive or growth parameters. Exposure during early development (pregnancy and lactation) resulted in no permanent effects in this model other than small (10%) decreases in the body weight of pups post-puberty.

Hildebrand et al. (1973) exposed sexually mature male and female rats for 30 days to 0, 5 μg or 100 μg (0, .015 mg/kg/day; 0.30 mg/kg/day) of lead acetate orally by gavage. In females, the 5 μg exposure level produced irregular oestrus cycles and the 100 μg exposure level produced ovarian cysts and persistent vaginal oestrus. In males, the 5 μg exposure level produced increased prostate weight and the 100 μg exposure level produced impotence, hyperplasia and increased prostate weight. A LOAEL of 0.015 mg/kg/d is thus suggested by this study, but aspects of study dosimetry are difficult to rationalize. Blood lead levels in control males averaged 14 µg/dL, males receiving 5 µg Pb rose to 19 µg/dL while those receiving 100 µg Pb increased to 30 µg/dL. Effects are thus proposed at blood lead levels close to what were then “background” and 20-fold increases in Pb intake produce relatively modest increases in blood lead.

Krasovskii et al. (1979) investigated the gonadotoxic effects of various dose levels of lead. Male rats were administered lead acetate in drinking water for 6-12 months. In the first experiment doses of 0.0015mg/kg/day and 0.05mg/kg/day were administered. In the second experiment doses of 0.0015, 0.005, and 0.05 mg/kg/day. In the first experiment, the 0.05mg/kg dose decreased activity of AIDH, SDH, NAD, and NADPH-diaphorase in spermatogenic epithelium and there was a swelling of follicular epithelial cells. In experiment 2, the 0.05mg/kg dose decreased the motility of spermatozoa and increased acid phosphatase activity. The 0.005mg/kg dose caused dystrophy of the Leydig cells. The NOAEL for this study was 0.0015mg/kg/day. The concentration of lead required to produce an effect was lower than that typically seen in other studies, but the study is difficult to evaluate. The strain of rat used, number of animals studied, blood lead levels attained and various other experimental details were not noted.

Chowdhury et al. (1984) performed biochemical and histopathological studies on the testes of rats after feeding lead acetate at a concentration of 0.25, 0.50 and 1.0 g/l over a period of 60 days. Testicular atrophy along with cellular degeneration was conspicuous at 1 g/l. High cholesterol concentration and significantly low ascorbic acid concentration were found in the testes at the same dosage. The lowest dose (0.25 g/l – 22 mg/kg/day) did not produce any significant morphological and biochemical alteration whereas 0.5 g/l (45 mg/kg/day) resulted in partial inhibition of spermatogenesis.

Johansson and Wide (1986) exposed sexually mature male mice to 141 mg/kg/day or 1 g/l of lead chloride in deionised water for 3 months. At the end of the exposure period, each male was caged with three untreated females. On day 17 after mating, the frequency of pregnant females and the number of foetuses and resorptions were recorded. Females without implantations were significantly more numerous in the group that had been mated with the lead-exposed males. The frequencies of resorptions and foetal malformations were similar in the two groups. The two groups of males were compared with respect to body weight, plasma level of testosterone, number of epididymal sperms and weight of reproductive organs and no statistically significant differences were found.

Increased tissue concentrations of lead were noted for all the male reproductive organs as well as the hypothalamus. It could not be decided whether the decrease in the number of pregnant females was due to a reduction in the ability of spermatozoa from the lead-exposed males to fertilize or to a pre-implantation loss of fertilised ova.

Hsu et al. (1998) investigated the effect of lead toxicity on sperm function, particularly, lead’s effect on the relationship between the sperm reactive oxygen species (ROS) generation, the capacitation process and acrosome reaction, and the sperm-oocyte penetration rate (SOPR). Male Sprague-Dawley rats received weekly intraperitoneal injections of 20 mg or 50 mg lead acetate/kg or 20 mg or 50 mg sodium acetate/ kg (control) for 6 weeks. The food and water intake was monitored and recorded weekly during the experiment. There were no significant differences in food and drinking water intake between the lead-exposed and control groups. A significant decrease in body weight was found in rats receiving 20 mg or 50 mg lead for 6 weeks, but caudal epididymis weights were not markedly altered. Epididymal sperm counts were significantly decreased in rats treated with 50 mg/kg lead per week, but not in rats treated with 20 mg/kg lead. Sperm motility was significantly reduced in rats treated with 50 mg lead but not in rats treated with 20 mg/kg lead. The motile epididymal sperm counts from rats treated with 20 mg/kg and 50 mg/kg metal were significantly lower than those in their respective controls. Serum testosterone levels were significantly decreased in rats treated with 50 mg/kg lead. The percentage of capacitation was significantly increased in fresh caudal epididymal spermatozoa in rats treated with 20 or 50 mg/kg lead. The percentage of acrosome reaction was increased only in rats treated with 50 mg/kg metal.

Hsu et al. (1997) investigated the relationships between blood lead, sperm lead, sperm reactive oxygen species (ROS) level, and sperm fertile capability to understand the effects of lead exposure on sperm function and the mechanism of these effects. Male Sprague Dawley rats, 7 weeks old, were randomly divided into a control group and lead-treated group. The controls and lead-treated animals received intraperitoneal injections of 10 mg sodium acetate and 10 mg lead acetate/kg body weight, respectively weekly for 6 or 9 weeks. The blood lead and epididymal sperm lead were analysed by graphite furnace atomic absorption spectrophotometer. Chemiluminescence was measured to evaluate the generation of sperm ROS. Sperm-oocyte penetration rate (SOPR) was measured to evaluate sperm function. After 6 weeks of lead exposure, epididymal sperm counts were unchanged, and percent of motile sperms and motile epididymal sperm counts compared with control animals. After nine weeks of lead exposure, the rats had statistically lower epididymal sperm counts and lower motile epididymal sperm counts. The sperms of lead-exposed rats produced significantly higher counts of chemiluminescence than did those from the control rats. The chemiluminescence counts were positively associated with sperm lead level. Epididymal sperm counts, motility and motile epididymal sperm counts were negatively associated with sperm chemiluminescence. The SOPR were positively associated with epididymal sperm counts, motility and motile epididymal sperm counts. The sperm chemiluminescence was negatively associated with SOPR. The authors concluded that lead exposure probably affected the sperm function by activating one of the pathways of ROS generation.

Gandley et al. (1999) determined the effect of relatively low levels of lead acetate (25 and 250 ppm) exposure on fertility and offspring viability in male Sprague-Dawley rats. Rats were exposed to 25 and 250 ppm lead acetate in drinking water at least 35 days before breeding. Fertility was reduced in males at the 250 ppm dose and initial genomic expression in embryos fathered by male rats was affected at 25 ppm. Dose-dependent increases were seen in an unidentified set of proteins with a relative weight of approximately 70 kDa (Mr). These results indicate that male-mediated effects of lead may be observed in the 2-cell embryo. The alteration observed in embryonic gene expression with paternal lead exposure may be useful for studying the role of the paternal contribution to the activation of the embryonic genome and protein synthesis in the early embryo.

Pinon-Lataillade et al. (1995) exposed mice to 0.5% (420 mg/kg/day) lead acetate in drinking water from day 1 of intra-uterine life until 60 days after birth. The lead-exposed male and female offspring were mated with unexposed females and males to examine the effect of lead exposure on reproductive function. Male fertility was not affected but reduced female fertility was observed: litters were smaller and a smaller number of implantation sites was found in lead-exposed females. In lead exposed males, the weights of the body, testes and epididymis were diminished by about 13%, and seminal vesicle and ventral prostate weights, by about 29%. Testicular histology and the number and morphology of epididymal spermatozoa were normal. The levels of plasma FSH, LH and testosterone, were not modified. These results suggest that the hypothalamic-pituitary- testicular axis is not adversely affected by this level of lead exposure and that the decreased seminal vesicle and ventral prostate weights might not be the consequence of reduced testosterone levels. The hypothesis that lead has a direct effect resulting from possibly reduced food consumption by lead-exposed mice cannot be excluded. Thus, exposure to lead in mice might affect reproductive function by acting directly and /or indirectly on accessory sex organs.

Junaid et al. (1997) examined the morphological basis of ovarian toxicity in mice by counting the various stages of follicular development using different doses of lead acetate in water (0, 2, 4 or 8 mg/kg/day) for 60 days (5 days/week) by oral gavage. The study results revealed that while small and medium follicles were significantly affected even at the lowest dose (2 mg), the large follicles were affected mostly at the highest dose. Atresia even in the medium follicles reflected the extent of damage caused by lead. Lead seemed to affect the follicular development and maturation, if mice are exposed to sufficiently high concentrations of metal through the oral route.

Wadi and Ahmad (1999) investigated lead toxicity to the male reproductive system of sexually mature male CF-1 mice. Two concentrations of lead (0.25% and 0.5%) were administered to the mice via drinking water for six weeks. The low dose of lead significantly reduced the number of sperm within the epididymis, while the high dose reduced both the sperm count and percentage of motile sperm and increased the percentage of abnormal sperm within the epididymis. There was no significant effect on testis weight; however, the 0.5 % treatment significantly decreased the epididymis and seminal vesicle weights as well as overall body weight gain. Plasma luteinizing hormone (LH), follicle-stimulating hormone (FSH), and testosterone (T) levels were not affected by lead administration indicating that in adult CF-1 mice, lead targets testicular spermatogenesis and sperm within the epididymis to produce reproductive toxicity rather than acting at other sites within the hypothalamic-pituitary-testicular axis.

Foote (1999) tested the fertility of rabbit sperm exposed to cadmium or lead in vitro, followed by insemination of super-ovulated does. Sperm exhibiting some hyperactivity were washed and incubated for 30 minutes in a control medium and in a medium containing 0.025 mM lead. After 30 minutes the sperm were quickly inseminated into three FSH-primed females given an ovulating dose of LH immediately before insemination. Another similar experiment was set up, except that LH was administered 12 hours earlier to cause ovulation about the same time as insemination. With 0.025 mM lead (1 mg/kg/day) the fertilization rate in pregnant does was 82% for controls and lower 68% with treated sperm.

Kimmel et al. (1980) and Grant and Davis (1980) exposed female rats and their offspring to lead acetate in drinking water at doses ranging from 0.1 to 45 mg/kg/day. These levels did not affect the ability to conceive in either generation. Both generations showed delayed sexual maturation (vaginal opening) at doses of 5 mg/kg/day and above; normal oestrous cycling began after vaginal opening.

Laughlin et al. (1987) exposed four groups of adult female Rhesus monkeys to four different dosages of lead ranging from 2-9 mg/kg/day producing blood lead levels of 45, 51, 88, 81 µg/dL, respectively. No signs of lead toxicity were noted. Treated monkeys had fewer and more variable menstrual cycles, with longer intervals between cycles plus a decrease in duration of the menstrual cycles.

Foster (1992) studied the effect of chronic lead exposure on menstrual function and circulating concentrations of luteinizing hormone (LH), follicle stimulating hormone (FSH), estradiol (E2) and progesterone (P4) in 32 female monkeys. Lead acetate (1500 mg/kg BW/day) was administered by capsule to monkeys in the following groups; exposure from birth to 10 years (lifetime, N=8), postnatal day 300 to 10 years (adolescent, N=8), and postnatal days 0 to 400 (childhood, N=8). Specific blood lead levels were not reported, although the authors refer to the levels as being moderate. No overt signs of lead toxicity were found in general health or menstrual function. Lead treatment suppressed circulating levels of LH (p < 0.042), FSH (p < 0.041), and E2 (p < 0.0001) during the menstrual cycle. Lead treatment had no effect on plasma concentrations of P4. The author states that these data indicate that chronic lead exposure in primates results in subclinical suppression of circulating concentrations of LH, FSH and E2 without producing overt signs of menstrual irregularity.

Animal Study Mechanistic Summary

Studies with experimental animals, typically rats, demonstrated that spermatogenesis is sensitive to high systemic levels of lead. Chowdhury et al. (1984) administered lead acetate to rats in drinking water at lead doses of 90, 45 and 22 mg/kg/day for 60 days. The highest level of administration produced a blood lead of 143 µg/dL and was accompanied by significant reductions of sperm count and testicular atrophy. The intermediate dose (72 µg/dL blood lead) was associated with reduced sperm count and reductions in the diameter of the seminiferous tubules. No significant changes were seen at the lowest dose tested. Other investigators, sometimes at lower levels of lead administration, have observed similar changes. For example, Kaushal et al. (1996) observed such changes at administered doses as low as 6.4 mg/kg/day.

As studied by Sokol and colleagues (reviewed in Sokol et al. 1994), the administration of lead at doses capable of perturbing sperm production is associated with disruption of hypothalamic control of pituitary hormone secretions and the levels of circulating hormones required for maintenance of spermatogenesis. Significant disruption of sperm production and damage to testicular tissue appears to occur as a result of such changes. The potential relevance of this effect for humans has recently been suggested by studies in primates (Cullen et al. 1993, Foster et al. 1993), although the actual histological damage to testicular tissue which occurs in primates, presumably as a consequence of endocrine perturbations, appears to be relatively minor and of uncertain physiological significance. However, primate studies are not fully consistent with endocrine mediated mechanisms. Lifetime exposure of primates to produce blood lead levels averaging 10 µg/dL (range 6 – 20 µg/dL) or 56 µg/dl (range 22 – 148 µg/dL) did not alter semen quality parameters or levels of circulating hormones (Foster et al. 1996). However, ultrastructural changes to sperm chromatin may have resulted. Exposure from infancy (blood lead 35 µg/dL) was associated with ultrastructural changes affecting the architecture of tissues within the testes in adulthood, but did not appear to alter endocrine function or semen quality (Foster et al. 1998). Still, the combined animal evidence strongly suggests that lead will impact sperm production due to histopathological changes in testicular tissue.

Although it is problematic to extrapolate the results of experimental studies to man because of a lack of comparability in blood lead or lead in other tissues across species at equivalent doses, effects of lead on female reproduction have been observed in numerous animal species. These effects include alterations in sexual maturation, hormone levels, reproductive cycles, impaired development of the fertilised egg as well as decreases in fertility. Effects are generally apparent at moderate - high blood lead levels. Although decreased semen quality has been observed in human population studies at moderate to high blood lead levels (above 45-60 μg/dL), many of the effects observed in animals have not been observed in humans.

Studies in Humans - Males

Concerns over the possible impact on male reproductive function have focused on the impacts related to occupational exposure since there are only a limited number of studies of the general population. Primary focus is placed upon the significant available literature upon effects in humans.

Lancranjan et al. (1975) documented that “moderate” to “high” lead exposure resulted in decreased fertility of men who were employed at a lead storage battery production facility. The mean blood level of the moderately exposed group was 52.8 µg/dL (± 21 µg/dL) versus a mean blood lead level of 74.5 µg/dL (± 26 µg/dL) in the high lead exposed group. Decreased numbers of sperm and decreased sperm motility were also suggested in a group of workers with mean blood levels of 41 µg/dL (± 12 µg/dL) in a comparison against a control group with mean blood lead levels of 23 µg/dL. Oddly enough, the study results suggested a dose response relationship for decrease in sperm count, decrease in sperm motility, and increase in abnormal sperm morphology with increasing lead intoxication categories but an inverse relationship with libido, pathologic erections, pathologic ejaculations and orgasms with lead intoxication categories. There was thus a diminution of semen quality accompanied by increases in sexual performance. The researchers also reported inconclusive results for the number of normal pregnancies per couple, frequency of miscarriages, incidence of ectopic pregnancies and premature births with lead intoxication categories.

Zielhuis and Wibowo (1976) and ENSR (1990) have noted a variety of technical issues with this early, but widely cited study. Potential deficiencies include problems in the matching of controls, potential misclassification of exposure levels between groups and the fact that individual data on age were not presented. All data are expressed in terms of group averages, precluding evaluation of the data base for finer nuances of dose response or for a determination of specific blood lead levels associated with perturbations in sperm production.

More recent studies provide better indication of the dose response for impacts upon semen quality. Wildt et al. (1983) studied semen quality in 16 lead exposed men (mean blood lead = 46.1 µg/dL) in comparison to 23 non-exposed controls (mean blood lead = 21.1 µg/dL). Exposure data was expressed as an average exposure level over approximate five-month intervals - individual blood lead levels ranged from 23 - 75 µg/dL. Wildt et al. reported minor changes in potential indicators of prostatic function, but did not judge the differences to be of clinical significance. In support of this was the finding of no impact upon sperm count and the observation that the fertility of the exposed men was not adversely influenced. Semen quality in the exposed cohort was actually somewhat better than that in controls. Similar results were reported by Whorton (1985) in an unpublished study of 40 men (average blood lead level 43 µg/dL) which found no effects on sperm count, sperm motility, or sperm morphology.

Assennato et al. (1987) evaluated individuals with still higher levels of exposure. Although limited in size (18 exposed workers; average blood lead level 61 µg/dL ± 20 µg/dL compared to 18 non-exposed controls; average blood lead levels 18 µg/dL ± 5 µg/dL), the study reported taking somewhat greater care than others to match study participants for a variety of potential confounders. Depressed (38%) sperm counts were observed in lead exposed individuals. Evaluations were also conducted of endocrine function and the investigators reported that no significant differences were apparent in a comparison between the groups.

Lerda (1992) evaluated the sperm characteristics of 38 male workers exposed to lead in a battery factory. The mean blood lead level in the three exposed groups evaluated ranged from 48.6 to 86.6 µg/dL. Semen volume, sperm count, motility and necrospermia were lower in the exposed groups as compared to that in 30 controls, but the actual significance of the study is difficult to assess. Although the range of exposure for the exposed groups was large, no dose response was observed for effects upon semen quality. Moreover, the authors state that the semen quality parameters observed in lead exposed men were in the normal range for the general population and that the sexual history of the exposed individuals did not reveal any sexual disturbance or congenital deficits in offspring. Although the authors remark that duration of lead exposure was the most important determinant of a “lead effect”, documentation for this conclusion, or for the exposure history of the individuals, is not provided.

Tuohima and Wichmann (1985) studied semen samples from nineteen men whose exposure duration ranged from 1 to 24 years (mean 9.2 year exposure duration). All nineteen men had blood lead levels exceeding 60 µg/dL at some time during their employment. At the time the study was carried out the workers‘ blood lead levels ranged from 30 to above 60 µg/dL. The sperm production of the group was reported to be within normal variation in the Finnish male population and was not demonstrably different from that of controls.

Hu et al. (1992) investigated semen quality in 24 men occupationally exposed in a print shop to lead compared to 24 non-exposed controls. Decrements in sperm density and motility were noted, but interpretation of the study is impaired by a lack of historical or current blood lead levels. Urinary lead levels were used as the lead exposure index, and averaged 80 µg/L in the exposed cohort. Semen quality parameters did not actually correlate with individual urinary lead levels, but this may be more reflective of the inadequacy of urinary lead as an exposure index. The reported urinary lead levels suggest high levels of exposure, a suspicion confirmed by the investigators’ description of the exposed cohort as having “some light symptoms of lead intoxication, yet they could still work as usual.”

El-Zohairy et al. (1996) studied 55 Egyptian men, aged 20 – 40, in a case control study of environmental and occupational exposure effects upon fertility. Thirty infertile subjects were identified, 15 of whom were deemed to have occupational lead exposure (mean blood lead 37 µg/dL; range 15 – 70) and 15 exposures only from environmental sources (mean blood lead 29 µg/dL, range 6 – 46). Occupational exposure categories included drivers (N=2), painters (N=5) battery worker (N=2), printers (N=2) a cement worker (N=1) and a smelter worker (N=1). Fertile occupationally exposed men had a similar range and distribution of occupations (N=15) and mean blood lead levels of 27 µg/dL (range 15 – 39) while fertile environmentally exposed controls (N=10) had a mean blood lead level of 17 µg/dL (range: 6 – 29). Measures of semen lead were also taken and while less than levels of lead in blood the reduction was only on the order of 30%. Compared to environmentally exposed infertile subjects, occupationally exposed infertile men tend to have similar levels of % motile sperm, higher sperm counts, and slightly greater proportions of abnormal sperm. Most of these differences were not statistically significant. The authors conclude that lead had little impact upon most measures of reproductive function, but raise concern that the semen lead levels of infertile occupationally exposed men was higher than that of fertile occupationally exposed men. However, given that blood lead levels were also far higher, the observed difference is not unsurprising. The study contributes little to an understanding of the presence or absences of reproductive impacts as a function of lead exposure.

Telisman et al. (2000) evaluated semen quality and endocrine function in 98 healthy men occupationally exposed to lead in comparison to 51 controls without occupational exposure. The mean blood lead levels with occupational exposure averaged 38.7 μg/dL (range 11.9 – 65.9) while that of controls was 10.9 µg/dL (range 6.7 – 20.8). All controls were from a single machine assembly factory while lead exposed individuals were drawn from printing, lead products, ceramics and paint production. Sperm density, count and number of motile sperm were lower in the lead exposed cohort, but significant alterations in reproductive hormones were not observed. Multiple regression analysis confirmed a dose dependent relationship between blood lead and semen quality. Blood cadmium levels also correlated with semen quality parameters, complicating interpretation of some study results. A variety of reproductive function parameters also correlated with alterations in exposure biomarkers such as ALAD and ZPP. The authors conclude that blood lead levels less than 40 µg/dL can lower semen quality, but aspects of study design and analysis are problematic. The occupationally exposed cohort was drawn from multiple facility types that might have had divergent confounding exposures. Participation rates of >90% were obtained for the occupational cohort while that of controls was 67%. The range of blood lead levels in each cohort was broad, and while there was a difference in semen quality between the cohorts, there appeared to be minimal impact of blood lead upon semen quality within each cohort. The legitimacy of the multiple regression analyses conducted on the combined cohort is thus questionable. Based upon data presented but not explicitly discussed, lead related impacts upon semen quality appear to have occurred in workers with blood lead levels in excess of 45 µg/dL.

Alexander et al. (1996) evaluated semen quality and circulating hormones in 119 employees at a Canadian lead smelter. Workers were stratified by blood lead levels into exposures of <15 (N=32), 15 – 24 (N=46), 25 – 39 (N=29) and >40 µg/dL (N=12). Gradual declines in sperm count were associated with increases in blood lead, and were marked in the >40 µg/dL exposure group, although the number of workers in this range was limited. Workers with blood lead levels above 40 µg/dL were judged to be at risk of low sperm count. Both sperm count and concentration were also inversely related to an index of historical exposure, with significant alteration in workers with annual blood lead averages in excess of 40 µg/dL over the past 10 years. Indications of exposure peaks were not provided. Alterations in sperm morphology or motility were not seen as a function of lead exposure. There similarly appeared to be an effect of lead upon circulating hormones in a somewhat larger survey of 152 workers. A questionnaire-based survey of 929 employees had been used to determine the possible incidence of fertility problems. Complaints of subfertility were more prevalent at blood lead levels < 25 µg/dL. This is somewhat inconsistent with the semen quality study, but is also suggestive of participation bias in the recruitment of volunteers in the semen quality study. This bias may have influenced some of the minor exposure related changes seen.

Alexander et al. (1998) also studied possible impacts of ALAD polymorphisms during the preceding study. Of the 134 workers, 85% were homozygous for ALAD1 and 15% were homozygous or heterozygous for ALAD2. Slightly higher blood leads were associated with the ALAD2 genotype (28.4 vs. 23.1 µg/dL), but ZPP levels were higher in those with ALAD1. The total sperm count of workers with blood leads less than 40 µg/dL were comparable (ALAD1: 152 million, N=82 vs ALAD1-2: 155 million, N=13), but ALAD1 homozygotes had lower total counts when blood lead levels exceeded 40 µg/dL (ALAD1 58 million, N=7; ALAD1-2 116 million, N=4). The results suggest that ALAD1 homozygotes may be more sensitive to impacts of lead upon semen quality, but both the number of individuals with the ALAD2 gene and/or blood leads in excess of 40 µg/dL was too limited to support definitive conclusions.

A recently completed EU-funded multi-centre study conducted one of the largest assessments of semen quality and reproductive function in lead exposed workers (smelter and battery workers) as part of the Asclepios Project evaluating occupational risk factors to male reproduction (Bonde et al. 1999, 2002). A cross-section survey compared semen quality parameters of 362 occupationally exposed men in Italy, Belgium and the United Kingdom with that of 141 controls. The mean blood lead level of the exposed cohort was 31 µg/dL (range 4.6 – 64.5) as compared to 4.4 µg/dL (<1 – 19.8 µg/dL). The size of the cohort was such that stratification by blood lead levels was feasible into the exposure ranges < 10 (N=149), 10.1 – 20 (N=57), 20.1 – 30 (N=90), 30.1 – 40 (N=63) and >50.1 (N=24). A decrease in median sperm concentration of 49% was observed in individuals with a blood lead in excess of 50 µg/dL, although the size of this exposure strata was rather limited. Least square regression analysis did not show a linear relationship between blood lead and semen parameters such as sperm concentration, but effects under 50µg/dL were suggested. Iterative threshold-slope linear regression analysis was thus performed and suggested that the dose response for lead’s effect upon semen quality exhibited a threshold of about 45 µg/dL. Duration of exposure to lead did not appear to influence presence or absence of an effect, although cumulative exposure information was restricted to a subset of 250 people.

Bonde et al. (2002) also measured levels of lead in spermatozoa and seminal plasma in 167 subjects. The average lead concentration in seminal plasma (19 µg/kg) was far lower than that of spermatozoa (320 µg/kg) and both measures roughly correlated with blood lead. Whereas there was a roughly linear relationship between seminal plasma and spermatozoa lead, disproportionate increases in seminal plasma and spermatozoa appeared to occur with elevated blood leads. Flow cytometric analysis of sperm chromatin structure had not detected changes as a function of blood lead, but the highest spermatozoa lead seemed to be associated with chromatin alterations. Chromatin alterations have been hypothesised to provide a mechanism by which lead could exert reproductive toxicity (Quintanilla-Vega and Hoover 2000).

Limited studies of very high exposure situations have been published. Cullen et al. (1984) reported that, in seven lead intoxicated men with blood lead levels ranging from 66 to 139 µg/dL, two were without sperm and two had reduced counts with poor sperm motility. Uzych (1985) reviewed the work by Cullen et al. and suggested that the cause of supposed reproductive dysfunction in these workers was not certain. None of the men, even those with the highest blood lead levels, had reported reproductive or sexual problems. Nor was there a positive association between blood lead levels and decreased sperm count or motility. Moreover, the small sample size limits the significance that can be attached to these findings. Fisher-Fischbein et al. (1987) reported a case of an infertile, lead-poisoned firearms instructor. In July 1983, he had a blood lead level of 88 µg/dL with dizziness, headaches and sleeplessness. He had been unable to sire a child in his second marriage, but had done so in his first marriage. As chelation therapy reduced his blood lead levels below 35 µg/dL, his sperm count rose from 9.6 to 158 million/ml with an accompanying improvement in sperm morphology and motility. The patient fathered a healthy male child in May 1984. The blood lead level of the father at the time of conception would appear to have been in excess of 50 µg/dL.

Investigators conducting some of the studies just discussed have suggested that a failure to detect lead impacts upon semen quality could be due to limited duration of exposure in the cohorts studied. They have raised the possibility that low-level lead exposure (general population levels) over prolonged periods of time may have an impact on male fertility. Cross-sectional epidemiological studies have thus been carried out to assess the association between blood lead levels in the general population with various measures of male reproductive function, have reported little association between blood lead levels and male fertility.

Xu et al. (1993), in follow-up to the preliminary studies of Chia et al. (1992), investigated the relationship between blood lead levels in 221 male subjects undergoing initial screening at an andrology clinic and several parameters of sperm quality. The mean age of the participants in the study was 34.8 years. The mean blood lead for the group was 7.7 µg/dL. The study found no association between blood lead levels and sperm density, motility, morphology or viability.

Swart et al. (1991) carried out a cross-sectional study of 40 men to determine the effect of lead and organophosphates on sperm morphology. A control group of 18 patients whose sperm morphology was >20% morphologically normal spermatozoa was compared with 22 patients whose normal sperm morphology was <5%. The mean blood lead of the control group was 10.8 µg/dL. For the study group, blood lead levels averaged 12.4 µg/dL. The authors reported that they could not demonstrate any toxic influence of lead on sperm morphology at the blood lead levels studied.

Oldereid et al. (1993) measured the concentration of lead in the reproductive tissues of 41 post-mortem men to evaluate the extent to which lead levels were influenced by age, occupation and urban and rural environments. The median age of the group was 40 years. The blood lead levels of the men in the urban group were not statistically different from the rural group, i.e., 10.7 µg/dL vs. 6.7µg/dL. There was no difference between the lead concentrations found in the reproductive organs of the urban and rural group. Similarly, neither the age nor occupation of the men influenced the soft tissue concentration of lead. They concluded that while lead was present in reproductive organs, the organ and age distributions did not offer strong support for lead involvement in the aetiology of male infertility.

Studies of relationships between semen quality and the lead content of seminal fluid have similarly produced largely negative results. Saaranen et al. (1987) did not observe relationships between seminal fluid lead and sperm density or morphology in a survey of 58 non-azospermic men. Noack-Fuller et al. (1993) similarly noted a lack of correlation between semen quality and semen lead levels in a survey of 22 volunteers, but the levels of lead found in a large percentage of the study subjects was below the limits of detection. Jockenhovel et al. (1990) evaluated semen lead levels in 18 fertile and 172 infertile men in Germany and reported that higher semen lead levels were observed in infertile men. However, the study was conducted at a time when blood lead levels were rapidly falling in Germany and the fertile controls were sampled several years after the infertile subjects. A re-sampling of a subset of the infertile cohort to evaluate the effects of this temporal decline in exposure upon semen lead suggested that lead levels in the semen of infertile men were in fact similar to those of fertile men and that the initially observed difference was a temporal artefact produced by declining general population exposure levels.

Dawson et al. (1998) analysed semen samples from 64 apparently healthy U.S. men and related the trace metal content of seminal plasma to sperm viability. Seminal plasma lead in those with >50%, 25 – 50% and <25% was 6.0, 10.8 and 12.5 µg/dL, respectively. Trends were also noted for associations between decreased sperm viability, increased seminal plasma levels of cadmium and aluminium, and decreasing levels of calcium and magnesium. The balance of trace metals in seminal plasma was suggested to shift as a function of sperm viability, but the significance of the changes observed was uncertain. Hovatta et al. (1998) evaluated lead concentrations from 45 sperm bank donors as well as from 27 employees from a refinery and a polyolefin factory. Concentrations of lead in semen were low (mean between 0.02 – 0.03 mg/kg semen) and did not correlate with semen quality parameters. Seren et al. (2002) compared blood and semen lead in 30 fertile and 30 infertile men. Blood lead in fertile men averaged 6.4 µg/dL while that for infertile men was 6.5 µg/dL. Similar levels were detected in semen and did not seem to vary as a function of fertility status.

The majority of the studies evaluating the relationships between lead exposure and male reproduction are deficient in a number of factors that are common to most studies of male reproductive toxicity. A small sample size usually complicates the interpretation of statistical analyses. The failure to assess confounding variables, such as other potential reproductive toxicants and lifestyle factors, is common. The use of cohort mean blood lead levels to express exposure intensity facilitates detection of possible effects, but prevents determination of precise levels at which effects may or may not occur in a cohort with a broad range of blood lead levels. Only a few studies have had the statistical power to conduct meaningful statistical analysis of dose-effect response function. Interpreting the functional significance of impacts upon semen quality is also inexact.

The alterations in semen quality associated with moderate to high levels of lead exposure (e.g., 50 - 60 µg/dL) are difficult to extrapolate with respect to impacts upon fertility. Indeed, direct extrapolation of increases in morphologically altered sperm or a lowering of sperm count to altered fertility is difficult and controversial for any substance. Morphologic abnormalities in sperm are common in the absence of chemical insults and are of uncertain significance to fertility. Simply put, morphologically aberrant sperm are not reproductively viable and are likely of little significance if adequate numbers of normal viable sperm are present. Interindividual variability in sperm count in the general population can be extreme without apparent differences in reproductive ability. In all likelihood there are multiple determinants of fertility (e.g., % motile sperm, % rapidly motile sperm, age) and simple reliance on measures of sperm count to predict fertility is probably an oversimplification. Moreover, minor impacts of lead upon semen quality might be of little significance to those with adequate sperm counts. Thus it is not surprising that the limited studies that have been conducted of fertility in lead-exposed workers have produced mixed results.

Coste (1991) conducted a cohort study of 354 battery workers (229 exposed, 125 non-lead exposed). Workers were classified into four exposure groups based on their blood lead levels. The blood lead levels of the workers ranged from 40 µg/dL to values greater than 60 µg/dL. The mean blood lead level for all of the workers was 46.3 µg/dL ± 15.2 µg/dL. The authors reported no significant relationship between fertility and occupational exposure to lead in men. Workers with mean blood lead values in excess of 60 µg/dL were reported to have had more live births than the other workers in the factory, although this finding was not statistically significant. Blood lead levels for the controls were not presented and is potentially problematic in that the controls were drawn from the same facility and could have had some level of exposure. Differences in ethnicity between exposed and referent populations may have also been biased towards lack of an effect. Still, these findings are similar to, and reinforce, those observed in the previously discussed studies of Wildt et al. (1983), Lerda (1992) and Alexander et al. (1996).

Gennart et al. (1992) examined the effect of exposure to cadmium, lead or manganese on male reproductive function of 74 workers in a battery factory. The mean blood lead level of the workers was reported to be 46.3 µg/dL. Workers were given a self-administered questionnaire and the responses were analysed using a logistic regression model to calculate the probability of a live birth during each fertile year of the workers’ wives. A decreased birth rate was observed in women whose husbands were exposed to lead. When the results from the questionnaire were included in a logistic regression model, none of the variables reflecting intensity or the duration of lead exposure were found to be significantly associated with fertility. However, the authors reported a tendency toward a lower odds ratio with increasing duration of exposure. The authors noted that a significant limitation of this study was that the workers’ wives could not be interviewed and therefore the medical and occupational factors that might have affected their reproductive ability were not assessed.

Bonde and Kolstad (1997) evaluated effects of occupational lead exposure upon the fertility of Danish workers. The study included 1349 battery plant workers identified through pension plan and corporate records and 9596 reference company employees. Basic inclusionary criteria were being born in Denmark in 1940 or later and being employed in the battery industry between 1964 and 1992. Data on births was obtained from the Danish Population Register. No impairment in fertility was noted, but several caveats apply. Blood lead data were only available for a subset of the cohort (N=400) and averaged 35.9 µg/dL (range 3 – 125). The exposure levels are thus generally lower than those expected to alter semen quality. As the authors note, the study does not preclude an increased time to pregnancy since most pregnancies in Denmark are planned.

Sallmen et al. (2000a) similarly performed a register-based analysis of fertility among lead workers in Finland. The occurrence of first marital pregnancy was established for 19,349 men occupationally exposed to lead in sectors such as smelting, battery manufacture, automotive radiator repair and glass manufacture from 1973 through 1983. Blood lead levels were accessed from the Finnish Institute of Occupational Health while data on pregnancies was obtained from the Finnish central population register. Only single blood lead measures were available for 59% of the cohort. Probable exposure to lead was defined by blood lead measurements having been taken available one year prior to, or four years after, marriage. Potential exposure was assumed if blood lead measurements had been taken outside this five-year window. The % of married couples without children was 21.3% in workers with blood lead levels less than 10 µg/dL and was 26% in the cohort overall. Workers with a probable blood lead measure in excess of 10 µg/dL had a relative risk of not having a pregnancy that increased from 1.27 (95% CI: 1.08 – 1.51) for 10 – 20 µg/dL to 1.90 (1.30 – 2.59) when blood lead values were above 50 µg/dL (35.4% of couples without a pregnancy). Potential exposures occurring after the five-year study period were also associated with increased relative risk (1.23 – 1.34), though this was not statistically significant. As a register based study, detailed control for confounders was not possible. An impact of lead upon fertility is suggested, but the dosimetry for any possible effect cannot be determined due to the limited exposure data available, especially during periods of time when conception was being attempted.

As a follow-up to a previous pregnancy outcome study Sallmen et al. (2000b) distributed questionnaires to 769 wives of previously monitored men inquiring about time to pregnancy 8 – 18 years previously. A participation rate of 72% was achieved. Paternal exposures exceeded 20 µg/dL for 24.5% of the couples but only 4.6% had exceeded 40 µg/dL. The authors concluded that occupational exposure to lead may have an adverse impact upon time to pregnancy, but the effects observed are weak and do not increase as a function of presumed occupational exposure.

Joffe et al. (1999) published preliminary questionnaire-based time to pregnancy data from the aforementioned Asclepios Project. No impact of lead exposure upon time to achieve a pregnancy was found, but data were very limited, particularly for the higher exposure groups. Study findings to date have not been published in sufficient detail for meaningful analysis.

Studies in Humans - Females

Historically, much of what is known about the effects of lead on reproduction in women came from anecdotal observations around the turn of the century. Women suffering from clinical symptoms of lead poisoning were observed to have decreased fertility, increased rates of spontaneous abortion and an increased rate of still births (Rom 1976, Taussig 1936, Oliver 1911). Lead has been used as an abortifacient since antiquity, although the precise dose-response for this effect was never precisely defined. Although levels of exposure are lower today, concern has been raised that a low level of exposure to a toxicant that induces abortion and decreases fertility at high exposure levels might also affect the progress of pregnancy and the health of the foetus. As a result, female exposures to lead in the occupational setting have likely been maintained at levels lower than those that will produce impacts upon fertility.

No precise estimate can be offered for the historical exposure levels associated with potential impacts upon fertility. The longitudinal studies of child development conducted in Yugoslavia included study participants with blood lead levels up to, and exceeding, 50 µg/dL without any apparent fertility difficulties being experienced. The Port Pirie child development study included a small time to pregnancy analysis amongst a subset of the study participants (n=105) and no associations between blood lead and difficulties in conceiving were observed (McMichael et al. 1986). However, maternal blood lead levels in the latter study only averaged approximately 11 µg/dL. An impact of lead upon female fertility is thus not likely at general population or even modern occupational exposure levels. Effects upon fertility thus appear to require higher blood lead levels associated with lead intoxication. Such effects would be most properly regarded as secondary effects of systemic toxicity as opposed to a specific effect of lead upon fertility.

Male and Female Fertility Conclusions

Although a number of studies have been conducted of male reproductive function in workers occupationally exposed to lead, definitive statements regarding the impact of lead upon male reproductive potential are difficult to make. Alterations in semen quality are the most commonly observed effects in the occupational setting, but such changes are not synonymous with impacts upon fertility. Natural and extreme variability in semen quality (e.g. sperm count and motility) is evident among fertile individuals and modest impacts upon semen quality (e.g. in blood lead ranges of 50 – 60 µg/dL) would not be expected to have a significant impact upon actual fertility. Higher blood lead levels would have greater impacts upon semen quality – the decrements associated with high blood lead levels would be expected to have an impact upon the fertility of normal, healthy individuals. Some degree of scientific uncertainty is also to be expected given the difficulty inherent in conducting studies of male reproductive function. Small cohort sizes, mixed exposures in the workplace and lifestyle confounders all conspire to cloud the precision with which the existing database can be interpreted. Finally, the mechanism by which lead-induced effects upon semen quality and/or fertility occur is unclear. Whereas animal studies have suggested effects are mediated through perturbations in endocrine system function endocrine changes in humans do not exhibit the same spectrum of effects as is seen in experimental animals. This limits the utility of animal studies in defining the dose response or mechanism of reproductive impacts from lead. Given this, the following conclusions can be made.

1. The available data indicate that extremely high lead exposure can have a marked adverse impact upon semen quality. Aberrant sperm morphology, decreased sperm count and decreased sperm density have all been demonstrated in heavily exposed individuals. However, it is difficult to precisely define the levels of exposure at which these effects will be exerted. The recently completed Asclepios Project was of sufficient size to model dose-effect relationships and suggested a threshold for an effect of concurrent blood lead upon semen quality of 45 µg/dL. Significant changes in semen quality that may adversely impact reproductive function of the individual require exposures in excess of 50 µg/dL. In the range of 50 – 60 µg/dL lead in blood, alterations in semen quality are relatively mild, but could be significant for individuals who (for other reasons) are already of marginal fertility. Lead exposure might thus be hypothesised to increase the difficulty such individuals experience in achieving conception, but such as effect has not yet been documented in association with lead exposure. Decrements in semen quality that would unambiguously impact upon fertility have been only inconsistently reported and are associated with exposure levels (e.g. require occupational exposures that produce blood lead levels of 70 µg/dL or higher) associated with clinical lead intoxication.

2. A NOAEL of 45 µg/dL is indicated for effects upon male semen quality and thus for effects upon male fertility. Although this will not be the most sensitive endpoint for use in Risk Characterization, this level of exposure may be experienced in the occupational setting.

3. Effects upon female human fertility have been documented in the historical literature but their dosimetry is uncertain. Given that other reproductive impacts will manifest at lower doses (e.g. developmental effects), the exposure levels that may impair female fertility will be secondary to other reproductive endpoints in quantitative risk assessment. Data in females are not adequate to estimate a NOAEL for fertility, but any effects would likely manifest as secondary impacts of systemic toxicity associated with clinical lead intoxication.

4. The current classification of inorganic lead compounds is Cat. 3; R62 (risk of impaired fertility). The current data evaluation supports the classification for effects upon female fertility since potential impacts are likely side effects of systemic toxicity. Recent studies indicate that lead exposures greater than 50 µg/dL will impact upon the semen quality of men. While at first this effect is modest, effect size increases as a function of increasing exposure and would be predicted to have an adverse impact upon male fertility. Revision of the current classification of inorganic lead compounds from Repr. Cat. 3; R62 to Repr. Cat. 1 R60 is thus proposed.

Table 4.198:
Effects upon animal reproductive system function

	Study
	Year
	Compound
	Species
	Exposure period
	Dosage levels
	Indication of Response
	LOAEL
	NOAEL

	1. Effects of lead on luteal function rhesus monkeys

Franks, Laughlin, Dierschke, et al.
	1989
	Pb acetate in drinking water
	Monkey

(f)
	75 months

5 days/week
	2-8 mg/kg/day

average-5.4 mg/kg/day
	Impaired menstrual cycle. Ovulation not impaired. Luteal function suppressed.
	2-8 mg/kg/day average 5.4 mg/kg/day
	

	2. Reproductive toxicity of chronic lead exposure in the Female Cynomolgus Monkey

Foster
	1992
	Pb acetate in drinking water 
	Monkey (f)
	1) Lifetime-10 yrs 1x/day

2) Infancy-limited to the first 400 days of life

3) Postinfancy treatment-(dosed only after 300 days of life to 10 years of age)

4) Control
	1500 μg/kg bw/day
	No overt signs of Pb-induced toxicity were found in general health or upon menstrual function. However, Pb treatment significantly suppressed circulating levels of LH estradiol (P<0.042), FSH (P<0.041) and E2 (P<0.0001) during the menstrual cycle. Pb treatment had no effect on plasma concentrations of P4 (progesterone).
	1.5 mg/kg/day
	1.5 mg/kg/day

	3. Subclinical changes in luteal function in Cynomolgus monkeys with moderate blood lead levels

Foster, McMahon and Rice 
	1996a
	Pb acetate administered in gelatin capsules
	Monkey
	Lifetime exposure
	Control

50 μg/kg/day

100 μg/kg/day

500 μg/kg/day

2000 μg/kg/day
	The area under the concentration curve (AUC) for P4 was significantly lower in monkeys with exposures to 500-2000 μg/kg/day compared to the control group. The number of days for which circulating levels of P4 were greater than 1.0 ng/ml were also significantly fewer in monkeys with these same exposure levels. There was no statistical evidence of a Pb effect on circulating levels of #2, 20-OHP or menstrual cycle characteristics. These data suggest that chronic Pb exposure suppresses corpora luteal production of P4 in the monkeys at moderate Pb exposures of 500-2000 μg/kg/day.
	500 μg/kg/day
	100 μg/kg/day

	4. Sperm chromatin structure is altered in Cynomolgus monkeys with environmentally relevant blood lead levels

Foster, McMahon and Rice 
	1996b
	Pb acetate administered orally in gelatin capsule
	Monkey
	Monkeys in this study were between ages 15-20 years of age and were treated with Pb acetate from birth
	50 μg/kg/day

100 μg/kg/day

500 μg/kg/day

2000 μg/kg/day
	There were no effects of Pb treatment on sperm count, viability, progressive motility, nonprogressive motility and nonmotile sperm. Similarly, Pb treatment did not induce any changes in circulating levels of testosterone for any of the sampling periods using traditional methods of analysis. Flow cytometric analysis, however, revealed that low Pb exposure levels (50-150 μg/kg/day) induced changes in sperm chromatin structure in the monkey in the absence of demonstrable effects on traditional measures of reproductive function such as circulating testosterone levels and semen characteristics.
	50-100 μg/kg/day
	

	5. Chronic lead exposure effects in the Cynomolgus monkey testis 

Foster, Singh, McMahon and Rice 
	1998
	Pb acetate administered orally in a gelatin capsule
	Monkey (m)
	1) Lifetime-10 years

2) Infancy-limited to the first 400 days of life

3) Postinfancy treatment-(dosed only after 300 days of life to 10 years of age)

4) Control
	1500 μg/kg bw/day
	Ultrastructural changes were observed in the Sertoli cells of the testis. However, changes in semen characteristics were not evident. In addition, an effect of Pb on circulating testosterone levels or on serum LH and FSH concentrations was not observed. No quantitative analysis of the pathological changes was done. No real effect.
	1500 μg/kg bw/day
	1500 μg/kg

bw/day

	6. Effect of lead on reproduction

Hildebrand, Der, Griffin and Fahim
	1973
	Pb acetate given orally with gavage
	Rat
	Sexually mature male and female rats were exposed for 30 days.
	0 μg, 5 μg, 100 μg Pb acetate,

0, 0.015 mg/kg/day, 0.030 mg/kg/day
	Females – 5 μg-irregular oestrus cycles

 100 μg-ovarian cysts; 

 persistent vaginal oestrus

Males – 5 μg-increased prostate weight

 100 μg-impotence, hyperplasia, 

 increased prostate weight
	F-0.015 mg/kg/day

M-0.015 mg/kg/day
	

	7. Experimental study of biological effects of Pb and Al following oral administration

Krasovskii, Vasukovich, Chariev
	1979
	Pb acetate in drinking water 
	Rat 
	Experiment 1: 6-12 month exposure of male rats

Experiment 2: 20-30 day exposure of male rats
	Exp. 1: 0.0015, 0.05 mg/kg/day

Exp. 2: 0.0015, 0.05, 0.005 mg/kg/day
	Exp. 1: 0.05 mg/kg decreased activity of AIDH, SDH, NAD and NADPH. Diaphorase in spermatogenic epithelium and swelling of follicular epithelial cells.

Exp. 2: 0.05 mg/kg decreased motility of spermatozoa, acid phosphatase activity increased. 

0.005 mg/kg dystrophy of Leydig cells.
	Exp. 1: 0.05 mg/kg/day

Exp. 2: 0.05 mg/kg/day

0.005 mg/kg/day
	Exp. 1: 0.0015 mg/kg/day

Exp. 2: 0.0015 mg/kg/day

	8. Chronic low-level lead toxicity in the rat

Fowler et al.
	1980
	Pb acetate in drinking water
	Rat
	Gestation day 1-21 days postpartum. Then rats were put on Pb acetate in water diet for 312 days after weaning.
	0, 0.5, 5, 25, 50, 250 ppm Pb as Pb acetate
	No significant effects of Pb were found in semen characteristics such as sperm counts or sperm morphology or haematological profiles.
	5ppm
	34 mg/kg/day (<5ppm)** (all effects) 210 mg/kg/day (250ppm)** (reproduc-tive effects)

	9. Toxic effect of lead on the testes of rat 

Chowdhury, Dewan, Gandhi 
	1984
	Pb acetate in drinking water
	Rat 
	60 days of exposure to adult male rats
	0, 0.25, 0.50, 1.0 g/L
	The lowest dose (0.25 g/L) did not produce any significant morphological and biochemical alteration whereas 0.5 g/L resulted in partial inhibition of spermatogenesis.
	0.5 g/L-

45 mg/kg/day
	0.25 g/L- 22 mg/kg/day

	10. Gonadal and thyroid function after experimental lead exposure

Sourgens, Klages, and Bertram 
	1987
	Pb acetate in drinking water 
	Rat 
	30 days exposure.
	Control: 

0.0045% - 4 mg/kg/day; 

0.09% - 75 mg/kg/day; 

0.45% - 377 mg/kg/day
	Reduction in serum prolactin and LH levels.
	4 mg/kg/day
	

	11. Neuroendocrine mechanisms underlying the reproductive toxicity of lead in a rat life-time exposure model

Ronis, Bell, Parker, Shaw, Gandy 
	1996b
	Pb acetate in drinking water 
	Rat
	Exposed beginning on day 5 of gestation through partuition until pups were 85 days.
	0.00% Pb acetate in drinking water

0.05%-42 mg/kg/day

0.15%-126 mg/kg/day

0.45%-377 mg/kg/day*
	In male pups, relative prostate weights were significantly reduced at age 35 days, but had caught up to control values by age 85 days. In female pups, a dose responsive delay in vaginal opening up to 20 days was accompanied by a loss of regular oestrous cycling in up to 50% of the pups. These disruptions in reproductive physiology were accompanied by reduced circulating sex steroid levels at birth and a significant dose response decrease in plasma testosterone (male) and estradiol (female) during puberty. In male pups, significantly reduced serum luteinizing hormone (LH) was also observed at puberty. However, by age 85 days, plasma sex steroid levels and male epididymal sperm counts did not differ from controls even at the highest Pb dose. This suggests that the reproductive axis is particularly sensitive to lead during specific developmental periods with the major effect being pubertal delay. These experiments, suggest that Pb acts at different sites in the male and female pups. In male pups a significantly enhanced LH response to LHRH challenge was observed. In female pups LHRH challenge resulted in a significantly reduced LH response in Pb-treated animals.
	
	

	12. Reproductive toxicity and growth effects in rats exposed to lead at different periods during development

Ronis, Badger, Shema, Roberson and Shaikh 
	1996a
	Pb acetate in drinking water
	Rat
	Pb exposure initiated:

1) beginning in utero

2) prepubertally

3) post-pubertally
	502 mg/kg/day-0.60%
	Lead effects were measured on reproductive physiology and endocrinology, sexually dimorphic hepatic testosterone hydroxylation, and growth rates in both male and female animals. In male animals secondary sex organ weights were significantly suppressed, most severely in animals exposed in utero. Little effect was observed in adult female rats. However, in female animals exposed prepubertally, delayed vaginal opening and disrupted oestrous cycling was observed. More severe reproductive disruption was accompanied by suppression of circulating estradiol in the in utero group. Effects on circulating sex steroids were accompanied by variable effects on circulating luteinizing hormone (LH) levels, pituitary LH, and pituitary 
	0.60% 

502 mg/kg/day
	0.60% 

502 mg/kg/day

	
	
	
	
	
	
	LHB mRNA, suggesting a dual site of Pb action: a) at the level of the hypothalamic pituitary unit, and b) directly at the level of gonadal steroid biosynthesis. Prepubertal growth in both sexes was suppressed 25% in the in utero group. However, pubertal growth rates were significantly suppressed only in male animals and post-pubertal growth was not significantly different from controls despite the continuous exposure to high levels of Pb in the drinking water. At age 85 days, male-specific hepatic hydroxylation of testosterone was unaffected. This suggests that the growth effects of Pb are possibly due to a delay in the development of sex-specific pituitary growth hormone secretion patterns rather than a persistent developmental defect. The reproductive and growth effects of Pb are complex and sex-dependent, and appear to involve multiple sites on the hypothalamic-pituitary-gonadal axis.
	
	

	13. Lead exposure causes generation of reactive oxygen species and functional impairment in rat sperm

Hsu, Liu, Hsu, Chen and Guo 
	1997
	Intraperitoneal injections of Pb acetate
	Rat
	1) 6 weeks

2) 9 weeks
	Control-10 mg sodium acetate

Exposed-10 mg Pb acetate
	Body weight decreased after 6 weeks of injection. 

Epididymal weight – not significant.

Epididymal sperm count affected after 9 weeks

Motility – not affected.

Motile epididymal sperm count affected after 9 weeks.
	10 mg/kg (weekly injections) 6 weeks for body weight everything else 9 weeks
	

	14. Effects on pubertal growth and reproduction in rats exposed to lead perinatally or continuously throughout development

Ronis, Badger, Shema, Roberson, Shaikh
	1998c
	Pb acetate in drinking water
	Rat
	1) Gestational day 5 through birth

2) During pregnancy and lactation

3) During lactation only

4) From birth through adulthood

5) From gestational day 5 through adulthood
	0.60% Pb acetate

502 mg/kg/day*
	Lead decreased birth weight in all animals exposed in utero. Analysis of growth curves revealed that all Pb-treated groups had significantly reduced growth rates during lactation. In male pups exposed to Pb during pregnancy and lactation, from birth to gestational age 5 days, growth rates were also significantly reduced during puberty. Post-pubertal growth rates were unaffected in any Pb-treated group. Thus, delayed female reproductive development and suppression of adult male serum testosterone 
	0.60%

502 mg/kg/day
	

	
	
	
	
	
	
	concentration required continuous exposure to the heavy metal. Little evidence was observed for an alteration of “endocrine imprinting” by Pb on either reproductive or growth parameters. Exposure during early development (pregnancy and lactation) resulted in no permanent effects in this model other than small (10%) decreases in the body weight of pups post-puberty.
	
	

	15. Lead-induced changes in spermatozoa function and metabolism

Hsu, Hsu, Liu, Chen, Guo 
	1998
	Pb acetate intraperitoneal injections
	Rat
	Rats exposed to weekly injections for 6 weeks
	Control-20mg or 50mg sodium acetate/kg

20mg

50mg
	A significant decrease in body weight was found in rats receiving 20mg or 50mg Pb for 6 weeks, but caudal epididymis weights were not markedly altered. Epididymal sperm counts were significantly decreased in rats treated with 50 mg/kg Pb per week, but not in rats treated with 20 mg/kg Pb. Sperm motility was significantly reduced in rats treated with 50 mg/kg, but not in rats receiving 20 mg/kg Pb. The motile epididymal sperm counts from rats treated with 20 mg/kg and 50 mg/kg metal were significantly lower than those in their respective controls. Serum testosterone levels were significantly decreased in rats treated with 50 mg/kg Pb. The percentage of capacitation was significantly increased in fresh caudal epididymal spermatozoa in rats treated with 20 or 50 mg/kg Pb. The percentage of acrosome reaction was increased only in rats treated with 50 mg/kg metal. Sperm reactive oxygen species generation (ROS) measured with chemiluminescence counts in the 20 mg/kg and 50 mg/kg Pb exposed rats were significantly higher than those in their respective controls. Spermatozoa harvested from animals treated with 20 mg or 50 mg Pb penetrated significantly fewer eggs after 48 hours of insemination than did spermatozoa collected from their respective controls. In summary, this study showed that male rats exposed to Pb had decreased serum testosterone levels and that this metal produced early onset of capacitation by one of the pathways of ROS generation. These 
	20 mg/kg/week

intraperi-toneal injections
	

	
	
	
	
	
	
	effects might consequently result in premature acrosome reaction and reduced zona-intact oocyte-penetrating capability.
	
	

	16. Endocrine mechanisms underlying reproductive toxicity in the developing rat chronically exposed to dietary lead

Ronis, Gandy and Badger
	1998n
	Pb acetate in drinking water
	Rat
	Gestation day 5 to weaning and continued through offspring age 21, 35, 55 and 85 days.
	377 mg/kg/day-0.45%

126 mg/kg/day-0.15%

42 mg/kg/day-0.05%

0.00% Pb acetate in drinking water
	There was a significant dose-responsive decrease in birth weight and crown-to-rump length in all Pb exposed litters. However, marked effects were observed on anogenital distance/crown-to-rump. Male secondary sex organ development and female vaginal opening were delayed which increased with Pb dose. These disruptions were accompanied by a significant decrease in neonatal sex steroid levels and suppression of the plasma concentrations of testosterone (male) and estradiol (female) during puberty. In male pups, this was accompanied by a significant decrease in plasma testosterone/LH ratios at the highest dose. In female pups, similar significant elevation in pituitary LH content was observed during early puberty. Post-puberty, plasma LH and sex steroid concentrations were unaffected at any dose in spite of continued Pb exposure. No significant effects were observed on epididymal sperm count in male pups at 85 days of age. In female pups, oestrus cycling was only significantly disrupted at the highest Pb dose. These data suggest that the reproductive axis is particularly sensitive to Pb during specific developmental periods, resulting in delayed sexual maturation produced by suppression by sex steroid biosynthesis. The mechanisms underlying this appear to involve Pb actions on LH release and gonadal function. A no threshold level at <42 mg/kg/day or 0.05% was apparent in this study.
	42 mg/kg/day*
	0.05% between 0% and 0.05%

<42 mg/kg/day*

	17. Endocrine mechanisms underlying the growth effects of developmental lead exposure in the rat

Ronis, Badger, Shema, Roberson 
	1998a
	Pb acetate in drinking water
	Rat 
	Beginning at gestational day 5 groups of 10-15 animals were given drinking water ad libitum containing 0.05%, 0.15% or 0.45% Pb acetate. Lead exposure of the dams was continued 
	Pb acetate in drinking water

42 mg/kg/day-0.05%

126 mg/kg/day-0.15%

377 mg/kg/day-0.45%

control-0.00%


	Decreased growth rates were accompanied by a significant increase in pituitary growth hormone (GH) content during puberty in pups of both sexes; a delay in the developmental profiles of the GH-dependent male-specific liver enzymes cytochrome P450 CYP2C11 and N-hydroxy-2-acetylaminofluorene sulfotransferase and 
	0.05% 

42 mg/kg/day*
	

	
	
	
	
	until weaning at age 21 days. Thereafter, Pb exposure of the pups was continued until sacrifice.
	Males

0% - <1

.05% - 40-59

.15% - 83-196

.45% - 120-379

Females

0% - <1

.05 – 25-68

.15 – 67-192

.45 – 197-388
	continued suppression of these enzymes in Pb-exposed adult male pups. In addition, significant decreases in plasma sex steroids, testosterone (male) and 17-estradiol (female), were observed during puberty. Post-puberty, at age 85 days, both IGF and sex steroid levels were indistinguishable from control pups despite continued Pb exposure. Growth rates were also similar in control and Pb-exposed pups between age 57 and 85 days. Data suggest that the mechanism involves disruption of GH secretion during puberty. The greater somatic growth observed at puberty in Pb-exposed male offspring may be due to additional hypoandrogenization produced by the action of Pb on the hypothalamic-pituitary-testicular axis.
	
	

	18. Lead: Male-mediated effects on reproduction and development in the rat

Gandley, Anderson, Silbergeld 
	1999
	Pb acetate in drinking water
	Rat
	Exposed 35 days before breeding
	0ppm

25ppm

250ppm
	250ppm – Fertility was reduced in males.

25ppm – Initial genomic expression in embryos fathered by male rats.

Dose dependent increases were seen in an unidentified set of proteins with a relative molecular weight of approximately 70 kDa (Mr).
	25ppm
	

	19. Long-term exposure of the male mouse to lead: Effects on fertility

Johansson and Wide 
	1986
	Pb chloride in drinking water
	Mice
	Twelve weeks exposure; 7 days/week; adult male mice mated with untreated females
	1 g/L corresponding to 3.6 mmoles Pb/L
	Decreased number of implantations
	141 mg/kg/day
	

	20. Effects of lead on the male reproductive system in mice

Wadi and Ahmad
	1999
	Pb acetate in distilled drinking water
	Mice 
	Six week exposure period
	0.00%

0.25%

0.50%
	The low Pb dose 0.25%, significantly reduced the number of sperm within the epididymis, while the high dose reduced both count and percentage of motile sperm and increased the percentage of abnormal sperm within the epididymis. There was no significant effect on testis weight; however, the high-dose treatment significantly decreased the epididymis and seminal vesicle weights as well as the overall body weight gain. Plasma luteinizing hormone (LH), follicle-stimulating hormone (FSH) and testosterone (T) levels were not affected by Pb administration indicating that in adult male CF-1 mice, Pb targets testicular spermatogenesis and 
	0.25%

210 mg/kg/day**
	

	
	
	
	
	
	
	sperm within the epididymis to produce reproductive toxicity rather than acting at other sites within the hypothalamic-pituitary-testicular axis.
	
	

	21. Reproductive toxicity of chronic lead exposure in male and female mice 

Pinon-Lataillade, Thoreaux-Manlay, Coffigny, Masse and Soufir 
	1995
	Pb acetate in drinking water
	Mice 
	Day 1 in intra-uterine life until 60 days after birth
	0.5% Pb acetate
	Male fertility was not affected but reduced female fertility was observed. Litters were smaller and a smaller number of implantation sites were found in Pb-exposed females. In Pb-exposed males, the weights of the body, testes and epididymis diminished by about 13% and seminal vesicle and ventral prostate weights, by about 29% Testicular histology and the number and morphology of epididymal spermatozoa were normal. The levels of plasma FSH, LH and testosterone, and of testicular testosterone, were not modified. These results suggest that the hypothalamic-pituitary-testicular axis is not adversely affected by the above Pb exposure. Exposure to Pb might affect reproductive function by acting directly and/or indirectly on accessory sex organs.
	0.50%

420 mg/kg/day
	0.50%

420 mg/kg/day**

	22. Lead-induced changes in ovarian follicular development and maturation in mice

Junaid, Chowdhuri, Narayan, Shanker and Saxena 
	1997
	Pb acetate in drinking water
	Mice
	Adult mice given Pb acetate in drinking water for 60 days.
	Control

2 mg/kg/day

4 mg/kg/day

8 mg/kg/day
	Small and medium follicles were significantly affected even at the lowest dose (2 mg), the large follicles were affected at the highest dose.
	Small and medium follicles-2 mg/kg

Large follicles-4 mg/kg
	

	23. Effects of low-level lead exposure on hypothalamic hormones and serum progesterone levels in pregnant guinea pigs

Sierra and Tiffany-Castiglioni
	1992
	Pb acetate in drinking water
	Guinea Pig
	Days 22-52 or Days 22-62 of gestation.

Mid and late gestation.
	0 mg/Pb/kg body wt

5.5 mg/Pb/kg

11.0 mg/Pb/kg
	Litter size, body and organ weights, including placental weight of the dams and foetuses were not significantly affected. Hypothalamic levels of gonadotropin-releasing hormone and somatostatin were reduced in a dose-dependent manner by Pb treatment in both dams and foetuses. Pb-treated dams had lower serum concentrations of progesterone at the end of treatment controls and it was statistically significant for the higher Pb dose only. The reduction of SRIF levels in 52 day old foetuses was particularly (92%) in the 11 mg group. The relevance of these hormonal decreases is 
	5.5 mg/kg
	Progesterone levels-5.5 mg/kg

Body weights, litter size, organ weights etc. 5.5 or 11 mg/kg

	
	
	
	
	
	
	unknown, but could include decreased reproductive capacity in both the dams and foetuses that does not become apparent until later in the lifecycle.
	
	

	24. Fertility of rabbit sperm exposed in vitro to cadmium and lead

Foote 
	1999
	Pb chloride
	Rabbit
	Sperm exhibiting some hyperactivity were washed and incubated for 30 minutes in a control medium and in a medium containing 0.025 mM Pb chloride. After 30 minutes the sperm were quickly inseminated into three FSH-primed females given an ovulating dose of LH immediately before insemination. Another similar experiment was set up, except that LH was administered 12 hours earlier to cause ovulation about the same time as insemination.
	0.025 mM 

Pb chloride medium
	The fertilization rate in pregnant rabbits was only 82% for controls and lower, (68%) with Pb chloride treated sperm.
	0.025 mM Pb

1 mg/kg/day**
	


*mg/kg calculated based on Ronis (1996) and the ATSDR Table 2-4 p.135. **mg/kg calculated based on Ronis (1996) and Johansson and Wide (1986) and ATSDR Table 2-4 p. 135, 143.

Table 4.199:
Reproductive effects in human males

	Reference
	Exposure setting
	Main characteristics of the population
	Exposure assessment, duration and intensity
	Observations
	Confounders, examined
	Comments

	Lancranjan et al. (1975)
	Battery facility
	100 lead workers exposed 1-23 years and 50 office workers employed 1-27 years
	Mean PbB of lead poisoned workers was 74.5 µg/dL; 52.8 µg/dl for moderately exposed; 41 µg/dl for slightly exposed group and 23 µg/dl for office workers.
	Lead poisoned and moderately exposed workers had increased frequency of asthenospermia, hypospermia and teratospermia resulting in decreased fertility.
	Alcohol, smoking, and duration of exposure
	Deficiencies cited include problems in matching of controls, exposure misclassification and lack of individual data on age. (Zielhuis 1976, ENSR 1990).

	Wildt et al. (1983)
	Battery facility
	16 exposed workers 18-61 years of age and 23 controls matched to age ethnic & social factors
	16 lead exposed men with mean PbB of 46.1 µg/dL and 23 exposed with a mean PbB of 21.1 μg/dL.
	No differences between groups on sperm count, over-all sperm morphology, prostatic function and vesicular function. Lead exposed had higher sperm count & number of live spermatozoa than controls.
	Extent of data collection on confounders unclear.
	

	Cullen et al. (1984)
	Battery facility, brass foundry, painter
	7 lead intoxicated workers aged 22-43 years (mean of 35 years)
	Blood lead levels ranged from 66-139 µg/dl. Duration of exposure ranged from 5 weeks to 15 years.
	Heavy occupational exposure to lead associated with disturbances of endocrine and reproductive functions in men. Both oligospermia and azospermia reported to occur.
	Diabetes, alcohol and medications.
	

	Tuohima and Wickmann (1985)
	Metal foundry
	19 men age 27-57 years (mean 40.3)
	Of the 19 men 7 had PbB levels exceeding 60 µg/dL; 7 men had PbB of 50-60 µg/dl and 5 had PbB of 30-50 µg/dL and had been employed from 1-24 years (mean 9.2 years).
	Lead exposure had no effect on semen values.
	Extent of data collection on confounders unclear.
	

	Assennato et al. (1987)
	Battery facility
	18 lead exposed workers and 18 cement workers with a mean age of 40-41 years
	Exposed worker mean PbB was 61 ± 20 µg/dl and 18 ± 5 µg/dl for cement workers. Duration of employment in battery factory was 1-10 years (mean 5 ± 5 years).
	Battery workers had significantly shifted (p=0.025) frequency distribution of sperm counts (median count 45 vs 73 X 106 cells/cc, respectively)
	Age, alcohol, cigarette and coffee consumption, frequency of intercourse and days of abstinence prior to semen donation.
	

	Fisher-Fischbein et al. (1987)
	Firing range
	One individual aged 41 years
	The individual had a PbB level of 88 µg/dL and had been exposed for two years.
	Initially infertile but after three year follow-up patient’s sperm density and count improved significantly. 
	Extent of data collection on confounders unclear.
	

	Saaranen et al. (1987)
	Fertility clinic
	58 men with a mean age of 32.3 ± 4.4 years (range 23-44 years)
	Seminal fluid lead concentration in infertile men was 3.6 ± 3.2 µg/dL (p=0.001) than in fertile men whose mean concentration was 1.7 ± 1.0 µg/dL.
	Did not observe relationships between seminal fluid lead and sperm density or morphology.
	Extent of data collection on confounders unclear.
	

	Jockenhövel et al. (1990)
	Fertility clinic
	18 fertile and 172 infertile men of unknown age
	The mean seminal fluid lead concentration in infertile men was 11.18 +/- 14.37 µg/dL and 5.61 +/- 0.53 µg/dL in fertile men. + 0.62 µg/dL.
	The difference in semen lead levels in the infertile groups was significantly higher (p=<0.006).
	Extent of data collection on confounders unclear.
	Results may be an artefact of sampling time.

	Coste et al. (1991).
	Battery facility
	229 exposed workers and 125 non-exposed aged 20-60.
	The mean PbB level for all workers was 46.3 ± 15.2 µg/dL.
	Lead exposure did not appear to be associated with fertility. Exposed subjects with PbB > 60 µg/dL had more live births, but not significantly (adjusted OR=0.79, 95% CI = 0.55-1.13).
	Country or origin, education level, family status, number of children, years of employment, exposure to heat, sulphuric acid, socio-economic status, alcohol, and smoking.
	

	Swart et al. (1991)
	Andrology clinic patients
	40 men of unknown age
	The mean PbB concentration was 0.60 μmol/L in the study group and 0.53 μmol/L in the referent group.
	No toxic influence of lead on sperm morphology could be demonstrated in this study.
	Extent of data collection on confounders unclear.
	

	Chia et al. (1992)
	Andrology clinic patients
	35 men with a mean age of 37.7 years ±5.5 years
	The mean blood lead concentration was 6.5 ± 5.4 µg/dL.
	The concentration of lead in blood or seminal plasma did not appear to have any correlation with sperm density, motility, morphology or viability.
	Extent of data collection on confounders unclear.
	

	Hu et al. (1992)
	Battery facility and printing house
	24 male workers aged 20-40 years plus 24 controls
	The mean urine lead levels, in exposed workers, were 87.6 µg/dL and 41.9 µg/dL in controls. 
	Lead workers had high rate of teratospermia, sperm density & motility
	Age, smoking and alcohol use
	Occupational histories are lacking and no PbB data.

	Lerda (1992)
	Battery facility
	38 male workers (mean age 36 years) & 30 controls (mean age 35 years)
	The mean PbB of lead exposed workers ranged from 48.6-86.6 μg/dL with an average duration of exposure of 11.7 years. The mean PbB for controls was 23.5 µg/dL.
	Semen volume, sperm count & necrospermia were lower in the exposed group than the controls. Pathological effects most frequent were asthenospermia and teratospermia.
	Age, social and economic status, cigarette and drug consumption, exposure to ionising radiation, general health, sexual history and fertility.
	

	Noack-Füller et al. (1993)
	Occupationally unexposed to lead volunteers
	22 men aged 21-50 years
	The mean concentration of lead in semen was 9.8 ± 6.5 (range 3.5-28.1) µg/dL. In seminal plasma the mean lead level was 7.7 + 5.6 (range 3.5-21.7) µg/dL.
	There was no correlation between semen quality and semen or semen plasma levels. 
	Extent of data collection on confounders unclear.
	

	Oldereid et al. (1993)
	Post mortem investigations
	41 post-mortem men in rural and urban areas with a median age of 40 years
	The PbB level of the urban men was 10.7 µg/dl and 6.7 µg/dl in the rural subjects.
	While lead was found in all reproductive organs there was no strong support for lead involvement in the aetiology of male infertility.
	Occupation and place of residence.
	

	Xu et al. (1993)
	Andrology clinic patients
	221 men mean age of 34.8 years (range 24-54 years)
	The mean PbB concentration was. 7.7 ± 3.1 μg/dL.
	The concentration of lead in blood or seminal plasma did not appear to have any correlation with sperm density, motility, morphology or viability.
	Age, alcohol, smoking, metals, living habits and general health.
	

	Alexander et al. (1996)
	Lead/Zinc smelter
	152 workers including 119 who provided sperm samples with a mean age of 42.7 years
	The mean PbB level of all employees was 42.4 µg/dl and 39.7 µg/dL for sperm donors.
	Workers with current PbB < 40 µg/dl had increased risk of below normal sperm counts (OR 8.2, 95% CI, 1.2-57.9) and total sperm count (OR 1.6 , 95% CI: 0.4-15.7.
	Age, alcohol consumption, smoking, presence of other metals in blood and abstinence before sample collection.
	

	El-Zohairy et al. (1996)
	Environmental and occupationally exposed men
	15 occupationally exposed and 15 environmentally exposed aged 20-40 years
	The mean PbB level of infertile occupationally exposed workers was 37 (15-70) µg/dl and 27 (15-39) µg/dl for fertile workers. The mean PbB for infertile environmentally exposed was 29 (6-46) µg/d and 17 (6-29) µg/dl for fertile.
	Infertile subjects in both groups had similar sperm motility, higher level sperm count and slightly greater proportions of abnormal sperm but concluded Pb had little impact on reproductive function.
	Age, residence, smoking, alcohol intake, drug use, surgical history and mode of transportation.
	

	Bonde and Kolstad (1997)
	Battery facility
	1,349 male battery plant employees and 9,596 controls with a mean age of 26 years
	The mean PbB concentration of a subset of the battery cohort was 35.9 ±13.5 (range 3-125 µg/dL).
	Birth rate was not reduced in battery workers compared to controls (OR = 0.983, 95% CI: 0.88-1.13)
	Age, years of risk and parity.
	

	Alexander et al. (1998).
	Lead/Zinc smelter
	134 workers classified as to ALAD genotype with a mean age range of 39-40 years
	
	The association between PbB concentration and sperm count and concentration were more evident in ALAD1 genotype and at PbB levels ≥ 40 µg/dL.
	Age and period of abstinence.
	

	Dawson et al. (1998)
	U.S. hospital clinic
	64 healthy men aged 21-25 years
	Seminal plasma lead levels in µg/dL grouped by sperm viability (%) were 12.5 ± 8 for <25%; 10.8 ± 5.0 25-50% and 6.0 ± 2.0 >50%.
	Significant differences were observed between high and low sperm groups for lead (p=0.01).
	Medical history, tobacco and drug use, alcohol and caffeine consumption and reproductive history.
	

	Hovatta et al. (1998)
	Refinery and polyolefin factory
	27 occupationally exposed workers and 27 volunteers
	The seminal plasma lead in the refinery, polyolefin and controls in mg/kg were 0.03 ± 0.02; 0.02 ± 0.01 and 0.03 ± 0.03, respectively.
	Concentrations of lead were low and did not show any correlation with parameters of semen analysis.
	Disorders possibly affecting fertility, consumption of alcohol and smoking.
	

	Telisman et al. (2000)
	Industrial facilities
	98 moderately exposed workers and 51 reference subjects aged 20-43 years
	The mean PbB of occupationally exposed men was 38.7 (range 11.9-65.9) µg/dl and 10.9 (6.7-20.8) μg/dL for the control group and in present place of work for≥ 2 years.
	A significant (p=0.05) correlation with PbB and decrease in sperm density, count, motility and viable sperm and abnormal sperm head morphology.
	Age, smoking and alcohol habits, social and economic status and exposure to other factors influencing reproductive parameters.
	Associations with certain reproductive parameters also reported for BCd, smoking, alcohol and age.

	Sallmén et al. (2000a)
	Battery plant, smelting, radiator repair
	502 lead exposed workers and matched controls aged 19-47 years
	The blood lead level of the workers ranged from < 10 to ≥ 40 µg/dl.
	Workers with PbB of 10-20 µg/dl had a relative risk of not having a pregnancy that increased from 1.27 (95% CI: 1.08-1.510 TO 1.90 (1.30-2.59 when PbB exceeded 50 µg/dL.
	Age, alcohol, smoking, use of contraceptives, coffee intake and parity.
	

	Sallmén et al. (2000b)
	Occupational Registry
	27 cases and 57 controls of 18-40 year old wives of lead workers
	PbB levels of fathers exceeded 20 µg/dL for 24.5% and 4.6% exceeded 40 µg/dL.
	The odds ratio of congenital malformation for paternal lead exposure was (OR 2.4, 95% CI: 0.9-6.5). OR varied from 1.9-3.2 when adjusted for one potential variable at a time.
	Age, work history, alcohol, use of contraceptives, acute diseases and pregnancy history.
	

	Bonde et al. (2002)
	Battery facility, lead smelter, University hospital, Cu alloy foundry
	503 men employed by 10 companies in the UK, Italy and Belgium with a mean age range from 36-40 years
	The mean PbB concentration was 31.0 µg/dL (range 4.6-64.5) in 362 workers exposed to lead and 4.4 µg/dL in reference workers.
	Mean sperm concentration reduced 49% at PbB levels > 50 µg/dl. The threshold slope least square regression identified a PbB concentration of 44 µg/dL (B=-0.037, F=4.35, p=0.038) as a likely threshold.
	Age, genital disorders, smoking, marijuana, alcohol, other metals, radiant heat and working in hot environment.
	

	Seren et al. (2002)
	General population
	30 fertile men and 30 infertile men aged 20-45 years (mean 35.2 ± 8.3)
	The concentration of lead in the fertile men averaged 6.4 µg/dL and 6.5 µg/dL in the infertile men.
	There was no significant difference between fertile and infertile groups for average concentration of lead (p=>0.05) and therefore did not vary as a function of fertility status.
	Extent of data collection on confounders unclear.
	


4.1.2.10.2 Toxicity for Reproduction – Effects upon Pregnancy and Obstetric Outcome

Studies in Animals

Vaccaro et al. (1992) investigated the possible teratogenic effects of lead on the development of Sprague Dawley rat embryos in vitro during 40 hours of their organogenic period. The embryos were explanted at day 10.5 of gestation and cultured in heat-inactivated rat serum to which lead acetate was added. The concentration of lead acetate ranged from 27-273 µg/dL in serum. At 27 µg/dL lead serum no detectable effect was observed, while at the highest level (273 µg/dL lead serum) the effect noted was retardation of growth and development. At a concentration of 137 µg/dL lead serum the embryos appeared normal; however, their size and somite number were reduced. The yolk sac circulation was normal, but the diameter was reduced compared to controls. At higher concentrations growth retardation became more severe. Thus, with the lead concentration range tested, growth and cell structure was affected in a dose-responsive manner. However, it is difficult to relate the levels of lead added to cell culture medium to in vivo soft tissue lead or blood lead levels.

Fowler et al. (1980) undertook studies to characterize the changes in organ weights and subsequent changes in the reproductive system, spleen, kidney and haematological profile of rats after long-term lead exposure from gestation through the ninth month of life. Male and female rats whose mothers had been exposed to lead, before and during pregnancy, and lactation at exposure levels of 0.0, 0.5. 5.0, 25, 50 and 250 ppm lead as lead acetate in drinking water were continued on the respective regimens for 6 or 9 months. Body weights of males and females were not significantly different from controls at 6 months of age; however, female body weights were significantly decreased at 250 ppm at 9 months of age. In males, at 9 months of age, spleen weights were significantly increased at 250 ppm. Lead and kidney weights were increased at 0.5 ppm lead and above; in females, the liver, pituitary, and heart weights were affected at 250 ppm lead. Blood, brain, femur, and kidney lead levels as well as urinary ALA excretion were all significantly dose related. Histopathological lesions were noted in the spleen at 250 ppm and in the kidney as evidenced by cytomegaly, karyomegaly (beginning at 5 ppm in males; 25 ppm in females), nuclear inclusion body formation and increased numbers of iron-positive granules within renal proximal tubules cells. These effects were more marked after 9 months exposure. Inhibition of renal mitochondrial respiration for both succinate and NAD-linked substrates was found in 50 and 250 ppm lead exposure groups at 9 months, but not at 6 months. Mitochondrial δ-aminolevulinic acid synthetase and ferrochelatase, but not δ-aminolevulinic dehydratase, were also found to be inhibited at these lead levels at 9 months. The lowest exposure level resulting in a detectable effect on lead (cytomegaly/karyomegaly in renal proximal tubule cells) was 5 ppm.

Ronis et al. (1998a) studied growth suppression associated with developmental lead exposure in rats and the endocrine mechanisms underlying these effects. Beginning at gestational day 5, groups of 10-15 animals were given drinking water ad libitum containing 0.05%, 0.15% or 0.45% lead acetate. Lead exposure of the dams was continued until weaning at age 21 days. Thereafter, lead exposure of the pups was continued until sacrifice. Although growth rates were suppressed to a much greater degree in male as compared to female pups, decreased growth were accompanied by a significant increase in pituitary growth hormone (GH) content during puberty in both sexes; a delay in the developmental profiles of the GH-dependent male-specific liver enzymes cytochrome P450 CYP2C11 and N hydroxy-2-acetylaminofluorene sulfotransferase, and continued suppression of these enzymes in lead exposed adult male pups. In addition, significant decreases in plasma sex steroid, testosterone (male) and 17-estradiol (female), were observed during puberty. Post-puberty, at age 85 days, both IGF, and sex steroid levels were indistinguishable from control pups despite continued lead exposure. Growth rates were also similar in control and lead-exposed pups between age 57 and 85 days. The greater somatic growth observed at puberty in lead exposed male offspring may be due to additional hypo-androgenization produced by the action of lead on the hypothalamic-pituitary-testicular axis. The LOAEL for effects was 0.05% and the NOAEL was <0.05%.

Ronis et al. (1998b) examined the effects of lifetime lead exposure on the development of the reproductive system and the endocrine mechanisms underlying these effects. Sprague Dawley rats were exposed to lead acetate in the drinking water at levels of 0.05%, 0.15% or 0.45% initiated on gestational day 5. Exposure of dams to lead was continued until weaning. Thereafter, the offspring were exposed through the drinking water until sacrifice at age 21, 35, 55 and 85 days. There was a significant dose-responsive decrease in birth-weight and crown-to-rump length in all lead-exposed litters. However, no marked effects were observed on anogenital distance/crown to rump. Male secondary sex organ development and female vaginal opening were delayed which increased with lead dose. These disruptions were accompanied by a significant decrease in neonatal sex steroid levels and suppression of the plasma concentrations of testosterone (male) and estradiol (female) during puberty. In male pups, this was accompanied by a significant decrease in plasma testosterone/LH ratios at the highest dose. In female pups, although no effects were observed on plasma LH concentration, a similar significant elevation in pituitary LH content was observed during early puberty. Post-puberty, plasma LH and sex steroid concentrations were unaffected at any dose in spite of continued lead exposure. No significant effects were observed on epidydimal sperm count in male pups at 85 days of age. In female pups, oestrus cycling was only significantly disrupted at the highest lead dose. These data suggest that the reproductive axis is particularly sensitive to lead during specific developmental periods, resulting in delayed sexual maturation produced by suppression by sex steroid biosynthesis. The mechanisms underlying this appear to involve lead actions on LH release and gonadal function. A no threshold level at <42 mg/kg/day or 0.05% was apparent. Development effects of reduced birth weight and crown to rump length occurred at 0.15% or 126 mg/kg/day.

Ronis et al. (2001) investigated possible direct and indirect mechanisms underlying the effects of lead on skeletal growth in three studies. In the first study rat pups were exposed to 0.0, 825 or 2475 ppm lead acetate in the drinking water from gestational day 4 to 55 days after parturition. This study was designed to determine if developmental exposure to lead affected bone quality during the rat pubertal growth spurt. In the second study, pups were exposed to 0.0 or 2475 ppm from gestational day 4 to 30-60 days after parturition, then various hormone treatments were administered. This study was conducted to test the possible role of sex steroids and the GH/IGF-1 axis in growth suppression and skeletal effects produced by developmental lead exposure during gestational and postnatal periods. In the third study, pups were exposed to 0.0 ppm or 2475 ppm from gestational day 4 to 55 days of age to test for effects of developmental lead exposure on the intra-membranous bone formation during DO (distraction osteogenesis) in post-pubertal rats where it has been previously demonstrated that plasma sex steroid and IGF-1 concentrations have normalised. The three studies demonstrated that lead exposure reduced somatic growth, longitudinal bone growth, and bone strength during the pubertal period and these effects could not be reversed by a growth hormone axis stimulator or by sex-appropriate hormones. Lead exposure appeared to specifically inhibit osteoblastogenesis in vivo in adult animals. Effects occurred at both exposure levels.

Kimmel et al. (1980) examined growth, reproductive development and mating in females exposed to lead at weaning as well as embryotoxicity, teratogenicity, and offspring survival. Weanling females were provided lead acetate in drinking water containing lead exposure levels of 0, 0.5, 5.0, 25, 50, or 250 ppm. Rats were exposed to lead-acetate for 6-7 weeks, then mated and exposed continuously throughout gestation and lactation. No statistically significant change in food and water consumption was noted in any exposure group. Females in the 50 and 250 ppm groups exhibited significant growth retardation within 1 to 3 weeks after exposure began. In addition, vaginal opening was significantly delayed in the 50 and 250 ppm groups and to a lesser extent in the 25 ppm group. The level of lead exposure used here did not affect the ability to conceive, to carry a normal litter to term, or to deliver the young. The percentage of malformed foetuses, resorptions, and postpartum pup deaths to weaning were unaffected by lead exposure. Body lengths of female offspring in the 250 ppm exposure group were significantly shorter than those of controls, and there was a tendency for all young in this group to be smaller. The estimated dose of lead consumed indicated that groups were exposed to different amounts of lead and tissue (blood, brain, and bone) lead concentrations indicated dose-related patterns.

Dearth et al. (2002) studied the mechanism and critical time of insult of lead on the delay of sexual maturation in 344 adult Fisher female rats given 12 mg of lead acetate (PbAc) or an equal amount of sodium acetate (NaAc) for the controls daily in drinking water from 30 days prior to breeding until their pups were weaned at 21 days. By cross-fostering at the time of birth, the pups were either exposed to PbAc or NaAc during gestation only, lactation only, or during both gestation and lactation. Pb delayed the timing of puberty and this delay was associated with suppressed serum levels of insulin-like growth factor-1 (IGF –1). Decreasing circulating IGF-1 contributes to the delayed puberty. The detrimental effects occurred regardless of the developmental time of exposure, although gestational exposure appeared more sensitive to the effects of Pb.

The animal data in primates, demonstrating the possible impact of moderate and low level lead exposure on pregnancy outcome and neurobehavioural and psychomotor development, are particularly important because of the similarities between primates and humans. Most of the primate research has been carried out on the postnatal effects of low-level lead exposure. However, primate research on in utero lead exposure at maternal blood lead levels ranging from 40 to 80 µg/dL have demonstrated decreased birth weights, increased perinatal mortality plus the developmental effects of reduced ability to discriminate forms or sounds and increased inhibitions and lethargy. No structural defects have been noted (Logdberg et al. 1987, Hopper et al. 1986, Morse et al. 1987, Molfese et al. 1986). Primate data on lower levels of lead exposure in utero are not available.

Studies in Humans

Maternal Exposure

Recent research has focused on the prenatal effects of lead at low exposure levels. There have been limited indications that higher prenatal exposures (> 15 µg/dL) are associated with reduced birth weight and increased risk of preterm delivery, but most data on these endpoints are either contradictory or negative. Spontaneous abortions are not apparent at blood lead levels less than 30 µg/dL and there is little evidence to suggest lead causes congenital anomalies.

Understanding the significance of foetal lead exposure is dependent upon knowing the determinants of foetal lead dose. Total foetal lead dose reflects both the transfer of lead from the mother to the foetus as a function of both external maternal lead exposures during pregnancy and the potential transfer of lead deposited in maternal bone over her prior history of lead exposure (Silbergeld 1991).

Barltrop (1969) observed that maternal lead crosses the placenta beginning at week 12 of gestation and that concentrations of lead in foetal tissue increase to term. Placental transfer has been confirmed in more recent studies (Graziano et al. 1991, Baghurst et al. 1991). Since lead transfers through the placenta, efforts were made to determine the effects of maternally mediated prenatal effects and foetal outcomes. Baghurst et al. (1991) observed that although modest elevations in lead concentration are found in foetal membranes, the correlations between membrane and antenatal blood lead concentrations were low, suggesting that other factors in addition to environmental lead, such as stress, may influence the amount of lead accumulated in the placental membranes.

Rabinowitz (1988) noted that over 90% of whole blood lead is inert and bound within red blood cells. The fraction of lead in plasma, not bound to large proteins, is presumed to cross the placenta with greatest ease to reach the developing foetus. Pregnancy can increase the total lead content of plasma due to the normal 20-30% increase in plasma volume. Although excretion of lead is increased during pregnancy, the plasma lead pool is still available to the foetus. In a recent study, Rothenberg et al. (1994a) noted a decrease in blood lead levels between 12 and 20 weeks of pregnancy and suggested that this is due to hemodilution (or increase of blood volume) and organ growth. They also observed a trend towards increasing maternal blood lead concentrations from 20 weeks to delivery which the authors suggested may be from mobilization of bone lead, increased gut absorption of lead, and/or increased retention of lead. The increase in blood lead levels in the latter half of pregnancy is potentially significant since the development of the brain and central nervous system occurs during this time period.

In recent years there has been increased interest in the toxicological significance of lead mobilised from bone during pregnancy. Silbergeld et al. (1988) observed that, in a group of post menopausal women, there was a statistically significant increase in blood lead as compared to premenopausal women after controlling for age, calcium intake and other variables potentially related to both external lead exposure and mineral metabolism. The increase in blood lead among postmenopausal women was postulated to be due to loss of bone mass and the resulting mobilization of bone lead stores. Among postmenopausal women who had been pregnant, the extent of the postmenopausal increase in blood lead was significantly less than in postmenopausal women who had never been pregnant. (Mean blood lead levels: premenopausal – 11.63 μg/dL, postmenopausal – 13.09 μg/dL, postmenopausal never been pregnant – 14.19 μg/dL, postmenopausal, ever pregnant – 12.97 μg/dL). Skeletal lead burdens available for mobilization during bone demineralisation after menopause were thus hypothesised to be lower as a result of pregnancy and provided indirect indications that some mobilization of bone lead occurs during pregnancy and lactation.

Data demonstrating toxic responses resulting from bone lead mobilization are sparse. Present concerns rest solely upon the hypothesis offered by Silbergeld et al. (1988) and one case of maternal intoxication due to mobilization of significant bone lead stores (Thompson 1985). However, a possible general mobilization of bone lead during pregnancy may increase the lead pool available to the foetus from internal sources.

Although early reports of high exposure to lead suggest an increased rate of miscarriages, still births, and foetal mortality, lethal effects upon foetal development have generally not been observed in studies conducted at low to moderate levels of exposure (< 30 µg/dL). As will be reviewed, one study has suggested effects in this exposure range, but critical aspects of study design were problematic and may have influenced this finding.

Alexander and Delves (1981) compared rates of perinatal and neonatal mortality in an urban community with mean blood lead levels of about 16 µg/dL with a rural community with a lower mean blood level of about 12 µg/dL. Perinatal statistics from 1975 were used from both communities and blood lead levels were taken from 192 women in the rural area and 38 in the urban area. Differences between the communities were small, not consistent in direction and not significant. Murphy et al. (1990) compared the rates of spontaneous abortion among women living in a town near a lead smelter where mean blood lead levels were 16 µg/dL (N=304) with a town where mean blood lead levels were 5 µg/dL (N=335). The analysis indicated that spontaneous abortion was not a risk at these exposure levels.

McMichael et al. (1986) reported on the reproductive outcome of 774 pregnancies in the lead smelter town of Port Pirie, Australia. The average maternal and cord blood lead levels in the exposed population were 11.2 µg/dL and 10.1 µg/dL, respectively (blood lead levels at 14-20 weeks gestation did not exceed 32 μg/dL). There was no association between lead exposure and miscarriage, still birth, difficulties conceiving and spontaneous abortion in this cohort. Baghurst et al. (1987) examined the 12 still births in the same Port Pirie cohort. Interestingly the mean maternal blood lead concentration was 7.2 μg/dL as compared to 10.4 μg/dL for live births, a difference which was statistically significant. The placental tissues were also examined and the lead content of membranes from foetal deaths was much higher than in the membranes from the live births.

Taskinen (1988) carried out a case control study of spontaneous abortion on 91 cases and 244 controls selected from a larger cohort of 802 women with 1341 pregnancies in Finland. Lead was not related to spontaneous abortion in cases with exposures less than 30 µg/dL. Awasthi et al. (1996) observed mean blood lead levels of 14.3 μg/dL in pregnant women in the slums of Lucknow, North India. In 19.2% of the women blood lead levels were >20 μg/dL. Blood lead was not associated with age, height, weight, gestation or history of spontaneous abortions.

Borja-Aburto et al. (1999) conducted a nested case-control study within a cohort of pregnant women in Mexico City, 1994-1996. During their first trimester, 668 women were enrolled, interviewed and blood lead levels determined. Of the 562 women who were successfully followed to week 20, a total of 35 women who had spontaneous abortions before week 21 of gestation were included in the case-control analysis. The mean blood lead level of the cases was 12.0 μg/dL (range 3.1-29 μg/dL) and of controls, 10.1 μg/dL (1.3-26 μg/dL). Spontaneous abortions before week 21 (N=35) were matched with pregnancies that survived beyond week 20 (N=60) on maternal age, hospital, date of enrolment, and gestational age at enrolment. Odds ratios for spontaneous abortion comparing 5-9, 10-14, and > 15 μg/dL with the referent category of < 5 μg/dL of blood lead were 2.3, 5.4, and 12.5, respectively. After multivariate adjustment, the odds ratio for spontaneous abortion was 1.8 (95% confidence interval = 1.1, 3.1) for every 5 μg/dL increase in blood lead or a doubling of risk for every 5 μg/dL increase in blood lead.

The observations of Borja-Aburto et al. stand in contrast to those of most other studies. As such, several issues of study design require careful consideration. First, the number of cases is small and calls to question the certainty with which dose effect estimates can be offered. Compared to controls, cases reported more menstrual irregularities; previous caesarean sections; previous spontaneous abortions; spermicide use as the last method to avoid pregnancy; spending time near a greater number of smokers at their homes and workplaces; and alcohol consumption more than once a week. Of the cases, 37.1% (N=13) had spontaneous abortions before week 9, indicating that other factors may have caused these miscarriages. Only referents with PbB levels <5 μg/dL were used as a comparison for the dose response odds ratio. Considering the blood lead range of referents was 1.3-26 μg/dL, there is no indication of how many referents had blood lead levels below 5 μg/dL. It is thus not clear whether the cases were properly matched with controls for the calculation of the odds ratio and dose response relationship. In addition, it is difficult to understand why such a large risk should be seen with only a 2 μg/dL difference between the means of controls (10.1 μg/dL) and the cases (12.0 μg/dL). There is also no comparison of the miscarriage rate seen in this study with a “normal” expected rate.

Studies have also sought to determine if prenatal lead exposure might lead to congenital malformations. The time of greatest risk for environmentally caused malformation may be the period of organogenesis, approximately during the first 12 weeks of human foetal development (Paskal 1994). During organogenesis the embryo undergoes cell division and differentiation into an organism with a complex of organ systems. The only organ systems not developmentally established by the 12th week are the central nervous system and genitalia, both of which continue to grow and develop until after birth.

Lead-induced malformations have been noted in birds, fish and rodents, but not in large mammals (Chang et al. 1980). There is no evidence that lead produces gross malformations in the human (Ernhart 1992). An association between prenatal lead exposure and minor congenital anomalies was investigated in three studies that used multiple regression analyses to control for possible covariates and confounders such as mother’s age, parity and tobacco and alcohol usage. Nutritional information was collected by McMichael et al. (1986) and Ernhart et al. (1985, 1986) but not Needleman et al. (1984). Of the three studies only Needleman et al. (1984) reported a statistically significant effect related to prenatal lead exposure. The effect was for minor malformations as a group, not individually. These included hemangiomas, lymphangiomas, hydrocele, minor skin anomalies such as tags and papulae and undescended testicles. No particular type of malformation was strongly associated with lead.

Noting design deficiencies in the studies, EPA (1990) concluded that the evidence available from the three studies allowed no definitive conclusion regarding an association between prenatal lead exposure in humans and the occurrence of congenital anomalies. Ernhart (1992) concluded that there is currently no sound evidence that low-level lead exposure leads to an increased incidence of malformation in the neonate. The weight of evidence supports Ernhart’s conclusion. However, definitive resolution of the question would benefit from further data input from prospective studies with large populations and adequate statistical power.

Research has also sought to define adverse obstetric outcomes associated with prenatal lead exposure. The obstetric outcome measures suggested to be associated with prenatal lead exposure are preterm delivery (<37 completed weeks of gestation) or gestational age (days from last menstrual period) at delivery. The study of preterm delivery and gestational age has been hindered by difficulties in defining and classifying cases. For example, it is difficult to obtain accurate information regarding the day of the last menstrual period. Although ultrasound is currently used to date pregnancies, it is expensive and seldom practical to date all pregnancies in a study. Dietrich et al. (1987) and Bornschein et al. (1989) in the Cincinnati study used measures of neurological and physical maturing to obtain estimates of gestational age. Factor-Litvak et al. (1991) notes that these estimates have limited accuracy since they are based on maturity and not days of gestation.

Four of eleven studies have reported relationships between preterm deliveries and/or gestational age and prenatal blood lead levels. Fahim et al. (1976) compared 253 pregnancy outcomes from women living in Missouri near the Lead Belt to a similar number of controls living elsewhere in Missouri. The mean maternal blood lead for 40 preterm deliveries was about 28 µg/dL as opposed to 14 µg/dL for full-term infants. There was a significantly higher incidence of preterm delivery for women living in the Lead Belt than for women living outside the Lead Belt and was suggestive of a lead effect. Zielhuis and Wibowo (1976) noted deficiencies in the design of the study, such as blood lead levels in controls higher than exposed and no control for socio-economic and geographical factors, and questioned the validity and strength of the evidence provided by Fahim et al.

Table 4.200:
Relationship between blood lead and pregnancy outcomes observed by Fahim et al. (1976)

	Population
	Term
	Preterm
	Premature rupture

	No lead mining 249 pregnant women
	13.1 μg/dL, N=241
	26 μg/dL, N=7
	30.1 μg/dL, N=1

	Lead belt area 253 pregnant women
	14.3 μg/dL, N=177
	29.1 μg/dL, N=33
	25.6 μg/dL, N=43


McMichael et al. (1986) reported on the outcome for 774 pregnancies in the lead smelter town of Port Pirie, Australia. The average maternal and cord blood lead levels in Port Pirie were 11.2 µg/dL and 10.1 µg/dL, respectively. The respective values in the non-Port Pirie area were 7.5 µg/dL and 6.2 µg/dL. Premature birth, premature labour, miscarriage, still-birth, spontaneous abortions, premature rupture of the membranes and reported difficulties in conceiving were examined in relation to lead levels. Only preterm births appeared to be related to lead levels in the Port Pirie group although the number of preterm births in Port Pirie women was not statistically different than the number of preterm births in non-Port Pirie women. Within the Port Pirie group, the differences in blood lead levels between the 17 preterm births and the 400 other births was 2 µg/dL and the difference was only significant in two out of eight analyses.

Bellinger (1991) noted that the frequency of preterm delivery did not vary significantly across cord blood lead level categories. In fact cord blood lead levels greater than 5 µg/dL were associated with a reduced risk of preterm delivery.

Torres-Sánchez et al. (1999) carried out a case-cohort study in Mexico City during 1995, comparing 459 full-term births with 161 preterm births (before 37 gestation weeks). After adjusting for known preterm risk factors, the frequency of preterm birth was almost three times higher among women whose offspring had umbilical cord levels > 5.1 μg/dL compared to those < 5 μg/dL. This difference was only associated with preterm birth in first deliveries but not in subsequent ones. The authors suggested that remobilisation of lead from bone deposits could be more important during the first pregnancy than subsequent ones since lead accumulated since birth will be greater than the burden added between pregnancies. No bone lead measurements were taken in this study; so the authors’ hypothesis cannot be confirmed.

Moore et al. (1982) reported a statistically significant inverse association between maternal and cord lead levels, gestational age in a group of 236 mothers and infants in Glasgow, Scotland. Blood lead levels were particularly high in 11 cases with gestational age less than 38 weeks. In those cases, maternal blood lead averaged 21 µg/dL and cord blood 17 µg/dL, whereas the respective values for the other births were 14 µg/dL and 12 µg/dL. In this study, Moore et al. used a definition for preterm birth of length of gestation < 38 weeks. This definition is not concordant with the ICD-9 (International Code of Diseases) definition for preterm birth of < 37 weeks. It is thus unclear how many of the 11 cases were actually 37 weeks and would not in fact be classified as premature.

Dietrich et al. (1986) noted an inverse association between prenatal blood leads and gestational age in 305 pregnancies in Cincinnati, Ohio, with blood lead ranging from 1-26 µg/dL. Factor-Litvak et al. (1991) on the other hand, carried out a large prospective study on 900 women residing in Kosovo, Yugoslavia, and found no associations between mid pregnancy blood lead concentrations (ranging up to approximately 55 µg/dL) and length of gestation. Five other studies have examined either preterm delivery or gestational age and prenatal blood lead levels and reported little relationship with lead exposure (Wibberly et al. 1977, placental lead weight normal birth – N=21, 1.12 μg/g, placental lead weight from normal preterm births N=24, 0.96 μg/g; Cooney et al. 1989, N=274 – 8.4 μg/dL; Ernhart et al. 1988, N=260, maternal – 6.22 μg/dL, cord – 5.63 μg/dL; Angell and Lavery 1982, N=635, cord – 9.73 μg/dL, maternal – 9.5 μg/dL; Rajegowda 1972, N=100, cord – 2-6.25 μg/dL).

Birth weight is one of the most important and often measured outcome variables in studies of foetal risk factors. Of fifteen studies relating cord and maternal blood lead to birth weight, five prospective studies (McMichael et al. 1986, Factor-Litvak et al. 1991, Cooney et al. 1989, Greene and Ernhart 1991, Rothenberg et al. 1989) and six cross-sectional studies (Rajegowda 1972, Gershanik et al. 1974, Clark 1977, Needleman et al. 1984, Bogden et al. 1978, Alexander and Delves 1981) have reported no significant association.

Four studies have suggested an association between lead level and birth weight at blood lead levels below 30 µg/dL. Among these studies, control for the confounding factors such as gestational age, smoking, alcohol consumption and drugs usage is inconsistent. Controlling for gestational age in these studies is important, since birth weight often depends on the length of gestation. For example, in the Mexico City prospective study, Rothenberg (1989) noted an effect of lead on birth weight even after controlling for alcohol consumption, drug use, socio-economic and demographic variables and nutrition variables. However, when gestational age was controlled, the birth weight effect disappeared.

Dietrich et al. (1987) noted an inverse association between prenatal blood lead and birth weight after adjusting for gestational age in 305 pregnancies in Cincinnati, Ohio. Maternal blood leads ranged from 1-26 µg/dL. Bornschein et al. (1989), in the same cohort, examined a sample of mother - infant pairs and noted that women who had blood lead levels in excess of 12 µg/dL were more likely to have infants with reduced birth weight. The reduction in birth weight ranged from 58 grams in 18 year-old mothers to 601 grams in 30 year-old mothers. The study, however, had limited control for smoking and alcohol consumption and no control for illicit drug use (Factor-Litvak et al. 1991, Ernhart and Scarr 1992).

Bellinger et al. (1991), in a reanalysis of the Needleman et al. (1984) cross-sectional study, reported an increased risk of low birth weight and intrauterine growth retardation in 4,354 births to mothers with cord blood levels >15 µg/dL. This finding is curious since birth weight is a function of length of gestation in this study and length of gestation was greater in the higher blood lead categories. The finding of reduced birth weight was thus contingent upon children being “small for gestational age” and a lead related increase in gestation of 1/2 week. Given the difficulties inherent in the gestational age measure used (maternal recall of days since last menstrual period), this reduced birth weight find is of dubious significance.

Moore et al. (1989) found a significant negative correlation between maternal lead and birth weight in a prospective study group of 151 subjects from the UK with blood lead ranging from 7-33 µg/dL. Gestational age and other confounders were not controlled in this study. Finally, Nordstrom et al. (1979) found significant differences in birth weight between the offspring of women working or living near a smelter in Sweden as compared to offspring of women residing at a distance from the smelter. Since individual measurements of blood lead were not taken in this study and gestational age and other confounding variables were not controlled, this study provides only weak evidence for a lead birth weight effect.

Andrews et al. (1994) reviewed existing studies and suggested there is a reduced birth weight effect, based on Bellinger’s (1991) study and the Bornschein et al. (1989) studies, and state that other studies that do not show an effect either do not adjust for appropriate confounders or over-adjust for confounders such as gestational age. For reasons discussed earlier, the two studies upon which the conclusions of the review are based are problematic to interpret because of methodological issues and/or suspected confounding. Ernhart and Scarr (1992) is more sceptical of a blood lead/birth weight relationship, but does conclude that additional studies should be conducted before any clear conclusions can be drawn. The weight of evidence suggests that there is little evidence for an effect of lead upon birth weight. Those epidemiological studies suggesting an association were characterised by maternal blood lead levels frequently in excess of 15 µg/dL and deficiencies in the control of confounders.

Of four prospective studies reporting results for the length of the newborn (McMichael et al. 1986, Cooney et al. 1989, Green and Ernhart 1991, Shukla et al. 1991), only Shukla et al. report an effect on length with prenatal lead exposure in the Cincinnati cohort with blood lead levels of 1 - 27 µg/dL. Potential deficiencies in control for lifestyle confounders, as discussed earlier, could account for this finding. The same studies also examined the effect of lead on head circumference. Although McMichael et al. (1986) observed a relationship, the authors suggested it was possibly due to hospital differences. The lead exposures in this study ranged from 5-54 µg/dL.

Rothenberg et al. (1999) examined the association of maternal prenatal and child postnatal blood lead level (range of median blood lead level from birth to 48 months 7.0-10.0 μg/dL) with head circumference in 119 to 199 children from the Mexico City Study. Over the 1-35 μg/dL range of maternal blood lead at 36 weeks, the estimated reduction in 6-month head circumference was 1.9 cm. In addition, 12-month blood lead level was negatively associated with 36-month head circumference demonstrating a decrease of around 0.4 cm. The authors suggested that children are more vulnerable to certain effects of lead exposure at specific age ranges and that the effect of lead on head circumference only becomes evident for brief periods in the first 4 years of life.

Studies in Humans – Paternal Exposure

A number of studies have investigated whether paternal exposure to lead can affect pregnancy outcome. Case-control studies have attempted to ascertain the impact of paternal lead exposure upon birth defects. In general, studies of this nature are deficient in a number of factors. Cohort size can be limited and actual quantitation of lead exposure intensity and duration is typically lacking. Epidemiological studies of this nature generally identify exposure potential by paternal “Job Title”. This approach provides limited information regarding lead exposure levels or regarding exposure to other potential reproductive toxins. Maternal occupational exposures that might be related to birth outcome are frequently not assessed. For lead, the issue of maternal exposures is potentially problematic in light of worker “carry home” exposure potential should there be inadequate paternal occupational hygiene practices. Finally, the ability to detect and correct for lifestyle confounders is generally limited in most studies.

The combined impact of such study design deficiencies is unpredictable. True exposure effects can be masked by errors in exposure classification. Alternatively, effects actually due to confounding or other reproductive toxins might be attributed to lead. Studies of this nature must be examined with care. However, most study results are largely negative or equivocal.

Hakim et al. (1991) conducted a population-based case control study to evaluate relationships between occupational lead exposure and strabismus (crossed eyes) in children. Strabismus incidence in 377 children was analysed with respect to maternal and paternal occupation and compared to that in 377 controls. Statistically significant associations were not observed between strabismus and paternal lead exposure but the authors noted “a weak, barely discernible association between lead exposure and esotropia [inward, as opposed to outward, crossing of eyes] only which did not show a dose response.” The authors noted lack of evidence for a causal link with lead, but suggest further investigation is warranted. As the authors acknowledge, the analysis suffered from extensive reliance upon maternal interview data for paternal occupation information. Actual paternal lead exposure data was not available.

Lindbohm et al. (1991) evaluated relationships between paternal lead exposure and spontaneous abortion (213 cases vs. 300 controls) in Finland. Medical and employment registries were used to identify cases. Blood lead determinations were obtained for 58% of the case cohort and 54% of the controls. Questionnaire data were used to classify exposure in the remainder of the cohort. Small, but not statistically significant, increases in the risk of spontaneous abortion were associated with paternal exposure to lead. Interpretation of the study results is complicated by a variety of factors. The study cohort was not large and represented a relatively small (41%) proportion of the initially identified “cases”. A variety of concurrent maternal and paternal exposures to other potential reproductive toxicants, along with lifestyle risk factors, were suggested to be present. Levels of lead exposure were relatively modest - 74% of the study cohort was estimated to have paternal blood lead levels less than 20 µg/dL and only 5% were above 40 µg/dL. Finally, the strength of the relationship increased as maternal (but not paternal) age decreased, suggestive of maternal occupational factors or lifestyle confounders not identified in the analysis.

A follow-up to the preceding study (Sallmen et al. 1992) extended observations to include an analysis of relationships between paternal lead exposure and congenital malformations. This relatively small study (27 cases vs. 57 controls) produced largely inconclusive results. Some elevation of risk was suggested, but statistically significant elevations were not obtained. Confounding by lifestyle factors was evident in the analysis. Concurrent exposures to other reproductive toxins in the workplace were also noted to impact upon the analysis - but data documenting these exposures and their effects were not presented. Finally, blood lead levels were likely low, but actual blood lead measurements were available for only 14% of the study participants.

Kristensen et al. (1993) evaluated risks of preterm births, perinatal deaths and minor birth defects among children whose fathers were exposed to lead, solvents or a combination of the two. The analysis was conducted on a cohort of 6,251 children identified as having a father belonging to a printer’s union. Exposure classification was based on job title, with 1,205 children identified as having a father exposed to lead only, 1,271 to solvents only, 1,206 to lead and solvents and 2,429 to “other” unspecified substances. Classification could not be obtained for 140 children. The significance of the study is limited by a lack of actual exposure information for any substance studied and a lack of information on lifestyle or social confounders other than age. No impacts of lead were noted on birth weight, intrauterine growth, or preterm birth. Similarly, no associations were evident between lead exposed fathers and children with most classes of birth defects, with the exception of a modest increase in cleft lip in male children. A non-significant increase in risk of perinatal death was noted in children born to fathers with lead exposure, and was increased with concomitant solvent exposure. Whether a causal relationship is plausible between any of the modest associations in this study cannot be determined due to the lack of information on actual exposure or confounders. As noted by Kristensen et al. the suggestion of a relationship between paternal lead exposure and pregnancy outcome is similarly not supported by registry-based studies of printers and other lead exposed workers (Savitz et al. 1989, McDowall, 1985).

Kristensen and Anderson (1992) have also reported on a cancer registry-based study of 12,440 children born in Norway. The significance of this study is limited by the small number of cancer cases (33) available for the study. In general, cancer incidence was lower than expected in children born to fathers in the printing industry.

Anttila and Sallmen (1995) reviewed data for the incidence of spontaneous abortion in studies of paternal and maternal lead exposure, including information extracted from a variety of diverse sources as well as the studies reviewed here. The authors suggest that the evidence is suggestive, but not clear-cut, for a relationship between paternal lead exposure and spontaneous abortion and a variety of mechanisms are hypothesised. However, data from most of the cited studies is less than compelling.

Lin et al. (1998) conducted a retrospective analysis of paternal workplace lead exposure and low birth weight/prematurity. New York State Heavy Metals Registry data were used to identify 747 births to male workers from 1981-1992. The mean blood lead level for exposed workers was 37 ± 11 µg/dL although this estimate appears to be of all lead workers in the state at the time of the study. A control group of births was assembled from a random sample of bus drivers. The control and exposed fathers were frequency matched by age and residence. Lead exposed workers were classified by having high (>50 µg/dl), medium (35 – 49 µg/dL) or low (25 – 34 µg/dL) blood lead levels based on either single measures or the average of all measures. Some temporal bias in reporting may have resulted from a decrease in the reporting criteria from >40 µg/dL in 1986 to >25 µg/dL. Duration of exposure was classified as 1 year or less, 1 – 5 years and >5 years. Duration of exposure was assessed by multiple reports filed with the Heavy Metals Registry for the same individual. Parental age, race, education level, residence, parity, maternal perinatal complications and spontaneous abortion history were also entered into the analysis. Group comparisons showed little difference between the exposed and control cohorts. Being in the high blood lead category was similarly without risk, but a duration of exposure > 5 years was associated with a Relative Risk of preterm births (RR 3.27; 95% CI 1.63 – 6.57) and an associated risk of low birth weight. Interpretation of this finding is difficult since the actual number of births and demographics for this duration of exposure is not specified and risks were not increased over the time frame intervals less than five years. Duration of exposure estimates was likely influenced by changes in blood lead reporting requirements in 1986.

Pregnancy Outcome Conclusions

The following conclusions can be drawn:

1. High-level, ill-defined exposure to lead has been associated with spontaneous abortion in the historical literature. Data from these anecdotal studies are not adequate to define dosimetry.

2. There are no consistent data to support a relationship between lead exposure and congenital malformations.

3. Data relating prenatal blood leads to preterm delivery and gestational duration generally also fail to find a relationship. Occasional correlations have been reported, but the lack of impact reported by the larger and more carefully conducted prospective studies of child development is perhaps most significant. These more powerful and higher quality studies, principally those conducted in Yugoslavia and Port Pirie, indicate there is little evidence for a relationship between prenatal blood lead levels, gestational age and/or preterm delivery within the range of blood leads studied most intensely. This conclusion is strongest for blood lead levels less than 30 µg/dL. A NOAEL of 30 µg/dL for effects upon pregnancy outcome will thus be carried forward to Risk Characterization as an exposure limit appropriate for women of child-bearing capacity.

The results of existing studies provide no coherent indication that paternal lead exposure poses a risk of altered pregnancy outcome. Little is evident by way of a consistent pattern of altered birth outcomes and, when associations are observed, they are of marginal statistical significance and/or do not display a consistent pattern with respect to intensity and duration of exposure. Final interpretation of these studies must be made with due appreciation for the inherent limitations imparted by methodological design that could either mask mild effects or impart subtle trends to the data base due to uncorrected confounding. However, the existing database does not support genetic alterations of sperm.

Table 4.201:
Effects upon animal reproductive outcome

	Study
	Year
	Compound
	Species
	Exposure period
	Dosage levels
	Indication of response
	LOAEL
	NOAEL

	1. Chronic low-level lead toxicity in the rat

Fowler, Kimmel, Woods, McConnel and Grant
	1980
	Pb acetate in drinking water
	Rat
	Gestation day 1-21 days postpartum. Then rats were put on Pb acetate in water diet for 312 days after weaning.
	0, 0.5, 5, 25 and 250 ppm Pb as Pb acetate in drinking water for 6 to 9 months.

6 months

Control – 5.3, 5 – 18.6, 25 – 22.8, 50 – 38.2

9 months

Control – 5.0, 0.5 – 5.5, 5 – 9.5, 50 – 19.8, 250 – 70.8
	Elevated kidney weights; cytomegaly in male pups.
	5ppm

0.7 mg/kg/day
	0.07 mg/kg/day

	2. Chronic low-level lead toxicity in the rat effects on postnatal physical and behavioural development II

Grant, Kimmel, West, Martinez-Vargas, Howard 
	1980
	Pb acetate in drinking water
	Rat
	Following exposure of dams for 6-7 weeks females were mated with unexposed males and exposure continued throughout pregnancy and lactation. At 21 days of age, offspring were weaned onto the same concentration their mothers had been given, and exposure continued until sacrifice at 6-9 months of age.
	0, 0.5, 5, 25, 50 or 250 ppm.

Range of median PbB at 9 months.

0 – 2-23, 0.5 – 1-12, 5 – 5-26, 25 – 11-27, 50 – 15-41, 250 – 52-97
	Delays in vaginal openings in pups at 25, 50 and 250ppm. Significant depressions in body weight at exposures of 50 and 250ppm. At 250ppm physical features were altered. After 9 months exposure renal morphology altered at 5ppm.
	25ppm

3.5 mg/kg/day

5ppm

0.7 mg//kg/day
	

	3. Chronic low-level lead toxicity in the rat: Maternal toxicity and perinatal effects I. 

Kimmel, Grant, Sloan, Gladen 
	1980
	Pb acetate/kg laboratory diet 
	Rat
	Rats were exposed to Pb acetate for 6-7 weeks, then mated and exposed continuously throughout gestation and lactation. 
	0, 0.5, 5, 25, 50, 250ppm Pb as Pb acetate.

Pre-pregnancy

0 – ND, 0.5 – ND, 5 – 5-11, 25 – 11-30, 50 – 12-52, 250 – ND-108
	Delayed vaginal opening significantly delayed in the 50 and 250ppm groups and to a lesser extent in the 25ppm group. These exposures did not affect the ability to conceive, to carry a normal litter to term, or to deliver the young. Significant growth retardation in the 50 and 250ppm groups. The percentage of malformed foetuses, resorptions, and postpartum pup deaths were unaffected by Pb exposure.
	3.5 mg/kg/day

25ppm
	0.7 mg/kg/day

5ppm

	
	
	
	
	
	Pregnancy

0 – 4.0, 0.5 – ND, 5 – 10-26, 25 – 17-29, 50 – 21-65

250 – 30-575
	
	
	

	4. Reproductive toxicity and growth effects in rats exposed to lead at different periods during development 

Ronis, Badger, Shema, Roberson, Shaikh 
	1996a
	Pb acetate in drinking water
	Rat
	Lead exposure initiated: 1) beginning in utero

2) prepubertally

3) postpubertally 
	502 mg/kg/day-0.60%

in utero

M – 31.3 F – 50.6

Pre

M – 59.6 F – 63.2

Post

M – 316 F – 264
	Decreased testicular weights; delayed vaginal opening and disruption of oestrous cycling.
	0.60%

502 mg/kg/day
	

	5. Endocrine mechanisms underlying the growth effects of developmental lead exposure in the rat

Ronis, Badger, Shema, Roberson 
	1998a
	Pb acetate in drinking water
	Rat
	Beginning at gestational day 5 groups of 10-15 animals were given drinking water ad libitum containing 0.05%, 0.15% or 0.45% Pb acetate. Pb exposure of the dams was continued until weaning at age 21 days. Thereafter, Pb exposure of the pups was continued until sacrifice.
	Pb acetate in drinking water

42 mg/kg/day-0.05%

126 mg/kg/day-0.15%

377 mg/kg/day-0.45%

control-0.00%


	Decreased growth rates were accompanied by a significant increase in pituitary growth hormone (GH) content during puberty in pups of both sexes; a delay in the developmental profiles of the GH-dependent male-specific liver enzymes cytochrome P450 CYP2C11 and N-hydroxy-2-actylaminofluorene sulfotransferase, and continued suppression of these enzymes in lead-exposed adult male pups. In addition, significant decreases in plasma sex steroids, testosterone (male) and 17-estradiol (female), were observed during puberty. Post puberty, at age 85 days, both IGF, and sex steroid levels were indistinguishable from control pups despite continued Pb exposure. Growth rates were also similar in control and Pb-exposed pups between age 57 and 85 days. Data suggest that the mechanism involves disruption of GH secretion during puberty. The greater somatic growth observed at puberty in Pb-exposed male offspring may be due to additional hypoandrogenization produced by the action of Pb on the hypothalamic-pituitary-testicular axis.
	42 mg/kg/day
	<42 mg/kg/day

	6. Endocrine mechanisms underlying reproductive toxicity in the developing rat chronically exposed to dietary lead

Ronis, Gandy, Badger 
	1998b
	Pb acetate in drinking water
	Rat
	Gestation day 5 to weaning and continued through offspring age 21, 35, 55 and 85 days.
	377 mg/kg/day-0.45%

126 mg/kg/day-0.15%

42 mg/kg/day-0.05%

0.00% Pb acetate in drinking water.

PbB ranged from 40-379 μg/dL in males and from 25-388 μg/dL in females.
	Reduced birth weight, crown-to-rump length 28% rate of stillbirth compared to 4% in controls.
	126 mg/kg/day

377 mg/kg/day
	<42 mg/kg/day (between 0.0% and 0.05%)

	7. Lead effects on offspring depend on when mouse mothers were exposure to Pb

Epstein, Newton, Fenton 
	1999
	Pb acetate in drinking water
	Rat
	Target mice were nursed by mothers given Pb starting when 

1) target mice were born (postnatal)

2) after conception of target mice (gestational)

3) during the mother’s own pre-weaning stage
	0ppm – no PbB data

1 mg Pb/ml – 35 

10 mg/ml – 250
	Postnatal Pb slowed brain weight, decreased DNA per brain somewhat, but had no effect on protein/brain. Gestational Pb similarly slowed brain weight development, lowered asymptomatic brain weight, greatly decreased DNA per brain, but had no effect on protein per brain. In contrast, pre-mating Pb significantly increased brain weight and protein per brain and lowered DNA per brain substantially.
	1 mg/ml-0.141 mg/kg/day

**
	

	8. Skeletal effects of developmental lead exposure in rats

Ronis, Aronson, Gao, Hogue, Skinner, Badger, Lumpkin
	2001
	Pb acetate in drinking water
	Rat
	1) gestation day 4 to 55 days after parturition.

2) gestation day 4 to 30-60 days after parturition, then various hormone treatments were administered.

3) gestation day 4 throughout age
	Control – no data

825ppm – 67-192

2475 – 120-388
	Lead exposure reduced somatic growth, longitudinal bone growth, and bone strength during the pubertal period, and these effects could not be reversed by a growth hormone (GH) axis stimulator by sex-appropriate hormones. Finally, Pb exposure appears to specifically inhibit osteoblastogenesis in vivo in adult animals.
	1) 825ppm

2) 2475ppm

3) 2475ppm
	

	9. Exposure to Pb during critical windows of embryonic development: differential immunotoxic outcome based on stage of exposure and gender

Bunn, Parsons, Kao, Dietert 
	2001
	Pb acetate in drinking water
	Rat
	Early gestation (days 3-9) or late gestation (days 15-21)
	Dams were randomly assigned to either a control or a 500 ppm (mg/L) Pb treatment group. CTRLs received Na acetate in drinking water at equivalent acetate levels to the Pb treatment group. Before and after exposure, animals received normal drinking water. Pb dose delivered was calculated by determining the amount of Pb-treated 
	Embryo more sensitive to full range of Pb-induced immunotoxic effects with late gestational Pb exposure. With early exposure, the primary alteration was decreased nitric oxide production in Pb treated males not females.
	500ppm
	

	
	
	
	
	
	water consumed/rat/day x 500 mg Pb/1000 ml water.

Control – <2, 500ppm – 9-12
	
	
	

	10. Effects of lead (Pb) exposure during gestation and lactation on female pubertal development in the rat

Dearth, Hiney, Srivastava, Burdick, Bratton, Dees 
	2002
	Pb acetate in drinking water
	Rat
	Female rats were exposed from 30 days prior to breeding until their pups were weaned at 21 days. By cross-fostering at the time of birth, the pups were either exposed to PbAc or NaAc during gestation only, lactation only, or during both gestation and lactation.
	12 mg Pb/ml

Mean PbB level range 37.6-40.5 through day 20 of gestation.
	Lead delayed the timing of puberty and this delay was associated with suppressed serum levels of insulin-like growth factor-1 (IGF-1), luteinizing hormone (LH), and estradiol (E2). Liver IGF-1 mRNA was not affected, suggesting that Pb altered translation and/or secretion of IGF-1. The effects occurred regardless of the development time of exposure, although gestational exposure appeared more sensitive to the effects of Pb.
	1.69 mg/kg/day

**
	


*mg/kg calculated based on Ronis (1996) and the ATSDR Table 2-4 p.135. **mg/kg calculated based on Ronis (1996) and Johansson and Wide (1986) and the ATSDR Table 2-4 p. 135, 143

Table 4.202:
Effect of lead upon human pregnancy outcome

	Cohort name
	Cohort size
	Exposure μg/dL
	Placental membrane
	Length
	Gestational age
	Birth weight
	Spontaneous abortions
	Other pre-term birth obstetrical complications
	Congenital anomalies
	Head circumference

	Cincinnati
	n = 292
	Pre. 8.4

Neo. 4.8
	-
	(
	(
	(
	0
	0
	-
	0

	Port Pirie
	n = 548
	Mat. 9.5

Cord 8.4
	(
	-
	(
	0
	0
	(
	0
	-

	Sydney
	n = 274
	8.4
	-
	-
	0
	0
	0
	0
	-
	-

	Boston
	n = 249
	Cord 6.8

28.6% > 10

1. < 4.7

2. 4.8-6.3

3. 6.4-8.4

4. 8.4+
	-
	-
	0
	0
	0
	0
	((3)
	-

	Cleveland
	n = 260
	Mat 6.22

Cord 5.63
	-
	0
	0
	0
	0
	0
	0
	0

	Yugoslavia
	n = 392
	Mid. Preg.:

Non Pb Pristina: 5.2

Exposed Town

Mitrovica: 18.3

Cord PbB:

Non Pb Pristina: 4.9

Exposed Town

Mitrovica: 20.8
	-
	-
	0
	0
	0
	0
	-
	-

	Mexico
	n = 436

n = 50
	7.5 μg/dL (range 2.3-36.9)
	-
	-
	((4)
	((5)
	-
	-
	-
	(


Source: ILZRO, (1) Cohort size was 132. (2) One out of 30 language tests was significantly related to cord blood-mean length of utterance; however, concurrent 2 year PbB levels were positively related to a decrease in “unintelligible utterances”. (3) Minor anomalies only (4) Pilot study (n = 50) (Rothenberg et al. 1989) (5) Pilot study (n = 50) (Rothenberg et al. 1989) ( = Effect, 0 = No effect, - = Analysis not done. n = Number, PbB = Blood lead.

4.1.2.10.3 Toxicity for Reproduction – Prenatal Neurobehavioural Effects

Studies of Animals and Mechanisms

Prenatal exposure to lead has been associated with adverse neurobehavioural impacts similar to those reported for post-natal lead exposure. The biologic plausibility of a neurobehavioural impact as a result of prenatal exposure is reinforced by the animal literature. A sub-set of the animal literature is thus reviewed, with a focus upon those studies that seek to establish NOAEL’s and LOAEL’s for lead effects and/or that attempt to elucidate relevant mechanistic linkages that may be applicable to humans. In primates, rats and mice with in utero lead exposure, learning disabilities altered activity levels, effects on social behaviour and visual and spatial discrimination have been demonstrated (Munoz et al. 1986, Baraldi et al. 1985, Davis et al. 1990).

Experimental in vitro studies have suggested that there are two types of effects of lead on the developing brain (Silbergeld 1992), morphological effects and pharmacological effects. Bull et al. (1983) noted that lead affected the timed programming of cell:cell connections resulting in a modification of neuronal circuitry. Cookman (1987) suggested that this morphological effect was caused by a decrease in sialic acid production of neural cell molecules producing a failure in synaptic structuring. Cookman et al. (1988) found that lead induces precocious differentiation of the glia which are integrally involved in brain structuring. Cookman and Regan (1991) observed that this effect on the glia is due to the lengthening of the cell cycle through the perturbation by lead of regulatory events. Tiffany-Castiglioni (1993) has reported that glia can also sequester lead, and that glutamine synthetase, an enzyme in glia, is reduced with lead exposure and may signal a disruptive mechanism.

Lead may function pharmacologically by interfering with synaptic mechanisms for neurotransmitter release. Researchers have observed that lead can substitute for calcium and possibly zinc in ion dependent events at the neuron synapse and impairment of various neurotransmitter systems: cholinergic, noradrenergic, GABAergic and dopaminergic (Silbergeld 1993, Alkondon et al. 1990, Boykin et al. 1991, Drew et al. 1990, Uteshev et al. 1993, Cory-Slechta et al. 1993). Markovac and Goldstein (1988) found that very low concentrations of lead can activate protein kinase C, which is an important component in the regulation of cellular metabolism. Lead may also replace calcium in calmodulin-dependent reactions (Goldstein 1990), inhibit membrane-bound Na, K-ATPase (Bertoni and Sprenkle 1991), and interfere with mitochondrial release of calcium with impairment of enzyme metabolism (Silbergeld 1992).

Animal Studies - Primates

Rice (1985) dosed cynomolgus monkeys 5 days per week from birth to 200 days with 0, 50, or 100 μg/kg/day lead acetate dissolved in glycerine and administered in milk. At approximately 3 years of age, monkeys were tested on a series of three discrimination reversal tasks: nonspatial form discrimination, nonspatial colour discrimination with irrelevant form cues, and nonspatial form discrimination with irrelevant colour cues. The higher dose group was impaired relative to controls over the entire experiment (all three tasks combined). Deficits were most marked over the first several reversals. The lower dose group (50 μg/kg/day) was impaired on the colour discrimination task and on the last several reversals of all tasks combined. The higher dose group (100 μg/kg/day) was impaired relative to the lower dose group over the entire experiment. Additional tests measuring performance between the treated and control monkeys on a differential reinforcement of low rate (DRL) schedule of reinforcement were administered at the same dosage levels – 0, 50 and 100 μg/kg/day of lead acetate. This schedule required the monkey to withhold responding for a specific time in order to be reinforced. The performance of treated monkeys did not improve as rapidly as controls as measured by increase in reinforced responses and decrease in non-reinforced responses during initial sessions. In addition, treated monkeys exhibited greater between session variability during terminal sessions. These effects were dose related (Rice and Gilbert 1985).

Gilbert and Rice (1987) also measured spatial discrimination reversal in the same cohort of monkeys administered the 0, 50 and 100 μg/kg/day lead acetate in infant formula to 200 days after birth. The monkey was required to respond on the right most of two push buttons in order to receive a fruit-juice reward. When the task was learned, the left-most button became correct for a total of 15 such reversals on each of three tasks. The stimuli for the first task included no irrelevant cues, the second task included irrelevant form cues, and the third task included irrelevant form and colour cues. Treated monkeys (50 and 100 μg/kg/day) were impaired relative to controls in the presence but not in the absence of irrelevant cues. Moreover, the lower dose group was impaired only during the first task after the introduction of irrelevant stimuli, but not after irrelevant stimuli were familiar.

Rice and Karpinski (1988) in the same cohort of monkeys dosed continuously with 0, 50, 100 μg/kg/day of lead acetate dissolved in glycerine and administered through milk until 200 days of age, carried out tests at seven to eight years of age on a delayed alternation task. The task required the monkey to alternate responses between two pushbuttons; each alternation was rewarded with a small amount of apple juice. After each monkey learned the task, a delay was instituted between trials. The initial delay was 100 msec, and was increased in steps to 15 secs by the end of the experiment. Treated monkeys were impaired in their ability to learn the alternation task, but were not different from controls at short delay values (1 and 3 secs). At longer delay values (5 and 15 sec), treated monkeys again exhibited impairment. At the 15 sec delay value, some monkeys in both treated groups exhibited marked perseveration, responding on the same button in some instances for hours at a time. Treated monkeys were also more variable in their performance across sessions than were controls. The data were interpreted as indicative of spatial learning and short-term memory deficits in the lead-exposed monkeys.

Levin and Bowman (1986) exposed monkeys to 0.7 mg/kg/day of lead acetate given by nasogastric intubation and milk formula during the first year of life. A pronounced lead-related deficit was detected in the test of delayed spatial alternation (DSA), and a much less robust effect was detected in the Hamilton search task (HST). Both tests provided examples of “windows of sensitivity” to the effect of lead, where the behavioural criterion was challenging enough to elicit a deficit in lead-treated monkeys while still being within the capabilities of the controls. The lead-induced deficit in DSA was most pronounced after short intertribal delays, suggesting that the effect was probably not due to mnemonic dysfunction, but rather may have been due to deficits in strategy or attention.

Rice (1988) dosed monkeys from birth with either 0 or 2000 μg/kg/day of lead as lead acetate in infant formula until after withdrawal of the formula at 270 days of age. No overt signs of toxicity were observed. Beginning at 60 days of age, monkeys were tested on FR schedule of reinforcement, followed by FI schedule 3. Infants were tested in their home cages for 16 hours each day. When these monkeys reached three years of age, performance on a multiple fixed interval-fixed ratio schedule was evaluated. Infant performance was characterised by increased FR pause and decreased FI pause in the treated monkeys. Juvenile performance of lead-treated monkeys was characterised by increased FI run rate, pause time, and index of curvature. Treated monkeys exhibited increased variability of performance both within and between sessions on several measures of FI and FR performance.

Ferguson and Bowman (1990) treated monkeys with 0.7 mg/Pb/kg as lead acetate in milk formula from birth to 365 days after birth. Open field behaviour was tested in these monkeys at 4 years of age. Significant differences were found between the exposed and control subjects on several tests: failure to habituate as evidenced by number of sectors entered, increased durations of activity and environmental exploration and a longer latency to enter the open field. Most of these effects were compatible with a hypothesis of hippocampal dysfunction in the lead-treated monkeys and appeared to indicate enduring lead-induced alterations.

Rice (1992) dosed monkeys with 1.5 mg/kg of lead as lead acetate according to one of four regimens: Group 1: control (dosed with vehicle); Group 2: dosed with lead continuously from birth; Group 3: dosed with lead from birth to 400 days of age and vehicle thereafter; Group 4: dosed with vehicle from birth to 300 days of age and lead thereafter. Performance on a multiple fixed interval fixed ratio (mult FI-FR) schedule of reinforcement was assessed when monkeys were three years of age, and again at 7-8 years of age following exposure to other behavioural tasks. The monkeys were unaffected during the first assessment, performed two years after the cessation of dosing, but performed differently from controls on the second assessment, performed 7-8 years after cessation of dosing.

Monkeys in previous studies had a history of tasks with trials procedure, in which every correct response was reinforced before being tested on the mult FI-FR. The monkeys in the present study had no such history before the first assessment, but extensive exposure to trials procedures between the first and second assessment. It may be that the negative results of the first assessment and positive results of the second are the result of an interaction of lead with such a behaviour. The suggestion is especially compelling in view of the results from Group 3, dosed only during infancy. These monkeys were unaffected during the first assessment, but performed differently than controls on the second assessment. This finding combined with data from previous experiments, suggests that the greater total dose of lead accumulated by Groups 2 and 4 between the first and second assessment is not an explanation for the difference in results. These results also indicate that exposure to lead during infancy is not necessary for FI performance to be affected, and that exposure only during infancy is sufficient to produce effects. These data suggest that lead exposure during different developmental periods may have differential effects on different types of behaviour.

Newland et al. (1996) administered 80-100 mg/day of lead acetate to monkeys in pieces of apple and in drinking water during gestational week 5-8.5 and exposure was maintained until parturition. Exposures were timed to accord with the period during which mitosis and migration of cells to the outer cerebral cortex takes place. Unexposed monkeys born in the same year served as controls. The same monkeys at 3-7 years were trained and tested and showed an increased number of responses failing to meet the requirement of pulling against 1 kg spring through a 1 cm displacement when behaviour was maintained by a fixed-ratio schedule, which engendered a vigorous, high-rate pattern of responding. The appearances of incomplete responses while the monkeys pulled vigorously against a 1 kg spring suggests that lead exposure during gestation produced subtle motor impairments years after exposure had ended.

Lilienthal and Winneke (1996) examined the Brain Stem Auditory Evoked Potential in lead exposed monkeys. Rhesus monkeys were pre- and postnatally exposed to either 0, 350 or 600 mg lead acetate/kg diet continuously until the age of about 9.75 years. For the average adult male monkey with a body weight of 12 kg and a food intake of 220g, the concentration of lead in the diet corresponds to a daily intake of about 4 and 7 mg Pb/kg body weight in 350 mg and 600mg animals, respectively. At the age of 8-8.25 years and 9.25-9.5 years brain stem auditory evoked potentials were recorded. There were no clinical signs of intoxication. The 600 mg group exhibited the longest latencies at all stimulus conditions. Latency deviations from control values in the 350 mg group were more variable, reflecting the less clear effects of lead on the BAEP in this group. These same effects were confirmed after cessation of exposure for 18 months. The prolonged latencies in the BAEP were not dependent on current exposure and may persist long into the post exposure period. The authors noted that the wavelengths affected represented an impairment of the synaptic transmission rather than receptor function and that the same structures and functions seem to be affected by lead in monkeys and human children.

Animal Studies - Rats

Reiter et al. (1975) exposed male and female Sprague-Dawley rats to lead acetate in drinking water containing 0, 5 or 50 ppm lead for 40 days prior to mating. Pregnant females were continued on these regimens throughout gestation and lactation. After weaning, the offspring were similarly exposed through adulthood. Significant delays were noted in the development of the righting reflex at 5 and 50 ppm and in eye opening at 50 ppm. No difference was observed in the development of the startle reflex at either dose. Mean body weights of treatment groups during this developmental period were not significantly different from contents. Locomotor activity was measured in adult males utilizing a residential maze. Both levels of lead produced a significant reduction in locomotor activity. When groups were treated with d-amphetamine (4.0 mg/kg subcutaneous), lead treatment caused a dose-related diminution in the amphetamine-induced hyperactivity. These rats exposed to low levels of lead from conception until adulthood showed a delay in nervous system development and as adults showed a reduction in locomotor activity and decreased responsiveness to amphetamine.

Grant et al. (1980) evaluated effects of lead on general health and early postnatal physical and behavioural development of offspring. Weanling female CD rats were provided semipurified diets and deionised water containing 0, 0.5, 5.0, 25, 50, or 250 ppm lead acetate. Following exposure for 6-7 weeks, females were mated with unexposed males and exposure continued throughout pregnancy and lactation. At 21 days of age, offspring were weaned onto the same concentration their mothers had been given, and exposure continued until sacrifice at 6 or 9 months of age. Significant depressions in body weight were seen at most time points for offspring exposed to 50 and 250 ppm lead. Clinical signs of respiratory infection, as well as poor fur condition, tail-tip necrosis, and sialodacryoadenitis were noted to occur at 250 ppm. Highly significant delays in age at vaginal opening were noted in 25, 50, and 250ppm females. Surface righting and air righting were delayed in 50 and 250 ppm animals. Locomotor development was unaffected except for an increase in pivoting in 250 ppm animals at Day 14 of age. Post-weaning activity levels were unaltered when measured in either the open field or the circular photocell activity cage and evaluations using the rotorod test showed no effects of lead. Food and water consumption based on body weight were essentially unchanged. Overall, the lowest effect level for lead using chronic oral exposure was 25 ppm, a level associated with alterations in reproductive development. Immune function and performance of an operant task in adults were altered at 25 ppm and renal morphology after 9 months of exposure was altered at 5 ppm.

Rodrigues et al. (1993) investigated the effects of lead exposure during the pre- and postnatal period on the latent learning ability in a maze. Rats were administered lead acetate by giving their dams 0.5, 1.0 or 4.0 mM lead acetate or deionised water. Rats were weaned at 21 days, and the treatment was continued by giving the same solution of lead acetate in the drinking water until behavioural testing. During training sessions, lead-treated animals exposed to an open field presented higher activity scores than those of control animals. Control animals showed a decrease in locomotion scores along the sessions, an effect not observed in lead treated animals. However, lead treatment had no effect on the activity scores of animals exposed to maze. The results demonstrated that lead-treated animals learn about the environment when no conventional reinforcement is involved; however, they fail to habituate to the apparatus. Nevertheless, both lead-treated and control rats that had been previously exposed to the maze performed better than those exposed to the open field. The failure to habituate was seen in rats exposed to 1.0 (42.3 mg/kg/day) or 4.0mM lead acetate, but not those exposed to 0.5mM lead acetate (21.3 mg/kg/day).

Mello et al. (1998) administered 1mM lead acetate (42.3 mg/kg/day) in drinking water to dams before conception, during gestation and lactation. Growth and neuromotor development of offspring was assessed daily and behavioural parameters were assessed starting on postnatal day 17. Prenatal exposure caused no effect on weight of pups at delivery or on litter size or litter weight gain. Lead-treated animals presented accelerated eye opening and the startle reflex appeared earlier than in controls. Lead-treated animals presented increased scores on the negative geotaxis test and an earlier date of appearance of the free-fall righting reflex, although brain lead levels were comparable to the control group at birth. Other motor responses such as cliff avoidance and beaker equilibration task were not affected by lead treatment.

Garavan et al. (2000) examined the mechanism underlying a lead-induced deficit in associative ability. There were about 20 male/female rats in four different exposure groups: Control (drinking water with 300 ppm sodium acetate) during gestation and lactation, 300 ppm (lead acetate in drinking water) exposed during gestation and lactation, 300 ppm exposed during lactation only, and 600 ppm exposed during lactation only. Testing was conducted on adult rats, postnatal day 40-46. An automated, olfactory, serial reversal task was administered. Although overall learning rate was not significantly affected by lead exposure, analyses of specific phases of the learning process revealed that all three exposed groups required significantly more trials than controls to reach criterion from the point at which perseverative responding to the previously correct cue ended. These analyses revealed that the reversal learning impairment of the Pb-exposed animals was not due to a deficit on inhibiting responses to the previously correct one, the mechanism most commonly assumed to underlie impaired reversal learning. Instead, the analyses revealed that two other independent lead effects were responsible for the prolonged post-perseverative learning period: a response bias and an impaired ability to associate cues and/or actions with affective consequences. The contribution of these two factors varied as a function of the timing and intensity of the lead exposures (600ppm-lactation and 300 ppm-gestation and lactation). The response bias was not altered in the 300ppm-lactation group. The authors hypothesize that the lead-induced associative deficit may reflect damage to the amygdala and/or nucleus accumbens, which comprise a system to modulate the process by which environmental cues acquire affective significance.

Lead toxicity was studied by Trombini et al. (2001) in rats exposed from conception until weaning (750 ppm lead acetate in the drinking water) and assessed by monitoring offspring behaviour in both the open field and elevated plus maze and by determining tissue lead in an assessment schedule extended to first (F1) and second (F2) generations. Dams utilised for the F1 generation were submitted 750 ppm of lead acetate in drinking water during pregnancy and lactation. For F1 pups, behavioural alterations were not detected in the elevated plus maze, while in the open field, spontaneous locomotor activity as well as time of both grooming and rearing increased, while freezing time (in the open field) decreased in 30 and 90 day old rats. Lead content was higher in tissues of 1 and 30 day old rats. However, in 90 day old rats, lead was detected only in the femur. F2 generation was lead-free but still presented alterations in both locomotor activity and grooming behaviour in 30 and 90 day-old pups. The results suggest that developmental lead exposure may cause behavioural effects during the developmental stage of the F1 generation, which remain throughout the animal’s adult life as a sequel, regardless of lead accumulation, and extend to the F2 generation of rats.

Cory-Slechta et al. (2002) exposed rats at weaning to 0, 50 and 500 ppm lead acetate in drinking water. The effects in rats of intra-dorsomedial striatum administration of the irreversible non-specific dopamine antagonist EEDQ and of the agonist dopamine on F1 performance, and the extent to which any observed effects were modified by concurrent lead exposure. Lead exposure increased the overall rates on the fixed interval (F1) schedule controlled behaviour. The 0 and 50 ppm groups did not differ. The 500 ppm group showed decreased response rates.

Jadhav and Areola (1997) exposed rats to 0 ppm, 5 ppm, and 50 ppm lead acetate in drinking water starting at 21 days after birth. Performance on continuously alternating multiple schedules of fixed interval (FI) and fixed ratio (FR) was evaluated at 51 days of age. The response and stimulus rates in the 50ppm lead treated group were significantly lower than those in the control group or the 5ppm lead-treated group. At the 5ppm dosage level, no significant changes in any of the parameters of behavioural paradigms were observed, although levels of lead accumulated in the brains of the 5 ppm lead treated rats were significantly higher compared with controls. The authors suggested that perhaps the lead accumulation that resulted at the 5ppm level was not enough to cause changes in learning or the paradigms used in this study were not sensitive enough to detect changes that may have occurred.

Cory-Slechta et al. (1985) further characterised the lower end of the function relating lead exposure and biological exposure indices to behaviour in rats exposed to 25 ppm lead acetate in drinking water and 25 ppm sodium acetate in drinking water for the controls. The 25 ppm exposure level produced overall response rate increases over the first 40 sessions of a fixed-interval 1 minute schedule of food reinforcement that were similar to those observed previously with higher concentrations of lead. The increased overall response rate derived primarily from an increased frequency of shorter inter-response times (IRTs) and increased running rates (calculated without the post-reinforcement interval).

Cory-Slechta et al. (1992) examined the impact of lead on dopaminergic function at the D1 and D2-D3 receptor sites in the brain of rats exposed to lead acetate in drinking water at 0, 100 and 350 ppm from birth to 21 days. Lead-induced functional D2-D3 super sensitivity possibly mediated via auto-receptors was noted in the 100 and 350ppm dosage groups. Peak blood lead concentrations in the 100ppm exposure group averaged 16 ± 2μg/dL, while corresponding values for the 350 ppm group were 34 ± 4μg/dL.

Moreira et al. (2001) exposed rat dams to 500 ppm lead acetate in drinking water during pregnancy and lactation. Male pups at 23 (weaned) or 70 days (adult) of age were submitted to behavioural evaluation and lead determination. The behaviours evaluated were: locomotor activity (open-field test), motor coordination (rotarod test), exploratory behaviour (holeboard test), anxiety (elevated plus maze and social interaction tests), and learning and memory (shuttle box). In 23 day-old pups, lead exposure during pregnancy and lactation increased ambulation in the open field test, decreased head dip count and head dipping duration in the holeboard test, but did not influence the behaviour in the elevated plus maze test. Controls presented a significant increase in the shuttle avoidance responses in the third day of the test when compared to the first day. In the lead-exposed group, such a difference was not detected. In the 70-day old exposed pups, the head dip in the holeboard test was increased significantly, but the behaviour of adult pups in the open field and elevated plus maze tests were not influenced. There was, however, a statistical tendency observed in the elevated plus maze test. The percentage of time spent in the open arms tended to be decreased compared to controls. In the social interaction test, lead-exposed pups showed decreased social interaction time, but in the rotarod there was no statistical difference between the two groups. Controls and exposed groups performed the same on the shuttle box test. The authors suggested that these results demonstrated induction of hyperactivity, decreased exploratory behaviour, and impairment of learning and memory in weaned pups, and induction of anxiety in the adults after exposure to lead during pregnancy and lactation.

Zaiser and Miletic (1997) examined how lead exposure during prenatal and postnatal exposure can affect long-term potentiation in the adult rat hippocampus. Dams were exposed to 0, 100, 500, or 1000 ppm lead acetate in their drinking water after weaning. Offspring were exposed via lactation and in their drinking water after weaning. At 13 weeks, a male and female pup from each litter were anaesthetised with urethane and prepared for recording of CA3-evoked field potentials in the hippocampal CA1 region. In control and 100 ppm lead-treated animals, high-frequency stimulation (50 hz) induced long-term potentiation (LTP) throughout a four hour recording period. In contrast, 1000 ppm lead-treated pups showed little LTP, while those exposed to 500 ppm exhibited LTP initially but then failed to maintain it. Chronic developmental lead exposure (starting at 500 ppm) prevented the full expression of LTP in the CA1 region of the rat hippocampus.

Partl et al. (1998) investigated in 17 to 21 day old Wistar rats exposed to 750 ppm lead acetate in food continuously during gestation and postnatal development, whether sudden onset of LTP impairment in the third postnatal week results in a reactive GFAP RNA expression. GFAP RNA was used as a marker for molecular biological changes in rat brain related to chronic, low level lead exposure during the developmental period. Brains in the third week of postnatal life, following continuous prenatal and postnatal exposure to 750 ppm lead acetate were investigated. There appeared to be enhanced amounts of GFAP RNA expression in the CA1 and CA2 regions of the hippocampus, striatum and in the cerebellum.

In earlier studies, it had been shown that the third postnatal week is characterised by dramatic changes in the NMDA receptor gene system and a sudden onset of LTP impairment in the hippocampal CA1 region following developmental lead exposure. The enhanced GFAP RNA level in the CA1 region may thus reflect a toxic insult of lead to the neurons in this region.

Kuhlman et al. (1997) exposed male rats to lead during different developmental periods and tested them as adults in a water maze to determine potential deficits in spatial learning. There were four exposure groups: Control – no exposure; Maternal group – 750 ppm gestation and lactation and pups on a control diet; permanent group-dams exposed to 750 ppm in diet during gestation and lactation and pups weaned onto same diet; unexposed pups given diet of 750 and 1000 ppm post weaning. A highly significant impairment in water maze performance was measured in rats exposed to lead only during gestation and lactation (maternal exposure). At the time of testing (100-106 days old), blood and brain lead concentrations were at control levels. Significant impairments were also present in rats continuously exposed to lead from conception through adulthood. Post-weaning exposure to lead alone did not result in impaired performances despite significantly elevated blood and brain lead levels at the time of testing. The authors state that the study supports the hypothesis that a window of vulnerability of lead neurotoxicity exists in the developing brain and that lead exposure can result in long-term cognitive deficits.

Altmann et al. (1993) suggested that lead might affect synaptic plasticity in the rat, as measured by impacts upon hippocampal long-term potentiation (LTP), and that such effects might be a cellular component of the impact of lead upon learning ability. Female rats were exposed to lead acetate (750 mg/kg) in the diet for 50 days prior to mating and through gestation, lactation and beyond. Other animals had only post-weaning exposure or gestational and pre-weaning exposure. Relative to background exposed controls and the other exposure protocols, effects upon LTP were greatest in animals with pre- and post-natal exposure. Impacts upon LTP were paralleled by impacts in learning tasks (two-way active avoidance learning), suggesting that the developing hippocampus was most susceptible to the effects of lead, that effects persisted into adulthood and that LTP disruption might be involved in aspects of lead-induced cognitive dysfunction.

Gilbert and Mack (1998) subsequently assessed the effects of lead on the more enduring forms of LTP in the dentate gyrus of the conscious rat. Beginning in the late gestational period, rats were chronically exposed to 0.2% Pb acetate through the drinking water of the pregnant dam, and directly through their own water supply at weaning. As adults, electrodes were permanently implanted in male offspring and field potentials evoked by perforant path stimulation were recorded from the dentate gyrus over several weeks. Analyses revealed that rats developmentally exposed to lead displayed an impaired ability to maintain LTP over time.

Gilbert et al. (1999a) further examined the effects of lead on LTP magnitude to determine if lower exposures to lead acetate in drinking water (0.1, 0.2, 0.5, or 1.0%) beginning just prior to parturition (gestational day 16) were effective in impairing synaptic plasticity. Male offspring were weaned at 21 days of age to the same solution given their dams and continued on this regimen until testing. As adults, electrodes were placed in the perforant path and dentate gyrus. Post-train I/O functions taken 1 hour after delivery of a series of six high frequency (400 hz) trains revealed a reduced capacity for LTP of the PS amplitude and EPSP slope in lead exposed animals in all but the 1.0% group, indicative of a biphasic dose-effect relationship. The 1.0% was clearly less effective than the lower exposure levels in reducing LTP magnitude, and did not differ significantly from control values. The mechanisms underlying the reduced efficacy of higher exposure levels of lead to impair LTP are not clear. The authors observed a reduction of hippocampal glutamate release at low lead exposures, but an absence of this release at higher concentrations of lead in the drinking water. The reversal of lead’s effect on glutamate release that accompanies higher exposure levels may serve to compensate for the mechanism underlying the LTP impairment and form the basis for the biphasic dose response pattern seen with chronic developmental exposure.

Gilbert et al. (1999b) evaluated the developmental periods critical for lead-induced impairment of LTP. Rats were exposed to 0.2% lead acetate through maternal milk and/or the drinking water over different developmental intervals: 1) beginning just prior to birth and continuing throughout life (PL) 2) beginning just prior to birth and terminating at weaning (PW) or 3) continuously from the early post-weaning period throughout life (WL). Pregnant dams received 0.2% lead acetate (167 mg/kg/day) in the drinking water on gestational day 16, with male offspring switched to the same solution or tap water (control) at weaning on postnatal day 21. As adults, (postnatal day 130-210), field potentials evoked by perforant path stimulation were recorded in the dentate gyrus and an ascending series of stimulus trains was administered to induce LTP and to determine its threshold. Lead exposure restricted to the lactational period appeared less disruptive to adult LTP in the dentate gyrus than continuous exposure beginning around birth or weaning. However, the excitatory postsynaptic potential (EPSP) slope LTP resulting from the activation of perforant path synapses located on the dendrites of dentate granule cells, was impaired in animals exposed to lead for as little as 30 days in the early postnatal period.

Chetty et al. (2001) investigated the role of nitrous oxide in brain development. Developmental changes in neuronal nitric oxide synthase (nNOS) in the cerebellum and hippocampus of the developing rat brain were investigated by radiometric assay, Western blot analysis and immunohistochemistry. Lead exposure (0.2% lead acetate – 167 mg/kg/day) was initiated on gestation day 6 through the drinking water of the dam and continued through birth and postnatal days 1-21. The pups were never exposed to lead directly. Lead exposure was stopped on weaning of pups from mothers on PND 21. The changes in nNOS were measured in the offspring on postnatal days 7, 14, 21 and 35. The nNOS activity was increased gradually from postnatal day 7 to 35 in both the cerebellum and hippocampus of control rats when the enzyme activity was determined in the presence of either 0.5 or 0.6μM calcium. However, lead exposure decreased the nNOS activity significantly at postnatal days 21-35 as compared to their respective controls when the enzyme activity was determined in the presence of 0.6 μM calcium. The decrease of nNOS was even greater and evident at all postnatal days tested when the enzyme was assayed in the presence of the physiological concentration of 0.5 μM calcium. In vitro studies further strengthened these findings. The authors stated that the data suggested that perinatal lead exposure decrease the nNOS in the developing brain. The decrease of nNOS activity and protein may explain lead-mediated cognitive deficits because NO regulates long-term potentiation (LTP) and other neurophysiological events in the developing brain.

Animal Studies - Mice

Draski et al. (1989) exposed mice prenatally to either water or a 0.5% (420 mg/kg/day) lead acetate solution via their biological dam. At birth, litters were cross-fostered so that they were postnatally exposed to either water or lead via their foster dam. Early preweaning measures of square crossing and stand-ups in an open field and time to return to home cage nest showed that the effects of lead on behaviour depend on: the developmental stages during which the individual is exposed to the toxin as well as age and conditions when tested.

Epstein et al. (1999) studied the qualitative differences between mice born to mothers exposed to pre-mating lead and the mice in gestational, postnatal, and control treatments. The studies covered five exposure groups of mice: 1) H2O represents mice born to females never given lead-containing water (controls); 2) Postnatal represents mice born to a mother whose drinking water contained 10 mg/ml of PbAc, starting when the mice were born; 3) Gestational represents mice born to a mother whose drinking water contained 10 mg/ml of PbAc, starting 2 days after being mated; 4) Pre-mating/1 Pb represents mice whose grandmothers drank water containing 1 mg/ml of PbAc, while nursing the eventual mothers of the target mice; 5) Pre-mating/1 Pb represents mice whose grandmothers drank water containing 1 mg/ml of PbAc while nursing the eventual mothers of the target mice. This group was studied to determine how much PbAc needed to be taken in to produce any brain changes.

Compared to developments in control mice, postnatal lead slowed brain weight development, lowered asymptomatic brain weight, decreased DNA per brain somewhat, but had no effect on protein per brain. Gestational lead similarly slowed brain weight development, lowered asymptomatic weight, greatly decreased DNA per brain, but had no effect on protein per brain. In contrast, pre-mating lead significantly increased brain weight and protein per brain and lowered DNA per brain substantially. The authors suggested that these effects of pre-mating lead on brain weight and protein per brain could be due to the effects of lead on developing maternal reproductive systems or to lead’s presence during the rarely studied ovulation-to-fertilization period. Changes occurred in the mice at both the 1 mg/ml (0.141 mg/kg/day) and the 10 mg/ml exposure levels.

Animal Studies - Hamster

Delville (1998) tested the effects of early exposure to low doses of lead on aggressive behaviour in male golden hamsters. Litters of hamsters were exposed to lead acetate (either 0 or 100 ppm) from embryonic day 8, through weaning on postnatal day 25 (p-25) until postnatal day 42. Lead exposure had significant effects on body weights. The pre-weaning period is characterised by play-fighting behaviour. Play-fighting behaviour was tested on p-19 and p-20 around the developmental onset of the behaviour. During the first day of testing, lead-exposed hamsters displayed less play fighting activity; however, this difference disappeared by postnatal day 20. Around the same time, lead exposed animals were around 20% lighter than the controls, suggesting a delayed maturation in these hamsters. Aggressive behaviour was tested in early adulthood (p-45) in a resident/intruder paradigm. Lead exposure affected aggressive behaviour, because lead-exposed male hamsters were faster and more likely to attack and bite their intruders. The authors suggested that the results support the possibility that early exposure to low doses of lead during development is capable of enhancing aggressive behaviour in males.

Neurobehavioural Effects Of Prenatal Lead Exposure in Humans

The developmental effects of prenatal lead exposure upon cognitive function have already been discussed at some length (Section 4.1.2.7.4.2) and are most properly viewed within the larger perspective provided in that section. A summary of the more detailed discussions in that section is provided here. Lead has long been recognised as a developmental neurotoxicant at high exposure levels; however, there has been debate concerning lead’s impact on the neurobehavioural and psychomotor development of children at low levels of exposure. Eight prospective studies have attempted to detect a relationship between maternal or cord blood lead levels and IQ deficits. Five of these studies, Boston, Cincinnati, Sydney, Port Pirie and Cleveland were designed similarly and were conducted around the same time period. The first four of these studies examined children up to seven to ten years of age and found no effect of prenatal lead exposures on global IQ measures. The Cleveland study measured GCI (General Cognitive Index), full scale, verbal and performance at 57 months of age and found no IQ deficit (Ernhart et al. 1988). The Boston study reported an adverse prenatal effect upon mental development indices at 24 months of age in children with blood lead levels between 10 and 25 µg/dL. This effect was no longer evident at 57 months of age (Bellinger 1991) nor at ten years (Bellinger et al. 1992).

Four other prospective studies should be noted. The Nordenham (Winneke et al. 1989) and Glasgow (Moore et al. 1989) studies, although longitudinal in nature, have different study designs and measurement methodology than the above-mentioned studies. Regardless, the Nordenham study found no significant relationship of maternal or cord lead level with full scale, verbal or performance IQ at age six to seven years. The Glasgow study found no significant effects of maternal lead level on the MDI (Mental Development Index) at one and two years and there was no follow-up beyond two years of age.

Two other prospective studies designed similarly to the five studies mentioned earlier and still in progress have observed weak prenatal effects. In the Mexico City study, Rothenberg et al. (1994b) reports a relationship between midpregnancy maternal blood lead levels and altered brain functions involving spatial localization of sound. In the Yugoslavia study (Wasserman et al. 1994) where the mean prenatal blood lead was 22.4 µg/dL, a weak effect on the four year GCI was noted. Global IQ has been measured in this study (Wasserman et al. 2003) but reported analyses did not include associations with prenatal lead exposure. Whether earlier reported associations with prenatal blood lead have persisted is not known. There is also some question as to whether residual confounding from social and ethnicity differences (and other exposures at the smelter site) have affected statistical analyses.

Although the Port Pirie study reported no relationship between prenatal lead exposures and full scale IQ at seven years of age, Baghurst et al. (1992) does note a sensitivity of lead exposure to visual-motor integration. Baghurst et al. (1995) further explores this developmental parameter and suggests an inverse association between prenatal and postnatal blood concentration and children’s visual-motor performance. The average prenatal blood lead level in this cohort was 9.5 µg/dL (cord) and 8.4 µg/dL (maternal). Although Baghurst et al. (1995) indicate that the visual motor integration index may be a more sensitive indicator than global IQ measures of development, it is unclear of the importance of the relationship in the absence of an effect on global IQ.

Prenatal Exposure and Neurobehavioral Effects Conclusions

1. Animals studies demonstrate that prenatal lead exposure is capable of impacting upon multiple aspects of nervous system performance. Effects have been observed in multiple species (primate, rat, mouse and hamster) and range from subtle alterations in brain neurochemistry to performance measures such as learning and behaviour. The exposure levels and blood lead levels associated with these changes are generally higher than those that characterize exposures in the human general population.

2. Human data on prenatal impacts of lead exposure are less than definitive. Early associations have been observed between pre-natal lead exposure and indices of physical and mental development applied to young children. However, relationships to IQ in later life appear to be limited and secondary to the impacts associated with post-natal lead exposure. As discussed in greater detail in Section 4.1.2.7.4, the most definitive data on impacts of pre-natal lead exposure are to be derived from longitudinal studies of child development. Effects observed are not statistically significant when subjected to meta-analysis (Pocock et al. 1994), but only five of the nine studies were included in this analysis.

3. Of nine studies that have evaluated pre- and post-natal lead exposure impacts, only two provide evidence of a pre-natal effect upon global measures of intelligence. Most studies observe impacts upon early mental development indices that reverse or attenuate with time. Studies in Yugoslavia (Wasserman et al. 2000b) suggest that a 50% rise in prenatal blood lead is associated with a 1 point decrement in IQ at ages 5 and 7. Whether this association has persisted to recent assessments at age 10 – 12 has not been reported. The Boston study (Bellinger et al. 1992) observed early deficits in indices of physical and mental development that tended to persist in children with continued high post-natal lead exposure and lower social class standing. Combined, these data suggest the effects of pre-natal lead exposure are subtle, secondary in magnitude to those of post-natal lead exposure and subject to effect modification as a function of post-natal lead exposure intensity and enrichment of the child’s early developmental environment.

Table 4.203:
Effects of prenatal lead exposure upon neurobehavioural

	Study
	Year
	Compound
	Species
	Exposure period
	Dosage levels
	Indication of response
	LOAEL
	NOAEL

	1. Chronic low-level exposure from birth produces deficits in discrimination reversal in monkeys

Rice 
	1985
	Pb acetate dissolved in glycerin and administered in milk
	Monkey
	Postnatal exposure 

Monkeys were dosed 5 days per week from birth to 200 days
	0 μg/kg/day

50 μg/kg/day

100 μg/kg/day
	The higher dose group was impaired relative to controls over the entire experiment (all three tasks combined), the two form discrimination tasks combined, and the form discrimination with no irrelevant cues. Deficits were most marked over the first several reversals. The lower dose group was impaired on the colour discrimination task and on the last several reversals of all tasks combined. In addition, the higher dose group was impaired relative to the lower does group over the entire experiment.
	0.05 mg/kg/day
	

	2. Low lead exposure from birth produces behavioural toxicity (DRL) in monkeys

Rice and Gilbert 
	1985 
	Pb acetate dissolved in glycerin and administered in milk
	Monkey
	Postnatal exposure
	0 μg/kg/day

50 μg/kg/day

100 μg/kg/day
	Exposure to Pb from birth onward resulted in dose-related differences in DRL performance when monkeys were between 3 and 4 years of age. The differences in performance on the DRL schedule were more subtle than those observed previously on a fixed-interval (FI) schedule of reinforcement.
	0.05 mg/kg/day
	

	3. Long-term lead effects on the Hamilton Search Task and delayed alternation in monkeys

Levin and Bowman
	1986
	Pb acetate given by nasogastric intubation and Pb acetate in milk formula
	Monkey
	The Pb treatment consisted of two early pulses of Pb acetate followed by a chronic dose for the rest of the first year after birth. The first pulse consisted of 10 mg/kg given by nasogastric intubation on either days 8 or 9 after birth with 1 mg/kg/day given on the next 5 days, which resulted in blood Pb levels of about 80 μg/dL. The blood Pb was maintained at this level by 0.7 mg/kg/day of Pb acetate. The second pulse given on day 29 or 30 was similar. For the rest of the 
	0.7 mg/kg/day
	A pronounced Pb-related deficit was detected in the test of Delayed Spatial Alternation (DSA) and a much less robust effect was detected in the Hamilton Search Task (HST). The deficits may have been due to deficits in strategy or attention.
	0.7 mg/kg/day
	

	
	
	
	
	first year the monkeys were given daily doses of Pb acetate in their milk formula starting at 0.7 mg/kg/day and adjusted to achieve a target blood Pb concentration of 80 μg/dL. 3 treated monkeys and 2 controls.
	
	
	
	

	4. Low-level lifetime lead exposure produces behavioural toxicity (spatial discrimination reversal) in adult monkeys

Gilbert and Rice 
	1987
	Pb acetate in glycerin administered through milk
	Monkey
	Postnatal exposure
	0, 50 or 100 μg/kg/day
	Treated monkeys were impaired relative to controls in the presence but not in the absence of irrelevant cues. Moreover, the lower dose group was impaired only during the first task after the introduction of irrelevant stimuli, but not after irrelevant stimuli were familiar. Impairment in the face of unfamiliar but not familiar tasks proposed as a hallmark of Pb intoxication in monkeys.
	0.05 mg/kg/day
	

	5. Lifetime low-level lead exposure produces deficits in delayed alternation in adult monkeys 

Rice and Karpinski
	1988
	Pb acetate dissolved in glycerin
	Monkey 
	Postnatal exposure 
	0 μg/kg/day of Pb

50 μg/kg/day of Pb

100 μg/kg/day of Pb
	Data were indicative of spatial learning and short-term memory deficits in the lead-exposed monkeys
	0.05 mg/kg/day
	

	6. Schedule-controlled behaviour in infant and juvenile monkeys exposed to lead from birth

Rice 
	1988
	Pb acetate dissolved in glycerin and administered with milk or in gelatin capsules
	Monkey
	Postnatal exposure
	0 μg/kg/day

2000 μg/kg/day
	Infant testing was characterised by increased FR pause and decreased FI pause in the treated monkeys. Juvenile performance of Pb-treated monkeys was characterised by increased FI run rate, pause time, and index of curvature. Treated monkeys exhibited increased variability of performance both within and between sessions on several measures of FI and FR performance.
	2 mg/kg/day
	

	7. Effects of postnatal lead on open field behaviour in monkeys

Ferguson and Bowman
	1990
	Pb acetate in milk formula
	Monkey
	Postnatal exposure from birth to day 365 after birth
	10 mg Pb/kg body weight on day 8 or 9 or day 29 or 30 after birth via nasogastric intubation in distilled water. On days 9-29 these monkeys were given 0.7 mg of Pb/kg of body weight in their morning milk formula. For
	Significant differences were found between the exposed and control subjects on several tests: failure to habituate as evidenced by a number of sectors entered, increased duration of activity and environmental exploration and a longer latency to enter the open field. These results support a correlation between early Pb exposure and hippocampal dysfunction
	0.7 mg/Pb/kg
	

	
	
	
	
	
	the rest of the first year after birth (days 42-365), the daily dose in milk formula was 0.7 mg of Pb/kg of body weight. Monkeys assigned to the control group received doses of sodium acetate calculated to be equi-ionic to the Pb doses and administered using the same dosing protocol as used for the Pb treated monkeys.
	
	
	

	8. Lead exposure during different developmental periods produces different effects on F1 performance in monkeys tested as juveniles and adults

Rice 
	1992
	Pb acetate dissolved in glycerin and administered in gelatin capsules
	Monkey
	Monkeys were dosed with 1.5 mg/kg/day of Pb as Pb acetate according to one of 4 regimens:

Group 1: control (dosed with vehicle);

Group 2: Dosed with Pb continuously from birth;

Group 3: Dosed with Pb from birth to 400 days of age and vehicle thereafter;

Group 4: Dosed with vehicle from birth to 300 days of age and Pb thereafter.
	The dose was equivalent to 1.5 mg/kg/day delivered over 5 days per week (2.1 mg/kg Mon-Fri).
	These monkeys were unaffected during the first assessment, performed 2 years after cessation of dosing, but performed differently from the controls on the second assessment, performed 7-8 years after cessation of dosing. Monkeys in the present study had extensive exposure to trials procedures between the first and second assessment. It may be that the negative results of the first assessment and positive results of the second are the result of an interaction of Pb with such a behaviour. This suggestion is especially compelling in view of the results from Group 3, dosed only during infancy. These monkeys were unaffected during the first assessment, but performed differently than controls on the second assessment.

This finding, combined with data from previous studies, suggests that the greater total dose of Pb accumulated by Groups 2 and 4 between the first and second assessment is not an explanation for the difference in results. These results also indicate that exposure to Pb during infancy is not necessary for F1 performance to be affected, and that exposure only during infancy is sufficient to produce effects. These data suggest that Pb exposure during different developmental periods may have differential effects on different types of behaviours.
	1.5 mg/kg/day
	

	9. In utero lead exposure in squirrel monkeys: Motor effects seen with schedule-controlled behaviour

Newland, Yezhou, Logdberg and Berlin 
	1996
	Pb acetate administered orally in pieces of apple and in drinking water
	Monkey
	Exposures began during gestational week 8.5 for two of the monkeys and during week 5 for all other Pb-exposed monkeys and exposure was maintained until parturition. Gestation is about 22 weeks. Exposures were timed to accord with the period during which mitosis and migration of cells to the outer cerebral cortex takes place. Unexposed monkeys born in the same year served as controls.
	80 to 100 mg/day to yield maternal blood lead of 21 – 70 µg/dL
	Monkeys exposed prenatally to Pb showed an increased number of responses failing to meet the requirement of pulling against 1 kg spring through a 1 cm displacement when behaviour was maintained by a fixed-ratio schedule, which engenders a vigorous, high-rate pattern of responding. The appearance of incomplete responses while the monkeys pulled vigorously against a 1 kg spring suggests that Pb exposure during gestation produced subtle motor impairments years after exposure has ended.
	80-100 mg/Pb/day
	

	10. Lead effects on the brain stem auditory evoked potential in monkeys during and after the treatment phase

Lilienthal and Winneke 
	1996
	Pb acetate in drinking water
	Monkey
	Monkeys were pre- and post-natal exposed to Pb. Their mothers received Pb-contaminated diets from 50 days prior to mating continuously until weaning of offspring when they were 5 months of age. Thereafter the offspring were maintained on the same diets as their respective mothers until age of about 9.75 years. The end of the second experiment Pb exposure was terminated.
	0, 350, 600 mg Pb acetate/kg laboratory diet. For the average adult male monkey with a body weight of 12 kg and a food intake of about 220 g the concentration of Pb in the diet corresponds to a daily intake of about 4 and 7 mg Pb/kg body weight in 350 mg and 600 mg animals, respectively.

Control – 9.3

350 mg – 40.3

600 mg – 55.7
	There were no clinical signs of intoxication. The 600 mg group exhibited the longest latencies at all stimulus conditions. Latency deviations from control values in the 350 mg group were more variable, reflecting the less clear effects of lead on the BAEP in this group. These same effects were confirmed after cessation of exposure for 18 months. The prolonged latencies in the BAEP were not dependent on current exposure, but may persist long into the post exposure period. It was noted that the wavelengths affected represented an impairment of the synaptic transmission rather than receptor function and that the same structures and functions seem to be affected by Pb in monkeys and human children.
	4 mg/kg/day
	Somewhere in the range of 0-350ppm

	11. Developmental and behavioural changes in rat during chronic exposure to lead

Reiter, Anderson, Laskey, Cahill 
	1975
	Pb acetate in drinking water
	Rat
	Prenatal and postnatal Pb exposure
	0ppm

5ppm

50ppm
	Significant delays were noted in the development of the righting reflex at 5 and 50 ppm and in eye opening at 50 ppm. No difference was observed in development of the startle reflex at either dose. Mean body weights of treatment groups during this developmental period were not significantly different from controls. Locomotor activity was measured in adult males utilizing a residential maze. Both levels of Pb produced a significant reduction in 
	5ppm
	

	
	
	
	
	
	
	locomotor activity. When groups were treated with d-amphetamine, Pb treatment caused a dose related diminution in the amphetamine-induced hyperactivity.
	
	

	12. Performance and exposure indices of rats exposed to low concentrations of lead 

Cory-Slechta, Weiss and Cox 
	1985
	Pb acetate in drinking water 
	Rat 
	Postnatal exposure
	Controls-25ppm Na acetate

Exposed-25ppm Pb acetate
	This exposure produced overall response rate increases over the first 40 sessions that were similar to those observed previously with higher concentrations of Pb. The increased overall response rates in the treated group derived primarily from an increased frequency of shorter inter-response times (IRTs) and increased running rates (calculated without the post-reinforcement interval). 
	25ppm
	

	13. Postnatal lead exposure induces super sensitivity to the stimulus properties of a D2D3 agonist

Cory-Slechta, Pokora, Widzowski
	1992
	Pb acetate in drinking water 
	Rat
	Postnatal exposure up until 21 days through the dams 
	0ppm

100ppm

350ppm
	Taken together these findings are consistent with a Pb-induced functional D2-D3 super sensitivity possibly mediated via autoreceptors. The authors suggest that this functional D2-D3 super sensitivity necessarily represents a permanent effect of postnatal Pb exposure since both blood and brain Pb levels were negligible at the time drug discrimination training began.
	100ppm
	

	14. Lead exposure and latent learning ability of adult female rats

Rodrigues, Rubin, Souza, DeMello 
	1993
	Pb acetate in drinking water
	Rat
	Pre- and post-natal exposure
	Deionised Water

0.5 mM

1.0 mM

4.0 mM
	The main objective of this study was to determine the performance of chronically Pb-intoxicated rats in a latent learning task in contrast to water-treated rats. During training sessions lead-treated animals exposed to an open field presented higher activity scores than those of control animals. Furthermore, control animals showed a decrease in locomotion scores along the sessions, an effect not observed in Pb-treated animals. This indicated that Pb treated animals failed to habituate to their environment (the time for exposure to apparatus was 10 minutes in this experiment as opposed to 3 hours in other reported experiments). However, Pb treatment had no effect on the activity scores of animals exposed to a maze.
	1.0 mM

42.3 mg/kg/day**
	0.5 mM

21.3 mg/kg/day*

	15. Alterations in acquisitions and pattern of responding in rats sub chronically exposed to low levels of lead

Jadhav and Areola 
	1997
	Pb acetate in drinking water
	Rat
	Post-weaning, sub-chronic exposure to low levels of Pb starting at 21 days.
	0ppm

5ppm

50ppm
	Performance on continuously alternating multiple schedules of fixed interval (FI) and fixed ratio (FR) was evaluated at 51 days of age. The response and stimulus in the 50 ppm Pb treated group were significantly lower than in the control group or the 5ppm Pb treated group. At the 5 ppm dosage level, no significant change in any of the parameters of behavioural paradigms were observed, although levels of Pb accumulated in the brains of the 5 ppm Pb treated rats were significantly higher compared with controls. Perhaps the Pb accumulation that resulted was not enough to cause changes in learning or the paradigms used in the study were not sensitive enough to detect changes that may have occurred.
	5ppm

Brain-Pb accumulation
	5ppm

	16. Prenatal and postnatal chronic to low levels of inorganic lead attenuates long-term potentiation in the adult rat hippocampus in vivo 

Zaiser and Miletic 
	1997
	Pb acetate in drinking water
	Rat
	A week before mating to 21 days of lactation; offspring through lactation and in drinking water after weaning
	0 ppm - <5

100 ppm-56 ppm – 11.5

500 ppm-317 ppm – 24.6

1000ppm-756ppm – 31.5
	0 and 100ppm produced long-term potentiation (LTP). 

500ppm LTP initially but then failed to maintain it.

1000ppm showed little LTP.
	500ppm
	100ppm

	17. Developmental lead exposure causes spatial learning deficits in adult rats

Kuhlmann, McGlothan, Guillarte 
	1997
	Pb acetate in diet
	Rat
	Gestation (G), lactation (L)and post-weaning
	CTRL – no exposure maternal group-750 ppm G/L and pups on a control diet; permanent group-dams exposed to 750 ppm in diet during G/L and pups weaned onto same diet; unexposed pups given diet of 750 or 1000ppm

Control - 0.9

Maternal – 1.8

Permanent – 21.3

Post Weaning

(750) – 22.8

Post Weaning

(1000) – 26.3
	Water maze performance impaired with Pb exposure during G and L; impairments also seen in rats continuously exposed to Pb from conception to adulthood; post-weaning exposure alone did not result in impaired performance.
	750ppm
	

	18. Effect of lead acetate on neurobehavioural development of rats

Mello, Kraemer, Flippin, Morsch, Rodrigues, Martins, and Rubin 
	1998
	Pb acetate in drinking water
	Rat
	Before conception, prenatal and postnatal exposure
	1.0 mM
	Prenatal exposure caused no effect on weight of pups at delivery or on litter size or litter weight gain. Lead-treated animals presented accelerated eye opening and the startle reflex appeared earlier than in controls. Lead-treated animals presented increased scores on the negative geotaxis test and an earlier date of appearance of the free-fall righting reflex, although brain Pb levels were comparable to the control group at birth. Other motor responses such as cliff avoidance and beaker equilibration task were not affected by Pb treatment.
	1.0 mM

42.3 mg/kg/day**
	

	19. Chronic lead exposure accelerates long-term potentiation in rat dentate gyrus in vivo

Gilbert and Mack 
	1998
	Pb acetate in drinking water (0.2%)
	Rat
	Gestation, lactation and post-weaning 
	0.2% Pb acetate in the drinking water throughout gestation, lactation and the post-weaning exposure periods CTRLs administered distilled water. No PbB data reported.
	Studies revealed a more accelerated rate of decay of LTP in animals developmentally exposed to Pb relative to controls.
	167 mg/kg/day*
	

	20. GFAP gene expression is altered following developmental low level lead 

Partl, Herbst, Schaeper, Mohnhaupt, Stoltenburg-Didenger 
	1998
	Pb acetate in food 436 mg/kg food (=685 mg Pb/kg food)
	Rat
	Five months prior to mating and during the gestation and lactation; pups had access to dam’s food
	CTRL - 0.71

Exposed – 17.8
	Low level Pb exposure effects the GFAP RNA amount. Grey values were enhanced in the CA1 and CA2 regions of the hippocampus, in the striatum and in the cerebellum.
	750ppm
	

	21. The influence of developmental period of lead exposure on LTP in the adult rat dentate and gyrus in vivo

Gilbert, Mack, Lasley
	1999B
	Pb acetate in drinking water (0.2%)
	Rat
	2 groups of dams placed on 0.2% Pb acetate in drinking water and 2 groups were maintained on distilled water or tap water; offspring from one exposed group continued on 0.2% water; offspring from second exposed group placed on 0.2% Pb water until testing; fourth group not exposed to Pb at all.
	CTRL – not reported

Exposed – 35-40
	Reductions in LTP and EPSP slope in all Pb exposed groups; elevated LTP threshold in the continuously exposed group only; appeared less disruptive to adult LTP; EPSP slope impaired in animals exposed to Pb for as little as 30 days in early postnatal period; Pb exposure restricted to early developmental period although sufficient is not necessary to produce persistent deficits in synaptic plasticity in the dentate gyrus.
	167 mg/kg/day*
	

	22. Chronic developmental lead exposure and hippocampal long-term potentiation biphasic dose-response relationship

Gilbert, Mack, Lasley 
	1999A
	Pb acetate in drinking water
	Rat
	Beginning just prior to parturition (gestation day 16), lactation, and post-weaning to adult
	Pregnant dams were exposed to control tap water or 0.1, 0.2, 0.5 or 1.0% Pb acetate in drinking water. Parturition (gestational day 16). Male offspring were weaned at 21 days of age and were continued on this regimen until testing.

Control – 1.5, 0.1 – 26.8, 0.2 – 40.2, 0.5 – 61.8, 1.0 – 117.6
	LTP was reduced in magnitude by developmental exposure to 0.1%-0.5% in the drinking water.

The 0.5% produced a less dramatic impairment of LTP magnitude and the 1.0% level failed to reduce LTP magnitude at all. Biphasic dose-response pattern.
	0.1% Pb acetate in drinking water

84 mg/kg/day*
	1.0% Pb acetate in drinking water 

836 mg/kg/day*

	23. Enduring effects of early lead exposure: evidence for a specific deficit in associative ability 

Garavan, Morgan, Levitsky, Hermer-Vazquez, Strupp 
	2000
	Pb acetate in drinking water 
	Rat
	G/l gestation/lactation or l-lactation only
	CTRL - <5

G/L300ppm – 43->159

L300 ppm – 36->159

L600 ppm – 43->159
	L600 and G/L spatial response bias.

L300 and L600 post perseverative learning impairment.

G/L300 faster learning in final phase.

L-lactation.

G-gestation.


	300ppm
	

	24. Developmental lead exposure in rats: is a behavioural sequel extended at F2 generation?

Trombini, Pedrow, Ponce, Almeida, Godinho
	2001
	Pb acetate in drinking water
	Rat
	F1-generation – exposure to 750ppm during gestation and lactation

F2-generation – Pb free
	CTRL-0ppm

Exposed-750ppm
	F1 - Elevated plus maze, No.

Open field, Yes. 

Pb contents higher in 1 and 30 day old pups.

F2 - Alterations in open field.

Behaviour still present.

Developmental Pb exposure may cause behavioural effects during developmental stage of F1 generation which remains through adult life and is extended to F2 generation of rats.
	750ppm
	

	25. Developmental lead exposure behavioural alterations in the short and long term

Moreira, Vassilieff, Vassilieff 
	2001
	Pb acetate in drinking water
	Rat
	Exposure during pregnancy and lactation
	500ppm
	In 23-day-old pups Pb exposure during pregnancy and lactation increased ambulation in the open-field test, decreased head dip count and head dipping duration in the holeboard test, but did not influence the behaviour in the elevated plus maze test. Controls presented a significant increase in the shuttle avoidance responses on the third day of the test when compared to the first day. In the Pb-exposed 
	500ppm
	

	
	
	
	
	
	
	group, such a difference was not detected. In the 70-day-old exposed pups, the head dip in the holeboard test was increased significantly, but the behaviour of adult pups in the open-field and elevated plus maze tests were not influenced. There was however, a statistical tendency observed in the elevated plus maze test. The percentage of time spent in the open arms tended to be decreased compared to controls. In the social interaction test, Pb-exposed pups showed decreased social interaction time, but in the rotarod there was no statistical difference between the two groups. Controls and exposed groups performed the same on the shuttle box test.

The authors suggest that these results demonstrate induction of hyperactivity, decreased exploratory behaviour, and impairment of learning and memory in weaned pups, and induction of anxiety in the adults after exposure to Pb during pregnancy and lactation.
	
	

	26. Perinatal lead exposure alters the expression of neuronal nitric oxide synthase in rat brain

Chetty, Reddy, Murthy, Johnson, Sajwan, Desaiah 
	2001
	Pb acetate in drinking water
	Rat
	Exposure initiated on gestation day 6 and continued through birth and postnatal days 1-21. pups were never exposed directly. Exposure was stopped after weaning.
	Exposure-0.2% Pb acetate in drinking water.

No blood lead data provided.
	Perinatal Pb exposure decreases the neuronal nitric oxide synthase in rat brain.
	167 mg/kg/day*
	

	27. Lead exposure and dorsomedial striatum mediation of mixed interval schedule-controlled behaviour

Cory-Slechta, Brockel and O’Mara 
	2002
	Pb acetate in drinking water
	Rat 
	Exposed at weaning 
	0ppm

50ppm

500ppm
	Lead exposure increased the overall rates on the fixed interval (FI) schedule controlled behaviour. The 0 and 50 ppm groups did not differ. The 500ppm group showed decreased response rates.
	500ppm
	50ppm

	28. The influence of prenatal and/or postnatal exposure to lead on behaviour of preweaning mice

Draski, Burright, Donovick 
	1989
	Pb acetate in drinking water
	Mice
	Litters were assigned to one of four treatment conditions and all were cross-fostered within 24 hours of birth.

1) prenatal exposure to deionised water

2) prenatal exposure to water and cross-fostered to Pb treated dam

3) prenatal exposure to Pb and postnatal exposure to water

4) pre- and post-natal exposure to Pb via appropriate cross-fostering.
	0.5% aqueous Pb acetate
	Early preweaning measures of square crossings and stand-ups in an open field and time to return to home cage nest showed that the effects of Pb on behaviour depend on: the developmental stages during which the individual is exposed to the toxin as well as age and conditions when tested.
	0.5% Pb acetate in drinking water 

420 mg/kg/day
	

	29. Exposure to Pb during development alters aggressive behaviour in Golden Hamsters

Delville 
	1999
	Pb acetate in drinking water
	Hamster
	Exposure started on embryonic day 8, one week before parturition, and continued through lactation.
	0ppm

100ppm
	Lead exposure had significant effects on body weights. The pre-weaning period is characterised by play-fighting behaviour. Lead exposure had a temporary effect on play-fighting behaviour. At end of pubertal period, there was a clear effect of Pb exposure on aggressive behaviour. Litters of Pb-exposed male hamsters were faster to initiate aggressive behaviour. 
	100ppm
	


*mg/kg calculated based on Ronis (1996) and the ATSDR Table 2-4 p.135. **mg/kg calculated based on Ronis (1996) and Johansson and Wide (1986) and the ATSDR Table 2-4 p. 135, 143.

4.1.2.10.4 Overall Summation of Reproductive Impacts

Studies in humans and experimental animals have evaluated impacts of lead upon sexual maturation and semen quality, pregnancy outcome, and neurobehavioural effects of prenatal lead exposure.

1. The available evidence suggests that a lead effect upon semen quality at moderate to high levels of exposure is likely to manifest itself in a subtle and progressive fashion. Maintenance of occupational blood lead levels at or below 45 µg/dL should preclude an impact upon semen quality. As blood lead levels increase above 50 µg/dL, progressively greater impact would be expected, although impacts upon outcome measures such as fertility could manifest in a variable fashion as a function of pre-exposure semen quality. Animal studies document impacts upon fertility, but also require high exposure levels that produce toxicity in multiple organ systems. The results of a recent EU multi-center study documented the progressive effects of lead upon semen quality as a function of lead exposure intensity. The size of the study and the range of blood lead levels examined was sufficient to permit analysis for effect thresholds. Impacts upon semen quality were only observed when blood lead levels exceeded 47 µg/dL. A blood lead level of 45 µg/dL is carried forward to Risk Characterization as a NOAEL for effects upon semen quality in men.

2. The animal data, and “anecdotal” historical human data, suggest fertility effects in females are probable as well. The dosimetry for fertility effects in women cannot be estimated with precision, but effects do not appear to occur at exposure levels that characterize the upper limits of modern occupational exposure limits. As such, impacts upon female fertility will not be carried forward to Risk Characterisation.

3. Effects of paternal exposure upon pregnancy outcome have been investigated and, while sporadic associations have been reported for endpoints such as pre-term birth or minor birth defects, these associations are generally in registry based studies with limited exposure history information. There is little reason to believe that paternal lead exposure will influence pregnancy outcome.

4. High doses of lead are known to induce spontaneous abortions in women, but this appears to be a high dose effect that is poorly defined and primarily described in historical literature. The existing data further suggest that lead exposure will not lead to increased frequency of congenital abnormalities. Data relating prenatal blood levels to preterm delivery, gestational age and/or birth weight are mixed and provide uncertain results. Weight of evidence evaluation indicates that effects do not occur at blood lead levels up to 30 µg/dL, but are not adequate to determine the extent of the higher exposure levels that would be required to produce effects. A NOAEL of 30 µg/dL is recommended for pregnancy outcome and will be carried forward to risk characterization for women of child-bearing capacity.

5. Effects of prenatal lead exposure upon neurobehavioural performance measures have been demonstrated in studies of experimental animals and presumably will occur in humans. However, available data are inadequate to establish the dose-effect relationships that characterize this endpoint. While effects have been observed upon early measures of mental and physical development, attenuation of effects typically occurs over time and, in most studies, are not associated with impacts upon measures such as IQ. However, effects of prenatal lead exposure upon IQ can be difficult to dissociate from those of postnatal exposure. An effect of pre-natal lead exposure has been suggested by two of nine longitudinal studies and has only be reported to persist in one. Effects observed are secondary in magnitude to those produced by exposures after birth, but blood lead levels above 10 µg/dL have been suggested to exert an effect. Although the effects under consideration would not constitute material impairment of an individual child born to a woman with a blood lead level in the range of 10 – 20 µg/dL, maintenance of the blood lead levels of pregnant women at or below 10µg/dL is advised and will be carried forward to Risk Characterization as a NOAEL for developmental effects.

Inorganic lead compounds are currently classified as Repr. Category 1; R61 (development) and Repr. Cat. 3; R62 (fertility) reproductive toxicants. The current data evaluation supports this classification for effects upon female fertility. Recent studies indicate that lead exposures greater than 50 µg/dL will impact upon the semen quality of men. While at first this effect is modest, effect size increases as a function of increasing exposure and would be predicted to have an adverse impact upon male fertility. Revision of the current classification of inorganic lead compounds from Repr. Cat. 3; R62 to Repr. Cat. 1 R60 is thus proposed.

4.1.3 Risk characterisation

4.1.3.1 General aspects

Humans may be exposed to lead metal and/or inorganic lead compounds in the workplace, from consumer products, indirectly via the environment, and in the vicinity of local (point) sources. Available human exposure data, with the exception of occupational exposure, have been summarised in Section 4.1.1 of this document. Occupational exposures are described in the companion draft of Occupational Exposure.

Exposure experienced by an individual will be a composite of multiple exposure vectors – no single environmental compartment can be considered in isolation. Rather, the summation of exposures, inasmuch as is possible, should be evaluated for the purposes of risk assessment. Towards this end, measured blood lead data provide a valuable exposure index that integrates input from all relevant exposure pathways. The validity of assumptions regarding levels of exposure that may result from the combined impact of multiple exposure vectors can be established if concordance is obtained between presumed levels of exposure and observed blood lead levels. Different assumptions regarding human exposure can thus be evaluated for purposes of risk characterisation.

General population blood lead levels appear to have declined in most countries over the course of the past decade. However, with a few exceptions, blood lead averages reported are based upon relatively limited sample sizes. In addition, most blood lead were not conducted in accordance with randomised sampling protocols required to ensure that the values reported are indeed representative of the general population and/or that the frequency distribution of blood lead levels (where reported) is similarly representative. Studies conducted within the framework of the German Environmental Survey (GerES) program perhaps represent the most comprehensive and consistent sampling within the EU and provide a sound demonstration that adult blood lead levels in Germany have been in steady decline over the past 10 years and are now on the order of 2 – 3 µg/dL (geometric mean). The GerES program has also recently reported low blood lead levels for younger children. More limited, but informative, randomised surveys of reasonable size have also been conducted in Belgium, France, Italy, Spain, Sweden and the United Kingdom. In a number of instances these sampling programs suggest that current average adult blood lead levels are approximately 5 µg/dL or less.

Data for very young children is quite limited. The studies of Golding et al. (1998) specifically evaluated blood lead levels in children at an age (30 months) of potential heightened risk to both lead exposure and lead toxicity. The observed lead levels in this modern study were low (3.4 µg/dL), but whether such levels are representative of those throughout the EU is difficult to ascertain. Somewhat older children (age 3-6 years) have been included in other surveys, and equivalent blood lead levels observed, but generalizations regarding the typical blood lead levels of very young children are made difficult due to the limited data available.

Given the documented contribution of lead in gasoline to general population blood lead levels, trends in blood lead can further be interpreted within the context of the time frames during which the use of lead in gasoline was eliminated within each country. Blood lead declines are readily apparent for children – average blood lead values in excess of 10 µg/dL were common through the mid 1980’s. Average blood lead levels of approximately 2 – 4 µg/dL are observed in the more recent studies in countries that have had long-standing policies for the phase-out of lead in gasoline. Higher blood lead levels (5 – 8 µg/dL) were evident in countries still engaged in lead in gasoline phase-out in the 1990’s, but may have declined since. Contemporary data are limited by the aforementioned caveats regarding the representativeness of the sampling strategies employed. Data are also extremely limited for children in countries that only recently eliminated the use of lead in gasoline.

Adult blood lead studies are more limited in number, but country specific trends in the data are evident. The most data, and the strongest downward trends, are evident for Sweden and the U.K. More limited trend data document declines in Belgium, France and Germany. Prior to the phase-out of dispersive lead applications, blood lead levels between 10 and 20 µg/dL were not uncommon, but now appear to have declined to between 2 and 5 µg/dL. Downward trends are least apparent for Spain and Italy, an observation potentially related to delayed phase-out of lead in gasoline, where average blood lead levels between 8 and 10 µg/dL were observed up through 2001. However, a recent unpublished study from Italy suggests that blood lead levels in these countries may be in rapid decline and may now be less than 5 µg/dL. Although data are limited for a number of EU countries, the blood lead levels being reported appear to be converging to exposure baselines significantly lower than those that existed only 10 or 20 years ago. The blood lead levels now being reported for most EU Member States are also consistent with the low blood lead levels characteristic of other countries (approx. 3 µg/dL) that have eliminated dispersive applications of lead ( Thomas et al. 1999).

The lead compounds evaluated in this risk assessment have limited aqueous solubility and are likely to have limited bioavailability. This is in contrast to the soluble and highly bioavailable lead compounds typically used in experimental studies of lead toxicity. However, it can be assumed that, after gastrointestinal or pulmonary uptake, the biological activity of inorganic lead compounds is determined by partitioning of the lead cation between different body compartments and is independent of original speciation. Since most toxic manifestations of lead can be related to concentrations of lead in blood, blood lead serves as a useful measure of systemic exposure that reflects bioavailability due to differences in speciation. Thus, in the occupational setting where exposure to lead compounds of different bioavailability will occur, indexing of potential health effects to observed blood lead levels (as opposed to external measures of exposure) will provide the most accurate means of determining the presence or absence of risk.

Exposure to lead from consumer products, and indirect exposure to lead via the environment, will most often be associated with the release of lead compounds or ions from consumer products and/or accumulation of lead in environmental compartments such as dust or soil. The chemical speciation of this lead will be highly variable as a function of local water, soil, or extractant chemistry and is, in most instances, unknown. Changes in speciation under such circumstances are difficult to predict and can only be provisionally estimated at this stage of the risk assessment. Initial assumptions are that lead compounds extracted to aqueous (e.g. water, food and beverages) environments are in a soluble and bioavailable form independent of original speciation. The bioavailability of lead in soil and dust is generally lower than lead in food or water. Exposure assessment models assume that the relative bioavailability of lead in soil and dust is 60% of that observed following ingestion of a highly soluble form of lead such as lead acetate. Placed in terms of absolute bioavailability, this means that systemic uptake of lead acetate by a child would be 50% while the uptake of lead in soil would be 30% (50% x 0.6). As a function of site-specific geochemical conditions, the bioavailability of lead in soil can be further reduced (by a factor of 10 or more) if local environmental conditions favour the formation of highly insoluble, thermodynamically stable lead compounds. Such low bioavailability of environmental lead has principally been associated with lead contamination resulting from mining wastes and lead that has had a long residence time in geochemical environments (e.g., alkaline loamy soils) that favour the gradual and progressive transition of lead from bioavailable to poorly bioavailable chemical forms. Although generalizations can be made regarding possible reductions in bioavailability if information is available regarding the initial speciation of environmental lead (e.g. as lead sulphide in mining wastes) transitions in lead speciation and bioavailability over time are difficult to predict and will vary as a function of site-specific conditions. Such adjustments will not be routinely attempted at this stage of risk characterisation. Rather, instances will be noted where adjustments in bioavailability might be considered to reconcile observational data for blood lead with that for lead in environmental media.

Further complexities are introduced into risk characterisation due to the differential susceptibility of sensitive groups to lead toxicity. Levels of exposure that may be tolerated by an adult male could produce significant adverse effects if experienced by a child. Age-specific differences also exist with respect to the facility with which ingested lead is taken up into the body. In general, children have higher uptake rates of ingested lead than do adults. Thus, children will be expected to experience systemic toxicity at lower blood lead levels than adults and to be more susceptible to any exposures experienced. Similarly, there appear to be gender specific differences in effects that may occur. This is particularly true for endpoints related to reproduction.

Representative uptake rates for lead in adults and children via different exposure routes were presented in section 4.1.2.2.1 and are reproduced below. These representative uptake rates can be applied to calculate the uptake of lead from individual exposure sources, but are put forward with the caveat that the kinetics of lead uptake can be curvilinear in nature and subject to modification by a number of variables. The uptake estimates given are thus representative values that are only applicable to relatively low exposure levels yielding blood lead levels < 10 – 15 µg/dL. 

Table 4.204:
Representative lead uptake rates

	Intake route
	Adults
	Children

	Oral (food)
	10%
	50%

	Oral (soil)
	6%
	30%

	Dermal
	<0.01%
	<0.01%

	Air (deep lung deposition)
	100%
	100%

	Air (upper airway deposition)*
	Variable
	NA


*Upper airway deposition is expected for many occupational aerosols and uptake will thus vary as a function of pulmonary deposition patterns and the extent of translocation to the gastrointestinal tract where GI uptake kinetics will predominate. Non-linearity as a function of exposure level imparts additional variability into upper airway uptake estimates. Given that upper airway deposition is expected primarily in the occupational setting, upper airway deposition is Not Applicable (NA) to children.

The uptake rates listed above are essentially the consensus uptake rates adopted by ATSDR (1999) and IPCS (1995). Various modifiers of uptake rate exist and were discussed earlier. Moreover, alternate uptake rates would be assumed if more sophisticated exposure assessment models were being used. For example, PBPK modelling obtains best fit data through the application of alternate gastrointestinal uptake values. For the very young a higher uptake rate of 58% is applied, but then declines as a linear function of age until adult lead uptake rates are attained at age 8. A baseline adult gastrointestinal uptake rate of 8% is further assumed, a value lower than the 10% default that might otherwise be assumed since deposition and subsequent remobilisation of bone lead contributes to lead in blood.

For the practical purpose of rapidly relating exposure to potential blood lead levels, it can be useful to evaluate potential impacts of lead exposure using “slope factor” relationships. Use of slope factor relationships permit rapid conversion of estimated lead intake rates into incremental changes in blood lead. The representative slope factor relationships put forward in Section 4.1.2.2.1 are presented below. The relationships are only valid for the exposure ranges at which they were derived. Impacts from ambient air, lead in food or lead in soil are thus applicable when baseline blood lead levels are 10 – 15 µg/dL or lower. Occupational air slope factors are relevant to occupational (e.g. > 30 µg/dL) blood lead levels. As depicted in Figure 4.45, and discussed in Section 4.1.2.2.5, there is strong non-linearity in the toxicokinetics of lead that limits of range of exposure over which a given slope factor estimate is valid. A dermal uptake slope factor is not presented inasmuch as this exposure route has not been deemed significant by most toxicologists and no efforts have been made to derive slope factors in the scientific literature. Higher or lower slope factors may be observed as a function of critical exposure variables that alter duration of exposure, the particle size distribution of lead (especially for air) or that modify the bioavailability of ingested lead. Curvilinear toxicokinetics will also tend to depress these slope factors at higher levels of exposure. The large slope factor difference between occupational and ambient air lead exposures is thus a function of eight hours of occupational exposure compared to 24 hr exposure to ambient air, non-linear toxicokinetics at elevated occupational blood lead levels, and predominantly upper airway deposition in the occupational setting that results in low GI uptake kinetics compared to the high rates of lead uptake that would result from alveolar deposition of lead in ambient air. Finally, slope factor relationships cannot be used in isolation to determine the impact of lead upon blood lead – they represent regression coefficients that define a best-fit line with a y intercept (blood lead) that is not zero. For example, slope factors for the impact of lead in air upon children do not consider indirect deposition pathways for exposure. Similarly, occupational air lead slope factors are only applicable when due consideration is given to the exposure baseline that results from uptake through other intake pathways. Finally, these estimates are applicable only for estimating the impacts of chronic exposure.

Table 4.205:
Representative slope factors

	Media
	Adults*
	Children*
	Blood lead range where slope factor is valid

	Ambient air (1 µg/m3)
	1.64 µg/dL
	1.92 µg/dL
	< 10 – 15 µg/dL

	Occupational air (1 µg/m3)
	0.02 – 0.08 µg/dL
	NA
	> 30 µg/dL

	Lead in Food (1 µg intake/d)
	0.05 µg/dL
	0.16 µg/dL
	< 10 – 15 µg/dL

	Lead in Soil and Dust (1 µg intake/d)
	0.03 µg/dL
	0.10 µg/dL
	< 10 – 15 µg/dL


* Blood lead increase from indicated incremental increase in exposure to the medium in question and must be interpreted considering baseline exposure levels from other intake pathways. Occupational lead exposure is Not Applicable (NA) to children and no occupational air slope factor estimate is provided.

Although lead uptake rates and slope factor relationships can be provided, the actual amount of lead to which individuals are exposed can be difficult to estimate. Under most circumstances, adult blood lead levels in the general population will be dictated by lead intake from food and beverages. Air lead levels can be significant contributors around local sources and/or in situations where leaded gasoline is in use. Soil and dust ingestion makes a limited contribution to adult blood lead levels, but this contribution is generally secondary in magnitude to that from other sources.

In contrast, soil and dust ingestion are usually presumed to constitute the primary exposure pathway for children. Although acceptable blood lead levels can be exceeded due to lead in air, water or food, it is most often lead in soil or dust that is the principal determinant of paediatric lead exposure. In the vicinity of point sources, contributions of air lead to blood lead will result from direct inhalation and indirect deposition pathways (ingestion of lead in dust deposition). The actual level of soil and dust ingestion that is assumed in risk characterisation will vary as a function of lifestyle circumstances. Alternate assumptions can be made and instances where such altered assumptions are warranted will be noted.

Estimates of typical and worst-case indirect exposure estimates for soil and dust were reviewed in Section 4.1.1.4.3 and are presented below.

Table 4.206:
Combined soil and dust ingestion rates

	Exposed population
	Typical daily ingestion
	Worst-case daily ingestion

	Adult
	10 mg/day
	35 mg/day

	Child (12 – 72 months)*
	40 mg/day
	135 mg/day

	Infant (6 – 12 months)
	25 mg/day
	85 mg/day


* Variability in intake is expected as a function of age and is automatically adjusted in modern exposure assessment models.

Given quantitative estimates for the presence of lead in different media, and the extent of exposure to these media, estimates of lead intake can be made. For adults, estimates of ingestion can be derived from either dietary studies or from estimates of lead in different food types. Media specific estimates of lead in different environmental media vary for rural and urban environments, most likely as a function of historical lead usage patterns. Moreover, as will be discussed, there appears to be country-specific variation in the lead content of such media that may reflect the amount of time that has elapsed since phase-out of specific historical lead applications.

Estimated environmental lead levels can be used as input parameters for computer-based exposure assessment models and predictions made of resulting blood lead levels. Some exposure assessment models offer the dual advantage of both translating environmental lead levels into predicted blood lead levels and estimating the variability in blood lead that would be expected in the population. These predictions can then be contrasted with observational blood lead data and an assessment made as to whether or not there is concordance between the two. Computer-based exposure assessment models also automatically adjust for non-linearity in the toxicokinetics of lead uptake and excretion. Point estimates of uptake (or slope factor estimates) are applicable for specific levels of expected exposure and can over- or under-estimate exposure if applied to individuals with blood lead baselines different from those upon which uptake estimates are based.

In instances of chronic lead exposure affecting children, impacts upon blood lead can be assessed using the IEUBK model developed by U.S, EPA (Win32 version 1.0). Initial model runs are made using worst case default assumptions for exposure to estimate blood lead levels, or increases in blood lead, that might be associated with a lead exposure scenario. Since the model is limited to predicting the blood lead levels of children, it cannot be applied for evaluation of some of the exposure scenarios that must be considered. The O’Flaherty PBPK model (ver. 1.0) is instead applied to estimate blood lead elevations that may occur in adults. Where feasible, the results of models are further compared with slope factor estimates of blood lead impact. Given that dermal exposure is not modelled by any of the aforementioned computer simulations, dermal exposures can be evaluated with the assumption of 0.2% uptake to derive the systemic lead burden (change in blood lead) that might be produced. The simplest means of using models to calculate dermal exposure impacts is to convert the anticipated level of systemic intake into an equivalent amount of lead that might be taken into the body to yield a similar amount of systemic lead uptake. Conversion of dermal uptakes to oral intake equivalents is thus used in these calculations. For example, the O’Flaherty model utilizes a default gastrointestinal uptake rate for adult exposures of 8%. If dermal exposure was anticipated to yield 1 µg day of systemic Pb uptake, this would be equivalent to the systemic effect of (1 µg divided by 0.08) or 12.5 µg of ingested lead.

Although the application of computer-based exposure assessment models confers multiple technical advantages, caution must be exercised in applying such models. Existing lead exposure assessment models were principally developed in the United States and reflect exposure situations that characterise US lifestyles and activities. As such, critical model assumptions need not accurately reflect exposure conditions relevant to the EU. Modelling is most likely to be problematic for predicting the exposure of children to soil and dust in urban environments where little soil is present. Exposure assessment models predict a combined soil and dust intake level and further presume that concentrations of lead in household dust are determined by the lead content of nearby soils. Urban EU environments may present minimal opportunity for exposure to bare soil and an overestimate of soil ingestion may result. Furthermore, if little soil is present, the concentration of lead in house dust may be determined by factors (e.g. atmospheric deposition rates) that existing lead exposure assessment models are not designed to predict. Exposure assessment models from the United States have principally been validated in rural exposure environments in the vicinity of local point sources and will overestimate lead exposure in urban environments. Fortunately, the models are designed to be flexible and permit modification of key input parameters. Modification of default assumptions for exposure and uptake should, however, be undertaken with caution using either site specific data or in instances where blood lead monitoring data are available to validate model predictions.

Initial Risk Characterisation efforts are presented in which some model predictions are corrected (the models calibrated) so as to align with the results of blood lead surveys. However, the results of available EU blood lead surveys must also be regarded with some caution. Few studies have been conducted in accordance with randomised sampling protocols designed to generate a representative exposure profile for risk assessment purposes. Rather, surveys are frequently targeted studies that characterise exposure for a limited number of adults and children, sometimes because of exposure to a suspected source of lead. The results of many surveys  do not include extremely young children who are both most susceptible to lead toxicity and potentially at greatest risk of exposure to environmental lead. Young children are likely to be included in future monitoring programs and the results of such programs may permit later refinement of the exposure modelling presented here.

Predicted or observed blood lead levels can then be interpreted by comparison with those levels established to be No Observable Adverse Effect Levels (NOAEL’s). The blood lead levels associated with repeated dose toxicity (Section 4.1.2.7) and toxicity for reproduction (Section 4.1.2.10) are summarised in the following table. NOAEL’s in bold are those that are the most sensitive for different exposed populations. Other endpoints have been included in this table because of provisional indications that occupational blood lead levels may attain or exceed the NOAEL’s. Presentation of these less sensitive NOAEL’s gives a more accurate depiction of the health risks that may be present.  Included in this listing is the societal blood lead target value proposed to both minimize the probability that an individual child will exceed a blood lead level of 10 while at the same time mitigating against the potential but ill-defined societal impacts that might be associated with small impacts of lead at blood lead levels less than 10 µg/dL.  For want of a better term, this blood lead target can be regarded as a “societal NOAEL” as long as there is recognition that its derivation and utility is much different from traditional human health NOAEL’s that guard against health impairments that manifest at the level of the individual.

Table 4.207:
NOAEL’s and proposed blood lead levels for different exposed populations

	Health effects endpoint
	NOAEL
	Exposed population

	Renal system effects


	60 μg/dL

25 µg/dL
	Adults

Child

	Haematological effects


	50 μg/dL

40 µg/dL
	Adults

Child

	Reproductive effects (male)
	45 μg/dL
	Male Adults

	Nervous system effects (adult)
	40 μg/dL
	Adults

	Reproductive effects (female)
	30 μg/dL
	Women of child-bearing capacity 

	Nervous system effects (child)
	10 μg/dL
	Individual Child

	Nervous system effects (child)
	5 µg/dL
	Population Based Child Limit

	Nervous system effects (foetal effects) during pregnancy
	10 μg/dL
	Pregnant women


NOAEL determinations for lead involve a careful weight of evidence evaluation of multiple studies evaluating health effect large groups of individuals. In most instances the toxic manifestations of lead are mediated by interaction of the lead ion with cellular proteins (e.g. metalloenzymes) in place of essential trace minerals such as calcium, zinc or iron. As such, the initial effects of lead upon the function of specific metabolic, cellular, or organ system processes will be detectable as increases or decreases in the activity of specific metalloenzymes. The biological and clinical significance of such interactions requires careful assessment of the extent of enzyme activity alteration and whether or not the alteration alters metabolic pathways to an extent that is of health significance. For example, inhibition of an enzyme present in excess may be evident as an effect of lead, but may not be considered as adverse if the affected enzyme is not involved in rate limiting steps of metabolism and the overall function of the metabolic pathway is not adversely impacted.

As the intensity of exposure increases, the magnitude of specific lead induced effects may increase and/or yet additional steps in specific biosynthetic pathways may be altered. An assessment must thus be made when the severity of impacts results in affects that are considered as adverse. Put another way, evaluation of the toxicological data base must attempt to discriminate between “effect levels” and “adverse effect” levels. This can, in some instances result in the identification of No Observable Effect Levels (NOELs), Lowest Observable Effect Levels (LOELs, No Observable Adverse Effect Levels (NOAEL’s) and Lowest Observable Adverse Effect Levels (LOAELs). In some instances the demarcation points between these different effect levels can be defined with both precision and with a high degree of certainty that the mechanistic basis of toxicity is sufficiently well understood.

In other instances lead may impact upon multiple metabolic processes within a given organ system and the critical metabolic alteration responsible for toxicity cannot be identified with certainty. Although it may be evident that lead toxicity is manifesting as a graduated continuum of effects which, at some point, make a transition from effects to adverse effects, identification of NOAEL’s for purposes of risk characterisation must instead be indexed to an assessment based just upon effects. NOAEL identification is further complicated if the effects under study are sufficiently subtle as to elude detection at the level of the individual. Effects of this nature may have no material impact upon the health or well-being of the individual, but may have significance if the effect is judged to have potential societal impact that may not have a tangible effect upon the prevalence of traditional disease outcomes.  This situation is primarily applicable to the effects of lead upon child development and significantly complicates the identification of NOAEL’s since protection of the individual need not be synonymous with the protection of societal public health. 

Given the complexity of the analysis undertaken, the basis of NOAEL derivation, or other conclusions for key health endpoints, are briefly summarised below. The section reference provided refers to the section of the risk assessment where the main discussion of studies pertaining to each health effects endpoint can be found and NOAEL derivation is further discussed in greater detail.  All health endpoints evaluated for this Risk Assessment are included in this summary, with the lowest NOAEL’s relevant to risk characterisation being provided by effects upon neuropsychological function in adults, reproductive effects in women, effects upon the developing foetus and adverse effects upon child development.
Haematological Effects (Section 4.1.2.7.1)

The effects of lead upon the haeme biosynthetic pathway provides one of the best illustrations of a graduated continuum of effects that can be defined with both mechanistic certainty and with precision for dose-effect relationships. Biochemical alterations caused by lead can be detected at low levels of exposure but are not deemed to be adverse. As exposure intensity increases, the constellation of effects observed becomes increasingly diverse until impacts upon haeme synthesis are observed that would be considered to have clinical significance.
Impacts upon haemoglobin production sufficient to cause anaemia are associated with blood lead levels of 70 µg/dL or higher. Interindividual variability is evident in the induction of this effect – 70 µg/dL represents the lower end of the exposure range at which this effect has been observed.  Impacts upon the haematopoietic system that are clinical precursors to anaemia (diminished haemoglobin production) can be considered as adverse effects and as an indicator of when the impacts of lead upon haeme biosynthesis make the transition from nonadverse biochemical effects to adverse effects. Based upon extensive observational studies in humans, NOAEL’s for effects upon haematopoietic system function of 40 µg/dL for children and 50 µg/dL for adults are adopted.
Renal Effects (Section 4.1.2.7.2)

Numerous studies have evaluated the effects of lead upon renal function under environmental and occupational exposure conditions. A continuum of responses has been observed with enzymatic changes of no known health significance being reported at lower levels of exposure and clinical lead nephropathy at high levels of exposure. Clinical lead nephropathy exhibits slow onset after prolonged high level exposure to lead and is characterised by a progressive decrease in glomerular filtration rate and a subsequent rise in serum creatinine. These functional changes are associated with apparently irreversible degenerative changes in kidney (interstitial fibrosis) affecting the glomerulus.
Occupational studies indicate that individuals with blood lead levels maintained below 60 µg/dL have renal function (e.g. glomerular filtration rates) equal or superior to individuals without occupational exposure. As initially observed by Buchet et al. (1980), and subsequently confirmed by Gerhardsson et al. (1992), Gennart et al. (1992), Verschoor et al. (1987), Cardenas et al. (1993), Roels et al. (1994) and Weaver et al. (2003) maintenance of blood lead levels at or below 60 µg/dL appears to guard against the onset of lead nephropathy. However, lead nephropathy has been observed in individuals with blood lead levels in excess of 60 µg/dL for five or more years. The collective studies indicate a threshold for significant renal effects that is in excess of 60 µg/dL lead in blood and with a requirement for prolonged (five years or more) lead exposure. A NOAEL of 60 µg/dL, combined with five years or more of lead exposure, is thus adopted for renal effects in adults.  

Children may be more sensitive to the effects of lead. Impaired Vitamin D metabolism that may be mediated at the level of the kidney is of potential concern and could influence the growth and development of children. Blood lead levels at or below 25 μg/dL appear to be without affect, at least in children with adequate nutrition (Koo et al. 1991). The safety of blood lead levels above 25 μg/dL is unclear and, on a precautionary basis, should not be exceeded. A NOAEL of 25 µg/dL is thus adopted for renal effects in children.
Blood Pressure and Cardiovascular Effects (Section 4.1.2.7.3)

Reviews and meta-analyses of the current literature on the blood lead/blood pressure relationship indicate that there is at best a weak positive association between blood lead and blood pressure in general population and occupational studies with average blood lead levels below 45 µg/dL. IPCS (1995) concluded that the magnitude of this association for a twofold increase in blood lead (i.e., from 0.8 to 1.6 µmol/l or 16-32 µg/dL) is a mean 1.0 mm Hg increase in systolic blood pressure and a 0.7 mm Hg increase in diastolic blood pressure. Slightly smaller estimates of the effect of lead upon blood pressure have been calculated in more recent meta-analyses. The increase in blood pressure statistically associated with an increase in blood lead is small and would not result in a meaningful increase in the risk of the individual to cardiovascular disease. Indeed, evidence of increased cardiovascular disease in association with lead exposure has not been found by most observational epidemiology studies, leading some to suggest that the statistical relationship reflects residual confounding as opposed to causality.  Evidence for causality is primarily derived from animal studies of uncertain relevance to human exposures.

The most recently conducted human studies have used more sophisticated blood pressure measurement tools and more precise correction for the multiple confounders known to impact upon blood pressure. These most recent studies have generally failed to observe a relationship between blood lead and blood pressure.  A meta-analysis conducted for the purpose of this Assessment, restricted to the highest quality recent studies, observed that the effect of lead upon systolic blood pressure declines from 1.0 to 0.38 mm Hg for a doubling of lead in blood.  No statistically significant associations with diastolic pressure are found. Such a significant shift in effect size as a function of study quality suggests that residual confounding is responsible for correlations observed in studies of humans. The overall weight of evidence thus indicates that effects of lead exposure upon blood pressure and cardiovascular disease are not appropriate endpoints for consideration in Risk Characterisation for lead.
Nervous System Effects in Adults (Section 4.1.2.7.4)  Lead can impact the peripheral and central nervous system of adults. Effects of lead upon sensory motor neuron slowing, coupled with difficulties in remembering recently acquired information appear to be the most sensitive indicators of impact upon the nervous system of adults.  
Peripheral nervous systems effects after prolonged high level lead exposure can result in clinical neuropathy.  Based largely upon the older medical surveillance literature, elevated blood lead levels in excess of 70 µg/dL for a duration of more than one year are required to produce such neurological damage.  Peripheral nervous system effects are first detected as subtle decreases in nerve conduction velocity at blood lead levels as low as 30 µg/dL. Effects observed in the blood lead range of 30 – 40 µg/dL are subtle and well within clinical norms – no known decrements in performance (e.g. changes in reaction time, loss of motor coordination or strength) are associated with these changes. Effects further appear to be freely reversible upon the cessation of exposure. Effect reversibility, combined with the absence of functional changes and a lack of long-term clinical sequelae indicates that peripheral nervous system effects in this exposure range should not be considered as adverse effects The precise intensity and duration of lead exposure required to induce lead neuropathy is unclear, but is higher than the exposure levels required to adversely affect the central nervous system and the latter are thus the focus of NOAEL derivation.

.The effects of lead upon the central nervous system have been evaluated in recent meta-analyses by Meyer-Baron and Seeber (2000) and Goodman et al. (2001) to reach conflicting results. Whereas Goodman et al (2001) conclude that there is little consistent evidence of lead effects at blood lead levels below 70 µg/dL, Meyer-Baron and Seeber (2000) maintain that effects can be observed in cohorts with average blood lead levels that approach 40 µ/dL. The presence or absence of effects detected by the two different analyses in part varies as a function of the mathematical models used to combine the results of different studies as well as the criteria used to judge whether data from individual studies was suited to inclusion in the analysis.
 For cohorts with blood lead averages < 70 µg/dL, the 95th percentile confidence interval for “lead effect size” includes “zero” for performance on most neurobehavioral tests. For those tests with effect sizes significantly different from zero, the magnitude of the effect generally increases as the average blood lead level of the cohort increases. Conversely, effects generally attenuate as lead exposure decreases and, within individual studies, the performance of lead exposed cohorts with average blood lead levels of 40µg/dL is similar to that of controls.

Given the impacts of confounding, small effects sizes and other technical limitations, precise definition of a NOAEL for lead effects upon the adult central nervous system is difficult. Nor is there agreement as to what level of impact can be considered as adverse. However, adverse effects upon the individual likely require exposures in excess of 50 µg/dL.  Few, if any effects are seen in cohorts with mean blood lead levels of 40 µg/dL or less at the time of testing even though individuals with blood lead levels significantly higher than the average are present in the cohorts.  Subtle effects upon cohort performance become evident as average cohort blood lead levels approach 50 µg/dL. Effects observed at this average exposure level may be reversible, have little clinical significance for the individual and are likely reflective of effects in individuals with blood lead levels higher than the average (e.g. 60 µg/dL). Nonetheless, these effects can be interpreted as the initial manifestations of lead neurotoxicity in the central nervous system and thus can be considered adverse effects.  Given the relative absence of effects in cohorts with average blood lead levels of 40 µg/dL or less, despite the presence of individuals with higher blood lead levels, a blood lead level of 40 µg/dL is identified as a NOAEL for central nervous system impacts in adults.
Nervous System Effects in Children (Section 4.1.2.7.4)

The impacts of both pre-natal and post-natal lead exposure upon the development of children have been studied. Although multiple endpoints have been evaluated, some (e.g. changes in behavioural patterns such as anti-social tendencies) can only be assessed with crude psychometric tools. Confounding factors that influence such behaviours are also imperfectly understood, making any estimate of lead’s effect upon such outcome measures difficult to quantitate. With the exception of impacts upon hearing acuity, data for such changes is generally inconsistent and/or of uncertain functional significance. Use of such secondary endpoints in quantitative risk assessment is not possible. The primary focus of this analysis is thus the impact of lead upon intelligence (IQ), the endpoint for which the most robust measurement tools are available and for which confounder correction can be most comprehensively attempted. Meta-analyses of human observational epidemiology data show a statistical association between post-natal blood lead and IQ that is small and most likely between a one to three IQ point deficit for a change in mean blood lead level from 10 µg/dL to 20 µg/dL. IQ decrements on the order of 1 – 3 points are smaller than the standard error of measurement of IQ tests. As such they cannot be detected at the level of the individual and have no known functional significance for the individual. Although effects upon the individual may occur in the blood lead range of 10 – 20 µg/dL, designating effects that cannot be detected or measured in an individual as adverse for the individual is inappropriate.

Evidence is further suggestive of an effect of blood lead upon IQ at blood lead levels less than 10 µg/dL but is difficult to interpret because of limitations in analytical and psychometric measurement techniques. In the absence of adequate data defining the nature and extent of effects at blood lead levels lower than 10 µg/dL, such effects cannot be applied to risk assessment in a quantitative fashion.

Based upon an estimated effect size of 1 – 3 IQ points, and a Standard Error of Measurement of 5 IQ points, effects hypothetically discernable at the level of the individual may not occur until blood lead levels exceed 20 µg/dL.  Given that effects could, at least in theory, be detected in the individual at a blood lead level of 20 µg/dL, but not at 10 µg/dL, a NOAEL of 10 µg/dL is established for the individual child..

However, when viewed  from a population standpoint, available evidence suggests that IQ decrements may occur at blood lead levels at and below 10 µg/dL. Although such effects may lack significance for the individual, an impact upon the cognitive resources of large groups of individuals can be hypothesized. Available data do not permit the identification of a threshold for lead’s effects upon children. Observational data suggests that population effects may occur at blood lead levels approaching 5 µg/dL. This level of exposure also represents a point where current science is not capable of resolving further effects and any effects that might occur are secondary in magnitude relative to other factors that influence child development. A blood lead level of 5 µg/dL can thus be considered as an epistemic threshold that adequately recognizes the high degree of scientific uncertainty regarding effects at blood lead levels less than 10 µg/dL and at the same time is protective of public health in that the hypothetical effects of lead upon population cognitive resources are largely avoided.  Designation of 5 µg/dL as an epistemic threshold and a “societal blood lead target” also serves to provide a population benchmark for blood lead levels in children and to dramatically reduce the probability that individual children might exceed a blood lead level of 10 µg/dL, Maintenance of blood lead levels for the majority of the population below 10 µg/dL would require average population blood lead levels less than 5 µg/dL. For purposes of Risk Characterisation, 10 µg/dL post-natal lead in blood can be considered as a NOAEL for the individual child but that a general population blood lead average of 5 µg/dL is required to minimize the probability that individual blood lead levels will exceed 10 µg/dL. 

Immune System Effects (Section 4.1.2.7.5)

There is no consistent impact of lead upon immune system function reported in the literature. Effects, when observed, tend to be small in magnitude, of doubtful functional significance and associated with high lead exposure. Immune system impacts will not be used in Risk Characterisation.

Endocrine Effects (Section 4.1.2.7.6)

Impacts of lead upon endocrine system function appear to be high dose effects that manifest at levels which are higher than those expected to be seen in the occupational setting. Due to this, and the presence of other health effects that manifest at lower exposure levels, endocrine impacts will not use in Risk Characterization.

Genotoxicity Effects (Section 4.1.2.8)

The genotoxic profile of lead is mixed. Bacterial mutagenesis assays produce negative results while conflicting (positive and negative) observations have been made in cultured mammalian cell mutagenesis systems. In the absence of confirmation that lead was in fact taken up by bacteria, negative results in bacterial systems will not be assigned significance in a weight of evidence evaluation.

With few exceptions, studies of lead’s effects upon eukaryotic cells in vitro have employed high concentrations of soluble lead compounds producing significant levels of cytotoxicity and only weak genotoxic responses. A central issue that requires resolution is whether mechanisms for in vitro genotoxicity possess in vivo physiological relevance, by virtue of the mechanisms involved or the concentrations required to produce effects. For example, induction of genotoxic effects in cultured cells at lead concentrations in the µM or mM range would have limited relevance to in vivo exposures wherein the concentration of lead available for transfer to the soft tissues is in the nM range or lower. Extrapolation of the effects of soluble lead compounds to the compounds that are the subject of this risk assessment is further complicated by the sparingly soluble nature of the metal and its’ compounds. The compounds, while largely untested for mutagenicity in vitro, will not undergo dissolution in neutral aqueous media to an extent that will yield lead ion concentrations adequate to induce the weak effects reported for soluble compounds. In vitro mutagenicity assay results would thus be expected to be negative.

In vivo studies using experimental animals are characterised by conflicting results for endpoints such as DNA damage, chromosome aberrations, micronuclei and sister chromatid exchange induction. In most studies responses have occurred after lead compounds were administered via exposure routes (e.g. i.v., i.p. or s.c. injection) that have limited relevance to normal exposure routes and/or that are difficult to compare on a dosimetric basis to lead administered via ingestion. Injection routes of administration bypass the normal toxicokinetic processes responsible for the uptake and distribution of lead – 99% of the lead taken up into the blood following oral or inhalation exposure is bound within the red blood cell and only a small fraction (~1%) of lead in the blood is available for transfer to the soft tissues. Studies have not documented the free or biologically available lead in blood concentrations that result from i.p. or i.v. administration routes but the concentrations are likely far higher, perhaps by three orders of magnitude, than those that can be achieved via physiological routes of administration prior to the onset of severe systemic toxicity or lethality.

Given the preceding,  studies conducted using physiologically relevant routes of exposure are especially relevant. Oral or inhalation exposure to high levels of lead soluble lead compounds produce negative or equivocal responses in all but one mutagenesis study. Assays for chromosome damage are either negative or report effects (e.g. weak induction of chromosome gaps) that are not now believed to be true indicators of a mutagenic response or under non-standard test conditions (e.g. extreme calcium deficiency) that are difficult to interpret. When studies are ranked by overall study quality, negative response are generally seen in the higher quality studies and suggestions of effects generally are relegated to low quality studies. Responses in so-called indicator assays (SCE induction or the Comet assay) have been reported as positive with greater frequency but are difficult to interpret in light of the mostly negative findings of true mutagenicity assays and a failure to adequately monitor apoptosis and, in many instances, cytotoxicity.

This inconsistent response profile extends to observational studies in humans where endpoints such as chromosome aberrations, micronuclei and sister chromatid exchange induction have been evaluated.  The inherent limitations of these studies are such that they contribute little to a weight of evidence of evaluation..

The inconsistent and weak profile of genotoxicity for lead does not permit use of this endpoint in risk characterisation. Although lead appears to be genotoxic in vitro, the mechanisms suspected to mediate effects have yet to be demonstrated to have relevance in vivo.  Although some positive findings have been reported, the exposure conditions employed in these studies were extreme and approximately 1000-fold higher than those that can be tolerated by humans prior to the onset of clinical lead poisoning.  Based upon a weight of evidence evaluation, genotoxicity is not an endpoint appropriate for Risk Characterization of lead and its compounds. The fact that in vivo mutagenicity studies conducted using physiologically relevant exposure routes are generally negative (or positive only under conditions known to be associated with artifactual false positives) factors heavily into this weight of evidence evaluation.

Carcinogenicity (Section 4.1.2.9)
Lead has been evaluated for carcinogenicity in multiple animal species, oftentimes producing positive results. Evidence from studies with rats, and to a lesser extent mice, provide consistent evidence that soluble lead compounds are carcinogenic in laboratory animals. Renal tumours, most often in the male rat, have been reproducibly induced by high-level lead administration in water or food. The mechanisms responsible for this effect appear to be indirect and may lack relevance to humans.  Limited data suggest that other tissue sites (e.g., the brain) might be impacted. One inhalation study with lead oxide was identified and did not provide evidence of pulmonary carcinogenicity. However, design deficiencies limit the strength of this negative finding. Limited studies of lead metal powder (ingested and injected) were also negative.  Overall, IARC concluded that animal evidence indicated that evidence for the carcinogenicity of most lead compounds in animals was adequate. However, evidence for the carcinogenicity of lead oxide and lead metal powder in animals was noted to be inadequate.

A number of epidemiology studies have documented the mortality experience of general population and occupationally exposed cohorts. No consistent observation has been made of a relationship between occupational lead exposure and cancer at most tissue sites. Sporadic increases of lung, kidney, stomach, brain and bladder cancer have been reported. However, the findings between studies are disparate and fail to provide a consistent pattern of elevated cancer mortality. Increases in cancer for lung, kidney and stomach are modest and within the range of that which might be attributed to uncontrolled confounding. Registry-based suggestions of a linkage to brain cancer are of interest, but have not been verified by cohort studies. Studies of general population exposures are both limited in number and contradictory in outcome. Given the findings from the study of occupationally exposed cohorts, risk at general population exposure levels would not be expected. There is thus insufficient epidemiology evidence to indicate that inorganic lead or lead compounds pose human cancer risk at most tissue sites studied.
IARC (2006) has recently affirmed that most of the epidemiological literature is not consistent with a causal relationship between human lead exposure and cancer at most tissue sites.  In particular, excess kidney cancer observed in animals is not evident in human epidemiology studies.  Increased risk is similarly lacking for other tissue sites of interest such as the brain and the lung.  Cancer induction at these sites is thus not appropriate for Risk Characterisation.

Only a modest excess observed in stomach cancer was judged to be of potential significance by IARC. Although impacts of co-exposures and other confounding factors (e.g. ethnicity, particulate matter and H. pylori infection) seemed to explain a proportion of the cancer excess observed in some studies, some impact of lead exposure could not be precluded. A limited association was thus judged to exist, but was inadequate for classification as a known human carcinogen.  Additional studies will be required to determine if excess risk of stomach cancer is associated with lead exposure in humans and to accurately estimate the level of excess risk that might be posed.
Reproductive Effects (Section 4.1.2.10)

Studies in humans and experimental animals have evaluated impacts of lead upon sexual maturation and semen quality, pregnancy outcome, and neurobehavioural effects of prenatal lead exposure.

The available evidence suggests that a lead effect upon semen quality at moderate to high levels of exposure is likely to manifest itself in a subtle and progressive fashion with strong indications of a threshold at a blood lead level of 47 µg/dL. Maintenance of occupational blood lead levels at or below 45 µg/dL should preclude an impact upon semen quality. As blood lead levels increase above 50 µg/dL, progressively greater impact would be expected, although impacts upon outcome measures such as fertility could manifest in a variable fashion as a function of pre-exposure semen quality.  A NOAEL of 45 µg/dL is thus adopted for impacts of lead upon male semen quality.
The animal data, and “anecdotal” historical human data, suggest fertility effects (e.g. spontaneous abortion) in females are probable. However, the dosimetry for fertility effects in women cannot be estimated with precision, but effects appear to require exposure levels that exceed the upper limits of modern occupational exposure limits. Since other adverse effects upon female reproductive function are believed to occur at lower blood lead levels, impacts upon female fertility will not be used in Risk Characterisation.

The existing data further suggest that lead exposure will not lead to increased frequency of congenital abnormalities. Data relating prenatal blood levels to preterm delivery, gestational age and/or birth weight are mixed and provide uncertain results. Weight of evidence evaluation indicates that effects do not occur at blood lead levels up to 30 µg/dL, but are not adequate to determine the extent of the higher exposure levels that would be required to produce effects. A NOAEL of 30 µg/dL is recommended for pregnancy outcome and will be used for Risk Characterisation.
Effects of prenatal lead exposure upon neurobehavioural performance measures have been demonstrated in newborne children.  While effects have been observed upon early measures of mental and physical development, attenuation of effects typically occurs over time and, in most studies, are not associated with impacts upon measures such as IQ. However, effects of prenatal lead exposure upon IQ can be difficult to dissociate from those of postnatal exposure. An effect of pre-natal lead exposure upon IQ has been suggested by two of nine longitudinal studies and has only been reported to persist in one. Effects observed are secondary in magnitude to those produced by lead exposures after birth, but blood lead levels above 10 µg/dL may exert an effect. Although the effects of concern could not be detected in an individual child born to a woman with a blood lead level in the range of 10 – 20 µg/dL, maintenance of the blood lead levels of pregnant women at or below 10µg/dL is advised and will be carried forward to Risk Characterization as a NOAEL for developmental effects.
Considerations in the Identification of an Appropriate MOS for Risk Characterisation

A determination of the presence or absence of risk would ideally entail simple comparison of observed blood lead levels and NOAEL’s. An appropriate Margin of Safety (MOS) must also be identified for use in risk characterisation. Initial Risk Characterisation efforts for the occupational setting, exposures from consumer product and indirect exposure via the environment have been conducted utilizing a MOS of “1” where blood lead levels in excess of the NOAEL provide an indication of risk and blood lead levels equal to, or lower than, the NOAEL indicate the absence of risk. A MOS of 1 is deemed to be acceptable in the occupational setting for the following reasons:

1. The NOAEL’s were identified from multiple (in some case in excess of 100) scientific studies of human populations. This has permitted detailed evaluation of issues such as age, gender, ethnicity, intensity of exposure and duration of exposure that can be sources of uncertainty in effects assessment. Given that extrapolations are not made from animal studies and that specific NOAEL’s have been derived for susceptible subpopulations there is no need to correct for inter- or intra-species variability.

2. Blood lead levels in the occupational setting are routinely monitored and an extensive database has been compiled to document exposure. Occupational exposures and their effects can thus be defined with a high level of certainty. Assessment of risk in different occupational exposure scenarios can make use of both blood lead data and workplace monitoring data for lead in air. A combination of pulmonary deposition modelling and pharmacokinetic modelling can be useful as an adjunct to blood lead monitoring data in the definition of exposure levels and routes of exposure. In the case of consumer products and indirect exposure via the environment, precise estimates of exposure can be made and quantitatively transformed into estimates of systemic exposure (blood lead) using sophisticated computer models specifically designed to estimate the impacts of lead exposure. These estimates are further validated by comparisons to blood lead monitoring data where ever possible. Uncertainty has thus been eliminated in estimating the impacts of external exposure upon systemic exposure. 

3. NOAEL’s have been proposed for the most sensitive subsets of the population and define blood lead levels protective against subtle effects. Whereas NOAEL’s indexed to endpoints that constitute a material impairment of health might merit consideration of a MOS greater than “1”, the NOAEL’s derived in this assessment are best viewed as protecting against preclinical effects that precede material health impairment.

4. The effects that are the basis of the NOAEL’s lack functional or clinical significance for the individual and cannot be detected at the level of the individual. Protection is thus being offered against effects which, by many definitions, would not be considered adverse effects.

5. The most sensitive NOAEL’s in adults protect against effects known to be reversible if exposure is reduced.

6. For occupational exposures, there is strong non-linearity in the toxicokinetics of lead. Thus, more significant health effects occurring above the most sensitive NOAEL’s may seem to occur after relatively small incremental increases in blood lead but actually require substantial increases in external exposure.

For consumer exposures and indirect exposures via the environment the process of Risk Characterisation is more complex because of greater reliance upon both modelling tools and blood lead survey data. Although blood lead surveys defining general population exposures have been conducted, they are not as comprehensive as the extensive medical surveillance programs associated with the occupational setting.  Multiple means of estimating the potential significance of individual exposure sources have thus been employed..

Given the preceding uncertainties, Risk characterisation for consumers and for indirect exposure via the environment is necessarily an iterative process of continual model refinement in which assumptions can be made for exposure assessment modelling and compared with observational blood lead data. 

Initial calculations for risk characterisation are described here with a view to identifying exposure scenarios that lack risk. A number of exposure scenarios are identified where the possibility of excess exposure may exist. Those applications are then integrated into estimates of Combined Exposure that integrate the typical exposure to be expected from all other sources. In a number of these cases, the conclusions made are provisional and subject to modification if additional information is obtained.

Finally, assessment of potential impacts from local (point) sources is required for the risk assessment. Assessment of potential local exposure impacts is presented on a provisional basis. The Environment sections of the risk assessment contain estimates of lead in air and soil in the vicinity of industrial facilities. These data serve as the basis of identifying facilities that have levels of emissions that merit in depth evaluation of potential exposure.

4.1.3.2 Workers

The risk characterisation for workers occupationally exposed to lead and lead compounds has currently only been conducted in the following way: given that a large, reliable data base on blood lead values for most industry sectors is available, also considering that this biomonitoring provides the most exact indicator for the assessment of previous lead exposure, and particularly since all critical health effects are also not indexed against (external) exposure but to blood lead, the risk characterisation for workers is for the time being based on this parameter.

Despite the above, a comparative risk characterisation may be conducted (should this be required for risk management purposes). For this, use would need to be made of a physiologically based toxicokinetic model (O’Flaherty, 1993 and 1995) to predict systemic lead intake based on reported inhalation and dermal exposure data. The following absorption factors would be available for consideration in such an approach:

Oral absorption

A gastrointestinal absorption factor of 8% for normal, healthy and adequately fed adults will be used for risk assessment; this factor is also employed in the O-Flaherty PBPK model.

Dermal absorption

As identified in subchapter 4.1.1.2.3 (Toxicokinetics, dermal absorption), the dermal absorption rate of lead was assessed in a recent guideline-conform in-vitro study conducted under GLP to be less than 0.01%.

In addition, the feasibility of these figures was cross-checked by a modified PBPK model calculation using the O-Flaherty model (for details, please refer to subchapter 4.1.2.2.5). As an example, a worker in the lead acid battery producing industry was selected, where based on a published investigation (Wheeler et al., 1999) workers were shown to have a maximum dermal exposure of 80 µg/cm². When recalculating this to a total exposure of hands and forearms (default surface: 2000 cm²), a maximum daily dermal exposure of 160 mg/d can be predicted for such a worker. Including consideration of a baseline ambient environmental exposure for a 35-year old healthy male without a previous history of exposure, the model predicts the following output values:

Table 4.208:
Modelled blood lead levels [O'Flaherty model] in dependence on dermal exposure

	assumed dermal abs. rate
	predicted uptake through skin
	predicted rise in blood lead

	0.1%
	160 µg/d
	6.1 µg/dl* ( 63 µg/dl

	0.01%
	16 µg/d
	6.1 µg/dl* ( 16 µg/dl


(*): baseline value 35-year old male without previous occ. exposure

As a consequence, the assumption of dermal absorption even at a rate of 0.01% yields highly implausible blood lead levels, which is why the conclusion is drawn that the absorption of inorganic lead cations though human skin for the purposes of risk characterisation is negligible.

Inhalation absorption

In Subchapter 4.1.1.1.7, detailed particle size information of all thirteen compounds covered in this risk assessment is presented. These values were obtained from the airborne fraction generated during dustiness testing, and are thus considered to be reflective of exposure under conditions of normal handling and use. The mass median aerodynamic diameters and the corresponding GSD values are summarised in the table below.

Based on the data, the MPPDep model (v1.11) (Asgharian & Freijer, 1999) was then used to predict fractional deposition behaviour in the human respiratory tract for workers. In brief, based on morphological data on the human respiratory tract and the aerodynamic diameter of a particle under scrutiny, the model predicts the fraction of inhaled material that is deposited in the extrathoracic (ET), tracheobronchial (TB) and alveolar (PU) regions. For these calculations, the following model assumptions were used in assessing conditions reflective of workplace conditions:

Table 4.209:
MPPDEP model parameters

	Airway morphometry
	Human five lobar lung model
	Otherwise, standard model defaults were employed

	Particle density
	density
	as given for each compound in subchapter 1.1.2

	Particle diameter
	polydisperse distribution
	was assumed for all particles, as characterised by MMAD and GSD values stated in the table below

	inhalability adjustment
	yes
	selected in view of the overall particle size distributions of the lead compounds

	Exposure conditions
	constant
	

	aerosol concentration
	100 µg/m³
	considered reflective of exposure at the occupational exposure limit level

	breathing mode
	oronasal normal augmenter
	selected because most humans breath through nose and mouth simultaneously

	Shift breathing volume
	10 m³/8 h
	Corresponding to the ICRP (1994) standard data for occupational breathing volume*

	Breathing frequency
	20 breaths/min
	

	Tidal volume
	1,042 ml
	


*: occup. breathing volume defined by ICRP as 9.6 m³/8-hour shift, composed of 7h light exercise, plus 1 h heavy exercise

The results of the MPPDep modelling are given in Table 4.210 below. From the predicted fractional deposition, inhalation absorption factors were calculated based on the following basic assumptions:

· firstly, particles deposited in the ET region will be translocated to the GI tract with typical clearance times of a few minutes only; from the GI tract, absorption at a rate of 8% is assumed

· secondly, particles deposited in the tracheobronchial region will be subject to mucociliary escalation and therefore also transferred to the GI tract; in both cases, the poor solubility of all 13 lead compounds under assessment is assumed to render any dissolution prior to reaching the GI tract negligible; again, 8% absorption is assumed

· finally, particles that penetrate to the alveolar fraction and are deposited will be assumed to be subject to dissolution and ultimately 100% absorption.

Table 4.210:
MPPDEP model predictions of deposition behaviour in the respiratory tract, and derivation of proposed inhalation absorption factors

	Substance
	CAS
	Rel. density [g/cm³]
	D50 [µm]
MMAD(2)
	D50
GSD(2)
	Predicted fractional deposition
	Inhalation absorption
[%]

	
	
	
	
	
	ET
	TB
	PU
	

	lead metal powder
	7439-92-1
	11.4
	33.7
	4.1
	48.9*
	0.9*
	1.3*
	5.3

	lead oxide
	1317-36-8
	9.5
	35.9
	3.6
	50.6*
	0.9*
	1.1*
	5.2

	lead tetroxide
	1314-41-6
	9.0
	14.0
	3.9
	54.2
	1.2
	2.6
	7.0

	dibasic lead phthalate
	69011-06-9
	4.5
	13.4
	4.0
	54.0
	1.2
	2.9
	7.3

	basic lead sulphate
	12036-76-9
	6.5
	15.4
	4.5
	51.7
	1.1
	2.2
	6.4

	tribasic lead sulphate
	12202-17-4
	6.6
	12.9
	3.9
	55.7
	1.3
	3.0
	7.6

	tetrabasic lead sulphate
	12065-90-6
	7.4
	10.0
	3.7
	63.4
	1.5
	4.2
	9.4

	neutral lead stearate
	1072-35-1
	1.4
	28.6
	3.6
	50.3*
	0.9*
	1.0*
	5.1

	dibasic lead stearate
	12578-12-0
	2.0
	24.2
	4.0
	48.6*
	0.9*
	1.2*
	5.2

	dibasic lead phosphite / sulphite
	62229-08-7
12141-20-7
	6.9
	104.2
	6.0
	48.8*
	0.9*
	1.2*
	5.2

	polybasic lead fumarate
	90268-59-0
	6.5
	55.4
	4.8
	48.8*
	0.9*
	1.2*
	5.2

	basic lead carbonate
	1319-46-6
	6.6
	6.0
	3.3
	73.3
	1.9
	5.6
	11.6

	dibasic lead phosphite
	12141-20-7
	7.0
	54.0
	4.9
	48.8*
	0.9*
	1.2*
	5.2

	zinc oxide (3)
	1314-13-2
	5.6
	36.0
	3.7
	50.0*
	0.9*
	1.1*
	5.2


*: due to the largeness of some particles, input values for MMAD and GSD were sometimes above the linear range of the model, and were reset by the model to max. values of 20 µm and 4.0 (GSD), where applicable

In conclusion, with the exception of basic lead carbonate, all other lead compounds are anticipated to have absorption factors for inhalation between 5 and 10%. It is therefore proposed to use a factor of 10% for all lead compounds for risk assessment purposes, albeit realising that this is a mild underestimation for basic lead carbonate (predicted value: 11.6%).

4.1.3.2.1 Acute toxicity

Based on the data presented in the section on acute inhalation, dermal and oral toxicity, no acute effects are anticipated up to the limit dose for any of the lead compounds covered under this risk assessment. For this reason, a risk characterisation was not considered to be required, and a conclusion (ii) is reached for acute toxicity.

4.1.3.2.2 Irritation and corrosivity

Eye and skin irritation

Based on the data presented in the section on skin and eye irritation, no irritating or corrosive effects whatsoever have been reported or are anticipated for any of the lead compounds covered under this risk assessment. For this reason, a risk characterisation was not considered to be required, and a conclusion (ii) is reached for irritating effects and corrosivity.

Respiratory tract

There are no reported effects whatsoever indicating that any of the lead compounds would elicit irritation effects in the respiratory tract. In a recent, well-conducted and document acute inhalation toxicity study in rats with Lead oxide (“Litharge”), no such effects whatsoever were described. Therefore, a risk characterisation was not considered to be required, and a conclusion (ii) is reached for respiratory irritation.

4.1.3.2.3 Sensitisation

Skin and respiratory tract

Based on the absence of any indication of respiratory sensitisation, the zero sensitisation rate verified experimentally for three selected lead compounds and the complete absence of reported sensitisation effects in humans despite the comprehensive documentation on health effects of lead, a risk characterisation was not considered to be required, and a conclusion (ii) is reached for sensitisation effects.

4.1.3.2.4 Repeated dose toxicity

The occupational risk characterisation is currently based on a comparison of a comprehensive data base of biomonitoring data (blood lead) in workers and blood lead levels documented to be NOAELs for repeated dose toxicity (for details, please refer to section 4.1.2.7, human health effects) as summarised in the following table:

Table 4.211:
NOAELs for repeated dose toxicity relevant for workers

	Health effects endpoint
	NOAEL
	Exposed population

	Renal system effects
	60 μg/dL
	Adults

	Haematological effects
	50 μg/dL
	Adults

	
	
	

	Nervous system effects
	40 μg/dL
	Adults


Thus, the risk assessment for repeated dose toxicity in male and female workers is conducted based on the lowest NOAEL (blood lead values) of 40 µg/dL. The resulting MOS values for all subscenarios defined in the respective occupational exposure scenarios defined above are summarised in the table below.  As extensively outlined earlier in Section 4.1.3.1, the robust nature of the oberservational human data used to derive the NOAEL’s and the extensive biomonitoring of blood lead to give an accurate indication of systemic exposure permits use of a minimal MOS of “1” to determine the presence or absence of risk.
Table 4.212:
MOS-values for repeated dose toxicity

	Scenario
	NOAEL
[µg/dl]
	Worst case
[90th perc, µg/dl]
	Worst case
MOS
	Typical
[median, µg/dl]
	Typical
MOS

	1: Primary lead production

	Pri1
	40
	56
	0.71
	32
	1.25

	Pri2
	40
	39
	1.02
	28
	1.43

	Pri3
	40
	43
	0.93
	30
	1.33

	Pri4
	40
	39
	1.02
	27
	1.47

	Pri5
	40
	35
	1.14
	25
	1.59

	Pri6
	40
	40
	1.00
	27
	1.47

	2: Secondary lead production

	Sec1
	40
	50
	0.80
	30
	1.33

	Sec2
	40
	41
	0.97
	27
	1.47

	Sec3
	40
	30
	1.33
	21
	1.89

	Sec4
	40
	53
	0.75
	34
	1.18

	Sec5
	40
	44
	0.91
	27
	1.47

	Sec6
	40
	42
	0.95
	27
	1.47

	Sec7
	40
	46
	0.87
	27
	1.47

	3: Lead sheet production

	She1
	40
	70
	0.57
	47
	0.85

	She2
	40
	58
	0.69
	41
	0.97

	She3
	40
	48
	0.83
	29
	1.37

	She4
	40
	54
	0.74
	31
	1.28

	She5
	40
	43
	0.93
	21
	1.89

	She6
	40
	47
	0.85
	32
	1.25

	4: Lead battery production

	Bat1
	40
	51
	0.78
	33
	1.20

	Bat2
	40
	46
	0.87
	32
	1.25

	Bat3
	40
	48
	0.83
	29
	1.37

	Bat4
	40
	32
	1.25
	16
	2.50

	Bat5
	40
	40
	1.00
	22
	1.82

	Bat6
	40
	44
	0.91
	24
	1.67

	5: Oxide & stabiliser production

	O&S1
	40
	59
	0.68
	39
	1.02

	O&S2
	40
	55
	0.72
	35
	1.14

	O&S3
	40
	42
	0.95
	22
	1.82

	O&S4
	40
	50
	0.80
	30
	1.33

	O&S5
	40
	45
	0.88
	23
	1.72

	O&S6
	40
	46
	0.87
	25
	1.59

	6: Crystal glass production

	Cry1
	40
	46
	0.87
	26
	1.54

	Cry2
	40
	35
	1.14
	18
	2.22

	Cry3
	40
	36
	1.11
	21
	1.89

	Cry4
	40
	31
	1.28
	16
	2.50

	Cry5
	40
	28
	1.43
	15
	2.63

	7: Ceramic ware production

	Na
	40
	23
	1.74
	18
	2.22

	8: PVC processing

	PVC1
	40
	39
	1.03
	25
	1.60

	PVC2
	40
	32
	1.25
	19
	2.11

	PVC3
	40
	25
	1.60
	15
	2.67

	PVC4
	40
	19
	2.11
	12
	3.33

	9: Abatement, demolition and scrap industries

	Na
	40
	>40
	<1
	nd
	Na

	10: Further occupational scenarios

	10.1
	40
	35
	1.14
	27
	1.48

	10.2
	40
	>40
	<1
	10
	4.00

	10.3
	40
	18
	2.22
	5
	8.00

	10.4
	40
	nd
	na
	nd
	Na

	10.5
	40
	nd
	na
	nd
	Na

	10.6
	40
	<40
	>1
	nd
	Na

	10.7
	40
	nd
	na
	nd
	Na

	10.8
	40
	41
	0.98
	28
	1.43

	10.9
	40
	nd
	na
	nd
	Na

	10.10
	40
	37
	1.08
	8
	5.00

	10.11
	40
	(not taken forward to RC)

	10.12
	40
	31
	1.29
	14
	2.86

	10.13
	40
	26
	1.54
	24
	1.67

	10.14
	40
	18
	2.22
	9
	4.44

	10.15
	40
	25
	1.60
	8
	5.00

	10.16
	40
	54
	0.74
	35
	1.14

	10.17
	40
	<40
	>1
	10
	4.00

	10.18
	40
	34
	1.18
	16
	2.50

	10.19
	40
	53
	0.75
	38
	1.05

	10.20
	40
	(not taken forward to RC)

	10.21
	40
	15
	2.67
	5
	8.00

	10.22
	40
	45
	0.89
	31
	1.29

	10.23a)
	40
	<40
	>1
	nd
	Na

	10.23b)
	40
	<40
	>1
	nd
	Na

	10.23c)
	40
	<40
	>1
	nd
	Na

	10.23d)
	40
	<40
	>1
	nd
	Na


4.1.3.2.5 Mutagenicity

Given the results of mutagenicity studies, it is currently concluded that occupational exposures do not present a concerns for mutagenicity (conclusion ii). It is considered at this point more relevant to await the outcome of discussions on the proposed conclusions of the section on mutagenicity in the human health effects section of this VRAL.

4.1.3.2.6 Carcinogenicity

Similarly, although animal studies have demonstrated carcinogenicity of several soluble lead compounds, human epidemiology study at occupational exposure levels are generally negative. In light of animal studies suggesting an effect of lead upon the kidney in rodents and human epidemiology studies suggesting possible effects upon the stomach, detailed evaluation of potential effects at these sites is warranted.

Risk of kidney cancer under occupational exposure conditions can be evaluated upon a dosimetric, mechanistic, and epidemiological basis. Animal studies have suggested induction of kidney cancer in rodents via an indirect mechanism that entail the induction of forced cell proliferation followed lead- and age-induced institial fibrosis. The lead exposure levels required to produce this effect in rodents appear to require a daily administered dose of 27 mg/kg/day (see section 4.2.2.9.1) and have a observational threshold at 7.8 mg/kg/day. In contrast, typical occupational exposures to lead required to produce a blood lead of 40 µg/dL are equivalent to a daily oral dose of approximately 650 µg/day or 9 µg/kg bw/day. This level of exposure is approximately 1000-fold lower than that required to produce kidney cancer in rodents.

From a mechanistic perspective, kidney cancer would be unlikely to develop in occupationally exposed adults without the previous induction of lead-induced nephropathy. Lead induced nephropathy has be identified to required a minimum of five years of exposure to lead with blood lead levels in excess of 65 µg/dL (see Section 4.1.2.7.2). This level of exposure is in excess of that which characterises modern occupational exposure environments. Thus, in the absence of lead-induced nephropathy, the mechanistic events that precede cancer induction in rodents are unlikely to occur.

The mechanistic and dosimetric inferences above are substantiated by human epidemiology studies that have generally failed to observed to induce excess kidney cancer. Indeed, in the largest studies characterising historical lead exposures that induced lead nephropathy (Section 4.1.2.9.2), the incidence of kidney cancer exhibited a deficit that approached statistical significance.

The combination of dosimetric, mechanistic and epidemiologic observations thus all suggest that elevated risk of kidney cancer is not to be expected following occupational exposure to lead. There is thus no concern for kidney cancer for workers (conclusion ii).

Limited epidemiological evidence has suggested a possible relationship between occupational exposure to lead and stomach cancer. Since stomach cancer is not induced in animal model systems, dosimetric and mechanistic comparisons similar to those conducted for kidney cancer are not possible. As discussed in Section 4.1.2.9.2, the observation of elevated stomach cancer has, at least in part, been attributed to confounding by factors such as ethnicity in follow-up case control studies. The older scientific literature documenting this increase further did not evaluate the possible impact of other known risk factors such as H. pylori infection and non-specific effects resulting from ingestion of particulate matter. There is thus considerable uncertainty with respect to whether the risk of stomach cancer is indeed associated with lead exposure. Quantitative estimates of risk can be made. For example, Wong and Harris (2000) observed 20 excess stomach cancer cases in a cohort of 6,818 workers. At least half of this excess appeared to be due to ethnicity, suggesting an unexplained excess of 10 cancers. Given that exposures in the Wong and Harris study were associated with blood lead levels in different subcohorts ranged were 63, 80 or > 100 µg/dL, lead intakes were likely on the order of 3 – 6 fold higher than those associated with a blood lead level of 40 µg/dL. If strict linearity of dose response for stomach cancer were to be assumed, excess cancer risk of 1 x 10 -3 and 1 x 10 -4 would be present. However, this calculation of risk is imprecise and predicated upon the assumption that there is a causal relationship between lead and stomach cancer. Given the limited nature of the epidemiological evidence and lack of evidence for stomach cancer induction in animals, presumptions of risk, or quantitative estimates of that risk, are premature. There is inadequate evidence of excess stomach cancer risk in the occupational setting and this results in a conclusion (i) finding for this endpoint. 

4.1.3.2.7 Toxicity for reproduction

The NOAEL values relevant for workers are summarised in the table below:

Table 4.213:
NOAEL’s for reproduction toxicity relevant for workers

	Health effects endpoint
	NOAEL
	Exposed population

	Reproductive effects (male)
	45 μg/dL
	Male Adults

	Reproductive effects (female)
	30 μg/dL
	Women of child-bearing capacity 

	
	
	

	Nervous system effects (foetal effects) during pregnancy
	10 μg/dL
	Pregnant women


For reproductive effects, the risk characterisation is based on the lowest NOAELs of 45 µg/dL for male workers and of 30 µg/dL for female workers of childbearing capacity, as given above. In addition, an additional risk characterisation is based on the NOAEL of 10 µg/dL in pregnant workers (based on foetal effects).

However, blood lead data specifically for female workers are not readily available. Considering that in most occupational settings only a low number of females are currently employed, such a data base is not likely to have a representative character. Thus, for lack of blood lead data in female workers, the risk assesment is based on the data available for male workers, despite any toxicokinetic differences between male and female workers.

The resulting MOS values for male and female workers for reproductive effects/fertility and for pregnant females for developmental toxicity are summarised in the two tables below:

Table 4.214:
MOS-values for effects on fertility

	Scenario
	NOAEL
[µg/dl]
	Worst case
[90th perc, µg/dl]
	Worst case
MOS
	Typical
[median, µg/dl]
	Typical
MOS

	
	Female
	Male
	
	Female
	Male
	
	Female
	Male

	1: Primary lead production

	Pri1
	30
	45
	56
	0.53
	0.81
	32
	0.93
	1.41

	Pri2
	30
	45
	39
	0.77
	1.15
	28
	1.08
	1.61

	Pri3
	30
	45
	43
	0.70
	1.04
	30
	1.00
	1.49

	Pri4
	30
	45
	39
	0.77
	1.15
	27
	1.11
	1.67

	Pri5
	30
	45
	35
	0.85
	1.28
	25
	1.20
	1.79

	Pri6
	30
	45
	40
	0.75
	1.12
	27
	1.11
	1.67

	2: Secondary lead production

	Sec1
	30
	45
	50
	0.60
	0.90
	30
	1.00
	1.49

	Sec2
	30
	45
	41
	0.73
	1.10
	27
	1.11
	1.67

	Sec3
	30
	45
	30
	1.00
	1.49
	21
	1.43
	2.13

	Sec4
	30
	45
	53
	0.56
	0.85
	34
	0.88
	1.32

	Sec5
	30
	45
	44
	0.68
	1.02
	27
	1.11
	1.67

	Sec6
	30
	45
	42
	0.71
	1.08
	27
	1.11
	1.67

	Sec7
	30
	45
	46
	0.65
	0.98
	27
	1.11
	1.67

	3: Lead sheet production

	She1
	30
	45
	70
	0.43
	0.64
	47
	0.64
	0.96

	She2
	30
	45
	58
	0.52
	0.78
	41
	0.73
	1.10

	She3
	30
	45
	48
	0.63
	0.93
	29
	1.03
	1.56

	She4
	30
	45
	54
	0.56
	0.83
	31
	0.97
	1.45

	She5
	30
	45
	43
	0.70
	1.04
	21
	1.43
	2.13

	She6
	30
	45
	47
	0.64
	0.96
	32
	0.93
	1.41

	4: Lead battery production

	Bat1
	30
	45
	51
	0.59
	0.88
	33
	0.91
	1.37

	Bat2
	30
	45
	46
	0.65
	0.98
	32
	0.93
	1.41

	Bat3
	30
	45
	48
	0.63
	0.93
	29
	1.03
	1.56

	Bat4
	30
	45
	32
	0.93
	1.41
	16
	1.89
	2.78

	Bat5
	30
	45
	40
	0.75
	1.12
	22
	1.37
	2.04

	Bat6
	30
	45
	44
	0.68
	1.02
	24
	1.25
	1.89

	5: Oxide & stabiliser production

	O&S1
	30
	45
	59
	0.51
	0.76
	39
	0.77
	1.15

	O&S2
	30
	45
	55
	0.55
	0.82
	35
	0.85
	1.28

	O&S3
	30
	45
	42
	0.71
	1.08
	22
	1.37
	2.04

	O&S4
	30
	45
	50
	0.60
	0.90
	30
	1.00
	1.49

	O&S5
	30
	45
	45
	0.67
	1.00
	23
	1.30
	1.96

	O&S6
	30
	45
	46
	0.65
	0.98
	25
	1.20
	1.79

	6: Crystal glass production

	Cry1
	30
	45
	46
	0.65
	0.98
	26
	1.15
	1.72

	Cry2
	30
	45
	35
	0.85
	1.28
	18
	1.67
	2.50

	Cry3
	30
	45
	36
	0.83
	1.25
	21
	1.43
	2.13

	Cry4
	30
	45
	31
	0.97
	1.45
	16
	1.89
	2.78

	Cry5
	30
	45
	28
	1.08
	1.61
	15
	2.00
	3.00

	7: Ceramic ware production

	na
	30
	45
	23
	1.30
	1.96
	18
	1.67
	2.5

	8: PVC processing

	PVC1
	30
	45
	39
	0.77
	1.15
	25
	1.20
	1.80

	PVC2
	30
	45
	32
	0.94
	1.41
	19
	1.58
	2.37

	PVC3
	30
	45
	25
	1.20
	1.80
	15
	2.00
	3.00

	PVC4
	30
	45
	19
	1.58
	2.37
	12
	2.50
	3.75

	9: Abatement, demolition and scrap industries

	na
	30
	45
	>40
	<1
	na
	nd
	na
	Na

	10: Further occupational scenarios

	10.1
	30
	45
	35
	0.86
	1.29
	27
	1.11
	1.67

	10.2
	30
	45
	>40
	<1
	na
	10
	3.00
	4.50

	10.3
	30
	45
	18
	1.67
	2.50
	5
	6.00
	9.00

	10.4
	30
	45
	nd
	na
	na
	nd
	na
	Na

	10.5
	30
	45
	nd
	na
	na
	nd
	na
	Na

	10.6
	30
	45
	<40
	na
	>1
	nd
	na
	Na

	10.7
	30
	45
	nd
	na
	na
	nd
	na
	Na

	10.8
	30
	45
	41
	0.73
	1.10
	28
	1.07
	1.61

	10.9
	30
	45
	nd
	na
	na
	nd
	na
	Na

	10.10
	30
	45
	37
	0.81
	1.22
	8
	3.75
	5.63

	10.11
	(not taken forward to RC)

	10.12
	30
	45
	31
	0.97
	1.45
	14
	2.14
	3.21

	10.13
	30
	45
	26
	1.15
	1.73
	24
	1.25
	1.88

	10.14
	30
	45
	18
	1.67
	2.50
	9
	3.33
	5.00

	10.15
	30
	45
	25
	1.20
	1.80
	8
	3.75
	5.63

	10.16
	30
	45
	54
	0.56
	0.83
	35
	0.86
	1.29

	10.17
	30
	45
	<40
	na
	>1
	10
	3.00
	4.50

	10.18
	30
	45
	34
	0.88
	1.32
	16
	1.88
	2.81

	10.19
	30
	45
	53
	0.57
	0.85
	38
	0.79
	1.18

	10.20
	30
	45
	(not taken forward to RC)

	10.21
	30
	45
	15
	2.00
	3.00
	5
	6.00
	9.00

	10.22
	30
	45
	45
	0.67
	1.00
	31
	0.97
	1.45

	10.23a)
	30
	45
	<40
	na
	>1
	nd
	na
	Na

	10.23b)
	30
	45
	<40
	na
	>1
	nd
	na
	Na

	10.23c)
	30
	45
	<40
	na
	>1
	nd
	na
	Na

	10.23d)
	30
	45
	<40
	na
	>1
	nd
	na
	Na


Table 4.215:
MOS-values for developmental toxicity

	Scenario
	NOAEL
[µg/dl]
	Worst case
[90th perc, µg/dl]
	Worst case
MOS
	Typical
[median, µg/dl]
	Typical
MOS

	1: Primary lead production

	Pri1
	10
	56
	0.18
	32
	0.31

	Pri2
	10
	39
	0.26
	28
	0.36

	Pri3
	10
	43
	0.23
	30
	0.33

	Pri4
	10
	39
	0.26
	27
	0.37

	Pri5
	10
	35
	0.29
	25
	0.40

	Pri6
	10
	40
	0.25
	27
	0.37

	2: Secondary lead production

	Sec1
	10
	50
	0.20
	30
	0.33

	Sec2
	10
	41
	0.24
	27
	0.37

	Sec3
	10
	30
	0.33
	21
	0.48

	Sec4
	10
	53
	0.19
	34
	0.29

	Sec5
	10
	44
	0.23
	27
	0.37

	Sec6
	10
	42
	0.24
	27
	0.37

	Sec7
	10
	46
	0.22
	27
	0.37

	3: Lead sheet production

	She1
	10
	70
	0.14
	47
	0.21

	She2
	10
	58
	0.17
	41
	0.24

	She3
	10
	48
	0.21
	29
	0.34

	She4
	10
	54
	0.19
	31
	0.32

	She5
	10
	43
	0.23
	21
	0.48

	She6
	10
	47
	0.21
	32
	0.31

	4: Lead battery production

	Bat1
	10
	51
	0.20
	33
	0.30

	Bat2
	10
	46
	0.22
	32
	0.31

	Bat3
	10
	48
	0.21
	29
	0.34

	Bat4
	10
	32
	0.31
	16
	0.63

	Bat5
	10
	40
	0.25
	22
	0.45

	Bat6
	10
	44
	0.23
	24
	0.42

	5: Oxide & stabiliser production

	O&S1
	10
	59
	0.17
	39
	0.26

	O&S2
	10
	55
	0.18
	35
	0.29

	O&S3
	10
	42
	0.24
	22
	0.45

	O&S4
	10
	50
	0.20
	30
	0.33

	O&S5
	10
	45
	0.22
	23
	0.43

	O&S6
	10
	46
	0.22
	25
	0.40

	6: Crystal glass production

	Cry1
	10
	46
	0.22
	26
	0.38

	Cry2
	10
	35
	0.29
	18
	0.56

	Cry3
	10
	36
	0.28
	21
	0.48

	Cry4
	10
	31
	0.32
	16
	0.63

	Cry5
	10
	28
	0.36
	15
	0.67

	7: Ceramic ware production

	na
	10
	23
	0.43
	18
	0.56

	8: PVC processing

	PVC1
	10
	39
	0.26
	25
	0.40

	PVC2
	10
	32
	0.31
	19
	0.53

	PVC3
	10
	25
	0.40
	15
	0.67

	PVC4
	10
	19
	0.53
	12
	0.83

	9: Abatement, demolition and scrap industries

	na
	10
	>40
	>1
	nd
	Na

	10: Other occupational scenarios

	10.1
	10
	35
	0.29
	27
	0.37

	10.2
	10
	>40
	<1
	10
	1.00

	10.3
	10
	18
	0.56
	5
	2.00

	10.4
	10
	nd
	na
	nd
	Na

	10.5
	10
	nd
	na
	nd
	Na

	10.6
	10
	<40
	na
	nd
	Na

	10.7
	10
	nd
	na
	nd
	Na

	10.8
	10
	41
	0.24
	28
	0.36

	10.9
	10
	nd
	na
	nd
	Na

	10.10
	10
	37
	0.27
	8
	1.25

	10.11
	10
	(not taken forward to RC)

	10.12
	10
	31
	0.32
	14
	0.71

	10.13
	10
	26
	0.38
	24
	0.42

	10.14
	10
	18
	0.56
	9
	1.11

	10.15
	10
	25
	0.40
	8
	1.25

	10.16
	10
	54
	0.19
	35
	0.29

	10.17
	10
	<40
	na
	10
	1.00

	10.18
	10
	34
	0.29
	16
	0.63

	10.19
	10
	53
	0.19
	38
	0.26

	10.20
	10
	(not taken forward to RC)

	10.21
	10
	15
	0.67
	5
	2.00

	10.22
	10
	45
	0.22
	31
	0.32

	10.23a)
	10
	<40
	na
	nd
	Na

	10.23b)
	10
	<40
	na
	nd
	Na

	10.23c)
	10
	<40
	na
	nd
	Na

	10.23d)
	10
	<40
	na
	nd
	Na


4.1.3.2.8 Summary of risk characterisation for workers

Based on a comparison of the MOS values presented above and the MOSref = 1, the resulting risk conclusions are presented in tabular format below:

Table 4.216:
Summary of risk characterisation for workers

	Scenario
	Acute toxixity
	Irritation
	Sensitation
	Repeated dose toxicity
	Mutagenicity
	Carcinogenicity
	Effects on fertility
	Developmental toxicity

	
	
	
	
	
	
	
	Female
	Male
	

	
	Inhalation
	Dermal
	Blood lead
	Blood lead
	Blood lead
	Blood lead
	Blood lead
	Blood lead
	Blood lead

	
	ST
	T / RWC
	T
	RWC
	T
	RWC
	T
	RWC
	T
	RWC
	T
	RWC
	T
	RWC
	T
	RWC
	T
	RWC

	1: Primary lead production

	Pri1
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	iii
	iii
	iii

	Pri2
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	Pri3
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	Pri4
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	Pri5
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	Pri6
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	2: Secondary lead production

	Sec1
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	iii
	iii
	iii

	Sec2
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	Sec3
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	ii
	ii
	ii
	iii
	iii

	Sec4
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	ii
	iii
	iii

	Sec5
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	Iii

	Sec6
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	Iii

	Sec7
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	iii
	iii
	Iii

	3: Lead sheet production

	She1
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	iii
	iii
	iii
	Iii

	She2
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	iii
	iii
	Iii

	She3
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	iii
	iii
	Iii

	She4
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	iii
	iii
	Iii

	She5
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	Iii

	She6
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	iii
	iii
	Iii

	4: Lead battery production

	Bat1
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	iii
	iii
	Iii

	Bat2
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	iii
	iii
	Iii

	Bat3
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	iii
	iii
	Iii

	Bat4
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	Iii

	Bat5
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	Iii

	Bat6
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	Iii

	5: Oxide & stabiliser production

	O&S1
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	iii
	iii
	Iii

	O&S2
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	Iii
	iii
	Iii

	O&S3
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	Ii
	iii
	Iii

	O&S4
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	iii
	iii
	Iii

	O&S5
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	Ii
	iii
	Iii

	O&S6
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	iii
	iii
	Iii

	6: Crystal glass production

	Cry1
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	Iii
	iii
	iii

	Cry2
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	Ii
	iii
	iii

	Cry3
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	Ii
	iii
	iii

	Cry4
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	Ii
	iii
	iii

	Cry5
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	ii
	ii
	Ii
	iii
	iii

	7: Ceramic ware production

	All
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	ii
	ii
	ii
	iii
	iii

	8: PVC processing

	PVC1
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	PVC2
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	PVC3
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	ii
	ii
	ii
	iii
	iii

	PVC4
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	ii
	ii
	ii
	iii
	iii

	9: Abatement, demolition and scrap industries

	All
	ii
	ii
	ii
	ii
	ii
	ii
	i
	iii
	ii
	ii
	ii/i*
	ii/i*
	i
	iii
	i
	i
	i
	iii

	10: Other occupational scenarios

	10.1
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	10.2
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	i
	ii
	iii

	10.3
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	ii
	ii
	ii
	ii
	iii

	10.4
	ii
	ii
	ii
	ii
	ii
	ii
	i
	i
	ii
	ii
	ii/i*
	ii/i*
	i
	i
	i
	i
	i
	i

	10.5
	ii
	ii
	ii
	ii
	ii
	ii
	i
	i
	ii
	ii
	ii/i*
	ii/i*
	i
	i
	i
	i
	i
	i

	10.6
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	i
	i
	ii
	ii
	i
	i

	10.7
	ii
	ii
	ii
	ii
	ii
	ii
	i
	i
	ii
	ii
	ii/i*
	ii/i*
	i
	i
	i
	i
	i
	i

	10.8
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	10.9
	ii
	ii
	ii
	ii
	ii
	ii
	i
	i
	ii
	ii
	ii/i*
	ii/i*
	i
	i
	i
	i
	i
	i

	10.10
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	ii
	iii

	10.11
	(not taken forward to RC)

	10.12
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	10.13
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	ii
	ii
	ii
	iii
	iii

	10.14
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	ii
	ii
	ii
	ii
	iii

	10.15
	Ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	ii
	ii
	ii
	ii
	iii

	10.16
	Ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	iii
	iii
	iii

	10.17
	Ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	i
	ii
	ii
	ii
	i

	10.18
	Ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	iii
	ii
	ii
	iii
	iii

	10.19
	Ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	iii
	iii
	iii

	10.20
	(not taken forward to RC)

	10.21
	Ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	ii
	ii
	ii
	ii
	ii
	iii

	10.22
	Ii
	ii
	ii
	ii
	ii
	ii
	ii
	iii
	ii
	ii
	ii/i*
	ii/i*
	iii
	iii
	ii
	ii
	iii
	iii

	10.23a)
	Ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	i
	i
	ii
	ii
	i
	i

	10.23b)
	Ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	i
	i
	ii
	ii
	i
	i

	10.23c)
	Ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	i
	i
	ii
	ii
	i
	i

	10.23d)
	Ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii/i*
	ii/i*
	i
	i
	ii
	ii
	i
	i


Legend: First row: Toxicity endpoint, Second row: conclusion based on, Third row: Scenario parameters, ST = short Term, T = Typical, RWC = Reasonable Worst Case, *: Conclusion (ii) is proposed for kidney and all other cancers, except stomach cancer for which conclusion (i) is recommended.

4.1.3.3 Consumers

Lead exposure that might result from exposure to a number of lead products were reviewed in section 4.1.1.3. This review included a summation of lead in illicit products – such products are prohibited under EU law and are presumed to pose excess risk of lead exposure. Quantitation of the prevalence of such products in the marketplace is generally lacking – in most instances the exposure excess is either based upon exposure calculations that suggest risk or case studies of acute lead intoxication in adults or children (e.g. lead in cosmetics). Such illicit products cannot be assessed with accuracy but provisional estimates of exposure will be made base upon blood lead levels associated with the symptom of affected children. Historical applications will generally not be assessed either, except in instances where they may still pose an exposure risk through continued use related to a long product service life (e.g. lead water pipes and paint).

A number of products were identified that provide no realistic opportunity for consumer exposure. These determinations are, in most instances, based upon expert judgement evaluations of intended patterns of product use by consumers that concluded there are no significant exposure routes associated with product use. Under both typical and worst case exposure assumptions use of these products will not result in detectable levels of exposure. This results in a finding of conclusion (ii). There is at present no need for further information and/or testing or for risk reduction measures beyond those which are being applied already for the products in Table 4.217 The only caveat to be offered is that dermal transfer studies are being conducted of several product applications (PVC, lead sheet). Pending the results of these studies, conclusions regarding potential exposure may be revised. These applications are assigned a designation of “Inadequate” information with respect to exposure quantification and this will result in a conclusion (i) finding for endpoints such as repeated dose toxicity. No exposure is also assumed for artist materials used in accordance with labelling instructions, but a scenario has been included for hobbyist use of professional artist paints. No information has yet been identified regarding potential exposure and conclusion (i) is reached for this application scenario. The fate of run-off from lead sheet surfaces is also uncertain – accumulation of lead in soil could pose an exposure risk for children unless appropriate guttering and collection to water treatment facilities occurs. Additional data is being sought on this issue.

Table 4.217:
Products that make negligible contributions to consumer exposure

	Product
	Exposure route
	Typical exposure
	Worst case exposure

	Batteries
	None
	None
	None

	Other Automotive
	None
	None
	None

	Consumer Electronics
	None
	None
	None

	Cable Sheathing
	None
	None
	None

	
	
	
	

	Artist Materials

- Artist Use

- Hobbyist
	Dermal (hand)
	None

None
	None*

Inadequate

	Electrical Solder
	Inhalation and dermal (hand)
	None
	None

	Plastics

- Wire/cable

- Exterior PVC

- Other interior
	None

Dermal (hand)

Oral
	None

None

None
	None

None**

None

	PVC Water Pipes
	Oral
	None
	1.5 µg/L Pb in water

	Paint

(commercial)
	None
	None
	None

	· 
	
	
	 

	Radiation shield
	None
	None
	None

	Ceramics

- Decorative
	Dermal (hand)
	None
	None

	Crystal

- Decorative

- Flatware
	Dermal (hand)

Oral
	None

None
	None

None


* Compliance with consumer labelling instructions is presumed
** No exposure is assumed, but the conclusion is subject to revision pending results of ongoing dermal transfer work

Some level of human exposure may be associated with commercially available products. Initial assessments have been made as to the potential significance of this exposure. Since these products pose opportunities for exposure via different pathways, no single metric of exposure can be applied. Moreover, products have necessarily been initially evaluated in isolation when in fact consumers will likely be exposed to lead from multiple sources. The worst case exposure estimates for these products have thus been evaluated where possible for the incremental increase in blood lead they may produce. This incremental increase is then added to the estimates of typical combined exposure blood lead levels developed in section 4.115. The estimates used are those for urban settings with higher baseline blood lead levels. For most applications, a prediction of resulting blood lead level is made using the IEUBK model for children or the O’Flaherty PBPK model for adults as appropriate. Estimates are provided for both adults and 5-6 yr old children unless the nature of the product application is such that it is not used by children or adults. In instances of airborne lead exposures, slope factors estimates of incremental blood lead increase are used if the model in known to be prone to underprediction of air lead impacts under the expected exposure circumstances. This blood lead level is then compared to the appropriate NOAEL’s for the at risk population. For individual children and adults (women of reproductive age), this blood lead level is 10 µg/dL. For some product applications, particularly those of a historical or illicit nature, quantitation of exposure is lacking but symptoms of lead intoxication have been reported. Based upon expert judgement, these applications will be assumed to have produced blood lead levels of > 70 µg/dL and will be evaluated on that basis. For each application, a MOS calculation is offered which represent the ratio of the NOAEL and the predicted blood lead that will result under the worst case exposure scenario. Note that for some applications (e.g. use of crystal decanters for long-term storage) information submission in pending that will define exposures. Such applications are indicated as having “inadequate” exposure information. Such a designation will result in a conclusion (i) finding for repeated dose toxicity.

The following products afford some opportunities for exposure. Information presented in the following table includes a description of the product application, the exposure route of concern, the worst-case exposure estimate, the predicted exposure impact in terms resulting blood lead and the calculated MOS. 

Table 4.218:
Consumer products that yield exposure

	Product
	Exposure route
	Worst case exposure*
	Increase in blood lead
(µg/dL)*
	Predicted Blood Lead (µg/dL
	MOS

	Ceramics

- Current ISO
	Oral
	4.8 µg/d child

13.7 µg/d adult
	0.68

1.0
	3.38

4.0
	2.96

2.5

	Ceramics

-Current EU

 - Child

 - Adult

-Import (non-ISO)
	Oral

Oral
	4.3 µg/d

-49.8 µg/day (adult)

Intoxication
	0.8

4.1

>70
	3.5

7.1

>70
	2.86

1.41

<0.14

	Plastic Water Pipe
	Oral
	1.5 µg/L Pb in water
	0.1
	3.1
	3.2

	Crystal (adults)

- Stemware

- Decanter (short-term storage <1d)

-Decanter

(long term)
	Oral

Oral

Oral Chronic

Oral Acute (binge)
	6 µg/d (chronic)

2 µg/d (chronic)

2 – 25 µg/week

20 – 250 µg
	0.51

0.17

0.02 – 0.24

0.2 – 2.5 µg/dL (transient)
	3.51

3.17

3.02 – 3.24

3.2 – 5.5
	2.85

3.5

> 3.08

3.2 – 1.8

	Lead Water Pipes

- Two year old child

- Adult female
	Oral
	35 µg/L water

17.5 µg/day

70 µg/day
	2.3

6.5
	5.0

9.5
	2.0

1.05

	Sheet

- External/Run-off

- External 

-Adult Exposure maintenance work

- Child contact

- Ornament

Adult Contact

Child contact
	Oral

Dermal/oral

(hand)

Dermal/oral (hand)

Dermal/oral (hand)


	None

109 µg (acute)

61 µg (daily potential)

65 µg per event

60 µg (daily potential)
	Inadequate (chronic)

1.0 µg/dL (transient)

7.2

0.7 µg/dL (transient)

7.2
	-

4.0

9.6

3.7

9.6
	-

2.5

1.04

2.7

1.04

	Weights/sinker
	Dermal (oral)
	7.7 µg/wk
	0.08
	3.08
	3.2

	Candles with lead wick cores

- Child

- Adult
	Inhalation
	16 µg/m3
	-

30.7 (SF)

41.6 (PBPK)
	33.4

44.6
	0.30

0.22

	Lead Shot and Bullets

- Subsistence Hunting

  Shot

   Adult

   Child

- Firing range

- Reloading
	Oral

Inhalation

Dermal and oral
	200 µg/d

Inadequate


	11

19.7

-

-
	14

20.5

-

-
	0.71

0.48

-

-

	Lead Paint

  Residential
	Oral
	Child intoxication
	>70
	>70
	<0.14

	Children’s Jewellery and toys
	Oral
	Child Intoxication
	>70
	>70
	<0.14

	Folk  Medicine
	Oral
	Child Intoxication
	>70
	>70
	<0.14

	Illegal Cosmetics
	Oral
	Child Intoxication
	>70
	>70
	<0.14


The preceding assessments were made by combining the worst-case exposure scenario for a given product with the combined exposure baseline presented in Section 4.1.1.5. Consideration could be given to combining worst-case scenarios, but many of the scenarios of concern are unusual and unlikely to coupled to other unusual consumer exposures. For more commonly used products, the consumer baseline already reflects a contribution from these products – the assessments given here thus already contain some measure of “double counting” for common lead containing products. In the few instances where combined use of products in a worst case use pattern might be hypothesized (e.g. use of fine dinnerware and lead crystalware), the incremental increase in blood lead would still be relatively modest (e.g. 1.5 µg/dL) and MOS calculations would be greater than 2. 

The majority of consumer exposures of a magnitude sufficient to be of obvious concern are the result of illicit or unusual products that have already been the source of regulatory attention. Use of candles with lead core wicks, on the assumption that air lead levels of 16 µg/m3 will result as a 24 hr average, would be associated with significant elevations of blood lead. Model predictions and slope factor predictions are not convergent – but the air lead levels being modelled are outside the range for which the models have been calibrated. The blood lead predictions were made on the assumption that the aerosols were composed of small particles capable of deep lung deposition. This may overestimate the potential exposure, but slope factor calculations are for direct inhalation impacts only – additional increases in blood lead would be expected if dust deposition and ingestion were considered. Although the precise impact upon blood lead may be uncertain, the potential for exposure is obviously excessive and unnecessary given that such products should not be marketed to consumers. The range of exposures that might result would be associated with adverse impacts upon child development and reproductive function in women.

For a number of the products listed above, pathways for exposure appear to exist but available information is not adequate to quantitate this exposure. Products with inadequate data are listed in the following table and represent conclusion (i) products unless reports in the literature have documented excessive exposure. One exception to this is exposures from lead shot where subsistence hunting is noted to result in lead exposure. This is based on information generated in countries outside of the EU, but a conclusion will nevertheless be derived for exposures to subsistence hunters using lead shot in the absence of information that subsistence hunting occurs to a significant extent in the EU.

Exposure risk at firing ranges is generally presumed to be at indoor (as opposed to outdoor) firing ranges. Data suggesting potential risk of exposure excess was collected prior to the adoption of ventilation controls by many facilities. Current industry practice may have reduced levels of exposure, but data confirmatory of this is still pending from industry. 

Data suggest that some residential housing within the EU may contain lead-based paint that poses an exposure risk for children. No data have been found that permits quantitation of the proportion of existing housing stock that may contain lead-based paint. Ingestion of paint can be associated with severe health effects (acute lead intoxication). Studies in the U.K., France and Belgium have documented elevated blood lead levels and acute lead intoxication requiring medical attention as a result of lead paint ingestion.

Finally, a set of consumer applications provide opportunities for exposure that are difficult to model and yield a MOS that is slightly in excess of 1. These include applications such as use of lead sheet on surfaces that may be accessible to daily child contact and ornamental lead metal objects that children may contact on a daily basis. Given that no instances of elevated blood lead levels associated with these applications were found in the scientific literature, the assumptions that underlie the derivation of the worst case scenario may be unduly conservative. However, one must also be mindful that a variety of different regional scenarios can be constructed with exposure baselines different from the baseline exposure used here. A slightly higher exposure baseline would lend to a MOS less than 1 for such products. For these reasons, exposure from these products probably merits careful additional investigation. For similar reasons, the possible contribution of ceramics that meet EU (but not the more stringent ISO) leachate standards to human exposure may also be of concern as may lead exposure from lead water pipes. However, for the reasons given above, data are not adequate to provide assurances that such applications pose no risk or to make definitive statements regarding risk of harm.

4.1.3.3.1 Acute toxicity/Irritation/Corrosivity/Sensitisation

Given the data available, it is concluded that the lead and lead compounds reviewed in this Risk Assessment present no risk to consumers with respect to acute toxicity, skin, eye and respiratory tract irritation, corrosivity and skin sensitisation (conclusion ii).

4.1.3.3.2 Repeated Dose Toxicity

For the majority of lead containing products reviewed, the predicted blood lead levels resulting from product use are less than 10 µg/dL and most have a MOS of 2 or greater. Conclusion (ii) is derived for these products. This conclusion is also reached for products that result in acute exposures that might produce transient elevations of blood lead. Products with inadequate information are assigned conclusion (i) and include lead sheet (run-off),  inhalation risk at indoor firing ranges, reuse/reloading of spent ammunition. Conclusion (i) is also assigned to several product categories that result in exposures that are both difficult to quantify and with a MOS just slightly in excess of 1. These products include exposure risk to children from lead sheet used in areas accessible to children, ornamental lead objects (e.g. lawn ornaments) that may have frequent child contact, ceramics that meet EU (as opposed to more stringent ISO) leachate test standards, and lead used in water pipes. Risk to children and pregnant women in terms of neurological impairment is posed by products with a MOS <1 and are assigned conclusion (iii). Products in this category include illegal ceramics, candles with lead core wicks, lead shot used for subsistence hunting, residential lead-based paint, jewellery and toys intended for children containing lead, folk remedies and illegal cosmetics.

4.1.3.3.3 Mutagenicity/Carcinogenicity/Toxicity for Reproduction

Given the results of mutagenicity studies, it is concluded that consumer exposures present no concerns for mutagenicity (conclusion ii). Although animal studies have demonstrated carcinogenicity of several soluble lead compounds, human epidemiology study at occupational exposure levels are generally negative. In light of animal studies suggesting an effect of lead upon the kidney in rodents and human epidemiology studies suggesting possible effects upon the stomach, detailed evaluation of potential effects at these sites is warranted.

Risk of kidney cancer under occupational exposure conditions can be evaluated upon a dosimetric, mechanistic, and epidemiological basis. Animal studies have suggested induction of kidney cancer in rodents via an indirect mechanism that entail the induction of forced cell proliferation followed lead- and age-induced institial fibrosis. The lead exposure levels required to produce this effect in rodents appear to require a daily administered dose of 27 mg/kg/day (see section 4.2.2.9.1) and have a observational threshold at 7.8 mg/kg/day. In contrast, typical occupational exposures to lead required to produce a blood lead of 40 µg/dL are equivalent to a daily oral dose of approximately 650 µg/day or 9 µg/kg bw/day. This level of exposure is approximately 1000-fold lower than that required to produce kidney cancer in rodents. Typical exposures to consumers are approximately 10-fold lower yet, indicative of a dosimetric differential for kidney cancer of at least 10,000-fold.

From a mechanistic perspective, kidney cancer would be unlikely to develop in exposed consumers without the induction of lead-induced nephropathy. Lead induced nephropathy has be identified to required a minimum of five years of exposure to lead with blood lead levels in excess of 65 µg/dL (see Section 4.1.2.7.2). This level of exposure is vastly in excess of that which characterises consumer exposure. Thus, in the absence of lead-induced nephropathy, the mechanistic events that precede cancer induction in rodents are unlikely to occur.

The mechanistic and dosimetric inferences above are substantiated by human epidemiology studies that have generally failed to observed to induce excess kidney cancer. Indeed, in the largest studies characterising historical lead exposures that induced lead nephropathy (Section 4.1.2.9.2), the incidence of kidney cancer exhibited a deficit that approached statistical significance.

The combination of dosimetric, mechanistic and epidemiologic observations thus all suggest that elevated risk of kidney cancer is not to be expected following consumer exposure to lead. There is thus no concern for kidney cancer for workers (conclusion ii).

Limited epidemiological evidence has suggested a possible relationship between occupational exposure to lead and stomach cancer. Since stomach cancer is not induced in animal model systems, dosimetric and mechanistic comparisons similar to those conducted for kidney cancer are not possible. As discussed in Section 4.1.2.9.2, the observation of elevated stomach cancer in the occupational setting has, at least in part, been attributed to confounding by factors such as ethnicity in follow-up case control studies. The older scientific literature documenting this increase further did not evaluate the possible impact of other known risk factors such as H. pylori infection and non-specific effects resulting from ingestion of particulate matter. There is thus considerable uncertainty with respect to whether the risk of stomach cancer is indeed associated with lead exposure. Quantitative estimates of risk can be made. For example, Wong and Harris (2000) observed 20 excess stomach cancer cases in a cohort of 6,818 workers. At least half of this excess appeared to be due to ethnicity, suggesting an unexplained excess of 10 cancers. Given that exposures in the Wong and Harris study were associated with blood lead levels in different subcohorts ranged were 63, 80 or > 100 µg/dL, lead intakes were likely on the order of 100- to 1000-fold higher than those associated with consumer exposures. If strict linearity of dose response for stomach cancer were to be assumed, excess cancer risk of 1 x 10 -5 and 1 x 10 -6 would be present. However, this calculation of risk is imprecise and predicated upon the assumption that there is a causal relationship between lead and stomach cancer. Given the limited nature of the epidemiological evidence and lack of evidence for stomach cancer induction in animals, presumptions of risk, or quantitative estimates of that risk, are premature. In the absence of linkages between lead and stomach cancer in studies of the general population, risk for consumers is not presumed to exist. This results in a conclusion (ii) finding stomach cancer.
Most lead products yield low or not exposure. However some may elevate the blood of pregnant women above 10 µg/dL and pose risk of developmental toxicity to the developing foetus. These products include illegal ceramics, candles with lead core wicks, and lead shot used for subsistence hunting. . A finding of conclusion iii is reached for reproductive (developmental) toxicity for these products. Lead water pipes yield a predicted blood lead of 9.5 µg/dL is provisionally included in this grouping of products since the MOS is of marginal acceptability and actual levels of lead in water. Similarly, ceramicware compliant with EU (but not more stringent ISO) leachate test standards result in exposures that, while still yielding a MOS >1, are sufficiently high to merit further study. Conclusion (i) is recommended for these products.

4.1.3.3.4 Summary of Risk Characterisation for Products

Risk characterisation for products has been conducted used a MOS of 1 as per the reasons outlined in Section 4.1.3.1. To briefly summarise:

1. The NOAEL’s were identified from multiple (in some case in excess of 100) scientific studies of human populations. This has permitted detailed evaluation of issues such as age, gender, ethnicity, intensity of exposure and duration of exposure that can be sources of uncertainty in effects assessment. Given that extrapolations are not made from animal studies and that specific NOAEL’s have been derived for susceptible subpopulations there is no need to correct for inter- or intra-species variability. 

2. NOAEL’s have been proposed for the most sensitive subsets of the population and define blood lead levels protective against subtle effects. Whereas NOAEL’s indexed to endpoints that constitute a material impairment of health might merit consideration of a MOS greater than “1”, the NOAEL’s derived in this assessment are best viewed as protecting against preclinical effects that precede material health impairment.

3. The effects that are the basis of the NOAEL’s lack functional or clinical significance for the individual and cannot be detected at the level of the individual. Protection is thus being offered against effects which, by many definitions, would not be considered adverse effects.

4. For consumer exposures, the process of Risk Characterisation is complex and uses both modelling tools and blood lead survey data. Since blood lead surveys defining general exposures are not as comprehensive as the extensive medical surveillance programs associated with the occupational setting, multiple means of estimating the potential significance of individual exposure sources have thus been employed.

5. The most sensitive NOAEL’s considered for the evaluation of consumer products include a NOAEL of 10 µg/dL for the effect of lead upon child development and 10 µg/dl for pregnant women to protect foetal development.

6. In several instances, situations are noted wherein the precision of the modelling of the consumer exposure scenario is lacking. In such instances available data are judged inadequate to determine whether conclusion (ii) or (iii) applies and conclusion (i) is instead reached. 

Based upon observations of MOS values less than 1 or approximately equal to 1, the following table summarises Risk Characterisation findings for lead products:

Table 4.219:
Summary of Risk Characterisation for Products

	Product
	Acute toxicity
	Irritation
	Sensitisation
	Repeated Dose Toxicity
	Mutagenicity
	Carcinogenicity
	Effects on Fertility
	Developmental Toxicity

	Batteries
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii

	Other Auto
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii

	Consumer electronics
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii

	Cable sheathing
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii

	Weights sinkers
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii

	Artist Material

-Professional

_Hobbyist
	ii

ii
	ii

ii
	ii

ii
	ii

i
	ii

ii
	ii

ii
	ii

ii
	ii

i

	Plastics wire

Exterior

Other interior

Water Pipes
	ii

ii

ii

ii
	ii

ii

ii

ii
	ii

ii

ii

ii
	ii

i

i

ii
	ii

ii

ii

ii
	ii

ii

ii

ii
	ii

ii

ii

ii
	ii

i

i

ii

	Commercial Paint
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii

	Residential Paint
	ii
	ii
	ii
	iii
	ii
	ii
	ii
	iii

	Lead Sheet in Archtecture and Ornaments
	ii
	ii
	ii
	i
	ii
	ii
	ii
	i

	Lead Water Pipes
	ii
	ii
	ii
	i
	ii
	ii
	ii
	i

	Radiation shield
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii

	Crystal, Decorative and Flatware
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii

	Crystal

Stemware

Decanter Short term

Decanter Long Term
	ii

ii

ii
	ii

ii

ii
	ii

ii

ii
	ii

ii

ii
	ii

ii

ii
	ii

ii

ii
	ii

ii

ii
	ii

ii

ii

	Ceramics, Decorative
	ii
	ii
	ii
	ii
	ii
	ii
	ii
	ii

	Ceramics

Current EU

Current ISO

Illegal
	ii

ii

ii
	ii

ii

ii
	ii

ii

ii
	i

ii

iii
	ii

ii

ii
	ii

ii

ii
	ii

ii

iii
	i

ii

iii

	Candles, lead wick
	ii
	ii
	ii
	iii
	ii
	ii
	ii
	iii

	Children Jewellery and Toys
	ii
	ii
	ii
	iii
	ii
	ii
	ii
	ii

	Folk Medicine
	ii
	ii
	ii
	iii
	ii
	ii
	iii
	iii

	Illegal Cosmetics
	ii
	ii
	ii
	iii
	ii
	ii
	ii
	Iii


4.1.3.4 Man exposed indirectly via the environment

4.1.3.4.1 Regional Scenario

Human exposures to lead will occur via multiple environmental vectors. Typical and worst case exposure estimates developed in Section 4.1.1.4 for different environmental media are summarised below. Data are presented in the fashion in which they are used as input parameters for computerised exposure assessment models such as IEUBK or PBPK modelling. Such models accept environmental concentration data for some exposure sources (air, water, soil and dust). In contrast, discrete daily intake amounts are required for input through food.

Table 4.220:
Summary of typical and worst case indirect exposure estimates

	Exposure media
	Typical exposure
	Worst case exposure

	Air

- Rural

- Urban/Suburban

- Industrial
	0.01 µg/m3

0.05 µg/m3

0.10 µg/m3
	0.03 µg/m3

0.10 µg/m3

0.30 µg/m3

	Food

- Adult

- Child (post-weaning)

- Infant
	25 µg/day

4.2 µg/kg/week

4.0 µg/kg/week
	100 µg/day

7.0 µg/kg/week

7.0 µg/kg/week

	Water
	1.0 µg/L
	10 µg/L

	Soil and Dust

-Rural

-Urban
	40 mg/kg

250 mg/kg
	300 mg/kg

1000 mg/kg

	Soil and Dust Ingestion Rate

-Adult

-Child (12 – 72 months)*

-Infant (6 – 12 months)
	10 mg

40 mg/day

25 mg/day
	35 mg

135 mg/day

85 mg/day


* Variability in intake is expected as a function of age and is incorporated into modern exposure assessment models.

These estimates characterise exposure at the regional/continental level, although it must be recognised that regional exposures will potentially exhibit significant variability as a function of the rate at which individual countries have implemented programs to eliminate dispersive product applications such as lead in gasoline, lead in water pipes and lead-soldered food cans. In many instances, data reflect residual impacts from these products that will continue to attenuate over time and/or were collected during time frames when impacts from historical application were occurring. Efforts were made to screen data to so as to generate typical and worst case exposure estimates that reflect current exposure sources. However, worst-case estimates for lead in food are in large part derived from countries in the process of completing lead in gasoline phase-out at the time food lead studies were conducted. A single continental exposure scenario is presented and alternative regional scenarios are suggested.

Exposure of Infants

Infants (less than six months of age) represent an important exposed sub-group. For purposes of initial Risk Characterisation, it is assumed that diet (either formula or breast milk) is the predominant exposure route for lead entering the infant’s body. A pre-existing body burden will also exist as a function of maternal exposure prior to birth. The average weekly intake of lead is generally 25% or less than the PTWI. In as much as breast milk lead is derived from maternal plasma lead, and since maternal blood lead levels have been in constant decline since the phase-out of dispersive applications, the more recent data is likely to be more reliable and indicative of future trends. Similarly, reconstituted formula may in part reflect water lead derived from lead water pipes. As lead water pipes continue to be replaced, lead levels in formula should further decline. As described in Section 4.1.1.4.2 only a limited amount of information is available regarding the lead content of the infant’s diet and, as described in Section 4.1.1.4.2, caution must be exercised in the interpretation of data. Typical lead levels should be less than 1 µg/L and, except in unusual cases of contamination, should not exceed 3 µg/L. Thus, although milk may be the principle source of lead for the infant, the absolute levels of lead exposure are small and consistent with maintenance of blood lead levels less than 1 – 2 µg/dL (by slope factor extrapolation).

Exposure of Children 6 months – 6 years

Exposure assessment models for children place an emphasis upon environmental exposures to soil and dust. Although extensive soil lead data were compiled, it is somewhat uncertain whether the data are truly representative for the EU. A heavy bias was evident for soil lead data specific to the UK and this serves as the primary basis of initial estimates of urban and rural soil lead levels in soil types (residential soils) to which children may have access. In a number of instances, significant elevations of soil lead are evident and appear to represent the legacy of historical lead applications and the long residence time of lead in soil. Current anthropogenic sources of lead to soil are limited and are detailed in Section 3.2.5.3 of the Environment section of the Risk Assessment. For example, anthropogenic sources of lead are expected to increase soil lead levels by 3.4 mg/kg Pb (dry weight) over the next 100 years via atmospheric deposition. Although current industry products and processes may thus make little addition to soil lead, assessment of indirect exposure via the environment will also be undertaken using the available measured data that is inclusive of historical lead burdens.

Exposure levels from soil and dust lead intake were evaluated using integrated exposure assessment tools specifically designed to evaluate paediatric exposure scenarios. Either the O’Flaherty PBPK model or the IEUBK model of the USEPA were used to predict blood lead levels under the different exposure scenarios depicted here. Since the IEUBK model generates distributional data for blood lead levels in children, and has been more extensively validated, initial modelling efforts focused upon IEUBK predictions of blood lead. The following IEUBK predictions result when input parameters are used for typical and worst case exposures in urban and rural areas. Modelling data are presented for two age ranges – 1 –2 and 5 - 6 years of age. Children at two years of age may have heightened sensitivity to both lead exposure and toxicity, but limited blood lead data are available within the EU against which to compare model predictions of blood lead. Age six may have lower susceptibility to toxicity, but blood lead data for this age group are more readily available for validation of model predictions. The results of preliminary modelling are as follow:

Table 4.221:
Predicted blood lead levels [µg/dL] of children under typical and worst case conditions in rural and urban environments with % of the population > 10 µg/dL

	Setting
	Typical age 1-2
	WC age 1-2
	Typical age 5-6
	WC age 5-6

	Rural
	2.5 (0.1%)
	5.6 (11%)
	1.3 (0.001%)
	3.8 (2%)

	Urban
	4.4 (4%)
	12.2 (67%)
	2.8 (0.3%)
	8.1 (33%)


The results of such modelling suggest that children living within a rural environment have relatively low blood lead levels and that only a small percentage of children will have a blood lead level in excess of 10 µg/dL. As expected, blood lead levels are higher for younger children since they have a higher level of presumed soil and dust ingestion relative to their lower body weight. Overall, in rural environments, children of age 1 – 2 will have a <1% chance of having a blood lead level in excess of 10 µg/dL.

Significantly higher blood lead levels are predicted for children residing in urban environments – although typical exposures may appear modest (4.4 µg/dL), exposures in worst-case scenarios are predicted to be 12.2 µg/dL for age 1 – 2 children, with 67% of the children predicted to have blood lead levels greater than 10 µg/dL. This level of lead exposure would be undesirable since a significant number of children in some urban areas would have a blood lead level in excess of that with a defined impact upon cognitive development.

 Comparison of predicted blood lead levels with measured values suggests that the preceding model predictions overestimate actual exposure. Recent studies of children in Belgium, Denmark, France, Germany, Ireland, Sweden, and the UK have blood lead levels lower than the predictions for typical rural and urban blood leads detailed in blood lead surveys. In particular, data from the Silvermines area of Ireland (with elevated lead in soil) and Bristol (a historic centre of lead production and use) might be expected to exhibit blood lead distributions concordant with worst-case model scenarios. Moreover, even populations in close proximity to smelters do not evidence elevated blood lead levels comparable to worst case model predictions. Finally, blood lead survey data from the 1980’s correspond to worst-case model predictions, (e.g. Suffolk and London) but were conducted to document the impact of lead in gasoline upon children through direct inhalation and household dust deposition. Blood lead levels in the UK have since shown significant declines but underlying soil lead levels have presumable remained constant. Similarly, data from Greece in the early 1990’s appears to match worst-case model predictions and these data were also collected prior to the phase-out of lead in gasoline. The available data suggest overprediction of blood lead levels for children in urban environments by IEUBK with the input parameters selected.

A discrepancy between blood lead data and model predictions, especially for young children in urban environments, is not unexpected. The soil lead levels established for typical and worst case model inputs are heavily influenced by extensive soil lead surveys in the UK and may not be characteristic of most urban areas in the EU. Model predictions are also highly sensitive to input parameters for soil ingestion rates and dust lead concentrations. As noted earlier in Section 4.1.2.2.5, opportunities for soil lead ingestion in urban environments are more limited than assumed by the IEUBK model and downward adjustment of uptake assumptions can be required to model urban blood lead levels (Bowers and Mattuck, 2001). The IEUBK model further calculates an estimated household dust level based upon levels of lead in nearby soil. This household dust calculation has been found to be problematic in urban settings where a high proportion of homes may be have little, if any, adjacent soil (Griffin et al., 1999b; Clark et al 2004). In the present modelling, IEUBK predicts that 1000 mg/kg lead in soil would be associated with a household dust lead concentration of 710 µg/g. Contemporary household dust survey data for the EU are somewhat limited, but include extensive surveys such as the GerESII national survey of 3900 vacuum bag samples (Seifert et a l, 2000). The mean lead concentration observed in Germany was 5.9 µg/g with an upper 90th percentile concentration of 80 µg/g. Other, albeit more limited, surveys of household levels in Sweden similarly suggest that average household dust levels are lower than the values calculated by IEUBK (see Table 4.163). Observational data thus supports work in the United States (Clark et al 2004) demonstrating that assumptions of a relationship between urban soil lead concentration and household dust lead concentrations are probably erroneous for urban EU environments. A series of modifications to IEUBK model inputs can implemented in an effort to better replicate the findings of observational studies.

Observational blood lead data for children, as graphically depicted in Figure 4.43, confirm both the complexity and heterogeneity of exposure levels that may exist in the EU. Country-specific differences in reported paediatric blood lead levels exist and likely reflect the presence of lead in labile environmental compartments as a result of historical applications. The relative mobility and attenuation rates of lead in compartments such as street dust and house dust is the most probable variable exposure vector that determines paediatric exposure levels in a fashion that yields declining exposure over time. Alternate scenarios for the modelling of lead exposure in Europe, in accordance with different exposure regional scenarios, is feasible and will be proposed after a review of adult blood lead data. Adult blood lead data should reflect similar regional differences related to the time frames during which dispersive lead applications were eliminated.

Finally, it should be noted that if this modelling were restricted to expected increases in soil lead levels over the next 100 years as a consequence of current anthropogenic sources (3.4 mg/kg), incremental increases in blood lead of 0.05 µg/dL would be expected in children. Current industrial emissions make minimal contributions to regional exposure risk.

Exposure of Adults

For adults, dietary intakes of lead represent the principle source of lead exposure. Given that the PTWI for lead is 200 – 250 µg/day (for 60 – 70 kg adults), typical and worst case exposures of 25 and 100 µg/day are less than the PTWI. Dietary intakes predicted by EUSES 2.0 are on the order of 60 – 70 µg/day, suggesting rough concordance between the results of dietary studies and measurement of the lead content of different food types.

The environmental exposure parameters above can also be used as input for the O’Flaherty physiologically-based pharmacokinetic (PBPK) model to estimate blood lead levels that would result under typical and worst case exposure conditions. For initial modelling purposes, exposures have been modelled for adult females (age 35) residing in rural and urban areas with typical and worst case estimates for exposure in each situation. Model input parameters for lead in air, water, food and soil were as displayed in Table 4.220. The typical exposure scenario essentially represents environmental exposures after the phase out of lead in gasoline. The worst case scenario represents conditions reflect recent lead in gasoline phase out or continued lead in gasoline use. The results of this initial modelling are presented in Table 4.222:

Table 4.222:
Predicted average adult female blood lead levels [µg/dL] with and without the early phase out of lead in gasoline in rural and urban environments

	Exposure scenario
	Early Lead in Gasoline Phase out
	Late lead in gasoline phase out

	Rural
	2.9
	10.8

	Urban
	3.0
	11.0


Typical exposures would be associated with blood lead levels of 2.9 - 3 µg/dL. Under worst-case exposure conditions, blood lead levels of 10.8 - 11 µg/dL are predicted. Parallel values for rural environments are only slightly lower than those in urban environments since food is the principle determinant of blood lead in adults and lower levels of lead in soil and air in rural scenarios yield only modest reductions in blood lead. These predictions are compatible with the distribution of blood lead data presented in Section 4.1.1.4.6, but significant regional variation is evident in the blood lead levels observed for different countries. Higher blood lead levels are observed for adults in Italy, Spain and Greece – and are paralleled by comparatively elevated levels of lead in food for these countries. As with the exposure of children, adult blood lead levels are lowest in countries that have completed the phase-out of dispersive lead applications. Countries just completing the phase-out are the sources of data for elevated food lead content and for evidence of higher blood leads of potential concern. Observational data for adult blood lead thus support the existence of regional variation suggested for paediatric exposures and support the need for alternate regional exposure scenarios.

Alternate Regional Exposure Scenarios

Alternate regional exposure scenarios can be proposed to explain the observed variation in blood lead levels within the EU. The simplest approach is the adoption of two modelling scenarios. One scenario would reflect environmental lead levels in countries that achieved an early phase-out of dispersive lead applications. The second would model conditions in countries that achieved phase-out policies at a somewhat later (ca. 2000) time frame. The principle variation between the two regional scenarios for adults would be in estimates of dietary lead intake. Dietary lead intakes would also be lower for children, but, more importantly, default IEUBK estimates of dust lead concentrations in urban environments can further be replaced with dust lead levels observed in EU surveys. However, such adjustments can only be justified for the modelling of exposures in countries that undertook early phase-out of dispersive applications of lead.

Modelling can further incorporate revised estimates of reduced soil lead intake in urban environments. Given that IEUBK soil and dust ingestion rates likely overestimate ingestion rates in urban environments, soil and dust intake levels can be reduced to the 40 mg/day average suggested by more recent studies presented in Table 4.167 by Stanek and Calabrese (1995 & 2000). Use of this lower estimate of soil and dust ingestion would serve as a central tendency estimate for soil and dust ingestion that reflects the reduced amount of soil present and accessible to children in urban environments. This assumption would permit generation of an estimated mean blood lead that can then be compared the results of blood lead surveys from appropriate urban areas. IEUBK also generates a probability distribution in recognition that variability in exposure parameters can occur, in effect yielding estimates of the probability of higher or lower blood leads resulting different from exposure circumstances.

Inasmuch as household dust levels in urban areas measured in the UK while lead in gasoline was still in use are consistent with IEUBK model predictions, use of alternate household dust lead levels cannot presently be justified for countries with comparatively late phase-out of lead in gasoline. Moreover, the preceding adjustments cannot at present be justified for rural environments where exposure to soil is both more likely to occur and to be a source of household dust.

Alternate model input parameters can also be proposed for lead in food. Recent dietary surveys in the UK, the Netherlands and Sweden (Table 4.140) suggest average and worst-case (upper 90th percentile) lead intakes lower than those used in initial model simulations. Such intakes are probably representative of those that presently occur in countries that implemented early phase-out policies for dispersive lead applications. Higher average and worst-case dietary intakes would also be expected for those countries that were somewhat slower to implement phase-out policy. Dietary intake data from Spain and Italy can serve as the basis for alternate high estimates of dietary lead intakes reflecting late phase-out of lead in gasoline.

The following table presents alternate modelling input assumptions that can be used to simulate two different exposure scenarios in the EU. Worst case exposure values are presented – and with the model input parameters that have been modified being placed in bold face type:

Table 4.223:
Summary of worst case indirect exposure estimates for alternate regional scenarios

	Exposure media
	Early dispersive use
phase-out
	Late dispersive use
phase-out

	Air

- Rural

- Urban/Suburban
	0.05 µg/m3
0.10 µg/m3
	0.05 µg/m3
0.10 µg/m3

	Food

- Adult

- Child (post-weaning)
	38 µg/day

0.17 µg/kg/day
	130 µg/day

1.0 µg/kg/day

	Water
	10 µg/L
	10 µg/L

	Rural Soil Pb

Rural Dust Pb

Urban Soil Pb

Urban Dust Pb
	300 mg/kg

212 µg/g

1000 mg/kg

80 µg/g
	300 mg/kg

212 µg/g

1000 mg/kg

710 µg/g

	Soil and Dust Ingestion Rate

-Adult

-Urban Child*

-Rural Child
	35 mg

40 mg/day

135 mg/day rural
	35 mg

40 mg/day

135 mg/day


* Variability in intake is expected as a function of age and is incorporated into IEUBK.

Use of the alternate input parameters results in the following worst-case predictions of children’s blood lead for the two different regional scenarios:

Table 4.224:
Predicted paediatric blood lead levels [µg/dL] under worst case exposures in rural and urban environments as a function of dispersive use phase-out implementation with % of the population > 10 µg/dL

	Setting
	Age 1-2, Early
Phase-out
	Age 5 - 6, Early
Phase-out
	Age 1 - 2, Late
Phase-out
	Age 5-6 Late
Phase-out

	Rural
	4.9 (7%)
	3.4 (1.1%)
	6.8 (18%)
	5.6 (11%)

	Urban
	3.5 (1.4%)
	2.6 (0.2%)
	7.2 (23%)
	6.0 (14%)


Significant differences between regions are suggested by this modelling and are concordant with blood lead observations in countries with early dispersive use phase-out implementation. The blood lead levels of 1 – 2 year old children in the Bristol area of the UK (Smith et al. 1998) are better approximated. Given Bristol’s historical prominence in the production and use of lead, it would be expected to exhibit the worst case soil lead levels adopted here. Similarly, data for older children are consistent with contemporary observations of blood lead levels in the vicinity of rural point sources in France (Leroyer et al. 2000) where worst case soil lead levels would be expected. Predictions for older children under conditions of late-phase-out match the blood lead levels observed in London towards the end of lead in gasoline phase-out (Barltrop and Strehlow, 1989; Table 4.168). This last observation is of particular note since accurate prediction of mean blood lead levels is achieved for an urban area identified to have worst case soil lead levels and dust lead levels similar to those used as model inputs even though reduced soil and dust intake levels are assumed. Aspects of the modelling, such as the observation of higher blood lead predictions for rural as opposed to urban settings, are not supported by the observational data and suggest that further model refinements are possible. However, the concordance between model predictions and observational blood lead studies suggests that the modifications made to model input parameters provide a more robust measure of blood lead levels of children in the EU.

More accurate modelling may require the generation of site-specific data on factors such as soil lead bioavailability. The bioavailability of lead in urban soils is unknown and the modelling conducted here assumed maximum bioavailability. However, attenuation of lead in soil bioavailability with time has been observed at lead contaminated sites in the U.K. (Cotter-Howells and Thornton, 1991) and likely contributes to the observation of low blood lead levels in lead-contaminated areas such as the Silvermines area of Ireland. Adjustments for soil lead bioavailability could lower predictions of paediatric blood lead levels, but there is no currently adequate data upon which to implement such bioavailability adjustment.

The alternate regional scenarios can also be used to generate revised estimates of the blood lead levels that will characterise adults. The following table presents PBPK modelling of blood lead predictions (both typical and worst case) for women 35 years of age in the EU. Regional differences are largely produced by the differential in dietary lead intake. Typical and worst-case values are thus provided so as to estimate the geometric mean and upper end of the blood lead distribution that should be observed in adults. It should also be noted that the modelling was conducted presuming that, in early phase-out countries, dietary lead levels had been higher. Elevation of blood lead levels due to residual bone burdens from past elevated exposure is thus included in the model prediction. Lower blood lead levels would be predicted as these bone lead levels decline over time.

Table 4.225:
Predicted blood lead levels [µg/dL] under typical and worst case exposures in rural and urban environments as a function of dispersive use phase-out implementation for women 35 years of age

	Setting
	Early phase-out,
typical
	Early phase-out,
worst-case
	Late phase-out,
typical
	Late phase-out,
worst-case

	Rural
	2.1
	6.1
	6.6
	13.5

	Urban
	2.3
	6.2
	6.8
	13.7


The predicted blood lead levels in countries that implemented early dispersive lead use phase-outs are concordant with much of the recent blood lead data reported for the EU. Similarly, predictions for countries that only recently phased out dispersive lead applications match the geometric meanand upper end of the observed blood lead distributions for these countries.

Summarising the preceding data with respect to blood lead levels reflective of early phase out of lead in gasoline and late phase or even continued use of lead in gasoline, the following MOS values are calculated relative to effect on child development at 10 µg/dL and developmental effects in pregnant women at 10 µg/dL:

Table 4.226:
Predicted blood lead levels [µg/dL] under worst case exposures in rural and urban environments as a function of dispersive use phase-out implementation with % of the population > 10 µg/dL

	Setting
	Age 1-2, Early Lead in Gasoline
Phase-out
	MOS
	Age 1-2, Late Lead in Gasoline
Phase-out
	MOS
	Adult Females, early lead in gasoline
Phase out
	MOS
	Adult Females, late lead in gasoline
Phase out
	MOS

	Rural
	4.9 (7%)
	2.04
	6.8 (18%)
	1.47
	6.1
	1.64
	13.5
	0.74

	Urban
	3.5 (1.4%)
	2.85
	7.2 (23%)
	1.39
	6.2
	1.61
	13.7
	0.73


These comparisons suggest that blood lead levels of young children and women of reproductive age are significantly reduced following the phase-out of lead in gasoline. The majority of children are below the individual risk level of 10 µg/dL and population geometric means are below 5 µg/dL. Women of reproductive age have worst case blood lead levels after lead in gasoline phase out of approximately 6 µg/dL but are above 10 µg/dL when lead in gasoline usage has only just been discontinued.

Acute toxicity/Irritation/Corrosivity/Sensitisation

Given the data available, it is concluded that the lead and lead compounds reviewed in this Risk Assessment present no risk via indirect exposure via the environment with respect to acute toxicity, skin, eye and respiratory tract irritation, corrosivity and skin sensitisation (conclusion ii).

Repeated Dose Toxicity
The most susceptible subset of the population for lead toxicity is children – the NOAEL’s derived for this subset are thus the most critical for Risk Characterisation. A NOAEL of 10 µg/dL has been established for effects at the level of the individual child and can be compared to the worst case exposure scenarios developed in the preceding sections. In addition, on a precautionary basis that guards against lead impacts upon child development that are too subtle to manifest at the level of the individual, a “societal NOAEL” of 5 µg/dL has been put forward. 

Determination of the appropriate MOS to be applied is complicated by the preceding scenario. A MOS of 1 has been applied elsewhere in this Risk Assessment and can be considered as applicable for indirect exposure via the environment. In brief, the rationale for this minimal MOS is as follows:

1. The NOAEL’s were identified from multiple (in some case in excess of 100) scientific studies of human populations. This has permitted detailed evaluation of issues such as age, gender, ethnicity, intensity of exposure and duration of exposure that can be sources of uncertainty in effects assessment. Given that extrapolations are not made from animal studies and that specific NOAEL’s have been derived for susceptible subpopulations there is no need to correct for inter- or intra-species variability. 
2. NOAEL’s have been proposed for the most sensitive subsets of the population and define blood lead levels protective against subtle effects. Whereas NOAEL’s indexed to endpoints that constitute a material impairment of health might merit consideration of a MOS greater than “1”, the NOAEL’s derived in this assessment are best viewed as protecting against preclinical effects that precede material health impairment.
3. The effects that are the basis of the NOAEL’s lack functional or clinical significance for the individual and cannot be detected at the level of the individual. Protection is thus being offered against effects which, by many definitions, would not be considered adverse effects.
4. For indirect exposure via the environment, the process of Risk Characterisation is complex and uses both modelling tools and blood lead survey data. Since blood lead surveys defining general exposures are not as comprehensive as the extensive medical surveillance programs associated with the occupational setting, multiple means of estimating the potential significance of individual exposure sources have thus been employed and are largely in concordance with each other.
With these considerations in mind, the blood lead levels under the different regional simulations is presented in the following table along with the calculated MOS. Given that consideration must also be given to a societal NOAEL that is perhaps most applicable to the geometric mean blood lead level within the EU (as opposed to the worst case exposure scenario), both the typical and worst case estimations are presented. 

Table 4.227:
Predicted typical and worst-case paediatric blood lead levels [µg/dL] and MOS estimates for rural and urban environments as a function of dispersive use phase-out implementation with % of the population > 10 µg/dL

	Setting
	Age 1-2, Early Phase Out
	Individual, Societal MOS
	Age 5 – 6 Early Phase out
	Individual, Societal MOS
	Age 1 - 2, Late
Phase-out
	Individual, Societal MOS
	Age 5-6 Late
Phase-out
	Individual, Societal MOS

	Rural, typical
	1.9 (0.02%)
	5.0, 2.5
	1.40 (0.001%)
	7.7, 3.8
	2.9 (0.4%)
	3.4, 1.7
	2.3 (0.8%)
	4.3, 2.2

	Rural, Worst case
	4.9 (7%)
	2.04, 1.02
	3.4 (1.1%)
	2.94, 1.47
	6.8 (18%)
	1.47, 0.73
	5.6 (11%)
	1.79, 0.89

	Urban, typical
	1.9 (0.02%)
	5.0, 2.5
	1.42 (0.002%)
	7.0, 3.5
	3.3 (0.8%)
	3.0, 1.5
	2.5 (0.2%)
	4.0, 2.0

	Urban, worst case
	3.5 (1.4%)
	2.85, 1.42
	2.6 (0.2%)
	3.8, 1.9
	7.2 (23%)
	1.38, 0.69
	6.0 (14%)
	1.67, 0.83


Heterogeneity is evident in general population exposure levels mediated indirectly via the environment. This has necessitated the use of two different modelling scenarios to accommodate observational data for dietary lead and blood lead as a function of time since phase-out of dispersive lead applications. Based upon modelling results and observational blood lead data,  mean blood lead levels for children are below 5 µg/dL in countries that achieved early implementation of policy for the phase-out of dispersive lead applications under both typical and worst case exposure scenarios. In early phase out scenarios, the MOS for effects upon the individual child is greater than 2 and the MOS for the societal effect NOAEL is greater than one. Under typical exposure conditions the MOS for effects upon the individual child ranges from 4.0 to 7.7. The societal effect NOAEL, which is probably most relevant to the typical exposure scenarios ranges from 2.0 to 3.8. Modelling further predicts that the proportion of all children with blood lead levels in excess of 10 µg/dL is likely less than 0.1%. under typical exposure conditions. This results in a finding of conclusion (ii) for repeated dose toxicity from indirect exposures via the environment for children in these countries.

Higher paediatric blood lead levels, with the potential for a conclusion (iii) finding appear to characterise children in countries that were late to phase out dispersive lead applications. Although the MOS for individual children ranges from 1.38 to 1.79 under worst case exposure conditions, the societal effects NOAEL ranges from 0.69 to 0.89. Modelling further suggests that the probability that a child might exceed a blood lead of 10 µg/dL may approach 23% under worst case exposure condition. Typical exposure scenarios yield acceptable MOS values for effects upon the individual child (2.9 – 4.3) and societal impacts (1.5 – 2.2) and a probability that a child’s blood lead may exceed 10 µg/dL of less than 1%.  Blood lead and/or food lead data indicate that this conclusion may apply to Italy, Greece and Spain. No food or blood lead data were available for Portugal, but since dispersive application phase-out was relatively late in Portugal general population blood lead levels should be similar to the other three countries. However, it should be recognised that declines in blood lead levels occur rapidly with the phase out of applications such as lead in gasoline. Recent dietary lead and blood lead data that would be expected to reflect the beneficial impacts of phase-out policies has been obtained and seems to confirm a rapid decline in both blood lead for adults (Italy) and in dietary lead intakes (Spain). Although confirmation of the exposure situations in these countries would be desirable, lack of risk (conclusion ii) is applicable to adults and children even in countries that implemented later phase-out of dispersive lead applications. However, use of lead in gasoline creates indirect exposure conditions that should be considered as conclusion (iii).

Mutagenicity/Carcinogenicity/Toxicity for Reproduction

Given the results of mutagenicity studies, it is concluded that exposures mediated via the environment present no concerns for mutagenicity (conclusion ii). Although animal studies have demonstrated carcinogenicity of several soluble lead compounds, human epidemiology study at occupational exposure levels are generally negative. In light of animal studies suggesting an effect of lead upon the kidney in rodents and human epidemiology studies suggesting possible effects upon the stomach, detailed evaluation of potential effects at these sites is warranted.

Risk of kidney cancer under occupational exposure conditions can be evaluated upon a dosimetric, mechanistic, and epidemiological basis. Animal studies have suggested induction of kidney cancer in rodents via an indirect mechanism that entail the induction of forced cell proliferation followed lead- and age-induced institial fibrosis. The lead exposure levels required to produce this effect in rodents appear to require a daily administered dose of 27 mg/kg/day (see section 4.2.2.9.1) and have a observational threshold at 7.8 mg/kg/day. In contrast, typical occupational exposures to lead required to produce a blood lead of 40 µg/dL are equivalent to a daily oral dose of approximately 650 µg/day or 9 µg/kg bw/day. This level of exposure is approximately 1000-fold lower than that required to produce kidney cancer in rodents. Typical exposures via the environment are at least 10-fold lower yet, indicative of a dosimetric differential for kidney cancer of at least 10,000-fold.

From a mechanistic perspective, kidney cancer would be unlikely to develop following indirect exposure via the environment without the induction of lead-induced nephropathy. Lead induced nephropathy has be identified to required a minimum of five years of exposure to lead with blood lead levels in excess of 65 µg/dL (see Section 4.1.2.7.2). This level of exposure is vastly in excess of that which characterises environmental exposure. Thus, in the absence of lead-induced nephropathy, the mechanistic events that precede cancer induction in rodents are unlikely to occur.

The mechanistic and dosimetric inferences above are substantiated by human epidemiology studies that have generally failed to observed to induce excess kidney cancer. Indeed, in the largest studies characterising historical lead exposures that induced lead nephropathy (Section 4.1.2.9.2), the incidence of kidney cancer exhibited a deficit that approached statistical significance.

The combination of dosimetric, mechanistic and epidemiologic observations thus all suggest that elevated risk of kidney cancer is not to be expected following consumer exposure to lead. There is thus no concern for kidney cancer for workers (conclusion ii).

Limited epidemiological evidence has suggested a possible relationship between occupational exposure to lead and stomach cancer. Since stomach cancer is not induced in animal model systems, dosimetric and mechanistic comparisons similar to those conducted for kidney cancer are not possible. As discussed in Section 4.1.2.9.2, the observation of elevated stomach cancer in the occupational setting has, at least in part, been attributed to confounding by factors such as ethnicity in follow-up case control studies. The older scientific literature documenting this increase further did not evaluate the possible impact of other known risk factors such as H. pylori infection and non-specific effects resulting from ingestion of particulate matter. There is thus uncertainty with respect to whether increased risk of stomach cancer is indeed associated with lead exposure. Quantitative estimates of risk can be made. For example, Wong and Harris (2000) observed 20 excess stomach cancer cases in a cohort of 6,818 workers. At least half of this excess appeared to be due to ethnicity, suggesting an unexplained excess of 10 cancers. Given that exposures in the Wong and Harris study were associated with blood lead levels in different subcohorts ranged were 63, 80 or > 100 µg/dL, lead intakes were likely on the order of 100-fold higher than those associated with environmental exposures. If strict linearity of dose response for stomach cancer were to be assumed, excess cancer risk of 1 x 10 -5 could be hypothesized. However, this calculation of risk is imprecise and predicated upon the assumption that there is a causal relationship between lead and stomach cancer. Given the limited nature of the epidemiological evidence and lack of evidence for stomach cancer induction in animals, presumptions of risk, or quantitative estimates of that risk, are premature. In the absence of linkages between lead and stomach cancer in studies of the general population, risk from environmental exposure is not presumed to exist. This results in a conclusion (ii) finding stomach cancer.
Geometric mean (typical) blood lead levels of 3 µg/dL and worst case values of 6 µg/dL appear to characterise women of reproductive capacity in countries that achieved early phase out of lead in gasoline. These levels are  below (MOS = 1.61 – 1.64) the level where developmental effects would be expected in pregnant women. Conclusion (ii) thus applies to Toxicity for Reproduction in most EU countries. Higher blood lead levels may be present in countries that were late to phase out dispersive applications of lead and could result in exceedence of blood lead levels of 10 µg/dL in pregnant women. However, preliminary data indicate that blood lead levels have fallen sharply in these country and a provisional finding of conclusion (ii) appears to now be appropriate for these countries as well. However, use of lead in gasoline appears to yield blood lead level that yield a MOS < 1 and therefore indicates that use of lead in gasoline should be assigned conclusion (iii).

4.1.3.4.2 Summary of Risk Characterisation for Exposure via the Environment

Conclusion (ii) applies to indirect exposures via the environment for endpoints of acute toxicity, irritation, sensitisation, repeated dose toxicity, genotoxicity, and carcinogenicity.  However, it should be noted that this conclusion only applies in countries that have phased out the use of lead in gasoline.  Conclusion (iii) for repeated dose toxicity would be probable for young children (impaired cognitive development) and conclusion (iii) likely for pregnant women (adverse effects upon foetal development) in countries with significant consumption of lead in gasoline.

4.1.3.4.3 Local Exposures

Acute toxicity/Irritation/Corrosivity/Sensitisation

Given the data available, it is concluded that the lead and lead compounds reviewed in this Risk Assessment present no local risk via indirect exposure via the environment with respect to acute toxicity, skin, eye and respiratory tract irritation, corrosivity and skin sensitisation (conclusion ii).

Repeated Dose toxicity

A limited number of lead production and battery manufacturing facilities evidence emissions to air that require follow-up study. These evaluations are ongoing. Emissions to air associated with lead sheet production, lead oxide production, lead stabiliser production and lead crystal production are all below screening levels that would merit follow-up study.

Current emissions to soil for all facilities are low and do not require further evaluation.

Of the 21 lead production facilities (see table 3.2.5.2-9), ten evidence predicted air lead levels in excess of 500 ng/m3 (LDA-01, LDA-02, LDA-17, LDA-31, LDA-63, LDA-66, LDA-70, LDA-74, LDA-77 and LDA-101). In most instances, measured data are available to suggest that the calculated excesses are relevant to real world exposure scenarios. Emissions from these facilities range from 500 ng/m3 to 2,704 ng/m3. Evaluations made to date include the following:

LDA-01: Air monitoring stations in close proximity to residential areas are in excess of 500 ng/m3 1998 - 2000. More recent air monitoring data indicate a significant decline in air lead levels in 2002. Blood lead surveys of children indicate geometric mean blood lead levels in excess of 10 µg/dL. Blood lead levels likely reflect the impact of both historical and current emissions, but current data are not adequate to separate the effects of current vs historical emissions from each other. Both air lead and blood lead data suggest the presence of local risk. Efforts to reduce this risk have been ongoing in cooperation with local authorities and data reflective of exposures in 2003 and 2004 has just been submitted. Although significant improvements are evident in the most recent data, and improvements may continue to be made, a significant proportion of children appear to have a blood lead level in excess of 10 µg/dL. Although a contribution of historical emissions to these exposures cannot be precluded, excess exposure risk continues to be associated with this facility for repeated dose toxicity in children (conclusion iii).

LDA-02: The facility air monitoring stations with the highest air lead values are within the site. Those located in proximity to residential areas, while remaining near the screening level in 1998, evidenced significant declines in 1999 and 2000. More recent data provided by the company suggests that this downward trend has continued and geometric mean air lead levels at monitoring stations close to residential areas were 350 ng/m3 in 2003 and approximately 150 ng/m3 through the first half of 2004. On the presumption that the emission reductions evident in the most recent data are sustained, no risk would appear to be associated with current emissions from this facility (conclusion ii).

LDA-17: The facility in question has conducted blood lead monitoring studies of the neighbouring population. Geometirc mean blood lead levels are less than 2 µg/dL, including survey data for school age children. No local risk is concluded for this facility (conclusion ii).

LDA-31: It has been determined that air monitoring stations reporting values above the screening level are in an industrial area and are not representative of exposures to be experienced by the local population. Monitoring stations placed to determine potential exposure of the surrounding population report values between 20 and 230 ng/m3. Facility improvements have been ongoing and a downward trend in air lead levels is evident. Based upon this information, no risk is concluded for current emissions from this facility (conclusion ii).

LDA-63: evaluation pending receipt of updated emissions data and plume dispersion modelling (conclusion i).

LDA-66: Although the PEC calculation is 168 ng/m3, a monitored value of 500 ng/m3 was reported by the facility. Further investigation revealed this to be a reading inside the facility and distant from local populations. No local risk is concluded for this facility (conclusion ii)

LDA-70: Air lead levels in residential areas removed from the facility are above the screening levels and were of potential concern. However, there were also indications that there were other sources for the lead in air values reported. More recent monitoring data indicate air lead values of 229 ng/m3. No local risk is concluded for this facility (conclusion ii).

LDA-74: Air lead levels in areas removed from the facility are above the screening levels and are of potential concern. However, there are also indications that there are other sources for the lead in air values reported and the presence of residential areas is uncertain. Additional emissions data are being sought and plume dispersion modelling is ongoing (conclusion i).

LDA-77: An anomalously high PEC was reported for this facility. Recalculation of data for this site indicates a PEC of 161 ng/m3. No local risk is thus concluded for this facility (conclusion ii).

LDA-101: Although the calculated PEC is 403 ng/m3, measured data close to the site indicates levels of 800 ng/m3. Additional plume modelling is ongoing since there appear to be no residential areas in close proximity (conclusion i).

Data were generated for 27 battery production sites (Environment Section Table 3.2.5.2-25), four of which exhibit air lead levels that merit further investigations. Air lead levels range from 481 to 952 ng/m3 at the four facilities of concern (LDA-32, LDA-37, LDA-96, and LDA-97). For one of these sites (LDA-37) a revised PEC of 229 ng/m3 is indicated by more recent data, indicating a lack of risk from current emissions (conclusion ii). Evaluation is ongoing on the remaining three sites (conclusion i).

Mutagenicity/Carcinogenicity/Toxicity for Reproduction

Given the results of mutagenicity studies, it is concluded that local exposures mediated via the environment present no concerns for mutagenicity (conclusion ii). Similarly, although animal studies have demonstrated carcinogenicity of several soluble lead compounds, human epidemiology studies at occupational exposure levels are generally negative. There is thus no concern for carcinogenicity from exposures mediated via the environment (conclusion ii).

Although monitoring data are lacking, emissions from LDA-01 may be sufficient to elevate the blood lead levels of pregnant women to unacceptable levels that pose risk to the developing nervous system of the foetus. Conclusion (iii) is provisionally reached for this facility but will be re-evaluated in light of updated emissions data recently received. Conclusion (i) is reached for facilities still undergoing evaluation (LDA-63, LDA-74), LDA-101). Risk of reproductive toxicity is not posed by any other facilities for lead production and use evaluated in this report (conclusion ii).

4.1.3.4.4 Summary or Risk Characterization for Local Exposures

To be completed following full evaluation of local source emissions

4.2 Human Health (physico-chemical properties)

4.2.1 Exposure assessment

4.2.1.1 Workers

To be amended by data/information from the lead stabiliser and PVC sector.

4.2.1.2 Consumers

Not relevant.

4.2.1.3 Humans exposed via the environment

Not relevant.

4.2.2 Effects assessment: Hazard identification

4.2.2.1 Explosivity

Explosivity test data on most of the thirteen lead compounds covered in this risk assessment are not available. However, based on molecular structural analysis and thermodynamic calculations, reasoning has been provided why none of these compounds are considered to exhibit explosive properties.

4.2.2.2 Flammability

Dibasic lead phosphite (CAS 12141-20-7) has recently been experimentally tested acc. to EU method A.10 under GLP, and was characterised as a “highly flammable solid”. Thus, classification with R11 “highly flammable” is proposed.

However, all other 12 lead compounds are considered not to represent flammable solids.

4.2.2.3 Oxidising potential

Test data on oxidising properties for most of the thirteen lead compounds covered in this risk assessment are not available. However, based on molecular structural analysis and thermodynamic calculations, reasoning has been provided why none of these compounds are considered to exhibit oxidising properties.

4.2.3 Risk characterisation

4.2.3.1 Workers

There is no cause for immediate concern, since the only product for which the use of this compound is defined (PVC) intrinsically requires dilution and co-formulation with flame retardants which render this property irrelevant.

4.2.3.2 Consumers

There is no cause for immediate concern, since this compound is not used in consumer products.

4.2.3.3 Humans exposed via the environment 

Not relevant.

5 Conclusions / Results

	Substance name1)
	CAS-No
	EINECS-No
	IUPAC Name2)

	Lead
	7439-92-1
	231-100-4
	Lead

	Lead oxide
	1317-36-8
	215-267-0
	Lead monoxide

	Lead tetroxide
	1314-41-6
	215-235-6
	Orange lead

	Dibasic lead phthalate
	69011-06-9
	273-688-5
	[phthalato(2-)]dioxotrilead

	Basic lead sulphate
	12036-76-9
	234-853-7
	Lead oxide sulfate

	Tribasic lead sulphate
	12202-17-4
	235-380-9
	Tetralead trioxide sulphate

	Tetrabasic lead sulphate
	12065-90-6
	235-067-7
	Pentalead tetraoxide sulphate

	Neutral lead stearate
	1072-35-1
	214-005-2
	Lead distearate

	Dibasic lead stearate
	12578-12-0
	235-702-8
	Dioxobis(stearato)trilead

	Dibasic lead phosphite
	12141-20-7
	235-252-2
	Trilead dioxide phosphonate

	Polybasic lead fumarate
	90268-59-0
	290-862-6
	Trilead dioxide phosphonate

	Basic lead carbonate
	1319-46-6
	215-290-6
	Trilead bis(carbonate) dihydroxide

	Dibasic lead sulphite3)
	62229-08-7
	263-467-1
	Sulfurous acid, lead salt, dibasic


1): Substance name as reffered to in this document
2): IUPAC name according to ESIS data base: Generally this is the name of the substance according to the rules of the International Union of Pure and Applied Chemistry (IUPAC). If it is not possible to allocate a precise chemical name (e.g. if the substance is not completely defined), a name has been allocated according to the rules defined for the identification of such chemical substances in the EINECS. Some chemical names listed in the ELINCS were amended according to the notification and the IUPAC nomenclature rules.
3): not marketed as substance alone, but instead only in mixtures with dibasic lead phosphite

5.1 General remarks

This report evaluates the human health risks associated with the production and use of lead metal and 12 inorganic lead compounds that constitute the principle compounds in high production use with the European Union.  In the interests of providing a comprehensive overview of lead exposure and potential effects, evaluations have been included of exposures that might result from small production volume lead compounds contained within products with an emphasis upon product applications that might result in human exposures.  The toxicity and use of organolead compounds (compounds in which there is a covalent bond between lead and carbon) is technically outside the scope of this evaluation.  However, inasmuch as organolead compounds such as those used as gasoline additives resulted in historical releases of lead that significantly influenced past (and potentially present) human exposures, information pertinent to the contribution of organolead compounds to human lead exposures is included.

Human health

Human health (toxicity)

Workers

Conclusion (i)
There is a need for further information and/or testing.

Conclusion i) is reached due to suggestions of a relationship between occupational exposure to lead and stomach cancer that requires further research to determine if excess risk is posed or if the relationship is an artefact of residual confounding.  Inadequate exposure information was available to evaluate potential risk for five of 24 miscellaneous occupational settings that could yield exposure to lead (e.g. abatement, demolition and scrap industries, capacitor manufacturing, opticians, soil remediation and radiotherapy shield manufacturing.
Conclusion (ii)
There is at present no need for further information and/or testing and no need for risk reduction measures beyond those which are being applied already.

Conclusion ii) applies to endpoints of acute toxicity, irritation, sensitisation, genotoxicity, carcinogenicity (exclusive of stomach cancer) for all workplace scenarios.  Most workplace scenarios associated with production of crystal, ceramic ware and PVC do not pose risk of repeated dose toxicity.  Similar conclusions were obtained for repeated dose toxicity in 15 of the 19 occupational settings entailing incidental use of lead for which exposure information was available.  Impacts upon male reproductive function would not be expected in most workplace scenarios involved in primary and secondary lead production, crystal and ceramic ware manufacturing.  Risks to female reproduction (exclusive of developmental toxicity) were not found in ceramic ware production and some workplace scenarios involved in crystal production and PVC processing.  For occupational settings with incidental lead use, approximately half were found to not pose risk to female reproduction.
Conclusion (iii)
There is a need for limiting the risks; risk reduction measures which are already being applied shall be taken into account.

Conclusion (iii) applies to concerns for repeated dose toxicity in most workplace scenarios associated with primary and secondary lead production, lead sheet production, lead acid battery production and oxide and stabilizer production.  Risks were also found for one of four workplace scenarios in crystal production and 6 of 24 occupational settings with incidental use of lead.  Impacts upon neuropsychological function would be expected for all of these scenarios.  Exposure intensity in several specific workplace scenarios would further pose risk of impaired haeme production and (in one lead sheet production scenario) renal function.

Risks to male reproduction function were found in one primary lead production scenario, two secondary lead production scenarios, one crystal production scenario, most lead sheet production scenarios and about half of the scenarios for battery manufacturing and oxide and stabiliser production.  Risk to male reproduction is further suggested in two occupational scenarios entailing incidental use of lead.  Risks to female reproduction are more prevalent and found for most major lead production processes and applications and about half of the occupational scenarios with incidental lead use.  The principle exceptions to this finding of risk are ceramic ware production, two of four PVC processing scenarios,

Risk of developmental toxicity (damage to the developing foetus) was found for most occupational scenarios for which exposure data was available.
Consumers

Conclusion (i)
There is a need for further information and/or testing.

Conclusion i) is reached for exposure scenarios that require further characterisation.  Additional information is required regarding dermal transfer from PVC and sheet lead surfaces, exposures at improperly ventilated firing ranges and the quantity of lead water pipes still in use.  Inadequate information was found regarding the extent of use of professional artist’s paints by hobbyists and whether  they observed appropriate precautions.  The adequacy of existing EU leachate test standards for ceramic ware may also merit evaluation
Conclusion (ii)
There is at present no need for further information and/or testing and no need for risk reduction measures beyond those which are being applied already.

Conclusion ii) applies to endpoints of acute toxicity, irritation, sensitisation, genotoxicity, and carcinogenicity for all products.  The majority of lead products in commerce further pose no risk of repeated dose toxicity
Conclusion iii)
There is a need for limiting the risks; risk reduction measures which are already being applied shall be taken into account.

Conclusion iii) applies to a number of historical lead products that may still provide opportunities for consumer exposure and to the documented illicit use of lead in consumer products.  Lead water pipes still is use could contaminate drinking water and thereby elevate blood lead levels to an extent that poses risk of repeated dose toxicity (child development impacts) and reproductive (foetal developmental impacts).  Inadequate ventilation at indoor firing ranges could produce elevations of blood lead capable of producing reproductive (developmental) toxicity in pregnant women. Illegal ceramics, candles with lead core wicks, folk medicines and cosmetics containing lead are capable of producing repeated dose toxicity for the full range of end-points health endpoints described in this assessment, including lethality, and reproductive impacts upon male and female fertility.  Lead in children’s toys and jewellery, as well as deteriorating lead-based  paint in older residential housing can similarly cause severe repeated dose toxicity that could extend to lethality.

Humans exposed via the environment

Conclusion (ii)
There is at present no need for further information and/or testing and no need for risk reduction measures beyond those which are being applied already.

Conclusion (ii) applies to indirect exposures via the environment for endpoints of acute toxicity, irritation, sensitisation, repeated dose toxicity, genotoxicity, and carcinogenicity.  However, it should be noted that this conclusion only applies in countries that have phased out the use of lead in gasoline.

Combined exposure

Conclusion (ii)
There is at present no need for further information and/or testing and no need for risk reduction measures beyond those which are being applied already.

Conclusion (ii) applies to for endpoints of acute toxicity, irritation, sensitisation, repeated dose toxicity, genotoxicity, and carcinogenicity.  However, it should be noted that this conclusion only applies in countries that have phased out the use of lead in gasoline.

Human health (physico-chemical properties)

Conclusion (ii)
There is at present no need for further information and/or testing and no need for risk reduction measures beyond those which are being applied already.

Conclusion ii) applies to all compounds evaluated.

6 APPENDICES

6.1 Cumulative Frequency Distribution Plots for Lead in Soil from UK Urban Surveys

Up to 100 properties in seven London Boroughs were sampled in 1981-1983 for residential garden soil (0-5 cm) and a composite housedust sample collected from the homeowners vacuum cleaner. The boroughs of Westminster, Hammersmith and Fulham, Richmond on Thames, Brent, Croydon, Newham and Lewisham were sampled by the National Urban Reconnaissance (Thornton, 1989).
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Figure 6.1:
Frequency distribution plot for lead in soil sampled from residential garden soils in seven London boroughs N=579
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Figure 6.2: 
Frequency distribution plot for lead in housedust sampled from properties in seven London boroughs N=683

Residential soil samples were collected in 1996 from a composite of 25 sub samples (0-5 cm) using a stainless steel trowel form exposed surface soil from the front and back of the properties from Wang (1997).
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Figure 6.3:
Frequency distribution plot for lead in soil sampled from residential garden in Birmingham N=84

A composite sample from the homeowners own vacuum cleaner (Wang, 1997).
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Figure 6.4:
Frequency distribution plot for lead in housedust sampled from properties in Birmingham N=82

Road dust collected from the nearest road outside the properties sampled for residential garden soil and housedust using a plastic dustpan and brush, from Wang (1997).
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Figure 6.5:
Frequency distribution plot for lead in road dust sampled from Birmingham N=82

Topsoil samples and subsoil samples from Wolverhampton and the London borough of Richmond on Thames, Collected from a 500m grid composite of 5 sub-sample collected using a stainless steel Dutch hand auger after Kelly, 1997. Topsoil samples were taken from a depth of 0-15 cm the root zone. Subsurface soil samples were taken from a depth of 30-45 cm.
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Figure 6.6:
Frequency distribution plot for lead in topsoil sampled from urban grid in Wolverhampton N=295
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Figure 6.7:
Frequency distribution plot for lead in subsurface soil sampled from urban grid in Wolverhampton N=283
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Figure 6.8:
Frequency distribution plot for lead in housedust sampled from urban homes in Wolverhampton N=49
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Figure 6.9:
Frequency distribution plot for lead in topsoil sampled from urban grid in Richmond on Thames N=214
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Figure 6.10:
Frequency distribution plot for lead in subsurface soil sampled from urban grid in Richmond on Thames N=213
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Figure 6.11:
Frequency distribution plot for lead in topsoil sampled from an urban grid in Nottingham N=643

6.2 Data Quality and Relevance Criteria Evaluating Toxicological Data

When studies in humans were of acceptable quality, they were given preference over animal or in vitro studies for determining the risk. Given the number and diversity of studies that have been conducted to evaluate lead health effects, studies for health endpoints that could be significant in the development of NOAEL’s were screened in accordance with study quality criteria that were specific to the health endpoint and study design methods employed. This appendix contains examples of the quality assessment sheets that were used to evaluated the quality of individual studies. Study quality scores represent an attempt to express the confidence in the studies from which the relevant NOAEL’s were derived. These scores also serve to also to emphasize the point that risk characterization must be interpreted in the light of the strengths and limitations of each respective study.

Animal studies were primarily relied upon in the determination of acute toxicity. Animal studies were given a "reliability index" based on the quality of data and methodology. The requirements of the appropriate standardised test method and GLP principles were regarded as a reference when evaluating available test data. The table below summarizes the criteria used to score animal data. The tables that follow were used in the assessment of human toxicological data.

Table 6.1:
Evaluating the quality of experimental toxicological data: Reliability index and usefulness of information (within the framework of Council Reg. 793/93/CEE and ComReg. 1488/94 (Klimisch H.J., Andreae M., Tillmann U.(1997), adapted by TNO/RIVM (1997) and modified.

	Reliability index
	Description reliability
	Usefulness/relevance for RA report
	Description usefulness
	Weight

	1. reliable without restrictions: 1
	The method and description are in accordance with test guidelines 1
	a. useful
	Relevant for RA-report 5
	Highest

	
	
	b. not useful
	Not relevant for RA-report 5
	Minimal

	2. reliable with restrictions: 2
	The method and/or description are less in accordance with test guidelines 2,5
	a. useful
	Relevant for RA-report 5
	Highest

	
	
	b. not useful
	Not relevant for RA-report 5
	Minimal

	3 .not reliable: 3
	The method and/or description are not in accordance with test guidelines 3,5
	a. useful
	Relevant for RA-report 5
	Highest

	
	
	b. not useful
	Not relevant for RA-report 5
	Minimal

	4. not assignable: 4
	The original data are not available 4,5
	a. useful
	Relevant for RA-report 5
	Highest

	
	
	b. not useful
	Not relevant for RA-report 5
	Minimal


1. for example:
- complete test report available: GLP, Annex V, OECD, EU etc…


- publications are not included

2. for example:
- validity of data cannot be fully established


- some modifications or omissions in method and description


- acceptable publication (e.g., according to EU- or OECD guidelines)

3. for example:
- method unknown and/or critical pieces of information are not available
(e.g., identity of the substance)


- documentation not sufficient for unequivocal assessment


- do not meet important criteria of today standard test methods

4. for example:
- only abstract available


- secondary literature (reviews, tables, etc…)

5. motivation/justification should be given:


- when study is useful but as supporting data


- when study is not useful for the RA-report (e.g., Chinese language).

Different quality assessment criteria were applied in evaluation of the human health effects literature. Each study was scored for the extent to which key elements of study design met rigorous quality criteria that had been developed a priori and in consultation with external experts. These criteria were different for each endpoint, but typically included study adequacy in terms of size and power to investigate the health effect of concern, the extent to which exposed and control populations were matched, care exercised in evaluating current lead exposure and lead exposure history, whether relevant co-exposures had been monitored, ascertainment and correction for important confounders, and quality of the techniques used to assess health endpoints. Each study was assigned a numerical score that increased as a function of the extent to which specific key elements of study design had been executed and described. Since the highest numerical value that a study could attain varied with each health endpoint and type of study, study quality scores were converted to percentiles that reflect the overall extent to which each study met the quality criteria. The perfect study would thus have an overall percentile score of 100%. The percentile quality scores were included in the summary tables presented at the end of important health effects endpoint section to assist the reader in identifying the studies that were given greater weight in formulating overall conclusions.

In order to further clarify the fashion in which study quality criteria were developed and applied, the following example is offered of how two studies of neurological effects in children (one of high quality, one of somewhat lower quality) were assessed. The “Neurological Pediatric” study quality scoring sheet was developed in consultation with two independent scientific experts with specific expertise in the study of lead health effects in children. The assessment sheet begins with an “identifier” field that indicates the publication details of the study to be evaluated and the nature (e.g. cross-sectional or longitudinal) of the study. Evaluation of the study was then conducted for five separate aspects of the study:

1. Cohort (i.e. the adequacy of cohort definition and whether cohort size is appropriate for the endpoint under study);

2. Exposure (i.e. the quality of the exposure information and analytical methods for lead);

3. Examiner (i.e. qualifications, training and coordination of personnel for the determination of psychometric outcome measures);

4. Endpoint definition (i.e. the quality and precision of the methods used for evaluating psychometric outcomes);

5. Confounders/Control (i.e. the care with which information on critical confounders was collected and used in statistical analysis).

Each of the preceding criteria categories was in turn sub-divided into specific quality assessment measures. For example, for Cohort (definition and size) there were four criteria evaluated for each study: study purpose; study population-sample size and power; selection/participation bias through sample recruitment (e.g. exclusion/inclusion criteria); and the suitability of study control groups (if required for study design). Each of these sub-criteria received a numerical grade (from 1 to 3) depending upon how well the study satisfied the sub-criteria. For example, if the Study purpose is precisely defined, it received a sub-score of “3”. If it is defined without precision it receives a “2”. If it is not defined at all it receives a “1”. The sub-scores for each criterion were then averaged to derive an overall score for adequacy of study design. Thus, if the study receives all 3’s for the sub-scores under the Cohort Definition and Size Section, then the average score for that section is 3.

The same sub-score assessment is done for each category of study quality assessment and an average score calculated for that aspect of study quality. Once each category was assessed, the sub-score averages were totalled to yield an overall quality assessment score. A “perfect study” would have average sub-scores of “3” for each of five aspects of study quality which would yield a total score of “15”. Since different types of toxicological studies had different numbers of evaluation categories, the maximum score attainable was variable. For example, the maximum score possible for studies of neurobehavioral effects in children would be 15 since a score of three could be assigned in each of five different categories of study quality. In contrast, studies of renal effects in the general population were evaluated in on four different criteria and could achieve a maximum score of 12 (a perfect score of 3 in four different categories). In order to ensure consistency in quality assessment scores between health endpoints, the quality scores were converted to percentiles that reflected the number of quality assessment points awarded relative to the total number that could have been achieved. Thus, a “perfect study” of lead effects in children would be scored 15 points out of 15 possible for a score of 100%.

To further illustrate the use of this quality assessment methodology, a comparative analysis will now be presented that compares the scoring assigned to the cross-sectional study of Bergomi et al. (1989) as opposed to that of the Boston Prospective Study conducted by Bellinger and colleagues. One of the most important shortcomings of the early cross-sectional studies was a failure to take adequate account of potentially confounding factors. Thus a comparison of confounder sub-scores for the two different studies yields the following results:

Table 6.2:
Comparison of Study Quality for Confounder Correction in Two Different Studies of Lead Effects Upon Children

	Confounders/Controls
	3
	2
	1
	Score

	
	
	
	
	Bergomi
	Boston

	Maternal IQ Considered
	Yes
	Yes, Proxy IQ measure
	No
	1
	3

	Parenting Considered
	Yes
	Partly
	No
	1
	3

	Maternal Mental Health
	Yes
	Partly
	No
	1
	3

	Other measures of home Environment considered
	Yes
	Partly
	No
	1
	3

	Other potential Confounders considered (Age, Sex, SES Nutrition, Ethnicity)
	Yes
	Partly
	No
	2
	3

	Associations of potential confounders with exposure and effects
	Documented for both
	Documented for only one
	Not documented
	1
	3

	Regression Modelling
	Described in detail
	Poorly described
	Not described
	1
	3

	Assessment of relevant Co-exposures
	Yes, several
	Yes, one
	None
	1
	3

	Average Confounder Subsection Score
	1.1
	3.0


Bergomi et al. controlled for very few confounders except for Age, Sex, and SES. Therefore the average score for the Confounders/Control section of the Bergomi Study Analysis is low. In contrast, the Boston Prospective study received a 3, because all the criteria in that section were taken into account and each criterion received a sub-score of 3 and a final average of 3. Although, the Boston Study and the Bergomi study received less than perfect scores in other sections of the study analysis, the Confounder section had the largest impact on the difference in the total percentage score between the two studies. A comparison of scores for the five major criteria areas is as follows:

Table 6.3:
General Category and Overall Study Quality Assessment for Two Different Studies of Lead Effects Upon Children

	Study Analysis Section
	Bergomi Score
	Boston Score

	Cohort Definition and Size
	2.5
	2.7

	Exposure
	2.5
	3.0

	Examiner
	2.3
	2.7

	Endpoint Definition
	3.0
	3.0

	Confounders/Control
	1.1
	3.0

	Total
	11.4 (76%)
	14.4 (96%)


This final comparison defines yet additional differences between the two studies. Although confounder control is the largest difference, the Boston studies of Bellinger provided somewhat greater detail in the description of examiner training. As a longitudinal study, it also related its findings to serial blood lead determinations over a number of years. Accordingly, in a comparison of studies, more weight would be placed upon the Bellinger Boston longitudinal studies than the cross-sectional study of Bergomi et al. in evaluating the effects of lead upon children.

HUMAN HEALTH EVALUATION TABLES

LEAD RISK ASSESSMENT – STUDY ANALYSIS

KIDNEY - OCCUPATIONAL

	Source

Title:

Author:

Journal:

Study Type: prospective – longitudinal – cross-sectional

Predominant exposure source (if known):

	
	High = 3
	Medium = 2
	Low = 1

	Cohort Definition and Size
	Average Score

	Study population

-sample size and power
	Sufficient power for anticipated effect 
	Marginal power for anticipated effect 
	Inadequate power


	
	
	

	Selection/participation bias

( Sample recruitment (exclusion/inclusion criteria)

( Sample characteristics

( Characteristics (and number/%) of eligible non-participants
	Well described
	Poorly described
	Not described
	

	Control group

(If applicable)
	Present, highly comparable to the exposed group
	Present, comparable to the exposed group
	Absent
	

	Exposure
	Average Score

	Exposure measure
	Blood-leads
	Air, urine, bone or other measure
	None
	
	
	

	Exposure history

-frequency, duration, intensity
	Precisely defined
	Reconstructed
	Unknown
	

	Analytical quality control of exposure assessment
	Well documented
	Roughly documented
	Not documented
	

	Endpoint Definition
	Average Score

	Endpoint


	Accepted and well defined
	Equivocal significance 
	Uncertain significance
	
	
	

	
	
	
	
	

	Results
	Clearly reported
	Reported 
	Not reported
	

	Dose response relationship
	Examined
	
	Not examined
	

	Confounders/Control
	Average Score

	List of potential confounders/covariates
	Comprehensive and relevant
	Less comprehensive but relevant
	Inadequate
	
	
	

	Major Confounding Factors:

Age

Analgesics

Alcohol

Diabetes

Dietary habits

Other occupational nephrotoxins, e.g., cadmium
	

	Associations of potential confounders with exposure/effect
	Documented for both
	Documented for one only
	Not documented
	

	Assessment of relevant co-exposures
	Yes, several
	Yes, one
	None
	

	

	OVERALL TOTAL SCORE
	

	Additional Comments:




LEAD RISK ASSESSMENT – STUDY ANALYSIS

NEUROLOGICAL - OCCUPATIONAL

	Source

Title:

Author:

Journal:

Study Type: prospective – longitudinal – cross-sectional

Predominant exposure source (if known):

	
	High = 3
	Medium = 2
	Low = 1

	Cohort Definition and Size
	Average Score

	Study purpose
	Precisely defined 
	Defined without precision
	Not defined
	
	
	

	Study population

-sample size and power
	Sufficient power for anticipated effect 

 
	Marginal power for anticipated effect 

 
	Inadequate power

 
	

	Selection/participation bias

( Sample recruitment (exclusion/inclusion criteria)

( Sample characteristics

( Characteristics (and number/%) of eligible non-participants
	Well described
	Poorly described
	Not described
	

	Control group

(If applicable)
	Present, highly comparable to the exposed group
	Present, comparable to the exposed group
	Absent
	

	Exposure 
	Average Score

	Exposure measure
	Serial blood-leads
	Single concurrent plus additional retrospective marker, as e.g. tooth, dentine or bone lead
	Single concurrent blood lead
	
	
	

	Exposure history

-frequency, duration, intensity
	Precisely defined
	Reconstructed
	Unknown
	

	Analytical quality control of exposure assessment
	Well documented
	Roughly documented
	Not documented
	

	Examiner
	Average Score

	Examiner
	Qualified trained professional
	Trained non-professional
	Details not given
	
	
	

	If several examiners
	Inter-observer reliabilities given
	Inter-observer reliability monitored but not given
	Inter-observer reliabilities not given
	

	Blindedness
	Blinded
	Doubtful
	Not blinded
	

	Quality criteria: operator training, standardization of measurement method, errors inherent in equipment used
	Adequate
	Partial
	Inadequate
	

	Endpoint Definition
	Average Score

	Endpoint


	Accepted and well defined
	Equivocal significance 
	Uncertain significance
	
	
	

	Effect measure 
	Established clinical tool with good quality criteria
	Less established tool with some quality criteria
	Ad hoc measure without quality criteria
	

	Results
	Clearly reported
	Reported 
	Not reported
	

	Dose response relationship
	Significant 
	Marginal
	Not examined
	

	Confounders/Control
	Average Score

	List of potential confounders/covariates
	Comprehensive and relevant
	Less comprehensive but relevant
	Inadequate
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NEUROLOGICAL – OCCUPATIONAL
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	Major Confounding Factors:

Age

Sex

SES

(   Pre-employment neuropsychological function

Alcohol consumption

Smoking

(   Previous exposure history 

(   Education level

(   Income/job quality

(   Other Exposures


	

	Associations of potential confounders with exposure/effect
	Documented for both
	Documented for one only
	Not documented
	

	Assessment of relevant co-exposures
	Yes, several
	Yes, one
	None
	

	

	OVERALL TOTAL SCORE
	

	Additional Comments:




LEAD RISK ASSESSMENT – STUDY ANALYSIS

CARCINOGENICITY - OCCUPATIONAL

	Source

Title:

Author:

Journal:

Study Type: prospective – longitudinal – cross-sectional

Predominant exposure source (if known):

	
	High = 3
	Medium = 2
	Low = 1

	Cohort Definition and Size
	Average Score

	Study population

-sample size and power
	Sufficient power for anticipated effect 
	Marginal power for anticipated effect 
	Inadequate power


	
	
	

	Selection/participation bias

( Sample recruitment (exclusion/inclusion criteria)

( Sample characteristics

( Characteristics (and number/%) of eligible non-participants
	Well described
	Poorly described
	Not described
	

	Control group

(If applicable)
	Present, highly comparable to the exposed group
	Present, comparable to the exposed group
	Absent
	

	Exposure 
	Average Score

	Exposure measure
	Blood-leads
	Air, urine or other measure
	None
	
	
	

	Exposure history

-frequency, duration, intensity
	Precisely defined
	Reconstructed
	Unknown
	

	Analytical quality control of exposure assessment
	Well documented
	Roughly documented
	Not documented
	

	Examiner
	Average Score

	Examiner
	Qualified trained professional
	Trained non-professional
	Details not given
	
	
	

	Endpoint Definition
	Average Score

	Endpoint


	Accepted and well defined
	Equivocal significance 
	Uncertain significance
	
	
	

	
	
	
	
	

	Results
	Clearly reported
	Reported 
	Not reported
	

	Dose response relationship
	Significant 
	Marginal
	Not examined
	

	Confounders/Control
	Average Score

	List of potential confounders/covariates
	Comprehensive and relevant
	Less comprehensive but relevant
	Inadequate
	
	
	

	Major Confounding Factors:

Age

Sex

SES

Smoking

Dietary habits

Other occupational carcinogens

Ethnicity

Arsenic
	

	Associations of potential confounders with exposure/effect
	Documented for both
	Documented for one only
	Not documented
	

	Assessment of relevant co-exposures
	Yes, several
	Yes, one
	None
	

	

	OVERALL TOTAL SCORE
	

	Additional Comments:


LEAD RISK ASSESSMENT – STUDY ANALYSIS CARDIOVASCULAR

	Source

Title:

Author:

Journal:

Study Type: prospective – longitudinal – cross-sectional

Predominant exposure source (if known):

	NOTE: Studies were considered to be ineligible for analysis if the population size was <50 or the cohort consisted of children <16 years of age. If there were two or more papers testing the same study population, only the publication providing the most detailed information was considered.

	
	High = 3
	Medium = 2
	Low = 1

	Cohort Definition and Size
	Average Score

	Study population

-sample size and power
	Sufficient power for anticipated effect 
	Marginal power for anticipated effect 


	Inadequate power


	
	
	

	Selection/participation bias

( Sample recruitment (exclusion/inclusion criteria)

( Sample characteristics

( Characteristics (and number/%) of eligible non-participants
	Well described
	Poorly described
	Not described
	

	Control group:

(If applicable)
	Present, highly comparable to the exposed group
	Present, comparable to the exposed group
	Absent
	

	Exposure
	Average Score

	Exposure measure
	Serial blood-leads

Bone lead
	Single concurrent plus additional retrospective marker, as e.g. tooth, dentine 
	Single concurrent blood lead
	
	
	

	Exposure history

-frequency, duration, intensity
	Precisely defined
	Reconstructed
	Unknown
	

	Analytical quality control of exposure assessment
	Well documented
	Roughly documented
	Not documented
	

	Examiner
	Average Score

	Examiner
	Qualified trained professional
	Trained non-professional
	Details not given
	

	If several examiners
	Inter-observer reliabilities given
	Inter-observer reliability monitored but not given
	Inter-observer reliabilities not given
	

	Blindedness
	Blinded
	Doubtful
	Not blinded
	

	Quality criteria: operator training, standardization of measurement method, errors inherent in equipment used
	Adequate
	Partial
	Inadequate
	

	Blood Pressure Measurement
	Average Score

	Systolic and diastolic blood pressure readings (average value) separated by 2 minutes with subject in seated position
	>3 readings
	3 readings
	Single reading
	
	
	

	Similar blood pressure measurement conditions between exposed and control groups
	Yes 
	Unknown 
	No 
	

	Measurement technique
	Ambulatory
	Ausculatory
	Self measured
	

	Application of quality assurance program during data collection
	Adequate 
	Partial
	Inadequate
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	Endpoint Definition
	Average Score

	If assessed, was a clinically accepted definition of hypertension used?
	Yes 
	Unknown 
	No 
	
	
	

	For effect measures other than blood pressure and hypertension, is endpoint of established clinical significance? 
	Established clinical significance with good quality criteria
	Less established clinical significance with some quality criteria
	Ad hoc measure without quality criteria
	

	Study population:

men/women, black/white
	Studied as separate groups
	Partially studied as separate group
	Not studied
	

	Results
	Clearly reported
	Reported 
	Not reported
	

	Dose response relationship
	Significant 
	Marginal
	Not examined
	

	Confounders/Control
	Average Score

	List of potential confounders/covariates
	Comprehensive and relevant
	Less comprehensive but relevant
	Inadequate 
	
	
	

	Major Confounding Factors:

( Age

( Sex

( Race

( Body Mass Index
	Additional Confounders of proven importance:

( Smoking habit

( Alcohol consumption

( SES

( Menopause Status

( Diet

( Blood hematocrit

( Physical activity

( Psychological stress

( Hemoglobin

( Serum ferritin

( Drugs



	Associations of potential confounders with exposure/effect
	Documented for both
	Documented for one only
	Not documented
	

	Regression modelling
	Described in detail
	Poorly described
	Not described
	

	Assessment of relevant co-exposures
	Yes, several
	Yes, one
	None
	

	

	OVERALL TOTAL SCORE
	

	

	Additional Comments:




LEAD RISK ASSESSMENT – STUDY ANALYSIS

NEUROLOGICAL PEDIATRIC

	Source

Title:

Author:

Journal:

Study Type: prospective – longitudinal – cross-sectional

Predominant exposure source (if known):

	
	High = 3
	Medium = 2
	Low = 1

	Cohort Definition and Size
	Average Score

	Study purpose
	Precisely defined 
	Defined without precision
	Not defined
	
	
	

	Study population

-sample size and power
	Sufficient power for anticipated effect (>300)
	Marginal power for anticipated effect (100-300)
	Inadequate power

(<100)
	

	Selection/participation bias

( Sample recruitment (exclusion/inclusion criteria)

( Sample characteristics

( Characteristics (and number/%) of eligible non-participants
	Well described
	Poorly described
	Not described
	

	Control group

(If applicable)
	Present, highly comparable to the exposed group
	Present, comparable to the exposed group
	Absent
	

	Exposure
	Average Score

	Exposure measure
	Serial blood-leads
	Single concurrent plus additional retrospective marker, as e.g. tooth, dentine or bone lead
	Single concurrent blood lead
	
	
	

	Analytical quality control of exposure assessment
	Well documented
	Roughly documented
	Not documented
	

	Examiner
	Average Score

	Examiner
	Qualified trained professional
	Trained non-professional
	Details not given
	
	
	

	If several examiners
	Inter-observer reliabilities given
	Inter-observer reliability monitored but not given
	Inter-observer reliabilities not monitored
	

	Blindedness
	Blinded
	Doubtful
	Not blinded
	

	Endpoint Definition
	Average Score

	Endpoint


	Accepted and well defined
	Equivocal significance 
	Uncertain significance
	
	
	

	Effect measure 
	Established clinical tool with good quality criteria
	Less established tool with some quality criteria
	Ad hoc measure without quality criteria
	

	Results
	Clearly reported
	Reported 
	Not reported
	

	Dose response relationship
	Significant 
	Marginal
	Not examined
	

	Confounders/Control
	Average Score

	Maternal IQ considered
	Yes
	Yes, “proxy” IQ measure
	No
	
	
	

	Parenting considered
	Yes
	Partly
	No
	

	Maternal mental health considered
	Yes
	Partly 
	No
	

	Other measures of home environment considered
	Yes
	Partly
	No
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	Other potential confounders considered:

( Age

( Sex

( SES

( Nutrition

( Ethnicity 
	Yes
	Partly
	No 
	

	Associations of potential confounders with exposure/effect
	Documented for both
	Documented for one only
	Not documented
	

	Regression modelling
	Described in detail
	Poorly described
	Not described
	

	Assessment of relevant co-exposures
	Yes, several
	Yes, one
	None
	

	

	OVERALL TOTAL SCORE
	

	Additional Comments:




LEAD RISK ASSESSMENT – STUDY ANALYSIS

KIDNEY – GENERAL POPULATION

	Source

Title:

Author:

Journal:

Study Type: prospective – longitudinal – cross-sectional

Predominant exposure source (if known):

	
	High = 3
	Medium = 2
	Low = 1

	Cohort Definition and Size
	Average Score

	Study population

-sample size and power
	Sufficient power for anticipated effect 
	Marginal power for anticipated effect 
	Inadequate power


	
	
	

	Selection/participation bias

( Sample recruitment (exclusion/inclusion criteria)

( Sample characteristics

( Characteristics (and number/%) of eligible non-participants
	Well described
	Poorly described
	Not described
	

	Control group

(If applicable)
	Present, highly comparable to the exposed group
	Present, comparable to the exposed group
	Absent
	

	Exposure
	Average Score

	Exposure measure
	Blood-leads
	Air, urine, bone or other measure
	None
	
	
	

	Exposure history

-frequency, duration, intensity
	Precisely defined
	Reconstructed
	Unknown
	

	Analytical quality control of exposure assessment
	Well documented
	Roughly documented
	Not documented
	

	Endpoint Definition
	Average Score

	Endpoint


	Accepted and well defined
	Equivocal significance 
	Uncertain significance
	
	
	

	
	
	
	
	

	Results
	Clearly reported
	Reported 
	Not reported
	

	Dose response relationship
	Examined
	 
	Not examined
	

	Confounders/Control
	Average Score

	List of potential confounders/covariates
	Comprehensive and relevant
	Less comprehensive but relevant
	Inadequate
	
	
	

	Major Confounding Factors:

Age

Analgesics

Alcohol

Diabetes

Dietary habits

Other occupational nephrotoxins, e.g., cadmium


	

	Associations of potential confounders with exposure/effect
	Documented for both
	Documented for one only
	Not documented
	

	Assessment of relevant co-exposures
	Yes, several
	Yes, one
	None
	

	

	OVERALL TOTAL SCORE
	

	Additional Comments:


LEAD RISK ASSESSMENT – STUDY ANALYSIS

In Vivo Genotoxicity Studies In Animals

	Source

Title:

Author:

Journal:

Species Studied:

Route of Exposure:

	
	High = 3
	Medium = 2
	Low = 1

	Protocol
	Score

	
	GLP or equivalent
	Non GLP but without significant flaws
	Significant flaws
	
	
	

	Dosing
	Score

	
	Multiple doses (3 or more) appropriate for dose response
	Two doses
	Single dose only
	
	
	

	Dosing Schedule
	Score

	
	Timing appropriate for endpoint
	Inadequate demonstration of appropriate timing
	Inappropriate timing
	
	
	

	Dose Intensity
	Score

	
	Dose intensity adequate to reach and/or produce toxicity in target organ 
	-
	Inadequate demonstration that dosing was of sufficient intensity
	
	
	

	Study Power
	Score

	
	Sufficient number of animals treated/cells analyzed
	Marginal study power
	Inadequate number of animals/cells analyzed
	
	
	

	Treatment Controls
	Score

	
	Positive and negative controls included and provided acceptable response
	-
	Inadequate controls or inappropriate response in control treatments
	
	
	

	Toxicity Control
	Score

	
	Histopathological monitoring of toxicity and/or other sources of artefact
	Other surrogate measure of toxicity likely acceptable
	Inadequate or no controls for toxicity or other sources of artefact
	
	
	

	Endpoint Scoring
	Score

	
	Adequately defined/described
	-
	Not defined in a fashion adequate for interpretation
	
	
	

	

	TOTAL SCORE
	

	


6.3 MPPDEP model output FILES
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Figure 6.12:
MPPDEP, lead metal powder
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Figure 6.13:
MPPDEP, lead tetroxide
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Figure 6.14:
MPPDEP, lead oxide
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Figure 6.15:
MPPDEP, dibasic lead phthalate
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Figure 6.16:
MPPDEP, basic lead sulphate
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Figure 6.17:
MPPDEP, tetrabasic lead sulphate
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Figure 6.18:
MPPDEP, tribasic lead sulphate
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Figure 6.19:
MPPDEP, neutral lead stearate
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Figure 6.20:
MPPDEP, dibasic lead stearate
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Figure 6.21:
MPPDEP, polybasic lead fumarate
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Figure 6.22:
MPPDEP, dibasic lead phosphite / sulphite
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Figure 6.23:
MPPDEP, basic lead carbonate
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Figure 6.24:
MPPDEP, dibasic lead phosphite
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Figure 6.25:
MPPDEP, zinc oxide

6.4 Spanish tile ProduCtion: Blood lead values by company

Table 6.4:
Spanish tile production: blood lead values [µg/dl] by company

	Company ID
	max
	90th percentile
	median
	min
	no. of data

	CE005
	38
	24
	19
	13
	155

	CE014
	31
	28
	20
	16
	14

	CE021
	44
	27
	19
	14
	69

	CE033
	32
	22
	17
	10
	175

	CE035
	36
	25
	19
	10
	64

	CE036
	57
	29
	20
	14
	484

	CE037
	35
	23
	19
	10
	41

	CE040
	16
	n.a.
	16
	16
	1

	CE041
	21
	19
	16
	13
	25

	CE043
	28
	22
	17
	11
	152

	CE045
	31
	26
	16
	12
	15

	CE051
	27
	24*
	19
	17
	7

	CE052
	33
	23
	19
	11
	60

	CE053
	19
	19*
	19
	18
	2

	CE054
	30
	23
	18
	10
	314

	CE057
	20
	19*
	17
	16
	3

	CE060
	42
	31
	17
	9
	125

	CE062
	45
	26
	19
	12
	72

	CE065
	41
	30
	21
	16
	23

	CE069
	22
	20
	17
	15
	62

	CE078
	24
	22
	17
	15
	16

	CE085
	33
	21
	16
	13
	20

	CE086
	38
	24
	18
	12
	49

	CE089
	26
	22
	17
	11
	57

	CE094
	35
	23
	18
	11
	81

	CE097
	27
	22
	18
	13
	102

	CE100
	42
	40
	23
	17
	14

	CE101
	18
	17*
	13
	13
	5

	CE103
	22
	20
	17
	16
	17

	CE105
	25
	23
	19
	13
	20

	CE106
	73
	26
	17
	10
	119

	CE108
	21
	20*
	18
	12
	5

	CE109
	23
	23
	18
	15
	11

	CE110
	39
	35
	22
	15
	60

	CE111
	35
	26
	20
	13
	41

	CE112
	53
	26
	19
	10
	73

	CE115
	29
	26
	17
	12
	22

	CE126
	44
	22
	18
	12
	830

	CE136
	25
	21
	17
	11
	61

	CE137
	36
	26
	19
	12
	42

	CE138
	55
	21
	17
	13
	42

	CE139
	56
	33
	20
	13
	159

	CE141
	38
	23
	18
	10
	218

	CE142
	39
	23
	18
	14
	110

	CE146
	17
	17
	13
	11
	41

	CE163
	41
	26
	18
	10
	110

	CE168
	27
	22
	17
	13
	97

	CE173
	29
	23
	17
	11
	110

	CE179
	32
	23
	19
	13
	178

	CE183
	38
	31
	20
	13
	30

	CE193
	50
	22
	17
	11
	37

	CE195
	39
	22
	17
	8
	517

	CE197
	48
	32
	19
	11
	88

	CE206
	31
	21
	17
	13
	86

	CE209
	35
	28
	17
	12
	14

	CE214
	41
	28
	18
	12
	65

	CE223
	55
	34
	21
	12
	28

	CE224
	42
	34
	17
	14
	13

	CE225
	20
	20
	17
	11
	13

	CE226
	51
	26
	19
	13
	64

	CE228
	36
	23
	16
	11
	222

	CE232
	44
	33
	22
	14
	140

	CE234
	29
	27
	15
	12
	10

	CE236
	39
	25
	19
	12
	68

	CE245
	30
	22
	17
	10
	275

	CE246
	28
	26
	20
	12
	19

	CE247
	23
	22
	17
	14
	15

	CE269
	84
	46
	20
	12
	19

	CE272
	21
	21*
	19
	18
	2

	CE274
	31
	21
	16
	10
	106

	CE275
	33
	22
	19
	12
	37

	CE276
	26
	22
	17
	12
	35

	CE277
	26
	24
	16
	11
	14

	CE278
	36
	22
	17
	12
	81

	CE279
	27
	25
	15
	11
	15

	CE287
	39
	33*
	18
	15
	4

	CE288
	29
	26
	19
	15
	54

	CE299
	23
	21
	18
	11
	62

	CE303
	41
	23
	18
	10
	141

	CE318
	40
	25
	18
	10
	351

	CE319
	27
	26
	16
	11
	18

	CE321
	50
	34
	22
	15
	61

	CE323
	28
	24
	19
	12
	85

	CE327
	35
	27*
	17
	15
	7

	CE328
	38
	26
	18
	12
	54

	CE333
	41
	22
	17
	7
	1,251

	CE335
	73
	63
	40
	19
	17

	CE344
	33
	26
	19
	10
	150

	CE351
	25
	25
	15
	12
	16

	CE356
	41
	27
	21
	12
	86

	CE357
	34
	24
	18
	11
	50

	CE358
	36
	22
	17
	10
	1,150

	CE369
	72
	27
	21
	12
	163

	CE380
	22
	17
	15
	11
	61

	CE384
	36
	26
	19
	10
	152

	CE387
	22
	20*
	18
	15
	8

	CE389
	59
	30
	20
	12
	260

	CE391
	41
	28
	19
	15
	35

	CE392
	46
	26
	19
	12
	223

	CE395
	34
	23
	17
	10
	215

	CE399
	56
	40
	23
	13
	75

	CE415
	62
	23
	18
	10
	531

	CE417
	24
	23
	17
	15
	27

	CE423
	31
	24
	19
	13
	36

	CE430
	38
	25
	20
	15
	42

	CE432
	41
	25
	20
	12
	318

	CE436
	31
	26
	21
	15
	20

	CE442
	40
	22
	18
	9
	974

	CE443
	31
	22
	17
	13
	85

	CE457
	23
	22
	16
	13
	23

	all ID
	84
	23
	18
	7
	13,391


*: the 90th percentile is calculated using the “R”-method

6.5 Confidential Appendix

This chapter can be found in a separate document which will be sent to the member states upon request.
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The value estimated for the Madrid region has been excluded because this was considered as an outlier.





The following graphs represent output files of the MPPDep model, with predicted respiratory tract deposition patterns for 13 different lead compounds. The fractional deposition pattern is designated in the model outputs as follows: „head“ (extrathoracic fraction), trachebronchial, and pulmonary (alveolar fraction).








† Food consumption was based on written records of the daily, weekly and monthly consumption (dietary history) of food items by the test subjects, in contrast to total diet study (as defined by the authors) where the assessment of food consumption was based on 2-day records of food consumption by the test subjects.


¶ At the time of the study of Varo et al. (1980), no matrix matching reference material was available for beer and wine.
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